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LO1 NOI DAD

Cubn sach Hap thu phi tuyén séng dién He trong cic hé ban dan thip
chitu duwge bién soan lam tal liéu chuyén khao cho cac sinh vién vat ly
nam cudi, cac hoc vién cao hoc va nghién cru sinh chuyén nganh Vat 1y
ly thuyé€t va Vat 1y - Toan ctia Khoa Vat ly, Truong Pat hoc Khoa hoc Tw
nhién thudc Pai hoc Qudc gia Ha Ngi. Cudn sach nay cing rat hitu ich
cho bién soan giao trinh, lam tai liéu tham khao, giang day cho sinh vién
cac treong Pai hoc Su pham, Pai hoc K§ thudt c6 hoc mdn Vit 1y ban
dan vi dic biét cho gi4o vién day Vit Iy ¢ cac tnedng Pai hoc, nghién
ctru sinh Vit Iy & cac Vién nghién afu.

Trong cudn sach nay, chiing téi chu trong gidi thiéu nhitng co so ly
thuyét luong tix vé hdp thu phi tuyén séng dién tir manh boi dién tix
giam cam trong cac hé ban dan thip chidu nhu siéu mang ban dan
(semiconductors superlattices), siéu mang hgp phan (composite
superlattices), h& heong tir (quantum wells) thudc hé ban dan hai chiéu
(2D); day lrong tr (quantum wires) thudc hé ban dan mét chidu (1D);
chdm luong ti (quantum dot) thude hé khong chiéu (0D).

Phiin dau cubn séch Hip thu phi tuyén song dién tie trong cic hé bin dan
thdp chitu danh gidi thiéu téng quan cac hiéu g giam kich thudc va su
lrong tir héa do gidm kich thudc trong bén din thap chigu. Ly thuyét hip
thu phi tuyén séng dién ti boi dién tix ti do trong ban dan khéi cling
durge gidi thidéu trong phan nay. Ly thuyét hip thu phi tuyén séng dién tit
manh boi dién tir giam cim (phonon khéng giam cim) trong ban dan
thip chifu duwoc trmh bay trong chuong 2 (2D) va chwong 3 (1D).
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Chuong 4 trinh bay vé anh huwdng cha phonon giam ¢am lén hé s hip
thu phi tuyén séng dién tir manh boi dién tir giam cAm trong ban dan
thap chiéu 2D va 1D.

Viéc gidi thigu cac phueong phap nghién ctu vat 1y hién dai nghién
ctru 1y thuyét ban dan thip chidu (Iy thuyét leong F) va cc van @@ thoi
sy lién quan dén vat ly ban dan thdp chiéu gitp cho ban doc khéng
nhifng hiéu sau sic hon vat 1y ban dan, vat Iy ban din thap chidu va cac
tmg dung cta nd, ma cdn tao didu kin d€ cac hoc vién bt kip véi tinh
hinh nghién ca vat 1y ban dan trén thé gidi hién nay.

Bién soan Hap thu phi tuyén séng dién tir trong cic hé bén din thip
chitu 1a mét cbng viec 1dt khé khin, nén mic du da hét stc c§ gang
chiing t8i cling khéng thé dé cap duoc hét va day dit cac mang ciia Vit
Iy ban dan thap chidu, cing nihx khéng the tranh khoi mét s8 thifu sét.
Vi vay, chiing t6i hy vong nhan dugc nhiéu ¥ kién, nhan xét déng gdép
ciia ban doc d€ cudn s&ch ngay cang hoan thién hon.

Ching t6i xin cam on cac ban dong nghiép thudc Khoa Vit 1y,
Trudng Pai hoc Khoa hoc Tw nhién, Pai hoc Quéc gia Ha N6i, GS.TS.
Nguyén Vin Thoa, GS. TSKH. Nguyén Xuan Han, GS. TSKH. Nguyén
Vin Hing, PGS. TS. Nguyén Dinh Diing, GS. TS. Ha Huy Bang da déng
gOp nhiéu y kién quy béu trong qua trinh bién soan cuén sach nay.

Cactac gia
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CHUONG 1

BAN DAN THAP CHIEU VA PHUONG TRINH DONG
LUGNG TU TRONG LY THUYET HAP THU PHI TUYEN
SONG DIEN TU MANH TRONG BAN DAN KHOI

1.1.HIEU UNG GIAM KiCH THUGC TRONG BAN DAN THAP CHIEU

1.1.1. Gigi thiéu chung

Tién bd ctia vat 1y chit rdn trong hai thip ky cudi cia thd ky XX
dugc dac treng boi su chuyén hwdng ddi teeng nghién aiu chinh te cac
khéi tinh the sang cac mang méng va cac cau tric ban dan thip chidu.
Trong cac dd1 teong méi duge néu trén (e nay vé sau diege goi 1a hé),
hau hét cac tinh chit dién tir déu thay ddi mot cach ding ké. Déac biét,
mét s8 tinh chdt mdét khac, duoc goi la hiéu ing kich thuedc dd xuat hién.
Trong cac cdu tric cd kich thade legng H, noi cac hat dan bi giol han
trong nhiing vung c6 kich thuée ddc trung vao ¢& budc song De Broglie,
chc tinh chét vat Iy va dién tir thay d8i day “kich tinh”. O day, cic quy
luét co hoc lwong tie bat dau c6 hiéu lue, trude hét théng qua viéc bién
d6i ddc rung co ban nhdt cita hé dién tiz la phd nang luwgng clia né. Phé
nang lirong trd thanh gidn doan doc theo hudng toa dé gidt han. Dud
anh hudng clia treong ngoai hay cac tam tan xa (phonon, tap chit, v.v.)
thuong chi mgt, hai hoac tham chi khoéng thanh phan ma khong phai la
ba thanh phin déng lirong clia hat dan c6 the bién d6i. Do d6 dang diéu
cua hat din trong cac ciu tric kich thudc lwong tiz twong tr nhut trong
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khi mét, hai hodc khdng chiéu, tham chi ki cac hé tén cé quy méd xac
dinh theo tét ca ba chidu toa d§ [1-13).

Céu tric véi khi dién tix mét chidu (day lrong ti), hai chidu (hé
luong tz ban dan) va khéng chigu (chdm heong tir) c6 mot loat cac tinh
chit khic thudng so v6i dic tinh clia hé dién t& va 16 tréng ba chidu
théng thudng. Minh chiing tiéu biéu 1a hiéu vmg Hall Ixgng tiz trong hé
hai chitu (h8 lueong tir ban dan) duoc phat hién bodi Fon Clisting nam
1980 va 6ng da nhan gidi thizdng Nobel v& vat 1y 5 nim sau 46 (ndm
1985). Céc cHu tric ban dan thip chidu dugc tmg dung ngay cang phd
bién trong nhiéu loai linh kién ban dan mdi, dic biét & dap tmg cac nhu
cau rong linh vyc quang dién tlz. Viéc cau tmac vdi khi dién tiz mét, hai
va khong chigu ngay nay tr¢ thanh trung tam ch ¥ chia cac nha vat Iy ¢6
lién quan rat chit ché t6i s1iz phit trién manh mé va sau rong cdng nghé
epitaxy bang chitm phéan tir, mdt cong nghé thich hop nhat dé tao ra cac
cdu tric thap chiéu véi phan bd thanh phén tuy ¥ va véi dé chinh xac téi
teng I6p don phén tix riéng 18,

Higu tmg Gann 1a mét vi du khang tr& vi phan am (ODS). Hiéu
Umg nay duwoc phat hién trong céc chit ban dan nhiz GaAs, viing
truyén dan clia chiing thda man didu kién dic biét, cu the 1a ton tai cac
cuc ti€u ctia ving dan dién nam cao hon cach di€m cec tiéu chinh
khoang tiz 0,2 dén 0,4 eV. V&€ mit phueong phéap, d€ dat duge digu kién
nay trong moi chat ban dan, Esaky va Tsu ndm 1970 da dé nghi xay
dung mdt cau trac tudn hoan nhan tao, tir nhitng 16p xen k& cha hai
chit ban dan khéc nhau véi d6 day cac 1ép khoadng vai nanometer [13].
Ho goi cfu trac hai chidu téng hop nhir vay l1a siéu mang. Da khang
dinh rdng su tuin hoan nhéin tao dan tdi sy kién tao viing Brillouin vé
nhimg vung Brillouin nhé hon, hodc nhitng “ving mini”, va vi th€ dan
tol s xudt hién cac cuc tiéu cao hon clia viing truy@n dién voi nang
hrong can thidt cho dao déng Gann.

Nho ¢d su phat trién cac phweong phap hién dai cha s tang truong,
vi du nhwe s moc ghép chiin phén tir (MPE) va sg moc ghép thé khi
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kim loai hitu co (GFEMOS), ¢6 thé bat dau nudi dudng siéu mang (SR)
do Esaky va Tsu dé xwdng [12]. V@ thuc chit, tiz trudc ngoai SR, ngudi ta
da nudi dudng nhidu ciu tric ban dan loai khéc véi cac kich thude
khoang vai nanometer (thizdng ta goi tat 1a cfu tric NANO). Siéu mang
chi 12 mét thi du clia cBu tmic NANO phang hay hai chigu. Ngudi ta da
rat thanh cdng trong viéc nghién ciru va ché tao cac cdu tric véi kich ¢o
tham chf nhd hon hai chiéu. Thi du nhimg cau trac NANO mét chiéu
deege goi la day lugng tir. Cac tinh thé khong chitu c6 kich ¢& NANO
dugce goi la cac cham lugng tie. S6 dang cdu tric NANO va phuong
phép ché tao ching nhidu dén ndi khong thé miéu ta hét tit ci chiing
trong mdt cudn sach. Mét trong nhimg nguyén nhin ma theo do, cdu
tric NANO duoc nhiéu ngeoi quan tam 6 1a su thay d6i thude tinh
dao déng va dién tx do kich ¢ thip hon va tinh 481 xitng. Nhar vy, cdu
triic NANO d3 mang lai cho dhing ta kha nang tuyét voi dé ap dung
shitng kién thic da tiép thu dwoc trong cac phan kién thike ban dan co
ban trzdc 46, 46 hidu duge nhing thanh qua mdéi trong linh vic vat 1y
ban dan.

Do nhitng han ch€ v& dung hiegng ciua cudn sach, ¢ day chung i

chi xem x£€t anh hirdng chia hiéu g kich tharoce hrong iz 1én cac dién t;

dao ddng clia ciu triic NANO va nhitng thay d8i lién quan ca nhiing

tinh chat quang va tinh chdt dong. Nhigu ndi dung cta chuong nay

(chuong 1 va ca chueong 2 va 3) dwge chiing ta phan tich va liea chon i
tai tidu [12].

Hién nay, vat Iy cac hé ban dan thip chiéu, mét mat, tiép tuc phat
trién hét stzc nhanh chéng va chiém mot vi tri chu dao trong vat Iy chat
ran hién dai, mat khae, ¢4 dugc hé thdng hoa boi mot loat luin diém xay
dung ¢dng phu cha cac nha vat ly hang dau tén th€ gidi va duegc cdng
nhin rong ral. Nhimg kién thitc dé cé the lam co s cho viée giang day
trong cac treong dai hoc va nghién aru khoa hoc.

D€ 6ép thu t6t kién thitc trong cudn sach nay nguoi doc phai tw
trang bi cac kién thizc co ban vé co hoc heong iz, vét ly chat ran, vat Iy
v linh kién ban dan. Céc tai liéu tham khao cé lign quan da duwoc liét ké.
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1.1.2. Su luogng td héa do gidm kich thudc

Phin nay gidi thiéu so Iroc tinh chit cia cac cdu tritc ban dan khi
chuyén ddng cia hat dan bi gidi han nghiém ngit doc theo mét toa do
véi mét vung 18t hep khong qua vai trdm A (vai chuc nanomét). N&u
chidu réng nay so sanh duoc véi chiéu dai budc séng De Broglie ciia hat
dan thi mét loat cac hién teong vit Iy mdi diroc goi 1a hidu vmg kich
thiede s€ xudt hién, lam bién déi hau hét tinh chit dién tiz ctia hé va mé
1a kha nang tmg dung cho cac linh kién hoan toan mdi siu nho, da
nang va thong minh lam viéc theo cac nguyén ly hoan toan méi.

Xét vi dy, tink chét cia dién tir trong vung dan (goi 1a dién tr dan)
trong mot mang rat mong vdi chiéu day a. Vat liéu ciia mang (kim loai
hoc ban dan) déng vai trd hé luong tle d6i véi dién tir véi chidu réng a
va chitu siu ¢6 gia tri bdng cdng thoat ®. Co hoc leong & cho th&y ning
lzong clia dién tir trong hd d6 bi lugng tr hod, va chi gom c6 mét s& xéc
dinh cac murc nang legng gian doan E (N =1, 2,...) dwoc goi la cac mukc
lizong tix hoa do giam kich thwée. Vi gia tri théng thudng clia ® khoang
4+ 5 eV, 16n hon ndng luong nhiét kT cta hat dan vai ba bac (d6ng ning
trung binh chuyén dfng tinh tién, & nhiét 46 phong kT =~ 0,026 €V), hé
hrong tir trong vi du dang xét ¢6 th€ dwoc coi 13 sdu v han. Ham séng
cua dien tr trong truong hop nay cho cac trang thai E duoc xac dinh

béi bigu thic
-
\
W (z) = \/3 sin[lﬂ—qi J (1.1)
d a
va cac mixc nang lueng tuong img:
ZHN?
EN = 2 (12)
2ma

vl m 1a khéi lugng hiéu dung ctia hat dan.

Trong cic dang ciu tric leong te hod do giam kich thudce khac
duoc dé cap téi & phan sau, mac du két luan chung vé su Iuong ti hoa
do giam kich thudce van ¢d gia tri, nhumng khéng thé 4p dung duge cong
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thie (1.2). Trong rudng hop chung, nhur 1a hé qua cia nguyén ly bat
dinh, ngwoi ta duing bi€u thitc danh gia dinh tinh cho cac muic nang
hrong nhae saw: i

EN - 2 (13)

ma
Ta théy két qua (1.2) 1 tredng hop riéng ctia (1.3).

Két luan vé sy leong tir hoa ning lueong, cling nhir bidu thike cho
EN néu & trén chi dic trung cho chuyén déng theo phurong phap tuyén
véi mat phang ciia hé thé ning (doc theo truc toa db z). Chuyé"n dong
trong mit phang xy (song song véi mit phang hd thé ning) khong bi
anh huedng béi hé thé ning. Trong mdt phing d6, cac hat dan chuyén
dong gidng nhw cac hat tir do va duge dac tnumg teong fie nhur trong vat
liéu khéi boi dang parabolic cia phé nang luong lién tuc véi khéi huong
hiéu dung m. Nang leong tOng céng cia hé leong tir hoa kich thudce 12
phd két hop gian doan - lién tuc, thanh phan gidn doan mo ta chuyén
ddng theo huedng cd s heong e hod, con thanh phan lién tuc cé quan hé
t6i chuyén d6ng trong mit phang cita hd thé:

ps +p’

E=E,+
N . m

(1.4)

véi px va py 14 cac thimh phin ddng luong firong img. Su bién d6i phd
nang luong nhu vay gay ra nhitng khac biét dang k€ trong tat ca tinh
chat dién tit cha hé so véi cac mau khéi.

Can c¢hi ¥ rang, nhd c6 thanh phin lién tuc ciia phd ning luong

i 2 » ¥ . ¢
P: Py cac dién tir thudc vé cling mét mukc ning lwong E, ¢6 the ¢6 gia
2m

tri nang luong bat ky trong khoang tiz E té1 v6 cuec. Tat ca cac trang thai
c6 cung giad tri N xac dinh da cho thuwedng duge goi la thude vé viing con
hkrong tir hoa do giam kich thazdc.

1.1.3. Diéu kién cda cac hiéu Gng vdi kich thudc lugng td

Hién nhién 1ang d& sw luong tir hod phd ning lwong trong cac
mang mong dwgc néu O trén ¢é thé ton tai trong moi hiéu tmg quan
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sat dugc thi khodng cach gifra cac mic nang lwong E.., - E, phdi da
1én. Trudc hét, gid tri nay phai Ién hon déng k&€ nang luong nhiét clia
hat dan:

E... - Ex>>KkT (1.5)

vi trong tredng hop ngugc lai, su 1dp day hau hét cac mudc 1an cén va cac
chuy€n mikc cia dién ti thuong xdy ra gitta ching sé ngan cdn quan st
cac hiéu 1mg lrong tir. Néu khi dién tir suy bién va co mi¢ nang luong
Fermi {, didu kién saula cAncéd:

E:>{>E: (1.6}

Trong triedng hop gidi han ngueoc lai, khi § >> Ey,, - Ey, vé nguyén
tic ¢ th€ quan sét diroc hiéu ving hrong tik hod do gidm kich thuede,
nhumg bién dé teong do6i thu dirgc rat nho.

Con ton tai thém mdt didu kién cin thiét @€ hidu dng leong tix ho
do giam kich thwdc ¢6 thé nhan thdy duoc. Trong cac cdu tric thuc t€,
hat dan ludn ludn bi tan xa boi tap chit, phonon, v.v. Xac sudt tan xa
dugce dic trung bdi thol gian hdi phuc déng hwong 7, 1a dat huong ty 1e
thuin vdi mot dic trung quan trong khac clia hat dan - d6 linh déng cia
hat dan p=%. Thoi gian héi phuc 7, dugce dinh nghia la thod gian séng

trung binh ctia hat dan ¢ trang thai hvong tlr véi bd cac s6 heong tir xac
dinh da cho (N, px py)- Theo nguyén ly bat dinh, gia tri hiru han ciat
gay ra trong viéc x&c dinh gia tri nang hrong & trang thai da cho sai 6

1 - h - . A Fd . ~ ¥ L I by
vao ¢§ AE = —. Tat nhién, viéc tinh toan dua én co s& cac mizc nang
T

luong gidn doan phan cach nhau trong hé dang xét chi ¢ nghla khi
khoang cach gitra hai mitc lién tép 16n hon 4E:

Ey. - Ex>> i{ = E (1.7)
T  my
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Co thé chi ra difu kién (1.7) tuong duong nhu ditu kién quang
dudng ti do trung binh clia hat dan 1 phai 16n hon chigu day cia mang
mong a. Theo co hoc lugng tir, su lugng tix hoa cac mitc nang luong xay
ra dam bao cac hat chuyén déng tuan hoan. Tuy nhién, diéu nay chi xay
ra khi tan xa d y&u sao cho khoang cach gifta hai [an tan xa (hc 1a sau
khi hat dan da trai qua quang dwong 1), hat din da kip thize hién vai
dao ddng, nghia 14 hat dan da vieot qua chitu day mang méng vai [an,
Do khoang cach gitra cac mirc hegng tix hoa do giam kich thiedc ty 1€ vai
;lz— (xem biéu thire (1.3)) nén tir cac bidu tharc (1.5)-(1.7) da rat ra két
luan: d& quan séat cac hiéu tmg luong tir hoa kich thude ddi héi mang
moéng ¢é chidu day nho, nhiét d6 du thip, 46 linh ddng hat dan cao va
nong @4 hat dan da thip.

P& minh hoa cho k&t tuin #rén, ta hay xét mét vi du. Mudn quan sat
hiéu tng lrong tiz hod do gidm kich thudc trong ban dan & nhiét d6
thdp v6&i khéi huong hidu dung ciia hat danm = 0,1m, , chidu day mang
bén din phai khéng vugt qua 100A. Trong truomg hop ndy, do linh
déng ca hat dan phéi 16n hon mét cach dang k€ gia tri 1000cm*V-='s™ .
Ngoai ra, con phai thod man thém mét diéu kién cha hiéu tmg heong tir
hoa do giam kich thudc. P46 1a chat luvong bé mét cao. Sir phan xa ciia hat
dan tai bé mijt ctia mang méng phai gan nhu 13 phén xa guong, hay néi
chch khac, thainh phin ddéng hrong clia hat dan song song v&i bé mit
phai dirgc bao todn trang phéan xa. Gia six ditu ngreoc lai 1a ding, e d6
tai mdi swe kién phan xa hat dan s& "quén” trang thai tneéc d6 clia minh,
hay ta c6 hién tirong tan xa hiéu dung. Dé dang chi ra réng trong trieong
hop d4, quang duedng fiz do 1 clia hat dan 16 thanh xdp xd véi chidu day
cia mang mong a - dan 4én diéu kién 1 >> a néu trén bi vi pham.

D& dam bao hat dan phin xa grong trén bé mit mang mong, chidu
dai bude song De Broglie A cia chwing phai 16n hon kich thude didc trumg
caa d6 g6 ghé, dic difm ma bt ky bé mét nao cling khé tranh khoi.
Ngoai ra, bé mat cha mang mong khdng duwge chita mat d§ cao cac tAim
tich dién, nguyén nhan giy thém cac tan xa phu d6i v4i hat dan.
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1.2. SU GIAM CAM DIEN TU VA GIAM CAM PHONON TRONG
BAN DAN THAP CHIEU

‘Trong cac hé vat liéu thip chiéu (hinh 1.1), & d6 chuyén déng cta
dién tir trong hé bi gidi han theo mét s§ chiéu xac dinh trong khéng gian
va chi chuyén déng tu do theo cac chidu con lai trong mang tinh th&. O
cac chiéu bi gidi han, chuyén ddng cia dién ti¢ bi dinh x& manh trong
ving rét hep khong quéa vai trém A. Khi cac hat d&n bi gi6i han trong
nhitng vung ¢o6 kich thudc ddc trung ¢ buede séng De Broglie thi mét
loat cac hién tuong vat ly méi duoc goi la hiéu teng kich thwe6e s& xudt
hién, 1am bién d8i hau hét tinh chat dién ti cia hé.

2

Ban dan khéi H& lueong te Dayluongtv  Cham lwong tir
iwd 3D od 2D @ 1D ' iu & 0D
o o — 0 a ’
— L - . >
5 E 5E B B E Ex Ep Es E = By Bz Evg E

Hinh 1.1. Mé hinh cau tric clia ban dan thap chiéu 3D, 2D, 1D va 0D [1]

Theo c4c chiéu bj gioi han, nang leong cua dién tix bi hrong tix héa,
chi gém cé mot s xac dinh cAc mutc nang legng gian doan En (N=1, 2...)
duoc goi la cac muc nang hrong heong tir héa do giam kich thuede. D6i
voi cac chiéu trr do, cac hat dan chuyén déng nhu trong ban dan khéi,
khong bi anh huéng béi hé the nang, pho nang hrcmg ¢6 dang Parabolic
lién tuc véi khoi luong hiéu dung m" Khi do nang leong tong cta hé
dién tir 1 phé két hop gian doan - lién tuc, thanh phin gidn doan mé ta
chuyén déng theo huedng cé su lwgng tir hda, con thanh phan lién tuc ¢6
quan hé t6i chuyén dong trong mit phang ctia hé thé. Hidu tmg trén chi
xay ra khi: khoang cach gitta hai mi¢c nang lwong lién tiép phai lén hon
déng k& so vdi ning lregng nhiét chia hat dan; 16n hon dang ké so voi
AE =1/ 7 (7 la thdi gian hoi phuc déng hrgng).
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Phonon, fwong te nhu dién tx, cing c6 thé thé hién & dang séng
Bloch véi ty 1€ phat tan hinh thanh s¢ phu thudc cac nang hrong cho
phép (tizc tan sO) véi vector song Bloch. Janotsy va cac tac gia khéc da
dua ra dwong cong d§ phén tan cho phonon trong GaAs va AlAs,
nhi“ﬁ'tg dai dién dac trtung cdu trc cia né. Nhitng dac tinh dwoc chi ra
da cho thiy né hoan toim khéng ngin can sy leong tir héa véi phonon:
trong bét ky hé théng nao tix ba chit liéu cho trirde, nhitng phonon 4m
clia chiing di chuyén di trong ca hai chit lidu tz di tan 0 dén tin 56 cao
nhit chia chat lidu mém hon trong nghia dé co dan. D& véi phonon
quang, chung t20 ra cac vimng hep voi tAm diem gan 280cm? trong GaAs
va 380cm* trong AlAs. e, khodng mot tan ¢8 tuong img mode quang
trong GaAs, khéng t6n tai mode truyén trong AlAs. Do vay phé1 X1t
hién hiéu ttng hrong tir héa véi phonon.

1.2.1.5u giam cam dién td va giam cam phonon trong ban dan
hai chiéu
Trong hé ban dan hai chitu, chuyén déng cla cua dién tir va
phonon b giéi han theo mét chiéu va chuyén dong tir do theo hai chigu
con lai trong khéng gian mang tinh the (chiéu bi giéi han ¢é kich thudc
vao ¢& budc séng De Broglie). Ph8 ning luong ctia dién ti bi gién doan
doc theo huéng toa d bi gi6t han va ham mat do trang théi cta hé béan
dan hai chidu cé dang bac thang. Hién nay, vat liéu véi ciu tric khi dién
tie hai chiéu, mat mat ti€p tuc phat trién hét sttc nhanh chdng va chiém
mot vi tri chi dao trong vt ly hién dai, mat khac, duge hé thing hda bai
- mét loat luan didm xay dung cdng phu bdi cac nha vat Iy hang dau trén
the gidi va duirgc cong nhén réng rai.

1.2.1.1. Siéu mang hop phan

Siéu mang hop phan la vt héu ban dan ma hé dién tir ¢d ciu trac
chufn hai chigu, duge ciu tz0 tr mot Iép méng ban dan véi dd day dy, ky
hiéu 1a A, dd rong vung cAm hep 8; (vi du nhu GaAs) dat Hép xac vé

16p ban din méng c6 d8 day de ky hiéu 1a B ¢6 vimg c&m réng £, (vi du
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AlAs). Cac 16p méng nay xen k& nhau v6 han doc theo truc siéu mang
(huedng vudng gdc véi cac 10p trén). Trong thu t&€ t0n tal nhigu 16p mong
k& tiép dwdi dang B/A/B/A (hinh 1.2)..., va 46 réng rao thé di hep d€ cac
16p méng k& tiép nhau nhue mgt hé tudn hoan bd sung vao thé mang tinh
thé, Khi d6, dién ti ¢4 the xuyén qua hang rao thé di chuyén tir 16p bén
dan viing c&m hep nay sang lép ban din cé vimg c&m hep khac. Do d4,
dién tir ngodi viée chiu anh hiedng cha thé tudn hoan cia tinh thé né con
chiu &nh hueéng cia mét theé phu. Thé phu nay duge hinh thanh do se
chénh léch ning heong giita cAc cin diém day ving dan clia hai ban dén
siéu mang, va cling bién thién tudn hoan nhung véi chu ky 16n hon rét
nhigu so véi hing s6 mang. Str ¢é mit cia thé siéu mang A3 lam thay déi
co ban phd nang hzong cha dién tir. Hé dién tir rong siéu mang hop phan
khi &6 14 khi dién tir chusn hai chigu. Cac tinh chat vat ly ciia siéu mang
duge xac dinh bdi phd dién t& cia ching théng qua viée giai phuong
trinh Schrodinger véi thé ning bao gom thé tudn hodn clia mang tinh the
va thé phu tudn hoan trong siéu mang. Ph6 ning heong cha dién tix trong
siéu mang hop phén o6 dang [14, 15, 16, 17}

g, [k )=24-Afcosk,d +cosk d) (1.8)

Trong biéu thite (1.8), A 13 46 rfng clia viing mini; d=di+d2 14 chu
k¥ siéu mang; di, de 12 6 day hai 16p ban dam, k«, ky 14 cac 46 16n vector
xung lieong cia dién tir theo hai truc toa &9 x, y trong mit phing siéu
mang. Phé nang lugng clia mini vung ¢6 dang:

sﬂ(,{a_):en —-A coskd (1.9)

A 1a d réng ciia mini viing thi? n duege xac dinh boi:
G 2
. 2 exp{—-\/Zm (d—a’ﬂ) Uﬂ/hz}
A =—4(—1) 0 ¢

,, , ———— (1.10)
=4y (d-d) U, 1¥

Trong cong thiee (1.10), d,la 46 rémg ca hd thé biét lap;
U, =Ag, + Ag, 1a 9 sau cha hd thé biét lap; AE, = la 46 séu

£ -&,
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clia hd thé giam gitt dién tz dwgc xac dinh bdi ae tifu clia hai vimg dan
ctia haiban d3n A vaB; Ag, =&’ - &7

tréng dwgc xac dinh béi hidu cac axe dai cia cée khe nang heong giita

12 @6 sdu chia hé thé giam gii 16

2
hai ban din A va B; n 13 chi s6 mini vimg; 8”=2h *dZHZ la cac mikc
7

nang hrong trong hé thé biét Lap.

cos(k,d )} = cos(ka}sinh (kb)- k];k_;; sin(k,a }sinh (k,b)

2

1=l(2m1[2)€ [k ))m;

h F Z
17, . | 2
£, =£[2m (A(r)—ej(kz))]u
T do ta o
- BE BrL
£ ()= 2+ zm'; -4, cos(£,4)

(1.11)

A(r)=Ag, + Ag, 1a thé siéu mang drege xac dinh boi hidu cac khe
ning lwong hai ban dan. Nhw vy, th€ cla siéu mang bang téng ning
heong chénh 1&ch caa cac viing dan A€, va dd chénh 1éch nang heong cac
ving héa tri A€, ctia hai 16p ban dan k€ ti€p. Nhur da trinh bay & trén, vi
chu ky clia siéu mang 16n hon nhidu so véi hang s§ mang, trong khi @6
bién 43 ctia thé€ siéu mang iai nhé hon nhidu so véi bién df clia thé mang
tinh the [1]. Do @6, anh hudng caa the tudn hoan trong siéu mang chi thé
hién & cac mép vung nang luong. Tai cac mép cua ving ning luong, quy
Juat tan sdc ¢6 thé xem la dang bic hai, phd n3ng heong c6 the tim thiy
trong gan ding khéi hrong hiéu dung. D&i véi cac viing ning luong déng
hurdng khéng suy bién, phuong trinh Schrodinger ¢6 dang:

—%Azw(r)+,&(r) W)= 2y



Vi A(7) 1a tudn hoan nén him séng ciia dién tie ¥{7) c6 dang him
Block thoa man diéu kién bién trén mat tiép xic gitta hd thé va hang rao
thé. Ham séng tong cdng clia dién tix trong mini viing n clia siéu mang
hop phan (trong gan diing lién k& manh) c6 dang [16,17,18]:

w{;) = \/L;l,;7 E’KP[*’*(@I +4,7) D exp(ih,md )y, (z-md)  (112)

=l

(2)

o)

I:bpng rmlﬁ_lqur sirucle in GoAs

Hinh 1.2. Gidn d6 minh hoa sip xép cic Idp va viing nang luong khéng gian thuc cla
hai kiéu siéu mang hop phan (a, b) va siéu mang pha tap ban dan loai lll-V (c) [18]

trong dd, Lx, Ly 1a d6 dai chuén hda theo hudng x va y; d va Na 1a chu ky
va s0 chu ky siéu mang hop phan; ¥, [z) la ham séng cua dién tiz trong
ho cb lap. _

D61 v6i phonon trong siéu mang hop phéan, do chi dugc dao déng
tr do theo hai phuong (gia stz 1a Ox, Oy), phurong Oz bi gidi han béi the
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giam cam, do vy nang leong he _, vector séng ¢ cua phonon bi
Iegng tz hda (Fuchs va Kliewer, 1965) [19] dugc bidu dién nhiz sau:

(.’?I?f ’ i/
! : s - i i - - rd &
hwmé=hwa_ gi-l—k? ;97:9'L+qz;gl=g?r+4'f2qz=—d— (1.13)

trong dém =0, 1, 2... 1a chi s hegng ti¢ dic trung cho si giam cam phonon
trong siéu mang hop phan; £ 12 tdc d§ truyén am trong siéu mang,

Do vector séng ctia phonon bi lugng tir héa, dan dén cac thita s8
déc trung cho teong tac dién tiz phonon cling thay ddi theo [18, 19, 20]:

z_chezhmm_L( 1 1] 1

1 m.ay

vé1 phonon quang;

&Y X X)d+d
2 wE 2 .. .

‘ i | = 2vas-fqi+qf véi phonon Am (1.14)
'5' -

L= f vV, ()W, (2)e" 7 (1.15)

¢

trong d6, Y. va Y. trong Gng 1a hé s dién tham cao tan, vg la van t6¢
séng am, p 1a mét A6 ctia inh thé.

1.2.1.2. Siéu mang pha tap

Siéu mang pha tap (doping superlattices) la vat liéu ban dan, & d6
hé dién tit c6 cfu tric chudn hai chidu. Siéu mang pha tap dugce ciu tao
ti hai ban din ddng chit nhung duoc pha tap mét cach khac nhau va
xép chéng lén nhau (inh 1.2). Trong sidu mang pha tap, thé siéu mang
duoc-tao nén nhé sz phan bd tudn hoan trong khéng gian clia céc dién
tich. Sz phan bd dién tich ddng val &rd quyét dinh d6i vdi viée tao nén
ban dan pha tap [1, 2, 18, 21, 22}. Vi du v& mét siéu mang nhue vay (hinh
1.2) dueoc tao nén nho s sdp x€p tuan hoan clia céc 1p ban din méng
GaAs 1031 n (GaAs:5i} va GaAs loat p (GaAs:Be), ngan. cach boi cac 1op
khong pha tap (goi 1a tinh the n-i-p-i). Khac véi siéu mang hop phan, thé
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tuan hoan trong siéu mang pha tap duoc tao ra boi che dién tich trung
gian. Nguyén nhén ciia sy khac biét nay la do khe h¢ cac thanh phin
cia mang tao ra sir thay d6i chu ky & cac mép vung nang lixong. Trong
tinh the n-i-p-i, thé siéu mang phatap V,_{z) bao gbm ba phin [18]:

V. (2)=V,{2)+V. (2)+V,(z) (1.16)

& day, V,; (z)1a the Hartree do chc hat téi dong linh dong c6 ndng db 1
n(z) déng gop vao thé siéu mang [18]:

4‘%.52 ] l n | " L) | | ;
v, (2)=2= [ '] ae{-n( )+ ()] a7
Xo o o
V. {(z), déng gép teong quan trao d6i vio thé siéu mang; V.(z} 1a
thé do céc tdm tap chat acceptor va donor bi ion héa. V, (z) duoc xac
dinh béi nghiém phirong trinh Poisson: |

2V (z) _4ze? - |
a’z"’"( )z Zj [gﬁ(z)—sz (z)] (1.18)

trong d6, n,,,,(z)12 ham phan b donor (acceptor). Véi digu kién bién
(z=01ng v4i tam 16p n), ta cé:

2v,(0) | _
. R 1.19

Néu su pha tap 1a dong nhat, nghia 1a n, 4) (2) I_(hc’jng phu thude
vao z, lic 46 V,{z} ¢ dang ham bic hai trong ving pha tap, va:

2 :
V{(z)= 2% B 2 iy lzl.ﬂfi | (1.20)
Xs 2
. 2 2
=2y, 222 (i-lz]] m[i"mizﬂ <&
0
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va tuyén tinh trong ving khéng pha tap: ¥V, (z) 25 Zzgzﬂé?dn ﬁ Z\—-il

d d
khi —Zﬂ-sk\g(a'—?f] & day V, labién 46 cia V,(z), va

Y &
Vo= ik Hd”+"*"+na’a’
A 4 4

a (1.21)
d., la d6 day 16p n(pi). Phuong trinh Schrodinger dwoc giai

trong tradmg nay:
/- - = >
{-ﬁv +V, (Z)J@,;(’)z“’n(f‘)ﬂ,f(’) (1-22)

n=0,1,2,.... Néubd qua sit chong chéo caa cac ving nang leong khac
nhau do th& V_ (z), phirong trinh (1.22) ¢6 nghiém:

P i (?_)=EXP( i# ?:L) i o (F) Vina, (z) (1.23)

trong .dé U, (r) 1la ham Bloch vé v, nL(z) la ham bao caa vung nang

hegng thit (1, n), ouni viing thien, 7, =(x, y)va:

hi
( 2m 5 el }}Vﬂ* (2)=¢,(%) Y, (<) (1.24)
g"‘ (E) = ZZ; +€n ('%z) (125)

Nhw vay, d6i véi mét gia tri xac dinh £, dudng cong tan sic
g,(k,) cha siéu mang pha tap chia thanh c4c ving nang leong mini
g (k,) va[18]:
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1
£ (/‘z) =& =hw, {rz + —2-], (1.26}
& dy, ¥, (z) laham riéng; £, 1a tri riéng trong mét hé hrong tir biét

/2

Are n
lap; N1 la s chu ky siéu mang hop phan; @, =[——*-"3J la tan s6
g m |
plasma gay bdi cac tap chit donor voi ndng d6 pha tap no. £, 1a hing s6
dién mdi. Nhue vay, ham séng clia dién tix trong mini vimg n 12 t6 hop
chia ham séng theo mit phing (x,y) v3 him séng theo phuong truc siéu
mang (¢6 dang ham Block):

N

@ (r) =exXp (éiéa,ﬁ_)ﬂn (ﬁ')Z:{ﬂ,-xp(.1",6'1?1?:52");!{,r (z = ma’) (1.27)

H=]

Béi véi phonon, ciing tizong tie nhae siéu mang hgp phan ching ta
c6 hé s§ twong tac dién tir phonon va hé s6 dang dién tiz [an lugt nhe
sau [18, 19]:

. 2methw ( 1 1 ) 1 e |
[ -5 o
- q1 —— | vt phgnnn quang;

} m.g,

gﬂV Zw xa QJ_+QS
B e e o - |
- | = + &1 ph 3 1.28
gy ZVpUS q_l. qi. ¥ p Cnon am ( )
X
= T D (g jd)®, (2~ jd)dz (1.29)
J

1.2.1.3. Hé luong ta

H& luwong tHr (quantum wells) 1a vat liéu ban dan ma dién e ctia hé
6 cdu tric chudn hai chidéu HE leong tir dwoc cdu tao tir mét 1op mong
chat ban din nay &t gitta hai 16p ch&t ban dan khac. St khac bidt cia
cac cuc tidu ving d4n ctia hai cht ban dan tao nén mét hd lugng tix (hd
thé néng). Céc hat tai ndm trong maéi 16p chat ban dan nay khéng thé
xuyén qua mat phéan cach € di dén cac 16p ban dan bén canh (khéng c6
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hiéu tng duong ham). Do viy, trong cau tric hd luong t&, hat téi bi
dinh x manh, ching bi cach li lin nhau béi cac h thé luong tix hai
chiéu ma thire chét 1a trong céc 16p mong cha ban dan ving ¢im hep.
Céc dién tir trong céc h th€ khac nhau khéng thé hirong tac duge véi
nhau. Dac difm chung cia cac hé dién t& trong cdu trac hé luong tix 1a
chuyén déng ciia dién tir theo mét huedng nao do (thudng chon 13 huéng z)
bi gi¢i han r&t manh. S gidi han nay 1a do dién tir bi giam gii trong céc
hé thé ning tao ra bdi mit di ti€p xic gitka hai loai ban dan ¢6 48 rong
vimng ¢&m khac nhau. Chuyén dong clia dién tiz theo hwedng z Iic d6 bi
lirong tir hoa, chi con chuyén dong tie do trén mat phéng xy. Néu nhiét
d6 vandng dd khi dién tir khong qua cao thi cic qua trinh tan xa dién tr
(bdi cac phonon hodc tap chét) xay ra trong cdu triic nay chl yéu la c¢ac
qué trinh dan héi hodc chuén dan héi. Trong d6, chi ¢ thanh phén xung
luong Ps, Py ctia dién iz bién 461, con gia tri cha s& hegng 1l theo hudéng

7 van gi nguyén. Tuc 14, cac dién tie the hién nhtee mot hé hai chigu thec
s v hé dién tiz khi d6 goi 1a hé dién tiz chufin hai chidu. Ham séng cua
dién tiz bi phan xa manh tai c&c thanh h, do d6 phd ndng hrong cha
dién tix bi Ieong tie hod, cac gia tri xung luong dirge phép cia dién tix
theo chiéu vudng gde véi di tiép xic cling bi gidi han. Nho vao hidu ting
lugng tir quan trong nay (s lwong ti hed nang luong cia dién tr) ma
ngudi ta b thé didu chinh hodg t6i wu hoa (bang cich lita chon d6 réng
hodc dd sau hd thé cha vat lieu) vao cadc muc dich tng dung cu thé hodc
dé didu khién chinh xac cac dich dwvén caa dién tie trong cac thiét bi
kiéu transistor. Mot tinh chat quan trong xuat hién trong hé hegng tt, 46
[a méat 46 trang thai dién tir thay déi so v6i cac vat 1iéu ban dan khac. Cu
thé, & hé ba chiéu, mat d6 trang thai bat dau tiz gia tri 0 va ting theo quy
it £ (£1a nang hzong cia dién tr). Nhumg d8i véi hé luong i, mét
dé trang thai khéng phu thude vao € [1-3, 28, 29, 30, 31, 32]. Con ddi véi
hé mét chidu, mat 46 trang thai lai ty 16 véi €77 [1-3, 29, 32]. Vi céc dich
chuy®n dién tir phu thudc vio mat db trang théi (hodc trang thai dau
hodc trang thai cudi), nén cic dich chuyén s& duge mé rong do mét do
trang thai khac khong tai e iéu ving nang -hrqng. Chinh vi vay, siz
thay d&i mat d6 trang thai trong c&u tric hé heong tr c6 ddng gép quan
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trong trong cac laser ban dan hd luong . Véi cac cip ban din nhe
Ge/GaAs, AlAs/GaAs, InAs/GaSb [17,18, 23, 24, 25, 26, 27], ciu tric hé
luong e dugce coi 1a cé chit lugng tét.

Theo co hoc lugng tir, chuyén ddng cua dién tiz trong hd thé bi
lweng tizr héa; nang lwong cia dién tir diege ddc trumg bdi médt 58 Iugng
tznndo d6 £, (n=1,2,...). Chuyén déng ctia dién tir trong mat phing xy
la t do, phé ning lueeng clia ching ¢é dang parabol théng thardng:

hz

£ =
4 2”31:
tir theo cAc hwedng x, y. Vi vay, pho ndng hzong toéng cong cha dién ti
trong c&u tric hd lueong tir cd dang: £€=€, + &, . D& quan sit dwegc cac

(42 +4;), v6i ke, ky 12 chc thanh phiin ciia vector séng cta dién

hiéu tng ca dién tir trong h& thé thi khoang cach gita hai mic ning
hzgng lién 6i€p phai di Ién. Trudc hét, gia tri nay phai 16n hon déng k&
ning lrong chuyén déng nhiét cta hat dan: € —~& > #,7. Trudng
hop ngueoc lai, sw 1dp day hau hét cac mikc 14n cén va cac chuyén mikc
cua dién tr thuong xay ra gita chiing cling ngan can sit quan sat cac
hiéu ¥ng lrong tir. Néu khi dién tiz suy bién va cé mic nang lugng
fermi Ef, mudn quan sat dwoc cac hi€éu tng lrong it can ¢é didu kién
saw: £, > £ >F. Trong trudng hop gidt han nguoc lai, khi
E, > FE  -£  vénguyen tac 6 thé quan sit duge hiéu vmg heong
hoé do giam kich thudc, ntumg bién d¢ thu dwege rét nhé. Trong cac vat
Jiéu thize t&, hat dan luén bi tén xa béi tap chét, phonon, ... Xac sudt tan
xa dwgc ddc trung bai thoi gian hdi phuc xung luong 7 (714 thoi gian
sdng trung binh cia hat dan & trang thai hegng tir véi bd ba 58 hzong tir
xac dinh da cho (n, px py)). Theo nguyén 1y bat dinh, gia tri hitu han cta
T gay ra trong viéc xéac dinh nang htong & trang thai da cho sai s6 vao
R

cd AF =—. Tuy nhién, viéc tinh todn dua tién co s& cac mirc nang
T

hrong gian doan phan cach nhau trong hé dang xét chi co nghia khi
khoang cach gitta hai m#¢ nang leong lién ti€p thoa man:



£ —¢€ e EOL, (1.30)

7+) T m* ﬂ
T .
=2 13 d6 linh dong ciia hat din; e 1a dién tich higu dung caa
dién tie. 7 |
D& nghién ciru cac hidu dmg ddng trong hé luong tir, ¢ thé st dung
m6 hinh ly tirdng héa hd thé chix nhat véi cdc miic nang luzgng gian
doan chia dién tit va chidu cao cua hé thé€ cb thanh cao v6 han. Giai
phuong trinh Schrodinger cho dién tix chuyén ddng trong hd thé nay,
thu dwege ham séng va phé nang heong ¢6 dang:

y(7) =y, sin(# 2); £, =(4,.4,); £, = ELE (1:31)
£, (ﬁ)*;):;—(ffﬂ ) | (132)

Trong cac bigu thare (1.31) va (1.32), ¥, 1a hang s6 chudn hod; 7 1a

vector ban kinh ctua dién t trén mat x,y; ){:J_ la vector xung leong ctia
¥

dién tlr trén mét xy; £, = —L—lﬁ ky hiéu thanh phan doc theo truc Oz
cla vector séng dién tiz trong mbt viing con, n nhan cac gia tri gian doan
(n=1,2, ...); L 1a 4% réng hd luong tir. Nhu vay, doc theo truc k- cia
mang dao, dién iz bi giam cam trong hd heong & chi nhan cac gia tri
nang leong gian doan. Do d6, trong cung mét viung nang luzong xuit
hién cic viing con (subband). Sz gidn doan cta phd nang hxong dién tiz
12 nét dc trumg nhit ctia dién tix bi giam cAm trong cac hé ban dan thip
chiéu ndi chung va hd hegng tiz noi riéng.

Trudong hop ¢6 tit trudng déu B huéng theo truc z (B//07) e 1
vudng géc vdi thanh hé, chuyén dong ciia dién tix trong mét phang x,y
cling bi huong tir hod. Chon thé vector A =(0,5,0), khsi leong hiu

dung déng hudng (m, =m, =m’), sk dung thang Landau vi trong

treong hop séng dién tix ¢6 bién dd yéu, ham séng va phd ning luong
ctia dién tiz c6 dang [16, 33, 34}:
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y (1.33)

Ltk
E. (.{1)=[N+%]hm + A n’; (1.34)

EB ) . b k] [~ ,
¢ d6, @, =— la tan s6 cydotron; N =0, 1, 2,... 1a chi s6 muxc phan
cm ' -

ving Landaw; ¥,(x) 1a ham séng cta dao déng tr didu ho
X :—h,é} / (m“a;c) =—-cﬁ£’i /(33) 12 vi trf t3m qu¥ dao; Ly 13 d6 dai
chuin ho4 theo hudng Oy.

Ddi vdi phonon trong hd leong tir ta 6 [19, 24, 35):

|C 2 ZEez'ﬁa)m_i 1 1 1
biid ,i-’-J_ an - /1,5.; ‘Za Q‘f 4 q ? x.
mrE ..
g, = = v0i phonon quang;
I L = o V4, +q° véi phonon 4m (1.35)
. Mz : mﬁz\ Y S A 54
[7 ==} | nim)ecos——+1(m+1) Slﬂ—JSlﬂ(—'—) sin(——)dz .
i R Z L 3 L (1.36)

véi 1(z)=1 néum chin, 7(7)=0 néum 1@,

1.2.2. Su giam cdm dién t&, giam cdm phonon trong bén déan

mdt chiéu

Ban din mét chidu 1a hé vat liéu ma chuyén dong ctia dién tix trong
hé bi gidi han theo hai chidu, va chuyén déng tiz do theo chidu con lai
trong khéng gian mang tinh thé. Day legng tix 1a mot vi du vé hé khi
dién tz mét chidu. Day heong tiz ¢6 thé dugce ché tao nhd phuong phap
epitaxy, hodc két tia hoa hitu co kim loal. Mét cach ché tao khéc 1a stz
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dung cac cong (gates) trén mot transistor hiéu @ng truong. Phd nang
hzgng va ham song dién ti trong day lrong tir ¢d thé tim dwroc nho giai
phreong trinh Schrodinger mét dién tir cho hé mét chigu:

H;y=[-—-2—*V2 + V(F)+U(F)] w=Ey (1.37)

& day, V (7) 12 the ning giam giir dién tir do giam kich thudc; & (7) 1a
thé ning twong tac gita cac dién tir. Trong cac bai toan kinh dién
ching ta d2 quen thudc véi & (F] Muc nay, chiing ta s dwa ra biéu
thizc ham séng va phd nang lwong ciia day Iwgng tir vl cac thé nang

V (F) khac nhau.

1.2.2.1. Day luang tix hinh try thé cao vé han

Xét bai toan v&i day Iwong tir ¢6 ban kinh R, th€ giam gi dién tiz
4 (F) cia day c6 dic diém: V (F) =0 néu & trong day (<R) va
V (7} =% néungodi day (r>R). Véi thé nang nay, ham séng va phd ning

lzong trong hé toa dQ tru [r, @, z) dwoc xac dinh theo [36, 37, 38, 39, 40,
41, 42}:

r

VM‘;{?_‘:G’ z) Onéur>R (1.38)
" 1

L ¥y R 139

%TM(!*¢Z) JZ-‘? o y/ ()neur-'-‘: (1.39)

6 diy, ¥, =7 R"L la the tich day luong i, n=0, =1, +2,... 14 cac s6
leong tr phuong vi; [ = 1, 2, ... 1a cac s6 luong tir xuyén tam;

2 =(0,0,»€'{) 12 vector song ciia dién tiz; ¥, (F) 12 ham séng xuyén tim
ctia dién t& chuyén déng trong mit phang xOy:

e 1
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B.: 1a nghiém thi [ clia him Bessel cdp n tuong tmg véi phieong
trinh Ju(Bay) = 0, vi du Boz = 2,405; Biz ='3,832. Nhue da biét, trong day
leong tir, chuyén ddng clia dién tiz bi giéi han trong m3t phang x,y va
ning lueong clia nd theo cac phuong nay bi lwong tit hod. Phd ning
lrong chia dién tr cd dang:

E k)=E(k)+E, | (141)
Wk
trong d6, £(%,) =~ la ding ning theo truc z clia dién tir (phuong
7
. hz 52.
chuyén déng tu do clia dién tr); £ , = e A;: Ia niing leong gidn
' iy

doan theo cac phuong con lai. Thita s& dang ddc trung cho sir giam cam
ctia dién t& trong day leong t& hinh tru ¢é dang (1, 431:

| 2 *
LA :}Eg /o] (qﬁ-f'ﬁ) Ver (‘r) v, (7)rdr | (1.42)

- Do sue phizc tap cia ham séng xuyén tdm, nén khéng thé tinh giai
tich tudmg minh d6i v&i tich phan (1.42). Tuy nhién, theo [39, 40, 41}, néu
chi quan tam dén cc trang thai co ban ciia dién tir thi tich phan nay ¢6
thé tinh dwoc nhd ap dung gan dung ham séng va nang leong cta dién
t? O cac trang thai nay nhu sau:

rq_ 7 #
Y. ﬁﬁ[l'}"z‘)& ey ™ JE[}—F},

thu dwgce biéu thite cho thira s6 dang:
247, (gﬁ') | 48/, (gf?)
= 5 [:tﬂ.l.ﬂ.l(q) = 3
) (%)
D&t véi phonon, cing chiu tac ddng cha hiéu tng giam kich thaedc
dan dén vector séng va nang lugng cling bi hegng ti héa {43, 44]:

mj.j,g'( = mj -p (‘?zi"r' ?:J')
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PR K k=0
q,,=\H 1R Wi |h|=25+i5=0172.
ZiIR M B =25 ;s=123.

1.2.2.2. Day luong ti hinh tru voi hé thé parabol

Gia siz hé thé giam giir dang parabol déi ximg trong mét phang xOy:

= lm"wjﬁ’z (1.43)

@, 14 tan s6 hiu dung cha hé thé. Ham séng va phé nang luqrig
thu duge triec HEp tix viée gidi phuong trinh Schrodinger:

O EA

. )
£, (k)= ?;4—7‘:&) (2n+|z\+1) (1.45)

trong do, 2 = ’—-:h—— : LEJ la da thire Lagrange tong quat. Khi dé thira
: na

50 dang cia dién tir duoc xac dirh theo biéu thike [1, 44]:

2 Vv, (e v, (rar

n,a’.n,n’ (4 )—-}?2

Cac phonon trong diy luong tir chi dao déng theo mét chidu duy

nhét, va bi gidi han trong hai chiéu con lai. Chinh vi vay vector séng va
nang leong aia phonon bi lugng tir hoa:

o=boo| 5] {5
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1.2.2.3. Déy lugng ti hinh ch nhét véi hé thé cao vo han

Do yéu cau thire nghiém, mé hirth day hzong tz hinh ch@ nhat cling
hay duoc &3 cap dén trong cac cong trinh mang tinh ly thuyét. Vi mé
hinh day luong nr hinh chit nhat c6 cac kich thiedc ba truc dugc gia this
lan huot1a Ls, L, Liva L > L, L . Gia stz the giam cam dién tix cao vo
han theo hmhuqngvuong gbex,y; V= O néu 0 y<L; 0<x<L

va V = oo ndu nguoc lai. Khi d6 ham sing ¢4 the viét [39 40, 41):

| DEJELI
¥ ﬂ[r,)’,z)= ie"‘“ Lsin AL 9.2 sin i =2
i L L, L NL, L,
0 y<tL

(1.46)
,,r<:0; x2 L
va - (72} =0 | (1.47)
ky<0; y2L ;
Phé nang luong ciia dién tir:
AN L P _
E |#)="= LAER (148)
”"'( ] 2m‘ 27 (Lz Li}

trong d6, n val la cac s8 luong tiz clia hai phirong bi legng tir hod x va .
Thtea s dang dién tiz c6 dang [1, 39, 40, 41]:

..32.?3“ (g;xézm ‘)2[1-—(—-1) . cos(g L )) .
[(.ﬂgx)“_z.-;-zz(gxz,j(nzm-z)ﬁuf(nz_ﬂﬂf]‘
21 (g,2 1 *]2(1— (-1} cos(g,Z, })

% (1.49)

(0,8 ~2(0,2,) (P +emyem (-0) |

/7 . X
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1.3. PHUONG TRINH PONG LUONG TU CHO BIEN TU TRONG

LY THUYET HAP THU PHI TUYEN SONG PIEN T MANH TRONG
BAN DAN KHOI

Trong muc nay ching ta trinh bay téng quan v8 bai toan hdp thu
phi tuyén séng dién tir manh. Tiép theo d6, cing ta sé xay dumg
phuong trinh ddng lwong or cho electron diza trén Hamiltonian ctia hé
electron - phonon trong ban dan khéi khi 6 mit ctia séng dién tir v6i
vector cieomg d6 dién iredng £ vA the vector 4 (). Tir dé thiét lap
biéu thitc giadi tich clia hé s§ hdp thu phi tuyén séng dién tir manh trong
ban din khéi.

1.3.1. Hap thu séng dién tirtrong ban dan khéi

Viéc nghién cvu hiéu ting déng ctia ban din ndi chung, ciu triic hé
thap chigu néi riéng cho ta nhidu thong tin c6 gia tri vé tink chét va cac
hiéu-¢ng cta hé dién tir ong hé ban dan thip chiéu. M6t trong nhiing
hiéu 1ng déng duge cac nha vat ly 1y thuyét ding nhw thuc nghiém
quan tdm nghién cu dé 14, 46 dan cao thn cha ban din va sy hip thu
song dién tir trong cac hé vat liéu ban dan. Khi chifu mét chiim bizc xa
lazer (séng dién tir manh) vio tinh the ban dan, mét phan bic xa bi
phan xa trd lai, mét phan duoc truy@n qua va phan con lai duoc hap thu
béi tinh thé ban dan (hinh 1.3).

Ngay tir nhitng thap nién cudi cia thé ky tridc, trén quan digm c6
dién, dwa vio phuong trinh déng hoc Boltzmann, @3 din cao tan da
dugc quan t&m nghién ciu réng rai [19, 25, 45, 46, 47). Trong cac cong
trinh d6, bai toan vat 1y duoc gidi han trong mien tan s6 ¢ dien (nhiét
dd cao), vdi gla thiét mm gian phuc héi xung _lu::_mg trung bl_nh Tcla
dién t& khong phu thudc vao tan sé @ ctaa 'sc’mg dién tir. S khac nhau
giita song truyén trong chan khéng va truyén trong vat ran thé hién qua
hing s8 dién moi €, va a6 din dién 0. Hang s8 dién mdi &, cho phép
xac dinh gidn tip dd x@ dich ctia dong hat tai; 6 din dién O xac dinh
kha nang cha dong thirc ma dién trudng gay ra.
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Hinh 1.3: Tuong td¢ gilia vat chat va séng dién i, (1) s6ng tdi, (2} sdng phén
X3, (3} song truyén qua, (4) séng hap thu

Ph8 hép thu clia b&n dan rat phitc tap, gom ba phin chinh sau:
chuy&n dich truc tifp tie ving dan 1én ving héa tri; chuyén dich gian
tiép gitra ving din va viing héa tri va chuyén dich néi viing [1-7, 9, 10,
48, 49]. Su hip thu do chuyén dich trnzc tiép gitta ving dan va ving hda
tri xudt hién khi dién tir viing hod tri hdp thu mét photon ¢ ning lzong
16n hon d§ réng ving cim va chuyén dich 1én viing dan vdi vector séng
# gan nhu khong thay d6i (do vector séng clia photon coi 1a rdt nho).
Khi d6, tai ving hoé tri xust hién vector séng —Z . Su hip thu nay xay
ra déi véi nhitng chat ban dan cé khe viing cim nhue InSb, InAs, GaAs,
GaSb. Hai loai hdp thu do chuyén dich trizc Hép va gian tiép caa dién ti
tir ving hoa tri 1én ving dan ¢4 thé duegc tinh e H8p bang 1y thuyét
nhiéu loan phu thudc théi gian [1-7, 48]. Tuy nhién, ¢ thé sit dimg bidu
thurc clia tensor A6 dan dién d€ tinh nhimg chuyén dich loai nay. Hé s6
hip thu séng dién tiz chi phu thudc vao phin thuc clia tensor d6 dan
dién. Khi khéng xét tdi tuong tac dién tiz - phonon ciing nhir bd qua cac
tieong tac khac, bi€u thitc phin thue 46 dan dién ¢é dang gidng nhie quy
tac Fermi:

g_:” (m| & \n>|2 8(Z,-E,~ho) (1.50)

_Z
Redx_@,,,zﬂ
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St hidp thu do chuyén dich ndi viing: ngoai cac chuyén dich giita
cac ving dén & trén, st hip thuy séng dién ti con phy thude vao chuyén
dich ndi viung, duegce the hién khdi tan s6 séng dién tix nho hon @6 rdng
vung cam hodc néu nhu trong cing mét vung nang leong caa kim leai
hay ban din t6n tai cac trang théi 18p ddy va cac trang thai khong ldp
day. S hap thu do chuyén dich néi viang 1a si hdp thu ma cac dién tich
tiz do hép thu hodc biic xa phonon lién tuc d& ¢ thé chuyén dich tie
trang thai nay sang trang thai khac. Do d6, cé thé coi chuyén dich loai
nay la chuyén dich lién tuc gifta cac trang thai k& tiép nhau [6, 15, 50].
Ngoai cac chuyén dich néi vimng do tuong tac dién tiz-phonon, dién tix tz
do c6 theé chuyén dich giita cac trang thai do cac tuong tac khac nhu
firomg tac dién tir-ion mit mang, dién tie-tap chat,... (45,46, 19, 24, 25, 47],
trong d6 tuong tac dién it - phonon ¢é déng gép dang ké nhat ddi voi
chuyén dich ctia dién tiz te do. |

Nhix 43 phan tich ¢ trén, di1 1a hip thu do chuyén dich gifta cac
ving dan va viing héa tri hay hip thu do dich chuyén ndi vimg thi
teong tac gitta hat tai va phonon ¢é déng gop dang k& nhat a6t véi su
dich chuyén cia cac hat tal tu do. Piéu nay ¢6 nghia la khi dién tir
chuyén déng trong mang tinh thé clia ban dan chiu anh hudng cia séng
dién tr theo hudng lam tang t0c, dong thoi chiu anh hurong cha dao
ddng mang tinh the theo hudng can tre chuydn dong. Vi gid thiét, dién
treong bién thién manh 12 séng dién e phing va sg truyén séng dién tir
nay doc theo truc (gia thiét Oz) c6 cuadng doé song dién tir giam dan. Pai
leong ddc trung cho qua frinh giam qrong 46 cha séng dién tir khi di
siu vao trong ban dan goi 1a hé s6 hip thu séng dién tit, ky hidu o, (ﬂ)],
c6 dang [1-7, 17, 19, 24, 25, 47, 51}

o (o)= [:;)Reau (@) . (1.51)

& ddy, N* 1a chiét sudt tinh the; c 1a van t6c anh sang.
Khao sat dd dan dién cia vat lidu va hé s8 hép thu séng dién ti

manh do fuong tac dién t - phonon gay ra la mdt bai toan mang tinh
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chat kinh dién nhung rat quan trong vi diy 1a cic hiéu vmg xay ra khi
céc vat liéu ban dan c6 mét trong cac linh kién hoat déng. Dudi tac dung
cha dién trudng va tir trudng, d6 din dién ctia hat dan cho ta nhiéy
théng tin vé tinh chét chuyén tai lvgng tie. S chuyén dich clia dién tiz
gifta vilng dan va viing hoa tri nhu da trinh bay & trén cé thé duoc khao
sat nho stt dung ly thuyét phan tng ciia hé dwdi tac dung ciia trudng
ngoai (dién truomg, tir trudng). Hé s6 hip thu twong tmg vdi chuyén
dich gilza ving dan va viing hoa tri 12 phizc tap, ddc biét khi xét t3i cac
53 hang béc cao (song dién tir manh, tan s& cao).

Hé 3 hép thy séng dién tix ty 1& thuin véi Reo (o), vi vay hé s
hdp thu tuyén tinh séng dién tir khoéng phu thudc vao cudng do dién
tneong £ (& day ta chi tinh dén s6 hang bac nhat ctia tensor d6 din cao
tan). Trong trudng hop séng dién tir cé cudng d6 manh cao tan, déng
g6p clia s6 hang bac cao vao tensor d6 dan cao tan 1a déng k&€ vA phai
duoc tinh dén. Khi d6 xuét hién se phu thudc phi tuyén cia tensor 4o
dan cao tin vao cedmg @6 dién trudmg E’a cha séng dién tir. Vi viy, hé
s6 hap thu phi tuyén song dién tir la dai lrong phu thudc phi tuyén vao
crong 46 dién trueong E:. Ly thuyét hap thu phi tuyén séng dién tix
trong ban dan khéi da duge V. V. Pavlovich va E. M. Epshtein nghién
ctu va cdng bG vao ndm 1977 [52], duoc biét dén 1a phuong phap
phuong trinh déng leong tix cho dién .

1.3.2. Phuong trinh déng lugng ti cho dién t& va hé sé hap

thu phi tuyén séng dién tir manh trong ban dan khéi |

Trong phan nay, ching ta gidi thiéu tdng quat vé tinh chat quang
phi tuyén ctia ban dan khéi (hay giéi thiéu vé 1y thuyét leong tr). Truedc
hé&t, ta xay dung phirong trinh déng liong tir cho dién tir trong ban dén
khéi khi c6 mat trzong song dién tie manh. Hamiltonian ctia hé dién ti-
phonon quang) trong ban dan khéi:

H =§£[/E: —f;j (t]}z:{a ; +Zhwﬂég 2 +§C éa}w‘af (éff +b§) (1.52)
7 J.
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£ va /c+q la trang thai cda dién t& trede va sau tan xa E( ) la nang
litong cua dién t; C’; 12 hdng s6 tirong tac dién tr-phonon quang (14,
36, 53}

. 2
lc‘l =2}'-‘Z'€ hwﬁ[ 1 _ 1 } (153)
g 2

£q . &

A (7)1 the vector ciia trudng dién tir, xac dinh boi bidu thic

= £, sin(Qv) (54

D& thiét lap phuong trinh déng luong tie cho dién tir trong ban dan
khéi, ta sit dung him phan bs luong tir tng quét: () =77(w i;}) véi wla
toan tir ma trgn mét dg, (y) 1akihiéu trung binh thdng ke tai thoi diém
t, ta ¢cd:

Y

a7 :m“a‘a?<“§‘f?>=<{“§";ﬂ b (155)

Siz dung bifu thitc (1.45) v cac tinh chat clia giao ho#n ti¥, sau mat
s phép bién d6i todn i, ta duoc:

()

l: ()J’Fﬂw- _}}i-w'(f)_.ﬁf-éi 5:1 (1.56)

gong do, 7 L ( ) <Iaila }75.> Tu'cmg tu nhtr tren, ta t‘tuet lap phwcmg

trinh cho ﬁgé()vagmphmmgtrmhnaytamudum 2517} Thay
7y 5 ;) vao (1.56), ta thu dwoc phizong trinh d6ng hrong ti cho dién ti

trong ban dan khdi.
I 7)1 if(’l\fm N0l (o ]
o w7 5J g Jexp = (s =)@ ;‘ SNTAEA Jax

4]



x{exp[%[gﬂ,(i +7)-¢,(£)-ha, - 1hQ+ 55)[:1)}

N7 (1) =z (), 1) o 7 () (41 (1) ¥,
XEXPF(“%- (£+7)-¢,(£)+ha, —1h£'2+z‘5)(z‘—.rl)}<

| ~exp %(&; (£)-¢, (£ —5)—?‘;&;‘,—;’?:9“6)(:-—:1)}

h

X g g (), + 0=y (), gy (1), +1) s (2) 4, 6
Xexp{%(é’ﬂ (£)-¢ (£-G)+ha, —ZhQ+z'5)(f—fl):I} | (1.57)

&0
el G

vai A= ”22 ; £, Q labién 46 dién tnzdng va tan s6 clia séng dién tir.

Tham s§ duwong v6 cing bé & dira vao d€ dam bao gia thiét doan nhiét.
Biéu thizc (1.57) la phwong trinh ddng luong tir cho dién tr trong ban
dan khéi. Phuong tinh ndy 1 co s& d€ tinh hé s6 hip thu séng dién tir
trong ban dan khéi dudi tac dung clia trudng laser.

Vector mat d6 dong xac dinh béi cong thiec:

)= RS E -2 () )

7 %

(1.58)
Hé s6 hdp thu phi tuyén song dién tir béi dién ti trong ban dan
khéi duoc viet dwdi dang quen thude [17):

(#) £,sin Q) = il Z‘C"N;‘z zw[}

el A
I RA m){g(‘: +G)-e(k)+ha, - Zhﬂ}

% | (1.59)



Bidu thizc (1.59), la biéu thitc tdng quat hé s§ hdp thu phi tuyén
séng dién tir manh trong ban dan khdi. Tiép theo, ta xét hap thu cho hai
tredng hop gidl han gan ngudng va xa ngudng song dién tiz.

- Trudmg hop hifp thu gan ngudng:

Déi véi qua trinh nay, ning leong cia treong dién tir ngoai phai
théa man diu kién: \Zm— hwg\ « £ (€ laning lugng trung binh clia
chuyén déng nhiét ctia electron), khi do:

XA R IR W P74 [Q_QUTZX
ez 0 \x. 2N Q- )\ h

- 3

B(Q—wﬂ)ez 34,7
3£ 7

20m*h§24 h(ﬂ—w )+ g
" 2 ’ 4 1

w1+ 1+

o

£} (1.60)

- Triimg hop hap thy xa nguing:
Trudng hop nay phéi c6 ditu kién: |/Q—ho, |> €, khi do:

* | 3(Q-w | E?
= 167e j‘;i’g?‘[ 1 1 }(g_wo) 1+ ( :’) _ o (1.61)
ey ¥R \X. Z, 207 R

N vy, tiz ham phén b6 khéng can bang ciia dién ti, ta tinh duoc
méat 46 dong clia dién tr trong ban dan khéi, tix d6 thu duoc bigu thitc
chia hé s6 hip thu sérg dién tir trong ban dan khéi phu thudc phi tuyén
vao cadng do dién trudng Z, va tan s§ ciia séng dién tir £2.
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CHUGNG 2

HAP THU PHI TUYEN SONG DIEN TU MANH BOI BIEN TU
GIAM CAM TRONG BAN DAN HAI CHIEY

2.1. HAP THU PHI TUYEN SONG DPIEN TU MANH BOI DIEN T
GIAM CAM TRONG SIEU MANG HOP PHAN

Hap thu séng dién +e yéi boi dién tle giam cam trong hé ban dan
th&p chitu néi chung va ban dan siéu mang hop phan néi riéng da duoc
nghién c@u bang nhitu phuong phap khac nhau, nhu phuong phép
Kubo-Mori, phwong phép 1y thuyét nhiéu loan. D& hoan thién bizc tranh
vit 1y vé su hip thu séng dién ti mgnh trong ban dan néi chung, ban dan
siéu mang ndi riéng, trong muc nay chiing ta nghién cru bai toan hip.
thu phi tuyén song dién tie manh boi dién tix glam cam trong siéu mang
hop phan.

Dudi day trinh bay nghién aitu hé s& hap thu phi tuyén séng dién e
marh b&i dién tix giam cAm trong siéu inang hop phin, ¢é xét 16 ce
tredong hop vang mit va ¢6 mit tie triedng ngoai véi cac co ¢hé tan xa
dién & - phonon 4m va tan xa dién tir-phonon quang [12).

2.1.1. Hamiltonian tuong tac cta hé dién ti - phonon trong
siéu mang hgp phan '

Siéu mang hop phin 12 loai vat lidu ban din c6 ciu tric dien tir
chufn hai chiéu. Do d6, phd nang legng cha dién tx trong siéu mang
hop phan bi lvong tir hda. Bigu thitc Hamiltonian tizong tac cda hé dién
tiz-phonon trong si€u mang hop phan khi ¢6 mgt trrong séng dién
ngoai E ()= Eosin () 6 dang:



H= ZE (k ~£—A(r)j nhanjl+;ha)ﬂbgb§
+Z Z ¢, I’”‘ (q qanh( +.b )

T | ey
A(2) 12 the vector ciia trudmg dién tt xac dinh boi bidu thize:
1dA -
———= [ Sln(Qr)
¢ dt 22)

C~ 121 hang s turcmg tac daén tix - phomm,. phu thuoc vao loai co ché

tanxa

Truomg hop tan xa dién tz - phonon quang, C- c6 dang [25, 47, 51, 34]

IC-12= 1 2ze’ha, [1 ~ 1]
! Vﬂ.gﬂ(qj"_-}-qf) Ko Ao

23)

Trudng hop tan xa dién tiz - phonon am, hang s& teong tac dién tir-
phonon dm xéc dinh boi cong thic:
2 & zh&%

D.l =
PV,

g

(2.4)

véi p 1amét d6 tinh the; v, 3 vin tc séng am; & 13 hing s6 the biéh dang;
I,..{g,) lathira s8 dang dién tir trong siéu mang hop phin, ¢6 dang:

1.(q,)= ¥, (zW, (z)exp(iq,z)dz (2.5)
0 .

trong d6 ¥, (z)1a ham séng ciia trang thai thit n trong hd thé; d 14 chu
ky siéu mang; Na ia 56 chu ky siéu mang hop phan. Pho néng heong clia
dién tir trong siéu mang hop phan ¢6 dang [14, 15, 51, 55, 56}:

hz 'Z

2m

ek, )=¢,+

H

= —-A cosk,d (26)



£ la cac mic nang heong trong hd thé biét lap; A 1a dé réng mini
vung. Trong bigu thitc (2.1), néu thay C— bang D ta dugc bi€u thic
Hamiltonian tuong tac caa hé dién tir - phonon am trong siéu mang
hop phiri. |

Trong trieong hop ¢ mit tie frudng ngodi:

Gia thiét rang trudmg bic xa laser E=E, sinQrdat vuong géc véi
truc siéu mang va ilr tredmg ngoai B ddt song song véi truc siéu mang
thi Hamiltonian cia hé dién tz phonon - quang teong tac trong biéu
- dién hzong tée héa [an thit hai c6 the vidt:

— Z gn,N [k_;_ _EA(t)]a:,NjLan,N,EJ_ +§h%b§b&

n,N,k_L

+nnZNN qz C:1 nn' QE JNN(“) nN ki"'q "‘=N*E.L (b§+bj§)

(2.7)
bday, (0, N, k )va(@, N, k + 4, )12 trang thai clia dién tr tredce va
sauténxa, Nfu va a - la cAc toan tie sinh huy dién tiz ¢ trang thai
(N, k% g=(4,,4, )- Phé ning luong cita dién tir 6 dang;

&y (k) =he, (N +%)—An coskrd

eB

(2.8)

vél L, =

v (%) c6dang:

—_

Tyae(u)= T ef&lhdrqvﬁ,(;l -a’k, -—afaJ')gpN (;L-_af_k'i) (2.9)

Ly 1 - \ 2 -
frong do, u = Eafqi ; T la vector xac dinh vi tri cla dién tir trén mat
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phing (xy); .a_la ban kinh quy dao dién tr tcong mat phang (%, )
Pyl X ( )la ham diéu hoa.

2.1.2. Phuong trinh doéng iuQ’n'g tu cho dién tu trong siéu
mang hop phan
Twong tie nhur cach 1am d8i v6i ban dan khéi, d€ xay dung phuong
trinh dong lwong tir cho dién i trong siéu mang hop phan ching ta siz
dung phuong trinh déng leong t& tong quat cho todn tie s& hat (ham
A a me A . _ e ..
phan bd dién tiz) ni = <a”=EJ. anil >: [3}:

z‘ha<?:'ha"j* > =fhm <[a ; 4.5 H D

nk_,_

(2.10)
5 day (W), 14 trung binh théng ké ctia todn tir ' ; (W), =Tr( Wi, (W

la toan tiz ma tran mat dd). Pat biéu thitc Hamiltonian (2.1) vao (2.10).
Céc sd hang c6 trong v& phai (2.10), fan hizot ¢6 gia tri nhee sau:

S6 hang thi nhat:

kL 2m ke
(2.11)
56 hang thit hai: |ia: 2,07, ,Zhwgb;ba] =0 (2.12)
g

S8 hang thiz ba:

i: k, n,J:J_ 2 Z C- JcJ_+g nk, (bﬂ +b )}=;C¢}In,n‘(qz)x

g mnkl

" 5 \ 5 m
.4 - - - = e = i £ i s
' |:( a” ) aﬂ Ry &'.Lb ) ( Tk “'?J.a“ ky b"‘? ) (q”'+ki +‘?J.'a”r'{51.b'§ ) ('{'I“J‘JL a"'vkl ""IJ.b_q ) }
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-=anlnm’[Fn’,El@L.n}l,%-l—F' faa L RN :I

Sk H,I’-’_]_.I"I!',k'l' +q) g r:,I_]_ A -g:.9 mk | -th‘nJ:_L g
trong do, Fm‘k1 . (r} < A kn ks q> Thay cac s0 hang tinh dwreoc vao
(2.10), ta duoc phuong trinh:
oF (1) ;

m Ky Es g -
3 = E[Em.il =€, 5, A, (cos ki'd—cos !qud] -

en 4 &%
—;_E(kl kz)A(r)} nljlngxi,q(t) hns&c [ r"’-"“3< ﬂzk'qla”zkz [b- +b')b?f>r

+ +
I, <aﬁ_§laﬁ_;z_§lbé (b, +b" ]H (2.13)
Giai (213) bang phuong phap bién thién hing s8 va st dung diéu
kién doan nhiét In F__ (—e0) =0, thu dugc két qua:
R ""2.’:1 g ) _ -
F"iipnzig 4 ME G [ < n.k, gy “zvkz (b % +b )b&>12

=1, <a;ha%k2_ql . (b?n + qul ))h }KP[%(‘S&% —€, 5, ~A. (ms kird —cos kl""d)

_hmo](r — 1 ) - ;;“f—cj(EL = Ez )Z(rl )dtl :ldrz
7!

(2.14)
Tir day, chang ta nhan duoc

T CARCARS

ot

] o n
x{exp[;(& : o —€; ~A [coskid - coskid)

“kl‘}ql "kJ..

—hay, —1hQ +idh) (1 - r)][ (F)N.=n ;- (r')(N&l)]
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+exp[%(£n,; - —€; —An(coskﬁd—cosk;fd)+hwg—lhﬂ+i§h)]

x(r—.r’)[

1 . i
o ()N +1)=n s (s )Na]—-exP[E(Smh 6

-A, (cosk?d - coskid )~ hay, ~ 1AQ+i8h) |z —r')[nﬂ, i ()N

q

1

- (;t")(N-Jf—l)—f:ﬁp[%(fi‘nE =&, A (cosk;d-coskﬁd)
+ha:; —[AQ + idh) ](r ¢’ [ ! h'_q (7 1)(N§+1)_nnh (r‘)N;]}

(2.15)

Bigu thirc (2.15) 1a phurong trinh dong luong tie cho dién tk giam
cam trong siéu mang hop phén. Viée gidi phuong trinh (2.15) trong
trizong hop t0ng quét rét khé khan va phic tap. Sir dung phueong phéap
gan ding 13p lién tiép [48], ching ta dit: |

i
|

nn'j (t] = ;Enljl ;nﬂ'-il"ai (I)

L

mEEL Mg (1) =nwieg, - (216)

Tich phén hai v€ phuzong trinh (2.16) theo t, sau d6 theo t, ta duoc:

1 Eqoq eEoq | A ‘
= -—?; I Z J [ F+k [ mugzii} 10 CXp (*-Ikﬂt)

nr'
k =

Xﬁ—* nﬂjj_ N% —n”'jjﬁaj_ (Né +1)
£.%, ~Ewi,z, ~An(coskid ~ coskid) ~ha, — 1hQ + ik
~ n"ji (N;‘{‘l) ot E_L"'EJ_N-
£k -7, i, ~ B coskid —coskjd )+ hay, — 1hQ+idh
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N.-n; (N.+1)

n.kl*&'l
+ _ , :
€.z, —.5‘1“,,;]'_;‘L ~-A (cosk”d —cosk, d)-hmﬂ ~[nQ2+ 0k
n s (N-+1)-n, N
+ A . > (217)
£. —&.. - —A {coskld—cosk!d)+he, —1hQ+idh
R.X) Rk | = P

& day, En-h (N;=N, ) 1a ham phén b& can bing dién tix (phonon)
Phurong trinh (2.17) 12 bidu thtc giai tich ham phén b8 khong cén bing
ctia dién tir trong sifu mang hop phan. Phuong trinh nay 1a co 56 dé
tinh hé s6 hap thu phi tuyén séng dién tir manh bdi ¢ién ti giam dam
trong siéu mang hop phan (tri.t&mg hop tan xa dién tiz - phonon quang).
Tiép theo, tir biéu thakc (2.17), chiing ta thiét 1ap cong thnkc tinh hé s8 hip
thu song dién tir manh trong siéu mang hop phan.

- Truimg hop tuomg tac dién 11 - phonon Gm

D& xay dung phuong trinh déng lirong t{x va ham phan bd dién tiz
khéng can bang cho dién tie cho trudng hop tuong tac dién tir-phonon
&m, chiing ta thay C. trongbi¢e thitc (2.15) va (2.17) bang D.. Véicach

lam tirong tir nhur triedng hop tuong tac dién ti-phonon quang, ching
ta tim dwoc ham phin bd khéng cin bang dlen tix cho tmcmg hgp tan xa
dign tiz - phonon am nhu sau:

E E,q
Z g [e = }’m[e qu " exp(-ilhS)

nn’

1
L (r) - _EEZ l
gn'

iy mQ* |IQ
e .z, N& —nn Bz, (Né +1)
& —€; —A (coskid - cosk!d)~ha - khQ +idh
i n, ..L+q_L f, i q
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) n.i [N& +1)_"n”'-ﬂ+h N,
‘gn*iﬁéi ~E T n(cosk[‘;dl—coskﬁd )—hwé—khQHﬁh
ng s No—n,. (N +1)
+ n.lq_L._g .‘".L .iq
£; —€.; - —A (coskid=coskid)-har - khQ+ibh
Ay it: J.'E .- ¢
n . (N.+1)-n, N “
+ L4 q i el }
€1 "€ =il (C{)Sknd cosk; d )+ A —1nQ+ioh )

(2.18)

Phuong, trmh (2. 18) la €O 50 g& tinh hé s hap thu phi myen song
dién tz manh bdi dién t& giam cam trong siéu mang hop phan o phan
tiép theo cua chuong néy

Trong triwong hop c6 mit ti fmtmg ngodi:

Tuong tu nhie trizong hop khong ¢ tir trirong ngoai, khi xay dung
phuong trinh dong leong ti, ching ta sk dung phu:cfng trinh ddng
lrong tiz tong quat cho todn tie s& hat (ham phan bd dién t):

ey 5
nn,N,EJ_ - <an,N,F-c_,_ '('Iarr.,.?"-lfjl >I[3]

a<ﬂ+  a +> on: - (1. o |
ih PO Vel =ih nﬂh( )=<[a:ﬁi 2. wi ,HE:D_
hOREESTE A (219)

ot Jt
55hang that nhit:
A ar : + :
; [ e e g [k —h_A(z)] ][ i Baguay -,N-L“n,xjijj:ﬂ
| (2.20)
~t | r - + . ” _
S8 haIlg thir hai: |i£1 N kJ_ ik ? Zkﬂ? b- b-:| - () (2_21)



Sé'ha,ng'ﬂ't& ba:

[ n.NJCJ, ﬂﬂh Z Z @, Nk "fia”-ﬂh (b +bj§)}

g nN.n Nk

-ZCI. P T N 5 Y N 1) S NN )|

o iLL T TR T -
{2.22)
trong do, Fnl Ny &y e s (3) = <an1 NE G N, 1, qbq) Thay cac s§ hang tinh

duege vao (2.19), ta dugce phuong trinh:

oF (7) ;
ny N Ry N LRy ek b B
dt ‘h[gmﬁ-il En:.wm (COSk\md cosk, d) Wy
- eh -\ i .
_E(kl kz)x-fa(::]}FWHmwEz (r}+E Y. C | B v, <“n3ﬂ3.f=1+al

xa, 1, (B, V5 )b?>; o <“:1ﬁ,“n3.fcz bl 40 )” (223)

Gidi phuong trinh (2.23) bing phuong phap bién thién hang s6 va st
dung diéu kién doannhiét In F* * (—e0) =0, thu duoc két qua:

LN, *1 . Nz*;-q

i +
F@ Wk Nk, (I) - _}; Z, Cél I:I"‘a‘ ST <a"3 Navk1+§1 ﬂzﬂz -kz (b + b“i‘l )b‘I>
2 * + _f'_ B
I"erz Ty Ny <a"1 VK 1aﬂs Ny ks ‘*ﬁb‘f (b‘i‘l b‘fh )>Tz ]exp[h ('S:M.E] E"‘I-H:.E‘z

A, (Qosqu‘d —cosk‘f*d)-—ha)g](r—rz) —%j(;‘;l - Ez]z(rl)drl}drg

-

t
(2.24)
St dung tinh chdt giao hoan tit clia cac toadn tir sinh hiy dién tix
(phonon), phirong phap bién thién hing s§ va diéu kién doan nhiét, tinh
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chit clia ham Bessel trong toan hoc. Chung ta thiét 1ap duge phuong
tﬁnhdénghro'r@mdwdlénnrtrongméumanghqpphank}ucéttr

. 1 - eﬁc@ eﬁné
af- - hZ n'_NZ"-‘qJ'iC- NN l I;-ft { th;]J;[ mtgi]
xexp(-ilhQ) | dr'{[nwil (9N =1, sz ()N, +1)]

i(s” —-&¥ -—ha&—-—lhﬂﬂhé‘)(r—r')}

wNE W A NE |

xexp[%(&” . -—sfm +haqj-lh.(2+ih5}(r—-t')]

'["HI.N-.HL ()N ey ()(¥, +1)]

L U !I‘.N".Jl-ql

xexp[%(gH_ = -h@-—lhﬁﬂ‘hé)(r—r')}

At 5, ON +1) =5 ()]

1

xcxp[%-(s"’“ B +ha;0—lh£2+ih5)(r—r')]

(2.25)

Gidi phuong trinh (2.25) bing phuong phép gin diing 1p Lién tiép,
ching ta tim dirge nghiém cua phueong trinh nay nhue sau:

IJH.N “)r Z J [EEﬂq }'m {efg:*"}l;@(—im)

1
- t)=—=D I .
”n,.u.u( h:l;l



d — nn.ﬁ'.EJ_ NE - nn'.h"ii@l (N} +l)
e? o —&f  —A (coskld—coskid)—-ha, ~khQ+ iR
| AWk g RN -
_ R.nE| (N.; +1)‘"=:~.il+é_LN$
g —g"  —A (cosk!d -coskid)—hay —khQ + iSh
n'.h’.k_LﬁqJ_ ANk
n_. .N--n__ (N~+1)
+ *'N"i'ﬁ,_ q ANE) Iq
e —g" A (coskid - cosk}d)—hay —khQ+idh
~ - )
N Ronk . (N§ +1)"”w.i; N; }
e —g"  —A (coskjd —cosk)d)+hay ~1hQ+iSh

(2.26)
Bieu thite (2.26) 12 ham phan bé dién tir khéng cin bing khi hé dat

trong tix triedng ngoai. Biéu thite nay 14 co s& dé tinh hé s6 hdp thu phi
tuyén song dién tr manh bdi dién it giam ¢adm trong siéu mang hop

phian khi ¢6 tlt trudng.

2.1.3. H& s6 hip thu phi tuyén séng dién t0 manh bdi dian tir
giam cam trong siéu mang hop phan

Hé s6 hap thu phi tuyén séng dién tir manh duoc x4c dinh boi céng

thakc [17, 25, 47,54]:

a_cJZE’< E str>

Mt d6 dong hat tai:

(2.27)

nks
(228)

=2 S b e ___Ek _
‘IL(I) mt = ( 4 hCA{I)}I mcmkl nkl+ n nk L



—r

A(r) = —E‘ucj sin(Qr)dwE‘—’E cos( Q)
| Q2 (2.29)

Dit n, = Y n_, RAmat d6 dién ti trong sidu mang hop phin, bitu

nkL

thitc vector mat 4§ dong dirge vidt lat:

- 2y, Eocos( S
¥ (=220 ;E;( ! ehz&: n

-

Ky

n kl_ (23{})

Trong trudng hop ving mit tir triedng ngodi voi co ché tin xg ditn tir-
phonon guang:

bat (2.30) vao (2.27), ta dugc:

.. ”"E"fUS(QI)E sinQr ) + 2 S k,n ; E,sinQs
;::.JZE{] m £} m i )

!

(231)
Tinh sG hang tht nhit ciia (2.31) :
E t
on, ﬁfos(.Q ) = il | = F ”ﬂE“Ingz‘cos(Qt)df =0
O m Q° :
r (2.32)

D& tinh s6 hang thi hai ciia (2.31), tredc tién ta tinh tdng sau:

'E_’?:_ Einnj = Eih i SE(IQI)ZEE;{IJ[HE%J+J$H[EE’:'££;J

m n,I'J_ m JQ l,5=—0n Ak m m

Eog E -
+, (%J ¥ (emfg; ]{[n £ (N ) -mnzea N 6] 6,0 -
¢, ~ A, (cosk d — cosk]d) ~ ha, ~ WO +{| r iz N, =mnis (N, +1) |

xc?[g ;- =€ . —A (coski'd ~coskid ) - hay, ~ 1hQ] (2.33)

nlkltq, nky
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Déibién, k, >k, —q ; k——k g——g; n—>n' Chingta thu
dugc biu thitc tong quat hé s§ hip thu phi tuyén séng dién tir manh
trong siéu mang hgp phan:

327r3e2§zk T - J2l
GC\/—ZEZ [zm zu}z % 2 (s o g

'k, g i=l q

xﬁ[‘eﬂ,jﬁél -£; A, {cosk?d —cosk?d ) - hay, —lhﬂ]ﬂcoo —>-@]

(2.34)

Trong biu thitc (2.34), @, —> ~@, c6 nghia 1a s& hang thit hai thu
durgce tir s6 hang thit nhit néu thay @), — —a@, . Bitu thikc nay ciing cho
théy, khac v6i bén dan khéi, hé s3 hap th1_1- song dién tir trong siéu mang
hop phin khéng chi phu thuée phi tuyén vao cudmg d6 dién trudng ma
con phu thude vao cac dai leong dic trung cho si? glam giir dien tix n, n’
va cac tham s§ ddc trung cho siéu mang hop phin nhu chu ki siéu mang
d, 6 réng mini ving A, . Tiép theo, chiing ta xét hai tredng hop hap thu
§i6i han, hip thu gan ngudng va hap thu xa ngudng song dién tie.

- Truomg hop hdy thu gén nguong:

Truong hop nay, phai théa mén ditu kién: [khQ - k| < £ (£1a

ning lzong trung binh cha dién ti tr do trong chuyén déng nhidt). Xeét
trieong hop hdp thu mét photon:

2
_327% ka T[ ] I 55
C‘\f ZmE k=1 q na'g '

. : w2 2 2332
A=—72 2m'k, T exp| —- L HEAQ lexp| —- . ﬂ'n.ﬁz —A, cos pyd
(27} q;ha kT ZQL?IE kT 2m :

x{l—up(k—lf(wo —Q}h)]ﬂa)o — —@,]

(2.36)

of



v,

A, = o + 2:; +h{a@,—Q)-A, (cosk“ d —cosk, d)

237)
Chi xét trong gan dlng béc hai ciia ham Bessel, ta diroc:

32:@' .Q.k T E ek 4
At [ A RRC

1 mn i mA ' ,
x‘ﬁ (M)quh BTexP[ kBT 24 hz} P[ k T( Y Lz 5nm5klldJl
x[l—exp[le(mﬂ—Q]hH+[wn - ~a, | (2.38)

Thze hién céc phép chuyén t6ng thanh tich phan:

Z(---) = (27) Idﬁﬂj qg,dq, (2.39)

va six dung cdng tharc sau tmng {54):

_ : eXp —2be
1+ax exp “-%L--f:x2 c.*Lt::\lJE [ .)(26-1-2{1. bc+a)
x* 4 i

(2.40)
Bifu thiec hé s& hap thu phi tuyén séng dién tir duoc viét lai:

e nn(k T) it 2 1 7R’ (niz__nz)-
PN DT (z zn]'-z.' = MP{ (

kT 2m L7
n n 1
HAH ((Z‘OSkH d “-C'OSk“d)]{l = 3Kp£-k——f(g—' (Do)h]:'
B
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25,2 i3
xexp| — Wy -A cosklfd] {1+38 F"f‘{ 1+ 1
' % - Smh* Q| 2k, T

+#{w, - Q)-A, (coskld —cnskﬁd)}+[@ﬂ — -, |

(2.41)
Biéu thikc (2.41) 1a cong thize tinh hé s& hip thu phi tuyén séng dién
tir manh boi dién tl giam cam trong siéu mang hop phin cho trudmg
hop hap thu gan nguedng.
~ Truong hop hidp thu xa ngutng:
Tmong hop nay, phai thoa man didu kién sau: ]kk.Q an)0| > £,
xet tru'cmg hop hap thu mot photon, ta ¢é:

g 1 (g, 2R
n.; .. =hexp|— ql $ 222 A .cosk’d (2.42)
e kT 2m" 2m’’
véi n, = Zﬁnh , fa dugc:
n'kL
32?533252.&,:,,%31'( 1 J [ 1
— : e kJ o’ 1~exp -
gacﬂzw E{}i Zun [] l'zﬂl ﬂ;g kﬂT

~

hZ&Z 12 kl i
X = 2 -A coskld
2m 2m'I?

1
??5{[8;",‘; +& - gﬂj:
9. -

-4, (coskjd —coskyd) | - hay, - khQ) (2.43)

Sau mot s6 phép bién ddi toan hoe, nhan droc:

4ﬂ2e1k I, {11 2 ?fz(nz—n'z) 2m’ (Q-a@,) 2m'A
gi= 2033 z Ln 2 - n
sucﬁ}zmmh Q' . xﬂ SR L
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— $22,2
x(caskﬁd—coskﬁ‘d)]_ {l—cqui_le[ 2:*;2 +h(Q—~wu)—,ﬁncosk;‘d}
B

3 QB | (0 -n") ' (Q-m) 2ma, ]
i I* B

+ P> (cosk“d cosk“ ) _1

@44)

Biéu thiic (2.44) 1a cong thirc tinh hé 56 hap thu phi tuyén séng dién
tir manh boi dién ti giam cam trong siéu mang hop phan cho trong
hop hip thu xa ngudng.

Ddi v trieomg hop tan xq dién tiz - phonon dm (khong co tie truong ngodi):

Nhin thiy, trong trzémg hop tan xa dién tie-phonon am, hé s8 hap
thu phi tuyén séng dién tir (trudmg hop xa ngudng) rit nhé so véi
treong hop hip thu gén ngrdng. Do d6, chiing ta chi tinh hé s6 hép thu
phi tuyén cho trrdng hop gan ngudng. Tredng hop nay, phai thda mén
didu kién:[k7Q — ha,| < €. Xét trudng hop hép thy mét photon, tinh
to4n tong t nhu hip thu gin ngudng tén xa dién tr-phonon quang,

k
iy N-= - —va sit dung cong thixc:
& kvq

o 2be
Ixz (1+axz)exp(—%-cxijdx= \E exp(cm C]
i

x(1+2\/32 ][1+ (4bc+34be +3)] (2.45)

icbe

thu durzge biéu thize hé 56 hdp thu phi tuyén séng dién t, trudng hop
tan xa dién niz - phonon am:

&’ nd (kT ) 2 | 1 (#R-A)
a=- T v p i Eq I exp W 2 &n(msk”% coslq’l’d)
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19} Vii 3¢’ E? . ¥
x| exp| —— 1—1 |<1+ 4 G P 438k T +12(k
[ p[kg) H 2k,T 32m*h294k3?"(ﬁ Phs (k7))

J
\2-46)

trong do,

'R (n 2—n’ )

PP

+hQ— A, {coskd ~ cosk’d ) (247)

Bifu thizc (2.46) la cng thitc inh hé s6 hap thu phi tuyén séng dién
tr manh boi dién tit giam cam trong siéu mang hop phan cho treong
hop hap thu xa nguedng. Bi€u thic (2.46), ¢é thé tach thanh hai phan,
mdt phan tuyén tinh va mét phin phi tuyén theo ciedng dd Ee cia séng
dién tie. Bifu thize (2.46) ciing cho thiy, hé s6 hap thu séng dién ti trong
siéu mang hc;‘p ph”én ngoai viéc phu thudc vao cueong dé dién truong Eo,
nhiét 46 T ciia hé, tn s§ L2 ciia séng dién tiz, thi hé s& hip thu con phy
thudce vao cac dai heong dac trung cho su giam cadm dién ti trong siéu
mang rthue: cac chi s6 mini vimg (n, r'), chu ki ciia siéu mang d, 46 rong
mini ving A . Pé 1a diém khdc biét ctia siu mang hop phan véi ban
dan khéi thong thurdng. T c4c bifu thikc (2.44) va (2.46) cho thay, khi
cuomg d6 dién truedmg manh thi hé s8 hép thu séng dién tiz khéng phu
thudc vao nhiét do. ‘

Khi c6 mdt tie trieong ngodi:

Dat (2.26) vao bigu thikc (2.27). Thurc hién cac phép toan nhwe truedng
hop véng mit tir tredng, ta thu duoc bidu thite giai tich cho hé 6 hip
thu phi tuyén séng dién tir nhw sau:

o 27ERTQ, [ 11 }
c Zm Eﬂz Zw x{i

S Sy

an NN =1 EJ_ "éJ_

2 2. = — z
\jN,N'| nﬂ,N.;‘l _n""'"r'IJ._"'EJ_J

2

x%*—'.é [si-ﬁ‘iwh —g7 + hao, -‘km) | (2.43)

mNy
q

61



Xét truedng hop khi dién tiz khong suy bién
— Sf EL
: (5.)

Nk, =M, CXp| — T
B
| ‘Ta ¢é:
lm*ﬂg lm*ﬂB 2
2 2 ’ |
Z()‘: 1 2 _[ dk, j d y=[m2£23] | (2.49)
k1 (27) Lrag  La'ag 7 |

Xét trudng hop hip thu mét photon va gidi han cac thanh phan
J {x)v6ik=1,2, ta dugc

—_ - 2 — 4
2 - ? * (eE,g eE q
Swi(2)-(£) Y 4] <ok | Y 2| em
~riolTi2a) 220) 2wt 2| 2me
Hé s hap thu treong hop nay ¢é dang:
NPT 1 1 o[ eEog, | 1[eEoa, |
a= -::\/-E2 (x,. ),mzr.r:n EEE N'Nll !:{Zm’ﬂz +2 2m™Q?

« 2 .
x}z ™ 2 5 €XP Jﬂ[mg(ﬁ"+l)*ﬁnmskﬁ‘d] —exp —L{mg[ml}
g\ 2z kST 2 kT 2

—-A, coskl?d]}é((N‘— N}Q,—A, (coskﬁ“d —cosk1?d)+hcq, -hQ)

(2.51)
Lai ¢
1 T wo
Z()= 2 J.dQDJ‘qldql
1, 2z (2.52)
Biéu thirc hé s hdp thu phi tuyén duge viét lai duwdi dang:
32?zg’eszTQBn0 {m 0z ] 2
1) 1 dg | dq
C'\/-EU 2z Feo n,rzzNN qzz é )2 ‘{[ :[n .
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i E KD — - 4
! -EEnq! 1 EEqu J 2 A
N omwor | 2 amra? [ 5_2'

! | (2.53)
vai,

1 1 1 1
A= — 1 AQ, | N+= —A cosk™d | |—exp| — | n0. | N1 2
(i 10+ st s Lo

~A, cosk‘f*d}} 5[(N'— N)Qgz-A, (cosk{["d —cosky ]+ ha, *hﬂ)

Theo [54] ta ¢&:

}.di?’_[ [2 Qz}-—z [JN_N (”)r :[;iiii} _[ cos’ W@TUN,N' (“)rf‘?d”
q. al

St dung tinh trye glao ctia da thiae Laguerre suy rdng va &p dung
cong thizc trong [54]. Sau mot vai bién d6i nhé, bidu thize hé s8 hip thu
phi tuyén séng dién tit manh béi dién tir giam cam trong siéu mang hop
phén ¢d dang:

e'n kT Q5 !

3 e°E?
L) e
" Lreyx, soaszﬁ?' £ 2 8m2a2514

nn,N,N

1 1 R S "
x{exp{-zf((ﬁﬂ-a]mﬁ A, cosk d)J oxp) 2 (VA0 -4, cosk, d)]}
xc?[ N'-N)YQp—A {cosk®d —cosk™d )+ a{a, - :|
( JhQp n( k) 0 ) (@ - Q) (254
Trong bidu thiee (2.54), ham Delta-Dirac & (x) thé hién dinh luit bao
toan nang leong. Bi€u thitc giai tich hé s8 hap thu phi tuyén séng dién
tir trong siéu mang hop phan khi d6 duoc vist nhu sau:

e e*n ko TQ2 (1 _ 1) z ] 2 1+§ e’ES
arcx, e,a? Q% x w7 8 m 2208
o “0%¢ o X q,.nn NN m a,



-
x{exp{—ﬁ (N +%}hﬁﬂ —A_cos klrd)]#e Xp \»—EI—T (N'+ %)ﬁﬁg <A, Cﬂsﬁfld)}}

AAN-N]

% ,
IN - N'|[m ~hay +MAQ, - A, (coskrd - cosk:'d )T +RA (2.55)
O day,
Nd ¥ 2 27
. N'@, 1 e‘Z[TJ [_@_J 1+Z(M] |
2 \x. % a S\a ],
N, = 2l a= fh
hay, — may

Biéu thtrc (2.55) la cong thekc xac dmh hé sO hap thu séng dién tix
manh bai dién tir giam cAm trong siéu mang hop phan. Két qua nay cho
thdy: khi cudng 46 dién tredong manh thi hé 56 hap thu séng dién e
khéng phu thudc vao nhiét 46.

2.1.4. Tinh todn s8, vé d6 thi va thao luan két qua
Thize hién tinh todn s va vé do thi cho hé s§ hip thu phi tuyén séng
dién tr manh cho siéu mang hop phan GaAs- AlsGaerAs. Cac tham s8 duoc
107
361"
m = 0,067mo (mw 13 khéi lrong hiéu dung ciia dign tix); d=1344, I chu ky
cla siéu mang hwy=3625meV; p=5320kg/m’; v, =5370m/s;
A =0,85300meV; e = 207e, e = 16108C, Ev = 3,510% V/an.
7 =1,054599x107* J.5; Q=210"s1,

st dung dé tinh toan nhw saw: ¥, =109; 7, =129 0= 10Pm?3; £, =

Khao sat hé s6 hép thu (trieong hop vang mét tiz trudng) cho théy:

D6 thi trén hinh 2.1 va hinh 2.2 biu dién si phu thudc hé s& hap
thu séng dién tir vao cuong d6 dién trudmg. K&t qua cho thiy, hé s6 hap
thu séng dién tir phu thugc manh va phi tuyén vao ceong do Eo caa
séng dién tir. Khi cong 46 dién treong tang thi hé s hap thu phi tuyén

64



song dién tir giam. D1 véi tredng hop tan xa dién ti>-phonon quang, hé
s0 hédp thu phi tuyén séng dién tir 16n hon rat nhiéu so vdéi treong hop
tan xa dién tir-phonon am.

[ = 1 ') [ | [ ]

? g
i = % L A Y - - v
WL | TR R N L U
L e i e o o
= -~ A bat - - = =
r : - £ s -

i "
&B‘] Bl Al e e g e ey o s s e )
i 1) x . r o u =
F r o
-, - =
4 - = i

I : b X - z = i F
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Hé s8 hdp thu phl tuyén (1/m)
0
oA

03

15 15 20 22 24 25 28 30 32 34 35
x1¢f
Hinh 2.1. Su phu thudc clia hé s6 hap thu @ vao bién d6
séng dién ti E (tan xa dién td-phonon quang)
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Hé s8 hap thu phi tuyén (1/m)
f2
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Hinh 2.2. Su phu thudc clia hé sé hap thu & vao bién do
séng dién tif £ (tan xa dién tG-phonon am)
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Hinh 2.3. Su phu thudc ctia hé s6 hip thu @vao nhietddo T
(tan xa dién t - phonon quang)

230

T T T T T
a = . ; i
- = = 2 ¥ =
] r - 5 -
- = z v % -
3 - . = a =
_— | S = - i =, L T - r
E 3 T T . T e e e R T Rk e iy 3 o] e i o o
: . : o5 = z : 5 E .
- T =) S 5 - = = z
— E . = 5 [ * = : X -
e z - s * 5 - : v %
ﬂs. e e T e e e e e e i
o r : : i ; i i ]
U : : ; ; : :
: : - =
= : : = F 3
! E i A S WA e i T i L e A A G e kol P e e e e e
a— = ket [ 2 = & = =
z - : - - x 2
= o € " “ 3
a 2 B i :
a 2 Z 1 - I 2 "
-- Ij S R LA b e S o T T D AR S S 1y oy R e T e e
= : i e T e i
F B h =
! % = - .
. v =
o 5 e = ]
‘;m t . B ——— e o e o i ke e A e S . R e i i s s il Sl
c r ; C : t s
v - =
pie] i - =
vy - o iy 1 = = - o -
<) M B ey o okt P A i o Wiy S Sl W A ey e B e Rt S ke e e
= T o - * = -
o . i i 3
¥ - L i
b - ) i
T = -

; } L k ;_ & - n
%mmmm*mmnmn
e '

Hinh 2.4. Su phu thudc ca hé sé hdp thu & vao nhigt do T
(tdn xa dién tif - phonon am)

D5 thi trén hinh 2.3 va hinh 2.4, bi€u dién si phu thudc phi tuyén
ctia hé s6 hap thu song dién tir manh vao nhiét d6 T cia hé cho hai
triedng hop tén xa dién tir-phonon quang va tén xa dién tir-phonon am.
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Nhin vao d6 thi ta thiy, khi nhiét dd cha hé ting thi hé s6 hip thu séng
dién tix giam, su giam nay la phi tuyén. Mt khac, d6 16n cia hé s6 hip
thu song dién tie trong hai triedng hop nay ciing rat khac nhau. Cu thé, &
tredmg hop tan xa dién tir-phonon quang hé sd hap thy séng dién tis
giam rat nhanh va manh hon so véi triedng hop tén xa dién tir-phonon
Am. Nguyén nhan cua hién tiong nay 1a do tan s8 chia phonon (dm va
quang) phu thudc vao nhiét d¢ khac nhau {1-5). Do d5, hé s6 hip thu
song dién phu thudc vao nhiét dd khac nhau d6i véi cac thn xa dién tis-
phonon khéc nhau.

Khao sat hé s6 hap thu khi cd mat tir tredng ngoai cho thay:

D5 thj trén hinh 2.5 va hinth 2.6 bi#u dién sy phu thudc clia hé s8
hép thu tuyén tinh va phi tuyén vao ning lugng clia séng dién tix A
(hinh 2.5) va nang luong tir trudng ngoai #L2, (hinh 2.6). K&t qua cho
thdy, su phu thudc clia hé s8 hip thu séng dién tir vao AL va Q.
16m hon so vé truong hop hap thu tuyén tinh. Péng thoi, d6 thi cling
cho thay hé s8 hdp thu séng dién tir trong ca hai triedng hop tuyén tinh
va phi tuyén déu xudt hién céng hueéng khi tin s§ séng dién tir bang
fan s§ cia phonon quang {@=Q) va (@=Q,) va cic azc dai thi c4p.
Tuy nhién, si phu thudc clia hé s hdp thu trong hai tredng hop nay
rat khac nhau, néu nhu ¢ trudng hop khéng ¢é it wudng, khi ndng
lzong séng dién tir tang thi hé s hip thu tang nhung d6i vdi trzong
hop co6 tiz trirong thi két qua nguoc lai, nang lué’ng dién trzong tang,
hé s8 hap thu giam. Nguyén nhén cia hién teong nay la khi cé tr
triedmg thi s§ dién tiz tham gia vao qua trinh hap thu bi han ché. Ngoai
ra, mic Landau ma cac dién ti nhady tdt sau qua trinh hip thu bi rang
budc bdi didu kién:

ha n'—n)+hQy (N'-N)+ha,~hQ =0 (2.56)

Trong khi dé ddi véi ban dan khéi cac chi s6 Landau ma dién tir ¢6
thé& nhay t6i sau qué trinh hdp thu la thy ¥. Pigundy 1y giai tai sao d0 thi
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bigu dién sz phy thudc clia hé s8 hip thu viao cac tham s8 ciia hé khéng
lién tuc ma bj gian doan. Két qua thu dwoge da cho thiy, gifra ban dan
siéu mang va ban dan khdi cé sy khac nhau co ban vé siz phu thude cia.
hé s6 hidp thu séng dién tixr vao cac thong s§ ctia hé. Cu thé, su phu
thudc ciia hé s8 hép thu séng dién tir cia hai loai vat léu nay vao cing
mot théng s ciia hé (nhiét @6 T, cudng d6 dién ireong E,...) khac nhau.
C6 sz khac biét nay la do o ban dan khdi cac dién tix trong hé hoan toan
chuyén déng tw do theo moi hitdng tong vat liéu, nhung d6i véi siéu
mang hop phan thi chuyén dong i do clia cac dién tiz trong hé bi han
ché (cdc dién e chi chuyén déng t do trén mit phing siéu mang, bi
luong ti theo truc siéu mang). Pay chinh 14 nguyén nhin dan dén st
khéc biét clia siéu mang hop phian v6i ban dan khéi.

Két luin:

Trong phén nay trén co so phwong phap phuong trinh déng luong
tiz cho hé nhiéu hat va sl dung cac tinh chit ctia toan tix sinh hity dién
tx (phonon), cac két qua thu dugc la:

Pa xay ding cac phuong trinh déng lueng tir cho dlén tr va ham
phén b6 dién ti khong can bang téng quat trong siéu mang hop phan.
Tz d6 thiét 1ap duwoc cong thirc tong quét tinh hé s6 hip thu phi tuyén
sc’rﬁg dién tir manh b&i dién tiz giam cam trong siéu mang hop phan, cho
ca hal trudng hop ¢6 mdt va vang mit tiz trudng. Thigt lap duoc cong
thize tinh hé s8 hédp thu séng dién tir cho cac triedng hop gidi han (hip
thu gan ngudng vi hip thu xa ngudng séng dién tir) cho cAc co ché tan
dién tz - phonon khac nhau. '
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B e i e ) SR

'lﬁm—n-n—.wi g A H.Au" RPN ,,__,,___.,4__‘____” .........-..,_. -
| s

-0 ;.m.H.‘_-é,,,...-_,._i,_ HaP thu phl tuyen

oo}

Hé s6 hap thu (1/m)

Nang lugng song dién tlr zQ (meV)

Hinh 2.5. Su phu thudc clia hé sé hap thu & vao nang
lugng séng dién ti A

e o iy _..1
: Hap thu phi tuyén

i, B (PR e e S e, g . e — i

Ha 58 hép thu (1/m)
=
|

5 2 = =
45| et S

Nang .qung sc’}ng dién tf 2Q (meV)

Hinh 2.6. Su th thudc clia hé s6 hép thu & vao nang
lugng séng dién t ZhQ
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Céc két qua duoc tinh toan s6, vé d0 thi si phu thde ctia hé s6 hap
thu séng dién tir vao céc tham s¢ ca hé, cho hai tmxong hop ¢ va
khéng ¢6 tir trirdng. Cac két qua thu duge cho thdy, hé s6 hap thu séng
dién tir phu thudc phi tuyén vao cac thong s§ cia hé nhu nhiét dé T,
cuedng d6 dién triedmg Eo, fan s8 séng dién tix. Ngodi ra, hé s8 hip thu
séng dién tir con phu thude phi tuyén vao céc dai hrong dac trung cho
si glam cam dién fix nhie chu ky siéu mang d, s6 chu ky siéu mang Ni,
cac chi s6 mini vimg n, n’, 46 réng mini ving A_. P4 chi ra nhitng diém
khac nhau vé sg phu thudc ctia hé 58 hap thy séng dién #ir manh cho hai
tredng hop ¢6 mit tir tredng va vang mit tir trudng ngoai. Cu thé, &
trueong hop khong ¢ tiz trudng, khi nidng lwong séng dién tie ting thi hé
s§ hap thu tang nhung déi véi truedng hop <o tir ruong thi két qua
ngugc lai (nang luong dién treong ting, hé s& hap thu giam). Nguyén
nhéan ctia hién tuong nay [a khi c¢ tiz tredng thi s6 dién tir tham gia vao
qua trinh hip thu bi han ché. Didu nay ly giai tai sao db thi biéu dién s
phu thudc ciia hé s6 hip thu vao cic tham s§ clia hé khéng lién tuc ma
bi gian doan. D6 1a nhitng diém khac biét gifta siéu mang hop phan véi
ban dan khéi thong thurdng.

2.2. HAP THU PHI TUYEN SONG PIEN TU MANH BOI DIEN TU
GIAM CAM TRONG SIEU MANG PHA TAP

Sifu mang pha tap (doped superlattices) la cdu tric vat liéu duoc
tac ra tir hai ban din dong nhat nlumg pha tap mdt cach khac nhau.
Trong siéu mang pha tap, thé sifu mang dugc tao nén nho s phan bd
tuan hoan trong khéng gian cta cac dién tich. Vi du vé siéu mang nhr
vay duoc tao nén do s sap x€p tuan hodn ctia cAc 16p ban dan mong
GaAs loal n (GaAs:5i) va GaAs loal p (GaAs:Be) ngan cach boi cac 1op
khong pha tap. Trong linh viec nghién ciru ly thuyét da cé nhiéu nghién
ctru vé bai toan hdp thu séng dién tte, nhur bai todn nghién cru vé hap
thu séng dién tir manh bang phurong phap phuieong trinh ddng heong ti
trong ban dan khéi [9, 10). Bai toan vé nghién ctru si hp thy sing dién
tir y2u khéng cé tir tredmg, trong cac hé thap chiéu bang phwong phap
Kubo-Mori [11-13, 20, 57, 58]. Trong muc nay chiing t6i trinh bay bai
todn hap thu phi tuyén sing dién tie mgnh trong siéu mang pha tap trén
co s¢ phuong phap phwong trinh dong luong tir [12].
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2.2.1. Hamiltonian tuong tac cda hé dién t - phonon trong
siéu mang pha tap

Trong siéu mang pha tap, phd ning lugng clia dién tir bi hrong te
héa. Bidu thirc Hamiltonian tirong tac ciia hé dién tix - phonon trong siéu
mang khi ¢6 mit triedng séng dién tir ngodi E(t) = Eosin (Qr) c6 dang;
[1-7, 10, 11}:

= k. —<A(D) la*s a - +
H=Y. en[kl hCA(r)Jamklan g g hanb b

H,EJ_ P

- - E
t Z_ C;I'In,n‘ (Qz)an',il+élanjl (b g +bq)
n.,n‘,q,ki (2'57)
& day, nn' 14 cac s6 lieong tle dic trung cho si lueong tir hoa nang lwong

ciia dién tiz.theo phuong z (n =0, 1,2, ...). A(z) :%E° sin (Qt) 14 thé

vector clia tneong dién ti; C. 1 hing s8 trong tAc dién tix - phonon phy
thudc vao co ché tin xa dién tir-phonon; Trizdng hop tin xa dién tk -
phonon quang, c6 dang:
2 1 2metha, ( 1 1 }
Vegld+d\r )

4

(2.58)

phé ning lizong cla dién ti trong hé thé bigt 14p xac dinh boi biéu thic:
e
- koL
sﬁ(kl]= hw, (n+1/2)+ o | (2.59)

dre*n -
Vil @, =[ ; *D] 12 tén s6 plasma gay bdi tap chat donor véi nong
Egm

d¢ pha tap, n,, I, . (qz) 13 thira s& dang clia dién tit trong siéu mang
pha tap, ¢4 dang:

N, d

I, (q,) =ZI%(Z*M)%~(Z — jd)e% ¢ dz (2.60)

i=lo
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Trong d6 N1 1a.s8 chu ky siéu mang pha tap; d 1a chu ky siéu mang
pha tap; ¥, (z)12 ham séng ctia dién tir trong ho thé biét 1ap-:

Khi c6 mit tie trieomg ngodi:

Gia stz tix truong B duoc dinh heong song song vdi truc si€u mang
pha;tz;lp, nghia 13 B=(0,0,B), chon thé vector cha triedng sao
choA=(—B,,0,0). Khi 46, tir trzomg chi dnh hudng dén chuyén dong
cua dién tir trong mit phing vudng géc v4i truc siéu mang, ham séng
cua dién tix trudng hop nay cb dang |6, 10]:

- ik =
, 3 (7) = 40, (x- 1) T e, (2~ md) 261

oday, =0, 1, 2,... 1a s6 hrong t hoa nang luong theo trucz; N=0, 1,
2,... 1a chi s§ mutc phén ving Landaw; P, {x)12 hiam séng clia dao
chk
déng tir dieu hoa véi tam x, = —;’- ; @, {z)1a ham séng trong mét hé
(o
thé ¢ 1ap; A 1a hé s8 chudn héa ham séng. Hamiltonian cda hé dién ti-
phonon trong bi¢u dién luzgng tir hda Tan thiz hai dwéi tic dung cia
treomg taser E = E, sin( Q) &3t vudng géc véi tix trudmg B ¢6 dang:
_ H |z _ %% + : +
e 3 el (F -0 e, s, - S
q

C

(2.62)
Trong phwrong trinh (2.62): @’ - vaa . (bZ va b& ) 12 cAc to4n tir
1 L L

m Nk, q,
sinh hity dién tit (phonon quang) & trang théi (n, N, k) va ¢ =(q .4, ).

Hang s8 tuong tac dién tir - phonon quang xéc dinh bdi céng thizc (2.58).
Thira s§ dang ctia dién ti trong siéu mang pha tap ¢é dang:

1,.(2.)=Y [0, (2-md)e*™9 (2 -md)dz (2.63)



Ty lu)= J‘CI{,,‘.,.(JVJL —aff_él —af&l)eiq*r*qlﬁ (;l ~a’k. )da
(2.64)
= Eafqi, a, 13 ban kinh vector ctia dién tiz trén mit phing (x,y).

Phd ning leong cia dién e duoc tinh béi cong thiee:

= 1 1 )
g, (k) =ro, (n+5)+h§23 [N +—2-) (2.63)
véi Q= e?
mce

2.2.2. Phuong trinh dong luong ti cho dién td trong siéu
mang pha tap

Dé xay dung phieong trinh ddng luong tix cho dlén tle giam cam
trong sifu mang pha tap, ching ta six dung ham phan bd dién tir

nz ()= <a:,kl nE, > [3%:

an" AL )=<a*,- a ’H>;' | (2.66)

aI nk, Conk
Thirc hién cac bién d6i dai s6,toan tit, chiing ta thu duoc:
56 hang thit nhat:

{ a.; .5 Z €, (k' H( )]a:.'k—lan_;l}-—o (2.67)
nk',

S6 hang thit hai: [a*- a hao bfb} 0 (2.68)

q

56 hang thit ba:

l: nJu, nJcl _z Z CI ( ) nk' +q anl,ql'(b_-*—b )—l ZC Inn(qz)x

k;n..uqu_ 4omigy
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X[F”1}1+ELFREL r (t) + F:jx ;n‘rEJ_"'EJ_ —q (f) B Fﬂj; 'k —q, . (t) B F:j;"};'-"j; ~a (t)]

Thay cac két qua nay vao biéu thuzc (2.66), ta duoc:

an,z.n =_Z c I, [ T (r)+Fntil;n:El+§l;—=} (£) |

= 2% (1)- P:,;L_al . (f)} (2.69)

Ching ta tinh: F o - (¢}, biing cach xay dumg phuong trinh
déng lucmg tiz cho Fnl B (r).Tacs:

an"il —_Zi ( )L L+§L,n,xl5(?)+ﬂ*£”i¢+;l _;(I)

“F ot Otz oz, 5 0] 2.70)
trong @6, F,; . (1) =<“lfcfnﬁzb§>; Sz dung céc tinh chit giao

hoan tiz gitra cac toan tir sinh, huy dién tir va phonon, cung vai cac bién
ddi gidng nhu d& lam vdi siéu mang hop phin, chwing ta thu duogc:

% - ZJ’( ) [i]exp[—-i(s—ljm];‘c;z

!

d
n In.n'(qz )'2 j‘dzl

: J=—



SREN RN P—)

e L

x[”n-j;rql( )(N'+1) (II)NE]'[”,«;,E,_; (31)(?“{;*‘1)_”&;* (G)Ng}

xexp[%(sn (El)-—s". (El —EL)+ hay, —hQ+ 55)(t~ 1}}} (2.71)

Bidu fhurc (2.71) 1a phuong trinh ddng leong tir cia dién tir giam
cam trong siéu mang pha tap. Viéc tim nghiém cta phueong trinh nay rét
phtic tap, & day ching ta siz dung phép gan ding [31]. Tich phéan hai v&
phwong trinh (2.71), Ian lugt theo & va £, ta diegc:

eE q efoé ko ;
< —1k e
= ( }’H: [ mgzz ] IQ E«XP( 1 )

x{ P Noong (N +1) P (N5 1)-n g W,

‘i'a

gu(iéi)-g,,.'(frjh G, )-ha-1mQ+ich g,(k,)-&, (k. ~q }+ha,—1nQ+idn
_ Py V5T R (¥;+1) ~ n; (W *‘1)‘F~";r.~_rei.:,;l N,
e (k.+q )-g, (k) -ray-1rQsion ¢ (k, +q )-2,(k,)+ha~1hQ+idn

(2.72)

trong @4, n (N~ =N. ) la ham phan bd can bing cha dién
(phonon) (khéng phu thudc thoi gian); J, {x) 12 him Bessel d3i s thuc.
Bi€u thitc (3.16) 1 ham phan b6 khéng can bang dién tix trong sifu mang
pha tap. Biéu thire nay 14 tdng quat, ding cho céc co ché tan xa dién tir-
phonon khac nhau; 1a co s¢ @& tinh hé s6 hdp thy phi tuyén séng dién tir
cho cac triedmg hop ¢6 mit va ving mit tir trizdong; cho ¢ hal trudng
hop gi6i han, hip thy gin ngudng va hip thu xa nguedng song dién tr.
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Trong trieomg hgp c6 mdt tie triong ngoai:
Phirong trinh ddng legng tir cho dién tir giam cam triedng hop nay la:

iy ; .
n | ¥ ,i e +
Ih at - <|:an'N'iJ~ an'N'i.J- 3 HG ]>; L <[HH‘N'E-I- aﬂ'N*EJ. X Hﬂpﬁ]); " ([HH-N-E_L aﬂﬁ.EJ. ¥ H"pn ])f

(2.73)
56 hang thi nhit ciia (2.73):
N P - € — § +
l:ar:,h'j-'J_ an.N.EJ_ ’HG] = Z_ 8“1#”1 [k* ._EA(I)JIZH"‘NEL!E“JLEL ,a”liﬁljla"lﬁijl :| = 0
m Ny
S§ hang thi hai cia (2.73):

+ g + ; o B =
l:a‘ﬂ,ij_aH,N.El 3HGPH:] - |:aﬂ,h',zj_aﬂﬂjz_;_ ,Zh%ba b&:| N 0

g
S8 hang thit ba cta (2.73):
<[a:ﬂ.ELan.N,EL’H‘E_Pk:{> =< Z _Z CEI"J"(Q*‘)J”*”'(M)
3 NN gk,

@l 4t . T . ( + _,)
[a”’NJ‘J. a’*r”rh ’a"lT*Ni R anl’Nl’kl :| b_q +bq t
St dung cac hé thi¥c phan giao hoan tlr va dai s6 toan tix, ta dugc

<|:a:ﬂjj_ a”-NjJ. ’Heapﬁ :}>; - Z-.CqIH’F' (qz)JN'N' (u)[F”'N'EJ.;”:NKEJ.“‘EEE (f)

n Mg :
Bz, mitrs O Fuet i, amie s O F gm0
(2.74)
trong a6,

. _{z)=<a+ . a -b->
Ny g, Ny Jog g ok e ke Tl By thie (3.17) c6 dang:

on -
== S CL (60 ()| By i, 55 (0)

n'.N'g
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+F:,N‘.El ‘& mﬂjp_% (I) B F" ',N’,E_L ‘[*E nNE 4 (I) B F " kitg, - (r)]

nN k. ,n',N',ch_+ql —q

(2.75)
Hoan toan tuong tu rihw cach thiét 1ap phirong trinh déng Iuong tix
choa®  .a b-, ta cé:

“J.lel ”‘Z,Nzkz ‘I

da’  .a . . b
: N K Nyky g + 5
H a'f - <[a"’1ﬂ1 ky “zﬂz b H}> <[H"I'N1'El a”'z’N?’EibajHe :\>r

+<[a;.r»1 %0, %5 Hop :D; <[a:‘;ﬂ1-§: %3, HEHOP :|>‘ (2.76)

Twong iz nhar cach lam & trén, ching ta [an luzqt tinh cac s6 hang
& v& phéi clia (2.76). Sau d¢, thay két qua cia timg s§ hang vao (2.75),
ta dugc:

) aF Nk k ‘(r) k ° A
LT 13;‘»’1.»‘:2.4 - Fnl.h’lfcl.ﬂzﬂz-iz P (I)I:‘g:,h'z (}CQ ‘_;A(I)]

—7, [k ————A(r)]+ka},}- Y €.l L (4 Tw, () 2.0

an

Xb& (bé +bj§ )>: _I’;vﬂ (qz)JNl,N (F)(a;ylj - nN.k, (b +b* ) §>r:l(277)

Giai phirong trinh (2.77). bing phizcng phap bién thién hing s8 véi
gia thiét doan nhiét:

]D[F vy Nyodey oy Ny By (“"")} =0 (2.78)

.f-ip dung digu kién doan nhiét, thu duoc:

AR N L O M O R

Suy ra nghiém ctia phuong trinh khéng thuén rhdt (2.78), ¢ dang;
| 0
FHUNI’EI -”‘I-szizia (f) = B(I)F X 7 (I) . : (279)

ri. Ny .nz..h'gji o
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Dao ham hai v€ phizong trinh (2.79) theo t, ta duoc:

n: 5980 ° 4
Ihg.‘;me-Er"z-Nziz.i (I) =i ot P {__q I l:hwo i gfz " ( %_A(t))

C
wl(k —%—-A( ))+h@}dfl}+[hwﬂ+£:ﬂ [Ez —éz(r)]
Ml[k «EA( )men} Mklﬂmﬂ(r) (2.80)

So sanh (2.80) véi (2.77), ta duxoc:

ihaBa?)=axp{;i{ &, [k _E:-A( )] fl.m[f?;—iﬁ(r)}%%]dﬁ}
{“MC*[I (9:) s, (u)< @ i i, ba_(b' b-a)>r_‘
“Lon (@) M( REERT RS (&+b+)b'>::| (2.81)

Tich phén hai v€ (2.81), tim dugc B(t). Thay B(t) va (2.78) vao (2.80),

thu duoc:
. _ e .
hj[ &, [k —E;:—A(tz)]+ha}ﬂ—sfﬂ

F (r)———_[exP{

(k —EA ]:l }{n;q Cpl! [ N N2 (M)<lf1"-'1-1-’~""'rl=EIa"‘*‘"‘"Ez _EJ. b'}

X(b;."'bf;f')) i (qz)JNI,N(u)<a;:,N1,E1+q QiiE, (b +b’, )b >=J}dfl

(2.82)

i

Str dung cac céng thkc:
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0

exp(tizsinx)= D> J, {z)exp(tinx)

— ;s N-=N-, 0-=@;
~q ¢’ -q g
(b0, ) =N, 5. - (b5 ) =(N. +1)é. .
wam 5 S E S ot (2.83)
(a:ﬂ,kan'.ﬁ',k> Nkannngé‘kk _nN.k*J_ (I)ﬁnnﬂ,h

Phurong trinh dong lugng tix cho dién tir giam cam trong siéu mang
pha tap'

), Kputel 33 E (£
xj dr{exp[%(sfﬂ (fél }-efr (EL -—Ejl_)—ha)n —lﬁQ-l—i?’:c?).(f—rl)}

X[’%,NL (NE +1) - nn',N',qu—gl N&] +[nn.Nil Nc} o nn',N',El—al (Né + 1)]

XeXp —(Ei (El)—sfj, (El ‘&J+R%-Ihﬂ+ih5)(r—tl)i\

~exp %(EHN (Ei +_qh¢ ) -£, (zj } - hwﬂ_‘ el ihé‘)(r ) Il)jl

Xexp[%(gfn- (EJ_ +51)_£fﬂ (EL)+h% _lhﬂ+iﬁ§](t_rl):|}

(6—0*)
(2.84)

Gidi phatong trinh (2.84) bang phuong phap gan ding 1ap lién tép
va 18y tich phén (2.84) theo t1, sau 40 theo t, ta dugc :

e -k Sl 2 (2
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P ;n N'E| -2 NE _;n,Nil (Nﬂ +1)
xexp(—ilQt) ) L(E-L g BT
. ;""N"E.I."EJ_ (NE *1)_;“11,”,5 N-
el (El)—giﬁ,(#k; —q ) +hay - 1hQ +iSh

- nHkJ_N‘ﬁnﬂN'»El“}l (Nf_f+1)
e (k, +q )" (k, )-hay—1rQ+ion
;n-NiL (Né 4 1: —_n_n'.h".hﬁ_L Na |

.

e (k,+q )-e (k,)+ray~1rQ+ioh

n N .y

4 (5—}(}*') (2,85)

Phuong trinh (2.85) 1a co s& d€ thiét 1ap cdng thitc tinh hé sd hip
thu phi tuyén séng dién tiz manh béi dién tit glam cam trong siéu mang
pha tap.

2.2.3. Bi&u thuc gidi tich ctia hé s6 hap thu phi tuyén séng dién
td manh trong siéu mang pha tap
Mat d6 dong hat tai trong siéu mang pha tap xac dinh béi:

- o
J.L(f)=-2'—2(k '-;EA(I)] n.h _—;-;ZA L+-—~2k1ﬂ o

r.lJ.’J_ H.k].

(2.86)

A(r)=—E,c[sin(Qu)t= 2 cos ) (287)

Ddt n, = Z;n.h la mat do hat tai trong siéu mang pha tap, sit

nky

dung tinh chét ham Bessel: j_,(x)=(=1)" j,(x)= j,(-x). Chi xét
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phén thue cha biéu thire mét d§ dong va gidi han hip thu mét photon
(I =1). Ching ta tim duoc biéu thikc gidl tich hé s hip thu phi tuyén
séng dién tir manh béi dién ti giam cAm trong siéu mang pha tap:

_32::332%;( } (;1)
et ez o g

X’—l,._:f['%f(a +&L)—EH(EJ_)+M6 -'-hQ] (2.88)

Nha viy, khac vé6i cdu tric ban dan khéi, hé s8 hip thu séng dién
tr trong siéu mang pha tap khoéng chi phu thudc phi tuyén vao cac
thdng sé chia hé ma con phu thudc phi tuyén vao cac dai lugng dac
trung cho sir giam cam dién tx trong siéu mang pha tap nhue chu ky siéu
mang 4; cc chi s6 mind ving n, n’; s6 chu ky siéu mang Ni; néng d6 pha
tap no. Ti€p theo, chiing ta xét hai trromg hop giét han: hdp thu gan
ngudng va hdp thu xa ngudng song dién tie.

- Trutmg hop hip thu gén nguong:

Truong hop ndy, phii théa man didu kién [khQ - k@] < €, xét
trzdmg hop hép thu mét photon va &€ tnh hé s6 hip thu soéng dién tir
trong cong thizc (2.88) ta dura vao ham phén b8 can bang cla dién nr
theo phén b Bolztmann (xét khi dién tir khéng suy bién)

n. =n,ex —g"jl —nfex - fﬁki -ho [n—i—-l—} (2.89)
nky ?10 P kBT 0 P 2m*kﬂT p 5 .

Téch tng trén thanh hai t6ng riéng ré theo Elvé &1

a) Theo vector k _, ta sit dung céc cng thite bign ddi [54):

A=2n; 5(6,.-(?5#%)—% (k.)+hay- o)

- R -
=anl5[ mqi - k,q +hoy,- hg) (2.90)

-k q +ha,-hQ (2.91)
m 1
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Dit (2.89) vao (2.90), skt dung phép chuyén tong thanh tich phan, ta

nhan dugc:

m' 2m'k,T m" A ha, 1
A = o s \f ﬁzﬂ T €Xp| — 24;42 exp(kT(n-i-zD
] 2 q kT 5

(2.92)

Han ¢h& thanh phan J, véi ! =1, 2. L4y hai s§ hang d4u tién cia
Jova J,

A (cBog, | 1feBoz.) '
Z ( \ e nqu_ +—'(e ﬂq;.' (2.93)
el 2l
Ta dizoc:
4\[_H082Q(?Imk T)y2 1 1 ZI 2 . S
7= - | expl —
ez B 2 )T 2kt
(g e 1[(Ea Y 1(Ba ) (_me wg
XE}[P( ksr(ﬁ-l'zJJ;qz 5-‘_ |:{ mgg } +2[ mz ] }KP[ thqikT ank TJ
. (2.94)
o day, - g=he,(n-n)+he, - hQ

Tiép tuc thuc hién phép bién doi

d dq, | dg,,vasu dung cac két qua
(2:*:)! *;quu J g, g cac két qu

<M
o

.
e

-iTcos“qad .
L s

b |

1 2% ,
— | cos*pd @ =
27 -{[

(xvax'Joxp £ -2 Jas=(2 ] &, (250} o[ 2], (247)
S ;

(2.95)



voi K, (x) la ham Bessel d6i s6 ao théa man:

K, (x) =K, (x) +%K1 (x)

; _ T 172 . T 2 o 3
1By K,(x)= 5| ¢ ; K (x)= ol e 1+a (2.96)

Thay (2.96) va (2.95) vao (2.94) ta thu duogc biéu thuxc giai tich cho hé
s8 hap thu phi tuyén séng dién tiz bdi dién tir giam cAm trong siéu mang
pha tap cho triedng hop hép thu gan ngudng:

4 > 4: ~,
J_ 27 n kT’ [ 1 J { 2)72
1
J ZWQSEE /’{m Zﬂ n;z an' (QZ)l GXP kBT

\ )

S | _‘
2 22 -
| P Va3 . 3efﬂ4[£_)z R S |
tal 164po 32m?Q'\ o Jpo 16poc

. 4

(2.97)
2 2
véin_, =n exp[g ‘ ] oy = noe 7R ‘“—3( = T
"“kl 0 = é 3" o ¥ o~
kT V2 (kT2 8\ 2m Q
2 2
E=ha,(n—n')+ha,-hQ; p= it i

2Kk, T Sm‘kBT '

Bicu thic (2.97) 1a hé s6 hip thu phi tuyén séng dién tir manh boi
dién ti giam CAm trong siéu mang pha tap cho trudong hop hap thu gén
ngurong, tan xa dién e - phonon quang.

- Trudmg hop hip thu xa ngudng:

Trubng hop n?:\y, diéu kién ‘khQ——ha)U} > € phdi thdéa man. Do
do,




5[é’n.{£¢ +&l)—£,, (EL)+hmﬂ —m] =~ 5[ﬁmp (n'-n)+ i:i +ha), — EQ‘J

Tinh toan trong tw nhw trnrdong hop hdp thu gan ngudng, biéu thikc
(3.32) trd thanh:

ek, Tn, 1 1
= B —{2 -
“ E,C I“mtRIQS[I“ Zﬂjnnq i'“"( )|[ n n)+ ( %):i»
- | E_
ER2 d 2m {Q—a,) )
X142 efz o (n—n)+ m{Q-a) (2.98)
2m™ QT h f h

Trong trizdmg hop gidi han, khi 56 hang ty 18 véi E; —> 0, thi hé 58
hép thu phi tuyén (2.97) va (2.98) trd lai hé s hidp thu tuyén tinh séng
dién tir d4 tinh bang phuong phap Kubo-Mori [58].

Khi c6 mdt tie trieomg ngodi:

Mat d0 dong hat tai trong siéu mang pha tap duoc tinh theo cong
thitc lwong tir quen thudc:

Tl >, [k -2 A )j’ n oz (1) (2.99)

M Nk ke
Ny = Z RNE, :
Dat TlVekd ]a mét d6 hat tai trong siéu mang pha tap.

Biéu thiec mat @9 dong dwoc viét lai

i

—

- e’n. Eo el
J1 (r) s mEQ COS(Q.I)+ o % PR (t)
e | (2.100)

56 hang thiz hai ctia (2. 100), duoc tinh nhu sau:

E% Z .LnnNkJ_ =—__ z Z ‘C" ‘I qz )‘2 i féj (éJ

M Nk nNknN'g k5=




nnm-jl -3, Né _;n.n_h [N+ +1)
Lgﬂﬂ (El)“gfﬁi (El 'Q ) -hay, —IhQ + idh

s No-n |
n',N'J:J_—q-L g n,N,ki

el (k,)-e" (k,-q )+hm,-1nOQ+ish

nI

N§+1)

n . N--

. nNE g q Nc-f+1)
EHN_(il-ké )—8
)_

n',H',EJ‘+qi (

(k. )-hay, - 1hQ+i6%

n

H

n, 1 n N
i

1

N-q-+1)—E
gl (IEL)+hab-—th+i5hb

t,

n . - N-
o on n,N,kl+qJ_'- g

=1

¥

I
——
& N(kj_—i-

n' N

Xy 4

(2.101)

Trong (2101), Ta d6i ¢ ——g; s ——s sau d6, ldy téng thi rh4t
cia (2.101) cdng v&i s8 hang thit te cia (2. 99), Dng thar hai cong véi tong
thit ba ctia (2.101). Tiép tuc bién d6i k —)k —q,; n—n; N>N'
va chi 18y phan thiee ciia biéu thire dwge. Cubi ciing bieu thite clla mat
do dong c6 dang;

}L (t) 2—6?;:& Eo oS (QI) 2;? nﬂ;&'l lci [2 11 |2 IJN,N 2
A A A
225 7(5)2(3)]
xﬁ[ Nk, —q )-£" (&, )+hay,- khQ} (2.102)

Heé s§ hdp thu phi tuyén séng dién tiz trong siéu mang pha tap dugc
tinh theo cdng thirc.quen thudc:

83



= Iz 2<J (1)E, str> (2.103)

Dat (2.102) vao (2.103), ta duoc:

a:c\/%ﬁ'g [<—%Eumsmgusmﬁr>r+iﬂ< . Hltc“ II (Qz l M-(H)r
a2 (2o 2]

= kS e N2 L, L

5 k gt EL ha), — shQ | E, si Qt>

X [ ko +a )= (k) +hay—s ] ey, (2.104)

Tinh s& hang thiz nhat cia (2.104)

e‘n, — — e’ Ezr -
<- ;’2 E,cosQE, sinQr> =5 fla=, j sin Qz cos Qtdr = 0

*x
m 0

m QT

Str dung tinh chit him Bessel trong [54]

2s kI
Js+1(x)+‘fs—1(‘x)=?]s( ) N*+1HN§ kﬂ}

Xét dién tir khéng suy bién Em_h =n, EXP(_E:}_SE a7 (EJ_ )J . Xét

trudng hop hip thu mét photon va gidi han cAc thanh phan J_ (x) (va
s=1, 2), ta duoc:

— = x4
L A AV _(AY. I AY eE,q | 1{eE.q,
)N e o e R Bt L) +of 2o
=7 \a) \20) 2020) | 2m0? | T 2| 2m0

Biéu thiac hé s6 hap thu phi tuyén séng dién tie duege viét lai:

G R 2
306 0k, TR, 1 1 : 2| €Eeq, | 1] €Eoq
, - kPt
a 4V£ﬂc\/ZE§' (.Im «T-O)nn;y[ m' | NN (”)‘ |:[ Zrngzz } T EMZ] }




i 1 I | 1 1
X ———| 8@ (n+ )+ RO (N+=) | |- s by =
{EKP[ kET[ , (1 2) 5 ( z)ﬂ exp[ S T[Tz&?p (n'+ 2)

B

+hQ(N+ %)ﬂ}é]:?mp (n'=n)+1Q, (N'-N)+n({a,-Q)]
| T (2105)
Thuzc hién phép chuyén phd theo céng thizc sau:

2z 3 =
25 — "ZV? J; d?{@idQL__[ﬂqdez

7™ e *
TE oo | @l

27h |7 27h
"
thay vao (3.49):
Le nk, TS, 1 3e’Elg 2
I g ,
“= 4em’ cJ_erzk X, xc, - Nﬁ,l Mi J-( 32m™ Q! }I 5 (u)‘ @
x5 ey, (n'~n)+hQ, (N ~N)+h(@,-Q)| (2.106)

Ap dung k&t qua sau trong [16]:

2 ! oy
() =2 ()" ™ e

L ()

& day, e = min(N, N'), nz = max (N, N') va |27 ()| 1a da thuc
Lagrarge, six dung cong thitc tich phén trong [17], ta duoc:

Letmnk,TQ, 1 1 { A% (Ndm 2(N@TH
= PP S AT 2
ﬂmc\f—aﬂh T % a 3\ a

x| hay, (n'—n)+1Q, (N'-N)+ (- Q)] (2.107)

87



Biéu thiec hé s§ hip thu phi tuyén séng dién tHr manh boi dién
giam cam trong siéu mang pha tap khi c6 tir trizomg ngoai duroc vidt:

—

4_ = 2
enokTQZS(l__l)z 14'39% L(N+N+1)
4ﬁﬂm ¢ Zooa' 2 X Ko mam'N.N 32m L)

et

exp[—é?(hmp (n+ %) +7Q (N + 1)”

N —N{{n(Q@-a)+nQ,(N-N)+nw,(n-n)] +n*A"

i {-ﬁi(mﬁ (N %) +ha (n'+ %)ﬂ

—\N-N'|[n(Q—wﬂ]+nQH(N—N')+nwp (n—n’):|2+n2A

A
b, R

{2.108)
trong doé:

2 d ﬁ
R e e

(2.109)

Bigu thurc (2.108) 14 hé s hdp thu phi tuyén séng dién tir manh boi
dién tir giam cam frong siéu mang pha tap khi hé dat trong te tmeomg
ngoai. Pac biét, khi cuedng d6 truong bikc xa laser nhd va khi s8 hang ty
lé véi E. tién téi 0, thi hé s8 hép thu phi tuyén tr& vé hé s6 hip thu
tuyéh tinh nhee 44 dugc khio sat bang céng thizc Kubo-Mori [58].
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2.2.4. Tinh toan sd, vé d6 thi va thio luan két qua
Dudi day 1a két qua tinh s6 va phén tich d6i vdi siéu mang pha tap
dién hinh: 7-GaAs/p-GaAs. Cho cahai trudng hop ¢6 mit va vang mit tie
treong. Cac tham s§ déc trung cho siéu mang pha tap n-GaAs/p-GaAs.:
10°

Zo=109; Xy = 129; no = 10Pm?; &, =¥-, m” = 0,067me (mo 1a khéi
T

trong cha electron tix do) d = 5004, %@, = 36,25meV; Q= 55.10% s,
T =300 K, e = 2,07ev, e0 = 1,6.10%C, Fo = 3,5.10% V/am_ |

Ty . ; : Y T N e

e e T me= L CE

oo 4--41}&»&5»-;-.-&.-"?-@ i e
H H B H - '

Hé 56 hép thu phi tuyén (1/m)

Hé s6 hap thu phi tuyén (1/m)

Bl e ]
ety € ot (g o
Cudng 84 dién trudng Eq (V/m) Cudng d6 dién trudng E; (V/m)

Hinh 2.7: Su phu thudéc ca hé s6 hapthu  Hinh 2.8: Su phu thudc clia hé s6 hip
¢ vao cddng 4o dién trudng E, (trudpg thu & vao cudng 86 dién truong Eq
hap khdng o tif triong ) (Trucng hop co tU ruong)

D5 thi trén hinh 2.7 va hinh 2.8 bi¢u dién su phu thudc cta hé 8
hdp thu séng dién tir (&) vao cudng dé dién trudng cho hai tnzong hop
ving mét va cd mit tir tredng. Ca hai d6 thi cho thay, @ phu thudc rat
marth va phi tuyén vao ceong dé dién trizong clia séng dién tte. Khi
crdmg 46 dign trudng ting thi hé s& hip thu ting 18n rat nhanh. Tuy
nhién, gi4 tri clta & khi c6 mit tir trudng (hinh 2.8) 16n hon so véi khi
khéng c6 iz trudng (hinh 2.7).

D5 thi trén hinh 2.9 va hinh 2.10 1a k&t qua thu dugc e viéc khao
sat hé s8 hdp thu séng dién tir vao ndng do pha tap no vanhiét 44 T cta
hé. Hé sé hdp thu ting manh theo st tang cia ndng d pha tap ne va
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nhiét d6 T ctia hé, si ting nay la phi tuyén. Tiz d6 thi ta thdy, 6 truong
hop ving mit tir triedng thi d6 16n cling nhu sw bién d6i ciia hé s& hap
thu nhé hon hé s6 hdp thu trong trieong hop o tix treong.

AP B S
— I e pi B
E .-'",". E T 2 Eh : '
e m ...... i 0 -Fﬂd'.: -y :‘L!I " i 1\-‘ é-. -LI?"-
. L : 3 el
L i TS e
| —— it R R
‘45 [ U I B el e
> - AR I .
S e d 9.5 g T
=l !_..,-o-s" ; "'E .a:-_ i &) 5
i o i a wy =
(oS X :
dud H
3 :
i ; T
— B :
Q ol :
O £ i
= ;
D 4
vy
H. 1] ‘
5 4l

Hinh 2.9: Su phu thudc clia hé s6 hép
thu @ vao nong d6 pha tap 7, va
nhiét @6 T (Truong hop khong co tu

trudng)

b I G 5 ! r
ik, :
E iy = . :
S I 1 E
i I
gt 8
A
Rl
= e
s
ot
= bl
e A
s 1 ras rd
Lo
=
o fibs
gy
o
o) o
ey |
ey
I

Nang lugng séng dién tl A€
Hinh 2.11: Su phu thudc clia hé s6 hap

thu & vao nang lugng 2Q2 cta séng
dién tu (Trudng hop khong cé tif truang)

2

hap thu phi tuyén (1/m)

ésd

A

H

Hinh 2.10: Su phu thudc cla hé s6 hdp
thu & vao nong do pha tap 7, va nhiét
do T (Trudng hop c6 mat tu trudng)

; ; : T s e
2 : ;
¥ k 1 H
4 H H b H
Tt— ] = T
i i
: : L
f 1 £ ]
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LR LA

=]

[TRTE SPeTS
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hap thu phi tuyén (1/m)

o

v
H
a
gl.--
a
4

A

L MO TR o BRI Lo T

—

FTTTTN PPIL SR, FIery TRTTTRTE ST S PR -
Wi T [ EERRNELE: L 1] ¥ & (131} BIRIFI - "

didsi Rt CEERL] TTARRTES EEERERAT L -
sarres ff wis e L] 'TTRrLE LAl T
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Nang luong séng dién tif AQ

Hinh 2.12: Su phu thudc cda hé s6 hap
thu & vao nang luong 7€) clia séng
dién tif (Trudng hgp c6 mat tif trudng)



D6 thi trén hinh 2.11 va hinh 2.12 13 5 thi bifu dién mdi quan hé
gita he s6 hdp thy song dién tr vao nang luong AQ cha séng &ién tie
cho hai treong hop ¢é mit va vang mét tie truomg, su phu thudc nay 1a
phi tuyén O b thi trén hinh 3.5, phd hap thu 1a lién tuc (vang mit
treong) con ¢ d6 thi trén hinh 3.6 phé hdp thu 12 gidn doan (phd vach).
Su khac biet nay c6 the dwgc gidi thich nhae sau: khi ¢6 mat tit tredng,
phé nang heong cua dién tik la hoan toan bi gian doan, vi vay muke
Landau ma dién tiz ¢4 the nhay téi sau qué trinh hap thu bi rang budc
bai didu kién:

ro (n'-n}+rQ (N'-N)+ha,-2Q =0 (2.110)

dan t6i phd hdp thu cta hé s§ hip thy séng dién tir bao gom cac dinh
ciec hep, cach déu nhau. Do d6, d6 thi biéu dién sy phu thudc clia hé 56
hip thu vao nang hrong clia séng dién tir trong siéu mang pha tap khi
cd tir tredng 12 phé vach. K&t qua nay hoan toan trai ngweoc véi ban dan
khéi (chi s6 mitc phan viing Landau ma cac dién tiz nhay téi sau qua
trinh hdp thu la hoan toan tiy: y).Tie két qua thu dwoc vé s phu thude
hé s6 hap thu vao Ee va nang luong song dién tir khi cé mét tix truong &
cac loai siéu mang khac nhauthop phén va pha tap) la nguoc nhau.

Nguyén nhén cia hién tuong nay la do cdu trmic mang tinh thé va thé
phu tudn hoan cta hai loai siéu mang nay khac nhau, dan dén su phu
thudc cua hé s hap thu phi tuyén vao cing dai lugng khac nhau. Két
qua thu dweoc cho thiy, cd s khac biét vé sz phu thudc cia hé s6 hdp
thu séng dién tr gitta hai loai sifu magng (siéu mang hop phan vai siéu
mang pha tap) vao cung théng s6 cua hé nhu: nhiét do T, czong dién
trieong Eo (xem phan tinh s8). Nguyén nhan cta s khac biét nay 1a do
cau tric mang tinh th€ cling nhu thamh phan cdu tao nén hai loal siéu
mang nay khac nhau (xem phan téng quan & chuong 1), dan dén thé
siéu mang, thé phu tuan hoan va mat do trang thai hat tai gita hai siéu
mang khac nhau vé ban chét. Vi vay, su phu thudc ciia hé s8 hip thu
vao cung thong s8 cia hé & hai loai siéu mang nay khac nhau.
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K&t ludn:

Céc két qua thu dugce khi nghién ctu hé s6 hdp thy phi tuyén séng
dién tlv manh trong siéu mang pha tap nhu sau: |

Xay dung duoc cac phuong trinh ddng eong tir cho dien Hr giam
cam trong siéu mang pha tap, cho hai trrong hop ¢6 mait va Khéng ¢6 mat
tle treeomg dat vao hé. Thiét 1ap cong thikc tong quét tinh hé s6 hép thu phi
tuyén séng dién tiz manh boi dién tiz giam cam trong siéu ma_ﬁg pha tap,
cho hai trudmg hop ¢ va khéng co tir treong ngoai. Tim dwge biéu thize
giai tich hé s6 hdp thu séng dién iz cho cac trudng hop gidi han.

Tinh toan s8, v& dd thi st phy thudc ctia hé s6 hip thu vao cac tham
s clia hé cho trudmg hop, ¢6 va khéng c6 tir trieomg. Két qua cho thiy 15
siz khéc biét gitta siéu mang pha tap v&i ban dan khéi. Cu thé, hé s§ hap
thu trong siéu mang pha tap ngoai sg phu thudc rat manh va phi tuyén
vao cac tham s§ ctia hé giéng nhue ban dan khéi. Hé s§ hip thu séng
dién tir trong sifu mang pha tap con phu thude phi tuyén vao cac dai
lirgng dédc treng cho sie giam cAm -dién #x nhir cac chi s6 mini vung n, o0,
chu ky siéu mang d, s& chu k¥ siéu mang Ni, néng d pha tap no. Dong
thoi hé s6 hdp thu phi tuyén trong trwong hop 6 tit trieong 16n hon so
voi tredng hop khéng co tiz trzdng.

Sw phu thudc cha hé 56 hdp thu vao nang leong cia séng dién tir
cho hai truomg hop cd mat va ving mit tie trudng ciing rat khac nhau
(phd hép thu [a lién tuc d6i véi triedng hop Khong c6 tie triedng va gian
doan khi'¢é tir triedng). K& qua nay hoan toan trai nguege véi ban dan
khéi (chi s6 mitc phan vung Landau ma cac dién tir nhay téi sau qua
trinh h4p thu la hoan toan tity ¥). Pay chinh 1 nguy#n nhan gay ra sw
khac biét gitra siéu mang pha tap véi ban dan khéi théng thuong.

Chi ra nguyén nhén giy ra s khac biét vé sy phua thudc ctia hé s
hip thu séng dién ti gifta hai loai ban dan siéu mang (siéu mang hop
phéan va siéu mang pha tap) vao cing mot théng s& caa hé (nhiét a4 T,
crxomg dd dién tredong Es, nang leong song dién tir £L2,...).
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2.3, HAP THU PHI TUYEN SONG PIEN TU MANH B3I DIEN TU
GIAM CAM TRONG GIENG LUONG TU

Giéng luong tir (quantum wells) 13 vat lidu ban din duoc ciu tao
tr Mot 16p méng ban dan dong chit dit giita hai ban dan khac nhu
AlGaAs-GaAs-AlGaAs. Cac ban dan nay c6 hing s6 mang x&p x bing
nhau, ¢é cdu tric tinh thé feong d6i gidng nhau. Dién ti trong giéng
lrgng tir ban dan (giéng lwgng tir) thudc hé dién tiv chudn hai chidu.
Pa ¢4 nhiéu ¢dng trinh nghién citu vé s hap thu séng dién t trong
giéng luong tiz ban dan {18, 23, 24, 25]. Tuy nhién, céc cong trinh nay
chi nghién céu hiéu tng hdp thu fuyén tink mi chwa g8 cap téi cac
hidu vmg h3p thu phi tuyén séng dién t trong giéng lirong tit ban dan.
Trong muc nay, dé hoan thién ly thuyét Iugng tir vé su hip thu séng
dién tir trong giéng legng tr, ching t6i gidi thiéu 1y thuyét hé s hip
thy phi tuyén séng dién tir manh bdi dién t& gmm cam trong giéng
mO’ng tiz [12].

2.3.1. Hamiltonian cha hé dién ti - phonon tuong tac trong

giéng lugng t |

Mét @4 dién tir va phé nang lugng ciia dién ti trong giéng heong i
bi keong tiz hda. Goi z 13 truc legng tiz hda, Hamiltonian tuong tac dién
tfr—phoncin trong giéng lueong ti khi ¢ mat triedng séng dién tir ngoai
E(t) = Eosin{Qt) duwoc viét nhu sau:

H= Zg [k —-h—ca }:1 a; +Zhaabfb. +z Z Cl,.(q)e

(B +5)

n:kj_

(2.111)
v6i A(t)1a thé vector ctia trdmg dién tir. C, 12 hiing s6 twong tac dién

tr - phonon, phu thubc i:tmg co ché tan xa. Treong hop txong tac dién
tiz - phonon quang: .

2 Zfze’hmor[l _ 1]
V:}So(q_i"'qg_ Ko Ao

.
q

(2.112)
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Truong hop tuong tic dién tir-phonon am:

2
hg
1 D.‘ R (2.113)
pvsVﬂ'
Thita 56 dang dién tiz trong giéng leong tie ¢ the vidt:
I 5 {qz IV Z)W exp (iqzz)dz (2.114)

vol i, (z ) la ham sdng caa trang thai thit n trong ho thé biét 1ap; L 1a
d6 réng cha giéng lrong tir. Pho nang hegng cua dién tir xac dinh béi
cong thuc:

]

e, (k. )= ;;* (k2 -+ ) | (2.115)

Trong dé k, =nx/ Lva n la cac s6 luong tie ddc trung cho s
giam cam cta dién te.

Trong truomg hop cd mat tie trmg ngodi:

Hamiltonian ciia hé dién t-phonon trong bifu dién leong tir héa
Ian thit hai dudi tac dung ctia trudng laser E = E | sin(Q¢) dit vudng
g6c véi tir tradmg B 6 thé viét dudi dang sau:

—_ H -+ +
Hy= Z €N @ Nk Funi, ® Zﬁa}l’bé bé
g

ANk

+ Z 2 C" (u)a:w kl+qLan,N,EJ_ (b§ +bj§)

AN Ngkl

(2.116)

—r

&dby, n, N, k_)va(m, N, k +2} } 14 trang thai clia dién tiz tredc va

sau tan xa; an i vaa N’hlécactoantl.rsmhhuydlentmrtrangthal

(n, N, kl 5 (b&. va b& ) 14 cac toan tiz sinh hiy phonon & trang thai

q :(élaéz]; k@), la nang lugng phonon quang; Z(I) 13 thé vector ciia
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treomg dien tir laser. Khd ¢6 mat tir rudng, phé ning luong cha dién tix
xac dinh boi biéu thic;
2&2
gl =hQ, (N+—1— + 7[2”* .
* 2 2m L

| (2.117)
eB ] o g & x

tong d6 Q =——1a tan s& cyclotron cha tir trudng ngoii; hing s&
mc

trong tae dién tle-phonon quang vé thira s§ dang dién tiz dugc tinh nhuw
chc cong thiee (2.114), thivas8 J, . (4) 6 dang:

Ty w (“) = T d;‘?fv' (“ _af P2, “afgl)eiwi% (;i “HSEL) (2.118)

1 :
vOlL U = Eafqi, a, 1a ban kinh vector cia dién tix trén mdt phang (x,y),
r 12 vi tri ciia dién tit trén mit phing (xy), ¢,(z) 12 ham séng trong
giéng luong tr ¢6 1ap.
2.3.2. Phuong trinh dong lugng ti cho dién ti giam cam trorig
giéng lugng tu

Dé xay dung phuong trinh ddng lwong te cho dién tir giam cam
trong giéng heong tlr, ching ta sz dung phuwong trinh déng lwgng t&
tbng quat cho toan ti s8 Liat (ham phan bd dién to)

e + -
nnjcl - <an,EJ_ anﬁl >: [3]

_ a<a:jlan§l> L on ;
ih L= jh— -*<[

a;a; H ]> (2.119)

véi (), 13 trung binh théng ké clia todn tix ¥; (), =Tr(§i¢});

w la todn tie ma tran mat d¢. St dung Hamiltonian (2.111) va phuong
trinh (2.119), ta xét cic s& hang ¢o mat trong biéu thire (2.119) nhur sau:

50 hang thit nhat:
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=] e —
- Fou k —— i +_ a - ’a+_ o ]:0
n-‘zﬁl n ( 1 hc A( )][anil n‘kl ﬂ"k_L ﬂ‘,ki

58 hang thit hai:

+ | .+ + -
9

56 hang thit ba:
[:“:.han,z* :HHPJ = nZh Clom [Fn-jﬁ;l,a,ii,; (1)+ F;;_,.jﬂh__é (t)-
F_()-F _{z)}
Ak, &k -g).q N T
trong d6, ¥ ; ) (t)=<a:1E o bg) . Thay cac s6 hang tinh dwroc vao
n.ky 2 kg g e Bl T z
(4.9), tanhan dlrc_)‘c phuong trinh:
a !
—ZCI l: nkl+q k| g )+ nJcJ_nk +q #q(r)
'F"-EJ. ?”';.L‘E’J-_ q (f) - P:il-él mk g (f)] | (2'120)
Tinh dai luongF ; . - -(t}, bang cach xay dung phrrong trinh
déng leong tiz cho F . .(t). Tacé:
'ha<a:"_“a”zzzb‘}>* = b H 2.121
I dt _<[ it T :]>; - (2121

Str dung cac tinh chét ctia giao hoén tlz giira cac toan tir sinh, hity
dién tix va phonon, chung ta thu diroc phuong trinh dong luong h;r cho
dién tir giam cam trong giéng lirong tir:
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,anmEl (t) _ i Z 7, eEnqi eanJ_ i{ 1=k )02
af hz ""‘IJ_ fo gm= e 3 mﬂz

r | ?l . 4 t
ledr {exp[}!—(gn:aﬂl —gn,il —-h&)n —kh2+ Eé‘h){f"t )]

><1:a"::“L(r’)f."s-f;i_—MMLHF ()(N-H)] [ h( )(N-H} ”ﬁai(r‘)N‘]

q

s
n,kl n,EJ_-g

XeXp —(8 . =&, - —hwﬂ-kmﬂﬁh)(t—r')

i

—exp ._(g_ ~E€.. - +ha)o——kh§2+:‘§ﬁ)(r—r')

L J-_'ql

> (r‘)(NE H)_nmh (r*)NJ

= i

s, O 1)y 6O, g

| i ) :
xexp'ig(fnjl ~€,7,; ~hoy—kRQ+ zﬁk](r 1 )}} (2.122)

Tuong tu nhue trong trudng hop cia ban dan khéi, dé giai phuong
trinh (2.122) ching ta st dung phuong phap gan ding 13p lién dép [48).
Cu thé, chiing ta dit:

nﬂ_il (I) = ;“ji / nnjt_L _;4. (f) = ;“:EJ.‘EJ_ ’ nﬂjlﬁh (I) = ;"“E‘:J."'&L

& day, 1, 12 ham phan b3 cin bing ciia dién tix. Khi d6, tich phén hai
v€ cttla phwrong trinh (2.122) theo t, ti€p theo 1dy tich phén hai vé€ theo t,
ta duoc

1 2 eEﬂq ¢Eoq ) h
n- (ty=e—— J = expl—ikQ
n,gl() hzq,r:‘ k;ﬁ 1{ 1+{ N ]IQ p( )
1 mag Nomrg JN—+1) nz (N +1)=n N,
£ . i, ~E.E - hay, — KRQ.+ibh £, El_gnh'*'ﬁ%‘km“&h
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. No—n_ (N, +1] n.. (N +1)-n; N

i1, 7 g ~h-q

=
€ —€.; _; —hay-khQ+idh £, —£ . - +kwﬂ—kh£1+:5h
nk, Rk, -q, Ak, mky =g,

-+

(2.123)
Trong cong thizc (2123) thi N- =N la ham phan bg cin bang
1

phonon trong giéng hrong tiz. Phieong trinh nay 1a co s& dé tinh hé s8
hép thu phi tuyén séng dién ti» manh béi dién it glam cam trong giéng
hrong tir. |

Khi c6 mat tr truong ngodi:

Phurong trinh ddng Irong tix cho dién tz giam cam tnedng hop nay la:

ih an%:jl - <[a:ﬂ.h G, NE, ’H=J>, +<1:a;.ﬂ.h Lok, ’H"“"D; + <|:a:ﬂil TNk, oy, :D:
(2124)

Stz dung cac hé thitc phan giao hoan va dai s toan tx, ta dugc
S8 hamg thi nhat clia (2.124):

. _ F1d -.83% - . -
[aﬂﬂil a,,‘,\rj* ’Ha:l - Z Enl,."-”l [kl Be A(r)J[an.H.E. an,H,EJ_ ’an,,ﬂljlani.ﬁlji ] =0

ny N Ky

S6 hang thit hai chia (2.124):

-

[a:ﬂj‘;aﬂﬂj;’H"P"J=l:a:.ﬁilan.N.EJ_’Zﬁ%bgb}ilzzhmo [a,fml @, i bfb} 0
g

q

58 hang thit ba cta (2.124):
<|:a:.N,ELHH,H.ELvHE~;;;:|> :< Z C- I” ( )JN_N.(H)
. n,N,n',N'q,kl

+ + +
x[an.N,El an,le ’ﬂn, Nk g anl,Nl,EJ_ j|(b—g +b: )>:
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St dung cac hé thirc phan giao hoén tir va dai s8 toan tix, chiing ta
nhan duoc:

<|:a:ﬂ F N, Hep ]) Z C Lo ( )[Fn.ﬁ,i LNk =g (I )

n\N'g

¥

+}i:.N’,EL-§ Nk ¢ (I) — Fn’,N*.Ei@l ,n.N}pE (f) - F nNE, .n‘.H'il@LrE(I):\
| (2.125)

rong 46, F, ¢ . kza(f)=<?;,~1,a% oy b>I biéu thike (2.124)

viét lai:

| on_ .. -

e = ¥ Cilula) O A

+Fniﬂ'.ﬁl—§4h AN, g (I) - Fn',N*,EJ_ +q ANk g (t) = :,N,El ANk g, ,_a(r)}

(2.126)

Hoan toan tuong tir nhax cach thi€t 14p phuong trinh dong heong tie

0 toan K ta ¢
ch a Ny K, ”'z Ny Ky bq

Ehaa; 20,5, %o 0,7, % =<l:a+ a4 . b‘rHe:D

at mNLE LNk, g

+<[a;ﬁm a, ;.0 HaphDI <[a:1 ni B v, 0o H‘"“’P“:D, (2.127)

Tuong tw nhue cach lam & trén, Tan luot tnh cac s6 hang & v€ phai
cua (2.127), sau d6, thay két qua cla tiing s6 hang vao (2.126), ta duoc:

F . - (1)
- Ny &y g Ny kg g — .
lk ar - F’H»N11E1 =”-2*sz2 ,E (I)|: n3:Nz (k hC A( ))

= e — A
—-g::f‘Nl (k* _%A(I)J-Fh%:l-!_ Z CE [I“'“z (qZ )J”-Ni (H)<aﬂ1ﬂli, C N Es

nM.g
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Xb&(bij +bj§)>: (qz)']ﬁ, (“)( . NECNE, ( b+, )55>J

-d
(2.128)

Gidi phuong trinh (2.128) bang phuong phap bién thién hang s8 véi
gia thiét doan nhiét:

0],y 7 i 4 ()] =0

 Gii phutong trinh thuiin nht, 4p dung diu kién doan fhiét, thu dwoc

i (4
Fj,y,,zt.uz.yzisz 3 (I) = E:Xp{-g I[ €, N, [k "_A( )}

—t

nl”l[k '_;TA( )j+ha)o:|dtl}
(2.129)

Suy ra nghiém ciia phuzong trinh khéng thuén nhat (2.128), ¢6 dang:

_ 0
F”'I*NI"EI iy Ny Ky g {I) - B(I) Fﬂlﬂl-il Nz kg g ('f) (2.130)

Pac ham hai v€ phuong trinh (2.130), ta dizgc:

L O ., OB(z s s
Ihé;Fq,H:.Ei.nz.Nz.iz q (I) =i Jt )exp {__i{k% e Hz»”: (k _EA(I)J
£, hl(k -EA(I)]+R%}J } [i‘zwﬂ +E [k -—E;—A(r))
-& (i& -%‘%Z{r)) + ha;[,]FMjl s (1) (2.131)
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So sénh (2.131) vdi (2.128), ta duoc:
oB(t [ -~ e - o .
o ag ) — exp{g J- [ef:ﬂ: [k* _EA(II))_'S g,hﬁ[kl _;i_ﬁ(f)]+h%—ldrl}

{Z C- [f Tsict )<a:1mlamz 5 b (b-q- +57. )>

n,MN.g

—Inl,n (qz) Ny N (u)< n Ny .+g 2Nk, (b'q' +bj§]b§ >::\ (2.132)

Tich phén hai v& (2.132), ta dwoc B(t). Thay B(t} va (2.129) vao
(2.130), ta dueoc

hic w
[k -3, I\drzHZ c-[r RO C

X(b&"'bf&»,l "Ini,n(qz)fﬁl.zu(u)<a;ﬁlii+§ a, .,z b +A.F:v'_*¢-!)E;E)J}.ah:1

(2.133)
Ste dung cac cong thuc '

(b*&) -N.& . : (b-bf> =(N. +1)6. . ; (2.134)
9 92/, 9 9192 9 92/, 4"

(@ s ), =T 2 5”% i (f)=nani,

Phueong trinh ddng luong tie cho dién tir giam cam trong giéng
hrong ti:

ann’Nj#(t] __1_. !J l ZJ E’El}ql eEu&l
Jt h 57,,,5,. ‘ R mQ?

—t—

Thﬂ
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Xaxp[-—f(s—I]Q] j dr'{exp[%(sf”dl —€, i, "R —Im-kfhé')(t—r')]
x[nmj*(t')N;—-n“,‘N,Lm( )(N +l):| [ vi. (r')(i’*‘?&+IL]—:¢“,_N,'L+;L (r')Na}

i . il
XeXp [;(efmh 5 Eat ha, —1RQ + ihc‘)')(f —1 ]}

h mh'.ii—ql

~—1=:;=Lp[-£[«s'f"vit " uhag)*-—lhﬂﬁ-ihﬁ)(r—r')}

Joei s 05 A e 51 0]

Rk vk g

X€eXp [-;;(s” =& +hay - IRQ+ iR 5](: —r')] (2.135)
vl Ey, £212bién dd dién trudng va tan s6 cua séng dién tir.

2.3.3, Bi€u thike gidi tich hé s hap thu phi tuyén séng dién ti

manh bé&i dién t& giam ¢am trong giéng lvong ti

Xét trudng hop ving mat Hr trudng ngodi véi co ché tin xa dién ti-
phonon quang:

Trong tredng hop nay, d€ tinh duoc hé s6 hép thu phi tuyén sing
dién tir manh boi dién tir giam cam trong giéng hrong ti, trrde Hén
chilng ta di tim biu thitc tudng minh clia mét d6 dong hat tai theo ham
phén bd khéng cin bang dién tiztrang 7 ; (¢):

J.()==5 z(h —éﬁ(r}}:ﬂh () (2.136)

Dt ny = > n_; 1amat d5 dién tiz trong gi€ng lugng tir. Vi chuyén

nky
ddng clia dién tir bi han ché theo hudng z, va chuyén déng ty do trong
mit phang x,y. Do d¢, ching ta chi tinh bi€u thatc vector mit &6 dong
trong miit phang x,y.
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=“'-*ZA(I i ()+ )y sin(Q) 2.137)

€ nks I=1
Trong bi€u thike (2.137), thi:
.- erﬂh ek q Eué 'eEb&
J L. I, " i
g": ;Zﬂ.' [ m'Q’ } [ m'Q’ 1+JH[ m Q2 ’
XN ("-‘h R, )‘5 (gn-.sﬁal —€,;, thoy -zm) (2.138)

—

va E(I) =—E,c

(2.139)

Hésﬁhﬁpmuptﬁmyénsmgdiént&mamduthécd@hbéicﬁngﬂlﬁc

o=- ‘\/ZED (J (t)E, str) (2.140)

Diit (2.136) vio (2.140), d6ibién, k, ~> k, —q ; k ——k g >—q;
n-—n', vast dung cong thire gan ding trong [54}:
k k
2 (x) N, =32 (2.141)
¢ h%

Bidu thirce tong quat ciia hé s6 hdp thy phi tuyén séng dién tir manh
bdi dién tr giam cam trong giéng hrong tix duroe viét duedi dang:

Jes (% )+J:.- 1(*")

_ 8T 13 T wny\ L 167 QkeT s v S P
R =R e EE B

. . kJ?
X(n'h IR )?5(‘9,.:@51_ —€,; Tha, -—IhQ.)ﬂmo = —0})]

(2.142)
Trong bidu thire (2.142), @) — —@), co nghia la s6 hang that hai thu
duge tie 5§ hang thiy nhit néu thay @), — —a&j,. Bieu tharc (2.142), cho

thiy hé s§ hép thu séng dién tir trong giéng lugng tir phu thuge phi
tuy€n vao cac théng s& cia hé gidng nhu ban dan khéi. Déng thoi, né
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con phu thude manh vao cac dai luong dac trung cho sie giam cam dién
tir, nhw chi $8 mini ving n, n’ d6 réng L ciia giéng heong 1. Tiép theo,
chiing ta tinh toan hé s§ hdp thu séng dién tit cho hai trudng hop gidi
han: hdp thu gan ngudng va hap thu xa ngudng séng dién ti.

- Truomg hop hip thu gin nguong:
Trudmg hop nay, phéi thoa min digu kien: [kAQ -] < € (€1
nang leong trung binh chuyén déng nhiét ciia dién tk). Xét truong hop

hap thu mét photon, diza vao ham phan b cin bang cta dién tir theo
phin bd Bolztmann (xét khi dién tiz khéng suy bién):

o \ Sn y” . 7 833233.1'2;-23
Bnji, =R,EXp| — L v By = — {im 372 (2.143)
kT V'™ (k,T)

Téch tong trén thinh hai tdng riéng 1& theo &, va g . Theo vector
k | , ta stz dung cac cong thiec bién d6i [54]:

%() = (2;)2 _J;dkx:[d?c}' | iexp (baxz }ix - JE

a

T f (=)0 o(x)]dx ZZ_’_;:((_JI:_)T o(x)=0

Theo vector ¢ , ta sit dung cac cong thirc bién d6i sau:

1 2X o e
;() — {2‘7{)3 _!d@_!%_d%.__[dqz

va str dung cac két qud szcosz@d;pﬂ-_l.-l_zfms‘* d __3_
2 o) 2 273 Ty

Két qua biéu thizc hé s§ hdp thu phi tuyén séng dién tir manh béi
dién tir giam cam trong giéng Iwong t dugce viét nhw sau:
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! ’n” -
“z}%i;exp("zm*;aff]{ew(é ] ]

1 | ﬂl(n*z—-rzz)hz ]
X 1+2k - AQ{E-1) + a +lay, »-w] 2149

| 1
r—“-::""\
+
't:i:g
;;a
“E-a

o 2kT 2m’ 12
ze'n (k,TY (1 1
— o (K 3) , - | (2.145)
2800 .ZNQ h .Zn: ZD
- Trudmg hop hép thu xa nguimg:

Truong hop nay, phéi c6 digu kién: [khQ-haJO! > E(E la nang
juong trung binh chuyén déng nhiét ciia dién tix). Diéu nay cd nghia la
céc két qua cho vector mat 46 dong J, () va hé s& hap thy phi tuyén
khéng phy thude vao ham phin b& dién tiz. Mt khac, vi ham o khong
phu thudc vao cac vector k, . Do d6, ta 6 thé bd qua chc vector k, va

——tr

g trong cong thig (2.142). Bi€u thirc giai tch hé s§ hap thu phi tu}»en
séng dién tiz (hdp thu xa ngudng séng dién tr) c6 dang:

- (2146)
=
e 8me’kydn, (1 1 é,:_ai a=? mn?h B= ¢'E;

D oemefr B\ X %) T QF ' Q. A

F,(x)=J2(x); 6(x)1a ham s§ budc don vi, O(x)=1 khi x >0 va
0(x)=0 Khix<0.
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Daéi véi truomg hop khong ¢6 tie triedng ngoai va co ché tén xa dién
te - phonoen am:

Dé1 véi tredmg hop nay, viée xdy dung phuong trinh ddng hrong tir
cho dién tir gidng nhu tredng heop tan xa dién tir-phonon quang. Tuy
nhién, hang s6 tirong tac dién tix - phonon quang C. dwoc thay the bing
hing s3 twong tac dién t& - phonon &m D- va tin s8 phonon quang
@, duoc thay thé bing tan s¢ phonon 4m . Sir dung phuong phap

tuong tix nhir tredmg hop tan xa dién tr phonon quang, ching ta thiét
lap duoc phuong trinh ddng lirgng t& cho dién tiz, tie d6 im dwege biéu
thitc gidi tich tong quat clia hé s6 hdp thu phi tuyén séng dién tir manh
trong giéng hirong tit nhur sau:

* 5 i xz 2 2 hz
= ) € nd Fero| - Ll L OGN
kT 2m'L k.l

/4 3 eE2 |
x<1+ + +3yk, T +12(k,T 2.14
{ 2k, T 32m" Q‘*hzk T(y2 4 (k7 )} 2147

Trong treong hop gidi han, khi s§ hang ty 1€ véi cueong 46 séng
dién tir manh E_ tién t6i khong, thi hé s§ hdp thu phi tuyén trong
(2.146) va (2.147) trdr vé trudong hop hép thu tuyén tnh nhar 44 tinh bang
phuong phap Kubo-Mori [25].

2.3.4. Trudng hop ¢6 mat tif trudng ngoai
D& tim ham phén b& khéng can bing ctia dién ti trong giéng luong
tle khi ¢d mét tir tredng ngodi, ta gidli phuong trinh (2.112) bang céc

phieong phap nhi da dweoc str dung & cac chirong trudc. Xét trieomg hop
khi dién tix khéng suy bién:
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L Nk, =Ny CXpt — ET (2.148)
B
Ta ¢
. —l-m 2 lm'ﬂ
1 2 o " B 'O 2
(.)= dk, dk —( 3) (2.149)
=) ey ..g,{-nﬂ _;LB S\

Xét trueong hop hap thu mét photon va giéi han cic thanh phin
£ (x) véi k=1, 2. Sau mét vai bién ddi nho, ching ta thu dwgce biéu thike

hé 58 hap thu phi tuyén séng dién tit manh béi dién tir giam cAm trong
giéng leong tir:

4. * 3
_en kT, 1
47:6 \’-Zwai'gﬂ‘gg'hz Zm Zﬂ n,n‘.,EN,N'
2 222 o2l
)R ‘L(N +l}ﬁﬂa—ﬂzh7 —exp —J—(N'+1Jm3—”l ‘.""f
ki, 2 2m'L kT 2 2m’ I
« hyA M|

74

(2.150)
TH2. 0 2 o\ a»
M || 1Q - hay + MBQ, +———{n* -n") +1°A
2
Trongdé, M =N—N"; A N\Ca Sz, N, =
S M=N-N A= an| 7 ¥y =
o " Agh® - ° he,
(2.151)

Bidu thee (2.150), cho thay: hé s8 hip thu séng dién tir g6m hai phin,
mdt phan tuyén tinh va mg§t phan phi tuyén theo cudng dé Eo cua song
dién tir. Hé s8 hip thu séng dién i trong gifng leong tiz ngoai viée phu
thudc phi tuyén vao cedng @ dién trudng Eo, nhiét 46 T cia hé, tan s8 L
clta séng dién &, thi né con phu thudc phi tuyén vao cac dai luong dac
trimg cho, sz giam gift dién te nhw, chi s§ mini vimg (n, n'); mukc phan

107



ving Landau N, N'; d6 rong cha giéng leong tix L. Day 1a s¢ khac biét
gitta giéng luong tir véi ban dan khéi thong thurong.

Trong treong hop gidi han, khi s6 hang ty 1& véi ceong dd song
dién tit manh E; tén téi khong, thi hé s8 hdp thu phi tuyén trong
(2.150) tr¢r vé rrdng hop hip thu tuyén tinh nhir da tinh bang phuong
phéap Kubo-Mori [25].

2.3.5. Tinh toan s8, vé dé thi va thao luin két qua

Trong muc nay gioi thi¢u cac két qua tinh toan s, vé do thi dé lam
ré cac két qua tinh toan ly thuyét nhan dugce ¢ trén va phan tich két qua
thu dwoc c¢ho hé s& hdp thu phi tuyén séng dién tir manh boi dién iz
giam cam trong giéng luong i dién hinh AlAs/GaAs/AlAs cho ca hai
triedng hop ¢ mit va vang méat tie trudng,

Khéo sat hé s6 hip thu trong trizdmg hop vang mit tir trudng:

Céc tham s8 duoc st dung d€ tinh toan 13 chc tham s&. ¥, = 10,9;

~5
Ao =129, no=102m3; g, = % , m=0,067mo (mo 1a khéi heong ca dién
7z

tig), L= 1004, hi, = 36,25meV; = 55102 1, T = 300 K, e = 1,6.10°C,
Eo=3,5.104 V/cm.

” i 1.

L s Do Dl v e R S s D

n;‘ P p—— L LR T R R e L L
—r o ke e e = e

e b P vy o e oy R Ay v e
H 5

P S s S

Hé sG hap thu phi tuyén (1/m)

3.: '

210°
Hinh 2.13: Su phu thudc ¢la hé s hap thy ¢ vao bién do dién

trudng E; (hap thu gan ngudng, tuong tac dién t - phonon quang)

i :
I8 4 = <4 25 =B 3
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Hé s& hap thu phi tuyén (1/m)

Hinh 2.14: Su phu thudc cia hé s6 hdp thu & vao nhiét

IE!"l_I;.i.
M = = 3 5 5 =

L - - -
y
TR R UL R BTN AT FL YT IR vkt b Rl R g e R - i
= - 5 ~
-

TR, NP b . A e g B e ol e 2o e e e e bl e s e ]
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Hinh 2.15: Su phu thudc clia hé s6 hdp thu ¢ vao nang
luong séng dién ti #Q (hdp thu gan ngudng, tuong tac
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Hé s& hap thu phi tuyén {1/m)

Hinh 2.16: Su phu thudc clia hé s6 hap thu ¢ vao nang
luong sung diéntl 22 {hap thu gdn ngudng, tUong tac
dién 1 - phonon @m)

D5 thi trén hirh 2.13 va hinh 2.14 biéu dién sw phu thudc cia hé s§
hip thu song dién tr manh bdi dién tlz giam cam trong giéng heong il
vao bién a6 dién trieomg £, va nhiét d6 T cia hé (hip thu gin ngudng).
Tix céc &6 thi ta thiy, khi cadng d6 dién trudng E, va nhiét @ T ctia hé
ting thi hé s hdp thy déu giam. Tuy nhién, d&i véi ban din khéi thi
nguoc lai, hé s6 hdp thu trong hai trzdng hop nay tang 1én khi téang
cedng A6 dién tredomg E, hodc tang nhiét do T cha hé [46, 48, 59].

Do thi trén hinh 2.15 mé ta s phu thudc cia hé s§ hip thu séng
dién tir manh vao nang leong cia trudng dién ti ngoai cho trirong hop
hip thu gan ngudng. DO thi cho thdy, hé s6 hdp thu trong trierong hop
nay dat gia tri crc dai khi tin s6 ca trudong dién ti bf’mg tan s& caa
phonon quang (2 =@, ). D6 thi trén hinh 2.16 cho thay khi ning hegng
dién rudng ndm trong khodng tlr 3040 MeV, thi hé s§ hdp thu phu
thudc phi tuyén vao ning leong dién tredmg. Khi nang luong dién
treong 1on hon 40MeV thi hé s6 hip thu gin nhi khéng thay doi. Mot
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diém nita la trong tredng hop tan xa dién tix-phonon 4m khéng xust
hién cue dai Khi tan s§ dién treong ngoai bang tin s8 phonon quang
(Q=a), )-

Khao sét trong treong hop ¢6 mét tir trieong ngoai:

P8 thi trén hinh 2.17, cho thdy stz phu thude ca hé s6 hip thu vao
d6 réng ciia giéng heong tlr khi khéng c6 mit clia tir triedng ngoai. Nhin
vao d6 thi chiing ta thiy hé s6 h&p thu dat gi4 tri cre dai khi d6 1éng clia
giéng heong & vao <o 30A va gia tri cuc dai cta hé s6 hap thu phu thudc
vao ndng heong clia trizong ngoai.

D6 thi hinh 2.18 cho thiy s¢ phu thudc clia hé s6 hdp thu vao do
rong L cla giéng heong tir khi c6 mét tir tredng ngoai. Tredng hop nay,
hé s8 hdp thu xudt hién mét age dai chinh va cac e dai thik cdp & 1an
can cuc dai chinh.

B3 thi trén hinh 2.19 bifu dién su phu thuéce ctia hé 5§ hip thu vao
ndng legng séng dién tte. Hé s6 hép thu ¢ mét circ dai chinh va nhiéu
circ dai thit c8p. Cac cuc dal thix cdp nho dan khi nang heong song dién
ti tang len.

D5 thi trén hinh 2.20 cho thdy sy phu thudc fuyén tinh (ban dan
khéi) va phi tuy&n (giéng luong ti) etia hé s§ hap thu vao nang luong
cha iz trnedmg ngoai. Tk do6 thi ta thdy, hé s6 hap thu phi tuyén 16n hon
nhigu hép thu tuyén tinh. Déng thdi, su phu thudc ciia hé s6 hip thu phi
tuyén gifra hai tredng hop cd tir trudong va khong c6 tix treong trai
nguoc nhau (reong hop khdng cé tie treong, he s6 hdp thu giam khi
nang Iwong song dién tr ting, d6i vdi truong hop c6 tr treong thi
nguoc lai).
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Hé s8 h&p thu phl tuy&n (1/m)

Hinh 2.17: Su phu thudc ctia hé sé hap
thu & vao d6 rong L cla giéng lugng ti
(trudng hop khéng cé T trudng)

Hé s6 hap thu phi tuyén (1/m)

® 20 (o)

Hinh 2.19: Su phu thuéc cua hé s6 hap
thu & vao nang luong séng dién tir 72

(MeV)

Hé s8 hdp thu phi tuyé&n (1/m)

i R
J"._"_,..r M ““5“_‘-""1..
g e 2 s

—r T il b o LT
- Gl : - : -
i ..-"'L—-".-‘-‘ _,.-""Wf‘ ”"“L.L :_-"-‘-'“'ﬂ.-_u 'I
prad. e - M TR N
-l T, e
R e S
T S i e
- - s : ! .
L1 R fi: PR T
o : o h.-""'--....;
et " e S
s Ml S5
am+ e
e e,
L

o

Hinh 2.18 Su phu thudc ctia hé s6 hap
thu & vao nang luong séng dién tu
AQ va dd rong L clia giéng luong tir

hap thu phi tuyén (1/m)

éso

H

(trudng hop co ti trudng)

Hinh 2.20: Su phu thudc cla hé s6 hap
thu & vao nang lugng cuda tU truong

ngoai 782 ; (MeV)

Sz khéac biét nay c6 thé dirge giai thich nhwe sau: khi ¢6 mat tir
trieong, phé nang lueong caa dién t&r 1a hoan toan bi gidn doan (xem
phuong trinh (2.117)), vi vy mitc Landau ma dién tir ¢6 thé nhay tdi sau
qua trinh hdp thu bi rang budc boi diéu kién:

A, + QM —hay+ Q=0

dan t6i phé hdp thu bao gém cac dinh cyc hep, cach déu nhau. Két qua
nay hoan toan trai v6i ban dan khéi (chi s& oc phan ving Landau ma
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cac dién tiz nhay to1 sau qua trinh hip thy 1a hoan toan tiy ). Do 46, 45
thi bi¢u dién si phu thudc cia hé s6 hdp thu vao ning hrong clia séng
dién tie trong giéng Ireong tir khi ¢é tir tredmg 1a phd vach.

Tix két qua thu dwoc, cho thdy su phu thudc chia hé s6 hap thy séng
dién tlr trong hé hai chiu (siéu mang hgp phin, siéu mang pha tap va
giéng heong tr) vao cung mot dai hwong (cudng d6 dién trudng Eo, nhiét
@6 T, néing luong séng dién tir 7£2,...) rét khac nhau (xem phin tinh s6
cheong 2, 3, 4). Nguyén nhan cha hién tirong nay 1a do cdu trdc tinh thé
chia c4c vét liéu ban dan hai chigu nay khac nhau (xem phan téng quan),
dan dén cac thé giam giit dién tiz trong vat lidu va thé phy tulin hoin
cua mdi loai vat 1iéu hai chidu khac nhau. Vi vay, s phu thudc ciia hé s6
hap thu trong cac loal ban dan hai chidu vio cing mét thong 58 ciia hé
Khéc nhau.

K&t luin:

" Nghién cttu hé s6 hdp thu phi tuyén song dién tir manh boi dién tix
giam cam trong giéng luong tix, da thu duge cac két qua sau day:

Xay dung duoc phueong trinh dong lugng tie cho dién te giam cam
v& ham phéan b8 khéng cin bang dién ti trong giéng lugng tiz cho hai
trzdng hop cd mat va vang mit Hr treeng ngoai.

Thiét lap duegce biéu thake giai tich tdng quat tinh hé s§ hdp thu phi
fuyén song dién tir manh boi dién tie giam cam trong giéng heong tir cho
hai trirdng hop c6 mit va ving mat tir triedng. Tim duwoc bidu thiee hé 58
hdp thu phi tuyén séng dién tir manh cho cac truong hop gidi han, cho
cac tredng hop tan xa dién tir-phonon (phonon quang va phonon am)
khac nhau.

Két qua tinh toan cho thdy, & gbém hai phén, mét phan tuyén tinh
vamét phan phi tuyén theo cudmg d6 Er ctia séng dién tir. Hé s6 hip thu
phi tuyén trong giéng hrong tir ngoai viéc phu thude vao ceomg do dién
triedmg Eo, nhiét 46 T chia he, tan s8 ) cha song dién tir va cac tham sO
cua giéng leong tr gidng nhir ban dan khéi, thi né ¢dn phu thudc vao

113



cac chd 58 mind viung (n, n’); chl $8 phin ving Landau; 46 1dng chia giéng
lrong tir L.

Trudng hop 6 tr trzdmg, hé s§ hdp thu phi tuyén 16n hon nhiéu so
vl hé s6 hp thy tuyén tinh, dong thot sg phu thude ciia hé s6 hip thy
phi tuyén gifra hai treong hop <6 tir treomng va khong ¢é tie trueong tréi
nguoc nhau (trzdng hop khong ¢6 tir tredng, hé s8 hip thu giam khi
niang luong song dién tir tang, d6i voi truedng hop cb tie ttuong thi
nguoc lai). Day 1a difm khac biét cia giéng leong 1z so véi ban dan khéi
théng thuedong.

Chi ra nguyén nhan gay ra si khac biét vé si phu thude cia hé s
hdp thu séng dién & gifra hai ban dan siéu mang {siéu mang hgp phan
va siéu mang pha tap) vao cing mét théng s& clia hé (nhiét 46 T, cuong
d6 dién treong Eo; nang luong séng dién tie 782, ...)
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CHUGNG 3

HAP THU PHI TUYEN SONG DIEN TU MANH BGI BIEN TU
GIAM CAM TRONG BAN DAN MOT CHiEU

3.1. HAP THU PHI TUYEN SONG BIEN TU MANH B&I BIEN TU GIAM
CAM TRONG DAY LUONG TU HINH TRU HO THE CAO VO HAN

Mb hinh day hrong tir hinh tru hd thé cao v6 han d3 dugc siz dung
nhiéu trong ¢ac nghién i 1y thuyét, su lwong tk héa do giam kich
thudc trong day heong tiz tac déng dang k&€ dén céc tinh chat vat Iy cla
hé, cac hiéu ttng ddng trong day hrzong iz ¢é nhigu sy khac biét so véi
ban dan khdl ciing nhar hé hai chigu. Trong chirong nay, trén quan diém
ly thuyét trizdng luong iz, bang phuong phap phuong trinh dong leong
tir, chirong nay nghién cu se hdp thu phi tuyén séng dién tix boi dién
tir giam cam trong day luegng tix hinh tru hé th€ cac v han cho ci hat
triebmg hop vang mit va ¢6 mit cha £z treong. Khao sat siz phu thude
ctia hé s§ hip thu phi tuyén vao cic tham s6 nhuz nhiét dé cha hé, cuzdmg
dd va tan sd clia séng dién tir, t2n s cyclotron {treomg hop ¢d mét cia
Hr tredng) va ban kinh cta day. Cac két qua duge danh gia, so sanh véi
bai todn tuong ti trong ban dan khéi va hé hai chigu dé thiy duwoc anh
hirdng ciia hiéu vng giam kich thude trong hé mét chiéu 1én sy hip thu
phi tuyén sdng dién tiz [11].

3.1.1 Hamiltonian cda hé dién t’ - phonon trong day lugng ti

hé thé cao vo han

Gia st mét day luong tr duogce dit trong tredng laser ¢ vecto
cadng d6 dién truomg E@) = Egsin(m) vudng goéc voi phuong truyen

song. BO qua twong tac cia cac hat cung loai, Hamiltonian clia hé dién tie
- phonon trong day luong tir duge viét nhir sau:
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H=H,+H,+H_, (3.1)
trong do

H Z f(-p "-A(r))an i&p n,f 7 | : : | (32)

nE,p

12 Hamiltonian cita dién tit khong tirong tac;

H, =)@ bb; (3.3)
q
Ia I—Iamjltmian clia phonon khdng tweong tac;
Z g nfn F(q)anfp-i-g n'¢.p (b +b+ ) | | : (3'4]
rta' L B.F '

12 Hamiltonian tirong tac dién tie-phonon; £,,(p ~E§(t)) 12 phd nang
long ciia dién tr dudi tac dung cta séng dién tir véi the vecto A(?)
duegc viét theo hié’u thitc (1.41) nhu sau:

(p— A(f))
2m

£ (P-AWD) = +B.,/ 2mR’ | (3.5)
vai e la dién tich cia eleciron, ¢ la van téc anh sang, E va 0 1a arémg
d¢ va tan s6 clia séng dién tir, a,,; (a,,;) 1a toan ti sinh (huy) cia
mét electron frong day lugng tit b, (b;) la toén tir sinh (huy) mét
phonon & trang thai ¢ vecto séng g, @; 1a tan s6 clia phonon, C; lahé
30 tuong tac dién tr - phonon, I, . (g) la thira s6 dang déc trung cho
su giam nhét dién iz trong day heong tir dwege cho boi:

2 (R "
CAEE L J (@RW. (D, (q.R)rdr. (3.6)

trong dd ham song ¥, ,(r} dugc xac dinh theo (1.38) va (1.39). Do ham
song chiza cac ham Bessel, bi€u thidc cia thita s§ hang (3.6) khéng thé
tinh to4n gidi tich, tuy nhién theo [29] ching ta c6 thé tinh né bang cach
ap dung biéu thitc gan ddng cho ham séng va trang thai nang leong cia
dién tr nhuw sau:
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W{J,Iﬁ'\/g(l—xz):- o) =24 _B(Qﬁ;)

(q.RY 37)
2 J 4\ L
Yia = 12(x~x), Li,0,(q)= (;QR;) {3.8)

Trong truomg hop cé mgt tu truong ngodi :

Gia stz ¢6 mét tir trzong déu ddt song song véi truc ciia day.
Hamiltonian ctia hé dién tiz - phonon trong day lrong 1z Khi ¢6 mit cha
tir triedmg dreoc viét nhae sau:

H =Y (5-A0) a3, 0,5 + 5 o b
Y+P g
+ z Cq I (Q)J (H)a:’.j_@ By b seh, (3.9)

frong 6 ¥ va ¥ Iin luot la cac bo s luong tix (N,n,4) va (N n,8)
ca dién i dudi tac dung cia tie tredong ngoal; N, N” 1a cac chi s8
o B . o e
ving Landau (N =0,1,2...}, 8,‘:‘;( p——A()) 1a phd nang leong cua dien
tir dwdi tac dung ctia séng dién tie voi the vecto A(r) khi ¢6 mét clia ti
tneomg; 4, (a,;) 1a toan t sinh (uy) cha mot electron trong day
hrong tir Khi c6 mdt tie truong ngoal; J () dac rung cho téc dong

clia fir tredng 18n day heong i digc xac dinh theo tich phan nhu sau:

JN,N' (w) = J: dr&N. (r,—a.( p,~4q J_))eiq”z @, — a p,) (3.10)

dday u=agqg’ /2, r, va a =c/eB Ian luot 1a vi tri va ban kinh quy
dao cyclotron.

3.1.2. Phuong trinh déng lugng tlf cho dién tit giam cam trong
day luong t& hinh tru hd thé cao vé han

D& thu duoc bidu thike cia phitong trinh dong legng tir cho dien tix
giam cam trong déy Iwong hr (tredng hop vang mat tlr truong ngoal),
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chuing ta bat dau tix phirong trinh déng cho toan t s hat dién te trong
day luong tr n, , () = (a,, ,a,, 57, tact:

i ann,f,_ﬁ ("t)

ar = qa:,t‘jan.f,ﬁ * HD:

={a,;a, sigad, Dy UG el s, B D ¥ (& i58, 5. i D (3.11)

Stt dung Hamiltonian (3.2) - (3.4) va cAc phép bién ddi todn tr ta
duoc trén co so 1y thuyét trzong hzong tir cho hé nhiéu hat [1]:

o
M Z nfr:f(Q)[ nt,pnt P—qq(t) n' &, p-F.n,L.B, g(t)

L )
BRI AT q(‘) F L PR L prE~F Ol (3.12)
trong dé
F"l-‘l*ﬁl-"z-fzvﬁzé W= <ﬂﬂ1 4.7 ﬂz vns By b; > = F(2)

D& tim F(¢) ta xdy dung phirong trinh déng cho F(¢) nhue sau:
i IF () _ ; aF"rfrﬁl-“sz-ﬁz’é (£)

o 3t = UGy 15,9y .3, H D, (3.13)
Mot cach tuong tu chang ta thu dugc:
oF (1)

&P = ile, (B~ T A~y (B~ A= B IF ()

" JZ:**CEl[I"J Lyt 53(‘3)< 3548 Dy .5 (b +b+ )b )+
nls g

= + ;
"'I“z:fz Fig ,fg <an1,£1 1}5]3”3 p£3 ’ﬁ'z __Ié.-l ba (bal +b__-g.1 )>E ] | (3"14)

Gidl phwong trinh vi phan trén theo phwrong phép bién phén, ta
thu duoc bigu thiec cia F(¢):

Fay=i ) Cp | 1y 0 e (@K 0, 5% 65, (B +005 085, —
"33‘?1
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AN () CHPR NGRS 0 3

no Ly Agsly Lo Fo=q§

. L le pt s
XexplilE, o (B~ 0, (Pr) =)0 ~1) | (B - B,)AG)ds ), o1s
Thay (3.15) vao (3.12) ta cé:

on,,5() e
1= A.p — = ZCE]"IRJ,R’J’(Q) Z C-
at 7.4

R

}C[.[ [Infn3f (q)< n.3£ p+q nf p—q(b +b )b">
In g, 53(‘?1)( rd.p n3£ P—G~d q( b_q )]);2]
€ ' 5.AG)d
Xexpli(€,,; =€y, j_q-a%)(r—rz)—;;_[%p (1,)dz, Jde, +
+I [_ nng.ty (g1)<an.:p ny. by, B-F-4) _q( -5 +b" ))
~Fpn, 3(41)( mt,3% b 7202 Og, T 805 Do
xexp[—i(& . — Nt }——ii_r f}.ﬁ(f dt 1dt
n & _p-q n,E,p -G 2' wic °5 i 1 2z
| e @0 1 5rzeg O3B+ 080,
Infns !'3 (qI)< n {'p+q P!Sf p—q bq( q] —q )>r‘l]
XEXP(E, g ~ Eugs ~ BNt ~1) = || BAG ),
n . prd nt.b g z me 2

_J. [-—I“f"gf (q])(an f'p+q ng.fs Pb (b +b )> +

+In‘. & n.3 3(ql)( n3£3,p+q-q nfpb (b +b ))r?]x

e rr_ -
XeXPI—i(E, 4 5~ Ev ez —@_g)(f-fz)*;w'frzpﬂ(fl)dﬁ]dfz} (3.16)
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Thuec hién mét s6 phép chuyén ddi ta cé the viet lai nhae saw:

ann Lk (t)

£ _ 2
a H,;Elcé'l

{[nn',f,j,-a (tg )N§ - nﬂ,gua (Iz)(Ng‘ + 1)] ﬁp[f(gn.r,; - En’,z‘,ﬁ-g - m;r‘ }(I - Ii)]

-2 I e ¢t _ -
Lo e @ |_dryexpl=— [ _p.AG)d]x

Hny o538 N; 1) —n 5 (8,)N ]eRDlIE, , 5 — €, p 55 T @)~ 1,)]
ex'p[i(gn',f',§+§ _ 8,;,;,5 = @.; )(t -1, )]
+[nn,£,§ (rz )( Na <7 1) - nn’,g*,;;ﬁ (tz )N,;r ] ﬂxp_[i{gu’,r,;-p@ o 8;;,:,;—. + a}g )(f =L, )] }

(3.17)

St dung bidu thitc cha thé vecto A(t) va cbng thizc chuyén d6i
ham Bessel

explizsing) = 3 J,(2)explisg) (3.18)

Jf=—m

ta thu diege bidu thike clia phwong trinh dong legng tix cho dién tix trong
day lugng tr:

EEl}q

——

;@) c ' dy], (EEDQ)

== Y (G| s @ ZJ(

xexp{=ilk — QY [, 55 YN, ~1, 5 ()N, +1)]x

XeXPli(E, ;5 =€y — )1~ r)]+[nh”_q(r WN; +1)—-n, (¢ )N 1%
XeXPU(€, 1, —Eyp 5y T @Y= +In,, ;CON; =1 oo L (OUN, +1)]X
XexPU(E,: ¢ 505 — €y — @I~ + [0, , (UN, +1) =m0 o (YN IX

XEXPli(E, ;.7 —Ene; TO: Xt —1)]}dt (3.19)

trong d¢ J,(x) laham Bessel, m 1a khdi heong hiéu dung cha dién tix, N,
12 ham phén bd khong phu thudc thoi gian cda phonon, va & 1a dai hrong
v6 cing bé xudt hién do gia thi€t doan nhiét khi c6 su tirong tac véi song
dién tie. Lieu ¥ réng trong bidu thic (3.19) chiing ta da thay ¢, bing ¢
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Trong trizong hop c6 mat tir truedng ngoad, chiing ta thuc hién tnh
toan teong te nhur trudng hop vang mat tiz tredng ngoai, dé thu dugc
biéu thizc clia phurong trinh ddng luwong tir cho dién tir giam cim trong
déy lugng tir, ching ta béat dau tir phuong trinh dong hrong tix cho toan
tit s6 hat dién tir trong day luong tir khi 6 mit cha tir trudmg
n, (1) = (@, ;a,;), taco:

;97,5 1)
ot

‘Stz dung Hamiltonian (3.9) va cac phép bién d6i toan t ta dwoc:
8?! 5(7)

= (4} ;a, ;. H), (3.20)

= Y Cel it @ o OF 50535 ) g5 0

7'\q
~Fy 540500~ Fr5y.505-201 (3.21)
trong &6

by, = F(1)

H-P1:T2:Po-4 @)= (aﬁ 51 %7352
Pétim F (t) ta xay dumg phurong trinh ddng cho F(¢) nhar saw:
aF(I) ?’11’&72 Py q(t)

o ot =4, ;4 1 H D, (3.22)
Myt cach tuong tue ching ta thu dugc:
ag?) =ile, (b, ~§Z{(r)) ~&, (P, —E- AD) - IF ()
”%051 Sy @ 4 0 (@Nay  pa, 5 (B +D0 )by, =
byt Ny e 5,50 (B T7)),) (3.23)

Gial phuong trinh vi phan trén theo phuong phap bién phan ta
thu dueoc:

FWO=i) Cpl T, @, 400 (80 .50, 5, by +05)b), +

Yardy
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SRR ) A NUR A

explile] ()&l (B,) - @, 1t r)——j (P, ~ A )ds M,
(3.24)
Thay vao (3.21) ta thu dugc:

on, () .
4 LR — Zcﬁfn,f.n’.f' (q)JN»F (u) Z Ci] .
ot 7= 739

XU Uy, @y, X85, 5108y 54(By +D5 00,

Lyt e (@G, XAy 50, 55 5 by(by +50 D]
_ e rt_ -
xexplil€,; ~€,, . —@Xt—1,)— Ejf p.Al1,)dr Jdt, +
2
[ 1, 0 G, UGS 50, 5 gy BBy +B1)),
L tng 0, (@) (w)ay,;a,, ;5.5 0;(By +50; D]
xexpl~i(€, . —& --w_)(r—r)——":e—j' p.A(t )dt 1dz, +
“Y.pq 7. P —¢ 2 - S B )
[ e, @O o X85, 5000585 (B +D%5)05),
_In,f,ng_fa (él)jﬁ,ﬁ (H)<a;j+§a}r B3 b&- (b il »;1]
| ] ie gt _ —
xexpli(e, ;.; —€,; @)t —1,) —;—IEL DA()dt Jdr, +
2
_J. [ Infran (q‘l)'}ﬁﬂ (HJ<H}” p+q e pb (b +b+ )>
+In',f‘,n3.£3 (ql)jﬁ"NE (u)<a;3_p+q-q a-y qu (b +b— )>12]

. e pt_—
XCXPL—i(8y 5 = &y 5o = @1~ 1) =~ [ PA()dn 1) (3.25)



Thee hién mét s6 phép chuyén déi ta c6 thé viet lai nhue sau:

anyi(t)

2
ot =§|C_'§‘ :

2 %
n,f,n',f'(q)| 1JN,N. (H) X

xj dt, exp[— J' pA(r )dr ]x

X{[ny ; 3()N; —n, (2, HNg +1)] expli(¢, ; — £y 5oz~ O I—1)]

55 ()N, +1) = ny ()N TexpliCe, 5 ~ £, + ) —1,)]

iy GING =1y 5.5 ()N +D]explile, ;. —€, 5 — @)t —1,)]

+Hn, s (GHN; +1)=n, 5, (6N slexpli(e, ;.. —€ ; + @,)(t—1,)]}
(3.26)

Stx dung bifu thutc cia the vecto A(z) va cong thitc chuyén déi ham
Bessel (3.18), thay ¢, =1 ta thu dwoc biu thitc cha phueong trinh déng
lirgng tix cho dién tit trong day hrong tiz hinh try hd thé cao v6 han khi
¢ mat cha tir triedng ngoai:

ndn f(q)‘ 1'] (H)

-ZICI

xexpl{—i(k — S)Q}I;{ [, 5 s (ON, ~n, (XN, +1)]x

d
n (IJ Z Jk(EEUq)j (EEE}Q)X

k. sz==

xexpli(e;; —&y 5 ~ @)t —1+{n, , (YN, +1) —n, (IN,]X
xexpli(e,, ~&5 ; .+ @)t~V +[n, ;¢ IN, —n, . (NN, + D)X
Xexpli(€y ;,: —€; 5 — W)@~ +n, ; WN; +1)=n, ("IN, ]X

| xe:;p[i(ef{ wismE s @ )(t—)]}dt (3.27)

Nhu viy, ching ta thiy rang, khi ¢ mit cia tix trudng ngoai,
phuong trinh déng leong ti clia dién ftt trong day hegng i hinh tru hd
th€ cao v6 han xudt hién thém cic yéu t6 méi dic trung cho s hzong tac
cha tie tneomg 18n dién iz trong day heong tix.
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3.1.3. Hé s hap thu phi tuyén song dién ti manh bai dién ti
giam cam trong day luong t& hinh tru hd thé cao vé han

Trudng hop vang mét tix triedmg ngodi, d& thu dugc biéu thizc clia hé
s hap thy phi tuyén séng dién tir bdi dién tr giam cam trong day leong
ti trong treong hop khéng ¢6 tir trrong ngoal, ham phan b dién i
trong day hrong tir can thiét thu duoc tir viée gial phwong rinh dong
luong tte. Tuy nhién gidi chinh xac phuong trinh nay 1a viéc rat khé khan,
dé& don gian, ching t6i st dung phuong phap xdp xi gan dang nhu sau:

n, - (1Y = nns s, R, 4545 () = N 543, n o, () = nnepq,

O day nae; 12 ham phén bd khong phu thudc thdi gian clia dién te. Day
la phuong phap da duoc st dung c6 hi€u qua cho bai toan tirong tw
trong ban dan khdi [60]. Ham phan bd khong cin bang thu dueoc tit viée
gidi gan dung xap xi phueong trinh ddng luong tir cho dién tir giam cam
trong day leong tir:

¢E G eEg 1 _

M5 == 2 1C P (@) Sl “‘*’)Jm( — e

guf tn kJ=—ca IQ

- Rreg Wy D=7 Ny B Np=, (N+D) .
E: ¢ ses Cnip TH ™ —kQ+id A L -kQ+id
+ .'t Wl _p--q(N +1)_ "fF ‘i Eﬂ ¥ P-QN n{p(N +1) }
e T L k£1+;§ £ g.t.__-—alé.—knﬂc)"

s n.d . p-q L

(3.28)
* Mat d6 dong hat tai dwoc 4p dung cho méd hinh déy hrong tie hinh
tru hé thé cao vé han:

iy == Z(p———A(rnn,.f ) - (3.29)

n-‘!p

n, . ; (&) duge xac dinh & (3.28) véi phé ning heong ciia dién tix va thita
s0 hang trong day hinh tru hd thé cao v6 han theo (1.41), (3.7) va (3.8).
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St dung biéu thiee cia ham phan bé dién e khéng can b§ng (3.28)
véi luu ¥ rang:

D hs= (3.30)

nt.p

thize hién cac bude chuyén doi can thiét ching ta thu duwoc bidu thic
ctia mat d6 dong hat tai trong day heong ti hinh tru hd thé cao vé han:

2

}’(r) —; -ir%ﬁacosm + Z}jsin(mz) (3.31)
=1

trong do

= 2 —— Z Z 1C, BLE k@ ZqJ (EEﬂql)x

L34 k=—co
E £,
x[]m(e Gq) J-I( :)]XN (R, e5 = P 5eg )X
X{O(E, ¢ 505 = €nits +m§—k9_)+[a}§ — —axl}. (3.32)

Liru ¥ rang, d€ thu drege bifu thite (3.32) chiing ta 44 st dung phép
gan dimg N, +1>= N, vdily do N, > 1. Trong (3.32), s6 hang thit hai
trong ddu {} voi ky hiéu [@, — -] dwoc hidu la s6 hang nhar s6 hang
thit nhét nhung thay @, — -a;

Tix bigu thire cia mit d6 dong hat tai thu duge, ching ta tinh toan
hé 56 hdp thy phi tuyén séng dién tir manh boi dién tix giam cam trong
day Iwong tix hinh tru h8 thé cao v6 han theo bidu thite ciia hé s8 hdp
thu phi tuyén séng dién Hr tong quat (1.51). Péat biéu thite mét d6 dong
hat tai vao (1‘.51) ta cd:

= L (;(r)E sinQt), =

sz.:.

2
e*n,E,

V3
= = sinQucosQt + (¥ E,sinQusinlQs),
cJZ E mQ ;J —
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St dung cac tinh chat clia ham Bessel va heu y c4e tich phéan:
':casﬂrsinfb =0

1 QO ki [>1
sin.{.?:smlﬁdrz{ g

172 khil=1

o

Bi€u thitc tong quat cta hé s& hép thu phi tuyén séng dién il trong
déy Iweong tir hinh tru hd thé cao v8 han cho ca hai trudng hop tan xa
dién tir - phonon thu dugc

C‘J_Egn!,nl (q” ZIC " Z[nu‘p "fp+q]x
., eEq
XkJ (5 HO (& 51z —€n g5 + Oy k) +[@ — -]}, (3.34)

trong &6 &(x) 1a ham Delta-Dirac

a) Truong hop tan xa dién tir - phonon quang
Trong trudong hop ndy , @, = @, 1a tan sd cha phonon quang. Hé s¢
trong tac dién tie-phonon quang dwoc cho bdi [40]

2
c,pdcr =% | L (3.35)
’ ! 26ﬂq V zm ZD

trong dé &, 13 hang s dién méi, 7, va 2, [an luot Ja 46 tham dién méi
cao tan va 46 tham dién méi tinh, V 12 thé tich chuin héa. Bieu thakc clia
hé s6 hip thu phi tuyén (3.34) duoc viét lai cho trzdng hop tén xa dién
* tir phonon quang:

T [ 1 1
e ORI (L L) 5 R,
2VeEc ,’,,VMJE']L.j X. X k]

n-!-ﬂl,fl.q P

xS L ("""Eﬂq){ﬁ(e emni—E

K =—ca

;T 0, —kQ)+[w, > -a, ]},

nd,

(3.36)
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Turong tie nhuw bal toan trong ban dan khéi, trong cudn sach nay
chitng ta xem xét s hip thu cho hai tnzong hop gidi han, hip thu gan
nguong va xa nguong vl cac gan dung titong tng

- Truimg hop hip thy gin ngudng:

P& c6 duoc sy hdp thu phi tuyén séng dién tir & gan ngudng, didu
kién lkﬂ—moléciff phai duoc thoa man. Véi dieu kién nay biéu thic
frong ham Delta-Dirac § khéng thé bo qua sy 6 mét clia vecto séng p
ha dien tir. D& thudn tién cho vige tnh toan giai tich, trong biéu tharc hé
s hép thu phi tuyén (3.36) chiing ta dat:

A1 = Zl:ﬁni,ﬁz i_"’r(:f-"z“‘ﬁ':‘ 5(87"-(:5*‘@ _gﬂlrﬁ + a)o o kﬁ} (337)
p
Bicu thiec bén trong ham Delta-Dirac dwoc viét lai

-"’2 —

g .9

Ey v 5w ;O — Q-—z-r;+;p+£ 7= E, ¥y~ 52 (3.38)

Dat

Az--——-i-(é’ y =€) T O —Q (3.39)
ta viét lai bidu thizc A, '

A =Zﬁ[ﬁ,,,;,;,2 —H,,f,;.w]c?[m%ﬁ] (340)

Thuc hién chuyéh tong thanh tich phan

Z( )= j dp(....), (3.41)
va st dung cdng thirc tink tich phan:

I F0ap(ldx = Zlﬁ"')ﬂ #x) =0, 3.42)

chiing ta thu dugc bigu thizc cho A;:
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g Y i
A= g e p( - p{”(2 +Ey =)}

(3.43)
Liu ¢ rdng d€ thu duge bidu thike (3.43) ching ta &3 sie dung ham
phan bd dién tiz khéng suy bién [2] :
3
7 | £'f"+‘ pu (EE)E
P eg = o ® X-P[ ———k;q],wmf e T (3.44)
’ V(myk,T)?

trong d6 V la the tich chuén hda, n, 1a mat dd dién ti trong day lwong
iz, m, 1a khéi hrong ca electron, va k, 12 hang s Boltzmann.

Thay (3.43) vao bifu thitc ctia hé s6 hip thu phi tuyén (3.36) va khai
trign ham Bessel trong giéi han gin dimg bac hai:

Zkff E.'Eﬂg = E.Enqz +l E’Eﬂqz , (345)
P mi2 2m& 2\ 2mx

ta thu duoc

873'2rmz Qetk, T |
)
DC\/_VE ZH .Zf,} ng Z

nf.n é"(q)l

eEog 2 1, € .

exp( 7l lex p(,h,‘k”‘,‘;: e

)]

X1- eXP(

(w -ON+(@, - -w,]} (3.46)

b

Chuyén tong thanh tich phéan theo cong thiec sau:

2= on )2I d¢| qdg, (3.47)
va sir dung cong thirc tich phan:
E(Haxz)exp(—-f;—axz)dxu— i 7 expi ZJ_) (2c+2avbe +a)
C?

128



chiing ta thu duroc bigu thike giai tich cta hé 8 hip thu phi tuyén séng
dién tiz trong tredng hop hap thu gan nguedng

J2ze'ny (kT
= L ¥ I —
oz 7O (Z.., = }ngr et (4) {[exp{ i B }x
i 3BT, B
ﬂexp[ﬁ(@a —£)}-1]1[1+ " (1+ kBT)]]Jr[&;L =@ 1}

(3.48)
oday B = (B, ~B; )/ 2mR* +0,~Q.

- Trudmg hop hip thy xa nguong:

Trong trxémg hop nay, hip thu phi tuyén séng dién tir xay ra khi
diéu kién | k2 —@, > € duoc théa man, & ddy € 14 ning luong trung
birth cia mot dien tée. Khai tri€n ham Bessel trong gidi han gin dung bac
hai theo (3.45), st dung cdng thizc chuyén téng thanh tich phan (3.47) va
ham phén b6 dién tir dién tie khdng suy bién, bidu thitc cia hé 56 hip
thu phi tuyén séng dién tix duegc viét lai:

4ﬁnaﬂesz(i_i] 5
A VE?

Ko

L@ [[dsf] —da

r} ndn'
eE G . 1, eEg 1 .4
><[(2sz) ¢+—( )cos P 1—exp|- bT(2m+€nf,f)]}
2
x§ [§(§—m+ Epp—E @0 —Q)j+[@, = -a.]) (3.49)

Chu y dén cac két qua tich phan

L o, 1 Ve 0 3
37y cos'Pdd ==, ML msm-g

bieu thie (3.49) c6 the viét lai nhu sau:

4
o= e nk, T ) Z
EDCJZVQSFHZ ZM Zg nitrn t

n s r(q)l _[ dglg+—




_ 1 g ‘ 2 |
K 1-expl- (b £, NI+ £, 6,0+ 0, QH10, >0
: |

(3.50) |

Stz dung céng thitc tich phan (3.42), biéu thitc gidi tich cho hé's§

hép thy phi tuyén séng dién tir bdi dién tit giam cam trong day luong ti
trong trirdng hop hdp thu xa nguﬁng thu duoc:

7[134an0 l
) ¥ P ) |*
ez Qﬁmegv X Ef L

3&»11'52 |
X< {[1+ E.p—E ,+@ — —Q)]

[l—exp[ﬂg ;?+ -1+{@, — -@,1}. | .(3.51)

b) Tructmg hop tin xa dién ti - phonon ém
Trong trudng hop nay @; 1a tan $8 cia phonon am, vi @; < 2 nén
trong bidu thiec cia hé s6 hip thy phi tuyén (3.34) ta ¢6 thé bo qua s6
hang @, . Hé sC twong tac dién tir - phonnon am durgc xac dinh theo [20]:
) ae 12 g2 |
IC. "SI CF F=&%q/2p0Y (3.52)

trong d6 V, p, v, va &€ Tan luot 1a the tich chuén héa, mét ¢¢ tnh
th€, van t8c séng am va hang s6 th€ bién dang. Biéu thitc (3.34) dueoc viét
lai cho treong hop téan xa dién tz - phonon am:

ST QE,,T

a= \r .. 7, 50515
C‘JZHEZP”EV ngt. witsiok Zpk; b8
‘f)a(s PRI 1) (353)

Lazu ¥ rang trong bidu thire (3.53) ta da stz dung biéu thic ciia ham
phan b8 khéng phu thudc thdi gian cia phonon &m N, >~k T/04.
Chuyén tong thanh tich phan theo (3.47) va (3.41) va thuc hién céc tinh

130



to4n tuong ti nhw treong hop tan xa dién tir phonon quang va st dung
cong thizc tich phan:

j:xz(1+ax1)exp(—%—ax2)dx

= —@é—exp(-Z\@E){ 1+ 2\/1;[1 T+ J— (4bc +3be + M, (3.54)

4C2

ta thu duwgc bifu thizc gidi tich cho hé s6 hdp thu phi tuyén séng dién f
péi dién tix giam cAm trong day lwong tiz hinh try hé thé cao v4 han cho
triromg hop tan xa dién ti - phonon am:

ﬂ eZnsgz‘:k T)sz Z ( ) D { 1 D }x
T acfrpuiev e e 2T
3’EXNkTY D? 3D
- — N[+ He 8 L.+ 7L Y] 3.55
1 exp{kbi"}][ mQ'D, AETY AT )]_ )

trong &6 D, =(B" — B, ,}/2mR*-Q.

Nhu vay, bang phirong phap phuong trinh ddng lueong tit cho dién
tix, bifu thiic gidi tich cha hé s6 hdp thu phi tuyén séng dién tie bdi dién
tz giam cam trong day luong tie hinh tru hd thé cao v6 han da thu duoc
cho ¢4 hai trrdmg hop tan xa dién tir-phonon. Tie cac biéu thite thu nhén
dugc nay ta cb the thiy rang se hip thu phi tuyén séng dién tir trong
day lugng tix phu thudc khong tuyén Hinh vao cic tham s6 clia séng dién
tie nhue £3n 6, cudng 9, vao nhiét dd ciia hé va ban kinh ciia dy luong
tir. Su phu thude nay s& duge danh gia va ban ludn trong phan tinh s6.
Mot gidi han ¢6 thé nhin duge tr biéu thize ciia hé s6 hap thu phi tuyén
song dién tie 1a khi hé s6 phu thudc bac hai ciia ceong dé séng dién tién
dén 0 thi k&t qua hdp thu phi tuy@n nay s€ quay trd lai két qua tuyén
tinh d3 duge nghién ciu theo phwong phap Kubo-Mori mé rdng [20].
Khac vdi k8t qua nghién au clia cling bai toan da dugc tinh toan ddi
v6i ban dan khéi, hé s6 hdp thu phi tuyén séng dién tir trong day leong
tl ¢ mdt cda tong theo hai chi s§ luong tr theo hai phwrong bi goi han
cha day. -
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Kk cd mit tlr rudng ngoai, cac tinh toan teong tie nhue treong hop
khéng c6 tir truedong, d€ thu duoc biéu thizc cta ham phan bé dién tir khi
€O mat cua tt triedng ngoai ta s dung phuong phap xap xi gan ding
nhte sau:

Hrj (f’) = E?’-ﬁ ’ ny,;ug (I’) ;3 r_l?’j*i ’ ny,;_g (I)) oz ;?‘-ﬁ'i .
& day ny; 1a ham phin b6 khéng phu thudc thoi gian clia dién tir. Ham
phén bd ciia dién tir trong day legng tie khi ¢d mét cia tir triedng thu dugc

eE.j eE,g. 1
J 0 G
HZW G e 1a

o

ntfn f

n,O=-SI1C,FI . I
§.¥ ’

(N-+1)- n.. N.-n (N;+1)

?'.P 'E o n‘f.ﬁ.,..g q
— % — kQ+z5

m, (N, +1)-7, . N, 7, N, —7, (N +1)

- 7.5t
H H H 2
8?,‘13 = +m—k£2+:5 Ey 5eg —Epp — W5 —kQ+i0

Mat d¢ dong hat tai duoc ap dung cho md hinh day lzong tiz hinh
tru hé thé cao v6 han khi ¢6 mit ctia tlt trizdng ngoai:

E £ e

J@O==)(p——A)Hn, ;@ (3.57)

Hiyp ¢

véi n, () dugc xac dinh & (3.56). Sir dung biéu thiec cha ham phén bo
dién t&z khéng can bang (3.56) voi cac bude bién d6i can thiét ching ta
thu dugc biéu thaéc cia mat 46 dong hat tai trong day lwong tiz hinh try
ho thé cao v6 han:

2

i) =—— nDEﬂcosQ.t + Z J,sin(i€) (3.58)

I=1

trong do

L) Y, (EE”L)X

k=

2;:——ZZ|C AL e @DF T

Tqu
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eEﬂq

) J,,,_;f DIXN (n

vp ?’,§+§)x

O] 505 —Ep5 T O~k +[@, > ~a.1}. (3.59)

pat biéu thitc mat A6 dong hat tai vao bidu thiic tinh hé s§ hdp thu
phi tuyén séng dién tix (1.51).

a= i (;(:)Egsm.Qﬂ -
e

e'-:zn,:,Em2 B o
- -~ sinQtcosCr) +  E st
- \/ZES (¢ o SinQucos ) + (O 1 EysinQe) ) (3.60)

i=l

Thuc hién cac tinh todn, bidu thic tong quét cia hé s6 hip thu phi
tuyén sdng dién tiz trong day hrong tir hinh tru hd thé cao v6 han khi ¢6
mat clia He triedng ngoai:

8770
ol Zun,”(g)lluw(u)lzzic :
CAf 4. u 7.4 KEme
A, 5 =y 5 HO(E7 51y — 605+ @, —kQ) +@, > -a 1}, (361)

Xét cho tan xa dién tir-phonon quang’ @, = @, , hé s6 trong tac dién

tie-phonon quang duoc cho bai (3.35). Bigu thitc cta hé s6 hap thu phi
tuyén duoc viét lai

167 QT 1 -, 1
r“ I S 072 1 IV AN €7) § ol e
V{:‘ C Ez [fw XDJ o it () N (u) Z 1 k%

¥ k=g
2, eEyg H
-y ( I, p+q][§(£ v 5+ —Epp T O, —kQ)+[@, - @]},
(3.62)
Xét truong hop dién tir khodng suy bién ta co:
H

f, =N - 3.63

Y. ﬁe‘w{ kBT } ( )
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Ste dung cong thike chuyén tong thanh tich phan:

1
S = [T @64
il, 2:"'[ T
ta thu duoce:
_ 87w’k Tnoma) )
= ) VT eI (u)F

£c Zwmz Zm Zﬂ ;quké Lnt q NN

eE a 8?
Xkl (—==)[e P(*—)- Xp(———-)X

2mQ?" k,T

1
x?{[a(eim-g§ﬁ+m¢-m)]+[a;a—>-a;a]} ~ (3.65)
Han c¢h& gan ding bac hai ciia ham Bessel, thuee hién céc bién do6i ta
thu dugc
Syrzezﬂk Tnoma}
) Voo e (@ ) P X
£C f VEZ ZM Z,D ;Zq: En' q NN
— H H
4 2 _ ~r

X((zmﬂz) 2(zmgz) g-)[exp( kET) SXp
x%{[é'(ef,’jﬁ—8f5+a;rp—kﬁ)]-+—[a)ﬂ—>—£op]}  (3.66)

Sir dung cﬁng thixc chuyén téng thanh tich phan:

2= (2 7 "dg[ dp,g, = 2(2 7 f d4[ dg:, @)

By

bigu thitc crta hé s6 hap thu phi tuyén séng dién tir (3.66) dugc tinh todn
va viét lai nhu sau:

8727’ Qk Tnoma), |, 1 1 EEG 5

11, . (§)]x
\/_gﬂEIV 7. Zg 2m£22 Z £ FQ)

a =
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- H

£ " it
)({gxp(—f}-) —exp(- : :/T)] (18(e) 5., — €2 + o, —kQ)] +

B _ |
Ho, - -,]}— I d dgi|Jy @) (4= (EE“ ‘")
o o 2(2 ) LY NN 2”&22
(3.68)
Xét tich phéan:
E,g
A= [ G
ek, 2 1
- (o) ], eos"pdf] 1 CalaD T alal) =
eE, 27 [= 1 1
=G 2 Jo 1w GalgDF Calg)). (3.69)
Stz dung cong thikc:

1 o g B e o B oo g
Tw(GaiqD) = |, drdy (7 ~alp, ~aG)e™ 0, (T, - alpy) =

IV =NI Sen{N'—N .
NI m{ ) i

_ 2 ) 2 | & e - g
=72 (N,!) Xexp( zacqxgyaexp( 4«:1ch_)

[ Sgn(N'-N )a.q ,tia g ]me N} fﬁ.) | (3.70)
trong dé

khi N#N

Sgn(N = N)=<{IN -N|
0 khi N=N

ta thu duoc

E | =Nl
M(N )SF(N—NFJ e p{-—-——a qJ_]( aq qJ.) 2

A=
(2msf a’ N"

_ 1 :
XLL{T*’N)( a?‘?i) lgn{ﬂ w)( azqi)d(—a qi) (3.71)
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ap dung tinh triec giao cia ham Laguerre suy rong:

0 khia#b
L)L (x)dx = 3.7
e L@ @M= @ePry 3.72)
al
Ta co:
| 2
A:zf[ze‘EﬂzJ
@ e 3.73)
Twong tir ta c&:
4 4
E E
I ao]” 2{“4} @) = (;ﬂ&j
(3.74)

Thay (3.73) va (3.74) vao (3.68) taco:

a-_

4+ 3
T ennk, T3 Z(l zez 452)“,“ i(q)lz
20X Ema, 2 X Zo 7. aQ -

H

8
Hexp(——-)— eXP(—

)]{lﬁ(gﬂm -£ +@, —kQ)]+

k,T k,T
'I{ma - ‘-a}a] } (3?5)
Tir (3.75) ta stz dung céng thitc [48}:
H _H 1 yN.N'
5{‘9?' . T —Q)=~— (3.76)

(& —€) +Q$a;;,)2+y;ﬂ.’

trong d6 7, . la nghich dao thoi gian phuc hoi, va la d6 réng ctia mic
Landau tirong ting ta thu dwgc bifu thitc chia hé s6 hap thu phi tuyén
séng dién tix bdi dién tir giam cAm trong day heong tiz hinh tru hé thé
cao vo han khi ¢4 mat caa tir treong ngoai thu duoc nha sau:

e'n, @ kT - 3’ E?
Q= ) |1 ( YP[1+ 0 Tx
26,0 %. r:*:.«:fQ3 ya Zﬂ ;’ . 8afm2§24]
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~0, o 1 el c-_lln[
ol N +5 45+ D =N + T2 T

e itnarealn

+[w - ]b.
M*(Q—@G+M*a3¢)2+AJ @, = -] B:77)

trong 46 M* =M +(n—-n)/2+({—-£)/2, M =N-N', va
C P

Z LADY VN, = kT ] @,

Nhu viy, bing phuong phap phuong trinh dong luong tir, hé s§
hip thu plﬂtuyé’nséngdién tiz manh bdi dién ti glam cam khi cé mét
cha tiz trzdng ngoai da duoc xac dinh (3.77). Tie biéu thizc giai tich nay
chiing ta thdy rang si hdp thu phi tuyén séng dién ti khi ¢6 mit clia tit
fredng chiu anh hudng clia cac yéu té dac rung cla tir truong ngoai
nhu tAn s6 cydotron, chi s8 mitc Landau. D€ thay 18 hon su phu thudc
ctia hé s8 hap thu phi tuyén vao cic tham s6 clia hé, bi¢u thic (3.77) sé
duge tinh 56 va ban luan Bifu thirc (3.77) ciing cho th&y ring néu cho s§
hang phu thuéc bac 2 vao cedng do dién truong E, tién dén O thi két
qua phi tuyén trén s& trd vé két qua tuyén tinh.

3.1.4. Két qua tinh s6 va thao luan

Dé& thiy duoc teong minh s phu thude vé ca dinh tinh lan dinh
luong ctia cac hé s& hap thu phi tuyén séng dién tix béi dién tiz glam
cam trong day hrgng i hinh try hd thé cao v6 han vao cac tham s6 cha
hé, trong phan tiép theo s& trinh bay cac két qua tinh s8 ¢é duoc bang
viéc stz dung phan mém tinh s8 Matlab. Day luong tir duwoc chon la
GaAs | GaAsAl, day 1a vat liéu thudng duoc st dung nhidu trong tinh
s8. Cac s6 lidu droc st dung tinh s8 & Bang 3.1. Hé s6 hép thu phi tuyén
séng dién tir diege xem nhur 12 cac ham phu thudc déc 1ap vao cac tham
s6 nhue ban kinh day R, nhiét 43 T cia hé, tan s6  va cudng dd £, cua
song dién tir,
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Bang 3.1: Cac thong s& ¢d bian cha day lugng t& hinh tru hd thé cao v6 han

Tham $8 Ky hiéu Gia tni
Kh&i leong hiéu dung caa electron m, 6.006x10™> kg i
Vin tdc séng 4m v, 5220 m/s B
Mat 6 tinh thé 0 5.3x10%kg I m’
Hing s3 bién dang & 2.2%107%
Hang s8 Boltzmann k, 1.38x107% yK
Hang s8 dién moi € 12.5
P§ tham dién méi cao tan Ko 10.8
D% tham dién méi tinh X 13.1

Két qua khao sat hé s§ hip thu trong trudng hop vang mat tir
treong ngoai vai tlng co ché tén xa khac nhau dwgc trinh bay sau day:

@) Truomg hop tan xa dién ti - phonon Gm

1.5

1k

Hé 58 hap thu phi tuyén (1/m)

[ E=1.8x10° vim

5
| ——— B =2.8x10 Vﬁnl

z 3 & 5

Ban kinh déy luong

e 7 8
x10°
1 hinh tru {m)

Hinh 3.1: Suphu thudc ciia hé sé hdp thu phituyén séng dién
tlt & vao ban kinh day lugng t hinh tru hé thé cao vé han
{tan xa dién tu-phonon am)
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Db thi trén hinh 3.1 cho thdy sz phu thudc clha hé s6 hip thu phi
uyén séng dién tie vao ban kinh day tai cac gia tri khac nhau cla cuong
a6 dién treong E,. NO cho thdy rang hé sg hap thu phi tuyén phu thudc
khéng tuyén tinh vao ban kinh day. Gia tri cia hé s6 hdp thuy phi tuyén
séng dién te tang Jén khd ban kinh cha day luong tir gidm xuéng. Tuy
nhién dén mot gia tri xac dinh cia ban kinh day, hé s6 hdp thu phi tuyén
séng dién tir dat gia tri cire dai r6i giam dén khi ban kinh day 6&p tuc
giam. Gi4 tri xac dinh cta ban kinh day ma tai dé hé s6 hdp thu phi
tuyén cé dwreoc cuc dai la khac nhau va phu thudc vao cuedong d6 dién
tredmg ngodd. Vi dy, véi £, =1,6X10°V /m va E, =3,6x10°V /m, dinh
hip thuy xudt hién tai cac gid tri cha ban kinh day R~23nm va
R ~ 28 mn . Mot diéu dang chii y nira 1a hé s8 hdp thu phi tuyén song
dién tir trong day Iuong tiz ¢6 thé c6 dugc gia tri &m, ddng nghia véi
viéc né cd thé bizc xa song dién tir khi hoi tu cac digu kién phit hop. Day
1a mot st khac biét 16 d6i v6i ban dan khéi [6064] ciing nhut hé hai chiéu
nhiz hé lugng iz [61], siéu mang [46]. Tuy nhién né la phii hop so véi
trudng hop hip thu tuyén tinh da dwoc nghién ciu tmede day béng
phuong phap Kubo-Mori [20].

D% thi trén inh 3.2 the hién sy phu thude clia hé s5 hip thy phi
tuyén song dién tir vao nang luong song dién tie trong day luong te
hinh try hd th€ cao v6 han véi cac gia tri khac nhau cia ban kinh day
trong day lugng tr (a) va trong hd luong tir (b) [61]. Tir két qua tinh s6
nay, chiing ta ¢6 thé thiay rang da cd s khac biét gita hé mot chidu va
hé hai chiu. Hé s6 hip thu phi tuyén cho trudng hop tan xa dién ti2
phoron 4m trong day hzong tit ¢6 dinh hip thu ma trong ban dan khéi
[60] va hd huong tir [61] khong duge nhin thdy. Hé s hdp thu phi tuyén
song dién tlr trong day lwong tir hinh tru hé thé cao v6 han cing Ion
hon nhiéu so v6i trong ban dan khéi va hé heong tir.
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He s hdp thu phi tuyén (1/m)

013 20 50 80 70 30

et T, SR A

Hé 56 hap thu phl tuyén (1/m)

L

30 55 60 & 0

N&ng luong photon (meV)

Hinh 3.2: Su phu thudc ctia hé sé hap thu phi tuyén song dién tif vao nang luong

photon trong day luong t hinh tru hé thé cao vé han (a), va trong hé luong 1t (b) [61]
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Hé s6 hdp thu phl tuyén (1/m)

Cudng &6 song dien tU EG (V/cm)

10
i6 —

He s6 hdp thy phi tuyén (1/m)
5

&
,‘ L j..---“iu--—--:z s s
S TR ,
2 = 3 = z & = 3 : 2 ]
9 02 04 85 08 1 12 14 16 18 12

Cudng 85 séng dien tr £, (V/em)

Hinh 3.3: Su phu thudc clia hé s hap thu phi tuyén song dién tU @ vao cudng 4o
song dién tlf £, cho trudng hop tan xa dién tif -phonon am trong day luong td hinh
tru hé thé cao vd han (@) va trong hé luong t (b)

DY thi trén hinh 3.3 cho thdy rang, vé mat dinh tinh, sz phu thudc
clia hé 53 hap thy phi tuyén séng dién tir vao cedng 40 dien treong cho
trzdmg hop tan xa dién tir-phonon am trong day luong tix va trong hd
lrong tit gan nhu giéng nhau. Tuy nhién v& mat dinh leong, hé s8 hap
thu phi tuyén séng dién tir trong ddy hrong ti 1én hon nhiu.
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b) Truomg hop tan xq dién i - phonon quang

D6 thi trén hinh 3.4 thé hién sw phu thudc cta hé s6 hip thu phi
tuyén song dién tir vao ban kinh ddy trong tredng hop tan xa dién tir-
phonon quang. N¢ cho thiy rang, cling giéng nhu triedmg hop tan xa
dién tiz - phonon am, sut phu thudc nay 12 phi tuyén va hé s6é hip thu phi
tuyén dat cac gia tri aee dai tai cic gia tri xac dinh clia ban kinh day va
6 thé nhan gia tri 4m khi giam ban kinh day dén mot gia tri x&c dinh
nao do. Cac gia tri nay clia ban kinh day phu thudc vao céc tham s6 khic
nhuw ceong dd dién tredng, nhiét A6 cua hé,...

15

" —
L E,m26x10° (Vi
| — Eyad e 10° (Vi

H& 58 hap thu phl tuyén {1/m)

Ban kinh day luong t& hinb tru {m)

Hinh 3.4: Su phu thudc cha hé s hap thu phi tuyén séng dién tif & vao ban
kinh day lugng ti hinh tru hd thé cao vé han cho trudng hop tan xa dién ti -
phonon quang (Trudng hop hap thu gan ngudng)

Hé s& hdp thu phl tuyé&n {1/m)

B&n kinh day lugng tif hinh tru (m)

Hinh 3.5: Su phu thudc clia hé 58 hdp thu phi tuyén séng dién tif ¢ vao ban
kinh day lugng td hinh tru ho6 thé cao vé han cho trudng hgp tin xa dién ti-
phenon quang (hap thu xa ngudng)
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DO thi trén hinh 3.5 climg the hién sy phu thudc clia hé s& hap thu
phi tuyén song dién tix trong day luong tix hinh try nhumg & tnzong hop
hép thu xa ngueong, N6 cho thiy da 6 sue khac biét so véi treomg hop
hép thy gan ngudng, hé s6 hdp thu phi tuyén séng dién tir trong meong
hop xa ngudng khéng nhin gid tri am. Hé s8 hip thu phi fuyén séng
dién tie trong trizong hop xa ngudng bé hon rat nhigy, ¢ 10°Tan so véi
hép thu gan ngudng.

Hé s8 hdp thu phi tuyén (1/m)

Nhigt do T (K)

Hinh 3.6: Sy phu thudc clia hé s6 hap thu phi tuyén séng dién tir @ trong day
lugng tir hinh tru hé thé cao v6 han vao nhidt @@ T clia hé tai cic gia tri khic nhau
cta ban kinh day.

218 g ' . —

’ —--r-:zmxl
— 2-1'
=
e,
= 2.05¢
&3
5 2
= 1.95;
-
= 1.9}
-
£ 185
0
L]
-
1'.3 T § 'y
= ] 2 3 4 5 & 7

x 10
Cuong d6 clia song dientlr K, (v/m)

Hinh 3.7: Sy phu thudc clia hé & hap thu phituyén séng dién tU & vao
cudng dé En clta song dién til tai cac gia tri khac nhau cia nhiét dé T
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‘D6 thi trén hinh 3.6 cho thiy st phu thudc manh va phi tuyén cia
h& 56 hdp thu phi tuyén séng dién tl vao nhiét 46 T cua hé vdi cac gia
tri khac nhau cia ban kinh day. N6 ciing cho thdy rang hé s& hip thu
phi tuyén séng dién tit & trong day lwong tix hinh tru hé thé cao v6 han
dat gia tri cuec dai tai cic gia tri khac nhau clia nhiét 46, gia tri nay phu
thudc vao gia tri ciia ban kinh day. Vi du: tai R=26nn va R=25nn,
hé s& hdp thu phi tuyén séng dién tr ¢6 duege gia tri cuc dai khi nhidt 46
[én hzot 1a T ~145 K va 160 K . Day cling la difm khéc biét ma trong
ban dan khéi khéng c6 dugc. Hé s6 hap thu phi tuyén ting 1én khi nhiét
dd ting, tuy nhién khi dat dwoc gid tri cuc dai, hé s6 hdp thu lai gidm
khi nhiét 46 ciia hé tiép tuc tang 1én. Diéu nay ¢6 thé duge gidi thich dua
frén hiéu ing gidm kich thwdc, khi nhiét dd tang, nang leong chuyén
déng nhiét ca hat dan ciing ting 1én, diéu kién d&€ quan sat cac hiéu
ung E , —E > kT din bi vi pham, dan déh su anh hiedng chia hidu
ng gidm kich thie 1én hé s6 hép thu phi tuyén giam di.

D6 thi trén hinh 3.7 cho théy su phu thudc clia hé s6 hip thu phi
tuyén song dién tir vao ceong d6 E,, su phu thude nay 1a phi tuyén va
khéc so v6i tredng hop tan xa dién tk phonon-am, hé s§ hip thu tang
khi tang dan cudmg d6 dign triedng, hé s6 hip thu trong triedng hop nay
cung lén hon.

£ 1} |
::. 5
< 08
-
=
= a6}
o
= 3
o 0.4}
Cr
e
"D n.2"
w1
:m,
I c- 2 § b
0 0.05 0.1 0.15 a2

Nang lugng photon {eV)

Hinh 3.8: Su phu thudc ciia hé s& hip thu phi tuyén séng dién tit & vao nang
luong photon 7€) ; tai cic gia tri khac nhau cla ban kinh day
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Ha s8 hdp thy phl tuyén {1/m)

Ban kinh day luong tlt (m)

* Hinh 3.9: Sy phu thudc cla hé s6 hap thu phi tuyén song dién i @ vao ban
kinh day Ivong tr khi c6 mat clia fif trsdng ngoai

D3 thi trén hinh 3.8 cho thdy rang, hé s& hip thy phi tuyén séng
dién tir dat gia tri cuc dai (dinh hip thu) khi tin s8 séng dién tir tring
vdi tin s8 clia phonon quang, Q =@, . Su thay d6i cla ban kinh day
khong lam thay ddi gia tri cha tan s6 séng dién fix ma tai d6 hé s hip
thu dat gia tri cuc dai. Pidu ndy ciing giéng nhuz trong ban dan khéi va
hé hai chigu, tuy nhién hé s hép thu phi tuyén trong day 14 16n hon.

Trueong hop ¢d mat tir trudng mgoai, cac két qua khao sat cho hé s6
hép thu s6ng dién tir phi tuyén cho thiy:

D% thi trén hinh 3.9 ¢ho thiy rdng, khi c6 mit clia tlr trodng ngodi,
st phu thudc cia hé s6 hip thu phi tuyén séng dién tir vao ban kinh day
luong tix & c6 sk thay ddi dang k€ so véi truong hop khing ¢6 mat cua
e trudmg. Hé s6 hap thu phi tuy&n séng dién tiz khong 6 dinh hip thy
khi thay d6i ban kinh day. Hé s6 hdp thu phi tuyén tang 1én khi ban
kinh day gidm. Piéu nay cé th€ duge gidi thich rang, khi day luong ti
duoc d3t trong i trudmg ngoai, pho néng hxong ciia dién tir ¢6 thém st
leong tir hda theo chi 5§ cac omc Landau N, vi vay si phu thudce vao
ban kinh day clia hé s6 hdp thu phi tuyén da ¢6 su thay déi dang k€. Su
6 mét clia fix tredng ngoai cling da lam thay doi sie phu thude cia he 50
hip thy phi tuyén séng dién tie vao nhiét d caa heé (Hinh 3.10), hé s6
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hdp thu phi fuyéh séng dién tir ting lén ki rhiét dd T va cudng o E,

cua song dién tir tang.

& : i f:.h_
E 84 g 3 g
= 5"!" 1 E ..E 2
S H
= - E B I e :
=t
= o4
= 3
-
L& ‘29
e
s 11
=
2 o
Q-
X

E,0vm) 1000 K

% 104

* Hinh 3.10: Su phu thudc clia hé s hap thu phi tuyén song dién tif @ vao nhiét
do T(K) clia he va cudng d6 song dién tif £ khi cé mat clia tif trudng ngoai.

14 : ; x ; :
| e TR74(K}

12 |— T=276(K)
- T=278(K) |

He s& hdp thy phi tuyén (1/m)

§0s 0045 005 0055 0.08 0085 007

Nang lugng photon (eV)

Hinh 3.11: Su phu thudc clia hé s6 hap thu phi tuyén song dién tif & vao
nang luong photon AQ ; khi c6 mat clia tlf trudng ngoai.

146



D5 thi trén hinh 3.11 thé hién s phu thudc clia hé 8 hap thu phi
tuyén song dién t vao nang leong photon khi ¢6 mat cia tit trudng
ngoai. Khéc v&i trudng hop khong c¢6 mat ciia tie triedmg, dinh hédp thu
nhon hon rat nhiéu va hé s0 hip thu chi ¢6 gia tri déng k& gan dinh hip
the. Dieu nay thé hién sz thc dng cha tle trieomg 1én hé s6 hap thu phi
tuyén séng dién £ir bdi dién tir glam cam trong day luong tir, khi ¢6 mit
ciia tir fruedong ngodl, phd nang hrong cha dién tir bi gian doan theo cac
mizc Landau, sue chuyén mite ndng leong ctia dién #iz sau khi hip thu
séng dién tir phai théa man ditu kién Q-@,+M '@, = 0.

Hé s& hip thy phi tuyén (1/m)

6 5 18 15 20 25 30 35 40

Nang lugng cyclotron ALY, (meV)

Hinh 3.12: Su phu thudc cita hé s hdp thu phi tuyén song Gign U @
vao nang luong cydotron AL,

Db thi rén hinh 3.12 cho thiy sz phu thudc ciia hé sd hip thu phu
tuyén séng dién tlr @ vao ning luong cydotron (A, ) trong day lueong
tir hinh try hd the cao v6 han. Ta cd thé thiy hé s hap thu phi tuyén
séng dién tir ¢é nhitng dinh cong hudng nhon tai nhimg gia trl khac
nhau ciia tin s cyclotron. Hé s6 hip thu phi tuyén song dién tir chi cd
gia tri dang k& & vi tri dinh cOng hurdng nay. Digu nay cho thdy rang chi
8 mitc Landau ma dién tiz sau khi hp thu dich chuyén dén phai dioc
xéc dinh v phai thoa man didu kién Q -, + M @, =0, day 1a se khac
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biét so v61 ban dan khéi Mét didu nita c6 the nhin thay 12 mat 46 cac
dinh hip thu day khi @, <Q va né thura dan khi tan sé cyclotron @,
tang 1én. N¢ thé hién s anh hudmg cua tr treong 18n hé s hip thu phi
tuyén song dién tir, khi tir tredng manh 18n, sy anh hiedng ctia né cang
16m, phé hdp thu cang trd nén gian doan.

K&t ujn:

Bang phuong phip phueong trinh déng lwong tir, bidu thitc cta
phuong trinh dgng lugng tir cho dién tk giam ¢am trong day heong i
hinh try hé th€ cao vd han d3 duoc thiét 14p. Tir @6 hé 86 hap thu phi
tuyén séng dién tir manh da thu dwoc cho cd hai triedng hop vang mit
va cb mat caa tir trudmg. Trong d6, vdi trudng hop ving mit clia ti
truimg, hai co ché tan xa dién tir-plionon am va tan xa dién ti-phonon
quang da duoc xem xét. Céc biéu thike cia hé s8 hip thu phi tuyén séng
dién tte manh bol dién tir giam cam trong day lwong tit hinh tru cho thay
si phu thudc ciia hé s3 hdp thu phi tuyén séng dién tl vao cac tham s8
nhu nhiét ¢ T cha hé, cuong d6 E; va tan s6 £ cha séng dién tir va
ban kinh R cia day luong tie hinh try 14 khong tuyén tinh. Déng thoi
né ciing cé nhitng khac biét so véi ban din khéi ciing nhir hé hai chigu.
Biéu thikc ciia hé s8 hip thu phi tiyén séng dién ti manh khi ¢ mit clia
tiz trieOng trong day lweong tir hinh tru hd thé cao v6 han khi c6 mat cta
tir treong co sir tham gia cha cac tham s8 dac trung cia tir ruong nhar
tan s§ cydotron @),, cic chi s6 mikc Landau N, N'. Diéu nay cho thdy
cé sie tac dong manh mé ctia tiz trueong 1én hé s6 hap thu phi tuyén séng
dién tir manh trong day luong tir.

Cac biéu thikc cha hé s6 hip thu phi tuyén séng dién ti da dugc ap
dung tinh s& cho day lugng tix GaAs/ GaAsAl, day 1a vat liéu thudmg
durge st dung tinh s6 bdi cac nghién ceu truede d6. Két qua tinh s6 cho
thdy rang hés6 hip thu phi tuyén séng dién tlir manh trong day heong
tir 16n hon nhidu so véi ban dan khéi cling nhur hé hai chidu ddng thoi
o st khac biét moi so vdi cac két qua nghién cu tnede d6. Vi du: Trong
stt phu thudc cia hé s¢ hdp thu phi tuyén vao nhiét dé cia hé, cac
nghién ctu trir¢c d6 dbi véi ban dan khéi cling nhue hé thap chidu cho
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théy hé s6 hdp thu phi tuyén séng dién tir tang 1én khi nhidt d6 ciia hé
téng. Tuy nhién trong chuong nay ta thiy rang hé s§ hédp thu chi ting
1én dén mét gia tr1 cuc dai nao d6 feong tng véi mét nhidt 46 xac dinh,
néu ti€p tuc tang nhiet 49, he s6 hip thu phi tuyén séng dign te manh
lai gidm xudng. Diéu ndy cé thé dugc Iy giai ring & nthiét &6 cao didu
kién € quan sat cac hiéu tng gidm kich thuede khéng dugc théa mén. Su
tac dong clia hi€u tng gidm kich thurdc 1én sy hdp thu phi tuyén séng
dién tir manh trong day heong ti giam dang k&. Két qua tinh s cling
cho thy rang hé s6 hip thy phi tuyén séng dién tix trong co ché tan xa
dién tir-phonon quang Iém hon nhiéu so véi tan xa dién tl-phonon am.
Su hiip thu gan ngudng lén hon rét nhiéu so véi sy hip thu xa ngudng,
dadc biét khi tin s0 séng dién tix manh tring véi fan 56 cua phonon
‘quang, hé s6 hap thu phi tuyén séng dién tie ¢6 dweoc gia tri cuec dai.

Khi 6 s tham gia cua tix tredng ngodi, hé s§ hip thu phi tuyén
séng dién e ¢ si thay doi dang k€ do tac dong manh mé cla tir trdng
lén phé néng luong ca dién i giam cam. Phd hdp thu phi tuyén séng
dién tir manh tré nén gian doan rd rét bao gém cac dinh hdp thy rat
nhon va gian doan. Sy gian doan nay cang 16n khi tan s6 cydotron @,
cla tie trrong tang 1én. Hé s hdp thu phi tuyén séng dién tir manh khi
¢ mt caia tix treong cliing 1ém hon.

3.2. HAP THU PHI TUYEN SONG DIEN TU MANH BG! BIEN TU

GIAM CAM TRONG DAY LUONG TU HiNH TRU HO THE
PARABOL

Trong phin nay sé trinh bay két qua hé sd hip thu phi tuyén séng
dién tiz manh bdi dién tke giamn cAm trong day luong tix hinh tru h§ thé
parabol.

3.2.1. Hamiltonian clGa hé dién td-phonon trong day lugng ti
hinh tru hé thé parabol

Ham séng va phd nang Iegng dugce xac dinh trong (1.44) va (1.45).
Bé qua twong tac clia cac hat clmg loal, Hamiltonian cha hé dién tir-
phonon trong day leong tr hinh tru hd thé parabol duoc viét nphue sau:
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w & = |
H=D 6P A0V a5 0,05+

nt.p
@bt Y Cill o (@) g0 5 By TE) (3.78)
g nEn 2 B.g
trong dé Al) = é Encos(ﬂt) o1, ¢ v (@) 1a thira 56 dang dureoc xac dinh:
@ =2 "y (D" (r)rd 379
wtne 4 "z _LW,,J(I‘ ey . (r)rdr, (3.79)

trong do ham séng ¥, ,(r) dwocxac dinh theo bidu thate dudi day:
,2

2&1 r 4 <4 .P'z
e ()L (=)
aﬂ‘ aﬂ

™ 2n! i

AT

vl L 1a da thitc Laguerre t0ng quét.

Khi ¢6 mét tir trieong ngoai:

Gia siz c6 mot tx treong déu dat song song v4i truc cua day.
Hamiltonian ctia hé dién tir - phonon trong 'day heong tir khi cé mét cila
tir treomg duwoc viét nhu sau: |

-~ € = + +

H=Ye (5~ S A0 ay; 0,5+ Y 0387 b,

- q
q

7P
_ X L
+ z Gl /@, wa  a;b+bD), (3.80)

y.y B
trong d6 ¥ va ¥ Tan luot 1a cac bd s6 luong tiz (N,n,£) va (N',n,£)
ca dién te dwdi tac dung cia tr tredng ngodd, N, N 14 céc chi s6
vimg Landau (N =0,1,2,..), &%(p-=A(r)) 12 ph§ ning hrong cia

c
dién 1 dudi the dung cla séng dién ti véi thé vecto A(f) khi ¢6 mit
ciia tir tredmg duoc xac dinh theo biéu thiee sau:

L. (P-SAQY
el (=AM = ——C —+a(n+1/ D+ B (E+112),
C
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trong A6 @, =eB /mc, @ =eB /mcla tan s8 cyclotron theo hai
phuong xy; & = +@}, @k = + @l =\1/4mQ_,1 = fir4mQ;
M=mll+@, /Q Y +(@, /Q,)’]; a,; (a,,) 1atoan tit sinh (huy) cla
mdt electron trong day lrong tix khi c6 mat tir tnedmg ngodi; b, (b,) 1a
todn it sinh (huy) mot phonon ¢ trang thai ¢d vecto séng g ; @, 14 tin
s& ciia phonory C; 1a hé s6 teong tac dién tir-phonon; 7, . () 13 thira
s§ dang déc tnmg cho st giam nhét dién tir trong day hirgng tiz va trong
mdt 8 triedmg hop riéng dugce xac dinh nhwe saw:

2 ik d¢

: 2 2,2 (3.81)

(24 +¢;1)28 +4.L))

los00(q.) =

2 = £+
L 000 (g,)= In,a.o,n(qz)"' qilz _qzlz ,[,; (1= ‘:)5 \j qz ; dé"
I X Ty

212
oiJ - (%) 1a tich phan dwgc xéc dinh nhw sau:
1= [Tdro (r, ~aX(p, g )V gl ~alp,)
(3.83)
dday u=ag:/2, r, vd a,=c/eB lan luot 1a vi trf va bin kinh quy

dao cyclotron. '

3.2.2. Phuong trinh déng lugng tu cho dién tl giam cam trong
day luong ti hinh tru hé thé parabol

P# thu dege bigu thite cia phuong trinh dong heong tir cho dién tie
giam cam trong déy huong tr hinh tru hd thé parabol, chiing ta bat dau
te phrong trinh ddng luong ti cho todn ti 0 hat dién tlr trong day

leong 1t 7, , 5 (£) =@, , 54,45/, t2CO:
on,, (&)
I__"g:f'_ - ([amf_ﬁ anlgj:HD; (384)

Stz dung Hamiltonian (3.1) va cac phép bién déi toan tix ta dueoc

151



; a - C nEn E"(q)[ n!pnx'rqq(t) F,fp-q:mfp q(t)
4 n'£ .G

4y L. p+gn, qu(r) F n e pn L g -q(t)] (385)

trong do

Fnl’fl‘Pl'nZ"!Z*PI-? (I) < nlf By “2"!2 pzb > = F(f)

Pé tim F(r) ta xay dung phuong irinh ddng cho F(¢) nhw sau:

; OF (1) _ iaFﬁ.el.ﬁl.nz,zz,it.g( )
ot ot

M@t cach tirong tie chung ta thu dugc

=(a’ , ;8. o 5 b HD, (3.86)

oF .
aif) =i[£“1’£1'( """A(Z)) 8 2 (pz —A(I)) a)-]F(I)
+zZC[Iﬁeﬁz(Q)(,.”ﬁﬂl,,zfp( b by, =
Agrésed)
L.z,ez,n_,,,za(ﬂ:l B, Pz ‘ﬁb‘i(b +b %))f] | (3.87)

Giai phuong trinh vi phan irén theo phuong phap bién phan va stz
dung gia thiét doan nhiét, ta thu dugc bidu thitc cia F(2):

Fey=i 3 C j[ flnsfa(qxﬂsffapﬂﬁﬂzzﬂ(% b)),

ry.lyqy

—-2

=
— D
I"’Z €.t 3(4)( m Ly F1¢,,3¢ Pg‘?lb ( 4 +b )> ]Xexp{:[ +

2m
x ie I8 - - I iy .
+@ (2 - 2n,+1£,1-18, h -, X0 —rz)—EL(pl — B,)AG,)dy, )t
(3.88)
Thay (3.88) vao (3.85) ta c6 va thuc hién mét s6 phép chuyén d6i ta

thu dwoc;
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o, .5(0) e o
=8 =,,x.f,§165|2 Fasare @) J_dtyexpl— [ paaa 1«

{n,rs-3 {1, )N§ -n,, (% )(Ng +1)]X

T _g’n"q} + & Q@n—2n+ =1 £ )~ @ ) =1,)]
Hr, p s (1:2)(NE +1)—n, 5N IX
' _(p CI) * e B
xexp[z(— ™ +@,2n-2n+1£) |£’I)+a_)§)(r—:2)]
= N2 =2
xexp[i((p-i-i) P +'&J;(2n'—2n+lf'1*|fl)—alé)(r—-rz)]
m ;
s N + D) =1y ()N, 1
Xexp[:((p 9y ~p° + Q= 2nH 1= 1D+ @) -1)])  (3.89)
m

Sir dung biu thikc ctia thé vecto A() va cong thite chuyén d6i ham
Bessel ta thu dimye biéu thitc ciia phuong trinh déng lwong tiz cho dién
tiz trong day lueong tr hinh tru h thé parabol

an_,.(t
r.t, p( ) s Z | C |

o
——

Rt r(Q)~ Z Jk(EEﬂq mgg)x

xexp{—i(k = YR} ({7, ¢ ;5 IN; —r, (5 (IN; +1)]x

-7 = =2
Xexp[i(p —gp“q) +cq;(zn-zn’—HE.I—If’i)—wé)(r—r’)]+
7 _

+[?1H &g

(t )(N§+1)—n

n2.5

(f)N;]x

—(p 3y

m

xexpli(£ + @y 2n-2n"+ 1 L1 =1 £ )+ @)1 )+

Hn, N =71 ()N +1)]X

nfp+q
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xexphi(

= w3 =1
U”*? i +ap (2n’ = 2n+1 1= 1D = @ Xt —1)]+
m

'H:nn.c.; (I’)(NE +1)— Ryt 5ed (f’)N; ]x

= 1 =2
xexpli(2 +§) L a@n - 2a+i £1-1 L)+ @ Yt~ (3.90)
m

Luw ¥ réng trong bigu thiee (3.90) ching ta da thay ¢, =1’

Truomg hop c6 mit tir trromg ngoai, tinh todn trrong ty nhu tredng
hop khing o6 tix trudng, d€ thu duge biéu thite cia phuong trinh déng
hueong tir cho dién tir giam cim trong day luong tix ching ta bét du tix
phurong trinh déng lirgng tir cho todn tix s§ hat dién tir trang day luong
t hinh try hé the parabol khi c6 mét cia tit trudng n, (1) =4a, ;4, ;),

ta co:

T o odk an?'-i( ) =

L = 0550, HD, )

Sir dung Hamiltonian (3.80) va cic phép tinh gidi tch trong tyt ta

thu dugc biéu thitc cha phuong trinh déng lwgng tit cho dién tir trong
day lugng tir hinh tru hé thé parabol khi cd mit cia tir tnedng:

=2l

xexp{—i(k — s)Q}J:[ [y ;s GOIN; —n, ()N +1)]IX

anr £ (@)

e @ |1, 0 ZJ(

XexXpli(€, ; — £y 54 — @ Nt =) +[n, , (WN; +1)—n ()N, Ix

XexXpli(£, ; — €y 55 + W)~ +[n, ;()N; —n, ;- ()N, +1)]X

XeXPli(Ey 5 — €5 — D)t =1+ [n, s (UNG +1)~ny 5 (IN; IX

Xexpli(€y ;.5 —&y; @) —1)]}dt (3.92)
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St dung phé ning hrong cia dién tir trang day luong tir hinh try
h§ th€ parabol khi c6 mat clia tix triedng ta viét lai phuong trinh dong
hrong tir:

anrf(r) —

. 2
ot _,;Z@-lcil

Iﬂ,f,n',f'(é)lz ‘JN'H' (u)

T & eE'@ eE‘E;'
20k ot

k. p=m—eo

xexp{—itk =) _{[n, ;;(IN, ~n, ()N, +1)}x

w2 o= =2
x:xp[i(p f’i’ 2) +@(n—n)+a€-)-a ) -1+

Hn, o AUN, +1)—n, (1IN ]X

~2 = =2
xexp[i(p (;'; 7) +ay(n-n)+a (£~ )+ a)(r-1)]+

Hn, ;(IN. —n 5, (OXN; +1)Ix

s

s ey
xexpliC 2L "R s gy - )+ (- 1)~ - 1)+

+[ny_,';- (t’)(Ni +1) - ny'_;,q(I’)Nq ])‘;

(p+g)}-p
Xexpil +
pLi( M

A’ —m)+ @€ -H+a)r-Od’  (3.93)

Nhuz vay, khi ¢6 mdt ciia tle tredng ngoai, phuong trinh déng heong
tr cia dién tir trong day heong tit hinh tru hé thé parabol xuit hién
thém céc y&u t6 méi déc trumg cho su tuong tac cha hr truedng 1én dién
tr trong day hremg tir.

Vé&i mé hinh diy heong tir hinh tru hd thé parabol, hai phuong
trinh dfng lirong ti cho dién tir giam cam da dugc thu nhén. Sy thay
doi thé giam gik dién tir da thc dong 1am thay d6i ham song cing nhar
phd ndng hugng cia dién tr, két qua da thu duwgc cac phuong irinh déng
hrong tix cling ¢6 sur thay d6i.
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3.2.3. Hé s8 hap thu phi tuyén séng dién t& manh boi dién tl
giam cam trong day lugng tif hinh try hé thé parabol

Tte (3.90), d& don gidn cho viée gidi phuwong trinh déng heong tix
nay ta st dung phueong phap xdp xi gan dung nine sauw:

nfp(r)ﬁn"'ef' nnf}?'f'q(r)ﬁnn'zpﬂ‘q Hﬂg—*(t) nnﬂp—q

& A4y fse; 1a ham phén b8 khéng phu thudc thél gian cta dién tir.
Ham phan bd khéng can bang thu dugc tie viée gidi gan ding x3p xi
phuong trinh déng heong tie cho dién tir giam cam trong day heong tix
hinh try hé thé parabol khi ving mit ti¥ tredong ngoai thu duoc:

EEuq 1 i

2 EEq
n,, ()= EIC”I DY ;ﬁ-&( ‘*)M(’_nm)EQ

(N;+1)— N.

nl p+g 7

(p+qY — b/ 2m+ay2n =20+ 1 £ 1-14 )+ @, —kQ+id

r:ip
x§—

N -7, (N, +1)

H'EP nfp+q

((p+q) -7 )12m+(z)0(2n —2n+ L ~12D - m--kQ+15

5V
H: f D=4 -
(p ~(p~g)* )I2m+a)n(2n-—2n+lfl-lf'!)+al -kQ+16

(N, +1)-7

nfp

., ; P_qu (N, +1)

Frore ) 2m+aQn-2m"+ 1 =1L )~ @ —kQ+iS

nfp

},(3.94)

St dung bifu thizc cia ham phin b6 dién ti trong day luong tie
hinh tru h& thé parabol (3.94), thuc hién cac tinh todn tuong tiz trong day
hinh tru hd thé cac v6 han, bi€u thizc téng quat ctia hé s hép thu phi
tuyén séng dién tx trong day Ireong ti hinh tru hd thé parabol cho ca hai
tredmg hop tan xa dién tiz-phonon thu drge:

870

“TiE >, (G )FZIC N, Z[n,,h, Ix
oo annf

nfp-l-*q
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eEq

xkfk( ooy 15((G® +25) | 2m+ a4 (20’ ~2n+ | £1-1 1)+ @, — kD)

e —-a]), | 3.95)

a) Truomg hop tan xa dién ti - phonon quang

P&i v6i truomg hop tan xa dién tir - phonon quang, hang 6 tuong
tac C, dwgc xac dinh theo biéu tha¥c (2.3), tan s6 phonon @, = @, 14 tan
s& phonon quang. Chiing ta xem xét theo hai tredong hop: hip thu gan
ngudng va hip thu xa ngedng.
- Triedmg hgp hip thu gin ngudng:
D& c6 duge swe hdp thu phi tuyén séng dién tix & gan ngudng, diéu
kién i
hdp thu phi tuyén song dién tir rong day luong t& hinh try ho the
parabol, trzong hop hép thu gan ngudng thu duqgc:

-\{—E no(k )
| & ——B
4ce, ’mZ.,,QSV (Z 2 n;{ v (@) {[31}'3{ KT 5 } X
1 CERT . B,
{epl (0, -} -+ =2 e =0 T)]]+[w S-all,

(3.96)
& day B, = a,(2n’ —2n+11-U)+ @, - Q.

- Truimg hop hdp thu xa nguing:
 Trong trudng hop nay, hdp thu phi tuyén séng dién tiz xay ra khi
didu kién | kQ-—-@, > £ dugc thoa man, bidu thite giai tich cho hé s6
hap thu phi tuyén song dién ti bdi dién tiz giam cam trong day luong tit
hinh tru hé thé parabol trong tredng hop hip thy xa ngudng thu duoc:

7r24kT 1
’F : 3n0 )Z 1lm£nf(q)li
C ZQOﬁV ,;L,Vw Zu ntn .t
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22 '
x{[[1+ 13;mf;4 (@ (2n' = 2n+ 1 £ 1= L) + @, — )] X

@, 2t Ll+)—@ + Q2
kT

x {1-exp] +[@, —=-u,1}. (3.97)

b) Truomg hop tin xa dién ti - phonon ém

Trong trudng hop nay @, la tén s6 cia phonon ém, vl @; € Q nén
trong bi€u thite cia hé s hip thu phi tuyén (3.95) ta ¢ thé boé qua sb
hang @, . Hang s§ twong tac dién tir - phonnon am duoc xac dinh theo
(2.4). Teong iz nhir v6i day lwgng tix hinh tru hd thé cao v6 han, bisu
thizc ctia hé s6 hdp thu phi tuyén séng dién tir trong day lwgng tir hinh
tra hé thé parabol cho trizomg hop tan xa dién tir -phonon am thu duoc
T sau:

7Ly 372
s *szf? nagzikbj) Z | Iﬂ Ny IZ [l—elp{ki}]x
4C Zm pv.s Q V n,f,r:lrf' EE ErT
1 . D, .. 3EMkTY, D 3D,
exp{— D, }—=[1+ ( + +3)],  (3.98)

2T V2T 4mQiD, AkTY 4kT

trong dé D, = @,(2n" - 2n+1£'1-1£1)—-Q . Biéu thiec (3.98) 12 hé s6 hip
thu phi tuyén séng dién i cho truong hop hip thu gan ngudng véi co
ché tan xa dién tiz-phonon am.

Khi c6 mat tix treong ngoai, thiec hién phép tinh tuzong tu nhue
treong hop ving mit cha tie treong, &€ thu duoc bidu thire cia ham
phan bd dién ti khi cé mat cia tir trnedng ngoai ta st dung st dung
phuong phap xap xi gan diing nhu sau:

5 (I'} = ;?’+ﬁ r Ny 5z (I’) = E?‘.ﬁ‘*? r By 57 (I’) = E?-F"‘i-
& day ny; 1a ham phin b khong phu thudc thoi gian ciia dién tiz. Ham
phén bd ctia dién tie trong day luegng tiz-hinh tru hé the parabol khi c6
mit ciia tir triedng dugce thay lan hrot vao bifu thitc cia mat 46 dong hat
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tai (1.23) va hé s0 hap thy phi tuyén séng dién tie (1.22), thiec hién tinh
toén, bidu thitc tong quat cha hé s6 hap thu phi tuyén séng dién tix trong
day luong tiz hinh tru hd the parabol khi cé mat clia tix tnzong ngod
Tthiz Saw.

- 871'29. . E G
a= e e @ P, )P SHC, BN, S k(=

O A B a ?’Z - .E" " Z k; - mgY? )
ﬁﬁy,ﬁ _ﬁf,§+§]{5(££j+§ ""gia T "kg)‘i'[% —> _m’g]}a (3.99)

Xét cho trzomg hop tan xa dién tir-phonon quang, @, =@, . Bifu
thikc clia hé 58 hip thu phi tuyén dugc viét lai ¢cho tuong hop tan xa
dién tix phonon quang:

a0

1675’ 2Q.ﬁci" 1 .1'
g [ ]Z L, @R @ Y —

V£ C\/ZV:EZ Xe XoJvvas ™ k=—oo 4
,eEqg. |

(3.100)
Xét truong hop dién tir khong suy bien véi 77, ; duoc xac dinh theo
(3.93), stz dung cdng thurc chuyén tong thanh tich phan ta thu duoc:

_8&z e’ Qe Tnnmw
( Ly VE F! S %
£ C\/—Z:VEZ A Zﬂ ﬂ/;; ) -

eEﬂq £ __{H,i_
XIS g~ HT) - e )
x%{[&e‘iﬁi ~£7 + @, — kD +[0, - -0,]} (3101)

Han ch& gin déng bac hai chia ham Bessel va sit dung cng thurc
chuyén téng thanh tich phén ta thu duoc

Szlezm Tnome. 1 1 eEG )
cJ  &EV X x{, 2mQ2

Zi I_n e ,(q) P %
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3. 2.4. Tmh toan so, vé dd thi va théo Iuan két qué

bé thay duroc tedng minh sip phu thude vé ca dinh s lan dinh
leong chia hé s& hip thu phi tuyén song dién iz bdi dién tir giam cam
trong day luong ti hinh tru hg thé parabol, trong phiin niy, cac tinh
toan s6 duoc thuec hién cho day luong ti hinh tru hé the parabotl
GaAs | GaAsAl . Céc s liéu tinh s6 dwoc cho & Bang 3.1.

Duéi day trinh bay cic két qua khio sét hé s6 hip thy trong trrong
hop ving mit tit trudng véi cac co ché tAn xa khac nhau:

@) Truong hop tan xqa dién Hi - 'pkonoﬁ i;uang

1.6
14
,g_ 1.2 %
= 1 .
kY | \, -
3 ;
= :
= 2
= )
2
[ :
2 _
£ :
0 :
o .
o
i o
2 4 [ 3 10
x10"°

Ban kinh day lugng t& (m)

Hinh 3.13: Sy phu thudc ctia hé 56 hdp thu phi tuyén song dién tf vao ban kinh
da)r luong tdf trong day lugng tr hinh try hé thé parabol véi cac gia tri khac nhau
chanhiétd6 T cla hé, trudng hop hip thu gin ngudng

Db thi trén hinh 3.13 cho thiy suz phu thudc cira hé s& hap thy phi
tuyén séng dién tir vao ban kinh day tai céc gia trj khac nhau ctia nhigt
46 T clia hé. N6 cho thiy ring, gi6hg nhu trong day lueong tir hinh tru
hé the' cao v6 han, hé s6 hap thy phi tuyén séng dién tir trong diy hrong
t hunh tru hé the parabol xudt hién cac dinh h#p thua tai mét gia tri xac
dinh cta ban kinh déy. Tuy nhién, khic véi day lixong tiz hinh tru hé thé
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cao v0 han, gia tri cia ban kinh day ma tai d6 hé s§ hdp thy phi tuyén

dat gié tri cuc dai khong thay d6i khi nhiét d§ ca hé thay déi.

Hinh 3.14: Su phu thudc clia hé s6 hap thu phi tuyén séng dién i
vao ban kinh day vi cac gid trf khac nhau clia tin s& hiéu dung @,
cla hé thé trong day luong 1t hinh tru hé thé pasabol, trudng hop
hép thy xa nguéng.

H& 56 hip thy phi tuyé&n (1/m)

Hinh 3.15: Sy phu thuéc ciia hé s6 hap thu phi tuyén séng dién
ti vao nhiét dd 7 clia hé véi cic gia i khac nhau cda tan sé song

Ha 56 h&p thy phi tuyén (1/m)

5.5 - , —r sme
3 Pl ¥ e -
st . L I W e <k
: &+ : :
: 4 b6 : ;
L ey ST SO Y -2y
Eor A : :
4 ..----.—p.--—i:--—-u-‘-—r ------ -t-: ] . e e s g -H-L .............
[ % : : i
3‘-5 ------- +-;I+i“ﬂq|:h-‘1-liiﬂbhﬂ+qlﬂ - _::_ b
$ R i {
B H 1 s :
3 E g-......-.. H.?-an.-.__‘..__Hi_-?...---—m-—-....-.il.p-—..h—.___._...

25

. S
1.5k

) -
05

Ban kinh ddy lugng tif (m)

— o107 1z {
, ; | — greao® e
100 150 200 250 300

Nhiat dé K

dién tti Q0 (Trudng hop hdp thu gian ngudng).
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D5 thi trén hinh 3.14 cho thiy rang gia tvi cliaban kinh day ma & 44
hé s6 hdp thu phi tuyén dat gia tri cuc dai thay doi khi ta thay ddi gia trj
clia tin s8 hiéu dung clia hé thé. Vi du: khi af =105, hé s6 hip thy
phi tuyén dat cuc dai & ban kinh R =48nm va néu tang tan sé hiéu
dung 1&n 2x10"s™ thl hé s§ hap thu phi tuyén dat cizc dai ¢ ban kinh
R =35nm. Digu nay cho thay rang, hé s& hdp thu phi tuyén séng dién
e phu thudc manh vao tén s6 hiéu dung chia hé thé. Mot su khéac biét
nita khi s0 sanh véi day leong tie hinh tru ho th€ cao v4 han 1a vdi day
legng tir hinh tru hd thé parabol, hé s hap thu phi tuyén séng dién tir
khéng nhan gia tri 4m khi thay d6i ban kinh day. Nhuz vay, do thi trén
hinth 3.13 va 3.14 cho ta thiy rang hé s& hip thu phi tuyén song dién tix
trong day luong tiz hinh tru hé thé parabbl phu thudc manh vao cac
tham s6 ciu triuc cia day nhue ban kinh R, tin s8 hiéu dung cia hd thé
@, va ¢6 nhitng khéc biét so vdi trudng hop day heong tie hinh tru hé
th& cao v6 han. Pigu nay cho thiy s dnh huéng dang k& clia the giam
cam dién tir trong déay lwong tir vao sy hdp thu phi tuyén séng dién t.

D8 thi trén hinh 3.15 thé hién sy phu thudc cia hé s§ hip thu phi
tuyén séng dién tiz vao nhiét A4 T cua hé. Cling nhu trong day lwong tix
hinh tru hé thé cao v0 han, hé s6 hap thu phi tuyén séng dién tix trong
day heong tir cling dat gid tri cuec dai & mdt gia tri xac dinh clia nhiét d6
T . Tuy nhién hé s6 hap thy phi tuyén khi da dat gia tri cuc dai khong
gidm nhanh khi ting nhiét 6 ctia hé nhu trong day hinh try hd the cao
v6 han. Nhnr vay di cd sy thay d6i vé midt dinh tinh cling nhw dinh
legng clia hé s8 hidp thu phi tuyén séng dién tir trong day leong tix Khi
sit dung cac thé giam cam dién tr khac nhau.

D6 thi trén hinh 3.16 cho thdy rang, v& mét dinh tinh, hé 56 hip thu
phi tuyén séng dién tix trong déy lugng tir hinh tru hé thé parabol khéng
thay d6i dang phu thudce vao ning lreong photon khi so sanh véi day
long te hinh tru hG thé cao v6 han. Hé s6 hap thu phi tuyén séng dién tir
dat diwege dinh hap thu khi tan s6 séng dién tir trimg véi tan s& phonon
quang (2 = @). Tuy nhién, vé mit dinh luqng hé s6 hép thu séng dién tt
phu thuéc manh vao tham s§ cfu tmic clia hd th€ @,. Vi du ta

164



@, =10"57, gia trl cuc dai cha hé s6 hip thu 1a 1,5m™, tuy nhién tai

o, =1,3x107" gid tri ndy ctia hé s8 hip thy ting dén khoang 3,4m~' .
Pieu nay cho thdy rang da ¢6 sz thay d6i dinh luong ctia swhép thy séng

dién tir manh khi thay dﬁ’i‘thé’giamcﬁmdiénﬁrtmngdéy hrong tir.

Hé & hip thu phi tuyén {1/m)

.5 v y r
3 -....‘.._...’J........"-.E... B LI T e B . 12
] b . ——w=1.3x10 ‘s
A : -
25 -,;._-\‘,.._*__h..u.....,..__l
1 : 1 i
! : ‘1, :
2-_.:.__.1\ S - =
: \
t N\
1 ; . :
1 7 : i :

0.5k- 8 i

{E 02 Q.04 G.:)E

0.08 01 012

Nang ugng photon (eV)

Hinh 3.16: Sy phu thudc clia hé sé hap thu phi tuyén sdng dién tl vao nang lugng

photon véi cac gia tri khac nhau cia tan 50 hiéu dung clia hd thé &); , ruong hop

Hé 56 hdp thy phl tuyén (1/m)

hip thu gan nguéng.

4
12230

e G=F10= 1z | #

Nhigt do T (K)

Hinh 3.17: Su phuthudc cia hé s6 hap thu phi tuyén séng dién ti vao nhiétdd T

cUa hé vdi cac gia tri khdc nhau clia tén s6 séng dién tir (2,

truong hop hap thu xa nguéng.
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Trong trizdng hop hip thu xa ngudng, d6 thi trén hinh 3.17 cho
thdy rang, siz phu thudc clia hé s6 hap thu phi tuyén séng dién tix vao
nhiét d6 cta hé da ¢é s khac bidt so vdi treong hop hip thu gan
ngudng. Hé s§ hap thu phi tuyén sing dién ti tang khi nhiét 4§ cia hé
tang. Tuy nhién & nhiét d cao, hé s6 hap thu phi tuyén gan nhiz dwoc
bdo hoa D6 thi trén hinh 3.17 cling cho théy tan s§ séng dién tiz Q 16n
hon thi hé s hdp thu lai bé hon. Cé nghia 1a cang xa ngidng thi khi
nang hip thu séng dién tir cang gidm.

b) Truong hop tan xq dién tu - phonon am

02

0.15}
0.4}

0.05¢

Hé s& hdp thu phl tuy&n (1/m)

Nang hrgng photon (eV)

Hinh 3.18: Su phu thudc cia hé $6 hip thy phi tuyén song dién i vao nang luong
phonton tai ¢ac gia trt khac nhau cia tan s6 hiéu dung cda ho the &)‘; '
trucng hop tan xa dién tf - phonon am.

Véi trrong hop tan xa dién tir - phonon 4m, hinh 3.18 v hinh 3.19
cho thay sir phu thudc ctia hé s6 hdp thu phi tuyén séng dién tir vao nang
hrong photon va ban kinh day tal cac gia tri khac nhau cta tan s8 hiéu
dung cua hd thé giam Am @, . V& miit dinh tinh, s phu thudc nay gidhg
nhu frong tan xa dién te-phonon quang. Tuy nhién, gia tri dinh hegng da
¢ s thay d6i 16n. Hé s6 hdp thu phi tuyén séng dién tir trong truedmg
hop tén xa dién tie-phonon 4m bé hon nhidu. Tan s6 hiéu dung @, cia hd
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thé giam gitt dién ti cling &nh hirdng lém dén sy hip thu séng dién tix,
khi thay d8i tan s8 @, gia tri cla hé s§ hip thu cling thay déi.

.18}
0.16
0.14¢
Q.121

Hé s8 hdp thy phl tuyén {1/m)

™ e 12 -1
T i =2x10'2 ¢
Y :

Y -

Ban kinh day R (nm)

Hinh 3.19: Su phu thudc cla hé s6 hap thu phi tuyén séng dién tir vao ban kinh
day R véi cac gia tri khac nhau clia tin 56 hiéu dung clia hé thé cDD
truding hgp tan xa-dién ti-phonon am.

35
30.
£
= 2%
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2 20l
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Hinh 3.20: Su phu thudc clia hé s& hap thu phi tuyé'n s6ng dién tf vao nang lugng
cyclotron Fi@). véi cac gia tri khac nhau clia tan s6 hiéu dung. Q_ chahdthétai

Q =2x10"7s™
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D% thi rén hinh 3.20 cho thdy siz phu thudc cua hé s6 hap thu phi
tuyén séng dién tit vao nang long cydotron ctia tir triedng tai cac gia tri
khac nhau clia tin s§ hidu dung cia hé thé Q_. Ta ¢6 thé thiy rang,
hitong tir nhwe irong day hrong te hinh trg hé thé cao v han, hé s6 hip
thu phi tuyén séng dién ti trong truong hop nay cing xuit hién cac
vach hap thu tai cac gia tri khac nhau cia tan s cyclotron @, . Tuy nhién
cac gia tri nay phu thudc manh vao téan s6 hiéu dung ciia hé thé€ giam
gitt dién tir, gia tri clia tan s§ cyclotron @, ma tai dé b cac vach hip thy
¢6 thé dich chuyén néu thay ddi tan s6 hidu dung Q_ chahd thé.

Trong tredng hop ¢6 mit tie trudng ngoai, cac két qua khao sat doi
v6i hé s§ hdp thu phi tuyén séng dién tir la:

D6 thi trén hinh 3.21 cho thdy pho hip thu phi tuyén song dién tir
béi dién tiz giam cAm trong day hzong tix hinh tru hd thé parabol khi ¢6
miit clia tiz triedng ngoai 12 phé vach va gidn doan theo timg nhém vach
phd tizong tng vdi sy chuyé’n mitc Landau clia ndng luong dién tir, digu
nay I3 phit hop véi két qua nghién citu cita tic gia G.B. Tbragimov [53]
cho trzdmg hop hip thu tuyén tinh. He s6 hdp thu phi tuyén ciing giam
nhanh khi tan s6 ) cGa song dién tlr cang tang. Mat khac, hinh 3.21
ciing cho ta thdy su phu thudc chia phé hip thu phi tuyén séng dién tix
vao tan s6 hidu dung Q, ctia hé thé giam giit dién tir. Khi thay déi tan
s6 £, , 40 rong clia cac nhém vach phé hép thu phi tuyén cling thay déi.
Cu thé nhiz ta nhin thiy & hinh 3.2], khi ©_ tang 1én thi 6 rong cta cac
nhém vach phé hap thu giam. Day 1a két qua hoan toan mdi, chiza dugce
cong bé trong cac nghién cu triedc day. N6 ¢hi ra rdng thé giam cdm
cla dién tz ¢6 tac déng 16n dén sy hap thu phi tuyén séng dién tir trong
day luong tir.

Két luan:

Nghién afu s hap thu phi tuyén séng dién tix manh bdi dién tix
giam cim trong day leong tix hinh tru hé thé parabol thu dugc cac két
qua sau:
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Hinh 3.2%: Su phu thuéc clia hé s6 hdp thu phituyén séng dién tll vac néng
lugng photon véi cc gia tri khdc nhau clia tan s hiéu dung cla hé thé
Q. Qr =2x10%s™ cachinha, b, ¢ tuong iing vdi céc khoang khac nhau

clta néng luong photon.
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Cac phuong trinh déng heong tir cho dién e va cac biéu thikc clia
hé s& hip thu phi tuyén song dién tiz trong day luong tix hinh tru hé thé
parabol da durgce tinh todn va thiét lap. Bai toan cing duge xem xét cho
ca hai co ché tan xa dién tit-phonon. Sut hip thu phi tuyén séng dién tix
manh trong day Iugng tix hinh tru hé thé parabol cling da diegc nghién
ctru cho ¢a hai tnedng hop ving mat va ¢6 mat cha tir trudng. Bén canh
viéc khao sat sz phu thudc ciia hé s6 hdp thu phi tuyén séng dién tir
manh béi dién tlr giam cam vao cac tham s ciia treong ngoai nhu
cuedng d6 va tan s§ clia séng dién ti¥, tin s8 cyclotron clia ti trudng,
nhiét d6 cia hé, ching ta d& khao sat sir anh hieong ciia cac tham s8 cau
tric dac trumg cha day Irong iz hinh tru hé thé parabotl 1én sie hap thu
phi tuyén sdéng dién tir.

K&t qua tinh s8 cho truedng hop ving mait clia tir trudng cho thiy
rang vé mit dinh tinh sie phu thudc ctia hé s8 hap thy phi tuyén séng
dién tz manh vao nhiét dé T caa hé, cedng dd va tan s séng dién tir
trong day luong ti hinh tru hé thé parabol khong d6i so vdi day lugng
ti tinh tru hé thé cao v6 han. Tuy nhién, vé mit dinh hegng hé s8 hap
thu phi tuyén o6 sy thay d6i vao phu thudc manth vao tén s8 hiéu dung
cia hé thé giam giit dién tir. Su phu thudc cia hé s6 hdp thu phi tuyén
séng dién tix vao ban kinh day ciing d& c6 su thay d6i, khac vdi day
lueong te hinh tru hé thé cao v6 han, gia tri ban kinh ma tai 46 hé s6 hap
thu dat gia tri agc dai khéng phu thudc vao cac tham sé bén ngoai cdu
tric nhve nhiét d6, cxong db dién tredng ma phu thude vao tan sé hiéu
dung cia thé giam gi¥ dién tir. Vi céc gia tri khac nhau caa tén s6 hiéu
dung cha hS th& hé s6 hip thu phi tuyén ¢é s thay d6i rat 16n vé dé 16n.

Khi ¢6 sz tirong tac voi ti tneong ngoai, hé s6 hdp thu phi tuyén
song dién tir manh ciing 6 sw thay d6i dang k&. Ph8 hip thu 13 phd
vach va gian doan theo timg nhom vach tong tng véi sy dich chuyén
mdi mc Landau, két qua ndy la phii hop véi nghién cu cha G.B.
Ibragimov {53]. Tuy nthién trong nghién cru nay chiing ta chi ra tdng ¢4
st phu thudc rat Idn ctia hé s6 hdp thu phi tuyén séng dién tir manh vao
tan s8 hiéu dung ciia hé thé. D6 rdng cua cic vach phd thay ddi khi ta
thay d6i tan s hiéu dung ciia hé thé giam git dién tiz.
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3.3. HAP THU PHI TUYEN SONG PIEN TU MANH 831 DIEN TU

GIAM CAM TRONG DAY LUQGNG TU HINH CHU NHAT HO THE
CAO VO HAN

Trong phian nay chung ta nghién ciru hé s§ hdp thu phi tuyén séng
dién tir manh bt dién tir giam cam trong day lwong t& hinh chit nhat h§
thé cao v6 han [11].

3.3.1. Hamiltonian cla hé dién t&-phonon trong day lueng ti
hinh chit nhit hé thé cao vé han

Chung ta xét md hinh day heong tit chit nhéat véi hé thé giam giit

dién tir cao vd han. Ham séng va phd nang luong dugc xac dinh trong

(1.46) va (1.48). Bo qua teong tac cia cac hat cling loai, Hamiltonian ciia

hé dién tir - phonon trong day hrcmg tir hinh chi* nhit hé thé cao v6 han
dweoc vigt nhue sau:

H= ZEM(p*-A(I))ﬂ“F a,,;+

nt,p

+Z&l Bibo+ Y Gl (@)ar,;.480 5 by +B5),

ndn' Ll pg (3.108)
trong 46 L, va L, 1a kich thude cia ddy theo hai chigu bi gisi han,
ay,-(a,;>) 1a toén tlr sinh (huy) ciia mét electron trong day heong 1,
+ 3 . 7 - 2 £ . ’ —
b, (b; )14 todn tle sinh (huy) mét phonon & trang thal ¢ vecto songg,
@, 1a tan s§ cua phonon, [, ,,,(§) 1a thita s6 dang dugc xac dinh
nhut sau: |

307 (g L' (- (-1 cos(q, L))
[(g,L)' -27%(q,L ) (n*+ Y+ 72t (n* —-n") T

fn,!,.n’,f (‘-:f) =

327" (g, L LE) (1= (=1)"" cos(g, L)
[(q,L) -22%(q, L) (& +)+ 7" (=~ *)T

(3.109)
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Sau day, duing ta xem xét diy lirong tlr hinh chi nhét ho the cao vb
han d3t frong mot iz tnedmg ngodi, d& don gian ching ta chon midt tit
triedng déu y&u @4t song song vdi truc ctia day. Hamiltonian clia hé dién tiz
- phonon trong day hzong tir khi ¢6 mét cia e trirong dirge viét nhez saw:

H= Zs (p*—A(z‘))a” ”+Zmb_ -

+ z 1, @7 . (u)a;m'am (B, I-I-bfé), | (3.110)

trong dé ¥ va ¥ Tan luot 14 cac b6 s6 Iur;rlig_ ty (N,n,£) va (N, #,¢)

clia dién tir dudi thc dung clia ti trudng ngodi, N, N’ 1a cic chi s3

ving Landau (N=0,1,2,..), £%,(F—=A(f)) 12 phd ning lwong clia
C

dién tir dudi tac dung cha séng dién tir v6i thé vecto A(r) khi ¢ mit

ciia tiz trieong duge vi€t nhar sau:

iy e_ )

(p—'_A(t)) : 1 7[2 2 E?.
e (p-SAt) =—= +@ (N +2)+——(—+
re(P =AW m 2Nt o BT

Y

);

trong 46 @, 1a tan 56 cyclotron; a; ; (a,;) latoan tz simh (huy) ciia mét
electron trong day heong tir khi cé mét tir tnedng ngoai; b; (b, ) a toan
tiz sinh (huy) mét phonon & trang thai ¢6 vecto séng ¢, @; 1a tn s§ caa
phonon; C, la hé s6 tong tic dién tir-phonon; I, . .(g) la thira s6
dang dic trumg cho si giam cam dién tir trong day lwong tix; J v 8 12
tich phan dugc xac dinh niue sau:

7, W= drg, (r ~a(p,~ 4.0 0, ~ap,) (3.111)

0 diy u=agq./2, r_ va a,=cleB lan luot 1a vi trf vi ban kinh quy
dao cyclotron.
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3.3.2. Phuong trinh déng lvgng tl cho dién tif giam ¢cdm trong

day lugng t& hinh chit nhat hé thé cao vé han

péthu doc bi€u thire clia phuong trinh dong luong it cho dién tir
giam cam trong day luong ti hinh chit nhét hé the cao v6 han, chiing ta
b4t dau tir phuong trinh déng lugng tix cho toan tiz 56 hat dién iz trong

day luong e n,, (t) = (a:’g,;an,,j >, ta co:

Bnn”()
ot

={la,43%,:5-HD,

(3.112)

Thue hién céc tinh todn tieong tiz nhwe phan trén, ching ta nhan
dueoc bidu thizc cha phuong trinh dong hegng tiz cho dign i giam cam

trong day lirong tiz hinh chit nhét hé thé cao v6 han nhue sau:

Eg
L ntr’ e«(q)l Z J, (e edyy, (EE‘”q)

20 5 |

xexp{=itk =Y (.5, 3N +1IR

=2 = _ =32 ﬁ'_i nz_nrz gz_fﬂ :
E (2*; 2 +2m( a2t )= (e =1)]+

x ¥

xexpli(

+_[nn’,f‘,§—§ (I’)(Ng +1) BLYN (tJ)N.g]X v

ﬁz_(ﬁ—é)z +E2 nl_n g?._g-"l

xexpli(

2m( 2 + 7 J+ @y )E—1))+

CHn, SOON, - MM(t)(N +1)}x

Ap+gy—-p* = at-n’ f’ﬂ—ff

xexpli( o ~+2m( r ? )= @ )2 - )]+
S OHN; D)=y (FINIX

wp gk el y) 2 2 g
ngPEE((p+ilz_p_ +;'im(]'f1 Lin oL L; Y+ @)t -1}l

(3.113)
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Khi ¢6 mat tit tredng ngodi, tinh toan tuong te nhw trén, ching ta
nhén dugc phizong trinh déng lirong tiz cho dién ti giam cAm trong day
hrong tiz hinh dhit nhﬁthﬁ’ﬂlé’caovéhanklrﬁcémﬁitcﬁaﬁrtmbngngoéj;
on, (r) Eg

- Zlc | Z Jk(f-’ od

Xexp{—i(k — .s)sz}j {[n?,- A(OWN, ~n, (N, +1)]x

(u)

nin,

o T, 2 2 2 g
P —(p—q) . 7 oRt=n" E —{
Xexpli +@(N-N)+
L 2m : ) 2m( L Ly

y— @ )t —1)l+

+Hn, (& YN+ ~n ("IN ]X

_ 2 _ g2
xexp[z(p (2p q) + ), (N - N’)+E i . f ) +ap)r=)+
™m Zm LI ;
Hr, ,(IN; —n, 5 (EOHN, +1)]X
Ap+g)Y —p° ¥ zt o nt-nt 7-g2 ;
Xex +a (N —-N)+ + - Wt —t)]+
pli( o 2 ) 2m( I 73 )= )t —1)]

Hn, (YN, +1)—n, ;.. ()N ]x

= =N\ =2 ) 2 _y? gt
exptiPr =P | (N —N)+"2(”' = of
2m | 2m L L

)+::o_)(z 1de’
(3.114)

3.3.3. Hé s6 hap thu phi tuyén séng dién tif manh bé&i dién ti
giam cam trong day luong tit hinh chii nhat hd thé cao v6 han

Tz (3.113), dé giai phuong trinh déng luong tir nay ta s dung
phuong phap xdp i gan dang nhie saw:

Pt s (1) = ;n,f,ﬁ ¢+ Pt 5eg (1) = ;n,e,;ﬁf M, 157 (2) = I_In,z.ﬁ-a ‘
& day 7.5 12 ham phin b8 khéng phu thude thoi gian ciia dién tir. Ham
phan bd khong can bing thu duwegc tir viée giai gan diing x4p xi phuzong
trinh déng heong tx (3.113):
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Y (s)—-z 1€, Flf i Zf( gq)JH(equ) s
qnf k= ZQ

N +1 _
)({— mf p;ﬂ 2) ; * 1P+:Nq
r r 2

5+G) -5/ 2m+ " _n+ —¢
(p+q) =p ) 2m+ (= )T —kQ+iS

3 o g nb,t".ji+§ g

.. (N;+1)-%,, N,

n.£.p—3 q nip
+

72‘2 n?. s n’? EZ E’E T

4+ -
o' I L, )+ @, —~kQ+id
En' £ ;a_;;'NE -Hﬂ«!ﬁ (NE +1) \
+ == r = L] (3-115)
- mont-n? P_g?
(P*—(P-3)")/ 2m+—( + )~ ~kQ+id
2m L :

Sir dung bi€u thize cha ham phén bd dién tiz trong day heong tix
hinh chit nhat hd thé cao v6 han (3.115), thiec hién cic¢ tinh to4n teong tie
chuong 2, biéu thitc tong quat cia hé s§ hap thu phi tuyén séng dién tix
trong day luong tizx hinh chit nhat hd thé' cao v6 han cho i hai treong
hfjp tan xa dién tr-phonon thu duoc:

8T°Q . 2 2
\/Z Unm D (q)ZIC " N, Z[nﬁ- ]>< 

H'I-.-..

k=—m

2 S 2 _ g2
XkJ? ("“’Eﬂ =163 +2ﬁzf>/2m+f<” b +‘€’Lf )+ @, —kQ)]

2
m L d

Ha, »-a.1}, | (3.116)
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a) Truong hop tan xg dién ti-phonon quang

D6i véi trizdng hop tan xa dién tix - phonon quang, hang s& twong
tac C. duoc xac dinh theo (2.35), tan s phonon @ =w, la tan s§
phonon quang. Trong truedng hgp nay ta ciing xét & hai gidéi han: hip
thu gan ngudng va hip thu xa ngudng.

- Truong hop hap thu gin nguing:

- D& ¢6 drege suz hdp thy phi tuyén séng dién tir & gén ngudng, diéu
kién (kQ2—@,| < £ phai duoc théa min. Bi€u thic gidi tich ciia hé s8
hap thu phi tuyén séng dién tir trong trong day leeng tie hinh chix nhat
hd th€ cao vé han, trudng hop hﬁ’p thu gan ngudng thu dweoc:

o _ 27t (k1)
( ) 1, @F (e {'——B}X
Acg .,,szm.Q:*V A Zﬁ. mfzg o W b
N R o S-al)
A T Sy’ el
(3.117)
2 2 2 2 42
trong‘dé-BFj = LG +£’ — )+, —<.
m X i
- Trudmg hop hip thu xa ngudng:

Trong trudng hop nay, hap thu phi tuyén séng dién tir xay ra khi
diéu kitn 1kQ - @ > & duoge théa man, bidu thic gial tich cho hé s
hap thuy phi tuyén séng dién tir bdi dién tir giam cam trong day Iwong tiz
hinh chit nhét hé thé cao v6 han trong trizdng hop hip thu xa ngudng
thu duwoc

n*e'k,Tn, 1
r—“ ( ) 11, ;0@
C Qsmﬁv Zoﬂ Zﬂ ngf bk q

16mQ* 2m-  I-

x ¥

2 2 2 2 1 E"?.._ 2
X{[[l+ 3e°E, & (n n_ sz V@ —Q))
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b) Truomg hop tan xa didn tir - phonon ém

Trong tredng hop nay @, 1a thn s8 cia phonon &m, vi @, € Q nén
frong biéu thirc ctia hé 56 hip thu phi tuyén (3.116) ta 6 the bo qua s8
hang @. . Hé s tuong tac dién ti-phonnon dm dugc xéc dinh theo (2.4).
Tuong tie nhix voi diy Ieong tie hinh tru hS the cao vé han, bidu thiic
ctia hé s6 hip thu phi tuyén song dién tir trong déy heong tr hinh chiz
nhét hd thé cao v0 han cho tredng hop tan xa dién tte -phonon 4m thu
dugc nhie sau:

_Imren g R T)” 5
= id o Agi[i=emplie
4c .z-nn pﬂzgs R-E,E‘ nén f (q) [ Exp{ k T}]x

b

1\ D WEGT D D,
#3)], (3119
P P o Y T dip Ay akr T G

2 nt_npt g
trong d6 DI—Zm(” f";n e

Y

)£,

Bing phurong phép phuong trinh déng luong tir cho dién t, cac
bigu thitc giai tich ciia hé s hap thu phi tuyén séng dién tir bdi dién
giam cam trong day lugng tir hinh chit nhat hd thé cao v6 han trong
tredmg hop vang mit cua hi tm'ong da dugc xac dinh trong cac biéu
thiee (3.117), (3.118) va (3.119) tuong tmg vdi hap thy xa ngudng, gan
ngudng trong tan xa dién ti - phonon quang va hip thu gan ngudng
clta triedng hop tan xa dién iz - phonon dm. Céc bifu thizc ciia hé s6 hap
thu phi tuyén nay s& duoc tinh s8 d€ nhin thdy 16 dang phu thudc cia
n6 vao cac tham s8 nhuie nhiét dd clia hé, cudng 46 va tan s6 clia séng
dién tie, ddc biét la su phu thudc vao tham s ddc trung L, va L cua
déy luong tir hinh chi nhét dé xem xét anh hudng cua hinh dang va
kich thiedc day 1én su hdp thu phi tuyén séng dién tiz.
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Trong trudng hop c6 tit trudng ngoai, mét cach teong ty, bang vidc
stz dung phirong phap xdp xi gan dung, gia phuong trinh déng hegng
tie (3.114), ham phén b§ cia dién tix n, ,(¢) trong déy leong tir hinh chit
nhat khi c6 mét caa tix treong thu durge:

" ek g eE,j
n®=-1C I . (P (u) S gl “q)JH( =23
ér?f Y kJ=—oo
i n“_q(w +1)-7, N,
= {'pz-—(*—"')2 7t ont-n" fz f’z ¥
P4 4 (N-N)+— (= )+ @, —kQ+id
2m 2m L :
Eﬂ. E F_gNé ~n, (N, +1)
_ 2 2 2 2
B0 |y NN+ B kovis
2m 2m LI }"
. AN + D=7, N, .
2 _ =2 L F3 .3 2 |
P =P, v -+ T 2 i k0 +is
Zm 2m X L}"
_ H?’EN*E_E:{,.!',;&M(N +1) }€7£££2:
(5+9) - P’ ; e P A 5
+@ (N -N)+ + ~ @ —kQ+io
2m R A
(3.120)

St dung bidu thiec tinh mat 46 dong hat tai va hé s§ hip thu phi
tuyén song dién tir ta thu dugc bidu thize tong quat cha hé sé hip thu
phi tuyén séng dién tix trong day lueong ti hinh chit nhat hé th€ cao v6
han khi ¢6 mat cia tir ruedng ngoai nhr sau:

87°Q

o= zzum,,@nfuw(u)lzzlc N, Z[n”—nwl
Ny A a J’J"

(p+G) - zt ont-nt P-4
xld( ){[5( o +w(N N)+2m( 7 + P Y+

x ¥y

+a, —kQ)}+[@; - w1}, (3.121)
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Xét cho freomg hop tan xa dién tie - phonon quang , @, =@,. Hé s6
frong tac dién tlx - phonon quang duge cho bdi (2.3). Bigu thize cliahé s6 hip
thu phi tuyén duge viét 1ai cho truong hap tan xa dién tiz phonon quang:

__16?:"'32511:51"[1 _ 1}
Sﬂc'd ZNEE::V Z"‘* _ZU_

XZ——-UE BE”q){[ﬁ((p+i) - +@ (N = N)+

Z ' In,z,n',z' (@M T ltt) i [ET.E _ﬁ?ﬂﬁ«r&']
r.Y &P

k=—o 4 m
EZ n’i __ ﬂ2 ’efz - EI

+ ——+ +a, -k +Ho, = -0,]}, 3122
' D z N+ I (3.122)

Xét treong hop dién tir khong suy bién, sir dung cong thiee chuyén tong
thimh tich phin, han ché gan ding bac hai ciia ham Bessel ta thu duoc
¢’ Qk,Tnyma), 1 1 eED

o= P UL, X
CJ_g EZV Zm Zg ZMZE Z et \d
-1 a’ (nz . e )+
LAY im I
-1 ? 2 nt o
_.exP(kBT (0. (N +1/2)+ Zm(Li + T M]X
A Tl 12_22
x{[é’(a;c(N’~N)+7r (]PI 2?’1 +£ )+ @, —k€2)]+
2m L .
2
Ho, -0}, o[ a2, )] <1+ =l mgg ¢y (1)

Stz dung cong thiee (3.111) va tinh tryc giao cua ham Laguerre suy
1ong, ching ta thu duroc:
et n,@, KT

| 3¢’ o
f 1+ E: Vo, . {(g)" x
. 2c Eq maZQ.aV i Z{} Z( 2&:{24 ﬂ) tae\d
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=1, T on
><[exp(;—}-—;(a;iN+1/2)+ 5 (Li +-—=))+

a8 m T

—-exp(—k:-;-;(a)c(N'+1/2)+ ;{m( + fg NI

B

22 g2 g2
><{[5([5(a;,__(N’-N)+ﬂ2 (n I;n f I ¢ )-i—m k!.’l)]+[m — a1}

m v y

(3.124)

Khai trién ham Delta-Dirac 5(x) trong (3.124) theo [54] vA thue
hién tinh toan chiing ta thu dugc biéu thixc cia hé s6 hdp thu phi tuyén
séng dién tir trong day hegng tir hinh chi nhat hd th€ cao v8 han khi ¢6
mat cla tle tredng ngoai vdi tan xa dién tix - phonon quang nhw sau:

* 2 i
ek, T Zu PLL+ AT
2&‘1:,(:' z“mazﬂaV X ;(D " Ba-m Q)

c

_ 2 2 2
><[exp{—}-c—1[w¢(N+1!2)+ & (n2 + <

T 2m L L

—exp{—[mw iz (” & )m
kT 2m I}

I

i+

-

JAaTm | |
X< [ £ A P 1+lw, —-a 1. (3.125)
MQ-a+Ma +—(———+——)N"+4
2m L L

L x ¥

Trong &6, M = N'—N, 1a hiéu chi s§ hai mizc phan ving tit Landau
A= N1 Gl anm| véi N, =k,T /&

3.3.4. Tinh todn sd, vé dd thiva thao ludn két qué

Trong phén nay, cac biéu thuc clia hé s§ hap thu phi tuyén séng
dién ti» boi dién tir giam cam trong day luong tlr hinh chit rhat duoc
tinh s8 cho day GaAs/ GaAsAl . Cac 58 1iéu tinh s6 dugc cho & bang 3.2.
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e

Bang 3.2: Cac théng sG co ban clla day lugng tir hinh chit nhat hé thé cao vé han

Tham s6 Ky hidu | Gt ]
Khoi lwong hiéu dung cua electron m 6.006x10™*k g
Vin tdc séng am U, 5220 m/s
Mat 46 tinh thé P 53x10%kg / m®
Hang 6 bién dang & 22x107%
Hing s6 Boltzmann i k, 1.38x107 j/K
Hing 6 dién moi £ 12.5 |
Pd tham diéﬁ mbi cao tin X 10.8
Pé thim dién mdi finh e 13.1
Vecto song c@ia phonon g, =, I1%10° m~!

Céc k&t qua khao sat hé s6 hdp thu phi tuyén séng dién tir trudng
hop ving mit tr trudng ngoai véi chc co ché tan xa khéc nhau dwoc

trinh bay sau day:

a) Truomg hop tdn xa dién b phonon dm

D6 thi trén hinh 3.22 cho thiy su phu thudc cia hé s§ hap thu phi
tuyén séng dién tir vao kich thuoc day L, L, . Cling nhu day Twong e

hinh try, hé s8 hip thu phi tuyén phu thudc phi tuyén vao kich thurge
gidihan L , L, cla day lwong tl hinh chit nhat. Gia tri ciia hé s8 hap

thu phi tuyén séng dién tir tang 1én khi giam kich thirdc cua day, dén
mdt gia tri xac dinh, hé s& hip thu phi tuyén séng dién tir dat gia tri cuc
dai 11 gidm dan khi kich thude cia day ti€p tyc giam. Tuy nhién, khac
véi day heong tir hinh try, hé s§ hip thu phi tuyén séng dién ti» trong
day legng tir hinh chit nhat khéng nhan gia tri am.
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Hé s8 hép thu phl tuyén (1/m)

Hinh 3.22: Su phu thudc clia hé s6 hap thu phi tuyén séng dién ti
vao kich thuécday L , L,

02

QIS

Lir

0.05-

¢

Q0S|

0.1 1

Hé s& hdp thy phl tuyén (1/m)

0.95 1 — E=20X10° (V/im)
|| == Eg=28x10° (vfm)

%0 100 150 200 250 300

Nhietds T (K)

Hinh 3.23: Su phu thudc cla hé sé hap thu phi tuyén sdng dién tif vao nhiét do
T clia hé tai cac gia tri khac nhau clia cudng db dién trudng, trudng hop tén xa
dién td-phonon am.
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D5 thi trén hinh 3.23 cho thay su phu thude manh va phi tuyén ciia
hé s8 hdp thu phi tuyén séng dién tir vao nhiét 4§ T cia hé véi cac gia
tri khac nhau clia cuedng &6 dién trzomg E, . N6 cling cho thiy rang hé
56 hip thu phi tuyén séng dién tit ¢ trong day luong t hinh chit nhat
h§ the cao v6 han dat gia tri cee dai tai cac gid tri khac nhau ciia nhiét
d8, gia tri nay phu thudc vao cac tham s¢ khac ctia hg, cu the 1a cuong
46 ctia séng dién . Vi dw: tai E, =2x10°V /m va E, =2,6x10°V /m,
hé 6 hip thu phi tuyén séng, dién tiz cé duoc gia tri cire dai khi nhiét 36
Bnlwotla T ~175K va 200K .

D6 thi trén hinh 3.24 cho thiy rang hé s6 hip thu phi tuyén séng dién
tir trong trieomg hop tan xa dién te - phonon am phu thudce phi tuyén vao
cromg 86 E, clia séng dién te. Cling giéng nhue trong day teong tiz hinh
try, hé s6 hap thu gidm khi cadng d6 song dién tix ting lén.

aLer

Heé 58 hip thu phl tuyén (1/m)

1 2 3 < = E

Cusng @6 dién trudng £ (v/m)
Hinh 3.24: Sy phu thudc ciia hé 6 hip thu phi tuyén séng dién tif trong day
luong tr hinh chil nhat hd thé cao vé han vao cudng dé dién truong £, tai cac
gia trj khac nhau clia nhiét d6 7' clia hé.

b) Trudmg hop tén xa dign tiz - phonon quang

D% thi trén hinh 3.25 cho thiy, trong te nhu tredng hop tan xa dién
tiz - phonon am, hé s6 hip thu phi tuyé&n séng dién tir tang 1én khi nhiét
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do chia hé tang, dén khi dat gia tri ciee dai hé s0 hap thy lai gidm xudng
néu tiép tuc tang nhiét d6. Twong tiz nhie frong day lugng tir hinh try,
nhiét d6 ma tai d6 hé s§ hip thu dat gia tri cwc dai phu thudc vao kich
thude day. Khi kich thiede L,, L, thay d6i, dinh hip thy thay d6i ca vé
d6 lon 13n vi tri clia né trén thang nhiét d3. Tuy nhién, & day cé mot su
khac biét so véi day luong tie hinh try, sie thay d6i kich thic day luong
tr hinh chit nhat 1dm bién d4i rit manh dinh hidp thu Vi du: khi
L, =L _=26nm, hé s§ hap thu dat gia tri cec dai @, =1,6m™ tai nhiét
d6 T =133K, thay d6i kich thwéc cua day giam mét luong
AL, =AL, =1lnm (L, =L, =25nm), gia tri va vi tri cia hé s6 hap thu
trén thang nhigt d6 ting o« =2.9m" tai nhiét 46 T =180K
(AT =45K). Trong khi d6, véi day hugng tie hinh try, khi bén kinh cia
day ciing thay d6i mét hrong tuong d6i 1én AR =1nm nhung vi i clia
no trén thang nhiét &6 chi bién d6i mét leeng AT =15K . Hé s8 hip thu
phi tuyén séng dién tr trong trueong hgp nay ciing 1én hon so véi
truedmg hop tan xa dién tiz-phonon am.

)

Hé s& hip thy phi tuyén (1/m)

' . !
2| Ll =250m

L= =26 nm |
0 100 150 200 250

Nhigt 43 T cda hé (K)

Hinh 3.25: Su phu thuoc cﬁa"hé 54 hap thu phi tuyén séng dién tir vao nhiét @6
clia hé tai cc gid tri khéc nhau clia kich thudc day lugng t hinh cht nhit cho
truong hop tan xa dién td-phonon quang.
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2.4} — T=272K

Ha s§ hdp thu phl tuyén {1/m)

Cudng dd song dién tir E; (eV)

Hinh 3.26: Su phu thudc clia hé s6 hap thy phi fuyén song dién tir vao
cudng d6 s6ng dign tir E,

Sy phu thudc cfia hé 6 hip thu phi tuyén séng dién ti vao cung
séng dién tix E, trong treong hop tan xa dién t-phonon quang c6 sg
Khéc biét 5 rét so vdi trudong hop tan xa dién tie-phonon am (hinh 3.26).
Hé s8 hip thu phi tuyén ting lén khi crdng dd dién truong tang. Peu
nay 12 phit hop vdi hai loai day luong tie da xét o chuong 2 va chuong 3.
He s6 hap tha phi tuyén trong truong hc;p; tan xa dién tir - phonon quang
1én hon nhigu so véi irudng hop tan xa dién t&r - phonon &m. |

- | S ="

- — T=276(K)
. = \ - T=278(K)

1k

0.8F
0.6}
0.4k

0.2}

Hé s& hdp thu phi tujén {1/m}

) 1 - . 1 1 .
co2 ©03 004 005 006 007 008
Nang lugng photon (eV)

Hinh 3.27: Su phu thudc ciia hé sé hip thu phi tuyén song dien i
vao nang lugng photon
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D thi trén hinh 3.27 cho thiy rang, gidng nhu cac day heong tir da
xét & hai chuong tredce, s phu thudc caa hé s6 hdp thu phi tuyén song
dién tir vao niang hrong photon trong day luong it hinh ¢hit nhét cling
dat dinh hép thu khi tin s8 séng dién it bang véi tan s§ cia phonon
quang. Bidu nay cho thdy su khéic nhau v& hinh dang day heong i
khéng lam thay d6i gia tri tan s6 séng dién tir ma tai d¢ hé s8 hip thy
phi tuyén séng dién tie dat cuec dal. Suhdp thu sé Ion nhat khi Q=@ .

Trong tredng hop c6 mat tie tredong ngoai va co ché tan xa dién ti
- phonon quang, cac k&t qua khao sat hé s6 hap thy phi tuyén séng
dién tir la:

Khi ¢6 mat caa tix tredng, s hap thu song dién tir frong day laong
tir hinh chit nhat cing da thay ddi dang k€. P9 thi trén hinh 3.28 cho
thdy phd hdp thu phi tuyén séng dién tir trong day luong t& hinh chi
nhat la phé vach. Cacvach hap thu xay ra tai cac gia tri khac nhau cda
nang liong photon, twong tng voi cic gia tri khic nhau cita thn s séng
dién tir. C4 thé néi sz hdp thu phi tuyén séng dién tir khi ¢6 mét cla tix
truedng trong day lugng tr c6 s loc lpa thoéa man didu kién
o(N-Ny+ Z o oE
2m x ¥

séng dién e cling phu thude vao kich thuzdc géi han L, va L, cua day

yt@ —~kQ. Phd hap thu phi tuyén

lwong tir. Phé hdp thu séng phi tuyén séng dién tiz dich chuyén khi thay
déi kich thaede day.

D5 thi trén hinh 3.29 the hién st phu thudc clia hé s6 hdp thu phi
tuyén song dién tir trong day heong tit hinh chiz nhét vao nang luong
cyclotron. N6 cho thiy hé s8 hdp thu phi tuyén séng dién fir chju su tac
ddng rat 16n cua tan s6 cycloiron cua tir treodng. St hép thu phi tuyén
séng dién tle chi xdy ra dang k& tai chc tan s§ cyclontron x4c dinh va
gidn doan, né tuong ving véi cac chi s§ mirc Landau ma dién tir dich
chuy&n dén sau khi h&p thy, chi sGnay pha'.i duege xac dinh.
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Hinh 3.28: Su phu thudc ca hé s6 hap thu phi tuyén séng dién tif vao
nang luong photon khi cé mat clia tif trudng trong ddy Iuong tl hinh chi nhat.

25
E 20
=
<
<
3 15_
‘=
o ’
£ 10}
=t
j=
oy
e
.':91 5 1
ol
U .l [
0 C.01 0.02 0.03 0.04 005

Nang lugng cyclotron cida tir trudng (eV)
Hinh 3.29: Su phu thudc ctia hé sé hdp thu phi tuyén sdng dién tif vao
nang lugng cyclotron clia {lf trudng trong day luong t hinh chii nhat.
Két lun:

Nghién ctru siz hap thy séng dién tit manh béi dién tir giam cim trong
day leong tiz hinh chit nhat h thé cao v6 han thu dwoc két qua sau:
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Phuong trinh déng lugng tiz cho dién tiz giam cAm va cac hé s§ hip
thu phi tuyén sdng dién tir da duoc tinh toan giai tich cho ca hai truong
hop ving mat va ¢é mit ciia tir truomg ngoai. Cac bifu thitc gidi ich cha
hé s§ hap thu phi tuyén séng dién tix cho thay su phu thudc cia né vao
cac tham s6 nhu nhiét d6 ciia hé, ceong dé va tan s6 ciia séng dién ti,
kich thudce ctia day va tan s6 cydotron clia t trudmg (trong tredng hop
c6 mat cua tie triedng ngoai). Két qua gidi tich dwoc ap dung tinh s8 cho
day lieong tir hinh chit nhat GaAs/ GaAsAl .

K&t qua tinh s6 cho thdy sir phu thudc cia hé s6 hdp thu phi tuyén
song dién tir manh trong day hrgng tir hinh chit nhat hd the€ cac v6 han
vao céc tham s§ cha hé 1a phi tuyén va cé nhitng khéc biét so vdi trong
ban din khéi va hé hai chigu. Siz phu thudc ia hé s6 hip thu phi tuyén
séng dién tlr vao cac dai luong bén ngoai cdu tric day nhw nhiét dg,
cuong d6 va tan sd séng dién tir khong thay ddi v& mat dinh tinh so véi
day leong oz hinh tri. Tuy nhién ¢d sy khac biét 16n so v1 day luong tie
hinh tru trong s phu thudc cia hé s8 hap thu vao kich thwdc caa day,
khi kich thardc day thay d6i gia tri dinh luong va vi td chia dinh hdp thu
trén thang nhiét d6 ctia hé doi nhanh hon. Vidw: khi L, = L, =26nm, hé
s6 hip thu dat gid tri crc dai @ =1,6m ™" tai nhidt &6 7 =135K , thay
déi kich thwéc cha day giam mét lueong My =AL_=1lnm
(L, =L, =25nm), gia tri va vi tr{ cha hé s6 hép thu trén thang nhiét d6
ting, @ _ =2,9m " tai nhiét @6 T =180K . Trong khi d6, v&i day luong
t¢ hinh try, khi ban kinh cta day cling thay d6i mét legng teong d6i 1on
AR =1nwm pnhung vi tri cha né trén thang nhiét d6 chi bién ddi mot
leong AT =15K . Piéu nay ching t6 hinh dang va kich thaedc day leong
tiz 6 anh hudng dang ké ddi vét sie hdp thu phi tuyén séng dién tir.

Khi ¢6 mit cta tir tredng ngoai, phé hdp thu phi tuyén séng dién
tir [2 phd vach va gian doan, mic d§ gian doan cla cac vach pho cang
16n khi tan s& cyclotron clia tir rudng cang tang. St thay d6i kich thurdce
day Iwong tiz hinh chix nhét cling lam dich chuyén vi tri cac vach hip
thu. Hé s6 hap thu phi tuyén séng dién tir khi c6 mat cua tir treong Idn
hon khi khéng ¢6 mét cia tir tredng, dong thoi ting 1én khi ting #n s6
cyclotron cta tr trizong. |
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CHUONG 4

ANH HUGNG CUA PHONON GIAM CAM LEN SU HAP THU
PHI TUYEN SONG BIEN TU MANH (BUC XA LASER) BOI
BIEN TU GIAM CAM TRONG BAN DAN THAP CHIEY

Trong linh vizc nghién cteu 1y thuyét d& ¢6 nhiéu céng trinh nghién
airu ve bai todn hap thu song dién tir, nhwe bai toén vé nghién aru sy hdp
thy s6ng dién tiz yéu khong ¢d tix treong, trong céc hé thip chuéu bing
phuong phap Kubo-Mori [26, 34, 60, 61], bai toan nghién ciru vé hdp thu
séng dién tiz manh bang phuong phap phuong trinh déng luong tir
trong ban dén khdi {17]. Trong cAc hé ban dan hai chigu: siéu mang pha
tap [58, 62}, siéu mang hop phan [55] va hd lugng ti [63], bal toan nay
cﬁng' d4 dugc nghién ciu bang phuong phap phirong trinh déng luong
tir. Tuy nhién, trong cic nghién cru d6 cac tac gia chira tinh dén sy giam
cam phonon trong ca hai triedng hop ¢6 mat tie tredng ngoai va khong
¢6 mat tit trzong ngoal Trong khi d6, cd 18t nhidu cdng winh nghién
cira quic t& 3 chi ra rang anh hudng ctia phonon giam cam 1én céc hiéu
ing vat ly trong siéu mang pha tap [63-68), trong siéu mang hop phan
[20] va hd luong tix [35] la 1dt déng ké. Trong chuong nay, trén co so
phuong phap phuong trinh déng luong tir, ching ta nghién cGu anh
hiréng ciia hiéu ing giam cam phonon 1én hé s6 hip thu phi fuyén séng
dién tir manh trong cac hé ban dan hai chiéu [10}.

4.1. ANH HUONG CUA PHONON GIAM CAM LEN SU HAP THY
PHI TUYEN SONG DIEN TU MANH TRONG SIEU MANG PHA TAP

4.1.1. Hamiltonian cta hé dién ti - phonon trong siéu mang
pha tap

Xét situ mang pha tap khi cd mdt trudng buc xa laser
E=F sin(Qr) dit vudng goc véi truce cha siéu mang (truc z).
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Hamiltonian ctia hé dién tt giam cam - phonon giam cam (chi xét
triedng hop tén xa dién tir - phonon quang) biéu dién théng qua toén tir
sinh hity hat (su fitong tiz héa 3n 2), 6 dang [1-7, 10, 11};
H=H +U | , 41)
A laning heong clia cic dién tix giam cam va phonon quang giam
cam khong tuong tac:

H, =3 ; (% ———A(f))z:z 2t e b5
e L (4.2)
trong d6Z/ Ia nang lwong tirong tac gifta dién tir glam cam va phonon

quang giam cam:
U=Y Y C, 178" a; &, +5 )
marrh (4.3)
trong d6, 4; .4, ; 1A toan tix sinh, hliy dién tir & trang théi |,4, );

Al ,b A la todn it sinh, iy phonon & trang thai im,qﬁ @ 7 la tan

Mgy
s& clia phonon quang giam cam; m 1a céc s6 heong tr dic tneng cho su
giam cam cia phonion (m =1, 2, ...); nla s& lugng tie d&c trung c¢ho su
lwong tz hda nang lugng caa dién tix theo phueong z (n=20, 1, 2, ...);
A(#)1a the vector cha triromg dién tir, €, Ia hiing s& tuong tic dién
ti-phonon quang giam cam, dwoc xac dinh boi:

A(r)= gfz-i sin(Q27)

z_Z?Z'.ezhwmﬂ( 1 1] 1
eV X X ate

(44)

| m.g)
(4.5)
& day, Vva € trong tng la thé tich chufin héa va hing s§ dién; ¥.. va xe

trrong ving 1a hé s6 dién tham cao tan va hé s§ dién tham tinh; g, i

d
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voi d 1a chu ky cia siéu mang pha tap. Phd nang lugng va thira s§ clia
dién t&r trong trixomg hop nay ¢6 dang:

1 szhz
5(/{' =@ (?2+—)+
2m’ (4.6)
N ; .
[: ZZI €@z£¢ﬂ(z—j.a')¢n,(.3“ ./d)dz (47)
J

voi @ la ham song cua trang thai thz n trong hd thé mét chudy, d 1a
che ki siéu mang; Ni la s§ chu ky situ mang pha tap,

/2

Aze’n G e i e o g "

0, = h[ d *‘"] la tan sd plasma gay bdi cac tap chat donor, n, 1a
E

ndng 46 pha tap va »" 1a khéi leong hiéu dung clia dién tir giam cam
irong siéu mang pha tap.

Trong trxdng hop cé mit tir tredng ngoai 7, ching ta gia thiét
rang tiz trudng nay duoc dinh huedng song song véi truc siéu mang pha
tap, nghia la &= (0,0, Z ), chon thé vector cia truong sao cho
A=(-8,0,0). Khi 6, tit trudng chi dnh hudng lén chuyén déng ctia

F
dién tix trong mit phang vubng géc V6 truc siéu mang. Khi d6
Hamiltondan ctia hé dién tiz - phonon trong bidu dién lieong tix héa fAn
thit hai dwéi tac dung clia treomg laser £'= £ sin(Qr) dit vudng goc
va tir trudng £ ¢6 the viét duéi dang:

=% &, [;z -—};A(]J vit 2 ho, B b+

3 MG g m Mg
nN.k mg,

V. 1 5, *
+ ) CM 5 ﬂnJ [2 JCQ'J_J N ﬁ‘”ﬁd Nk (bm,g?l""cf’m-—-ﬁ)

2N Nk
@3)

trongdo n=0,1,2,.. lésoluongmhoananglwongtheotmcz N =90,
... 1a chi s§ muke phéan viing Landay; (n, N, k)va(n N,  tg,)1a

191



trang thai clia dién tlr frede va sau tan xa. a”ﬂ;ivaa 5, la‘cac toan tix

sinh hity dién tiz (phonon quang) & trang thai (n, N, ) ( ;‘ va g )

LN

fa céc todn tiz sinh hity phonon quang & trang théi 7 =(Z,.7, ) Héng 5§

tieong tac va thira s6 dang dién tix dugc x&c dinh béi (4.5, 4.7). Bigu thic
o (u) va phé ning ligng cia dién tir dugce tinh boi cong thirc:

Junld)= @, (7 -a7 a2 ", (7 -2k ) a9
& (k£ )=ho, [zz+ %}4— no, EN + %] | (4.10)
1

trong d6, u = —zfafgi; Fil."«:l vector xac dinh vi trf cha dién tr trén mat

phing (xy); a, la ban kinh quy dao dién tiz trong mit phing (xy);
77

x }1a ham diéu hoa; 2, =—— latan s6 clotron.
¢, (x) cy
4 »rC

4.1.2. Phuong trinh déng Iugng tU cho éi{én tlr trong siéu

mang pha tap

Xét trudmg hop khéng ¢6 tir trzdng ngoai, dé xay dumg phuong
trinh ddng luong tir cho dién tir trong siéu mang pha tap ching ta stz
dung phwong trinh ddng luong t& t6ng quat cho toan tiz s§ hat (hay
ham phan b dién ti) 7, ()= < j> -

aﬂﬂ; (£)
oz

ih <a ;4,7 JH >r (4.11)

& day(¥) la ham trung binh théng k& & thoi diém t, v

<yf>r Tr{w w)(w la todn t& ma trén mat do). St dung céac bigu thikc

cia Hamiltonian trén, thize hién cac bién ddi dai s6 toan tix, bifu thikc
(4.11) c6 dang;
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oz =£ Z C’g‘f;r[&'éﬁlﬁ%m,ﬂ (;)-FF;:,E_J*,Eﬁ;_L,,,.;L [:)

m,ﬂ',é‘l

ﬁ;"{l“n _fJ.*m'?J_ (:) - ﬁ;ll‘%__ij_ﬂv;lrm1‘_§l (I)}

6 885, £t g n (Vs ias ) T s 1) i

cach xay dlmg phm:mg trinh déng lugng tiz cho £ . (r) .Ta cd
8<d ﬁaﬁfbm ﬁ)
2 ¥ L s
ih > <[ i % i ,H}) (4.13)

Str dung cac tinh chit cfia giao hoan tir gifra cAc todn tie sinh, huy
caa dién tiz va phonon {7-9], [12, 13], cing vdi cac bién d6i toan hoc
tieong te nhw 34 13m ban dan khai [52], ching ta thu duegc phirong trinh
déng lugng tir cho dién tir trong siéu mang pha tap khi k&€ dén anh
huedng ctia phonon giam cam.

Giai phurong trinh trén bang phirong phap gén ding 1ip lién 6ép.
Chiing ta thu dwegc hamn phan b clia dién tiz khéng cin bang trong siéu
mang pha tap k€ t&i anh hwéng clia phonon giam cam:

eéﬂg? e.r._‘:;é i _
[ migé},ﬁ-:( m'ﬂé] !Q Exp (_I;Qf) x

wdy-F, TR il J1 E:L.,L.(N’“-ﬁ-kl}bf.} N"-‘ﬂ
X — - - - —
e (£)-¢(k-7)-ra,, ~InQ+idh & (k)-¢.(k ~F)+h0,, —1hQ+iS:
_ Enxl Nﬂ‘v} -Ex'flq‘,' (N’”'EJ. +1] E;.E_,_ (N”'ﬂ +1)—E-‘}*+$LN‘”-§L
£, (fl+§r')—£”(f) —ha .J—XE.Q-H& £ (/{' +g) ( Jh)'+h&1m§l—!ﬁ§2+:'5ﬁ

(4.14)
¢ day, 7 (&) 1a ham phin b8 can bing cha dién tir (phonon)
a4 4

khong phuy thudc thoi gian; J, (x) 12 ham Bessel d6i s6 thue.
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Nhu vay, bang phuong phép phurong trinh déng leong te, chiing ta
thu dugc biéu thikc gidi tich clia ham phan bd khdng can bang dién tix
trong siéu mang pha tap cé k& dén sir giam cam clia phonon. Biéu thnic
nay la co s¢ dé€ tinh hé s6 hidp thu phi tuyén séng dién tir manh trong
siéu mang pha tap khi k€ dén hiéu ‘ng phonon giam cam trong siéu
mang pha tap.

Khi ¢é mat tir tredng ngoai, phuong trinh ddng hwong Hr cho
dién tir giam ¢am trong tredng hop nay 1a:

Apstuns), _,30sl)
. o NE TANA PR L —_ + i
ik Y =ih e —<[aﬂ Wi %y Jl’ﬁ E:D; (4.15)

trong d6: (¥}, 1a gia tri thong k& trung binh & thdi diém t. Thay (4.8)
vao (4.15) ta duoc

+dia.ﬂjlanﬁjl H 2 Z iﬂ.ﬂ'fﬁﬂ 'C:t.}iazkﬁ" ',E'J‘-l-fLa;‘.h"'j'_L [&lhi"l b &H-‘;;_ ):I>

Y S,

St dung cac hé thike dai s toan tir, thuc hién céc phép bién ddi ta
thu duoc bidu thitc:

on . - (f)
* #ﬂaﬁ — o *
‘i ar . z Cm,fl {nﬁ‘jﬂﬂ' x[ﬁ;,ﬁ{.nw',E,_-q‘“m(;)'i'ﬁjnw'j'fﬁ.n.wjr-&“m (I)—
n NG
T NI AN E ()= ﬁ;ﬂfi PR R (r):]
(4.17)
i _ +

t['OIlg de: F"v‘“"’:-%-"z-‘v:%-‘”"i-’l (I) N <a"1-""1£a"2ﬂz-£25”"§l>; (418)
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pé tinh toan £ w e My o { ], ta di thi€t 13p phuong trinh ddng

hrong i cho toan tix <aﬁ ¥ 5% . gbmijr:

3zt .a . .b
e Yeidod "2"‘"’1"62 Ay _ +
& oz B <[<‘zn.ﬂ.f%ﬂz,gﬁm.ﬂ >, 4 b (4.19)

Str dung cac tinh chit giao hoan tir gitta cac toan tlr sinh, hily clia
dién tlr va phonon, ciing cac phép bién déi toan hoc, giai phuong trinh
vi phan, duing ta thu rhan dwegc pharong trinh déng heong tir cho dién
tr trong sieu mang pha tap khi k& dén anh hudéng ctia phonon giam
cam, treeomg hop c6 mat tie truedng ngoai nhu bieu thne dudi day:

:_han,;f() = z ‘ r Iz

n.x’
R .sl'..n"r",g:l~

dt{[ x -ﬂ 1+1 LI i M-?jx
xexp[ (s‘" (,él)—sf _ﬂ,_,[ -—“é-‘]—hm“él—:hﬂ+z‘hé)(r—r]ﬂ+
*["mi:’*’ wi, Mg \ YV n "‘1]}
mxp{%(sfﬁ(fl)-s:fﬂ,(é—g}']+hmw - shQ+ 7R (:-:1)}

2ljﬁ_y-f W 2 V3 (g}/:(%)ex -7 (f—i)ﬁ!}x
£ p=ma )

1

—[nﬂ'ﬂ'-fﬂi (Woa 1) =2 s m]x

xcxp{—;—(sfﬂ, (£.+3)-", (£)-ha,, - shQ+ind)(s -ﬁ}}_
'[”awfm” et~ i (Vs +1]]><

xexpli% (€, (k,+7) -2y (£)+ R0, , —shQ+inS)(r~12)

&0

(4.20)

Giai phuong trinh (4.20), ching ta sé tinh dwoc méat dé dong, 1a can
c¢ d€ im duroe bigu thiae giai tich cia hé s hip thu song dién tir trong
treong hop ¢6 mit tir tnrdmg ngoai va tinh dén su giam gitt phonon:
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-1 W
a2 el flnatx E g

” nﬂ'-i"'rjl._i_é ; nél _”J,N.F‘L [ ‘“-ﬁ_ +l) ) n..ﬁ'r..{‘l"vm-ﬁ

s, (Mot ]
el (&), (£, ~7)-ro,, —hQimE e, E] =By, )-i—hm . ~shQ+ RS

" .
)

Yo

-9
] I'JV#J_"I'[A_

+ho, . —:Fzﬂ+fﬁ5
( )
.

(4.21)

A N -F (ﬁ-+1]

-ﬂv-j—l “41- J"Jll'f*

7
e (&.+7)-¢, EL)-hwmﬁmﬂﬁa_s” (£+ é

4.1.3. Hé s hdp thu song dién t manh. bdi dién td giam cam
_ trong siéu. mang pha tap khi ¢é anh huong ctia phonon giam ¢adm

D& tim bifu thiec hé s6 hdp thu phi tuyén séng dién tir manh boi
dién tir giam cAm trong sifu mang pha tap khi k€ dén sy giam cam cua
phonon trong triedng hop khéng ¢6 tit tredng ngoai. Trude hét, ta di tim
bidu thirc tiedmg minh clia mét d6 dong hat tai cho trzdng hop nay, 4ép
theo ap dung céng thiec tinh hé s§ hap thu phi tuyén séng dién tix manh
d& tim biéu thiec gidi tich hé s§ hip thu phi tuyén:

F, [:): j Z[@ ~— A (f)))zn ) (4.22)

-E :‘:r5(.r) (4.23)
X

Chiing ta chi xét phan thuc va gidi han hap thu mdt photon. Thazc
hién cac phép d6i bién nhwr da trinh bay & phéan tinh to4n frong b4 n dan
khéi. Tl bifu thize cia ham phén bé khdng cén bang clia dién 1, voi gia
thiét khi dién tir 1a khéng suy bién va tén xa dién tr - phonon quang
chi€m teu thé, ta thiét 1ap dugc biu thikc giai tich tong quat cho hé so
hip thu phi tuyén séng dién tix boi dién tir giam cam trong siéu mang
pha tap ¢6 k& dén su giam cam ctia phonon la:

32z3g Q,e—[r[ ] oo -
2 2)(
e B \Ls Ladmari 7, = g (m?r/a’)
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AT el el oo Y .

(4.24)
Trong biéu thitc (4.24), (@, , —~@,, ] cOnghialass hang thtt hai
thu duwoc t s6 hang thie nhat néu thay @,

—3 —a}m%. Nhu vay, khac
véi cdu tric siéu mang pha tap khi bé qua hiéu img phonon giam ¢am,
hé s6 hép thu séng dién tr trong siéu mang pha tap ¢ k& dén hiéu vng
phonon giam cam khdng chi phy thuge phi tuyén vao cac thong s& clia
hé hai chiéu ctia siéu mang pha tap ma con phy thudc vao cac sé hrong
ttr m, d8c trung cho sy giam cdm phonon. D€ thay rd hon sy phu thudce
nay ta xét hai treong hop cu thé: hdp thu gan ngudng va hip thu xa
ngurdng séng dién tiz ngoai.

- Truimg hop hdp thy gin nguing:
Truong hop nay, tdn s6 séng dién tit phdi théa man diéu kign
khQ—-ho, . | < €. Xét truedmg hop hip thu mét photon va dé tinh hé <8

hdp thu phi tuyén séng dién t trong cong thirc (4.24) ta dwa vao ham

phan b3 can bang clia dién t theo phan bd Boltzmann (xét khi dién tir

khéng suy bién), 72 = Z 7t (Z‘ ) la méat 3 electron trong siéu mang
nk

pha tap:

& - 222 Ly
R =5 eXpl— ! =7_EXp ——ft—ﬂ—--—ha} {!‘24—1) (4.25)
5 kL 2m kT £ 2

T4ch t6ng trén theo hai tong theo £, v :Z tiéng 1& va thare hién
cac phép bién d6i sau:

- =]

()= : mdkx]:dkf; jexp(-_gx?)dng

k, (2% )2 5
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ap dung {57}, ta duoc:

[(eraxese| 5o |ae=( 2] (2o} o] 2,240

3 o

véi k, (x)1a ham Bessel d6i s6 4o thoéa mén:

/4 5 ) 3
Efx)=|=| e+ = &*|1+—=
2( ) [24—) [21} ( 8,1:}
ta thu duroc bidu thizc gidi tich cho hé s6 hap thu phi tuyén séng dién t

bdi dién i giam cam trong siéu mang pha tap cho truong hop hip thu
gan ngudng:

AP S L P
= 2| —~ ~Q)~1 I,
. 2,2 QX %, T (2.~) En- sl

.xe;;.p[_ S (§+|ﬂ]}+ 3 2aAT [24,75_}}[% -]

(4.26)

& day,

W | mr :
=h@ (n"—nj+ha —hQ+ :
3 ‘p( ) 3 Zm*'{ d }
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L L
Km*x’z (kET)m

Trong truong hop gidi han, khi cho s6 lueong tir m tién téi khong
(m = 0), thi hé s8 hip thu phi tuyén tredng hop nay «d vé biéu thitc ciia
n6 trong tredong hop k& dén anh hudng clia phonon giam cam [58]; néu
tiép tuc cho cudng dd dién trrong E. tién téi 0, thi ta s& thu duoc két
qua hé s hip thu trong truedng hop tuyén tinh [61]. Ditu nay khing
dinh s dung d&n frong cAc tinh toan 1y thuyét cla ching ta khi xay
dung bidu thiec hé s6 hip thu phi fuyén séng dién tiz manh ¢6 k& dén
hiéu tng giam cam cha phonon trong siéu mang pha tap. Bifu thixc
(4.26) vé hé s§ hdp thu phi tuyén séng dién tir 12 két qua mdi [An dau thu
nhén duoc bol nghién ciru nay khi xem xét bai toan hip thu trong siéu

mang pha tap mét cach day du nhat xet Ca sw giam ¢Am phonon mi cac
nghién c¢u khac chwa dé cap t6i.

- Truedng hop hip thu xa ngueng:

Truong hgp nay, d€ ¢ qua trinh hdp thu séng dién tir manh trong
situ mang pha tap khi k& d&n su giam cam clia phonon thi tan s6 song
dién tir du 16n sao cho diéu kién \&'hg ke, -

+

do, cd

I lg ‘ dén dén:

ci[gn. (El +;L)~SH (EJ&-M)M@ - hﬂ] = é{hmﬂ (n'=n)+ ACATRAN he, .~ hﬁ}

2m 4

Tinh todn tuong tu nhw trueong hop hdp thu gén ngudng, ching ta
thu duge biéu thikc hé s6 hap thu séng dién fiz manh boi dién tix giam
cam trong siéu mang pha tap khi xét dén st giam cam ctia phonon cho
treong hop hap thu xa ngudng:

Per,m (1 1}{ 7
= e | = 2 Kl-exp| ——{a —Q)-1
N W O\1. 20 6T ©.~9) Bt

3 ngﬂZ m‘ % . M 2 1 ]
){1 16#”55142 d [L2m§+[ d HJ{Q"_) o]

(4.27)
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Tuong te nhu treong hop hip thy gan ngudng, khi ching ta xét
trirdng hop gidi han cho s hegng tir m tién t&i 0 thi biéu thikc (4.27) trd
vé két qua clia hé s6 hip thu phi tuyén truong khi khdng xét téi anh
hudng cia sie glam cam phonon da cdng b trong [58).

Khi ¢é mit tir tredng ngodd, chiing ta thay (4.21) vao bidu thike
(4.22), ti€p d6 thyge hién mét s6 phép bién d6i ta thu nhan duoc bidu
thitc cia mat dé dong dién khi cé mat tie trrdng, duedi anh huedng cha st
giam gift phonon nhur sau:

- ~e'n £ 2e
jl(z‘).= ;’fzza (QI}-I——:E Z lC.

= &)
L ”#VJJ_-#‘J..M

xz Zsin (m;)i 7, [%IJM Lé]«- £, [g}]x

x[ 5 (W, )7 N, 8 € (B 45)-2, (B ) 410, - sh0)]
(4.28)

2 2
Vi \J

2
a2 A’.N"

X

Tix biéu thixc (1.51), tinh todn nhin dwge bifu tharc cho hé s6 hap
thu phi tuyén séng dién tir manh a dirgc viét nhu sau:

a=— T K_gz’ff’g" c0s(Qz) £ sin [Q.r)> +
c Xm E: m Q)

Lie 2
+‘;r< 2. ICM

H,N,ELJJ_,.W

\
A A
Lttt

xé{gﬁﬂ*(’;‘l“"?) £, (E)+hmﬂ§ —;m]i’asin[QIDj

YaL

A,1 xz —esin ,{rszz)ZJ[’q“]

P

(4.29)

Thuec hién cac tinh toan, bigu thitc tong quat cta hé s8 hap thu phi

tuyén séng dién ti trong siéu mang pha tap khi ¢ mat cia tie trueong
dudi anh huedng ca phonon giam cam, ta thu duge nhie saw:
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(4.30)
Thuc hién cac phép toén stz dung tinh chit cia ham Lagrange, phép
tinh tich phin, xét truong hop dién tr khoéng suy bién

n wE b4 exp{—;r—s” ( )} trong trueong hop hap thy mét photon
Ta sé thu dugce biéu thite giai tich cia hé s6 hip thu phi tuyén séng dién

tir manh b0l dién tir giam cam trong siéu mang pha tap khi cé mat tir
triedmg ngoal dudl anh hwedng ciia phonon giam ¢dm nhu sau:

a= 2 210, (Z Z} > ]f”" [1+(N+N'+l) = ]x

SVEJ?I S-\!Z Hzgah ma' N N, ]6&3MJQ4
BUA|N -N
L JA -] )
% K (mzr 3 -
|fv N he (!z n)+ﬁﬂ (Ar N)+Fx(w Q)_F?_t\?} +hA
¥rr
+[0Ja->—-ﬂ)a]
(4.31)
= 2w 1 1 2
trong do; A= 2 —

Nhu vay, t&t phuong trinh déng luong iz cho dién tir giam cam,
chiing ta da thiét 14p dugc biéu thie gidl tich cha hé $6 hip thu phi
tuyén séng dién tix béi digén ti giam cam trong siéu mang pha tap
treong - hop. tan xa dién ti-phonon quang khi ¢6 tix treong ngoai dud
anh hudng clia phonon giam cam. Nhin vao bi€u thitc (4.31) ta thdy hé
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s§ a khéng nhitng phu thubc phi tuyén vao ceong &6 g’a va nang
lrong R cia reong bike xa laser, ndng 46 pha tap no vanhiét do T cha
hé, phu thudc vao fin 8 cydotron &, (i tredng &), chu ki d, s6 chu
ki N1 clia siéut mang ma con phu thudc vio m. Khi khéng k& dén anh
hiedng cua phonon giam cam tixc m—0, thi biéu thikc (4.31) lai trd vé
biéu thitc clia hé s6 hip thu & iredng hop ¢é tiz trudng nhueng chiva k&
dén su giam cam phonon [58, 62].

4.1.4. Khao sat s6 va thao |uan

D€ thiy rd két qua tinh todn 1y thuyét vé anh hudng cia hidu tmg
glam cam phonon lén hé s8 hdp thu séng dién tlr manh, ching ta tinh
toan s8, vé 6 thi st phu thudc cia hé s8 hap thu vao cic tham s ctia
hé. Cac tham s6 duoc sit dung trong qua trinh tinh toan nhue da dweoc str
dung & trong [58] vdi siéu mang pha tap cu thé 1a n-GaAs/p-GaAs:

Bang 4.1: Cactham sd si dung tinh todn 58 déi véi siéu mang pha tap

Dai luong Ki hiéu Gia tri
Heé s6 dién mbi tinh y 4 12,9
&
Hé 58 dién mdi cao tin T 10,9
Dién tich hiéu dung clia dién tir (C) e 2,07e0
Khéi lwong hiéu dung ciia dién tir (kg) m’ 0,067mo
| Ning lwong ciia phonon quang (meV) | ha, 36,25
' Nong d6 hat t&i dién (m?) flo 5.102
Chu ki d cia siéu mang (m}) d 8.10¢
Nong 46 pha tap no 102 l
Hing s8 dién moi £ 12,5 |

Khao sat hé s6 hap thy trong trirdng hop khong c6 tie triedng ngoai
cho thay:

Cac db thi fix hinh 4.1 d&h hinh 4.4, bicu difn hé s8 hip thu phi
tuyén séng dién tir manh béi dién t¢ giam cam trong sidu mang pha tap
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cho tredmg hop hip thu gan ngudng. Trong hinh 4.1 va 4.2, bifu dién su
phu thudc phi tuyén manh cua hé s§ hép thu vao cudmg d6 dién triedmg
Eo tal cAc nhiét @6 khac nhau. Két qua cho thiy khong cd sw khac biét
nhiéu vé dang diéu clia sy phu thudc nhung gia tri clia hé s§ hip thu
grong inrong hop tinh d&én sy giam cam phonon da ting 1én khoang 15
[an so vai rudng hop phonon khéng giam cam [58).

Hé 58 hdp thu phi tuy&n {1/m)

= L) = £l =

He s& hdp thu phi tuy&n (1/m}

Cudng dd séng dién tir ngoai (10° V/cm) Cudng db séng dién 1 ngo&i {10° Vicm)

Hinh 4.1. Khao sat hé 56 hap thu @ theo Hinh 4.2. Khao sat hé sé hap thu @
cudng 4o séng diéntl £, va nhiétdo T theo cudng 46 song dién &1 £, va nhiét
(phonon giam cam, hap thu gan ngudng) dé T (phonon khéng giam cim,
hap thu gan ngudng)

Suz khéc biét thé hién rat rd khi so sanh si phu thudc chia hé s6 hap
thu séng dién tir manh vao nang leong cta séng dién tir ngoai #L2 cho
hai treedng hop phonon giam cam (hinth 4.3) va phonon khéng giam cam
(hinh 44). Hai truomg hop nay déu xuit hién cong hwong khi tan s
séng dién tix ti€n gan dén tan s6 ciia phonon quang (£2 = @, ). Tuy nhién,
gia tri cdng hudng trong tredng hop phonon giam cam 1én hon nhigu so
vi tredmg hop phonon khong giam cim (xem hinh 4.3 vi 4.4), dong
thoi dinh ¢gng hiedng trong meong hop phonon giam cam i dan vé
phia nang hrgng séng dién tir ting. Pinh cing hirdng ctia hé s6 hap thu
khi phonon giam cadm cing phu thudc manh vao sd luong t& m cha
phonon giam cam.



Céc db thi tir hinh 4.5 d&n hinh 4.8 bifu dién s phu thudce ctia hé s
hép thu séng dién tir manh bl dién tr giam cam trong siéu mang pha tap
cho trizomg hop hiap thu xa ngudng. Trudong hop nay, see phu thudc cia hé
s6 hdp thu phi tuyén vao cac thdng s6 cha hé teong t nhue trudng hop
hap thu gén ngudng nhung gia tri clia hé s8 hap thu nhé hon rét nhi¢u so
véi trizdng hop gan ngudng, ¢d 10* [an. Két qua tink toan cho thdy, gia trj
ciia hé 6 hip thy trong tredomg hop phonon giam cam lén hon khodng
chuc [an so véi tredng hop phonon khong giam cam [58].

b

] SO

150 f---
1!

50

4

H2 s8 h3p thu phi tuyén {1/m}
Ha s& hdp thu phi tuyé&n {1/m)

Nang {ugng séng dién tir ngoai (meV) Nang lugng séng dién tir ngoai {meV)

Hinh 4.3. Khio séthé sG hdp thu (¥ theo  Hinh 4.4. Khio st hé s6 hip thu @ theo ning
nang lugng séng dign tir E2 {phonon luong séng dién tir 7262 (phonon khdng glam
giam carm, hap thu g4n nguéng) cam, h&p thu gin ngudng}

Hé s3 hip thu phi tuy&n (1/m)
Hé s& hap thu phl tuyén (103/m)

Cuding dd séng dlén tir ngoai (10° V/ecm) Cudng dd séng diédn tir ngodi (10° V/cm)

Hinh 4.5. Khdo sét hé s6 hap thu @ theo £,  Hinh 4.6. Khido sat hé s6 hip thu o theo E,T
T {phonon giam cam, hap thu xa ngudng) (phonon khéng giam cam,
hap thu xa nguang)
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D0 thi trén céc hinh 4.5 dén hinh 4.8 chi ra réang trong ¢a hai treémg
hop, hé s6 hip thu déu phu thudc manh va phi tayén vao bién d6 clia
truomg dién tir ngoai, nhiét d6 T ciia hé va ning huong #Q cua séng
dién tix.

Hé s0 hap thu giam nhanh khi ning luong clia séng dién tir ting,
dong thoi trong trudng hop phonon giam ¢dm thi hé s§ hidp thu cing
phu thudc manh vao 56 heong tix m dic trung cho su giam cam caa
phonon, d6 16n hé s§ hdp thu ting lén khi s& lugng tir m ting. Anh
hudng cha phonon giam cam thé hién manh qua s ting dang k& gia tri
cta hé s6 hip thu phi tuyén song dién tlr so vdi két qua khi khéng tinh
dén su giam cam phonon [58].

ih

83k
o2f-

ot
81

P A .

H& 58 hép thy ph! tuyén (1/m)

Hé s& hdp thy phl tuyén (1/m)

T e e }c-q'n e,
Nang lugng séng dign tiy ngoai (mev) Nang lugng song dién tu ngoai (meV)
Hinth 4.7. Khdo sit hé s6 hip thy Hinh 4.8. Khao sat hé 56 hip thu
a theo FQ) (phonon giam cim, « thea B (khdng giam cam,
hap thu xa ngudng) hdp thu xa ngudng)

Trong triedng hop ¢d tiz trizdng ngoai, két qua khao sat hé s§ hap
thu cho thay:

Dénh gia s6 biéu thizc (4.31) va vé d6 thi cho siéu mang pha tap
dién hinh n-GaAs/p-GaAs, tién hanh so sanh két qua véi treong hop
ving tlr tredng ngoai ¢ muc trén va treong hop khong tinh dén su giam
cam phonon [58]. Két qua:

DB thi trén cac hinh 4.9 - 4.10 chi ra su phu thudc hé s6 hap thu «
vao cuong dé song dién tir E.. Tlr d6 thi ta nhén thdy: a phu thudc phi
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tuyén vao cudng 46 E. clta séng dién tir, khi ceong &6 E- tang thi a
cling tang lén rat nhanh trong ¢a hai treong hop nhung d6 16n ctua hé
s& hip thu nhd hon so véi trieong hop vang mét fie trudng & 100 Tan.
Truong hgp phonon giam cam thi ngoai phy thudc vao Ee, a« con phy
thudc r&t manh vao chi s8 legng tir m. Cu thé, khi m ting thi « cang
tdng nhanh so vdi Ee va tang nhanh hon so v6i truong hop phonon
khéng giam cam [58].

U ko _ : :
.E 2t &= : £
= = i
I 15} iy ; : ; :
= Q. £
E I "E 5 ! : :
B.m R o e R A=Y T T T R LI L I
e 15} 0
<Q- ; ; ! ; : : ot 1 4
I a H L F b 1 H 1 I 1] 1 rd E 3
a 05 i 15 2 5 E| L 4 45 5
Cung 86 séng dién tir ngoai (107 Viem) Cudng d6 s6ng didn tir ngodi {107 V/cm)
Hinh 4.9. Khdo sit hé s6 hdpthu @ theo  Hinh 4.10. Su phu thudc clia hé s6 hap
E, (phonon giam c8m, <& tf trudng) thu & vao £, (phonon khéng giam cam,
¢o I trugng)

D5 thj trén céc hinh 4.11 ~ 4.12 bifu dién sz phy thudc manh cia hé
s6 hap thu vao ning luegng séng dién tie 2Q trong trudng hop phonon
giam cam va khéng giam cam. Ca hai d6 thi déu 12 nhitng vach phd.
Diéu nay cd thé giai thich la do: khi ¢6 mét tir tredng, phd nang luong
cha dién tiz 1a hoan toan gidn doan theo biu thikc (4.10), vi thé mikc
Landau ma dién ti ¢ thé nhay t6i sau qua trinh hip thu bi rang budc

T T , W (mr)
boi didu kién ha (z'-n)+RQ,(V AN)+h(a)¢-Q)+2m* [-”f‘;} =0 trong

ham Delta- Dirac.
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4 - 0.4 - T
E K 7 T H 4 :E: Jadfk--~- ; .: : . : Ui
::_ :..c-..- 1y -4 NEGERE. N F— ............ , ............ ........... .._ ............ -
T 2 : o : E
= =l O e
gt bt &1 R B - 5 i
z S mel o8 8
E 2 |
2 =
R e
¢ £
Ning lugng séng dién tir ngoai (meV) Nang lugng song dién tl ngoal (meV)
Hinh 4.11. Xhio sit hé 56 hap thu o theo Hinh 4.12. Khdo sét hé s& hap thu o theo
h€2 {phonon giam ¢a&m, ¢& tir trudmg) 7€) (phonon khéng giam cdm,
¢é tirtrudng)
s , — eTbe) . 3
= < ) o5 T s
-..E.,_ o = ETTTTETT "—'—mﬂ_ . a5 -.....,,...*.._4..“._._..
T a5k } .................. N S . N i I _
.& 4 * ] \5 a0z ___..'_‘.. ......... :'..___..---::..,.....,.:_.._."-,;....J.u.-
g e 115 - R & o e ; 5 5
P = ; :
= T 081§y — .
o o. '; ]
E" g 1 1 ETITEIE Fo e R IGT NSRRI, SR IPRNUL | SR —
+* et
o 'H% 3 H 3 & 5
E ] Q.00s ._....H..--:....------T.......”.,.:..........- __-..._.!I..........?.... )
g e Lo it i
-2 & & 2 5 4 3 B 7 B
Tan 56 cyclotron cla tf trugng ngoai Tan 58 cyclotron cua tif tudng ngoai
(10%Hz) (10"2 Hz)
Hinh 4.13. Khéo 58t hé 58 hap thu & theo Hinh 4.14. Khdo sat hé s§ hdp thu @ theo
£ , (phonon giam cém, £, (phonon khéng giam cém,
cd tU trudng) cG tU trudng)

D6 thi trén hinh 4.11 xudt hién cac dinh cdng hwdng: ¢é mot dinh
cong hudng cuzc dai va cac dinh cong hurdng thie cip. O trén hinh 412,
khi khéng ¢6 anh hudng cta phonon glam cam, ta thdy gia tri a nhd hon
rét nhidu, cac vach phd thdp din khi ning heong clia triedmg séng ngod
tang dén gi iri 16n hon nang leong trung binh cia phonen quang. Con
khi ¢6 anh huéng clia phonon giam cim, cac vach phd xuét hién déu
trén ca hat vung nang luong clia trieong song ngoai. Nhar vay ¢6 si gia
tang mien hap thu séng dién tlr khi k& dén sy giam cam phonon.
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D5 thi trén cac hinh 4.13 - 4.14 bicu difn sy phu thude phi tuyén hd
58 hp thu vao tin s6 cyclotron Q, (1 tredmg 7). Két qua cho thiy «
phu thude phi tuyén vao Q,, vach phé gém céc dinh arc hep, gié tri o
lai 16n hon nhiéu, <& 100 1an so vdi trudng hop phonon khéng giam
cam. Pong thoi khi chi s6 m tang thi a cling tang rd rét.

4.2. ANH HUGNG CUA PHONON GIAM CAM LEN SU HAP THU PHi
TUYEN SONG PIEN TU MANH TRONG SIEU MANG HOP PHAN

Trong ph‘ﬁh nay, ching ta 38 nghién cttu anh hweong cia phonon
giam cam Ién sy hdp thu phi tuyén séng dién Hr manh trong siéu mang
hop phan {10].

4.2.7. Hamiltonian cda hé dién t& - phonon trong siéu mang
hop phan

Xét sifu mang hop phan khi ¢ mdat trmedng bic xa laser
E =Ep sin(€27) dat vadng géec vl truc cla siéu mang (truc z) trong
trudng hop khéng cé tir triedng ngoai. Hamiltonian ciia hé dién t-
phonon giam cam (chi xét trudng hop tan xa dién ti-phonon quang)
bifu dién théng qua toan tiz sinh hiy hat (sz luwong tir héa fan 2), 6
dang nhu (4.1-4.3) v6i phd ning heong va thira s§ cla dién tiz trong
trudng hop cua siéu mang hop phan ¢é dang {55]:

-4
= ] v, ()e (432)
Q
nE?
£ ; =& +—2—A cosk d (4.33)
A

Khi ¢6 mdt tlz treong ngoai, ta coi trong siéu mang hop phan, tir
eong B truc giao voi rao thé chia né thi Hamiltonian cia hé dién tte -
phonon quang trong hinh thizc luin hrong tie hda an hai dizgc bi€u dién
tuong tie nhur (4.8). Trong d6 phd ning heong cita dién ti ¢6 dang [14,
15, 51, 55, 56]:

e

é’fw (E )=h§23[/\/ +%J—ﬁn cos.-’c“”d (4.34)
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4.2.2. Phuong trinh dong lugng ti cho dién tl trong siéu

mang hop phan

Tuong ti nhae cach lam d6i v6i ban dan khéi va siéu mang pha tap,
trong trieong hop khéng co tit trudng ngoai, dé xay dung phirong trinh
déng luong i cho dién tix trong siéu mang hop phan chiing ta st dung
phuong trinh dong lrong tir tdng quat cho toén tir s hat (ham phén b6
dién i) 7 iL(f) =< x¢>, theo biéu thixc (4.11). Ti€p theo 46, si»
dung cac biéu thize ctia ham Hamiltonian trén, thize hién c4c bién dc‘:‘:’i dat
s6 toan tiz, stz dung cac tinh chét ciia giao hoan ti gitta cAc toan Hz sinh,
hiy clia dién tiz va phonon {7-9], {12, 13], cing véi che bién d8i toén hoc
tizong tee nhuie da lam ¢ muc 4.1, ching ta thu dugc phuong trinh ddng
hrong tiz cho dién tir giam cam trong siéu mang hop phan khi k& dén
anh hurfmg ciia phnnon giam cam:

T W AN AN

r s
x{exp[%{&‘n, P ~& Z —~A, (msk;'a’ —mskza’ )—hmmﬂ - ThQ)+ :'Jk) (:—t'ﬂx
GG |
+exp[ ( i "R (cusk;"d —cosk & )"'M’m@a —!hQH&)(r-:')]x
{0 () ¥ g =P () s |

Wi

—expLg(eﬂ.jﬁ A J(msk“a’ c:oskd’]+ha? . —!mﬂéh](: :ﬂx
-

x{ﬂ”ﬁfﬁ( )N ¢ nk 1(1‘)( ’“';1+1)—
_Exp[f;l( BJL+?_£#«*L :(mSknd msk“d]+ﬁ&? J —[ﬁﬂ%—!&) (f . ]]

ot (VY= (P41

ﬂ-ﬂ

(4.35)
Gidl phuong trinh (4.35) bang phuong phap gan diing lap lién tiép.
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Chting ta thu dwgc him phéin b& cha dién ti khong cin bang trong siéu
mang hop phan k€ téi anh huedng chia phonon giam cam: -
eE R eZ 7 | h :
= Z A Z ./ ( -’"}/+ [ 2 J;] expl—#&Qrix
'h- s, gl] & l it mn Ql ’4e) ( )

7N -Eu_(ﬂ/_+1)

na

" &, i €z, (coskrd —coskid )~ m%—zhmfah—
_ Eﬂ-&(ﬁ ~§1+1) ﬂ-*,r'ﬁy”’ﬂ 4+
€zs 5,5, A, (oS 4 ~coski A+ ha, , —IRQ+ i

. Pt Vg~ "k, (‘V H) | N
£,; €. ;A (oS d —cosk[ D\~ k@, , —IRQ+ i

" Eﬂ,lﬁsa(ﬂm-ﬂﬂ)ﬁﬁ 5V s,

&,z 55N, (coskid ~cosk 2 ) +ha, | - IRQ+ i

(4.36)

Nhu vy, bang phwong phap phuong trinh d6ng heong tir, ching ta
thu duoc bidu thize gidi tich chia ham phan b& khéng cin bing dién ti
trong siéu mang hop phan ¢é k&€ dén su giam cam ctia phonon. Biéu
thizc nay la co s& d€ iinh hé s§ hdp thu phi tuyén song dién tr manh
trong siéu mang hop phan khi k& dén hiéu vmng phonon giam cam trong
muc 4.2.3.

Khi ¢6 mat tir truong ngoai, tinh toan twong t nhir trueong hop
viang mét ti tredong, khi xay dung phuong trinh déng huong tiz, ching
ta st dung phueong trinh déng heong tiz tdng quéat cho toan tir s§ hat
(ham phan bé dién tr) z - =<a+ s >vé biu thike

!

m & RNE, m Nk
Hamiltonian ciia hé khi ¢6 mat tredng ngoai. St dung cac tnh chat giao
hoan tir gifra cac toan tir sinh, huy cta dién ti va phonon, cung cac phep
bién déi todn hoc, giai phuong trinh vi phin, ching ta thu nhan dwgc
phuong trinh déng lvong tir cho dién ti trong siéu mang hop phan khi
k& dén anh hudng cia phonon giam cam, trudng hop ¢é mat tie truedng
ngoai nhu biéu thic (4.37) duwdi day:
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__Pfifé-(_l Z Z\ LN at,n N,#'(lajgi) X
at nﬁ",n .a'r’..élm,ﬂ 1 2
= eE ek
JZ J, m'ﬁijf‘f[m ;l}exp[—:(,f £ Q7 Idt{ Wi (;"v’. +1)- ﬂﬂﬂ&—ﬁﬁm,fjx

xexp[i(é’:ﬂ_a-&"f - . —ha . —ERQ+Ih (f_’:)]"‘

i L T L

+[n LAY 5 P (ﬁr’ +1)]xexp[ (E‘? &’”ﬂx +ha)_ -—kﬁ.Q+;h : t]
#ul Ay L L 7 a 17

i

—[ ”xw(!v’ +1)—» M_N 1 exp[ (s‘*,"”,_@_f,-sfﬂjk-—hmmﬂ-—Hzﬁﬂ'ﬁd)(r—:!)]

'] :
‘[’%ww” PR LA +1ﬂ""3“1’[5(€fﬂw &g, T hO, , — kRO RO)(s 'f.)]}
437
- Giai phizong trinh trén, chung ta sé tinh dwoc mat 46 dong, 1a can
ok d€ tim duoc bidu thike giai tich clta hé s6 hdp thu sdng dién tix:

1
[ [2 *""J

2

”J.M;( )___ z Zl A

n#wﬁ,ﬁm.ﬂ
[—;mu}j equ/ eEgix | '
Pyt mQ rn
[ — _ _ 7
”,,,ﬁr,;_s, Nn@_”;m@(ﬁa,;i"'l) . B i (N“'ﬁ‘fl)"‘ﬂ ﬁjLJV i

< nﬂﬁ 8:4'4’1,‘ —h&)m&—,{'hﬂ+fh§ % —ﬁﬂ,ji_f +ho .J‘—.{'hQ+rh5 1,
i E"“V’E N""‘il- *E” i I'EJ.+§J. (Nm'ﬂ_i_l) e E"v"’r ‘;J.. (N‘“"FJ.+1)_E“"‘V ."EL+§J.NM’§J.
Gy Eowi ~hO,, ~KHQ+IRS £, ; . -E, ; +hO, . —kRQ+ RG]

(4.38)

Bigu thirc (4.38) 12 hiam phén b8 dién tiz khéng cin bing khi hé dit

trong tir trudng ngoai khi tinh dén su giam cAm phonon. Bi€u thirc nay

12 co s& dé tinh hé s§ hip thu phi tuyén sdng dién tir manh boi dién ti

giam cam trong siéu mang hop phén khi ¢6 tir triedmg diedi anh hiedmg
cua phonon giam cam & muc 4.2.3 daedi day.
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4.2.3. Hé s6 hdp thu séng digén timanh bai dién t& giam cam trong
siéu mang hop phén khi ¢6 anh huéng cia phonon giam ¢am

D€ tim biu thitc hé 8 hip thu phi tuyén séng dién tir manh baoi
dién tle giam cam trong siéu mang hop phéan khi k&€ dén sy giam cam
clia phonon trong tredng hop vang mit tit tredng ngodi, tredc hét,
ching ta tim bi€u thizc twdng minh cia mat dé dong hat tai cho truong
hop nay, tigp theo ap dung cdng thiec tinh hé s6 hap thu phi tuyén sdng
dién tir manh d& tim bifu thic giai tich hé s hap thu phi tuyén. Ching
ta chi xét phan thuc va gidi han hap thu mét photon. Thuec hién cac phép
d8i bién nhie da trinh bay & phan tinh to4n trong ban dan khéi v sidu
mang pha tap. Tit biéu thitc ciia ham phén b& khéng cin bang clia dién
i, vOi gia thiét khi dién tiz 1a khéng suy bién va tén xa dién tir - phonon
quang chiém wru thé, ta thiét lap duroc biéu thikc gidi tich cho hé s hap
thu phi tuyén séng dién tix bdi dién tlr giam cam trong siéu mang hop
phan c6 k& dén su giam cam ctia phonon la:

m

167536sz T[ } k/j
.*?c:\/——E2 Ao A, ,;E; 5 [m;rjz -

n,r:'i' q.L d _

7z NRE ;- € -4 (cosk) d -cosk d)+ha,, . —kRQ)]

(4.39)

Trong biéu thixc (5.39), ciing cho thay, khéc vdi siéu mang hop phan
tredng hop khong k& dén s giam cam phonon, hé 56 hap thu séng dién
tr trong siéu mang hop phan khéng chi phu thudc phi tuyén vao cuong
dé dién tredng; cac dai Juong dic trumg cho s giam gitt dién e, 1’ va
cac tham s@ ddc trung cho siéu mang hop phén nhue chu ky siéu mang d,
d6 réng mini ving A ma con phu thudc vao chi s6 dac trung cho su
giam gitr phonon. Tiép theo, chiing ta xét hai gidi han:
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- Truomg hop hdp thu gin nguong:

Truong hop nﬁy, tan s6 song dién tir phai thda min digu kién
kRQ—-ho, | <& (€ 1a nang leong trung binh ciia dién tiz e do trong

chuyén d@ng nhiét). Xét trudng hop hip thu mdt photon va d8 tinh hé
s6 hip thu phi tuyén séng dién tir trong cong thikc (4.39) ta diza vao ham
phan b6 cin bang cha dién t'z theo phan bé Boltzmann (xét khi dién tir
khéng suy bién), thuzc hién cic phép bién ddi twong tir nhur véi sidu
mang pha tap. Ta thu duoc biéu thirc giai tich cho hé s8 hip thu phi
tuyén séng dién iz boi dién tir giam cam trong siéu mang hop phién cho
trzong hop hép thu gén ngubng:

o %eﬂ(.{'T){ 1]2

2oz 0 \ 1. %,

x(cxp[— (Q-w )h] 1)

ﬂﬂ

ma.n B
1 7*h%n" - 1
X — ~A cos prd)IXexpl—— (B +| 7
3625’2,{' vy |
x{1+ (1+ A+l o »—w
{ 8 hzgq. 3 [ & a]
’ (4.40)
¢ day,

IR 2 >
5= 2mzf (#*=n*)=A (cos p, d cosp;a’)+hwa-h£2+21‘ L‘”j}

Trong truedng hop gidi han, khi cho s6 lrong ti m tién tdi khéng
(m = 0}, thi hé 56 hép thu phi tuyén trudng hop nay trd vé biéu thizc ciia
no trong treong hop k& dén anh huedng clia phonon giam cam [55]; néu
i8p tuc cho cudng dd dién trieomg Eo tién téi 0, thi ta sé thu duwoc két
qua hé s8 hip thu trong trirdng hop tuyén tinh. Diéu nay khang dinh sut
dung dan trong céac tinh toan 1y thuyét clia chiing ta khi xay dung biéu
thitc hé s@ hap thu phi tuyén séng dién tr manh cd k& dén hiéu 1.mg
glam cam cta phonon trong siéu mang hop phan.
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- Trudmg hop hip thu xa nguimg;

Trudng hop nay, dé cé qua trinh hip thu séng dién tir manh trong
siéu mang hop phan khi k& dén si giam cam ctiia phonon thi tan 58 séng
dién tlr Gz 16n sao cho dieu kién |£7L2~ hmm.g]_ >> £ phai théa man. Tinh
todn tieong tiz nhu tredng hop hip thu gan ngudng, ching ta thu dugc
biéu thitc hé s6 hip thu séng dién tir manh béi dién tir giam cam trong
siéu mang hop phan khi xét dén sy giam cam cha phonon cho trudmg
hop hip thu xa nguéng: |

2
27etn (K. T 2 g2
o= a( g ) ( | _ 1 JZ ]:;IZ)({].+ 3¢ .*ﬁvpﬂ E}X
Eacﬁf LB\ Kol mmo 1672° 2
% 3‘||'2I
x{l—exp[—éﬁr @-a)ix—2 5
i 2m*3+(*~”’:h)

(4.41)

Tuong tu nhir treong hop hip thu gan nguedng, khi chiing ta xét
trizdng hop gidi han cho s§ heong tie m tién t6i khéng thi biéu thic
(4.41) tr& vé bifu thire ciia hé s6 hdp thu phi tuyén séng dién tir manh
boi dién tir glam cam trong siéu mang hop phan khi khéng k&€ d¢én anh
huong ctia phonon giam ¢am trong {55].

Khi ¢6 mat tiz treong ngoai, thuee hién cac tinh toan tieong tie nhur
trén, biéu thikc téng quat ciia hé s6 hap thu phi tuyén soéng dién tir trong
siéu mang hop phén khi ¢ mat cia tir truong dudi anh hudng cia
phonon giam cam. Sau dé thuec hién cac phép toan sir dung tinh chat cua
ham Lagrange, tinh tich phan xét trudng hop dién tiz khdng suy bién

- -1 i o %
7 pi =7, exp{ié Taf 4 ('ﬁ)} trong treomg hop hap thu mdt photon.

-4
Ta s& thu diegc biéu thike gidi tich ciia hé s& hap thu phi tuyén séng dién
tir manh bdi dién tir giam cam trong siéu mang hop phan khi c6 mit tie
trieong ngoal dudl anh hnedng cia phonon giam cam nhie sau:
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1 " 1 1 gl
- Mg . "4 |—expl — s e "
x{exp[ Z [ +"2]:F"1.Q‘g LCOS 4, d] e:xg{ P [*’V*'ng A cosk’d

¥

hyA ||
. p.
Mltm'm”(” W), b foosk d ~eosir ) K[ 7 J }"’”4
{a,->-0,]
(4.42)
2
Gday, M =N-N', A=N, 2 [ '
figm ﬂzm# Z. Z)

Nhuw vay, tir phueong trinh dong luong tix cho dién tir giam cam,
ching ta da thiét 1ap duoc bigu thizc gidi tich cia hé s6 hip thu ph
tuyén séng dién tir béi dién tiz gilam cam trong siéu mang hop phan
trizdng hop tan xa dién tix-phonon quang khi ¢6 tir treong ngoai dudi
anh hudng ctia phonon giam cam. Nhin vao biéu thikc (4.41) ta thay hé
50 o Khéng nhitng phu thuéc phi tuyén’vao cudng dd \}:F:ﬂ‘ va nang
lugng A clia trudng bic xa laser va nhié_t dd T cia hé, ma con phu
thudc vao tan s6 cyclotron £, (tir tredng &). Dic biét, khi £ =0, s6
hang thit hai trong (4.42) bang 0, thi hé s6 hép thu phi tuyén trd thanh
tuyén tinh nhut d4 khao sat bing phuong phap Kubo-Mori. Khi khéng
k& dén anh hueong clia phonon giam cam tic két qua cd thé thu nhén
deoc khi cho m— 0 trong biéu thitc (4.41).

4.2.4. Tinh todn s6, vé d8 thi va thao ludn két qua
Pé thdy rd két qua tinh toan ly thuyét & trén vé anh hudng clia higu
ng giam cam phonon 1én hé s6 hap thu séng dién tir manh, trong muc
nay gidi thiéu két qua khao sat s6, vé do thi sw phu thudc cia hé s6 hap

thu vao cac tham s8 clia hé, ciia siéu mang hop phan va chd s6 giam cam
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Iwgng tiz m A8i vdi siéu mang hop phin GaAsAlsGarzAs. Cac tham s§
d¢ tinh todn z,=12,9_ x. =10,9. n,=10%, n,=10", m=0,067 .

m, khéi lwong oa dién @ tw do, 7@ =36,25meV vi
Q =2.10"s (rudng hop hip thu gan ngudng), Q=2.10"s" (trudong
hop héip thu xangudng), 4, =118.107°m, d; =16.107"m_

Thuze hién tinh s6 va vé d6 thi cho hé s& hdp thu phi fuyén trong
treong hop khong cé tir treong ngoai, két qua thu diege la:

s n T i S az r T ¥
: == | E =t
E " T 7 = 9 !I ' —— Toani
= c I T
= : A4 2 '
E’ . | ] / J"; e .113 | /
. 2 = " S
£ | /// £ 5 /
- ‘ / 4 1 I o
i~ 5 _,.""f Ham / ‘_f,..-/-
w0 E Lo, 1 ..--"',
w1 = — 7 ™ it
- 1] I o | T e -
L 'oos 1 15 2 28 3 35 & aE 6 - B =mE 1 15 2 25 3 35 + 35 %
Cudng 36 séng dién tir ngoai (10° V/em) Cudng do sdng dién tir ngoai (10° V/em)
Hinh 4.15. Khao sat hé sé hap thu .- Hinh 4.16. Khao sat hé s6 hap thu
& theo E, va T(phonon giam cam, & theo £, va T (phonon khéng giam, |
hap thu gan ngudng) hap thu gan nguéng)

D6 thi trén cac hinh 4.15 - 4.16 chd ra rang hé s8 hip thu phi tuyén
phu thudc rdt manh vao cuedng dd E. cha séng dién tir ngoai, sz phu
thudc nay la khdng tuyén tinh trong ca hai tredng hop tinh {61 anh
hudéng cta phonon giam cam va khéng tinh téi anh huedng ctia phonon
glam cam. Hé s6 hip thu o tdng phi tuyén khi E. tang. Trong trudng
hgp c6 k& dén phonon giam cam, hé s6 hip thu phi tuyén ting nhanh
hon theo cudng db séng dién tir ngoai khi nhiét d6 cfia hé cang cao, 1én
homn s0 véi truong hop phonon khéng giam c¢am khoang 50 lan.
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Hinh 4.18. Khao sat hé s& hap thu
& theo A (phonon khéng giam cam,

hap thu gan nguéng)

{9J6) thl trén céc hinh 4.17 - 418, cho thdy hé s6 hdp thu phi tuyén
phu thudc vao ning leong ciia séng dién ti ngoai 2Q rét manh. Dic
biét khi k& t4i anh huedng cha phonon giam cam, xudt hién hai dinh cdng
huémg tai vi tr Q@ > e va Q = @ trong khi do chi ¢6 mét dinh cong
huémg trong-trudong hop khéng tinh dén anh hueéng cia phonon giam
cam [55]. | |

Hé s3 hip thu phi tuyén {1/m)

18
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il
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__..T- ‘|
|
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1

i

4

56

Cudng d4 sdng dign tir ngoai {10°V/em)

Hinh 4.19. Khio sat hé s6 hdp thu
a theo £,va m (phonen giam Gam, .
hap thu xa nguéng)

Hé s hép thi phi tuy&n (1/m)
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e =uNERE

Cudng 44 séng didn tr ngoai (10° V/em)

Hinh 4.20. Khao sat hé s& hip thu’
@ theo E, (phonon khang giam cam,

hép thu xa nguong}
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P% thi trén céc hinh 4.19-4.20, cho thay st phu thuge cha hé s8 hip
thu phi tuyén séng dién tit manh trong siéu mang hop phén vao ardng
dé dién trzong E. cia dién trmedng ngoai trong ca hai tnedng hop tinh
téi anh hudng cha phonon giam cam va khong tinh téi anh hudng cia
phonon giam cam. Hé s6 hédp thu ting tuong d6i nhanh theo Eo; ting
theo gid tri ciia chi s6 giam cam phonon,

a5
a5 s TR
e T,

e To
| — Toai} [

04 -

o
ML
0% -

1}

R

il
0 5
a1\

QHIIJHIDHIDHWHMHD

("

Hé 58 hdp thu phi tuyén (1/m)
Hé 56 hip thy phl tuyén {i/m)

?hmmnmmmmmméﬂ

Ning lugng séng dién ti ngodi (meV) Nang luong séng dign tr ngoai {meV)

Hinh 4.21.Khdo sathésé hdp thu & Hinh 4.22. Khdo sat hé sé hap thu &
theo AQ (phonon giam cam, hdp thy theo A (phonon khéng giam cim,
Xa nguang) hap thy xa ngudng)

D5 thi trén cac hinh 4.21-4.22, chi ra rang hé s6 hap thu giam nhanh
khi niing luong ciia séng dién tix ting, ddng thdi ciing phu thude vio
nhiét d§. Tuy nhién, trong trrdng hop phonon giam cam, khi nhiét 46
thay d6i, hé s8 hdp thu thay d6i chdm hon so véi trdmg hop khéng
giam cim. Gi4 tri clia hé s6 hfp thy khi k& dén anh hudng clia si giam
git phonon 16n hon @ chuc fan.

D5 thi trén cAc hinh 4.23-4.24, chi ra rang hé s6 hip thu tdng nhanh
khi d6 réng da ctia mini ving tang, déng thoi trong triedmg hop phonon
giam cam thi hé s& hp thu cling phu thudc manh vao s6 legng tir m dic
trung cho sit giam ¢im chia phonon, &6 16n hé 5 hép thu tdng ¥én khi s6
lugng tir m tang.
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Hinh 4.23. Khdo sat hé s6 hap thu & Hinh 4.24. Khao sat hé s6 hip thu &
theo d, (phonon giam cam, hdp thu theo d, (phonon khong giam ¢am,
Xa ngudéng) hidp thu xa ngudng)

M6t diém chung cho cac két qua db thi thu dugce trén cac hinh 4.15 -
4.24 46 1a, hé s6 hap thu phi tuyén cho ca trudng hop gén ngudng va xa
ngudmg khi k&€ dén anh huong clla sy giam cam phonon trong siéu
mang hop phan déu lén hon hang chuc [an khi khéng k€ dén anh hudng
cua phonon giam cam. D§ 1dn hé s& hdp thu phi tuyén trong truedong hop
gan ngudng 16n hon rat nhiéu so véi tredng hep xa ngudng.

Trong trudng hop c6 mat fr tredng ngodi, két qua tinh s6 va vé do
thi cho hé s6 hdp thu phi tuyén cho théy:

D6 thi trén céc hinh 4.25 - 4.26, biéu dién s phu thudc cia hé s6
hap thu phi tuyén va tuyén tinh séng dién tir trong siéu mang hgp phan
vio ning luong cia séng dién ti ngoai khi ¢6 mit ty trudng ngodi
trudng hop phonon giam cam va khéng giam cam cho truedng hop tan
xa dién tiz - phonon quang. Ca hai hinh déu chi ra sw phu thugc manh
vao ning luegng séng dién tie ngodi clia hé s6 hip thy, the hién & sur xuét
hién nhigu dinh ¢éng hudng. Tuy nthién, ¢d thé thiy sut khac biét & mét
d6 dinh cdng hudng ciaa trirémg hop phonon giam cam nho hom, nhung
cac dinh phi déu toan ving nang luong duge khao sat clia triedmg séng
ngoal. D&l vdi trudng hop khéng giam cam, dinh céng hudng chinh dat
duoc tai vi tri ¢ RQ ¢ 36meV, trong khi vi tri nay o AQ ¢§ 40meV.
Nhee vy ¢6 sir dich chuyén vi tri dinh cdng hudng chinh, gia tri caa
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dinh céng hiedng chinh trong trudng hop phonon giam cam 16m hon ¢
20 [an so vai trudmg hop phonon khéng giam cam.

Ca hai d6 thi trén cac hinh 4.25 va 4.26 déu la nhitng vach phd. Digu
nay ¢é thé gidi thich; Khi ¢ mat tlr truomng, phé nang luong ctia dién t
la hoan toan gidn doan, vi th€ mitc Landau ma dién tix c6 thé nhay t6i
sau qua trinh hdp thu bi rang budc bdi diu kién

a zH i W | mz
(n *HZ)Em*a‘,’“ rQ (N'-N)+r(m, - Q)+ 5 [—d-} =0 trongham Delta-Dirac.

45,

Hé s& hip thu phituyén (1/m)

- B
Nang higng tif trutng ngodi (meV)

- Hinh 4.25. Khao sat hé s6 hap thu & theo A2
(phonon giam cam, ¢6 tl trudng)

.08

Hé s hadp thu phi tuyén (1/m)

20 - 4D 80 ™ “Yoo 151: 140
~ Nang luong tif truang ngoai (meV)

Hinh 4.26. Khao sit hé s6 hdp thu & theo AL
(phonon khéng giam cam, ¢é tif trudng)
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Trong khi dé d6i véi ban din khéi cac chi $8 Landau ma dién tiz ¢6
thé nhay t4i sau qua trinh hip thu la tiy v. Difu nay 1y giai tai sao d6 thi
bidu dién su phu thudc ciia hé s6 hdp thu vao cic tham s8 ciia hé khéng
lién tuc ma bi gidn doan nhuir két qua trong triedmg hop khéng ké dén
phonon giam cam [55).

Ha 56 h&p thu phi tuyén (1/m)
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D0 thi trén cac hinh 4.27-428, ciing chi cho chiing ta thiy két qua
tweong tie, su phu thudc 5 nét ctia hé s§ hip thu phi tuyén séng dién tir
manh vao nang heong tir trredong ngoai ciing ¢6 dang cac vach phd. Trong
treong hop ké tdi siz-dnh hudng clia phonon giam cam, mét d6 vach cong
huedng nhé hon nhung gia tri cla cic dinh cdng hardng lai 16n hon.

D6 thi trén cac hinh' 4.29-4.30, biéu dién siz phu thudc cia hé s6 hip
thu phi tuyén va tuyén tnh séng dién tir vao nhiét d6. Hé s6 hap thu
chiu anh huedng manh cha su giam giié phonon thdng qua s khac biét
ré rang vé vach phd. Trudng hop ¢b se dnh hirdng cha sz giam gie
phonon, mat & vach phé tuy nhé hon nhung gia tri ciia cac dinh hap
thu 16n hon va dé nhin biét hon so véi triedmg hop khéng k&€ dén su
giam cam phonon. Dic biét, trong trueong hop <6 su giam git phonon,
khi chi s heong tte m thay d6i lam dich chuyén vi tri chia cac dinh céng
huong (hinh 4.29).

T T T L

. HEpthuphituyén

Hé 6 hap thu pht tuyén (1/m)

Nhiét dd T{K)

Hinh 4.29. Khao sat & theo T v&i m khdc nhau
(phonon giam cam, ¢é tif trudng)
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4.3, ANH HUONG CUA PHONON GIAM CAM LEN SU HAP THU
PHI TUYEN SONG DIEN TU MANH TRONG HO LUGNG TU

Trong phén nay, s& trinh bay dnh hudéng cia phonon giam cam 1én
st hdp thu phi tuyén song dién tir manh trong hé lueong tie {10].

4.3.1. Hamiltonian ca hé dién tli - phonon tuong tac trong hé
[uong t

Trudmg hop ving mit it triedmg ngodi:

Mit d§ dién tiz va phd néng lirong clia dién tix trong hé luong i bi
leong tiz héa. Goi z 1a truc hegng ti hoa, Hamiltonian tuong tac dién tix
giam cam - phonon giam cam trong hé hegng tie khi c6 truong song dién

tlr ngoai, trudmg hop vang mat tir trudmg duwoc vidt dudi dang (2.111),
nhung véi € la hing sd twong tac dién tir glam cam-phonon quang
it

glam cam:
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C . L —— (4.43)
g, 7
Thizra s6 dang dién ti trong hé leong tiz cd the viét [44):
24 | b/ ¥ 54 mrz| . A%z, . .n'Tz
TR #2)c0s—— + {72+ 1) sin—— [sin(-——=).sin
= Lﬂ[n() T+ L}(L) (e
(4.44)

trong d6 L 1a d6 rdng ctaa hé luong tiz. Phd nang luong cha dién i xac
dinh boi cdng thikc:

L, 2
, {f J.) = 22, (éf ”‘2») (4.45)

voi k, =nm /L vﬁnlécécsﬁluqng_t&déctnmgchomgiamc‘émmﬁacﬁén
tle, #2° 1akhdi hrong hifu dung ciia dién tir giam ¢am trong hd heong tie.

Trudng higp c6 mift tiz tru'ang ngodi:

Khi c6 mit tit tredmg ngodi £, Hamiltonian cha hé dién tir giam
cam-phonon quang giam cam trong bidu dién heong tie héa lan thi
hai duédi tic dung cia truedng laser £ = £ sin (Qz) dat vudng goc
V6i tir trudmg # c6 the vidt dudi dang bidu thic (2.111), nhung véi
phé nang liegng chia dién t bi luwong tx héa hoan toan, dwoc xac dinh

boi bigu thirc:

7t B2

4.46)
2 *x I (

e, (&)= (}V-!—%)hﬂj +

4.3.2. Phuong trinh dong luong ti cho dién tif trong hé luong tU

Dé xdy dung phuong trinh ddng hzong tir cho dién tir giam cam
trong hé legng tlr, ching ta sit dung phirong trinh déng lwong tir t1dng
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1 "éJ_
Bang viéc stz dung cac tinh chit cia giao hoan tir gitta cac to4n tir sinh,
hiy dién tir va phonon, ching ta thu dugc phieong trinh déng heong ti

cho dién tz giam cim trong hd lwong tir khi k& dén su glam cam phonon
triedmg hop khéng c6 mit trizdng ngoai: |

quétdmtoénmwhat(hamphénbodlenm)ﬂ ~ —<.fz ; @ > [3].

aﬂx i (f } = (.-
ar

{—)f & Sy 3 e

j‘ & x
:&2
5= #lfl,ﬂ'

x{[nﬂh(:r)ﬁ,‘ﬂ-ﬂﬂ,}ﬁl(r'}(Hﬁmﬁ)}mp[ [8 (h+g) E{h} FhQ—h@_ . +zé‘)(r :)]

“'FJ.

7,7, 0NN ;) n#.;%(f W i]cxpﬁ[sx.@i +§)—£‘{;¢) +hey, . —KRQ+ ;'a)(:— "

P GLS —HHL(I'){1+NH%)]cxp_%(g(z;)fEF.(L—f)—ﬁwﬂﬂ—éhﬁl+i5}(:—r’)-+

+ _”»-Lfl{: 'j(l+ﬁﬂi}+ﬂl L(f’)ﬁ'mijexp[%(s, (;J.)“Eﬂ.(EL ~g)tha, . —kA+ z‘é)(r—.r“;}

(4.47)

Giéng nhu tnedmg hop clia ban dan khéi va siéu mang, dé giai

phuong trinh (4.47) chiing ta st dung phuong phap gan ding lap lién

tiép [48]. Khi d6, tich phan hai v& cia phurong trinh (4.47) theo t, ti&p

theo 14y tich phan hai v& theo t’, ta dwgc hAm phan b8 khéng can bang

cia dién tiz. giam cAm trong hé Iong tix treong hop nay theo cong thikc
dudi day: -

1

—i L

0= ,,ﬂ,,,\ V2l Z Qe

: 7 (:)N ; (;)(14./\! 1) ) Eﬂ;l(fl}(l*‘Nm.;;)"i.-;ﬁﬂ(ﬂ)ﬁm;_ .

s,,.(h+g)-sﬂ(,el)—¢m-mm_§ +i8 €, (k1+7)-E, (k) Tha, , —khQ+iS

tId

\ n i (; W, —;r ~ (:)(l-z-ﬂf ) . E,*}_L_ﬂ(fl)(l-[-ﬁnél)_“E,,};(Il)zvm.ﬁ
:-:H(ﬂh)—.'s'”,(,h-g‘ir”)--!*n:z:nmj.r —ANQ+ 7O sﬂ(E_)-eﬂ.(;;-g"r')a-hwﬁL—kmwﬁ
| (4.48)
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Phurong trinh nay 1a co s& &€ tinh hé s hap thy phi tuyén séng dién tir
manh bdi dién e giam cam trong hé heong tiz trong muc 4.3.3 dwedi day.

Khi ¢6 mit tir tredng ngodl, twong tw nhy trong siéu mang, bing
vigc st dung cac hé thirc phan giao hoan va dai s to4n tit,'thu’c hién cac
phép tinh toan can thiét, ching ta thu nhan duoc phwong trinh déng
hrong tr cho dién tix giam cam trong hé lugng tiz khi c6 mat tir trizdng
ngoai va ¢ k& dén su giam giit phonon:

aﬂﬂr”fE_L(r)_ {2+ a H o
o2 R\ XN Nl P ¥ iy 3

"'!%IE Z z mg, :ffﬂ ‘J.Vw'(af?fiz)rx
n,.ﬁ',f_m%_

Foo eﬁ il EE o ' 4 ,

Z j‘f[m'é]J‘ éj xp[:(g-.r]ﬁt:l_f 4t x

&admene —oa

| 2y s OUH oy ¥y O, y

xexp!/ (s” (£ +G)—€" (k) +ho_ —gkﬂ+!ﬁ§)(! :)}><+
{’-’nwé(’f)‘” n, "t O g 1)~|><

-

Xexp{!(egﬂ,(%_ +§)-¢., (é)"‘-hﬂlﬂ,_ﬂ —£hQ+ z'?zﬁ](‘f _I’)}—

—[: zz.:‘r’-h_‘ﬂ{z')( ) H”ﬂj.’.(!’)‘”m"flilx
xexp{s{e”, (,{)—gjﬁ,(,{ -§)+ha,, - ghQ+ihd)(r-7)}-

—[n i O e =15 (VN m«a“ﬂx
<exp{i (¢, (tl)—ejy({ ~§)~ha, —gmﬂw)(;_f)}}

(4.49)

-~ Phuong trinh (449) la phwong trinh ddng lugng tir cho dién tr
glam cam trong h& luong tix khi ¢6 mat tir truomg tnizong hop phonon
giam cam [én dau tién duoc ching ta thu nhim. Trén co s& phaong trinh
(4.49), chiing ta s& thu duoc him phan b§ khéng cin bing ctia dién tir
nhuw biéu thite dwedi day:
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P i, =" 2 Z]C | ol ]f”| 2 ;{ } ﬁ!(éaf}ﬂxp(—irﬂf)x

LI
AN J mg, 7 §2 50

W —n‘x#ﬂ*.(ﬂfﬂ . +1)
£;’f (4, +3)-&" (£)~ha, -—gm+:ﬁ5

=

5 i (z’r’ -+1} 7w dog, W e N
sﬂ",’y(é +7)-£., (/E YHhe o - ghQ+ihd

E .JV',tl-fJ_ Nwi ‘_ﬂ#ﬂ-ﬂ (”—'ﬂ# +1)
&)—ef (JE' -7)-hao__ —ghﬂ+zﬁ5

& #,-”,';J-_‘?Jh.(y - +1)_ ﬂﬁjl'ﬁﬂ’mil

Efﬂ( 8‘7 (;{' -7)tha 2 —gh.Q:+:?i5

=

a
|_

(4.50)

4.3.3. Biéu thic gidi tich hé sé hap thu phi tuyén séng dién tir

manh bé&i dién t& giam cdm trong hé luong t&

Dé tinh duoc hé s6 hdp thu phi tuyén séng dién tie manh boi dién
tx glam cAm trong hé heong iz, tnzde tién chiing ta di tim bidu thiee
twdng minh cia mat d6 dong hat tai theo ham phan b8 khéng cin bang
dién t&r. Tiép theo @6, chiing ta thu duoc biéu thire tdéng quét cta hé sd
hip thu phi tuyén séng dién tir manh bdi dién tir giam cam trong hd
higng tix cho tneong hop khdng c6 mat tit trudng ngoal:

a_lﬁfezmz”{z xjy 77[1} i

c x EZS V r' K| g £=] 7 +[Ej2
el
Y
X(En £) _En'_ﬁ-? )5[85;(;1 +§) ~& (;l)+h@m-§¢ -—/é‘hQ] [&} 4 E _m’”'ﬂ]
' (4.51)

Trong biéu thitc (451), | @, -, , | c6 nghta la s6 hang thit hai
thu duoc tir s6 hang thit nhit néu thay @, . —-w, . . Biéu thic (451),

cho thiy hé s6 hip thu séng dién tix trong hd heong tr phu thube phi
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tuyén vio che théng s8 ctia hé gibng nhu ban dan khéi. Dong thii, né
cOn phu thudc manh vao cac dai hrong dac trung cho siz giam cam dién
i, nhie ¢hi 56 mini vang n, n° 1a d6 réng L cua ho leong th, s giam
cadm phonon m. P& thu duge bidu thikc cu the, dhang ta tinh toan hé s6
hap thu séng dién tit cho hai truedng hop gidi han: hdp thu gan ngudng
va hdp thy xa nguong song dién tir.

- Trieomg hop hip thy gin nguong:

Trudmg hop ndy, phai théa man dibu kign: |#AQ—ha), | <&
(E la nang lwgng trung binh diuyé’n déng nruét cua dién tr). Xét fnxong
hop hdp thu mét photon, sir dung ham phin b8 can bang ctia dién i
theo phin b& Bolztmann (xét khi dién t&r khéng suy bién), thuc hién cac
phép tinh tich phan, ta thu dugc bigu thizc hé s6 hdp thu trong truedng
hop gan ngudng:

en £, i " | TR
= 1- ’ i
gcJ_Q% z(r X ][ exp[@f’ MZJ L pI 2m* LR ?}x
RZ 3 E?-Ei h?. :
XEKP{ (’1 }{1+3 hzm*g4 [1-'- 4m#f{r3?1 !-/1«’? }}-F[wa -_‘}—ma]
| | (4.52)
2 - w (o mr)
vl A = - (?32*?22} ——+h{@ —szl)+2 "7 )
¥/ ¢4 /7

Biéu thitc trén chinh la biu thiec giai tich hé s& hap thu phi tuyén
séng dién fir manh boi dién ti giam cAm dudi su anh hudng cia
phonon giam cam trong hé luong tit cho redng hop gan ngudng fan
dau tién thu nhin duge bang phitong phap phuong trinh dong heong
tle. Khi chi s6 luong titr m ddc trung cho phonon giam cam bi triét tiéu
thi ta lai thu duege két qua tuong vimg cho trieomg hop khong giam cam
da dugc ¢dng bd trong [63] cho treong hop gan ngudng. Néu 1ép tuc
cho crong d dién tredng tién t6i 0, chiing ta s€ thu dwgce biéu thnkc cua
hé s8 hip thy tuyén tinh séng dién tr trong hd lieong Hr dwa trén
phuong phap Kubo - Mori [60].

228



- Trieomg hop hdp thu xa nguing:

Trutmg hop niy, phai c6 dieu kién: ‘.éhﬂ—hmw > ¢ (2 1

ning lueong trung binh chuyén déng nhiét chia dién tir). Pidu nay b
nghia 1& cac két qua cho vector mét 4o dong /| (2‘) va hé s§ hap thy phi
tuyén khong phu thudc vao ham phén b6 dién tir. Mjt khac, vi ham &
khong phu thudc vao cac vector £ . Do d4, ta c6 thé bd qua céc vector

¥ ,va g trong cong thec (4. 51). Biéu thuc g1éu tich hé s& hédp thu phi
tuyén song dién tie (hap thu xa ngudng séng dién tr) ¢é dang:

ekl (1 1 H { n I
e BT S g - @ -
“ ey X0 m, L(}: Z, w ket (. )J}

i 2 i 1 (4.53)
”’ z'ﬁ _§. _E:E..ﬂ’__ y E e
pEIE ARG R

-

Bibu thirc (4.53) 13 bisu thitc giai tich hé s6 hap thu phi tuyén séng
dién tir manh boi dién tz giam cam dwdi se anh hudng cia phonon
giam cam trong hd luong tie cho trirong hop xa nguong. Khi chi s6
lugng tir m dic trung cho phonon giam cam bj triét Hiéu thi ta lai thu
dugce két qua tirong ing cho tredng hop khéng giam ¢am 44 dugc cong
b4 trong [63] cho trudomg hop xa nguedng.

Khi ¢é mit tie trudng ngoai, xét trrong hop hdp thu mét photon va
giéi han céc thanh phan J (x) véi k=1, 2... Sau mét vai bién d6i, ching
ta thu dugc biéu thitc hé s§ hdp thy phi tuyén séng dién tir manh b
dién tir giam cm trong hd hrong tr:

229



4 _* 232 1
P o e S T YT N By (W n D)
4\86‘933& Z l’g mﬁﬂ m 16{1::”’ 'Q'

1 2 2 2o J_h
(zV+-)hQ + "’ﬂ 2 (;v-+i)ng3+” 2
¥ BT

L b - - I/

o AJA, |V -] .

282, 3 ' 2 o
iN—-N'I[(N'-—;V)ﬁ.QﬁEH” ”)+ha;r m+f‘—(-};—} + AN

vl yd
e, »-,]

2m L 2m

(4.54)

2

m

asa

!

A
C
trongdd 4,=4, ;ﬁzZ!

na'

Biéu thitc (4.54), cho thiy: hé s6 hdp thu séng dién tir gom hai phin,
mdt phan tuyén tinh va mgt phan phi tuyén theo cudng 44 E. cia sdng
dién tir. Hé s6 hip thu séng dién tix trong hd luong tir ngoai viéc phu
thudc phi tuyén vao cuong d6 dién trudng Eo, nhiét 46 T ctia hé, tn s8
Q cha séng dién tir, thi né cdn phu thuée phi tuyén vao cac dai luong
ddc tnmg cho si giam gilt dién tir nhue: chi 56 mini vimg (n, n'); mitc
phan viing Landau N, N’; d6 rdng clia h luong ttr L; va chi s6 m déc
trung cho si giam gitt phonon. Trong trudng hop gidi han, khi chi s6
lrong tir m 4ién tdi 0, ta sé thu duoc két qua khi khéng tinh téi sur giam
cam phonon [63].

4.3.4. Khdo sat so va thdo ludn két qua

Trong muc nay, chung ta khio sat 56 dé 1am 8 cac k&t qua tinh todn
ly thuyét va thao ludn két qua thu dugc ciia hé s& hip thu phi tuyén
séng dién tr manh b&i dién tz giam cam trong h§ leong tie dién hinh
AlAs/GaAs/AlAs, cac tham s6 dugc st dung dé khdo sat nhue bang sau:
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Bang 4.2: Cac tham s& sif dung tinh todn s ddi véi hé luong tir

Dai lugng Ky hiéu Gidtri |
He s6 dién méi tinh
, _ Z, 12.9
Hé s dién mdi cao tan x 10.9
Pién tich hiéu dung cia dién ter (C) e 2,07¢s
Khi legng higu dung cita dién i (kg)

m' D.067m.

Ning lwong ciia phonon quang (meV) ho, 36.25

Nong 40 hat tai dién (717) o 102

D rong ctia hd hrong tit (m)

L 9.10%

Tinh to4n s6 va vé db thi ¢cho hé s6 hiip thu phi tuyén trudng hop
ving mit tir truedng ngoi cho thiy:

P thi trén hinh 2.31 biéu dién s phu thudc clia hé s6 hdp thu séng
dién tit manh boi dién tl glam cam trong hd heong t vao bién dd dién
tredng Eo va chi s6 hwong tir m cla hé (hdp thu gén ngudng) trong
tredomg hop <6 k& dén sy giam cam phonon. Ti cac d6 thi ta thdy, khi
crdng 46 dién trudng E. téng thi hé s6 hap thu trong tredng hop tinh
téi s¢ giam cdm phonon gidm chdm hon so voi truedng hop phonon
khong giam cam, nhung gia tri cia hé s& hap-thu 16n hon ¢& 10° Tan. Két
qua nay rit khéc biét so véi ban din khéi, d6i véi ban din khéi thi
ngurgc lai, hé s§ hip thu trong hai treong hop nay tang 1én khi tang
ardng 46 dién trudng E. [19, 32, 46).
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Cudng dd séng dién tir ngoai (10° V/cm) Cuding 4 séng dién tir ngoai (10° V/om)
Hinh 4.31. Khao sat hé s6 hédp thu Hinh 4.32., Khio sat hé 56 hap thu

& theo £, va m {phonon giam cam, hdp & theo E, (phonon khdng giam cam,

thu gan ngudng) hip thu gan ngudng)

Ha 58 hdp thu phi tuyén (107 1/m)
Hé& s8 hip thu phi fuyén (1/m}

& L ol ' i A
Ufh m F- - = »m = ¥

Nhiét 36 T (K) Nhiét d6 T (K)

Hinh 4.33. Xhéo sat hé s6 hap thu Hinh 4.34. Khio sat hé sé hap thu
& theo T (phonon giam cdm hap, thu @ theo T {phonon khdng giam ¢am, hap
gan nguong) thu gan ngudngy)

D5 thi trén hinh 4.33, bifu dién sw phu thudc ciia hé s§ hip thu phi
tuyén vao nhiét 46 T va chi s8 lueong tier m. Két qua cling cho ta thay
phonon giam cam da gia tang dang k& d¢ Ién cia hé sé hap thu. Trong
treong hop phonon giam cam, hé s& hdp thu phi tuyén gidm nhanh theo
nhiét &6 hon so véi trudng hop phonon khéng giam cam.
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078
|

H@ 58 hap thy phi tuy&n (1/m)

s MW £ & 0N T W & M T

Hé s& hip thu phl tuy&n{107 1/m)

. Nang lugng song dién tir ngoai Nang luong séng dién {7 ngoai (meV)
{rnevy)

Hinh 4.35. Khao sat hé so hap thu & Hinh 4.36. Khao sathé sé hap thy &
theo {2 (phonon giam cdm, hap  theo /£ (phonon khong giam cdm, hip
thu gan ngudng) thy gan ngudng)

-
-
«

~_ Ay

th o

aa P
1
i

i
!
1
]
1
i
]
1
1
1

o
&
B
|

Hé 53 hdp thy phl tuyén (104 1/m)
He 8 hip thu phl tuyé€n ( 1/m)

O T e 1
bé réng cla hé lugng tir {(nm) 5 rong cba hd lugng to (nm)

w

Hinh 4.37.Khdo sithéséhdpthu @  Hinh 4.38. Khao sit hé s8 hip thu @
theo L (phonon giam cadm, hdpthu  theo L (phonon khdng giam cdm, hap thu
gan nguéng) vai m=1 m=2, gan ngudng)

P9 thi trén hinh 4.35, md ta su phu thudc caa hé s6 hdp thu séng
dién tit manh vao ning lrong cha trudng dién t ngoai cho trudng hop
hip thu gan ngudng. Db thi cho thdy, hé 58 hp thu phi tuyén séng dién
tir trong hé heong tix phu thudc rat manh vao nang leong cua di€n
treong ngoai, 33 xuét hién hai dinh céng hudng 16 nét. Trong dé 1 dinh
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cong hudng xuit hién khi fin s6 cla trudng dién tir bang tin s8 cia
phonon quang (Q = @, ) giéng nhw truong hop phonon khéng giam cam
[63] ; dinh con lai xust hién véi gid tri 16n hon it nhidu tai vimg ¢6 ning
lueng 1én hon nang lixgng cha phonon quang trong khi dé nd dudng
nhir khéng thay d6i trong trudong hop phonon khéng giam cam. Két qua
nay cho thay kha r6 nét anh hudng cla phonon giam cam 1én si hép thu
song dién tir, khi chi s6 m tang, gia tri cia hé s6 hip thu cling tang 1én
déng k& va lén hon nhiéu so véi truong h0p phonon khong giam cam
[63] ¢& vai chuc Tan.

P9 thi trén cac hinh 4.37 - 4.38 cho thiy hé s6 hap thu phi tuyén
song dién tiz cling déu phu thude rat 1on vao dé rong ctia hé Ikeong iz,
c6 dinh cong hudng xuat hién trong ca hai tredng hop ké dén giam cam
phonon va khéng k& dén giam cam phonor. Két qua ciing cho thay duéi
tac ddéng ctia si giam gift phonon, hé s6 hip thu ting lén rit nhidu. D6
thi trén cAc hinh 4.39 - 4.42, thé hién su phu thudc clia hé s6 hap thu
song dién tir vao cuong dd dién tnrdng ngoai, nhiét do, nang leong cha
dién triedmg ngoai trong tredong hop hip thu xa ngudng. Két qua thu
dirgc teong tiz trizdng hop hap thu gan ngiedng nheng gia tri nhé hon.
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Nang lugng tir truding ngoai (meV)

Hinh 4.43. Khao sat hé s6 hip thu & theo {2
{phanon giam ¢im, €6 til trudng)

K&t qua tinh to&n s& va vé d6 thi cho hé s§ hap thu phi tuyén
tredng hop cd mat tir trizdmg ngoai cho thiy:

D% thi trén cac hinh 4.43 - 4.44, bidu dién siz phu thude caa hé s6
hip thu phi tuyén séng dién tir trong hd Iugng tir vao nang luong cia
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dién truzdng ngodi trong ca hai tredmg hop: k& dén sy giam cam phonon
va khong k& dén si giam cam phonon. Ca hai hinh vé du chi ra réng su
phy thudc nay 1a phi tuyén va rat 16n, dd xust hién nhiéu dinh cdng
hwéng durdi dang vach phd. Day chinh 1a diém khac bi€t so vl treong
hop ving mit fir triedng ngodi, chi c6 hai dinh cing hirdng. Mét di€m
khac biét quan trong gifta hai rudng hop ké dén six giam cam phonon
v khéng k& téi sie giam cim phonon d6 13 mat d6 cac dinh cong hudng,
gia tri cha hé s6 hip thy I6n hon nhiéu trong tredng hop <6 ké dén su
giamn cam phonon. Png thoi két qua ndy ciing chd ra sg khac bidt so véi
ban din khdi. Su khac biét nay 1a do khi ¢ mit tiz tredng, phd ning
leong ciia dién tix 13 hoan todn bj gidn doan, vi vay mitc Landau ma
dién tiz c6 thé nhay t6t sau qua trinh hip thu bi rang budc boi digu kién:

2R [ MT

+ MAQ, ~h@ +hQ+ L -

n.z__nz
( )Zm*Lz 2m

pa—

dan t&i phd hap thu bao gbm cac dinh cuc hep, cach déu nhau. Két qua
nay hoan toan trdl véi ban dan khdi (chi s6 muéc phan ving Landau ma
cAc dién tiz nhdy t6i sau qua trinh hp thu 14 hoan todn Ky ¥). Do d6, 46
thi bidu dién sy phu thudc clia hé s6 hip thu vao ning hzong cia séng
dién tir trong hd Iwgng tir khi ¢6 tir trwomg la phd vach. .

D6 thi trén cac hinh 4.45-4 46, biéu dién st phu thudc ciia hé s8 hap
thu phi fuyén vao nang hrong cia tir reong ngoai trong ca hai truong
hop, két qua cho thdy trong ca hai trudmg hop Phl tuyén va tuyén tinh,
s phu thudc nay cling 13 gian doan va rit manh. Anh hwdng cha su
giam giit phonon lam cho dé 16n cna hé s6 hip thu va mét 4§ cia cac
dinh cong hudng téng Jén rat nhiéu so vé’i_trubﬁg hop phonon khéng
giam cim [63].
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DB thi trén hinh 4.47, biéu dién sy phu thudc cia hé s& hip thu vao
d6 réng h6 hueong tle va chi s§ giam cam phonon m. Két qua chi ra rang
khi chi s6 ddc trung cho s giam cdm phonon thay d6i dan dén su thay
ddi vi tri va d6 1on cha cac vach phd. Gia tri 1én nhét cita hé s¢ hap thu
xdp xi bang 1 khi m=1, tang lén x&p xi bang 8 khi chi 6 giam cim ting
dén gia tri m=3.

Trong céc hinh biu dién trén déu chi ra ring khi c6 mét tr truong,
hé s8 hdp thu nhé hon so véi tredng hop khéng ¢ tie tredng, day la
difm khéc biét so véi trieong hop phonon khong giam cam.

Két luan:

Stt dung phuong phip phieong trinh déng leong tiz cho dién tix
trong hé hai chidu da thu nhan dwoc biéu thitc tng quat cia hé s§ hip
thu phi tuyén séng dién tir manh béi dién tr giam cam trong ban dan
thip chidu (siéu mang pha tap, siéu mang hop phan va hé lugng ) khi
k& dén phonon giam c&m trong ca hai trizong hop vang mat va cd mit
tretmg. Sau khi tinh todn cho hai tredng hop téi han cu thé, hip thu gin
ngudng va xa ngudmng, da thu nhan duwgc bidu thite giai tich tedng minh
cho hé s8 hidp thu trong ba loai ban dan hai chigu la siéu mang pha tap,
siéu mang hop phan vahé lvong tiz.

Vé mit dinh tinh, thng qua cac bidu thitc giai tich tedng minh nay,
cho ta thdy, hé s6 hap thu phi tuyén séag dién t trong ban dan thip
chigu khong chi phu thude vao tham sd nhiét 6, ceong dé dién trueong
va nang luegng cua truedng laser, nang hrong cua tir trrdng ngoai nhu
trong ban dan khdi, ma con phu thudc phi tuyén vio cac tham s8 dic
trieng cho tieng cdu tnic ban dan thip chidu nhue: chu K, s6 chu K, néng
dd pha tap, d¢ 1dng mini vimng cha siéu mang, vao 46 réng cua hd hugng
tiz. Ddic biét hé s8 hip thu phi tuyén séng dién tiz cdn phu thude vao chi
s§ giam cadm phonon. Khi cho chi s8 leegng ti m tién téi 0, chiing ta da
thu dweoc két qua cia hé s6 hap thu phi tuyén séng dién tir rweong hop
khéng k& dén phonon giam ¢am. Pigu nay chiing minh tinh ding din
trong sue tinh toan giai tich.
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Vé mit dinh luong, thong qua khao sat s6 cac bidu thie gial tich
trén cho ba cdu triic ban dan th8p chitu cu thé: siéu mang pha tap n-
GaAs/p-GaAs, siéu mang hop phén GaAs-AlsGaczAs va hd legng tir
AlAs/GaAs/AlAs, anh hudng cha phonon giam cam 1én hip thu phi
tuyén séng dién tir manh bdi dién tir giam cam di duoc the hién ro nét.

Mot diém chung khac biét, 46 la phonon giam cam lam gia ting
déng k& hap thu séng dién tir trong hé thdp chidy, so véi trwdng hop
phonon khéng gitam cam, d§ 16n cia hé s8 hdp thu tang <& chuc an
trong siéu mang pha tap, ¢& 50 1an trong siéu mang hop phan va ¢6
10° Ién trong hé luong t&r (khdo sat hé s& theo E., hdp thu gin
ngudng, vang tie trizdng ngoii).

Pifm khéc biét nita, d6 1 so véi tredng hop phonon khéng giam
cam, sit phu thude cha hé s8 hdp thu phi tuyén vao cac tham s& ¢6 su
thay ddi déng k&, dién hinh l1a d8i véi siéu mang hop phan va hé luong
tie, ki khao sat theo nang hrong séng ngoai da xuét hién thém mét dinh
cong huong. K& qua nay la rat mdi la so v6i ban dan khéi va ban dan
thip chiéu trirdng hgp phonon khéi. Trong ca ba ciu triic ban dan hai
chiéu trén, hé s6 hap thu gia tang dang k& khi chi s6 lugng tr m tang,

Khi ¢0 mat tix triedmg, trong tredng hop phonon giam cadm, hé s8
hép thu phi tuyén séng dién tir phu thudc vao cac tham s§ dudi dang
vach phd riéng biét. Diéu nay la r&t phit hop véi Iy thuyét leong tix, khi
¢6 mat i treong thi ndng hrong ca dién tie bi lrong tir hda hoan toan,
din dén phd h4p thu khéng con lién tuc nhwe khi ving mit ti trudmg.
Pay la m6t difm khac biét so voi ban dan khéi thoéng thudmg. So véi
trueong hop phonon khéng giam cam, d6 16n clia hé s8 hip thu gia tang
déng k&, c& 30 chuc an trong hé hegng tiz. Mat &6 vach phé hap thu c6
s thay d8i 15 nét, vi tri cac vach phé dich chuyén khi chi s6 hegng tir m
thay d6i tiy thude vao dic dién riéng clia timng cAu trac ban dan.

Ngodi ra, k&t qua ciing chi ra rang, anh hurdng ciia phonon giam
cam lén sy hidp thu phi tuyén séng dién 1 trong cac cau tric ban dan
khac nhau 1a khac nhau. S¢ khac biét nay khong chi vé su gia tang gia tri
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cia hé s6 hép thu ma con Khéc biét 16 rét trong s phu thudc clia hé s&
hap thu vao cac tham sg khac.

Nhin chung k&t qua trén cho thdy, phonon giam cam anh huong rit
manh 1én h&p thu phi tuyén séng dién i bdi dién ti giam cam trong cac
bén dan thép chidu. K& qua nay kh4 phti hop véi cac nghién aiu quéc
€ da duoc céng bd vé anh huedng ciia phonon giam cam #én mot s6 hidu
tmg khic trong ban dan thip chidu nhu s ting d4ng k& tan xa Raman,
cOng huong tuong tac dién tr phonon, hiéu 1ng Palaron khi xét dén sy
giam cam phonon.

4.4. ANH HUGONG CUA PHONON GIAM CAM LEN SU HAP THY

PHI TUYEN SONG DPIEN TU MANH BO1 PIEN TU GIAM CAM
TRONG DAY LUONG TU

Hiéu tmg gidm kich thiréc ¢4 1am thay d6i kich tinh cac tinh chiit vat
Iy cia vét liéu ban dan thép chiéu. D6t trong tac déng trie tiép ctia hidu
teng gidm kich thudce 1a céc dién tr trong ban dan, chuyén dong ciia né bi
gidi han theo cac chidu gidm kich thudc. Chinh s gi6i han chuyén déng
nay mi tinh chit vat 1y ca hé thép chitu c6 tinh 1ru viét hon hin so véi
ban din khéi. Béncmhmgiamc‘amfﬁénﬁx trong cAc hé thap chidy, cac
phonon ciing ¢6 thé bi giam giit do hiéu vng giam kich thudce. D3 cb rat
nhitu cac cdng trinh nghién a¥u cac tinh chét vat Iy ciia ban dan c6 tinh
dén y&u td giam cam phonon [9, 34, 41, 45, 50, 54]. S giam cam phonon
trong cAc hé thap chigu da 1am thay d6i dang k& cAc hidu tmg vat Iy so v
rurong hop phonon khéi, vi duy, su tan xa dién tir-phonon trong siéu
mang pha tap [65], trong day heong tir [32], ... Hdp thu phi tuyén séng
dién tit c6 tnh d8n y&u 8 giam cim ciing d4 duoc nghién iy trong hé
hai chigu. D€ ¢é dwoe nhitng nhan dinh hoan thién hon vé siz hép thu phi
tuyén song dién tix bdi dién t& giam cam trong day hrong tlr, trong phin
nay danh gid thiéu cac nghién ctru ly thuyét hip thu phi tuyén séng dién
tit trong diy heong tix ¢6 tinh dén y&u t6 giam ¢am phonon [11]. M6 hinh
day heong tir diege chon 1a day heong tie hinh chit nhat co tiét dién L X L,
ngm&mg mat pl'ui’ng (x,y), chiéudai L,.
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-4.4.1. Hamiltonian cGa hé dién t - phonon giam cam trong
day luong tir

Mb hinh giam git phonon tirong tie nhi véi dién tir, trang théi caa

phonon cung dwgc mé ta bdi hat s6 hxong tr m, & Ung véi s giam

cdmn theo hai phwrong Ox, Oy clia phonon, vecto séng clia phonon dugc

- A iy - L k
biéu dién theo cac phuong g =(q,.4,.4,), trong d6 ¢, = ELE_ q, = fx
* ¥

bat day hrong tr trong truong Laser E(t)= ffd sin(flr) hwdng theo truc
Oz c6 thé vecto tuong tng A(f) =£—E‘1EI cos(€2), Hamiltonian chia hé

dién tiz-phonon quang gjam cAm bitu dién thdng qua toan tiz s6 hat:

H()= 2 3(p~—+-A(I))fIn’3 A Z 0 m,k qu.kq+

nt.p m kg
m.k
+Z Z C Iné,nf n L ptg. n.!p(b+ _é)- : (4.55)
mk.g nda' t'.p

trong d6: b, 5.5, , ; 12 toan tix sinh hity phonon & trang thai | m,k,3);
@, la tan s6 phonon quang;

Hang s6 teong tac dién tir-phonon quang:

rfw 1} i

|C™F P= O ) ' (4.56)
! 2V€0 A s é*?_;_(m)?_l_(gf)i'
: L L
x y

& G4y V 12 thé tich chuén héa, &, 12 hang s8 dién méi, ¥, 7, 1ahésd
dién thim cao tan va hé s§ dién tham tinh.
Thita 6 dang dac trung dwoc xac dinh nhae sau [32]:

I"g)=0m¢ Y 16P, 1§, (4.57)

mk=135,..

trong do
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nTx

F.. =I: “dx f "”dy COS(—-—) cos( )X
>-<cr:}s(g'w){:c:;s(E & )cos( )cos(kxy ) (4.58)

= F Y ¥.
véi A(2) 1a thé vecto clia tizong dién ti duge xac dinh:

—_

dA(D)
.C

= E, sin(Q). (4.59)

4.4.2. Phuong trinh dong luong ti cha dién ti trong day
lugng t& khi phonon giam ¢cam

Phuong trinh déng Iuong tix cho dién tx trong day luong tie khi
phonon giam cam diegc xdy dung dua trén phuong trinh déng luqng t
tdng quat cho todn tir s6 hat:

om, 3
?la;a" (f) 1'a_<an.£p n!p> ...{[ a, ¢z n!p-"H]) (460)

Str dung Hamiltonian {4.55) va cac phép bién d6i toan tix, dat

. mam + _ _ _
Frtyiingty 5yt )= o 5,00 1, 5, P )
ta thu dwoc:
an & gmk
— zg I,, znl £ (Q)(Fﬂa-f‘f?-ﬂl.fl.ﬁ—i.mk,i(r)
+F”I 1F qﬂfﬁ‘m-’f—q(r) n-lt p+qni!pm,kq(t) F‘EP'J'-lf JFHrgonk, q(f)) (4.61)

B¢ thu dugc biéu thikc cho phuong trinh déng hrong tir ta thiét lap

biu thikc phueong trinh déng Ivong ti cho todn te F, b 5ty 5yom )
. @ 5
o A L e 1.62)

Thure hién cic tnh toan can thiét ta thu dugc



0

—FO)=ile, , (h->Aw) e, , (= AO)- 0 F )+
3 1 C vl c

ol Mrermh o gt - +
i Z_ ZC@? [<I"3 tymty B 3,545 % fz*aaz(b"‘:-*lﬁ-l_b”'l’i“? Prs?
m X myad
I "3'53"2"5 GROT Pla"3 ¢3-P2—9 “"Q(b”ﬁ"l‘fl-{-b ."?1»’] (8.65)

trong d6 F(r)=F o 4.5 gy Fymikid ()« PRUIODE trinh (463) 12 phuong

trinh vi phan khong thudn nhat, gidi phueong trinh nay bang phuong

phép bién phan va dung diéu kién blen theo gxa thlet doa:n rnhiét:
F()l,__.=0 ta tim dugc nghiém:

N F(z):ij;dr;_. ¥ oo

my Kyady gty

+
| (I, ﬂavfmfl "3-13 P+ Gry b m(b”a%véi "M 'ﬁ)b >

~1,]

+b" . X
oL f 3z "1*‘51 Pla"a {35774 b, *A (b"‘l 4 b”‘l-ﬁ"ﬁ »’2]

XGXP{E[EHI,JI(PJ €., 2, (p,)—@,Ke—1,)— ch;(ﬁl_f’z)ﬁ(fl)drl}'

(4.64)

Thay (4.64) vao (4.61) vdi cac s6 hang teong ung. St dung cdng

thitc (459) va exp(tizsinx)=Y . 7 (z)exp(tinx) (J,(z) 1a ham

Bessel d8i s& thuyrc) két hop vdi bién ddi dua trén tinh ddi ximg clia cac
dai hegng trung binh thdng ké ta thu dugc:

¢
“’P(). -Y IR , @)F ZJ(EE"Q)J,H(EE"Q

mk.g ny.g Fi=—

xexp(zsfzr)j Aty {10, 5 N s =1 1 g ()N 5 T1IX

><e:xp{£[8 (p+q) €, (P)—@,—TQ+id)(t—1,)} +
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Ha o 5 GIN gy =1, o), 16
XexpldE, , (P+q) =&, (P)+ @, —rQ+id)(t—1,)}+
_[nnl ‘El B—q (rz )Nm,k.é - nn AP (IE )(Nm,k g + 1)] X

xXexp{—lé, (D~ ¢, , (P) =)~ &, ~r2+id](t~1,)} -

_[n’ﬁ" P_q(r )(Nm,kq +1)~ n"”(f: )Nm_kj]x
xexp{~il€, (DY =&, s (P=§)+@, —rQ+id}(t~1,)}}. (4.65)

trong d6 0 lé tham s8 v6 ciing bé duoc dira vao d€ dam bao gia thiét
doan nhiét. Phuong trinh (4.65) chinh 1a phuong trinh ddng lueong tiz
cho ham phén b6 khéng can bing clia dién tiz giam cam trong day leong
te khi ¢4 st giam cam phonon. |

4.4.3. Hé s6 hap thu séng dién ti manh bai dién t& giam cam

trong day lugng tl hinh chif nhat khi ¢é sy giam cam phonon

D& tinh toan hé s hdp thu phi tuyén séng dién H bdi dién tir giam
cam trong day huegng tir ¢ x€t dén siz giam ¢am cua phonon, trudc hét
chiing ta tim ham phéan b8 dién tir Khéng can bing tix viée gil phuong
trinh dong leong tz (5.11). Tueong tie cac chuong triedc, d€ don gian cho
viéc gai phm:mg trmh nay, phuong phap lip xap xi gan diing:

7, e 5 (2,) = ﬁn,k,p 3 Mt 54g (r,) = Er:.!,j': » T g 53 (8,) = Eﬁ,r,ﬁ

Tich phéan hai v€ caa (4.65) ta duoc:

- Bz £z
mes®= Y TICH RIS P S (‘*"' o )Jm(e ﬂq) L

mk.g nl’fl r,f=—_a SQ

N oy g W Np +D)
nlt(p+q) £, (p)-@ @, —rQ)+id

xexp(isQf)[—
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"-fﬁ'(t WWNopsg tD-m, i IN +
nl,zl(P‘FQ) £ ,(p)+w,—rQ+id

+Hﬁ.fl,§—§(t2)Nm,k.§ n.l'.' F(Nmk g ) "
&,:(P)—¢€, , (P—4)—@,-TQ+id

”1‘ g A )(Nmr*?+1) n.imeJcrz
n,!(p) oty (p~-9)+ @, —rd+id

it . (4.66)

Bifu thic (4.66) a bidu thitc gidi tich cha him phén b8 khéng cin bing
ctia dién tz trong day heeong tir hinh chit nhat khi c6 sue giam cdm phonon.

St dung bifu thitc tinh mat do dong hat tai va hé s6 hap thu phi
tuyén séng dién tir, tharc hién cac tinh toan can thiét diea trén cac tinh
chat clia ham Bessel ta thu duge

\8;;:9 Z( ZICT&FII tnf(qE)er Z[nn,.fp n!p-}q]
iy nt ' omk g p

eEﬂq

){[5(5,; . prg — s T O, — D]+ @, = -a,1} (4.67)

Véi muc dich xem xét nh hudng clia s giam cam phonon dén hé
s& hap thu phi tuyén séng dién tiz boi dién tir giam cam trong day luong
tiz, trong charong nay chimg ta chi xem xét véi treeong hop hdp thu gan
nguedng. Lic nay diéu kién 1Q~@) |« & dwoc théa man. Hé s6 hip thu
phi tuyén song dién tir boi dién tix giam cam frong day hegng tix hinh
chiz nhét khi ¢6 siz giam cam phonon thu duge nhu sau:

_ 2w (k1) 1 ; oL
LY | B2, I* exp{ +5)
can.,/;gmmv PR 2ka L

1 3 Ek T B
X — (@ -H1-1111+ Uikl [T
{[exp] ka( ) =)} —-1]f om0 ( KT

M+la, »-a,1)

(4.68)
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trong &6 B=7[(n* oY/ L+ - )/ L)/ 2m,+ @, ~Q, P,, latich
phin dugc xac dinh theo (4.58). Tl (4.68) ta thiy rdng si giam cam
phonon trong day luong tiz d3 1am thay d6i hé 5§ tuong téc gitra dién tir
va phonon dan dén hé ¢4 hip thu phi tuyén séng dién tir trong day
ltrong iz cling thay ddi, trong biéu thitc chia hé s hip thu xudt hién cac
chi s8 lzong tir ctia phonon giam cam. P& thdy 18 sg dnh hudng ca
phbnon giam ¢am Jén hé s6 hdp thu phi tuyén séng dién tiv bm dién ti
giam cim trong day luong tr, bidu thizc clia hé s8 hip thu (4.68) s& duge
tinh s& & phén tiép theo.

4.,4.4. Tinh toan sg, vé d6 thi va thao luan két qua

Thare hién tinh s6, khao sat va vé do thi s phu thude cia hé s6 hip
thu vao cac dai hrong dac trung <cha hé cho ¢d hal trudng hop phonon
giam cam (4.68) va phonon khéng giam cam (4.64) trén cing mét 4o thi.

Céc thing s8 ste dung duoc 18y theo Bang 3.1 (thdng s cia day chit nhat
GaAs/GaAsAl).

2.9 - —F
s __ phonon giam
% 2t cam, m=k=4
s
= 1.5F
=
E 1
i B
= L
=
- 05
AL
=
L) ! . . L
L (?.02 0.04 0.056 o8 18|

Nang luong song dign tir eV}~

Hinh 4.48: Su phu thudc ca hé s6 hap thu phi tuyén sdng dién tif trong day
luong tir hinh chit nhat hé thé cao vo han vao nang lugng photon cho G hai
trudng hop phonon giari cdm va phonon khong giam cam.
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DB thi trén hinh 4.48 bidu dién su phu thude clia hé s8 hap thu phi
tuyén séng dién tir vao nang luong séng dién tir trong day luong tir
hinh chi* nhét hé th€ cao v6 han ca hai treong hop phonon giam cam va
phonon khéng giam cam. Ta c6 thé nhén thiy rang trong ca hai tredng
hop phonen giam cim va phonon khéi, hé s6 hip thu phi tuyén séng
dién tir déu ¢¢ duoc gia tri cuee dai khi thn s6 séng dién tir triing véi thn
s6 cua phonon quang (AQ=ha, =0,03625¢V ), s¢ thay 46i chi s8
leong tir cia phonon cling khong lam thay déi gia tri nay cha tan s8
séng dién tir. Nhwr vay, su giam cam phonon trong day luong tir khong
lam thay d6i dinh tinh vé siz phu thudc ciia hé s8 hdp thu phi tuyén vao
tan s6 séng dién tte. Tuy nhién da c6 su thay ddi dinh lirong clia hé s§
hip thu phi tuyén. Hé s8 hdp thu phi tuyén séng dién it trong trizdng
hop phonon giam ¢am 16n hon, diéu nay ciing duge thiy trong hinh 33,
néu thay d6i chi s6 legng tir cla phonon giam cam, hé s6 hip thu phi
tuyén ciing thay d6i theo t 1& thuin.

3

__ phonon giam
cam, m=k=2

Hé sd h&p thu phi tuyén (1/m)

%% 100 150 200 250 300
Nhidt 85 T (K0

Hinh 4.49: Su phu thudc clia hé s6 hap thu phi tuyén séng dién tif trong day
[uong i hinh chif nhit hé thé cao vé han vao nhiét 3 7' cho ci hai trudng hop
phonon giam cim va phonon khéng giam cam.

D% thi trén hinh 4.49 cho ta thy siz phu thudc clia hé s& hap thy phi
tuyén séng dién tir vao nhiét d6 ctia hé cho ca hai trudng hop phonon
giam cam va phonon khdi. Vé mat dinh tinh, hinh dang clia cac duong
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cong ndy gan nhu gidng nhau va déu cé dugc dinh hap thu cuc dai. Tuy
nhién, khi ¢6 s giam cam phonon ciing nhu khi chi 6 Iegng tir clia
phonon giam cam tang 1én, cac dinh hdp thu dwgc the hién 1o nét va
nhon hon, dong thoi cac dinh hdp thu dich chuyén vé phia ¢6 nhiét d6
thdp hon. Hé s6 hip thu phi tuyén séng dién iz khi ¢ su giam cam
phonon cang 16m hon.

Két lnan:

Nghién ¢iru anh hudng cia phonon giam cam 1én hé s6 hdp thu phi
tuyén séng dién 1 trong day luong tir: két qua thu dugce bidu thitc cia
phuong trinh déng Iuong tir cho dién tir trong day luong tir hinh chir
nhat khi ¢6 sz giam c¢am phonon va hé s§ hap tha phi tuyén séng dién
tir cling dugce thiét 1ap cho tredng hop tan xa dién tir giam cam-phonon
quang giam cam. Két qua gidi tich duoc tinh s6 va cho thiy rang su
giam cam phonon trong day luong tit khéng lam thay déi dinh tinh sw
phu thudc clia hé s6 hép thu phi tuyén vao cac tham s6 cia hé. Tuy
nhién né da anh huromg dinh lieong va hé s hap thu phi tuyén séng dién
fir khi ¢ si giam cam phonon la 16n hon Pinh hip thu clng dich
chuyén vé phia nhiét d$ thap khi cé sir giam c&dm phonon.
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Phu luc

XAY DUNG PHUONG TRINH BONG LUONG TU CHO DIEN TU
VA TiM NGHIEM COA PHUONG TRINH BONG LUONG T(

Trong phan nay, chiing ta sé xay dung phuong trinh ding luong ti
cho dién tiz trong ban dan khi c6 mat tmedng séng dién tis.

Hamiltonian cha hé khi do ¢6 dang:
I | * . + + PR
H= Zm i:p——A(t)} a-a.; +;ﬁ&)ib;b; +;Ciﬂ‘p+i”;(bz +.b_I )+Z‘¢J{ Ic)a-ﬁza;
. (1)

| 2 . * 4 - ) L
trong do, _I'ZIZE'_EE(I)} aj-_:a; 1a Hamiltonian cia hé dién tir trong

2??1_; c

dién tir triedng; ag (G-)la todn tir sinh (huy) dién tix v6i vecto xung

heong E : b; (bE ) 12 toan tir sinh (huy) phonon véi vecto séng & ;

Z ha;ibib_ 13 Hamiltonian hé cac dao dong dién iz didu hoa khong
P

; 2 =]} + + X A 7 2
tuomg tac (ta st dung hé dof1=1); ZCE a:.a- (b, +b7) la toan iz md

t& twong tac dién tir - phonon v6i €. 1a hing s tuong tac dién ti -
oy L3 Fcd . . _.— -i- " r : 4 P t*
phonon phu thudc vao co ché tan xa; Z ;p(k)a%ia; 14 to4n tir mo ta

tuong tac gita dién tie va dién tle; m la khoi hegng dién ty; ¢ la dién tich
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cha dién tir; A(7) la thé vecto, va hrong dng vdi séng dién tir (bikc xa
lazer) ta co:

1 dA(r)
c dt

‘Céhc toan tiz sinh, hay dién tu (hat fermion) thoa man cac h¢ thiec
giao hoan: - :

E=Eo.sinQit = (2)

al,ak]-aak+aka =J,, (3.2)

af,a} |={a,a,}=0 (31)

- Céc t04n tiz sinh, hity phonon (hat boson) thoa mén caché thize giao
hoan: | | | |

Co 2 ] o ek, R L B | |

0,67 | =bp7 - 6ib = 0, _ wa)
4 | _ -

_bi bk} *[bf ,bk}o (4.p)
(Toén tir s§ hat chia dién tix la: 1 =2 a5),

Sue dung phuong trinh chuyen dr;mg cua toan tir thcmg ké hay ma
tran mat dg, ta dugc phuong t1inh dong leong tiz cho dién fir: |

S

Dudi day chiing ta tinh cAc giao hoén tz & v& phai ciia (5):

o)
i3 n—(1) ‘a<“—-‘1—->’ |
P 4 _ a'_'_'_a
p

ot dt

g~
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[~ -
+ e, \|°
Tinh s hang tmenhét: | 2_a P 2[ ——-A(r)] a:a__
C ’ Fd
P 3 P r
L v |
Stz dung (3a), (3b) ta ¢6 bién d6i sau:
[aiaﬂ,aia_}=aiaﬂa:a__—a"_'_a_aia_
pp PPl pppp Ppoperp
=a_{§_+_+—*a:a_)a_—a:{5__—&ia__}a_
p\ PP p p;,p ppp pPPJop
=at'a_;_ o -.'a'_': af_ a_a__ —a: a_ J . +ai at a_a
pp pp pppp pppp pppoP
=a'e & _-ateta a -a a & +ata a2 a
pp pp PP PP pPppp ppoprp
Do do: ata % a =ata___ 5 -d:au é
pp PPl pp pp PP opp
Thay két qua trén vao s hang thiz nhat ta cd
1 — g 2
ata_ ,E—Z[p’——zl(t)] a’ a =
mn et ’ !
PP e D
B P ¥ |
2 2
:Lz[p -—EA(I)} ata & --I—E[p’—eA(tﬂ ata &
e e N T Y
pf . r pl' . ¥
2 o R
=-—1—|:p-EA(t)} ala_ ;m[p EA(I)} a"a_ =0;
¢ PP © . J pyp
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Két qua 13:

Nhur vay ta cd:

at a 2 @b b =0
il A
P Pk %)

Tinh s6 hang thitba: |a*a_, T C _,a_[b-a—b*]
P P~ +hop R Tk
Pk

e -

+
p'+

St dung (3a), (3b) ta ¢ bién ddi sau:

=ata 6 _ -atd" a.a +at ata _a -at a4 6
pp pp+k pp+kpp ptkpp p p+kp pp

=a'_"__a__ é _.—a'_tai _a_a__—a: _a_ 5___+a__ai a_a__
p p pp+k p p+k pp p+k p pp p p+k pop



=
™
&
=
[+
)
e ———
T
a
+
I
It

=ZCE[H-:H:I: % b;k" +ﬂtﬂﬂ o bi}:—' i - bj&‘ﬂ_ _a bfz}
P p p-k p pk ptk p ptk p
=ZC;:- atat *bfc +a_ _a' bj; ~a’ ‘a*bi‘a“at *biil
p \ppk p—k p ptk p p ptk

(8)
[_ % ]

=ZCE aia'_"_ "b.f::+ af_ a_b |~ ai _a_bf—{ at_ai _b_;}
P 7 p—k p=k p p+k p p p+k

Nhwe vy ta co:



i S Tl W
REF7 + I3
=-XC|F_ ___(tHF. _ _ _(t}F__ __(tFF. (1)
P pk,p.k p.pvk—k p.p-kk p—k.pk
()
¢ day ta ki hiéu:
t)={a__a
F_ @ : __b_ 10
pf’pzrq p! pl q 4

Vi ching ta dang xét phuong trinh déng hzong t&t cho dién ti trong
ban din khéi nén c6 the coi trong tac gifta e 14 rét nhd so véi tirong
tac gifka cac hat khac loai (Tuong tac nay chi dugc tinh dén trong tuong
t4c palasma rin).

Sau day chiing ta thiét 1ap phuong trinh cho F(f)

Duwéi day &€ don gian, taky-hidu p, = p.;k =k; g =g . Theo trén ta cé:

F, (O)=(a}a,b,) | (11)
| | s "B a,a b |
Dao ham hai v€ theo t ta o i%—f=i < a:z ‘I)I =([F=H]>=
(12)
'8<a;a b)
o5 a;‘ 9/ =<[aﬂahbq,H]>r (13)
vl
2 ' -
H = _I_ZI:P’: —EA(ﬂ] a,a, + ) Obib + Y ca, 0,8 +b)+) gk,
2m 7 c k Pk k
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Tinh toan s6 hang tha'z nhét:

A

2 | e : 5 i € ’ % .
o O R (O
3 o)

e +
T —-[aﬂahbq,apaap;]

o + o +
- a“ aﬁz b&' aP?. aPﬁ aPa aPa a"l aPz b‘-‘!

_ L+ + ot +

- a” (aPz aFa )aps b":' an (apa 4 )apzb'?

(14)

o+ .t . L+
=y (51’1,?2 aPzaPz )aPsbﬁ‘ aPa (5P31P1 g”aﬁ"s)al’zb?

=a,b, ,a,b -a,a,a,b ~a

=a+a bé- —a+a bé'

TR Py P Py P 4 P3Py

3 +
73 5F3=P1 aPz b‘i’ + a” apsaPz b‘f

1 e 2 4 i
Il B <§;;ZI:P3 “;A(t)] [a“ aﬁbqé‘PLPz _ahahb&'é‘hvﬁ :l>

s

zil:pﬂ _SA(I)} <a;aﬁzb?>r_§1;l:p1F§A(r)] <a;ahbq>r

VI pyEpip=py

r _\ P2 D e :
Tinh s6 hang tha& hai:
] = <[a; ‘:zpzbq.,Z:ﬂJ;,‘jb,;;b,,C1 ]> =<2(:)1l:a';.ahl:wq.,.b,:;l‘:*,ﬁL :I>
k, ’ k '

Xét:
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Ly = <[a:apzbq,b;;bh >:

=a, apzbqb;c:bh B bf;:bk: a, ahb‘?

= ,;;z:ﬁ,”;.a“_}2 (@5;,.,;:1 -I-b;;:bq)bkl _b;;bkla; apgbq (16)
=a’a pzbkl 5%*1 +a; apzb:: bb, — bf;: b, a, apz'bq

= a, bkl 5@&1

Ta duoc

lpatoin] el
Tinh 56 hang thit ba:

. + +
I,=({{a,a,b,, Z Cio @i B, Oy +0.) (18)
Pk ' t
Xét hé thizc giao hoan:
L,=|ala,b,a;  a, (b, +b,)]

=a'a ba ., a (.b‘,:l -!-b_k’l)—a

+
R g Ptk Uy (bh'i'b-h)aﬂapzbq'

+
P+ aﬁ's

o - + + L +
=a,a,ba, , ab +ta,a ba, ab,—a ,a (b +b,)a,a b

=a, aha;j%ahbth +a. aﬁaa:‘ﬁ'ﬁahbfb'ka - a;ﬁ% a, (b, +b )a,a b,

=a,a,a, a,bb +aya, a’ a8, _, ~b,b)-a, a, (b +b,)a,a,b,

ly=d, (é..;l'pi'l'kl _a;#a %, )aabqbk. +d, (Jp:-a% _a;rf*laa )aa (‘5;--*. _b-*. ba)*a;ﬁaﬁ(bk +b—h ), aszfI

=08, 080, o, ~OnCoo 0 0p LB Y000 Oy s a8, by 00, 02,0, 0
~4,4,.,2,4.6.b,~4, .0, b tb,)a,ab

=d, aﬂbthgpzrﬁ*rﬁ +a:a-l‘35‘f-“ﬁ5h-ﬁ“;ﬁ +d,a, 5&«%&%% -a;a;*aﬁaﬁ@_ﬁ B
280,80, 5, =% w8 0P 10,

(19)



Ta co:

<i:a apzbq,z a, .. 4,8, +b ]>

<Zc‘k(anapbthﬁhh%+aﬂah5f .05, pyvts TERERE b b — a,ad ,

AU gy pyr R g ﬂh“"*h?s

a b bd a bb. o

P.;+k F S e h+*1 e i P:hﬂa) )r
=FZC-4( ap Ps‘! P2 Ps) ZC < ﬁ*’ﬁ. _ +b“h+)b9>;+;ch( ! Pr*lb (b +b_ )>
(20)

Thay cac két qua trén vao phuong trinh dau tién, ching ta nhin
dwoc:

‘aF 2 2
;§;=—[%—%—H}q ‘f{;(Pgﬂpl)A(r)ikana’pzbq) gc ( a,a P;-,‘—'? Pz F1>;

_%:k’ <a;+h¢h(bh +b_h+)bq>t+;ch< b, +h,0))

o 'E*r;—&?q ‘i“(?z“‘PQA(I)](anaﬁb?) “ZC ( n-sr; F3>

’

Bd qua s6 hang thi 2 trong ¢éng thie trén do rdt nho so véil, ta cb:

oF | p,. p/l e

.g.—_- {?.:n = Z;n —~ @, —;E(pz ~ pA() <aﬁahbq>

12(:( b+bk1)b> 120(11&&&1&(13 +b_ )>
Trix6e tién, ta giai phuwrong trinh vi phén cép 1:

Q‘E‘i }"3’22__!'-5'12
ot 2m  2m

—wq—f—(pz—plm(r)}ﬁ*(r)
nc

aF‘E"S‘;‘E (r) = i[é‘(ﬁl)*gtﬁg)-ﬂ?"} o r:;f? (51 - ﬁz)‘i(r)] F}?;jz-& (r)
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(21)

Luu y phuong trinh (21) 1a phuong trinh vi phan tuyén dnh cdp
mét, khéng thuin nhdt cha ham F, . (7). D& gidi phuong trinh nay

PPy
trizdc tién ta giai phuwong trinh vi phéan thudn nhat:
OF, o (1} [ . € . o NTq.
2220 =il o(5)- () 0 =z By B)A() |y 0
(22)
Dung phuong phap phan li bién s6, ta co:
L OF, . (1) { ’ o
Pir P2 \71 ‘ s s oo -
~i] | e(5)-(p)-0; -—(h- B)A() o
_‘[u F_E“hj (Il) _'[ 1 2 g me 1 i 1
. ‘ _ _ I ie t _ -
0 F, 5 055 ()|~ =i £(B)~2(B) -0 | [ ds—— (5~ B.)Als)at

Sir dung diéu kién ban dAu (digu kién doan nhiét):

In F- —-

Py+ P34 |“"'

=0

Ta cd nghiém

FE'E.E(t)=Maxp{i[£( B)-2(p,)-. | jdrl—;n’:-‘f; I (ﬁl—ﬁz)ﬁta)dﬁ}
- (23)

Trong d6 M 12 mét hing s& phu thude thid gian, ta ky hiéu M(t) va:

Ft)=M@)F() (24)

oF (1)

OF (1) oM (z)
ot ot i) ot (23)

=
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Thay (25) v‘ao (21) ta co:

oM (1) (f)

= F(y+M(©@)

_5[5(51)_3(102) m_“““(ﬁ Pz) ()}M(I)F(t)+

43 G{{d gos o) el )

oF, . -{t
Thay Ipf’S‘:( ) tlr (22) vao s6 hang thit hai ¢ vé trdi, ta s& gian wdc

duoe s& hang thit nhit & v€ phai, do d6:

q A g9\ 4 4

ag(z) FO=i3 GR%‘“‘ ()] Al +bt)>f]

(26)
Thay F(t) tix (23) vao ta co:

(27)
L&y tich phén hai v€ ta dugc:

Mo=i] Y. (6 ol )8 %%ﬁ(m)ﬂx

Xexp{—i[é‘( )—&(B,)- q _[ 2 j )}dzz
e (28)

Thay (26) vao (24) ta thu dwrgc biéu thizc cho F(t):
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Fa=i] 2G| (G t3)8), s s0l)) b

z‘[e(ﬁ)—e(ﬁz)—aa](f—rz)—n%j(ﬁ—ﬁz)zi(a)dn}dz

(30)

Thay vao {(12) ta c6:

q [( oty i) g ()

a2

C*&‘: CE
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J (ol la) {anasnle]]
e t )
XEKP{—f[g(ﬁ)-S(ﬁ-é)—fﬂ_;](f—tz)-
-(i) 2, GC;

ie ¢
gA(z, Mt >dt, -
m*c {g (lﬁ 1} r.'l

] (st Aancalio),

le
"

xexp{i[s(ﬁ)—s(ﬁ—cj)—&?,;](f—fz)— ciéA(rl)dfl}dfﬁ

m
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chp{ ile(B)-€(P+3)~o; |(t-1,)- ijEA(n)dﬁ}

xexp{s[e(.a) e(p-4)-o; (-1

e

xexp{—E[E(ﬁ—é)“f(ﬁ)“%](f‘fz)“‘i%j.iﬁ(fz )dﬁH

+[<a;a; (b3b%; +b%b; ]>,z -(a B s )>a]

(32)
Ta tinh
exp[——;% k Iﬁ(fl)dﬁ] =exp [‘f fgﬁ (sin.feor—sim Qrﬁ)]
=exp I:i EEOE (sin £2t, —sin(~£2¢ )):} |
ms2
St dung cbng thatc:

exp(izsinp) = i J,{z)e**

=T

Ta cé
ie ~f - oo (eEk ), (eEk
exp[—;;k!A(rJdri: Z Z 7, [m—!;;].l J{M{‘}l}-.:Jtp(-—m.(.?r)f::l:p(:u!.(.?t2

264



Z Z (m _Qz] [ 5 )cxp[l(f )2t~ i£2(t -1,)]
Thay (33) vao (32) va sir dung
(a;ai >. =n; (2), (bgb; >r = NE (), <bi‘b:>, =N_(0)+1

Ta cé:

s () (N4 = 1)
ﬁ‘ip{i[é(ﬁ)—!:'(f)—fj] +a —m+i§](t—t')} }

(33)

(34)
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Stz dung c6ng thitc chuyén phd Fourier

i —icn 1 7 ~ia¥ . |
nﬁ(m)=jnﬁ(r}e dt; nﬁ(r)z—z;f—j‘nﬁ(w,b do (35

Dit (35) vao (34)
a{ 1 7% g 1 % g
§[E j ny( @k ‘“‘dw]+eE g_;r n{ @) da=

=-3lef 3 7. [fgﬁ] [f;]exp[lﬂ o

g s
XT g Bf; T n(@E“doN, *—21; T n, (@) dex N, +1)}<
Xg'w[i(gﬁ-i-f —£,— 0 —IQ.+£§)(1‘—I’)j|+

1 I it 1 T i '
+[§jnﬁ(m)e dMNE"'U_ﬂ_LnﬂE(&)}e da!NE}X

—my

xexp[i(gm —~&;+ @, —lQ+i6)(r—r'):|—

1 p i’ 1% —igx’
_{-2; [ stk dan,— L [ nyf s daXN;+1)}<

—an

Xexp]ii(si —€ ;& —lQ+i§)(r——;r)]_

i % i 15 " |
—':E;E_J;nﬁ_i(Wk daX NE +1)__£Z'-:[nnﬁ(m)e dQJNE:!X

Xexp[i(fﬁ —& ;T —lQ+i§}(r—t')]}
(36)

Tacd
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a 1 T —igx’ - —iax’
| n;(@e ™ do= jn (W™ dw

Dfii thi tiz lﬁ'y Heh phén trong (36)

véi luu ¥ réng 7; (fﬂ) TN (-‘-’ﬂ) N khong phu thudc bieén t/, khi
do ta cor

jexp[“f(fm—b‘rwg +w—zg+ia)z'] dr =
ew[_i(-gaf ey +“’—19+55ﬁ’]

=& —@ +@~1Q+id)

~ ia:q:[-—-i(sﬁ+i —&;— @, +w—lQ+i5)r’]

—

(SM —&; - +@D—IQ+i0 )
Thay (363), {3613} vao (36) ta cé: '

eE k) [eE}k
n. (&?)?—:ﬂxdm" IZ'C‘ Z J [mz}-}[ ézJﬂxp[f(E“Smr]x

§ Ja=—an

]

1
XEIE

—C

"“da}{[nﬁ(ﬂ?w;—”5+k(a’)(NE+U](g . —& +m-+a1—l£2+i§)+
2% 4 P k

]
(&;,; =& +W—0—-1Q-i))

+ n, (@) Ny +1)=n, (@)N, |

1
sﬁ—-eﬁ—wf—wﬂﬁ—i&)

-[ﬁﬁ_g( @N_ —ny( @) N, +1 )](

(37)
1
I +1l—n.{aIN.
l:np_k(a))(Nk+ )—ni(@) k](gﬁ_gﬁ_z_%+m+zg+f§)}
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Ly ¥ ta don gian nhue saw:
i P —iceX T ~L X
— [ e f@do=— [ e g(@)do— f(@)= @)
27 -, 27 -, |

Dit
1
i~ T O +@—-1Q+10

1
£~ & —0; —wfIQ-zﬁ

1 -
£ —& T +@-1Q+id
i
£, &+ -1 —-id

Al =

Tie (37) ta ¢é

(c'o) Z|c| Z J[ E} (EQEJexp[:(z )X

sl=—=

~~ (38

[n;-,twwg—nm)wﬁn]al+[n;, (@N; +D)-n, (@N ;|
+hn , ((@N, —n (@), + Dl + L;ﬁ_g (@YN; +D)—n(@)N; I,

Nhin thiy ring, v6is # 1 trong v€ phai ciia (38) s& cho déng gdp bac

cao hon hing s& twong tac dién tir - phonon. V1 vay ta du xét trieomg
hgp s = va thuzc hién ngét chudibac 2 véi C;, ta et
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o @-3lcf § | Z|

5 f=—o0

15 (@N; = (@XN; +DIK; + |y @, +1) -1 (@N A5
+h (@N, —ny @, + D, +[n (@, +D-n@N, I,
(39)

Do tinh chét d8i ximg chia mang tinh thé nén thay vécto song
k —~k vachudi! chay tit—oo — +oo nén thay +IQ — IQ suy ra

[EE (@, +1)-n @ & - &]
szJ +[n (a;)N-—-n (aJ)N +1Iﬁfr A‘
(40)

—iany (@) =i\ 3 I
4

—_——n

| | -

Nhin 2 v&€ cha phuong trinh (40) véi — “ va ldy tich phan
_[---d @ . Str dung mét 1an na phép chuyén phd Fourier va lueu y dén
cOng thikc

2 £
[ %=

)

f(x) f(x)
- 2in80) = [ L5 L s

T I8 et inseo
X

Suy ra

A~ A e = 2inb(e - €, - 1)

ey B

[ 5 A;]dx =-2im0(£, ¢ —&; +@; ~1Q)

{=mi }

ta siz dung
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g 1 % i ¢
—— | n. (@ Xl =-—— e " Cdw
ot 27w ¢ W 27 n( e

—r

Nhue vy cong thiee (37) khi chit ¥ dén (38), chiing ta ¢6:

SO zr[fﬁ’;}

=-'-¢:l

{[rz_+f(r) N, +1) —n; (t)NE}é(.eM -&; — @, —1Q) } (41)

an (t)

. ON —n, oW, +)Be., -&, + o, ~12)

Trong bigu thitc (40), 75 (f) va N trong tmg 12 cac ham phén b
dién tir va phonon. Gial phuwong trinh déng luong tit (41) ta thu duge
bigu dién gidi tich ctia him phan b& khéng cén biing ciia dién tir 72; (1),
rBi tir bid thire 725 (?) ta c6 thé tinh duge cic dai luong dic tmg cho
qué trinh khéng cin bang, nghia la tacé duege i thuyét hrong e cac qua
trinh khong cin bang,
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