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MO DAU
1. Li do lwa chon dé tai

Trong nhitng thap nién gan day, nganh vat 1y hé thap chiéu (vat 1y nano) duoc
nhiéu nha vt Iy quan tdm bai vi nhitng dic tinh wu viét ma ciu trac tinh thé ba chiéu
khong c6 dugc. Vi su phat trién manh mé cua cong nghé ché tao vat liéu, cac nha
khoa hoc di tim ra nhiéu phuong phap tao ra cac cdu triic nano khac nhau, chang han
su phat trién cia cac ki thuét tinh vi trong nuéi tinh thé nhu epitaxy dong phan tir
(MBE-molecular beam epitaxy) va két tia hoi kim loai hoa hitu co (MOCID-metal
organic chemical iapor deposition). R4t nhiéu vat liéu co cdu trac nano dugc ché tao.
Vi1 ddc tinh vu viét cia nd, hang loat cac hi¢u l'Ing bén trong da va dang dugc nghién
ctru nhu: cac co ché tan xa dién ti-phonon, tinh dan dién ph1 tuyén va tuyen tinh,... Tu
d6, ché tao thanh cong cac vat liéu quan trong trong hé cau truc nano phang 2 chiéu
nhu mang méng, ciu tric 16p, hd luong tir, siéu mang. ..; hé cu tric nano 1 chiéu nhu
dng nano, day lugng tir...; hé khong chiéu nhu nhém tinh thé, chdm luong tw, ...

Day luong tir 1a cAu tric dac trung cua h¢ mot chiéu (1D). Sy giam cAm dién tur
trong cac day lugng tu thay ddi dang ké cac tinh chat vat 1y cua h¢, cac hi¢u img vat ly
bén trong da c6 nhitng khac biét so voi cdu trac ba chiéu ciing nhu hé hai chiéu. Trong
cac vat liéu moi néu trén, chuyén dong cua hat dan bi gi61 han nghiém ngdt doc theo
cac huong toa dd nao do trong mot vung rat hep c6 kich thudc vao cd bac cua budce
song De Broglie. O ddy, cac quy ludt ciia co hoc luong tir bit dau co hiéu luc, trude
hét thong qua viée bién ddi dic trung co ban nhét cia hé dién tir 1a phd ning luong cua
né. Phd nang luong bi gidn doan doc theo hudng toa dd gioi han. Khi d6, mét loat cac
hién tuong vat Iy moi dugc goi 1a hiéu ung kich thudc s& xut hién lam bién ddi hau
hét cac tinh chét vt Iy ctia hé, mé ra kha nang iing dung cho cac linh kién dién tur lam
viéc theo nguyén 1y hoan toan méi. Viéc nghién clru cac loai vat liéu méi nay da cho
ra doi nhiéu cong ngh¢ hién dai c6 tinh chét cach mang trong linh vuc khoa hoc ki thuat
nhu: Cac di6t huynh quang dién, pin mat troi, cac loai vi mach. Co thé str dung hiéu
qua trong y hoc, cu thé tao ra cac chip dién tr nano dua vao co thé dé quan sat tién
trinh phat trién ngudn bénh chinh xac tir 46 tim ra phuong phap ngin ngira va diéu trj
hi¢u qua nhét... Chinh béi tinh thoi sy khoa hoc nay ma viéc nghién ctru ban dan noi
chung va ban dan thap chiéu néi riéng da thu hut dugce sy quan tdm cha ¥ cia nhiéu
nha vat ly, ca ly thuyét va thuc nghiém [1, 2, 4, 8, 20].

Céc bai toan 1y thuyét thuong dugc dit ra dbi v6i cac hé ban dan thap chiéu 1a
xét cdu trac dién tr (cac vung ning luong: ving dan, vang hod tri, cac tiéu ving do
tuong tac cac hat, chuan hat khac, hodc do tir truong); cac tinh chét quang, tinh chét tu,
su tuong tac cua hat tai (dién ti, 16 tréng, exiton, plasmon, ...) v6i trudng ngoai. Bén
canh do 1a cac hi€u trng dong: hi¢u img Hall, hi¢u img am dién, hi¢u ing Ettingshausen,
hi¢u ung radio di¢n ... Trong s6 cAc bai toan vat ly ké trén, ching t61 dic biét cha y to1
cac hiéu ing dong hiéu ung Ettinghausen. Cac hiéu g dong trong ban dan thap chiéu
xay ra khi dudi tac dong cua trudng ngoai (song dién tir, song am, ...), chuyén dong
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cua cac electron trong vat li€éu duoc dinh hudng, tir d6 1am thay ddi mat do dong khi
mach kin hodc lam xuét hién mot hiéu dién thé trong diéu kién mach hé. Hién nay, cac
hiéu tng dong dd dugc nghién ctru trong ban dan khdi va ca trong mot s6 loai ban dan
thap chiéu bang nhiéu phuong phap khac nhau, chang han: hiéu tmg Hall [19, 23-25],
hi¢u ing am di¢n [9, 14, 15, 18, 22], hi¢u ing radio dién [5, 7, 10, 11, 12, 21, ...].

Céc nghién ctru vé hiéu Gmg tir - nhiét - dién trén chi yéu sir dung phuong phap
phuong trinh dong co dién Boltzann. Phuong phéap nay c6 han ché 1a chi 4p dung trong
diéu kién nhiét d6 cao. Dé ap dung cho toan dai nhiét 4o, mot s6 nghién ctru da st dung
phuong trinh déng lwong tir v6i muc dich khic phuc han ché trén, tuy nhién, cac nghién
ctru nay chu yéu nghién ctru trong ban dan dan khdi. Cac nghién ciru sir dung phu’()’ng
trinh dong luong tir trong hé thap chidu van con han ché. Do nhitng hé thap chiéu c6
ham song va pho ning luong khac véi ban dan khoi dan dén tinh chat vat 1y trong hé
thdp chiéu khac vdi trong ban dan khéi. Hiéu Gng Ettingshausen trong ban dan khéi,
kim loai va chat siéu dan dd duoc nghién ciru bang phuong trinh dong c6 dién Boltzann
va phuong trinh dong luong tir. Tuy nghién cic nghién ctru bang phuong trinh dong
lwgng tir trong hé thap chiéu di cong bd trude ddy con c¢6 chua xét dén anh hudng cia
song dién tir manh 1én hi€u Ung.

T nhitng phan tich trén, véi muc dich hoan thién nghién ctru Iy thuyét vé cac hiéu
ung dong trong ban dan thap chiéu, chung t6i lua chon dé tai “Anh huong ciia cac dang
thé giam cam cua dién tir Ién hi¢u urng Ettingshausen trong ddy luong tir”.

2. Muc dich nghién ciru

- X4y dung phuong trinh dong lugng tir cho ham phan bd dién tir trong day luong
tir c6 ké dén su giam cam cua dién tir va cua phonon.

- Thiét 1ap biéu thuc giai tich cho ham phan bd khong cin bang cua dién tt, tinh
toan mat do dong, tensor d6 dan, hé s6 dong dic trung cho hiéu tng Ettingshausen.

-Tién hanh so sanh v6i cac két qua trong trudng hO’p ban dan kh01 truong hop
dién tir khong giam cdm dé thdy ro anh huong cua thé giam cidm 1én hiéu ung
Ettingshausen trong hé ban dan mot chiéu.

3. Phwong phap nghién ctru

Trong khuon kho cua dé tai, bai toan anh huong cua cac dang thé giam cam cua
dién ttr 1én hiéu ung Ettingshausen trong day luong tir duoc tac gia nghién ctru bang
phuong phap phuong trinh dong luong tir, day la phuong phap da dugc sur dung cho
bai toan twong tu trong ban din khéi ciing nhu cac hé ban dan hai chiéu va da thu duoc
nhitng két qua c6 y nghia khoa hoc nhét dinh. Két hop véi phuong phép tinh sb bing
phﬁn mém tinh s6 Matlab. Anh huong cua cac dang thé giam cam cta dién ti 1én hiéu
mg Ettingshausen trong day luong tir dugc danh gia va thao luin ca vé dinh tinh 13n
dinh lugng.



4. Noi dung nghién ciru va pham vi nghién ctru

Noi dung nghién ctru chinh cua luan 4n 1a: trén co sé cac biéu thire giai tich cua
ham so6ng va pho nang luong cua electron trong day lwong tir hinh try va hinh chit nhat
v6i hd thé cao vo han khi dit trong dién trudng va tir truong vudng goc nhau, xay dung
toan tor Hamiltonian ctiia hé dién tir-phonon tuong tac khi c6 thém song dién tir ngoai.
Tir d6 thiét 1ap phwong trinh dong luong tir cho toan tir sb dién tir trung binh khi gia
thiét s6 phonon khong thay doi theo thoi gian. Giai phuong trinh dong lugng tir duoc
sO dién tir trung binh va biéu thire mat do dong dién. Tinh biéu thie cho tensor do dan
dién, tur trd, hé sb Ettingshausen. Két qua giai tich thu dugc thyc hién tinh s6, v& dd
thi va thao luan dbi v6i cac mé hinh day luong tir hinh try, day luong tir hinh chitr nhat
cu thé. Két qua tinh s6 dugc so sanh va ban luan. Qua trinh trén duge thuc hién lan
lugt voi day lugng tir hinh chitr nhat vaoi hd thé cao vo han, day luong tr hinh tru véi
hd thé cao vo han véi hai loai co ché tan xa 1a tan xa dién tir - phonon quang, tan xa
dién tir - phonon am. Dé tai st dung gia thiét twong tac dién ta-phonon duge coi la
troi, bd qua tuong tac cia cac hat cung loai va chi xét dén sb hang bac hai ctia h¢ )
tuong tac di€n tir-phonon, bd qua cac ) hang bac cao hon hai. Hai loai phonon duoc
xem xét 1 phonon quang ¢ mién nhiét d6 cao va phonon am ¢ mién nhiét do thap.
Ngoai ra, dé tai chi xét dén cac qua trinh phat xa/ hdp thu mot photon, boé qua cac qua
trinh cua hai photon tr¢ 1€n.

5. Y nghia khoa hoc va thue tién ciia luin 4n

Viéc nghién ciru anh hudng cua cac dang thé giam cam cua dién tor 1én hiéu
mg Ettingshausen trong day luong tir lam hoan chinh hon cac két qua nghién ctru ly
thuyét vé tinh chat ctia ban dan thap chiéu. Cho phép thu nhan dugc nhiéu thong tin vé
cac tinh chit méi cta vt lidu, dic biét 1a vé céc thong s6 dic trung cho cAu trac vat
liéu mot chiéu.

Vé y nghia thyc tién: Sy phu thudc ctia hé ) Ettingshausen vao cac tham sb dic
trung cho cau trac day luong tir co thé duoc str dung lam thudce do, 1am tiéu chuan hoan
thién cong nghé ché tao vat liéu cdu trac nano ung dung trong cac thiét bi dién tu siéu
nho, thong minh va da nang hién nay.

Chuong 1: Thuyét lwong tir vé hiéu ing ettingshausen trong ban din khéi va tong
quan vé h¢ mgt chiéu
1.1. Ly thuyét lwong tir vé hiéu ing Ettingshausen trong ban din khoi
1.1.1. Phuong trinh dong lwong tir hé dién tir-phonon trong ban din khdi

Khi nghién ctru hiéu Ettingshausen thi cac dai lwong ma ta quan tam mat do dong,
tensor dJ, hé so Ettingshausen P,... cic dai lugng nay c6 lién hé mat thi€t vo1 nhau.
Trong phan nay, t6i s€ st dung phuong trinh dong luong tir dé khao sat hi¢u ung
Ettingshausen trong ban dan kh6i mot cach tong quat va 1a co s& dé khao sat trong day
lugng tir hinh chir nhat & chuong tiép theo. Theo do, xuat phat tir Hamiltonian ctuia hé
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dién tir - phonon trong ban dan khéi duéi tac dong cua dién, tir truong khong doi E H
va mdt song dién tir manh (buc xa laser) EO (t), xay dung phuong trinh dong lugong tur
cho ham phan bd dién tir, tir d6 tinh toan mat do dong va mat do thong luong nhiét
trong hiéu ung Ettingshausen.

1.1.2. Mat d dong toan phan trong ban din khoi

- - +o0

]Z%Zﬁpnﬁ Jo ezppn 56(e — &5 )de—f R(e)de (1.1)
1.1.3. Mat d¢ thong lwgng nhiét

— 1 fo

Ge == [ (¢ — ep)R(e)de (12)
1.1.4. Hé s6 Ettingshausen trong ban din khoi

1 OxxVxy —OxyVxx
= 1.3
; . H Uxx[ﬁngxx_Gxx(fgx_KL)] ( )
1.2. Tong quan vé hé mot chic¢u

1.2.1. Ham séng va phd niing lwong ciia electron trong diy lwong tir trwdmg hop
khong cé trudng ngoai

1.2.1.1. Ham séng va phé nang lwong cia electron trong ddy leong tir hinh tru véi ho
the vo han

0 r>R
Vi (r9:2) —LV ety (1) r<R. (1.4)
0
nk? thj,
nl(k )_ m* 2m*R2 (15)
Trong do: v, ,(r) Zﬁh(/&,z %) la ham song xuyén tam ; V;, = 7R’L : thé tich
n+l n,l

day, n=0,x1,+£2...; L=1,2... ) luong tr xuyén tam. K 1a vecto truc cuia dié€n tur, A,

1a nghiém ctia ham Bessel d6i s6 thuc cap n Ju(Any)

1.2.1.2. Ham séng va phé nang luong cua electron trong ddy lwong tir hinh chiv nhdt
VOi ho thé cao vo han

_ LkZ i mrx 2 . lﬂ
l‘bn,l,k (x,y,2) = \/ \/Lx ySl n( Ly) (1.6)
n?kz  mw?h? (n? 12
gn,l,E = 2m + 2m (E + g) (1 7)



1.2.2. Ham séng va pho niing lwong ciia electron trong day lwong tir khi c6 mit tir
truong

1.2.2.1. Ham séng va phé nang liwong cua electron trong ddy hrong tir hinh tru véi hé
thé cao vo han khi co mat tue truong
* Truwong hop mot: Tu trudong manh

Theo két qua téng quat & trén, pho nang lugng ciia dién tir khong chua s6 nguyén
(n,/) ma chira nhimg 6 hang phure tap (4, ). Khi tur tru:ong du manh, ban klnh day R
16n hon nhiéu so véi ban kinh cyclotron «, , tri riéng \n\ ; xAp xi 12 mot s6 khong am.
Luc nay, ham song va phd ning luong ¢ dang:

(N +‘V4 lm¢ ikz —5/2511‘/2

1.8

J_ (1.8)
nk> 1 |

£, = +ho,| N, + 2 + +—

n,l 2m* ( 2 2 2 (19)

* Truwong hop hai: Tt trudng yéu
1 ikz n‘ (A‘ ‘17"/7")
W, (r,0,2) = ——=c"e¢ \ 1.10
N272LR S (A\n\,z) (110

hzkz h A‘n‘l n

&,y = + +ho, ~ (1.11)

2m" 2m R’ )
1.2.2.2. Ham séng va phé nang luong cua electron trong ddy lwong tir hinh chiv nhdt
Vo1 ho the cao vo han khi co mat tw truong

Gia str day lwong ttr hinh chit nhat voi thé giam giit dién tir dugc dat trong tir trudng
yéu, ham séng cua dién tur nhu trong truong hop khong ¢o tir truong:

Vi, () = exp(ie z)\[—su(—x)\[—sir(i—’;y) (1.12)

Tuy nhién, phd ning luong cua dién tir khi c6 mit tir trudng cé thay doi, no dat
thém mot sy giam ham dién tr bén canh sy giam ham do gidm kich thudc. Pho nang
luong cua dién tir lac nay duogc viét nhu sau:

B(CN) p7 1 12
Ening, = 3t 0c(N+3) +—(L—z+g) (1.13)



1.3. Két luin chwong 1

Trong Chuong ndy, chung ta di nghién ctru hiéu ing Etingshausen trong ban dan
khéi va tong quan vé hé mot chidu. Xuat phat tir Hamiltonian cua hé dién tir - phonon
trong ban dan khdi dudi tic dong cua dién, tir truong khong ddi E Hva mot song di¢n
tor manh (btrc xa laser) EO (t), xay dung phuong trinh dong luong tir cho ham phan b
dién tu, tr d6 tinh todn mat do0 dong va mat dé thong luong nhiét trong hi¢u ung
Ettingshausen. Nhu vay, ¢ ddy, ching ta str dung phuong trinh dong lwong tir dé khao
sat hiéu ung Ettingshausen trong ban dan khoi mot cach téng quat va nghién ctru dang
ham séng, phd ning lugng trong cac diy luong tir khac nhau khi c6 tir truong va 1a co
s& dé khao sat hé so Etingshausen trong day luong tir & chuong tiép theo.

Chuwong 2: Ly thuyét lwgng tir vé hidu ng ettingshausen trong diy lwgng tir hinh
chir nhat véi ho the cao vo han khi c6 mat séng dién tir

Chuong nay trinh bay 1y thuyét luong tir vé hiéu tng Ettingshausen trong day
lugng tr hinh chit nhat véi thé cao v6 han khi c6 mit mot song dién tor manh., dién
truong va tir trudng khong d6i. Hamiltonian ciia hé dién tir-phonon va phuong trinh
dong luong tir cho electron dugc thiét lap, tor d6 thu duoc biéu thirc hé sb
Ettingshausentrong ddy luong tir hinh chit nhat v6i thé cao vo han khi xét co ché tan
xa dién tir-phonon quang va dién ti-phonon am. Cac két qua giai tich cho hé sd
Ettingshausen trong day luong tir hinh chit nhat voi thé cao vo han duoc ap dung tinh
sO, v& dd thi va ban luan cho day luong tir hinh chit nhat v6i hd thé cao vo6 han
GaAs/GaAsAl. Két qua nay duoc so sanh voi cac két qua da thu duoc trong hé ban
dan hai chiéu va ban dan khéi.

2.1. Phwong trinh ddng lwong tir cho dién tir giam cAm trong diy lwong tir hinh
chir nhit hd thé cao vo han

Gia sir day luong tir hinh chir nhat voi hd thé cao vo han dit trong tir truong
B=(0,B0) va dién truong khong ddi E =(00,E) khi co mat truong laser ¢6 véc to dién
truong E(t)=E, sin(Qt) vudng goc voi phuong truyen song, trong d6 £, va Q tuong
{mg 12 bién do va tan s cua song dién ti, trong diéu kién nay ham song nhu sau:

nmx

e [ :
Vyi(wyz) ==e™ |[Esi5E) |Zsin T 2.1)

2 2
Pho nang luong dang: &, (k) = " kz + nh (n—z + ﬁ) + w.(N + %) - zi (ﬁ) (2.2)

2m \L3 15
& day o =By, v 1a cac sb luong tir (n,]), (n,1’) cia electron; N, N’ 1a chi sé mirc
Landau tur (ﬁ=0,1,2,. o).

Halmintonian ciia hé dién tir - phonon trong day luong tir hinh chir nhat v6i hé
thé cao v6 han duoc viét nhu sau:



H = Zyk Y( A(t)) vk yk+2q qb

2 N + +

+3,7%.4Cal |Iy’y'(q)| a0 7(bg +b1) + + g (Dayy, -a,; (2.3)
Pé xay dung phuong trinh dong luong tir cho dién tir giam cam trong day luong

tor hinh chir nhat véi ho thé cao vo han khi ¢6 song dién tir ngoai, chung t61 st dung

phuong trinh dong lugng tir tong quat cho toan tir s6 hat. Thuc hién cac budce tinh toan

tuong ty nhu d6i véi ban dan khoéi & chuong 1, chiing t6i thu dugc phuong trinh:

LD 4 (eF + welRR) T = 21 %, alCal [y /NG % [y 5
yk] [(1 - za_Z) (5y',%+¢7 — &% wo) + 4'}2—226 (sy,’ma — &%~ Wt !2) + +
H‘S (8y,k+q Svk )] [ny kg ﬁ] [(1 - 219_22) 0 (gy'ﬁ—ﬁ “E&rt
W, ) +m6( g0, — )+ 410—226 (e,5-a— &+ @ +2)|} 24

Phuong trinh (2.4) 1a phuong trinh dong lugng tir cho dién tir trong diy lugng
t&r hinh chit nhat véi hd thé cao vo han khi c¢6 song dién tir ngoai. Phuong trinh nay 1a
téng quat va co thé ap dung cho co ché tan xa dién tir - phonon am va dién tir - phonon
quang trong day luong tir hinh chir nhat v6i hé thé cao vo han.

2.2. Hé s6 Ettingshausen trong day lugng tir hinh chir nhat hé thé cao vé han

2.2.1. Trwong hgp twong tac dién tir - phonon quang

Véi truong hop tuong tac dién tir-phonon quang, hing sé twong tac:

e?w, (1 1
Cql? = oo (=) (2.5)
trong d6 V 1a thé tich chuan hoa, g 1a hang sb dién moi, y, va Zo lan luot 1a @6 tham
dién moi cao tan va do tham dién moi tinh. O nhiét do cao, khi dién tir duoc gia thiét
1a khong suy bién va tuan theo phan bd Boltzmann, trong d6 tan s6 phonon w,=w, la
tan sd phonon quang. Thuc hién cac tinh toan ta duoc biéu thirc hé sé Ettingshausen
dbi voi twong tac dién tir phonon quang nhu sau:

1 OxxVxy—OxyVxx 2.6
Haxx[ﬁzxYxx_Uxx(fgx_KL)] ( ' )



2
r ear T eat
Trong dé: o0y = —5= —(1 WeT?) ———=;  Oyy = ——5=.W, T+
1+w?t (1+a)§‘rz) 1+w?t

b 2 Qb Qb
e_-wcT-T—' .Bxx=e_ (1 - wit®).—>= ) Vxx=;-(1_

m (1+w312)2 ’ (1"‘“’3 2)

2 Exx — ( 2)

==.w,T. =
(1+w ) m (1+w 72) mT

= ot (%)”w«p{ﬁ [er + 2 (52) -2 (24 ) - o (v + )]}

b ZFENOZyy(Al_l_AZ _|_A3 +A4-|—A5 +A6 +A7 +A8) (_Oo_)(_lo)lly'y’eB

22 (n? 12 1 1 [eE)?
I = exp([)’ [ep ‘%(EJ’E) — W, (N +E) +ﬁ(w—c) ]),
B BLykpTe? — Bll

L, = f Ny (Q)| dg; A, = 8\/_3713 \/Z,Bm

B LykgTe*EZB J_ @
(2Bym) Ko (B2)?) 4, = — B P (4 L)

w?2T?).
(1+w2 2)?

16m2(ﬁ/8m)3/2.o

__ BLxkgTe EOBlgf - m 4= BLk,Te'E’B, \/_ ﬁBM ﬂ+—
37 Tem2(p/emye/at © (B +Blg) R (,3/8m)3/2§24 B,

ﬂLkTe ﬂBT'f /_ *ﬂi; 12 Bs .
4= 8\/_7r ( 2ﬂme +(2B,5m) K%(ﬂ 2)}3

,BLkTeEBlS\/_ e 5y
" 16m*(B/8m )3’294 ;

_ BLKTEE;B N 5% sl 4 PLI,TEEB N7 0% s
T 16m’ (B /8m)* Q) B, 2m* (B 8m) QY
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b

ﬂ_2h2 l’l' _n2 112_12 '
B, = . [ B + B }Jra)c(N—N)—a)o, By=B,+Q B, =B, -Q
x y

B =B, +20,, B;=B;+Q , By = B;s —Q
O day: B = 1/(kgT); hy = 0,h,, = 0,h, = 1; & 1a ning luong Fermi, k, 1a
hang s6 Boltzmann; T 13 nhiét d6 cua hé. K;(x) 1a ham Bessel loai 2.

Céc biéu thirc cho tenso d6 dan o; 4 B; 1o Vi 1 (i VA Hé s Ettingshausen P cho
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théy su phu thudc cia chung vao vao tan sd, cuong dd cua song dién tur, nhiét do, tir
truong va cac thong sd dac trung ciia day luong tir hinh chir nhat c6 hé thé cao vo han
khac han voi ban dan khéi va hd luong tir. Nhimg diém nay méi dugc phat trién trong
khi nghién ctru hiéu tmg Ettingshausen bang 1y thuyét luong tir.

2.2.2. Trwong hgp twong tac dién tir - phonon am
Thuc hién cac tinh toan twong tu nhu ddi véi truong hop tuwong tac dién tir-

phonon quang ta dugc biéu thic hé sé Ettingshausen ddi v6i tuong tac dién tir phonon
am nhu sau:

_1 OxxVxy—OxyVxx
H oxx[BxxVxx—0xx(§xx—KL)]
Trong do: 0= a—3 ¥y 6k + weT(er)e; i+ wPT(ep)?hihy ] +
L] 1+w2t(ep)2 &ML c ikj c i
b YR GV C R S + w2t (ep) hihy | +
Zn,l,n',l' ehwz/kBT_l 1+(1)CZT(£F)2[ ik wCT(SF)El k] a)C T(EF) itk

T(ep+hQ)
1+w21t(ep+hQ)?

11

[6:k + weT(er + M) & 1+ w 2T(er + MQ) 2Ry | +

, T(ep—hQ)
‘1+wczr(5p—hﬂ)2

[6ik+ w T(er — A& 1+ w 2T (ep — hQ)Zhihk]} :

I { hQ T(ep+hQ)
1

Bij=b Zn,l,n',l’W -1 11+wczr(8F+hQ)2 [5ik+ wcT(er + )& +

w 2T(ep + AQ)2hhy | + 22 1 | e D)

T 1+wc t(ep—hQ)? [6i et @ct(er = hO)g; i+ we*T(er —

h0)2hh] |

Yij= a0 __ S_FZn,l[6ik+ W T(er) € kj+ W T (ep) 2 hihy | +

1+w 2t(ep)? e
bEY nana” —21&[6- + weT(ep)€; ij + 0 T(ep) Ry | +
e nln'l’ ehw;/kBT_l 1+wcz‘f(€p)2 ik c FJ)<ikj c F ik

T(ep+hQ)
1+w2T(ep+hQ)2

[6:k + weT(er + M) 4 + w 2T(er + M) 2Rk | +

, T(ep—hQ)
‘1+wcz‘r(£F—hQ)2

[6ik+ (,()CT(EF - fl.Q)Ei kj + O)CZT(EF - hﬂ)zhlhk]}

In,l,n’,l'2 { hQ T(ep+hQ)

2
— pEE_ _nlnl .
El] - b e Zn,l,n',l' ehwz/kBT_l T 1+wC2T(5F+h‘Q)2 [6l k+ wCT(SF +

hQIII T(ep—hQ)

T 1+w21(ep—hQ)?

hﬂ)gikj + a)CZT(EF + flﬂ)zhlhk] + [Sik-l_ a)CT(EF - fl.Q)Ei kj +
w2t(ep — hﬂ)zhihk]}
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2egpm”*
h2

eLyh*Eq®a?
768m2m*> pvg [AQ’
2 2 5.5
2 [N l _ _ . c1°+dy” +d,° cz +d; _
n( 2+‘2)ix1— Ags X =—\JBq 5 T=x T X 0=
Ly ' Ly Q Q P A

1b

x1+ Ala 5 d1=.x1_ Ala; C2=x2+,¢A1 ;d2=x2—,/A1b ; 1=

'U,15+U1 uZ5+U2

X1 N + X T ;U = X1 + /A2 ; Vg =X — AUy =X +

Trong d6: a=e?h?L,.[Ay/2nm**; b= Ag= —

m°+q,° my°>+q;°

Aop; vz = X5 — [Dop;s T = x4 N + X, N smMy = X1 + /D345 1 =

eEO
m*Q2

.
X1 — [Dz3as My = Xp + A3 G2 = Xy — ([A3p; @ =

o day: vg, E; va p la van tbc am thanh, hﬁng s6 thé bién dang va mat do khoi luong; ep
la mirc Fermi, kz 1a hang s6 Boltzmann.

2.2.3. Két qua tinh toan s va thao luin

bé théy dugc tuong minh sy phu thude vé ca dinh tinh 1an dinh luong cua cac
hé s6 Ettingshausen boi dién tir giam cam trong day lugng tir hinh chit nhat h6 thé cao
v6 han vao cac tham s cua hé, trong phan nay, ching toi trinh bay cac két qua tinh sb
c6 dugc bang viéc str dung phan mém tinh s Matlab va nhitng thao luan tir két qua
nay. Day lugng tir dugc chon la GaAs/GaAs Al, day 1a vat liéu thuong duoc sir dung
nhiéu trong tinh sd. Céc sd liéu dugce st dung tinh sb & bang (2.1). Hé s Ettingshausen
duoc xem nhu 1a cac ham phu thudc doc 1ap vao cac tham s6 nhu ban kinh day R, nhiét
dd T cta hé, tan sd Q va cuong do E, cua song dién tur.

a) Tuong tac dién tir-phonon quang: Qua cac do thi thu duoc, chung toi cho thiy sy
phu thudc ctia Hé s6 Ettingshausen vao tan sb laser. Tir hinh v&, chung ta thiy rang Hé
sd Ettingshausen trong DAy luong ttr hinh chir nhat c6 thé ning vo han giam 13 phi
tuyén v6i tan sd, tuy nhién, Hé s6 Ettingshausen trong h6 luong tir tang 1én theo tan s6
[14]. Diéu nay ciing chimg t6 su khac biét ctia né ddi voi chat ban dan khéi [13]. Chung
t6i nhan thay rang Hé s Ettingshausen trong Déy luong tir hinh chir nhat c6 thé ning
v6 han giam 1a phi tuyén véi bién do6 laser. Didu nay ciing tuong tu trong trudng hop
hé lugng tir, tuy nhién, EC trong day lwong tir d3 giam nhanh hon nhiéu so V01 trong
hé lugng tir va trong cht ban dan khdi [13,14]. Ngoai ra, chung t6i minh hoa rang Hé
s6 Ettingshausen ting theo nhiét do T, tuy nhién, Hé s Ettingshausen trong hd luong
tir giam 13 phi tuyén véi tan s6 [14] va khac véi chéat ban dan khdi [13].

Trong hinh 2.4, chiing ti chi ra sy phu thudc cia Hé sb Ettingshausen vao Lx,
Ly. No la ti€u chuan dé chung ta danh gia cong ngh¢ ché tao day luong tir, tir do lua
chon cong ngh¢ tot nhat.
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Hinh 2.4. Sy phu thudc cia hé s6 Ettingshausen vao L. va L,

Céc két qua trén cho thay sy khac biét gitra Hé s6 Ettingshausen trong day luong
tur va trong chat ban dan khoi, trong ho luong tir. Nguyén nhan dugc xac dinh boi dac
tinh vat li€u, thé hién & ham séng va phd nang lugng.

b) Tuong tac dién tir-phonon am

13



Nhirng két qua nay cho thay rang tensor dan nhiét thu duoc tir phuong phéap dong
hoc hrong tor giong nhu hé so tur cac phu’ong phap trude do. Vi vay, két qua cho ca
tensor dan dién va dan nhiét gan vai két qua trong cac nghién ctru trude dy va két qua
tinh toan cua chung t6i1 dang tin cay.

-4

E0=0 (v.m-1)

E0=10%V.m-1)

P (Km(T.A)-1)

T=20(K)
T=70(K)
1k T=150(K) | |

P (Km(TAH)

.
0.1 0.15 0.2 025
B(T)

Hinh 2.6: Sw phu thubc clia hé s6 Ettingshausen vdo tir

Hinh 2.6 cho thay sy phu thudc ctia EC vao tir trudng trong hai trudng hop: ¢6
va khong c6 song dién tir; ¢ ba diém nhiét do khac nhau. Tir dd thi, ching ta thy rang
dao dong xuat hién dugc diéu khién boi ty s6 gitta mirc nang lugng Fermi va mirc ning
lugng cyclotron. Theo nghia den, su xuét hién cua dao dong 1a anh hudéng cua hiéu tng
De Haas-van Alphen va c6 thé d& dang giai thich nhu sau. O nhiét do thip va tir truong
manh, cac electron ty do trong kim loai, chit ban dan sé chuyén dong nhu nhing vat
dao dong diéu hoa don gian. Khi tir tredng thay doi thi chu ky cia dao dong ciing thay
d6i. Cac mirc nang lugng cta dién tir duoc phan tach thanh cac mic Landau, voi mdi
mirc Landau, ning luong cyclotron va trang thai cua dién tir ting tuyén tinh theo tir
truong. Khi muc nang luong cua cac mic Landau vuot qué gid tri cua mirc Fermi,
electron co thé di chuyén 1én trén tu do va chuyén dong theo dong, diéu nay lam cho
hé s Ettingshausen bién doi tuan hoan véi tir truong. Hon nita, anh hudng ciia song
dién tir 1én hé sd Ettingshausen dugc quan sat ro rang. Gia tri ciia hé sb Ettingshausen
1a nhu nhau trong mién c6 tir trudng nhoé (dudi 0,15 (T)) va né rat khac nhau trong
mién tir trudng manh. Sau do, trong mién giita 0,15 (T) va 0,2 (T), dudng mau xanh
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lam dao dong va dat dén diém cong huong trong khi B chi duéi 0,18 (T). C6 thé thiy
13 rang, dinh cua dudng mau xanh lam (c6 EMW) cao hon nhiéu so véi dinh ctia duong
mau do (khong c6 EMW) tai cing mot diém tir truong. Trong khi, nhiét do cang cao
thi EC cang dao dong dit doi. Diéu nay ciing dan dén két luan rang nhiét d6 anh hudng
dang ké dén hiéu tmg Ettingshausen.

Hinh 2.8 cho théy su phu thudc cua hé $6 Ettingshausen vao tan sb song di¢n tur
(EMW) v6i w = 0 + 100(THz), Nhu c6 thé thiy trong biéu dd, EC bién dong trong
diéu kién tir truong manh. Trong mdi trudng hop cia tir truong, EC dat dén dinh véi

<10 The dependence of P on EMW frequency
T T T T T

T
B=0.05(T)
B=0.2(T)

12 - B=0.3(T) | o

P (K.m(T.A)-1)

of W e Ao Bohsl

0 1 2 3 4 5 6 7 8 9 10
EMW Frequency (Hz) 10"

Hinh 2.8 Su phu thuéc ciia hé 56 Ettingshausen vao tan s6 song dién tir

gia tri cu thé cua tan s6 EMW. Khi gia tri tur truong tang, ca vi tri dinh EC va dinh EC
déu c6 xu huong hudng 1€n trén. KEt qua nay 1a mdt trong nhiing phat hi€én madi ma
chung t6i da nghién cuu.
2.3. Két luan chwong 2

Trong Chuong 2, luan an dé cdp dén 1y thuyét luong tir vé hiéu tng
Ettingshausen boi dién tir giam cam trong day luong tir hinh chit nhat hd thé cao vo
han trong sy c6 mat cia song di¢n tor manh. Phuong trinh dong lugng tir cho dién tir
giam cam va cac hé sb Ettingshausen d duoc tinh toan giai tich cho ca hai trudong
tuong tac dién tir phonon quang va dién tir phonon am. Cac biéu thirc giai tich ciia hé
) Ettingshausen cho théy su phu thudc ctia né vao cac tham s6 nhiét do, cuong do cua
song dién tir, tAn sb ciia burc xa, tan sd phonon va cac thong sb ciia mot dy luong tir
hinh chir nhat. Két qua giai tich duoc 4p dung tinh sé cho day luong tir hinh chit nhat
GaAs/Gads Al. Sy phu thudc cia hé sb Ettingshausen trong day luong tir hinh chit nhat vao
cac tham s6 ctia hé 13 phi tuyén va c6 nhiing khac biét so voi trong ban dan khdi va hé ban
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dan hai chiéu. Két qua cho thdy EC giam tuyén tinh theo nhiét 46 va EC c6 gia tri am.
Khi khao sat sy phu thudc ctua EC vao tir truong, chung toi thiy sy xuat hién cta dao
dong Shubnikov — de Haas trong mién tur truong manh. Sau do, tdc dong cua nhiét do
trong EC 1a dang chu y vi céc gia tri nhiét do cao cho ching ta cac dinh dao dong cao.
Khi chung t6i nghién ctru sy phu thudc cta EC vao tan s6 EMW, chiing t6i nhan thiy
rang EC dao dong trong diéu kién tir truong manh. Tir trudng manh hon thi dinh dao
dong EC cao hon va gia tri tan s6 EMW 16n hon tai dinh cong hudng 13. Séng dién tir
cang khuéch dai va nhiét d6 tang thi hé sd Ettingshausen cang giam. Tuy nhién, hé sd
Ettingshausen giam ngay lap tic néu do khuéch dai laser tang. Khao sat ca tensor dan
dién va dan nhiét, ching toi théy dd thi duong va su phu thudc cta tensor dan dién va
dan nhiét vao tan s6 EMW va nhiét do gan gidng véi cac nghién ctru trude diy khi
chung t6i thay doi cac thong sb cho chit ban dan khéi va cac trudng hop hé thdng chiéu
thap khéc.

Chwong 3: LY THUYET LUQNG TU VE HIEU UNG ETTINGSHAUSEN
TRONG DAY LUQNG TU HINH TRU VOI HO THE CAO VO HAN KHI CO
MAT SONG PIEN TU

Trong phan dau chuong, toan tir Hamiltonian cta hé dién tir — phonon trong biéu
dién luong tir hoa thtr cdp duoce thiét 14p dwa vao biéu thic phd niang luong va ham
song cua dién tir da xét trong chuong 1. Sau d6 tur toan tr Hamiltonian ctia h¢ dién tu
— phonon, chung t6i str dung phuong trinh chuyén dong Heisenberg dé thiét 1ap phuong
trinh dong luong tur cho toan tir s6 hat dién tur trong day luong tur hinh tru voi hd thé
cao vO han. Giéi phuong trinh dong luong tir cho toan tir s hat dién tir nay dé tim ra
biéu thirc hé sb Ettmgshausen trong day lugng tur hinh try v6i hé thé cao v han. Khao
sat su phu thudc ctia hé sd Ettingshausen vao cac tham sb nhu nhiét d6 cta hé, tan s6
ctia song dién tir, d6 16n ctia tir trudng ngodi va cac thong sé cua day luong tir. Cac két
qua nay duoc danh gia va so sanh voi cac két qua cia bai toan twong tu trong ban dan
khéi, trong hd lugng tir va ddy lwong tir hinh chir nhat dé chi ra sy anh huong ciia hiéu
mg giam kich thudc trong day luong tir hinh tru véi hd thé cao vo han 1én hiéu tng
Ettingshausen.

3.1. Phwong trinh ddng lwong tir cho dién tir giam cAm trong diy lwong tir hinh
tru ho thé cao vo han

Hay xem xét cau trac mot day luong ttr hinh tru c6 thé nang vo han (CQWIP)
hoan hao chju mot dién trudng chéo E; = (0, 0, E;) va tir truong B = (0, B, 0). Néu thé
giam cam duoc gia thiét rang c¢6 dang V(x,y) cua mot giéng vudng doc theo hudng x
vay(V=0néu0<r<RvaV=ocnéur<0 hoicr>R). Cic electron chi ti do trén
mit phang z, trong cau tric CQWIP nay, chuyén dong cta céc hat tai dién bi han ché,
mirc pho electron duge cho boi:

_mE (5 A nyl Y _ 1 (ek
En,l,pz_%<pz+F)+hw(N+z+2+2) ( ) (3.1)

2mx* \ w¢
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Khi ¢6 btrc xa laze manh dugc dac trung bdi dién truong E = (0; 0; EsinQt )
va gia thiét rang thoi gian phuc hoi xung lugng d6 14 ¢d dinh (1= const), Hamilton trong
truong hop nay 1a dang khac véi cac truong hop ban dan khdi va hé ban dan hai chiéu
ké tir khi xudt hién céc sb luong tir n, 1. biéu nay cu thé cho lugng tir hoa trong cac hé
mot chidu. St dung Hamiltonia, ta thu dugc phuong trinh dong hoc lugng tir clia cac
electron trong phép x4p xi thoi gian tan xa don c6 dang:

Ofnlp, Ofnip, _
nivs 4 (oF, + wqlp, x h) 22z =

2 =)
27TZn,l,n' szq|C(q)In,l,n',l'(q)| (ZNq + 1) X Zs:—w]s2 (O“I)(fn Uptq T
fn,l,pz)6(£n e (pz + Q) - gn,l(pz) + hwq - Shﬂ) (3.2)

3.2. Biéu thirc giai tich cho @9 din dién, Hé s6 Ettingshausen trong diy lwong tir
hinh tru ho thé cao v6 han

3.2.1. Trwomg hgp twong tac dién tir - phonon quang

Trong trudong hop cua phonon quang, véi diéu kién Nhiét d6 cao hon 100K,
tuong tac ctia phonon quang - dién tir bj chi phdi, khi electron tuan theo phan b
Boltzmann chung t61 cot phonon khong phén tan v6i hw, = hwy, Ny = Ny = ——, ks
hw
1a hang s6 Boltzmann w, 14 tin sd phonon quang khong phan tan. Chung t6i tinh toan
tich phan trong (3.9) sau d6 thu duoc biéu thirc phan tich cua tensor dan dién va dan
nhiét:

e’LR*h*  1(¢) 2/3
G(n,l)i,j—op = 872m*3 1 + (‘)c 2(€>ZA / [61k+ wcT(S) El]k+ wc Z(S)hjhk]
e3hSwol [ 1 (@ T(e—hwy)
48m*3mi ()(_ B )(_) ann N T X {(SHl t SHZ) 1+w?2t2(e—hwg) [ ikt

kBT—l

T(e+hwg)
1+w2t2(e+hwg)

w,T(€ — hwy) €; jit+ w2t?(e — hwy)hihy | + (SH3 + SH4) [6: 1+

e h3wyLES ( 1

w.T(€ + hwy) € jkt (‘)c 2(6 + th)hjhk]} + 192m*Q4mr \ x..

T(e—hwo+hN)
1+w212(e—hwo+h2)

20
i) Zn,l,n i nlhnl—ol(q) + {SHS [6ik+ a)cr(s - fl(l)o + flﬂ) Eijk+

ekBT_1

2 2 T(e—hwo—hN2)
21%(e — hwy + hQ)h;hy | + SH6 1+w§rz(s—0hw0—hn) [6: k + wcT(e — hog —
T(e+hwo+hQ)
h0) €; yt wit*(e — hwy — h.(l)hjhk] + SH7 1+wgrz(£-|(-)hw+h.(2) [Sik+ w.T(e +
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T(e+hwo—hN)
1+ w212 (e+hw—h0)

hwo + Q) €; i+ w212 (e + hwy + hQ)h;hy] + SH8

[6: 1+

WcT(e + hwo — hQ) € i+ W32 (2 + hwo — ROk ]} (3.3)

48m*3mK

kBT—l

e3r°wol n n', '(Q) hw
.B(n,l)i,j—op —O(Xw )ann e lhwol { ° (SH1 +

T(e—hwg) hwo

1+w2t2(e—hwg)

SH2)

[6: k + wcT(e — hw,) €; jit+ wiT? (e — hwo)hjhy | — —> (SH3 +

SHA) frog [ 81+ (e + hao) € jick w22 (e + hwo)hhy] | +

S T P S
w.T(e — hwy + 1) €; j+ w?t?(e — hwy + KD hhy | +

hoothl she 1+;§:?:i°ﬁ;hon_)hm [6: k + w.T(e — hwy — h2) €; jt wZT? (e — hw, —
R h;hy | 2 SHT 1;)(5:2:’;’;22&) [6: 1+ wcT(e + hw, + hQ) €t w2T?(e +
hawo + h@)hhy ] — 222 SHS 1+;(;;fzj+°;zf;m [8: 1+ w T (e + hawy — hD) €; et
w2t?(e + hwy — h[))hjhk]} (3.4)
SH1 = —%(&ﬂ%—“{(cl —dy)) - &(}U—t——(cz dy)); SH2 =
%(3’1(}’1 _%261) + v, (v, — C3) (C_lz_a?zcz)) +

(G
%(3’1()’1 D1)( _%2D1) +y,(y, — D) (Diz—a?zDz)>; SHS =

2 2
rA:llAnl (gl + hl) + rA:ZZAnl (gz + h’Z) + \ﬁ((yl - Gl)Gl + (yl - Hl)Hl) +

2ms 1 (e.E\? cmx
ﬁ(()’z — G)G, + (y, — Hy)Hp); Ay = ;; (517 +E(ew:) ) — w;n (N +

n 1l 1 m«[/m'-n 1'-1
5+5+5);x1=\/ ni X2 = =4 Ay =xf =3 h [( 2 T )wc—wo];
¢ =x;+J411;dy = x1 — /414
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O(m,Dxx—op 9 (nlxy-op
H'  [Yobxx—op Ymbhxy-op

H¢ s Ettingshausen: P, = PO | — T — (3.5

f(n,l)ik—op Y (n,Dxx-op
3.2.2. Trwong hop twong tac dién ti - phonon Aam
O nhiét do thép, tuong tac am dién tir-phonon dong mot vai tro quan trong [30,
41, 42]. Cho truong hop cia phonon am, néu nhiét do du thép, dién tir duoc coi la thoai
f s A L A1 \ . kpT ,
héa va sy phan b6 ham c6 dang ham Heaviside hw; = hvsq < hf), N, = j . Chung
q
t6i quan tam dén su tan xa 1a dan hdi dé bo qua tan sé phonon trong ham delta ¢ biéu
thire (3.2) mién 1 tir truong B va song dién tir di manh dé 1am cho pham vi giira cac
mirc Landau va mirc nang luong photon cao hon nhiéu so véi nang luong phonon am.
Vi vay, chung t61 c6 duoc biéu thirc phan tich ctia tensor d6 dan dién:

e?LR?*r*  1(¢&) 2 3
J(n,l)i,j—ac = 2 Z / [6lk+ wcT(S) El]k+

8m2m*3 1+wit?(¢e)

eE5hSL
48m2m*3puswg

nin (@) (
w2t?(e)hihy | + Yrin V%(sm +SH2)T2—?2(8)[6ik+

e3hSLEZE?
192m2m*502*puswg

L 1 (@)
w T(€) € jit wit?(e)hihy] + Yinir # X {(SH1a +

t(e+h0)
1+w2t2(e+h0)

SH2b) [6:k+ wct(e + W) €; jyt w2t?(e + KD hjhy | + (SH3a +

T(e—hN)

SH4b) 1+w2t2(e—h2)

[6: 1+ weT(e — A) €; jut+ wit?(e — h.())hjhk]} (3.6)

e3nSLE2E? I2 10 10(@)
.B(n,l)i,j—ac = 19271’2m*5!2ip:)swq Zn,l,n N % X {(SHla +
SH2b) 22 _TEMD__ 15 1 w.1(e + h0D) €; et w2T2(e +

T 1+wc‘tz(s+hn)

T(e—hQ)
rO)hih, ] + (SH3a + SH4b) 22 - m [6i x + wet(e —
ha2) €; ek wZt?(e — h)hihy ]} (3.7)
SH1a = [(c —d?) - 22 (cpah)| - = (3 - dF) -
11Anl 1 m2gt V171 VA124n,1 2 2
eZEg 4 34 . _ V1 2 _ eZEg 2
—gt (C2 dz)] ; SH1b = N [(}’1 +C) (C1 Ty C1) + (1 +
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e?E? e?E?

D,) (D12 - me)] + \/%W [()’z +(2) (sz g sz) + (2 +

e?E?

2 AR _ 2msx 1 fe.Ey\2 W mx n 1
DZ)(DZ _m*ZmDZ)]’ Ani = <£F +5(w:) )— - (N+E+E+
1 2mx[(n'-n  1'-1
5);x1= Anpi Xy = =[Anp s Ay = X1 == [( 2 T )wc—wo];

C1=x1+\/I;d1=x1_\/E

Chung ta thu dugc cac biéu thic cta hé sé Ettingshausen cho trudng hop tan

xa dién tur - phonon am.

3.2.3

O(n,Dxx—ac 9 (nxy—ac
H™? YnDxx—ac Y@nxy—ac

B(n, Dxx—ac O mxx—ac

(3.8)

B =

O (n,l)xx—ac

f(n, Dik-ac YnDxx—ac

4

. Két qua so va thao luan

Dé 1am 13 cac két qua thu duoc, trong phan nay, chiing toi tinh toan sb hé sb

Ettingshausen trong mot hé thong da dé cap ¢ trén. M6 hinh ching t6i xem xét 1a GaAs
/ AlGaAs.

The EC, (arb.units)
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(a) Electron - Optical phonon interaction (b) Electron - Acoustic phonon interaction

Hinh 3.1. Sy phu thuéc cua Hé 56 Ettingshausen trong ddy luwong tir hinh try vao nhiét do
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O hinh (3.1) cho chung ta thay sy phu thudc ctia hé sb Ettingshausen (EC) vao
hé thong Nhiét @6 T trong 8 gia tri ban kinh day khac nhau (Gia tri R bat dau tir 3nm
dén 10nm). Ly do cho phép tinh dau tién nay 1a chiing t6i mudn kiém tra tinh méi cta
biéu thire vat 1y giai tich ¢ trén ctia chung t6i. Mot dac diém ndi bat trong dir li¢u cua
Hinh (3.1) 14 EC tang tuyén tinh v&i gié tri dwong trong ca chu ky dudi dang mot ham
v6i bién T dbi véi ca trudng hop tan xa phonon quang va phonon 4m. So sanh giira ca
hai con s, gié tri cua EC trong trudng hop phonon quang 16n hon mot chit so véi gia
trj cia né trong truong hop cta phonon am & cung diéu kién (tir trudng, EMW va nhiét
d6). Tinh toan tiép theo, chiing t6i nhan thiy rang tir trudng bén ngoai déng mot vai
tro dang ké ddi voi hiéu ung Ettingshausen cling nhu hé $6 Ettingshausen. PBac biét, tu
truong danh cho cong hudng cyclotron va cong huéng quang tir boi sy xuét hién rd
rang trong dién tro suét tr va sy xuét hién khong rd rang trong do dan dién. Mot mat,
chung t6i coi trudng hop twong tac phonon quang dién tir 1a cac hinh & goc phan tu thi
hai va goc phan tu thir ba.
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Hinh 3.2. Sw phu thuéc ciia Hé sé Ettingshausen trong ddy lwong tir hinh tru vdo tir truong
(truong hop tuwong tdc dién tu-phonon quang)

Hinh 3.2 cho chung ta thiy rang trong sé hang cta B (hoic tan s cyclotron),
hé sb Etingshausen giam theo cip s6 nhén trong ving tir trudng thap (dudi 0,5T) va
van ton tai 6n dinh trong khoang thoi gian con lai (trén 1T), mac du ton tai hai cuc dai
cta hé sb Etingshausen tai B = 1,462T va B =2, 923T. Su xuét hién hai dinh c6 thé
dugc giai thich 1a hi¢u rng cong hudng cyclotron (CR).

That tha vi rang, két qua cua chung toi phu hop vé6i két qua thu duoc tir QW
hep va rong trong (trich ddn MPR hamaguchi). Bén canh d6, anh huong cia cia R
trong trudng hop phonon 4m ciing khac véi truong hop phonon quang hoc. Hé sb
Etingshausen van xu hudng giam theo quy luat ham mii va dao dong ¢ mién tir trudng
manh nhung ching ta co thé d& dang quan sat théy su khac biét & cac vi tri cuc dai.
Mic du hiéu tng kich thude luong tir trén hé sd Etingshausen van dang cht y. Két qua
nay 1a do sy truyén qua manh ciia chat ban dan trong mién tir truong (B <IT) [32] va
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su khéac biét cta hé sé dang L1 tai mdi gia tri cu thé cua R trong (3.17). Piéu nay
cling phu hop voi két qua 1y thuyét trong h¢ thong 1D [33] nhung khac voi h¢ thong
2D [38].

Hinh (3.4) cho ching ta thay su phu thudc cia hé sé Etingshausen vao ning
lugng photon bén ngoai hoic tan sé song dién tir (EMW) (E = Q). Chung toi da biét
rang cong hudng tir quang dién tir xay ra khi chung ta 4p dung song dién tir bén ngoai
theo chiéu doc cua day luong tur hinh tru. Do d6, viéc khdo sat cong suit cia EMW
hoic ning luong photon E duoc quan tdm dén ban chat. Trudc hét ching ta xem lai
hinh (3.4a) bén trai ciing 1a trudng hop phonon quang. Dé théng nhat két qua voi cac
bai bao trudc ctuia chiing t61, chiing to61 da chon gié tri ctia ban kinh R & khoang 9nm va
cling giam pham vi ctia E tir 85meV xudng 87meV nhu thiét 1ap diéu kién nhiét do thap
T = 100K (nhung du cao dé phan giai LL) va tir truong B = 0: 2T trong du dinh. Do
d6, dao dong trong trudng hop Shubnikov-de Hass ¢ thé bi bo qua. Nhu chung t6i da
dé cap dén & trén, hé sd Etingshausen c¢6 don vi vat 1y tuong tu voi tur tré va dao dong
ctia hé s6 Etingshausen theo E c6 thé 14 dugc phan loai vdi MPR duoc gy ra bai LL
gilrta cac dai con cua su tan xa dién tir va phonon quang doc. Céc diéu kién trén 1a theo
su chuyén dich giita 0 sang LL thir nhit va LL tht hai (twong Gng véi N = 2) va chon
n=0,n"=2,1=0,1 =2. Diéu nay c6 thé din ching ta dén két qua thu duoc vi tri
MPR tir hé théng hai chiéu [34, 47, 37]. Mic du vay, do su xuét hién coa cap s6 s
luong tir n; 1 trong hé thong mot chidu khac biét phan tich tir hé thdng hai chiéu (dién
tr bi giéi han doc theo chi 1 huéng), chiing ta c6 thé thdy nhiéu dinh con hon xuét hién
xung quanh ba gia tri cia nang lugng photon: 86,03meV, 86,27meV va 86,6 1meV.
Diéu thu vi ma chung toi phat hién ra 13 tit ca cac dao dong gitra cac bang con xuat
hién & noi gia tri cia hé s6 Etingshausen g?ln ding b::ing 0. Tai cac vi tri nay, tin hi¢u
hé s Etingshausen c6 nghia 13 tensor dan dién nho hon tensor dan nhiét va chuyén
dong cua dién tir gan nhu 1a vé gradient nhiét doc theo truc vudng goc cua vecto EMW.
Maic du bién do cua dao dong nhéd hon so vdi dao dong chinh.
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(a) Electron - Optical phonon interaction (b) Electron - Acoustic phonon interaction

Hinh 3.4. Sw phu thuéc ciia Hé so Ettingshausen trong ddy heong tir hinh tru vao nang lwong
photon
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3.3. Két luan chwong 3

Chuong 3 cua luan an da nghién ctru hé s6 Ettingshausen boi dién tir giam cam
trong ddy luong tir hinh tru hd thé cao v6 han. Cac phuong trinh dong luong tir cho
dién tir va cac biéu thirc ciia hé s6 Ettingshausen trong day luong tir hinh tru hd thé cao
vO han da duoc thiét 1ap va tinh todn cho ca hai co ché tan xa dién tu-phonon am va
dién tir-phonon quang. Hé sb Ettingshausen trong day lugng tir hinh tru hd thé cao vo
han ciing da duoc khao sat theo cac tham sb ctia truong ngoai nhu cuong do va tan sd
cua song dién tur, tan sb cyclotron cua tir truong, nhiét do cia hé, cac tham sb cau trac
dic trung cta day luong tir hinh tru hd thé cao vo han. Céc tinh toan s6 duoc ap dung
cho mo hinh GaAs/AlGaAs ciia day lugng tir hinh tru cho thay rang hé sé Ettingshausen
phu thudc tuyén tinh va ting trong khi nhiét do ting twong tu nhu két qua thi nghiém
trude d6. Khao sat hé s Ettingshausen trong han ctia tir truong, chung toi quan sat thay
2 cyc dai cua hiéu g trong tan xa phonon quang va dao dong xung tam giac trong tan
xa phonon 4m. Ngoai ra, su xuat hién cta song dién tir 1a mot phwong phép kich thich
quang hoc ¢6 thé chip nhan dugc va hé sé Ettingshausen c6 gid tri hoan toan khac so
voi viéc khong co song dién tir. Mat khéc, ching toi can than dé cap dén tac dong cua
hiéu tng kich thudc luong tir trong hiéu tmg Ettingshausen bang cach xem xét & cac
gia tri ban kinh ddy luong tir hinh tru ting dan. Két qua chi ra rang hé sb Ettingshausen
c¢6 xu hudng tré nén tuyén tinh va duy tri 6n dinh & gan 0 trong khi ban kinh mo rong.
Cubi cung, chiing t61 tim ra MPR anh hudng cta su phu thude ctia hé ) Ettingshausen
vao nang lugng cua qua trinh quang kich thich. Trong trudng hgp phonon quang, cuc
dai cong huong xuat hién nhiéu hon trong day luong tir (hé mot chiéu) hon 1a trong
giéng luong tir (hé hai chiéu). Sau d6, trong trudng hop cua phonon 4m, ching ta ciing
nhan thy su dao dong ctia hé sd Ettingshausen trong ning lwong photon trong pham
vi LL dau tién dén pham vi LL tht hai. Nhimg két qua trén da duoc giai thich va so
sanh véi cac nghién ctru truée day dé cho thay tinh moi va sy thanh cong cia cong
viéc. Chung t6i hy vong rang dit liéu ciia chung t6i tao thanh gia tri hé sb Etingshausen
c6 thé duoc sir dung dé kiém tra thuc nghiém trong cac nghién ciru sau.

KET LUAN

Trong ludn &n da sir dung phuong phap phuong trinh dong luwgng tir nghién
ctru hiéu Ettingshausen trong day luong tir hinh chit nhat véi hd thé cao vo han va day
luong tur hinh tru véi hd thé cao vo han khi c6 mit song dién tu. Cac két qua chinh cua
luén an duge tom tit nhu sau:

1. Thiét 1ap phuong trinh déng hrong tir cho hé dién tir trong ban dan mot
chiéu (day lugng tir hinh tru véi hd thé cao vo han, day luong tir hinh chit nhat voi
hd thé cao v6 han) khi c6 mat séng dién tir va dién truong khong doi, tur tru’ong
khong d6i. Giai phuong trinh dong lugng tir tim ham phan bd khong cén bang va
thu dugc cac biéu thuc giai tich cho hé sd Ettingshausen trong day luong tir hinh
chit nhat va trong day lugng tu hinh tru voi hé thé cao vo han khi c6 mat song dién
tlr. Biéu thtrc gidi tich ctiia hé ) Ettingshausen 1a ham cua nhiét do T, tur truong (tén
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s6 cyclotron w,), cudng d6 va tan sb song dién tir, cac tham sd ddc trung cho day luong
tu.

2. Cac két qua thu duogc cho thay sy luong tr hoa do giam kich thude trong
day luong ti hinh chir nhat voi hd thé cao vo han anh hudng rat manh 1én hé sb
Ettingshausen. Su phu thudc ctia hé s6 Ettingshausen trong dy luong tir hinh chit nhat voi
hé thé cao v6 han vao cac tham s cia hé 14 phi tuyén va c6 nhitng khac biét so voi trong ban
dan khéi va hé ban dan hai chiéu do thé giam cam dién tir trong ddy lugng tir hinh chit nhat
khéc véi trong ban dan khdi va hé ban dan hai chiéu. Két qua cho thay hé sé Ettingshausen
giam tuyén tinh theo nhiét d¢ va hé s6 Ettingshausen co gia tri am. Khi khao sat sy phu
thudc ctia hé s6 Ettingshausen vao tir trudng, chiing toi thay su xuat hién ctia dao dong
Shubnikov — de Haas ¢ nhiét do thuong trong mién tir trudng manh (truong hop tuong
tac dién ti-phonon dm). Khi chung t61 nghién ctru sy phu thudc ctia hé sb Ettingshausen
vao tan s song dién tir, ching t6i nhan thiy rang trong hé sb Ettingshausen ciing xuét
hién cac dao dong trong diéu kién tir truong manh & nhiét d6 cao (truong hop tuong
tac dién tir-phonon quang). T trudng manh hon thi dinh dao dong hé sb Ettingshausen
cao hon. Cuong d6 séng dién tir cang 16n va nhiét dd cang tang thi hé sb Ettingshausen
cang giam. Chung ta ciling thdy, vi tri cac dinh cong hudng thay doi do déu kién cong
hudng tir phonon-photon thay doi.

3. Ngoai ra, sy ¢6 mat cua song dién tir lam cho hé ) Ettingshausen hoan toan
khac so voi viéc khong co song dién tir. Cac két qua nghién ctru cling chi ra rang ¢
anh huong manh cua thé giam cam dién ttr trong day luong tir hinh tru vé6i thé cao vo
han 1én hé s6 Ettingshausen. Ngoai sy khéc biét vé do day dédc ctia dao dong Shubnikov
— de Haas, dg 16n va vi tri cac dinh cong hudng so vdoi day luong tir hinh chir nhat hd
thé cao vo han, hé s6 Etingshausen con phu thudc manh vao ban kinh day lugng tir hinh
tru. Két qua chi ra rang hé s Ettingshausen c6 xu huéng tré nén tuyén tinh va duy tri
6n dinh ¢ gan 0 trong khi ban kinh mé rong.

Cac két qua thu duoc cta luan an c6 thé md rong hudng nghién ciru cho hé
ban dan khong chiéu. Céc két qua thu dugc trong luan an gop mot phan hoan thién
1y thuyét lugng tir vé cac hiéu Gng Ettingshausen trong hé ban dan mot chiéu noi
riéng va trong Vat 1y ban dan thap chiéu néi chung va goép phan vao viéc phat trién
khoa hoc cong nghé cao, ché tao cac thiét bi dién tir siéu nho, thong minh va da nang
trén co s& Vit 1y ban din thip chiéu.
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