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Tém tit

Trong bai bao nay, chiing t6i nghién ciru birc tranh thing giang trang thai ngung tu exciton ctia hé dién tir - 15 trong mat
can béng khéi lugng. Pugc mo ta bdi mo hinh Falicov—Kimball mé rong véi sy ¢ mat ctia tuong quan dién tir - phonon,
chung toi thu dugc cong thirc giai tich xac dinh ham cam tng exciton phu thugc vao xung lwong va tan sb trén co so cia
két qua tuy hop gan dung Hartree-Fock. Két qua tinh s6 khang dinh khi nhiét d6 giam, ham cam (g exciton tinh ting
nhanh va phan ky khi nhiét d¢ tién t6i gia tri t6i han, goi 1a nhiét d6 chuyén pha trang thai ngung tu exciton. Diéu d6 cho
thdy sy ting cuong cua thing gidng trang thai exciton két hop khi giam nhiét d6. Khi sy mat can bang khoi lugng giam,
thing giang trang thai ngung tu exciton ting. Tuy nhién, khi khdi lwong cuia dién tir hoa tri du nho, do linh dong cua dién
tir hoa tri tang 1én lam giam lién két cdp exciton, thang giang trang thai exciton két hop vi vay bi suy giam. Didu nay c6
thé dwoc bu trir khi ting thé tuong tac dién tir - 15 trong.

Tir khéa: trang thai ngung tu exciton; md hinh Falicov-Kimball mé rong; phonon; gan ding Hartree-Fock.

Abstract

The present paper addresses the signatures of the excitonic condensate fluctuations in a mass imbalance electron-hole
system. lllustrated by the extended Falicov—Kimball model involving electron-phonon correlations, we release an
analytical expression of the static excitonic susceptibility function depending on momentum and frequency in terms of
the self-consistent solutions of the Hartree-Fock approximation. Numerical results specify the enhancement of the
susceptibility function by lowering temperature. It rapidly increases and then diverges as the temperature reaches a critical
value so-called the excitonic condensate transition temperature. That signature indicates the reinforce of the excitonic
condensate fluctuations as lowering temperature. Decreasing the mass-imbalance enhances the conherent fluctuations.
However, if the mass of the valance electrons become sufficiently small, their mobility is enlarged and the excitonic
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bound state or the excitonic coherent fluctuation is therefore suppressed. The suppression might be compensated by

enhancement of the electron-phonon coupling.

Keywords: excitonic condensation state; extended Falicov-Kimball model; phonons; Hartree-Fock approximation.

1. Mé dau

Burc tranh ghép cdp cua cac fermion trong céc
hé dién tir nhidu hat tuong quan dang la mot
trong nhitng chu dé nghién ctru hip dan ca trong
1y thuyét 1an thyc nghiém [1,2]. Do céc fermion
c6 spin nguyén, khi ghép hai fermion lai ta co
mot chuédn hat spin nguyén hay nhiing hat boson.
Khi nhiét 6 du thap, theo 1y thuyét ngung tu
Bose-Einstein (BEC), cac hat boson c6 thé ton
tai trén cung mot mic ning luong, hay chung
ngung tu & trang thai luong tir két hop. Pién hinh
1a cap Cooper (lién két giira hai dién tir co dong
luong va spin trai chiéu) trong 1y thuyét siéu dan
cua Bardeen—Cooper—Schrieffer (BCS). Trong
cachécod chuyén pha ban kim loai - ban dan, mot
gia hat tao boi sur ghép ciip giita dién tir & dai dan
va 16 tréng ¢ dai hoa trj c6 thé dugc tao thanh do
tuong tac tinh dién Coulomb. Gid hat nay la
exciton, cling c spin nguyén va vi vay ¢ nhiét
d6 du thap cac exciton cling c6 thé ngung tu &
trang thai luong tu két hop, goi la trang thai dién
moi exciton (excitonic insulator - EI) [3].

Dé khao sat trang thai EI nguoi ta thuong st
dung nhitng m6 hinh dién tir hai mirc nang lugng
¢6 tinh t6i thé twong tac Coulomb cua céc dién tir
gita cac mirc nang lugng. Pién hinh 1a mé hinh
Falicov-Kimball m¢ rong (EFK) [4,5]. M6 hinh
EFK 1a truong hop mo rong cua mo hinh Falicov-
Kimball thong thuong khi tinh t61 sy linh dong
cua cic dién tir & dai hoa tri. Hay noi cach khac,
khdi luong hiéu dung cua dién tir & dai héa tri 1a
2161 han. Thong thuong, cac quan sat thuc nghiém
¢6 trang thai ngung tu exciton khang dinh d6 rong
cua dai hoa tri thuong hep hon dé rong cua dai
dan [6-8]. Piéu d6 khang dinh khdi luong hiéu
dung cta dién tir hoa tri thuong 16n hon khéi
luong hiéu dung cua dién tir dan, hay hé dién tir -
16 tréng trong cac hé c6 chuyén pha ban kim loai
— ban din c6 sy mit can bang khdi luong. Khao

sat buc tranh trang thai ngung tu exciton khi hé
c6 mat can bang khdi lwong 1a co sé dé ching ta
hiéu 1 ban chit trang thai ngung tu exciton trong
hé. Nhiing quan sat thuc nghiém cho thdy, & céc
hé c6 tdn tai trang thai ngung tu exciton, vai tro
ctia phonon rat quan trong trong viéc hinh thanh
va on dinh trang thai ngung tu exciton [7,8]. bpé
phtt hop vdi cac quan sat thyc té, viéc nghién ciru
anh huong ctia sy mat can bang khéi luong 1én sy
hinh thanh trang thai EI khi c6 dong gop cua
tuong quan dién tir-phonon 1a rat can thiét. Do
cling chinh 1a ndi dung dugc ching t6i trinh bay
trong bai bao nay.

Trong bai bao nay, md hinh EFK c6 tuong
quan dién tir - phonon dugc khao sat trong gan
dung Hartree - Fock, mot cach tiép can hiéu qua
nghién ctru sy chuyén pha cac trang thai trat tu.
Hon nita, dé hiéu rd ban chat cta chuyén pha
trang thai ngung tu exciton, thang giang trang
thai ngung tu trude khi xay ra chuyén pha la diéu
ching ta can lam rd. Bic tranh thing gidng trang
thai ngung tu exciton duogc thé hién trén co so
clia hAm cam tmg exciton. Vi gan ding pha
ngau nhién, him cdm ting exciton trong mo hinh
EFK c6 tuong tac dién tor - phonon dugc khao
sat. Két qua cua ham cam (mg exciton ¢ trang
thai phi trat tu 1a co s¢ dé ching ta thao ludn birc
tranh thang giang trudc khi xay ra trang thai
ngung tu exciton.

Trong phan tiép theo cta bai bao, ching toi
trinh bay mo6 hinh EFK c6 tinh tdi tuong tac dién
tir-phonon. Két qua giai tich cac phuong trinh tyr
hop thu duogc trong gan ding Hartree-Fock va
ham cam tng exciton trong gan dung pha ngau
nhién ciing dugc trinh bay trong phan nay. Phan
3 trinh bay cac két qua tinh s6 mé ta thing giang
trang thai ngung tu exciton thong qua khdo sat
ham cam tmg exciton tinh. Két luan cua bai bao
duoc chung t6i trinh bay trong phén 4.
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2. M hinh va tinh toan li thuyét

Hamiltonian mo ta tuong quan cua hé dién tu

& dai dan va dai hoa tri khi tinh téi trong tac dién
tir - phonon dugc viét dudi dang

H =He+th+Hint (l)

S6 hang dau trong phwong trinh (1) mé ta
ning lugng cua hé dién tir ¢ & dai dan va dién tir
f & dai hoa tri khi khong tuong tac

H, = Zglzclick +ngf fklr fi 2
K K

trong do, ¢} (c,) vaf/(f,) twong tng la cac
toan tu sinh (hiy) cia dién t&r ¢ va dién tu f
khong spin mang xung lugng K. Trong gan dung
lién két chit, cac ning luong kich thich dién tir ¢
va f duoc cho boi

el =0ty — 3)

v6i 2" 1a ning luong trén mot nut cia dién tir
C (f). Su khac nhau cua hai gia tri nang lugng nay

cho murc d6 xen phu cua hai dai nang lugng. Su
xen phu cua hai dai nang lugng con phu thude
vao t° va t' tuong mg 1a céac tich phan nhay nit
ctia dién tir ¢ va dién tir f. Thong thuong t' <t©
thé hién dién tir f ning hon dién tir ¢. N6i cach
khac, khac nhau gitra t© va t" thé hién sy mét
can bﬁng khdi lugng cia hé dién tu trong hé.
Trong mang tinh thé hai chiéu hinh vudéng voi
hing s6 mang bing 1, ta c0
7 = 2(cosk, +cosk,) con u 1a thé hoa hoc.

S6 hang H on trong phuong trinh (1) mo ta hé
phonon khong tuong tac dugc bic¢u dieén boi

H,, =, > bib, 4)
q

véi b; va b, tuong ung la todn tir sinh va huy
phonon tai xung lugng Q, @,la ndng lugng
phonon khong tuong tac trong mé hinh Einstein.
S6 hang cudi ciing trong phwong trinh (1) mé ta
tuong tac trong hé dugc viét dudi dang

H, = % >0l G fd g fe + % %(cﬁm fi (b, +b, )+ flcq (B] +b.y)) (5)

kk'q

Trong do N la s6 nut mang tinh thé, U la
cuong do thé twong tic Coulomb giita dién tur
trén dai dan va dién tir & dai hoa tri va g 1a hang
sd twong tac dién tir - phonon.

Hamiltonian viét & phuong trinh (1) 1a mot
Hamiltonian ctia hé nhiéu hat. Viéc giai chinh
x4c mot Hamiltonian nhu vay 1a diéu khong thé

Gl oG g fi = S0 [( it deie, +(cie, ) filf = (cle ) fl fi ﬂ

O trang thai phi trat tuy trang thai ngung tu
exciton, dong gop cua tuong tac dién tir-phonon
1a bang 0 trong gan dung HF, khi d6 Hamiltonian
(1) trong gan dung HF c6 dang

Hye =D &l + > 8! £l fi + @, blb,

k k q (8)
voi & va &' la cic ning luong tan sic tai
chuan hoa khi c6 dong gop cua d6 dich Hartree-
Fock, dugc xac dinh bdi

va nguoi ta phai tim cac phép tinh gan dung.
Trong pham vi nghién clru nay, chung toi sur
dung gan ding Hartree-Fock (HF). Khi chi quan
tam toi trang thai thing giang cua lién két cap
exciton trude khi xay ra trang thai ngung ty, gan
dung HF cho phép ta viét lai toan tir trong tuwong
tac Coulomb ¢ trang thai phi trat tu dudi dang

(6)

goh) — () L ynfe@ 9
k k

trong d6 n'© = iZ:(nkf (°)> twong tng 1a mat
do dién tod f va *mat 40 dién tor ¢ vdi
(n)=(f/f) va(ng)=(clc,). Hamiltonian
viét & phuong trinh (8) c6 dang chéo hoa, vi vay
ta hoan toan c6 thé xac dinh duoc cac ham mat
d6 dién tir thong qua ham phan bd Fermi-Dirac
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(10)

voi B =1/T langhich ddo cua nhiét do tuyét ddi
T.

Nhu vay, tir cac phuong trinh (9-10) chdng ta
c6 mot hé phuong trinh co thé giai mot cach ty
hop x4c dinh nang lugng va mat dd cia hat tai
trén dai dan va dai héa tri trong khong gian xung

lwong. Két qua dé giup chung t6i xac dinh ham
cam Ung exciton tur d6 khao sat buc tranh thang
gidng exciton trudc khi xay ra trang thai ngung
tu. Trong khong gian xung lugng, ham cam ung
exciton co6 dang

= __Z<< 7LCkJrq ’ Ck +q >>(m) (11)

Bing phwong phap phuong trinh chuyén
d6ng, ham Green hai hat & cong thire (11) c6 thé
viét dudi dang sau

a)<< flCorqs Ch Fic >>(w) - <[ fiCqiChog fic ]> + <<[ fCeqr H ] g T >>(m) (12)

Trong d6 Hamiltonian H dugc cho trong
phuong trinh (1). O gan ding pha ngiu nhién,
chung t6i thu duoc két qua ctia ham cam tng

77 (,0) (13)
1+U -gr,) 2™ (0, »)

z(q,0)=

Lyl gy

voi % (q,0) = DT -
k k+q &y

. 200

val, = - (15)

! 2 2_292woZOZ(Qaw)

° 1+U 2%(q o)

trong do
02 1 <n§7q>—<nkf>

o)=—y > 2/ 16
2”9, ) NZk:w_EkarE;q (16)

O giéi han @ — 0ta c6 ham cam mg exciton
tinh. Trong bai b4o nay, ching t6i chi xét cac
exciton c¢6 xung lugng q = 0 tham gia vao su
hinh thanh trang thai ngung tu EI, vi vay btic
tranh thdng gidng trang thai ngung tu exciton
trong h¢ dugc chung t61 khao sat thong qua ham
cam ung exciton tinh y, = ¥(0,0) .

3. Két qua va thao luan

Tir két qua tinh giai tich trong phan 2, chung
t6i st dung phuong phap tinh sé giai tu hop hé

phuong trinh (9-10) sau dé xac dinh ham cam
{ng exciton tinh theo phwong trinh (13) dé khao
sat anh huong cia mat can bang khbi luong 1én
birc tranh thang giang trang thai ngung tu
exciton. Him cam {mg exciton thé hién su thing
giang exciton trong h¢, do d6 ham cam ung
exciton phan ky ching t6 sy hinh thanh cua trang
thai EI. O day, chung toi chon hé don vi ty nhién
v6i h=c =Kk, =1 va tinh toan cho hé hai chiéu
gdm N = 500 x 500 nat mang. Khong mat tinh
tong quat, chiing t6i chon tich phan nhay nat ctia
dién tir ¢ 1a don vi cta nang luong (t° =1), con
tich phan nhay nut cua dién tr f [uon dugce chon
sa0 cho [t'| <1 dé phit hop vai cac hé c6 chuyén
pha ban kim loai — ban dan. Véi cach chon nhu
vay, gia tri cua ‘t ‘ s& thé hién sy mat can bang
khdi luong ciia dién tir ¢ va dién tir f trong hé,
néu ‘t ‘ tang thé hién sy giam can bang kh01
luong. Cac nghién ciru trudc ddy di chi ra rang
trang thai EI chi dugc hinh thanh khi cuong do
thé twong tac Coulomb va ap suit ngoai du 16n
[6-8]. Do d6, khi tinh s6 chung t6i ¢b dinh cudng
do thé tuong tdc Coulomb U = 2,5 va muc do
xen phu cua hai ddi nang lugng dién tu
£ —¢&' =2 dé khao sat ham cam ting exciton tinh
theo nhiét do.
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Hinh 1. Ham cam Gng exciton tinh phu thudc nhiét d6 vai cac gia tri khac nhau cua ‘tf ‘ taiU=25, g°—¢' =2

va g = 0.2. Hinh nhd 1a ham cam ung trong truong hop g=0.

Hinh 1 mo6 ta sy phu thudc cua ham cam ng
exciton tinh theo nhi¢t d¢ ung vdi cac gia tri
khi hang s tuong tac dién tir

khac nhau cua ‘tf
Ung véi mdi gié tri ctia ‘tf ‘ ta

- phonon g =0.2.
ludn thu dugce cung mdt dang di€u cua ham cam
ung exciton tinh phu thude nhiét do, cu thé, ham
cam ung tang khi gidm nhi¢t do. Pac biét, khi
nhiét d0 du nhdé ham cam Ung tang nhanh va
phan ky khi nhiét do tién tGi gia tri toi han Te.
Nhi¢t do Tc & day duoc goi la nhiét do chuyén
pha trang thai ngung tu exciton. Nhu vay, ta
nhan théy, khi nhiét do 16n, thang giang nhiét
pha v& moi lién két cip dién tir - 15 trong va hé
& trang thai khi fermi. Him cam tng vi vay rat
nho. Giam dan nhiét do, thang giang nhiét giam
va trang thai lién két c6 thé hinh thanh. Thang
gidng trang thai ngung tu exciton thé hién rd khi
nhi¢t do gidm tién t6i nhiét do chuyén pha T..
Khi ‘tf‘ nhoé hay sy mat can bang khdi luong
gitra dién tur dan va dién tr hoa tri 16n, Hinh la
cho thay, khi ting ‘tf ‘nhiét do téi han T ting.
bicu nay thé hién viéc giam khoi lugng cua hat
tai hoa tri, cac dién tir hoa tri dé dang lai hoa véi
dién tir & mtrc dan dé hinh thanh trang thai lién
két cap dién tir - 16 tréng, ting muc do thing
giang trang thai ngung tu exciton. Tuy nhién,

trong viing th | 16m, |t'|>0.3, (Hinh 1b) cho
chung ta thay buc tranh thang giang trai nguoc

ctia trang thai exciton két hop khi giam mét can
bang khéi lwong. Thyc vay, trong truong hop
ndy, tng [t'| dén t6i gidm nhiét do chuyén pha
trang thai ngung tu exciton. Noi cach khac, gidam
mat can bang khéi luong lam giam thing giang
trang thai exciton két hop. Diéu nay co thé giai
thich khi |t"| du 16n, dai héa tri va dai dan xen
pht nhau va hé ¢ trang thai ban kim loai, thay vi
trang thai ban dan nhu truong hop mat cin bang
khéi lugng 16n. Khi ¢ trang théi ban kim loai,
tang [t'|lam tang d¢ linh dong cta dién tir hoa
tri va vi vay exciton dugc hinh thanh voi lién két
yéu hon. Céc cap dién tir dan va dién tir hoa tri
ctia yéu rat gin mutrc Fermi méi dong vai tro lién
két. Nhiét do chuyén pha ngung tu exciton vi thé
giam khi tdng d6 linh dong cua dién tir hoa tri,
hay khi giam sy mét can bang khéi luong. So
sanh voi ham cam ung exciton tinh khi chua c6
tuong tac dién tir - phonon (hinh nhé bén trong
mdi hinh), ching t6i thdy rang nhiét d6 chuyén
pha T¢ khi c6 twong tac dién tir - phonon tang 1én
so v&i truong hop khong co tuong tac dién tur -
phonon, nguyén nhan la do tuong tac di¢n ta-
phonon lam tang kha ghép cap dién tur c-f.
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Hinh 2. Ham cam tmg exciton tinh phy thudc nhiét o tmg voi céc gid tri cia [t'] tai g =0.6

Dé thay rd vai trd clia anh hudng cila sy mat
can bang khéi luong 1én birc tranh thing giang
trang thai ngung tu exciton khi mét cua tuong tac
dién tir - phonon, trén Hinh 2, chung t6i tiép tuc
khao sat ham cam ung exciton tinh khi g = 0.6.
V6i gia tri 16n cia thé twong tac dién tir - phonon
chiing ta van thu duoc birc tranh twong tu cua
thang giang exciton phu thudc vao nhiét do va sy
mét can bang khdi lwong. Thuc vay, khi giam
nhiét 46, ham cam tng exciton ting dan va dic
biét ham cam Ung ting manh roi phan ky nhiét
d6 tién toi gia tri toi han, 13 vi tri tai ¢6 hé chuyén
sang trang thai ngung tu exciton. O ving ‘tf‘
<0.7, nhi¢t d0 chuyén pha trang thai ngung tu
tang khi sy mat can bang khéi lugng giam (Hinh
2a). So voi1 Hinh 1a, o rang vai tro tuong tac
dién tir - phonon dong vai tro quan trong trong
sy hinh thanh thing giang trang thai lién két cap.
Cu thé do tuong tac dién tir - phonon du 1on, lién
két cap exciton duogc ting cudng. Pidu ndy cang
dugc thuc day khi dién tir hoa tri trd nén linh
dong hon. Tuy nhién, khi [t |du Ién, |t' 207
thi ching ta van thay thang giang trang thai

exciton két hop trd nén suy giam khi ting ‘tf‘
(Hinh 2b). Thuc vay, trong truong hop nay, dién
tir hoa tri tré nén linh dong gén nhu so véi dién
tir dan, lién két exciton vi vay trd nén yéu hon va
khi d6 doi héi tuong tac dién tir - phonon phai
16n hon nira dé ta c6 thé thdy duoc sy ting cudng
ctia lién két cap exciton khi giam sy mét can

bang khéi luong giira dién tr dan va dién tir hoa
tri.

4. Két luén

Trong bai bao nay, chung t6i da khao sat birc
tranh thing giang trang thai exciton két hop cua
hé dién tir - 15 tréng mat can bang khdi lugng
trong cac hé co chuyén pha ban kim loai - ban
dan, thong qua nghién ctru mo hinh Falicov—
Kimball m¢ rong khi tinh té1 dong gop cua
tuong quan dién ta-phonon. Khi 4p suit ngoai va
thé twong tac Coulomb giita dién tir dn va dién
tu hoa tri du 16n, thang gidng exciton dugc xac
dinh khi nhiét do gﬁn nhiét do té1 han trang thai
ngung tu exciton. Thang gidng trang thai exciton
két hop dugc ting cuong khi giam khéi luong
hiéu dung ctia dién ttr hoa tri. Tuy nhién, khi khdi
luong hi¢u dung cua dién tr hoa tri tré nén so
sanh dugc voi dién tir dan thi thing giang trang
thai ngung tu exciton lai giam khi tiép tuc ting
d6 linh dong cua dién tir hoa tri. Thé twong tac
dién tir - phonon dong vai tro quan trong khi mé
rong ving thing giang trang thai exciton két hop
khi giam mat can bang khéi luong. Két qua nay
khang dinh vai trd quan trong ctia mat can bang
khéi lwong va twong tac dién tir - phonon anh
huong 1én buc tranh thang giang trang thai
ngung tu exciton trong hé co chuyén pha ban
kim loai - ban dan.
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Loi cam on
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hoc Mo - Dja chit, trong dé tai ma sb T23-15

References

(1]

(2]

(3]

A. Kavokin, T. C. H. Liew, C. Schneider, P. G.
Lagoudakis, S. Klembt, and S. Hoefling. (2022).
Polariton condensates for classical and quantum
computing, Nat. Rev. Phys. 4, 435.

E. C.Regan, D. Wang, E. Y. Paik, Y. Zeng, L. Zhang,
J. Zhu, A. H. MacDonald, H. Deng, and F. Wang.
(2022). Emerging exciton physics in transition metal
dichalcogenide heterobilayers, Nat. Rev. Mater. 7,
778.

N. F. Mott. (1961). The transition to the metallic
state, Phil. Mag. 6, 287.

[4]

[5]

6]

[7]

(8]

147

D. Ihle, M. Pfafferott, E. Burovski, F. X. Bronold,
and H. Fehske. (2008). Bound state formation and the
nature of the excitonic insulator phase in the extended
Falicov-Kimball model, Phys. Rev. B 78, 193103.

V.-N. Phan, K. W. Becker, and H. Fehske. (2010).
Spectral signatures of the BCS-BEC crossover in the
excitonic insulator phase of the extended Falicov-
Kimball model, Phys. Rev. B 81, 205117.

C. Monney, C. Battaglia, H. Cercellier, P. Aebi and
H. Beck. (2021). Exciton condensation driving the
periodic lattice distortion of 1T-TiSe2, Phys. Rev.
Lett. 106, 106404.

Kwangrae Kim, Hoon Kim, Jonghwan Kim. Changil
Kwon, Jun Sung Kim and B. J. Kim. (2021). Direct
observation of excitonic instability in Ta;NiSes. Nat.
Commun. 12, 1969.

P. Wachter. (2001). Exciton condensation in an
intermediate valence compound: TmSeg.4sTeoss, Sol.
Sta. Commu. 118, 645.


https://www.nature.com/articles/s42254-022-00447-1
https://www.nature.com/articles/s42254-022-00447-1

