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Phase diagrams of the excitonic insulator due to the mass imbalance
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Tém tit

Su d@)ng tén tai trang thai dién moi exciton (EI) cung céac trang thai khac trong hé do su mét can bﬁng kh(f)i luong cua dién
tir va 10 trong trong mé hinh Falicov-Kimball m¢ rong c6 twong tac dién tir - phonon dugc khao sat. Bang viéc ap dung
phuong phap gan ding Hartree-Fock khong gidi han, ching tdi thu dugce hé phuong trinh tu hop, xac dinh tham s6 trat tw
trang thai EI. Két qua tinh so0 cho thay, khi nhiét d§ thap, h¢ ton tai trang thai EI chi kl}i mat can bang khoi lugng du nho,
dac biét khi su khac nhau gitra ning lugng taiqnﬂt cua dién tr ya 16 trong Khﬁng nhiéu. Gjao nhau cac trang thai BCS-
BEC cua trang thai EI cling duoc thao luan, khang dinh vai tro rat I6n cua mat can bang khoi lugng I1&n cau tric cua trang
thai EI.

Tir khéa: Dién moi exciton; md hinh Falicov-Kimball mé rong; twong tac dién tir - phonon; mit can bang khdi lugng.

Abstract

The interplay among the excitonic insulator (El) state and other instabilities in the impact of the mass imbalance between
electrons and holes in the extended Falicov-Kimball model involving the electron-phonon interaction is examined. By
using the unrestricted Hartree-Fock approximation, we find a set of self-consistent equations determining the EI order
parameter. Its numerical results release a stability of El state at low temperatures only if the mass imbalance is sufficiently
low, especially, in the case of small difference onsite energies of electrons and holes. BCS-BEC crossover of the El state
is also addressed, revealing the impression of the mass imbalance in the structure of the El state in the system.

Keywords: The excitonic insulator; the extended Falicov-Kimball model; the electron-phonon interaction; the mass
imbalance.

1. it van dé nhiéu nha vét Iy 1y thuyét ca & trong nudc va trén
thé gidi. H¢ exciton dugc xem la hé di¢n tu
tuong quan va qua trinh chuyén pha trang thai
ngung tu cua h¢ exciton ciing da dugc nghién
ctru tir nhirg ndm 60 cua thé ky trude [1,2]. Do

Chuyén pha trong cac hé dién tir twong quan
nhu chuyén pha trat tu tir, trat tu dién, siéu dan
hay chuyén pha kim loai - dién moi,... di va
dang thu hut dugc su quan tdm nghién ctru cia
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1a trang thai két cap cua dién tir va 1 trong nén
exciton trung hoa vé dién va vi viy trang thai
ngung tu cua exciton con dugc goi la dién moi
exciton (Exciton insulator - El). Tuy nhién, do
thoi gian sdng ngin nén nhitng quan sat thuc
nghiém vé trang thai nay van con han ché va ban
chit cta trang thai ngung tu van con chua sang to.

Maic du viéc quan sat thuc nghi¢m trang thai
EI gap nhiéu khé khin nhung cho dén nay di c6
rit nhiéu khfmg dinh vé sy ton tai cta trang thai
EI trén mot sb vat lidu, chéng han nhu cac kim
loai chuyén tiép (TMDs) [3, 4], giéng luong tr
kép (DQW) [5], hay trong cac hé graphene
(DBG, DLG) [6, 7]. DPic biét, gan ddy nguoi ta
da do dugc nhiét do t61 han cia ngung tu exciton
trén vat liéu TazNiSes dat tdi 326 K [8]. Trén cac
hé vat liéu nay, ndi chung mdi twong quan gitta
khéi lugng cia dién tir va 16 tréng 1a khong
gidng nhau. Chang han nhu, trong TMDs hay
DQW, khéi luong cua 16 trong thuong 16n hon
khdi lugng cua dién td con trong cac hé
graphene, khoi lugng ciia dién tir va 15 trong gan
nhu bang nhau [9]. Trong cac hé fermion mat
can bang vé khdi luong, thudng sé xuat hién cac
trang thai lwong tr voi nhidu tinh chét ky la.
Chinh vi vy, viéc khao sat anh hudng ctia mat
can bang khéi luong 1én trang thai EI trong cc
hé nay 14 can thiét.

Trong nghién ctru Iy thuyét ngung tu exciton,
mo hinh thudng dugc sir dung rong rai nhat 1a
mo hinh Falicov-Kimball. Pay 1a m6 hinh mo ta
tuong tac gitra di¢n tir linh dong ¢ va di¢n tir dinh
xtt f boi twrong tac Coulomb [10, 11]. Diéu nay
van dung d6i v6i mo hinh Falicov-Kimball mé
rong (EFK) [12,13], 12 md hinh c6 tinh t&1 nhay
nat cta dién tur trén muc f va thira nhan su két
cap cua dién tu ¢ véi dién tir f thong qua tuong
tac Coulomb. Mdi cdp dién tir c-f twong duong
v6i mot trang thai exciton. Anh hudng ciia mét
can bang khdi luong 1én trang thai co ban cia
ngung tu exciton trong mé hinh EFK da dugc
khao sat [14,15]. Tuy nhién, viéc nghién ctu

trang thai EI thong qua mo hinh EFK la hoan
toan theo co ché dién tu, tirc 1a chi quan tam to1
trong tac Coulomb gitta dién tir va 18 trdng.
Trong khi d6, cac quan sat thuc nghiém trén mot
s6 vat liéu da khang dinh phonon ciing d6ng vai
trd quan trong trong viéc hd tro su két cip dién
tir - 15 trong hinh thanh exciton va trang thai
ngung tu [16-18]. Do d6, cac d4u hiéu ciia ngung
tu exciton khi xem xét trong mo6 hinh EFK chua
duoc phu hop thuc té.

Trong bai bao nay, dé c6 thé nhan duoc cac
dau hiéu ngung tu exciton mot cach thuc té nhat,
chting t6i str dung m6 hinh Falicov-Kimball m¢é
rong c6 tuong tac dién tur - phonon. Trong khudn
kho gan dung Hartree-Fock khong gi6i han, anh
hudng cia mat can bang khdi lugng 1én sy hinh
thanh trang thai EI trong h¢ dugc xem xét. Nho
phuong phép tinh sd giai hé phuong trinh tu hop,
chung t61 xac dinh dugc cac tham s trat tu trang
thai EI. Tur d0, cac gian do pha mé ta anh hudng
clia mét can bang khdi luong 1én chuyén pha
trang théi EI trong hé duogc thiét 1ap.

Ngoai phan Mg dau va Két luan thi bai bao
dugc chia thanh 2 phan. Trong d6, Hamiltonian
cta mo hinh va cac tinh toan giai tich ap dung
gan dung Hartree-Fock khong gidi han duoc
ching t6i trinh bay trong phan 2. Tir cac két qua
giai tich, chung toi thiét 1ap chwong trinh tinh s6
va trinh bay cac két qua nhan duoc cing thao
luén trong phén 3.

2. M6 hinh va tinh toan giai tich

Mo hinh Falicov-Kimball m¢ rong cé tuong
tac dién tir - phonon dugc mo ta bdi Hamiltonian
viét trong khong gian xung luong dudi dang sau

H =Ho + Hin 1)

trong d6, s hang thir nhat md ta phan khdng
tuong tac cua hé dién tir - phonon

Hy = Z(Efffbfifﬁk + woby by (2)
K
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v6i ¢ff () 1a cAc toén tir sinh (hay) cua dién tir
c trén dai dan (voi ¢ = c), dién ta f trén dai hoa
tri (v6i ¢ = f) va b (by) 1 toan tir sinh (hity)
cua phonon mang xung lugng K véi nang luong
khong tan sic w,. Trong mé hinh lién két chat,
nang luong tan sic cia cac dién tir dwoc cho boi
&f = e —tPy—u ®)
v6i €® va t? lan luot 1a nang luong tai nat va
tich phan nhay ndt caa dién tir va p 1 thé hoa
hoc. B¢ biéu thi mdi twong quan vé khdi hrong
ctia cac dién tir va 15 trdng, tich phan nhay nit
cua dién tir f trén dai hoa tri thuong dugc chon

nho hon tich ph&n nhay nut cua dién tir ¢ trén dai
dan thé hién dai héa tri hep hon dai din. Chang
han nhu, trong tinh toan s va&i hé exciton truc
tiép trong kim loai chuyén tiép, nguoi ta thuong
lra chon tf = — 0.3t° [19,20] hay trong graphene,
nguoi ta thuong ldy t' = — t© [21]. Trong mang
tinh thé hai chiéu hinh vudng véi N nit mang va
hing s6 mang a = 1 thi y, = 2(cosk, +
cosky,).

S6 hang thir hai H;,,, trong Hamiltonian (1)
md ta phan tuong tac Coulomb giita cac dién tur
¢ - f va tuong tac dién tir - phonon

U g
Hine = Z i qCi fir_ofic + \/_NZ[Cqufk(biq +bg) + fil Cierq(bg + bq)] (4)
kq

kk'q

véi U 1a cuong do thé twong tac Coulomb va g
13 hang s6 tuong tac dién tir - phonon.

Bo qua thing gidng trong gan ding Hartree-
Fock khong gidi han, ta nhan dugc Hamiltonian
méi gdm hai phan 1a phan dién tir va phan
phonon. Pé tinh cac gia tri ki vong thi
Hamiltonian can dugc chéo hda hoan toan, tirc
1a duge viét dudi dang toan phuong ciia cc toan
tir sinh va huy. Do do, ching ta st dung phép
bién doi Bogoliubov dinh nghia cac toan tir gia
hat fermion méi dé chéo héa phan dién tur

T — t t

CZJrk = —vkch + ukkar

()

v6i uy, Va vy dugc chon sao cho ug + vg =
1. Trong khi d6, phan phonon dwoc chéo hda
bang viéc dinh nghia toan tr phonon méi
t_ ot n
By =bi+ VN o (6)
Cu(f)i cung, Hamiltonian chéo hda hoan toan
trong gan dung Hartree-Fock khong gidi han
nhan duoc dudi dang sau

7
Hyry = Z(Eﬁcfkclk + El%CszCk)'l' Wo Z B(;qu )
k q

trong do
f

(8)

1(2)
E," = .

b

~ =C = _ xc
€ T €k+q . sgn(ek — 6k+q)

2 k

la cac nang luong gia hat tai chuan hoa vé1 € 1a nang lugng tan sac tai chuan hoa cua cac dién tir ¢

(f) duoc cho boi

éli(f) _ Eli(f) + Unf© 9)

& day, n% = ~ TP i) 1a mat do dién tir va

M = \/(é{: - é§+q)2 + 418]2 (10)

U g
§=— Nzk:<cg+qfk> + (bl boy) (11)
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trong d6 & o chira dai luong ny, = (cf; +q fic) biéu
thi su lai hoa gitra cac dién tir ¢ va dién tir f nén
duoc goi la tham s trat tu trang thai EI.

Tt Hamiltonian trong phuong trinh (7) chung
ta xac dinh duogc gia tri ky vong ma cling dugc
xem la tham sd trat tu trang thai EI

)
N = (e ofic) = [T (ER) — nf (E)]sgn(€] — Era) (12)

trong d6 nf () = (1 + )1 1a ham phan b
Fermi-Dirac vai B 1a nghich dao cua nhiét do
tuyét d6i, 8 = 1/T.

Trong bai bao ndy, cac gian dd pha trang thai
EI duoc thiét 1ap thong qua khao sat tinh chat
cuia cac tham sb trt tu § va ny. Khi tham sd trat
tu khac khong, thé hién su lai hoa manh gitra cac
dién tir ¢ — f va do d6 c6 thé khang dinh hé ton
tai trong trang thai EL

3. Két qua tinh s6 va théo ludn

Trong phan nay, ching toi trinh bay cac két
qua tinh s6 dé thao luan anh huong ciia mat can
bang khéi lwong va nhiét do Ién trang thai EI
trong hé. Céc két qua tinh sé caa ching tdi nhan
duoc tr chuong trinh tinh sb giai tu hop céac
phuong trinh (9)-(12) trong hé hai chiéu gém
N = 200 x 200 nut mang dé tim tham sd trat tu
trang thai EI. O day, ching toi chon t¢ =1 I
don vi ctia nang luong va c¢b dinh w, = 2.0 va
€ = 0. Véi su lya chon €€ = 0 thi nang luong
tai nat €/ cia dién tir f thé hién mic do xen phu
gilra hai dai nang lugng. Trong c&c nghién cau
trude d6, chung t6i di khang dinh exciton trong
hé ngung tu khi tuwong tac dién tr - phonon du
I6n va vi vay, trong nghién ctu nay, ching toi cd
dinh hang sb tuong tac dién tir - phonon g = 0.6.
Chung t6i cling lua chon gia tri caa tich phan
nhay ndt cia dién tir f sao cho |¢/| < 1 thé hién
dai hoa tri hep hon dai dan hay dién tir f dinh x@r
hon. Do s Ira chon t€ = 1 nén sy mat can bang
khéi lwong cua cac dién tir ¢ va dién tu f trong hé
duoc thé hién bai gia tri cua |¢f].

Pé c6 mot burc tranh toan dién vé su hinh
thanh trang thai EI anh hudng boi mat can bang
khéi lugng, chung t6i thiét 1ap cac gian dd pha
mo ta chuyén pha trang thai EI theo cac thong sb

ctia md hinh. Trudc hét, ching t6i thiét 1ap gian
dd pha mo ta chuyén pha trang thai EI trong mat
phang (|¢/], €/) tng v&i mot vai gid tri cta nhiét
d6 T khi U = 3.0. Bé c¢6 dugc gian dd pha,
chiing t6i xac dinh gia tri t&i han cua tich phan
nhay ndt |¢/| cua dién t f ing véi méi gia tri
ctia nang luong tai ntt €/ cua dién tir f ma tai do
tham s trat ty & khac khong. O day, ching toi
con xac dinh giao nhau BCS-BEC cua céac dang
ngung tu BCS-twong ty nhu trang thai ngung tu
ctia cac cip Cooper trong 1y thuyét BCS (John
Bardeen, Leon Cooper va Robert Schrieffer) va
dang ngung tu BEC (Bose-Einstein
condensation) cua cac hat boson. Ranh gigi pha
ngung tu exciton trong gidi han tuong tac yéu va
gi61 han tuong tdc manh dugc xac dinh tai cac vi
tri ma tai d6 gia tri tham sO trat tu ng =
(CIquk) dat cuc dai tai xung lugng k = 0. Khi
hé trong pha ban kim loai, dai hoa tr1 va dai dan
xen phu nhau, mdt Fermi rdng va do do su lai
hoa ctia cac dién tir va 16 trong gan mat Fermi
duoc thiét 1ap. Pha EI dugc hinh thanh boi sy
ngung tu cua cac cip dién tir va 1 tréng trong
dang BCS (vung ké caro). Trong truong hop
nay, tham s6 trat tu ng c6 gia tri cuc dai tai cac
xung luong gan xung luong Fermi, thé hién chi
nhing dién tir va 10 trdng gan mat Fermi méi
tham gia két cp va hinh thanh trang thai ngung
tu. Nguoc lai, trong pha ban dan, cac dai ¢ — f
tach xa nhau, mat Fermi co lai thanh mét diém
va mot sb luong 16n céac exciton dugc hinh thanh
va ngung tu trong trang thai BEC (vung mau
xanh) voi tham s6 trat tu ng co cuc dai tai xung
luong k = 0. Do do, chung t6i xac dinh ranh gigi
giao nhau BCS-BEC cuia céc trang thai ngung tu
exciton tai cac vi tri nay. Gian d6 pha & Hinh 1
cho thay tai nhiét d6 thip, voi mdi gia tri xéac
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dinh ctia €/du lon, khi ting |t/|, he chuyén tir
pha ban dan (ving gach chéo 1én) sang trang thai
El dang BEC tai mdt gia tri téi han ctia |tf | Tiép
tuc tang |tf|, trang thai El dang BCS duoc thiét
lap va trong truong hop nay ngung tu dang BCS
chiém wu thé. Vang ban kim loai (ving gach
chéo xudng) dugc mo rong hay ving ngung tu
exciton bi thu hep lai khi giam €/, |¢/| phai rat
I6n m&i c6 thé thiét 1ap trang thai EI. Khi ting
nhiét do, nang lugng nhiét I6n pha hay trang thai
lién két cua dién tu - 15 tréng hinh thanh exciton
nén trang thai ngung tu exciton ca dang BCS va
dang BEC déu bj thu hep lai, e/dua I6n va |tf|
phai rat I6n hay mat can bang khéi luong rat thap
méi ¢6 thé thiét 1ap trang thai E1 (xem Hinh 1b -
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1d). Pac biét khi nhiét do cao, vi du T = 0.3
(Hinh 1d), trang thai EI gan nhu chi & dang BCS.
Bén canh d6, tai mot gia tri xac dinh cua
|t/|, giam &/ 1am gia tang sw phan tach giita dai
dan va dai hoa tri lam giam kha ning ghép cip
dién tir - 15 tréng hinh thanh exciton. Do dé, khi
giam &/, su lai hoa giira dién tur va 13 trng chi
xuat hién & [t/ | 16n hon. Diéu ndy c6 nghia ring
khi &/ nho, su ngung tu exciton chi c6 thé duoc
thiét 1ap & mét can bang khéi lugng thap. Khi
giam &/, giao nhau BCS-BEC giira cAc trang thai
ngung tu ciing dugc thiét 1ap. Vi tri giao nhau
BCS-BEC dich chuyén vé vung gia tri ¢/ nho
hon khi tang nhiét do.
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Hinh 1. Gian d6 pha trang thai ngung tu exciton trong mat phang ([t/], €/) & mot vai nhi¢t do khac nhau khi U = 3.0

Tiép theo, dé thay rd hon anh hudng cia mat
can bang khéi lugng va nhiét do 1én su hinh
thanh trang thai EI trong hé, ching tdi biéu thi

trén Hinh 2 gian d6 pha trang théai EI trong mat
phang (U, T) tng véi mot vai gia tri cta |t/ | khi
nang luong tai nat €/ = —2.0. Hinh 2 cho thiy
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ung voi mot gia tri xac dinh cua tich phan nhay
nat |¢/|, trang thai EI chi duoc thiét 1ap trong
mdt khoang gitra hai gia tri gidi han cua the
trong tic Coulomb ¢ nhiét d thap. Khi tich
phan nhay nut |tf | duoc ting 1én hay mat can
bang khdi lwong giira dién tir va 16 trong du nho
thi vung ngung tu dugc m¢ rong. Trong moi
truong hop, khi nhiét d0 qua cao, nang luong
nhiét 16n s& pha huy trang thai lién két cua cac
dién tir - 15 trong lam cho trang thai EI bi suy
yéu. Exciton trong hé khi d6 chi ngung tu khi

mat can bang khoi lugng rat thip, hay |t/| = 1.
Khi tang nhiét d6 téi gia tri cao hon nhiét dd toi
han Tc, moi trang théi lién két déu bi phé hay va
hé chuyén sang trang thai plasma cta cc dién tir
va 16 trng khong lién két. Cac gian dd nay tuong
tu nhu cac gian dd da duoc trinh bay trong cac
tai liéu [22,23]. Tuy nhién, trong nghién clru nay
ctia chiing t6i, anh hudng ctia mét can bang khéi
lugng 1én viéc hinh thanh trang thai EI da duoc
khao sat ki ludng.

Hinh 2. Gian d5 pha trang thai ngung tu exciton trong mat phang (U, T) tmg véi mot vai gia tri cua |t/ | khi e/ = —2.0.

4. Két luan

Trong bai bao nay, gian d6 pha trang thai EI
anh hudng boi mat can bang khdi luong di duoc
chung t6i thiét 1ap bang ap dung gin dung
Hartree-Fock khong giéi han cho moé hinh
Falicov-Kimball m¢ rong c6 tuong tac dién tir -
phonon. Tir cac két qua tinh toan giai tich nhan

duoc, hé phuong trinh ty hop x4c dinh tham $6
trat tu trang thai EI dugc giai s6 nho chuong
trinh chinh s6 viét theo ngdn ngit 1ap trinh
Fortran. Trén co s& cac két qua tinh s6, chiing toi
thiét 1ap cac gian dd pha trang thai EI anh huéng
clia mat can bang khdi lwong. Céc gian d6 pha
cho théy, hé 6n dinh trong trang thai EI ¢ nhiét
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d6 thap khi mat can bang khdi lugng dii nho. Khi
nang lugng tai nUt cua dién tu f nho hay hai dai
nang lugng tdch xa nhau, sy ngung ty exciton chi
c6 thé dugc thiét 1ap & mét can bang khéi luong
rat thap. Khi giam ning luong tai ndt cua dién ta
f, giao nhau BCS-BEC gitra cac trang thai ngung
tu dwoc thiét 1ap va vi tri giao nhau BCS-BEC
dich chuyén vé viing gié tri e/ nho hon khi ting
nhiét do. Khi nhiét d6 cao, ngung tu exciton chi
c6 thé xay ra & mat can bang khoi luong rat thap.
Nhing nghién ctru k¥ ludng hon vé ban chét dong
hoc clia chuyén pha trang thai EI anh hudng boi
mat can bang khdi luong sé 1a nhitng nghién ctru
tiép theo ciia chung t6i trong tuong lai.
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