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TOM TAT

Trong bai bao nay, chung t6i khao sat sy hinh thanh trang thai dién mai exciton thong qua viéc khao sat
ham cam tng exciton trong mé hinh Falicov — Kimball mé rong, khi thay doi ap suit ngoai tac dong lén
hé. Cac thong s khao sat dugc chon phu hop véi trang thai cua hé dién tu trong cac hop chat dat hiém
chalcogenide. Chung toi str dung gan ding Hartree-Fock dé tinh toan giai tich, sau do thiét lap chuong trinh
tinh s6 dé khao sat ham cam (g exciton tinh. Cac két qua khao sat khang dinh vai tro cua 4p suit ngoai
1én sy hinh thanh trang thai dién mdi exciton trong cac hop chét dét hiém chalcogenide.

Tir khéa: Dién moi exciton; gﬁn dtng Hartree-Fock; md hinh Falicov — Kimball mé rong; Ham cam ung
exciton

1. D3t vin dé

Exciton dugc xem la gia hat boson, hinh thanh do sy két cip cua dién tir dai dan va 16 tréng dai hoéa tri
nho tuwong tdc Coulomb, tdn tai trong dién moi, chit ban dan va mot sb chét long. Khi mat d¢ du lon va
nhiét d6 du thép, c4c exciton c6 thé ngung tu trong mot trang thai luong tir va chuyén c4u hinh cua ban kim
loai hozc ban dan sang trang thai dién moi trong tmg, goi la trang thai dién moi exciton (excitonic insulator
— EI) (Mott, 1961). Cho dén nay nhiing nghién ctru vé trang thai dién moi exciton van dang thu hit sy cht
¥ cua cac nha khoa hoc trong ca li thuyét va thuc nghiém. V& mat li thuyét, ngudi ta thudng st dung cac
mo hinh hai dai nang lwong dé khao sat trang thai EI, trong d6 mé hinh Falicov-Kimball mé rong (Extended
Falicov-Kimball model — EFKM) & mé hinh dugc sir dung nhiéu nhét (Ihle va nnk, 2008; Phan Vin Nham
va nnk, 2011; Zenker va nnk, 2010). Day la m6 hinh mo6 ta tuong tac gitta dién tur linh dong ¢ va dién tur
dinh x@r f'boi twong tac Coulomb c6 tinh t¢i nhay nit cua dién tu trén muc f va thira nhan moi cap dién tu
¢ — f tuong duong v6i mét trang thai exciton. V& mit thuc nghiém, do trang thai EI c6 thoi gian sdng rat
ngan so voi thang giang nhiét, chi ¢ pico gidy dén mili gidy, nén viéc tim ra cac hé vat liéu ma exciton ¢6
the ton tai trong thoi gian du l6n dé dat trang thai ngung ty la hét strc cn thiét. Mot trong nhitng hé vat liéu
trién vong dé quan sat trang thai EI 1a hop chét dat hiém chalcogenide (Neuenschwander va Wachter, 1990;
Bucher va nnk, 1991; Wachter va nnk, 2004). Kim loai dat hiém va hop chat cua ching duoc sir dung nhiéu
trong céc thiét bi hang ngay phuc vu doi séng cua con ngudi nhu nam cham, pin mat troi, bd nhé may tinh.

Trong bai bao nay, chung tdi ap dung gan dung Hartree-Fock cho m6 hinh EFKM dé khao sat anh huong
clia &p suét ngoai 1én sy hinh thanh trang thai EI trong cac hop chat dat hiém chalcogenide, thong qua viéc
khao sat tinh chat ciia ham cam g exciton tinh. Him cam tng exciton tinh thé hién sy thing giang cia
exciton trong h¢, do do su tdn tai cia trang thai EI dugc thé hién boi su phan ki cia ham cam ung exciton
tinh. Trong cac nghién ciru trude ddy, khi khao sat ham cam tmg exciton tinh theo nhiét d¢ va thé tuong
tac Coulomb, ching t6i da khéng dinh trang thai EI dugc hinh thanh tai ving nhiét d¢ thap va trong khoang
giita hai gié tri t6i han cta thé tuong tac Coulomb (D4 Thi Hong Hai va Nguyén Thi Hau, 2021; Nguyén
Thi Hau va nnk, 2021). Véi cac két qua da nghién ctru do, trong bai bao nay ching toi tiép tuc khao sat sy
phu thudc ciia ham cam (mg exciton tinh vao thé tuong tac Coulomb tai nhiét d6 khong khi thay dbi gia tri
ap sudt ngoai tic dong 1én hé. Tir d6 ta c6 thé danh gia anh hudng cua ap suit ngoai 1én sy hinh thanh trang
thai EI trong cac hop chét dat hiém chalcogenide.

Bai bao dugc chia thanh 4 phan. Trong phén tiép theo cuia bai bao, ching t6i trinh bay phwong phap tinh
toan giai tich dé tim ham cam g exciton bang viéc ap dung phuong phap gan ding Hartree-Fock trong
md hinh EFKM. Trén co s& két qua tinh toan giai tich, ching toi thiét 1ap chuwong trinh tinh s6 dé tim gia
tri cu thé cua ham cam ung exciton tinh. Cac két qua tinh s6 va thao luan duoc trinh bay trong ph?m 3 cua
bai béo. Phan cudi ciing cuia bai bao, ching tdi trinh bay cac két luan.

* Tdc gid lién hé
Email: dothihonghai@humg.edu.vn
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2. Co sé Iy thuyét va phwong phap nghién ciru

M5 hinh Falicov-Kimball nguyén gdc 1a mé hinh mé ta tuong tac giita dién tir linh dong ¢ va dién tir
dinh xur f bdi tuong tac Coulomb (Falicov va Kimball, 1969; Ramirez va nnk, 1970), thuong dugc dung
rong rii trong nghién ciru chuyén pha kim loai — dién méi. Con mo6 hinh EFKM 1a mé hinh c6 tinh téi nhay
nut cia dién tir trén mic £ voi Hamiltonian dugc biéu dién trong khong gian xung lugng nhu sau:

1
H = Zskckck+28£fk fi + I Z ck+qck,fk, ok M

kkr,q
trong do: c]’:(ck) va fk (fk) tuong ng la toan tir sinh (hiy) cua E:ac dién tir ¢ va dién tir f khong spin
mang xung lugng Kk, chung mo ta nang lugng cta hé dién tir ¢ dai dan va dai hoa tri khi khong tuong tac.
sli(f ) 1a cac nang luong kich thich dién tir ¢ va f dugc cho boi:
g]i(f) — sc(f) j— tc(f)]/k j— ” (2)

véi: e 1a ning luong trén mot nit cia dién tir ¢ va dién tir £, t°0) 1a tich phan nhay nit tuong tng
cua dién t ¢ va dién tu f, thé hién d6 linh dong cta céc dién tr ¢, f. Trong mang vudng hai chiéu, Vi =

2(cosk + cosky) 1a budc nhay trong mang tinh thé va u 14 thé héa hoc.

S6 hang cudi cung trong phuong trinh (1) m6 ta twong tac Coulomb gitra dién tir ¢ trén dai dan va dién
tir f & dai hoa tri véi cuong do thé twong tac Coulomb 1a U, trong do N la s6 nut mang tinh thé. Dé giai
Hamiltonian (1) ching t6i 4p dung phuong phap gan dung Hartree-Fock bang viéc gidi thiéu toan tir thang
gidng A = A — (A), sau d6 viét lai phan toan tir thé hién tuong tac Coulomb trong phwong trinh (1) dudi
dang sau:

o vqti fir_ofi = [T fdeliew + (e i Aid (3)
e e + o) laafi] e a iU gt = (el i A _ofid]

B0 qua nhiing hang sb xuét hién tir phuong trinh (3) va thay (3) vao (1) chung téi thu dwoc Hamiltonian
trong gan dung Hartree-Fock nhu sau:

Hyr = z EkaCk + z ffkffk + /\z(ck+qfk + fic Ck+q) @
Kk
V6 & va ek 1a cac ning luong tan sic tai chuan hoa khi c6 dong gop cua @6 dich Hartree c6 dang:
g—li(f) — gli(f) +Unf© (5)

trong d6: n/ va n° twong tmg 1a mat do dién tir f va mat do dién tir ¢ dwoc xac dinh boi ham phan b

Fermi-Dirac ff(e) = 77 hhu sau:
1
nf == frED
v Z ) (©)
7
ERONAC ?

véi [ = 1/T langhich dao cua nhiét do.
Trong phuong trinh (4), A biéu dién trang thai lién két hi¢u dung cua cip dién tr ¢-f, va duge xem la
tham s06 trat ty trang thai ngung tu exciton dugc xac dinh boi:

U
A==3 (Gafid ®)

K
Viéc nghién ciru trang thai EI thong qua tinh chit ciia tham s trat ty da dugc chung t6i khao sat chi tiét
trong cac nghién ctru trude (DS Thi Hong Hai va nnk, 2017; DS Thi Hong Hai va nnk, 2018; D& Thi Hong
Hai va Phan Vian Nham, 2018; D& Thi Héng Hai va Phan Van Nham, 2018; D& Thi H6ng Hai va nnk,
2019). Trong bai bao nay, chiing t6i khao sat sy hinh thanh trang thai EI trong h¢ thong qua phéan tich tinh
chat ciia ham cam mg exciton tinh. Ham cam tng exciton trong khong gian xung luong duoc viét dudi
dang sau:

1
x(q ) = _Nz <<fk+ck+q; Cl-('-r+qfkl>>(w) )

, kk/ B
DE tinh ham cam {rng exciton, ching t6i stt dyng Hamiltonian trong phuong trinh (1) viét phuong trinh
chuyén dong cho ham Green hai hat du¢i dang

w ((fk+Ck+qi C;’+qfk’>)(w) = ([fk+ck+q; C;r+qfk’]> + (([fk+ck+q;j'[]; C;u,qfk'))(w) (10)
Thay Hamiltonian trong phuong trinh (1) vao (10) ta duogc
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w ((fk+ck+q; Cl_:’-{-qfk’»(a))

= (| e riafic])

. T of ot
+( Z[fk+ck+q' ; fﬁlcklckl] + Z[fk+ck+q”€k1fk1fk1] (11)
kq ki
+ g [ + LT t ] . ))
N fi Ck+qnck2+qlck1fk1—q1fk2 ; Ck’+qfk' (W)
k2 k1,91

St dung gan diing pha ngiu nhién dé tinh toan, phuong trinh (11) dugc viét lai thanh:
(0 = o @) €A cera G rafi Dy = (1) — (M)

U
- N ((n{;) - (nﬁ+q)) Z ((sz Cky+q) C;Urqfk’»(m) (12)
ko

trong do6 w]if (@) = &gyq — e_l’: s VO Eigyq VA e_]f dugc xac dinh trong phuong trinh (5), (n{:) = fkT fi) va
(ny) = (cf:ck) duoce xac dinh trong phuong trinh (6) va (7)
Lay tong hai vé phuong trinh (12) theo k va thay tong k véi kz, chung t6i thu dugc ham cam Gng exciton

(nf)=(nfq)

1
N &k cf
N7 w-w (@)
x(qw) = — (13)
1 + EZ (nk)_(nk+q)
N 0T (@

3. Két qua va thio luin

Trong phan niy, chiing t6i trinh bay két qua tinh s dé thao luan anh hudng cua ap suit ngoai 1én sy hinh
thanh trang thai EI trong cac hop chit dat hiém chalcogenide théng qua mé hinh Falicov—Kimball mé rong.
O day, chiing t6i chi xét ham cam mg exciton (mg exciton véi w — 0 hay con goi 1a ham cam tng exciton
tinh, va chi xét cac exciton c6 xung lugng q = 0 tham gia vao hinh thanh pha EI. Ttc la chiing t6i chi nghién
ctru sy hinh thanh trang thai EI trong hé thong qua xem xét tinh chat cia ham cam mg exciton tinh y, =
x(0,0).

Dua trén két qua tinh toan giai tich & phan 2, chung t6i thiét 1ap chuong trinh tinh sé dé giai tu hop xéac
dinh cac gia tri ki vong, tir d6 tinh duwgc ham cam ng exciton tinh tir phwong trinh (13). Trong bai bao nay,
chung t6i chon hé don vi ty nhién v6i A = ¢ = kz = 1 va tinh toan cho hé hai chiéu gém N =500 x 500
nat mang, dong thdi chung t6i chon t€= 1 1a don vi cua ning lwong, con t/= 0.2 dé phu hop véi trang thai
ctia hé dién tir trong hop chit dit hiém chalcogenide.

Trong cac nghién ctru trudce day, chung t6i da khing dinh trang thai dién méi exciton chi dwoc hinh thanh
& nhiét do thap trong khoang gitra hai gia tri t6i han ctia thé twong tac Coulomb khi ap suét ngoai du 16n
(P4 Thi Hong Hai va Nguyén Thi Hau, 2021; Nguyén Thi Hau va nnk, 2021). Do d6, trong bai bao nay,
chung t6i tiép tuc khao sat ham cam ung exciton tinh theo thé twong tac Coulomb {mg vdi cac gia tri khac
nhau ctia nang luong tai nut £/ ctia dién tir f trong trang thai co ban tic 1a tai nhiét d6 T = 0. Trong bai toan
nay, chung t6i chon €€ = 0, do d6 thay d6i & ttrc 1a thay dbi mirc do xen phu giita hai dai ning luong cua
dién tr ¢ va dién tr f, thé hién su thay ddi cua ap suét ngoai tac dong 1én h¢, Kkét qua dugc thé hién trén
Hinh 1.

30

o

Hinh 1. Khdo sdt ham cam vmg exciton tinh y, theo U khi thay déi gid tri € tai T = 0
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Hinh 1 cho théy, trong trang thai co ban, tai mdi gia tri ¢/ xac dinh, haim cam tng exciton tinh phan ki
tai hai gi4 tri ti han cta thé tuong tac Coulomb U, va Uc,. Didu niy mot 1an nita khang dinh trang thai EI
chi dugc hinh thanh trong khoang giita hai gia tri cua thé tuong tic Coulomb U va Ucy. Diéu nay hoan
toan phil hop vdi cac két qua da cong bd trude day cua ching t6i (D6 Thi Hong Hai va Nguyén Thi Hau,
2021; Nguyén Thi Hau va nnk, 2021). Khi U<U,;, hé trong pha ban kim loai. Tang U di 1én sao cho U >
Uc1, tuong tac Coulomb du 16n dé c6 thé tao ra su két cap dién t c-f, do do6 trang thai EI dugc hinh thanh.
Khi U tang lam tang kha ning két cap dién tir c-f, va do d6 hé 6n dinh trong trang thai EI khi Uy < U < U,
Tuy nhién, U ting dong thoi cling lam tang sy chia tach giita dai dan va dai héa tri do d6 hé chuyén sang
trang thai ban dan khi U > U,,. Khi ting gié tri ctia & thi U, ting manh trong khi U,y gidm, hay néi cdch
khac 1a ving ngung tu exciton dugec md rong, didu nay c6 thé giai thich theo céu triic ving ning luong.
That vay, khi £/ ting, su xen phu giita cac dai ¢ va dai f ting 1én lam ting cudng kha ning ghép cap dién tir
c~f hinh thanh trang thai két hop ciia exciton nén viing ban kim loai va ban din bi thu hep lai, do d6 ving
ngung tu exciton dugc mo rong.

D¢ thy rd hon diéu nay, ching toi tiép tuc biéu thi gian @b pha trang thai EI trong mit phang (U-Tc)
(g v&i hai gi tri khac nhau ctia ap suit ngoai. Két qua dugc thé3 hién trén Hinh 2

03 % 0 T T

—
=] i

00

a) b)
Hinh 2: Gian dé pha trang thdi EI trong mdt phdng (U-Tc) img véi hai gid tri khdc nhau cua ef

Két qua trén Hinh 2 cho thdy, voi gia tri 4p suit ngoai chung t6i chon du 16n, hé ton tai & trang thai EI
trong ving nhiét do thip dudi Tc va trong khoang gitra hai gia tri t6i han cia cudng d6 thé twong tac
Coulomb Ug; va Ug. Vung ngung tu thu hep lai khi nhiét d tang, do nang lugng nhiét 16n lam pha huy
mot phan trang thai lién két cua dién tir-13 trong hinh thanh exciton. Trang thai lién két cia dién t-15 trong
bi pha hity hoan toan ¢ nhiét do cao, khi d6 hé tdn tai trong trang thai plasma ciia dién tir va 1 tréng khong
lién két. Trén Hinh 2a, trong mién gidi han cta thé twong tac Coulomb (U < 2.5), nhiét d6 chuyén pha trang
thai EI tang khi twong tac Coulomb ting tir Ue1. Nguoc lai, trong giéi han ciia thé tuong tic Coulomb 16n
(U > 2.5), nhiét do chuyén pha trang thai EI giam khi thé twong tac Coulomb ting. So sanh két qua giira
Hinh 2a va 2b, ching toi thay khi £/tang, nhiét d6 chuyén pha trang thai EI ting, gia tri toi han cia thé
nang tuong tic Coulomb U giam trong khi Ue, tang, do d6 vung ngung tu dugc mo rong. That vy, nang
lwong tai nut cia dién tir f ting dong nghia v&i ap sudt ngoai tic dong 1én hé ting, 1am ting mirc do xen phu
ctia dai ¢ va dai f, dan t6i tang kha niang két cip cua dién tir c-f hinh thanh exciton. Do d6 nhiét do chuyén
pha trang thai EI tang 1én va ving ngung tu dugc mé rong.

Céc két qua khao sat anh hudng clia ap suat ngoai 1én chuyén pha trang thai EI trén gian db pha Hinh 1
va Hinh 2 hoan toan phu hop v&i quan sat thuc nghiém trén cic vat liéu dat hiém chalcogenide
TmSeo45Teoss va Smogolag10S (Neuenschwander va Wachter, 1990; Wachter va nnk, 2004; Wachter,
2018). O ap suat du 16n, cac dai 4f va 5d xen phu nhau, cac dién tir & dai 4f dwoc kich thich 1én ving dan
5d, do @6 cac dién tir & viing dan 5d co6 thé két cip véi 16 trdng cta ving 4f dé tao thanh exciton va trang
thai EI c¢6 thé dwoc hinh thanh néu nhiét ¢ du thip. Bén canh d6, sb liéu thuc nghiém trén cac vt lidu
SmlixLaS (x = 0.10, 0.25, 0.35) va Sm. TmyS (y = 0.10, 0.15) (Jung va Wachter, 1997) ciing cho thiy
khe ning lugng dugc mé rong khi ap sut ngoai ting, thé hién sy mé rong ciia ving ngung tu exciton.

4. Két luin

Trong bai bdo ndy, chung t6i di khao sat anh huéng cua ap sudt ngoai 1én trang thai dién moi exciton
trong cac hop chit dat hiém chalcogenide thong qua khao sat ham cam tmg exciton tinh trong mé hinh
Falicov—Kimball m& rong. Sau khi tinh toan giai tich duoc hé cac phuong trinh tu hop chira cac tham sd
ctia md hinh va ham cam g exciton, ching t6i da thiét 1ap chuong trinh tinh s6 dé khao sat sy phu thudc
ctia ham cam (g exciton tinh theo thé tuong tac Coulomb khi thay doi ap suat ngoai tac dong 1én hé. Cac
két qua tinh s cho thay tai nhiét &6 T =0 ung véi mdi gia gid tri cua ning luong tai nat & cia dién tur f
xéc dinh, ham cam @ng exciton tinh phan ki tai hai gia tri t&i han cta thé twong tic Coulomb. Khi ting gia
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tri ctia &, tirc ting ap suat ngoai tic dong 1én hé thi nhiét do chuyén pha trang thi EI ting 1én va mién gidi
han cua the tuong tac Coulomb m¢ rong the hién ving ngung tu exciton dugc mo rong. Cac két qua cua
bai bao cung cap thém cho ching ta co s¢ vé anh hudng cia ap suat ngoai 1én sy hinh thanh trang thai dién
mdi exciton. Trong cac nghién ciru tiép theo, chiing t6i s& khao sat chi tiét hon khi tinh t6i anh huéng ciia
tuong tac dién tir - phonon trong mo hinh.
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ABSTRACT
Effects of the external pressure on the excitonic insulator state

in rare-earth chalcogenides
Nguyen Thi Hau, Do Thi Hong Hai"
Hanoi University of Mining and Geology
In this paper, we have considered effects of the external pressure on the excitonic insulator state via
analyzing the static excitonic susceptibility function in the extended Falicov-Kimball model. By applying
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the Hartree-Fock approximation, we have obtained the excitonic susceptibility function of the model.
Basing on the analytical calculation, we have set up a numerical calculation program to investigate the
static excitonic susceptibility function where the parameters are chosen in accordance with the situation of
the electron system in rare-earth chalcogenides. Our results confirm the effect of the external pressure on
the formation of the excitonic insulator state in rare-earth chalcogenide.

Keywords: Excitonic insulator, Hartree-Fock approximation, The extended Falicov—Kimball model,
Excitonic susceptibility
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