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Trong bai bao nay, ching t6i khao sat anh huéng ctia @6 linh dong dién tu 1én trang thai dién moi exciton
trong vt li¢u ban kim loai théng qua mo hinh hai dai nang lugng c6 xét dén tuong tac dién tir - phonon.
Ap dung gan dung Hartree-Fock dé tinh toan giai tich, ching t6i thu dwoc cac phuong trinh ty hop cho
tham so trat tu ddc trung cho trang thai di¢n moi exciton. Gidi h¢ phuong trinh trinh tu hop bang phuong
phép tinh sb, két qua khang dinh vai trd caa mic d6 linh dong cua dién tir f trong viéc hinh thanh trang thai
dién moi exciton trong hé & nhiét d¢ du thap khi hing sé tuong tac dién tir - phonon du lén.

Tir kh6a: Gan dung Hartree-Fock; vat liéu ban kim loai; mé hinh hai dai ning lugng c6 twong tac dién tir -
phonon; dién méi exciton.

1. Pit véan dé

Exciton 1a trang thai két cap cua dién tur - 13 trdng, vi vay c6 spin nguyén va khéi luong hiéu dung rat
nho c& 1/10 khéi lwong cua dién tir tu do. O nhiét do du thip, céc gia hat boson nay s& ngung tu trong mot
trang thai lugng tir, va ciu hinh cua ban kim loai hodc ban dan duoc chuyén sang trang thai dién méi trong
tng. Trang thai nay dugc goi la trang thai dién méi exciton (Excitonic Insulator — EI), dugc dé xuat vé mat
ly thuyét tir 60 nam trude (Mott, 1961). Cac dir liéu thuc nghiém gan day thu duoc trén mot sé vat liu da
khing dinh céc du doan 1y thuyét vé trang thai EI. Chang han nhu, tir két qua quan sat sy phu thudc nhiét
d6 cua quang phd dién tir (ARPES) trén hop chat kim loai chuyén tiép 1T-TiSe, nguoi ta da khing dinh sy
ton tai cua trang thai E1 (Cercellier va nnk, 2007; Monney va nkk, 2010). Hay dau hiéu quang ph phat xa
tia X va ARPES trén vat liéu gia mot chiéu Ta;NiSes cho thiy trang thai co ban ciia hé ¢ thé duoc xem
nhu 14 trang théi El giira 16 tréng Ni 3d- Se 4p va dién tir Ta 5d (Wakisaka va nnk, 2009). Ciing véi vat ligu
nay, két qua nghién ciru thyc nghiém do din quang da khang dinh sy ton tai cua trang théi EI (Lu va nnk,
2017). Chinh vi vay, viéc khao sat ban chét trang thai EI dang duoc quan tm nghién ciru trén ca linh vic
ly thuyét (Debnath va nnk, 2017; Domon va nnk, 2018; Hamada va nnk, 2017; Katsch va nnk, 2020; Wang
va nnk, 2018) va thuc nghiém (Forg va nnk, 2019; Kogar va nnk, 2017; Seki va nnk, 2014).

Céc md hinh Ii thuyét thuong duoc sir dung dé khao sat trang théi El c¢6 thé ké dén nhu mé hinh khéi
lugng hiéu dung Mott-Wannier (Bronold va Fehske, 2006; Monney va nnk, 2010) hay md hinh Falicov-
Kimball mé rong (lhle va nnk, 2008; Phan va nkk, 2011; Zenker va nnk, 2010). Trong cd&c md hinh nay,
viéc khao sét trang thai EI hoan toan theo co ché dién tir, tuc la chi quan tam dén tuong tac Coulomb giira
dién tir véi 16 tréng va da bo qua twong tac di€n tir v6i phonon. Trong khi do, cac hé dién tu thép chiéu lai
dé bi blen dang céu tric do twong tac dién tr voi phonon. Diéu d6 dugc thé hién rd trong cac két qua nghién
ctiu gan day vé trang thai EI trén mot s vat liéu ban kim loai, nhu TazNiSes, 1T-TiSe,, ...( Di Salvo va
nnk, 1976; Kaneko va nnk, 2013; Monney va nnk, 2010; Nakano va nnk, 2018). Nhu vy, anh hudng cua
cua phonon trong viéc hinh thanh trang thai EI trong cac vat liéu trén la rét quan trong. Do do6, dé khao sat
trang théi EI trong vat liéu ban kim loai, ching t6i quan tam téi mo hinh dién tir hai chiéu hai dai ning
lwong c6 xét dén twong tac dién tir - phonon.

Trong bai bao nay, ching tdi khao sat anh hudng cua mace do linh dong cta dién t 1€n sy hinh thanh
trang thai El trong mo hinh hai chiéu hai dai nang lwong c6 xét dén tuong tac dién tir - phonon. Trong phan
2 cua bai bao, chling t6i trinh bay md hinh hai dai nang luong c6 xét dén twong tac dién tur - phonon, va ap
dung gan dung Hartree-Fock, la mot trong s6 nhitng phuong phéap gén dung tiéu biéu cua Ii thuyét truong
trung binh, dé rat ra hé phucmg trinh ty hop cho tham sé trat ty cua trang thai dién mdi exciton. Phan 3
trinh bay céc két qua tinh s va thao luan. Céc két luan cua bai bao dugc trinh bay trong phan 4..

* Tac gid lién h¢
Email: nguyenthihau@humg.edu.vn

57



2. Co s ly thuyét va phwong phép nghién ciru

Trong khong gian xung lugng, Hamiltonian cia m6 hinh hai dai nang lugong c6 xét dén tuong tac dién
tu - phonon dugc viét dudi dang sau:
H=H,+H, +H, (D)

trong d6: He mo ta thanh phan khong tuong tac ctia h¢ dién tir ¢ trén dai dan va dién tu f trén dai héa tri, co
dang:

H, = Z(glsclick +8kf f ) 2
K

vai: ¢ (c,) va f,(f,) tuong ing la cac toan tw sinh (hiy) cua cac dién tir ¢ va dién tr f mang xung lugng
k. Ghép cap dién tir ¢ — f twong dwong v6i mot trang théi exciton cua dién tir trén dai dan va 16 tréng trén
dai héa tri. Trong gan dang lién két chat, cac nang lugng kich thich dién tir ¢ va f dugc cho boi:

gli,f :gc,f _tc,f?/k —u (3)

vGi: ¢%' 1a nang lugng trén mot nit cha dién tir ¢ va dién tie f, t=" 12 tich phan nhay nt twong ng cua
dién tir ¢ va dién tir f, thé hién do linh dong cia cac dién tur ¢, f; 7, = 2(cosk, +cos k) 1a bugc nhay trong
mang tinh thé hai chiéu va x 1a thé héa hoc.
Hpn MO ta hé phonon khong tuong tac véi nang lugng khong tan sic v
H,, =, blb, @)
q

trong do: b; (b,) lacac toan tu sinh (hiy) phonon ¢6 xung lugng g.
S6 hang cubi cting trong phuong trinh (1) mé ta twong tac cua hé dién tir va phonon:

He o = —= D[ G fi (01, +b,) + /¢ o (0] +b.y) ] ®)

WG

V6i: g 1a hing sb twong tac dién tir - phonon va N 1 s6 ndt mang tinh thé.

O day, chang t6i gia thiét tai nhiét do du thap, cac cap lién két véi xung lugng hitu han Q = (z, 7) c6 thé
ngung tu. Diéu nay dugc thé hién boi gié tri khac khong cﬁa<CLQ f. > . Pai lugng nay duoc goi la tham sb
trat ty trang thai EI, boi n6 bicu thi sy lai hoa gitra cac dién tir ¢ va dién tur f. 7 ‘

Tiép theo, ching toi &p dung li thuyét truong trung binh dé giai Hamiltonian (1). D€ lam dugc diéu do,
chdng t6i gigi thiéu toan tr thang giang 0A = A—<A> va Viét lai toan tir tuong tac dién tir - phonon duéi
dang nhu sau:

¢ . f . +b)=0s(c, f)om +b)-(c  f )b +b )5
k+q "k \*—q q k+q "k -q el k+q "k —q a/%a.Q

. (6)
[ el i (b by )+ (el fi) (0 +,) |6,
Thay (6) vao (1), ddng thoi thém vao cac truong A va h dic trung cho su pha v& ddi xing tu phét:
g
A:W@IQ +bg) @)
h= %Z(CLQ f + fkfckw) 8)
k

Gia thiét su thing gidng 1 nho, chung t6i thu dugc Hamiltonian Hartree-Fock H,. gom phan dién tir
va phan phonon nhu sau:
Hye = D (el + &) £ 1)+ A (Clo f + £/ Ceo )+ @ 2 bib, +Nh(blg +b.y ) ©)
k k q

Phan dién tir dugc chéo hoa bang phép bién doi Bogoliubov véi viéc dinh nghia cac toan tir gia hat
fermion nhu sau:

C;k = gkCLQ +1 flj (10)
Co =& fi _nkClL-Q (11)
Vai cac hé sb & va i, duoc chon sao cho thoa man: é,f +17§ =1
Phan phonon ciing dugc chéo hda nhd dinh nghia toan tir phonon mai:

h
B! =b/ +N ;Dcsq,Q 12)
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Hamiltonian trong phuong trinh (9) sau khi dugc chéo hda hoan toan cé dang:

Hya = > (ESCLCoy + ELCLCy )+ @, > BIB, (13)
trong d6, cac nang lugng gia hat dién tll(."r dugc cho boi: q

2 = 2] (4 + .q) TSONE! . W, (14)
Véi:

W, = \/(gkf o) +H4IA] (15)

Dang chéo hoa ciia Hamiltonian trong phwong trinh (13) cho phép chiing ta xac dinh duoc tham sé trat
tu trang thai ngung tu exciton:

f c
a SON{ &k — ko
d =(cho ) =—A[nF(Ek>—nF<EE>]¥ (16)
k
véi n () = (e’ —1)’1 la ham phan b4 Fermi-Dirac, trong &6 8 =1/T la nghich dao cua nhiét do.
Tir déy ta c6 thé x4c dinh duoc:

1 .
d =ﬁ2(dk +dy ) (17)

k

Dai lugng ndy ¢6 chira s6 hang lai hoa nén ciing duoc goi la tham so trat ty trang thai EI. Tham s6 trat
tu khac khodng thé hién hé ton tai trong trang thai EI.
3. Két qua va thao luan

Trong phan nay, chlng toi trinh bay két qua tinh s6 dé thao luan anh huéng cua d¢ linh dong cua dién
tu f 1€n trang théi EI trong md hinh hai dai nang lugng c6 xét dén tuong tac dién tur - phonon. Tir mot s6
gia tri cho trudc cia (b)) va d, , ching t6i giai cac phuong trinh tu hop (7) va (14) — (17). Khi tham s6
trat tu d khac khdng, hé ton tai ¢ trang thai EI va nguoc lai, khi tham s trat tu bang khdng, hé ton tai trong
trang thai plasma cta dién tar va 16 trong hoac trang théi ban kim loai.

Chung toi xét hé hai chiéu gdm N =100x100 ndt mang, va thuc hién tinh sb trong hé don vi ty nhién
Véi h=c =k, =1. Khdng mat tinh tong quét, chlng tdi chon t° =1 1a don vi ctia nang lugng, con t* luén
dugc chon sao cho t' <t° tirc dai dan ¢ rong hon dai héa tri f thé hién dién ti ¢ linh dong hon dién tir f.
Chuing tdi ¢b dinh @, = 2.5va &° —¢&" =1vai s xen phi manh cuia hai dai nang lugng thé hién hé ban kim
loai, con thé hda hoc i duoc thay doi dé thoa mén diéu kién tong mat do dién tir c va diénta f: n°+n' =1
trong trang thai lap day mot nira. o

Trudc tién, ching tdi khao sat sy hinh thanh trang thai EI phu thudc vao nhiét d6 va hang so6 twong tac
dién tir - phonon ang véi mot vai gid tri khac nhau cia tich phan nhay nit t* (Hinh 1).
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Hinh 1. Tham sé trdt tu d phy thugc vao nhiér dg
(a) va hang s tuwong tac dién tir - phonon; (b) #ng véi mét vai gid tri cua t

Trén Hinh 1a, chiing t6i biéu thi sy phu thugc cua tham sé trat tu d vao nhiét d6 ang véi mot vai gia tri
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cua t khi c6 dinh hang s6 tuong tac dién tir - phonon g = 1.1. Gian d6 cho thiy ddi véi mot gia tri xac dinh
caa t' thi tham s6 trat tw chi khac khéng khi nhiét d6 nho hon gi tri nhigt do t6i han T,. Chang han nhu,
g vé6i t" =0.3 thi gid tri nhiét d¢ téi han T, ~ 0.25. O day, chang t6i da chon t© =1 1a don vi clia ning
lwong trong tinh sb nén gia tri nhiét do Tcnay duogc tinh theo don vi t°. Gié tri cua tham s trat ty giam khi
nhiét d6 tang va bang 0 ¢ nhiét do téi han T, nén T, dugc goi 1a nhiét &6 chuyén pha trang thai El. Gia tri
t6i han T, giam khi tang t". Khi T <T_, tham s trat tu khac khong thé hi¢n hé & trang thai El. Trong mién
nhiét do thip, d gan nhu khong ddi, hay n6i cach khac hé 6n dinh & trang thai EI khi nhiét do thap. Nguoc
lai, khi T >T,_ning lugng nhiét Ién 1am pha huy lién két cap dién tir c-f nén hé chuyén sang trang thai
plasma cua dién tu. Sy phu thudc nhiét do cua tham sé trat ty d trong Hinh 1a hoan toan phti hop véi cac
quan sat thuc nghiém gan day trén vat liéu 1T-TiSe, (Monney va nnk, 2010). That vay, trong vét liéu nay,
dit Iiéu’ thuc nghiém cho thiy déang diu sy phu thugc nhigt do cua tham s6 trat ty c6 dang tuong ty nhu
tham sé trat tw BCS cua siéu dan. Chinh vi vay, trang thai El trong vat liéu ban kim loai thudng dugc quan

st thiy c6 dang twong ty nhu trang thdi ngung tu cua cac cap Cooper trong ly thuyét BCS. Tir céc két qua
thu duoc & Hinh 1a, ching tdi tiép tuc khao sat sy phu thudc cua tham sb trat tu vao hang sb tuo’ng tac dién

tir - phonon g tai nhiét @6 T = 0 trén Hinh 1b. Hinh 1b cho thay d6i vai mot gid tri xac dinh cua t thi tham
s trat ty tang khi hing sb tuong tac dién tir - phonon ting. Tham s trat tu khac khdng khi hang sb twong
tac dién tu - phonon 16n hon mot gié tri tgi han ge. Vi dy, ung voi gid tri cua tf = 0.3 thi gia tri téi han cia
hing sb twong tac dién tir - phonon 0. ~ 0.68. Khi tang t' thi gia tri cua gc cling tang theo. Khi g < g, thi
tham sé trat tu bang 0, khi d6 hé ton tai trong trang thai ban kim loai.

Cac két qua trén Hinh 1 cho thay, &ng véi mot gia tri xac dinh cua t* < t°hé ludn ton tai trong trang thai
Elkhi T <T, va g > g, . Khinhiét d6 cao hoic hing so tuong téc dién tir - phonon khong du lén (g < g,
) thi khdng thé thiét 1ap trang théi lién két dién tir c-f hinh thanh exciton, do vay trang thai EI khong ton tai.
Khi tang t', ca Hinh la va 1b déu cho thiy tham s6 trat ty giam. Diéu ndy khang dinh, néu dién tir f cang
linh dong thi cang lam giam kha nang ket cap dien tor ¢ — f hinh thanh exciton, trang thai EI vi vay bi suy

eu.
g Pé thiy rd hon anh huong cua mirc d6 linh dong cua dién tir f toi trang théi EI, ching tdi tiép tuc khao
sat sy phu thudc cua tham sé trat ty d vao t' ang véi mot vai gié tri khac nhau cia hang sé tuong tac dién
tir - phonon tai nhiét o khong (Hinh 2).
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Hinh 2. Tham sé trdt t d phyu thugc vaot " ing véi mét vai gia tri
cua hang so tuwong tdc dién tir - phonon g

Hinh 2 cho thay tham s6 trat tu khac khong trong toan mién gigi han cua t' . Ung véi mot gié tri xac
dinh di I6n cua hing sb tuong tac dién tir phonon, tham sé trat tu giam khi t' ting. Khi g ting thi gia tri
cua tham so trat ty ciing téng theo. Nhu véy d6 linh dong cua di¢n tir f r6 rang ciing dnh hudng toi sy ton
tai trang thai EI trong h¢. Neu di¢n tir ¢ cang linh dong hon di¢n tu f thi cang tang kha nang ghép cap cua
dién tir c — f hinh thanh exciton va do d6 tham s6 trat ty cang lén. Gian do dugc biéu thi & Hinh 2 hoan
toan phu hgp vai két qua thu duoc ¢ Hinh 1.
4. Két luan

Trong bai béo niy, ching t6i d4 4p dung gan diing Hartree-Fock dé khao st anh huéng ciia mie do linh
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dong cua dién tir 1én trang thai El trong vat liéu ban kim loai thdng qua mé hinh hai dai nang lugng c6 xét
dén tuong tac dién tur - phonon. Cac két qua tinh toan giai tich thu dugc hé phuong trinh xac dinh tham sé
trat tu trang thai E1. Tir cac két qua tinh toan giai tich, chung t6i da thiét lap chwong trinh tinh sé dé khao
sat sy phu thudc cua tham s trat ty trang thai EI vao nhiét do, hang sb tuong tac dién tir - phonon khi thay
dbi tich phan nhay nut cua dién tir f. Cac két qua tinh sé cho thay cac exciton trong hé ngung tu khi nhiét
d6 du thap va hang s tuong tac dién tir - phonon c6 gia tri du Ion. O nhiét do thap, tng véi mot gia tri xac

dinh cia t', khi hing sé twong tc dién tir - phonon di 1on (9= 9¢), hé én dinh trong trang thai EI. Khi

hing s twong tac dién tir - phonon khong di 16n (9 = 9¢), khéng thé thiét 1ap trang thai lién két dién t c-
f hinh thanh exciton, do vay h¢ ton tai trong trang thai SM. Tang nhiét d6 lam pha huy trang thai ket cap
dién tir ¢ —f, trang thai EI do vay bi suy yéu duoc thé hién bai sur giam gia tri cta tham s6 trat tu. Khi nhiét

d6 16n hon nhiét do téi han Te, hé chuyén sang trang thai plasma cuaa dién tir. Khi t' cang lén, tirc dién tir f
cang linh dong thi nhiét do chuyén pha trang thai EI va tham sé trat tu trang thai EI cang giam, thé hién
trang thai EI bi suy yéu. Nhitng nghién ciru k¥ ludng hon vé vai tro ciia @6 linh dong cua dién tur 1én trang
thai El trong anh hudng cta ca twong tac Coulomb va twong tac dién tir - phonon sé duoc ching toi thyuc
hién trong tuong lai.
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ABSTRACT

Influence of the electronic mobility on the excitonic insulator state
in semimetal materials

Do Thi Hong Hait, Nguyen Thi Hau®"
! Hanoi University of Mining and Geology

In this paper, we investigate effects of the electronic mobility on the excitonic insulator state in semimetal
materials through the two-band model in the presence of electron — phonon interaction. We have delived a
set of self-consistent equations determining the order parameter of the excitonic insulator state by applying
the Hartree-Fock approximation. Our numerical results confirm the role of the f-electron mobility in the
formation of the excitonic insulator state at sufficiently low temperature when the electron-phonon
interaction is large enough.

Keywords: Hartree-Fock approximation; semimetal; the two-band model in the presence of electron-
phonon interaction; excitonic insulator
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