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Tom tat

Trong bai bao nay, chiing t6i khao sat anh huong cua tir truong 1én tinh chat cta tham s trat ty trang thai ngung tu
cuia exciton trong hé ban kim loai. Trong cac hé ban kim loai, hé dién tir - 16 tréng dugc mo ta bﬁng mo hinh Falicov
Kimball m¢ rong. Khi c6 mat cua tir truong, cac mirc nang lugng cua dién tir bi tach theo hiéu img Zeeman. Vai tro spin
cua hat tai vi vy dong vai tro quan trong trong viéc hinh thanh trang thai ghép cap dién tir - 16 trong Bing gan dung
Hartree-Fock, tham s0 trat tu trang thai ngung tu exciton c6 thé duoc xac dinh mot cach tw hop. Két qua tinh s6 khing
dinh vai trd quan trong cta tir trudng trong su ton tai clia trang thai ngung tu exciton. Khi tir truong dii 16n, cic mirc ning
luong xung quanh mirc Fermi tach du xa va tht ca trang thai ngung tu exciton kha di bi pha huy.

Tir khéa: trang thai ngung tu exciton; tir truong; mo hinh Falicov-Kimball mé rong; gan dung Hartree-Fock.
Abstract

In the present paper, we investigate the impacts of the magnetic field on the nature of the excitonic condensate order
parameters in semimetal materials. In the materials, the electron-hole system is described by the extended Falicov-Kimball
model. In the magnetic field, electronic bands are splitted due to the Zeeman effect. The spin of the carriers thus plays
important roles in the formation and condensed proccess of the excitons. Using the Hartree-Fock approximation, we self-
consistently find the excitonic condensation order parameters. Numerical results specify the significant roles of the
magnetic field in the formation and stability of the excitonic condensation. In case of sufficient large values of the
magnetic field, the electronic energy bands around the Fermi level strongly separate and all possible excitonic condensates
are supressed.

Keywords: excitonic condensation state; magnetic field; extended Falicov-Kimball model; Hartree-Fock
approximation.
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1. Mé& dau

Trang thai ngung tu exciton trong cac hé co
chuyén pha kim loai/ban kim loai dugc d& xut
tir nhitng nam 60 cua thé ky trude [1,2] nhung
t6i nay no van ludn duoc quan tam khi dang co
xu hudng md ra mot ky nguyén mdi vi nhitng
g dung 16n trong cong nghé véi kha ning ton
tai trang thai ngung tu Bose-Einstein ¢ nhiét do
phong [3]. Khi tuong tac Coulomb gitra dién tur
va 18 tréng du 16n, exciton hinh thanh. Trong
diéu kién nhiét do du thép, nhiing exciton nay co
thé cung ton tai & mot trang thai luong tr, hay
con goi la trang thai ngung tu exciton [1,2].
Trang thai ngung tu exciton ny gidng véi trang
thai siéu din mo ta boi 1y thuyét cua Bardeen—
Cooper—Schrieffer (BCS), khi trang thai siéu
dan duoc hinh thanh do su ngung tu cla cac cadp
Cooper mdt trang thai ghép cap cua céac dién t
v6i spin trai chiéu [4]. O 1y thuyét BCS, trang
thai siéu dan co thé ton tai mién cudng do twong
tac ghép cap khac khong [4]. Piéu nay hoan toan
khac véi trang thai ngung tu exciton trong cac h¢
co chuyén pha ban kim loai, ban dan. O do, trang
thai ngung tu exciton chi ton tai trong mot
khoang xac dinh cua cuong do tuong tac [5,6].
Tuy vao cuong do tuong tdc Coulomb, cac
exciton c6 thé ton tai gidng nhu trang thai siéu
dan cta cac cap Cooper khi twong tac yéu hay
ton tai gidng nhu cac nguyén tir trung hoa khi
tuong tdc manh. Cling khéac vdi trang thai siéu
dan, noi ma dong dién ton tai vinh ctru, hay siéu
dan ludn 1a mot chéat dan dién, thi véi trang thai
ngung tu exciton, hé khong dan dién hay la chat
dién moi vi exciton 1a mdt hat trung hoa vé dién.
Nghién ctru trang thai ngung tu exciton trong vat
liéu vi vay c6 nhiéu diéu hip dan, mé ra nhimng
trang thai lugng tur th vi ciia hé dién tr twong
quan [3].

Trong hau hét cic nghién ciru 1y thuyét trang
thai ngung tu exciton, dién tir va 16 tréng luén
duoc xem 1a nhitng hat tai khong spin dé don
gian hoa qua trinh khao sat trang thai ghép cap

[5-9]. Tuy nhién, trong thuc té, dién tor va 18
trng déu 1a nhitng hat c6 spin ban nguyén. Viéc
ghép cip gitra cac spin cung hay trai chiéu luén
cho ta nhitng burc tranh lién két phirc tap nhung
tha vi nhu don tuyén hay tam tuyén. Pac biét,
khi c6 mat cua tir trrong thi spin cta hat tai trong
viéc hinh thanh céc trang théai ghép cdp gitra cac
dién tir khong thé bo qua. Trong bai bao nay,
chang t6i s& khao sat chi tiét anh huong cia tir
truong 1én trang thai ghép cap gitra dién tur ¢ dai
dan va 16 tréng & dai hoa tri trong cac hé co
chuyén pha ban dan, ban kim loai. Khi c¢6 mat
ctia tir truong, dai ning luong suy bién cia dién
tor bi tdch ra theo hi€u Uing Zeeman tuy theo
hudng spin cung hay khac voi hudng cua vécto
tir truong. Tuong tu, dai nang lugng cua 16 trong
cling thé va vi vy, thay vi hai mirc ning lugng
ctia dién tir va 18 trong, khi c6 mit cua tir trudng,
hé ton tai bén mirc ning luong. Birc tranh ghép
cap cua di¢n tir va 16 tréng vi vy trd nén thu vi
va phtre tap hon.

DPé mo ta hé dién tir-15 tréng va tir 46 xac dinh
trang thai ngung tu exciton trong hé ¢ chuyén
pha ban kim loai khi c6 mat cua tir truong chiing
to1 sit dung mo hinh Falicov-Kimball mé rong
khi tinh t6i spin cua hat tai. Bang gan ding
Hartree-Fock, thu dugc mot
Hamiltonian c6 thé chéo héa. P6 1a co so dé
chung t61 xay dung hé phuong trinh ty hop cho
phép xac dinh tham s trat tu trang thai ngung tu

ching to1

exciton. Khao sat tit ca cac trang thai ghép cap
c6 thé gitra dién tor ¢ dai dan va 15 tréng & dai
hoa tri khi c6 mat cta tur truong, ching t61 mo ta
anh huong cua tir truong [én birc tranh ghép cap.
Két qua tinh sé khang dinh su ton tai dong thoi
ca 4 trang thai ghép cdp gitra cac hudng spin kha
di cua dién tir va 18 trong khi tir trudng nho. Tuy
nhién, khi tur truong du 1om, tat ca cac trang thai
ghép cap bi phé vo va hé khong con ¢ trang thai
ngung tu.

Ngoai phan md du nay, phan con lai cua bai
b4o dwoc chia 1am 3 phan. Phan 2 trinh bay
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Hamiltonian mo ta hé dién tir 18 tréng trong tir
truong va gan dang Hartree Fock dé thu dugc hé
phuong trinh ty hop xac dinh tham sb trat tu
trang thai ngung tu exciton. Phan 3 trinh bay két
qua tinh s6, mo ta sy phu thude cua tham s6 trat
tu trang thai ngung tu vao cuong do tu truong
ngoai. Cudi cung 14 két luan.

2. Hamiltonian va gin ding Hartree-Fock

DPé mo6 ta hé dién tu-1 tréng khi c6 mat cia
tir trudng ngoai trong cac chat co chuyén pha ban
kim loai, ban dan, chung t6i st dung
Hamiltonian biéu dién trong birc tranh luong tir
hoa thir cép. Trong khong gian xung luong,
Hamiltonian duoc viét duéi dang

c z z T U T
H = Z(gk - H G)Cliacka + Z:(‘C"kf - H O-) fklj fka + N Z C|Z+q,ack0' .I:kl'—q,O'I fk'o" (1)
ko ko

O day, ¢ (C,) va fl (f,,) tuong img la
cac toan tir sinh (hiy) cua dién tir trén dai dan ¢
va dién tur trén dai hoéa tri f co xung lugng k va
spin o. g,f'f 1a c4c hé thurc tan sic cua dién ti
dan va dién tir hoa tri. Trong gan dung lién két
chat, cac hé thirc tan sic duoc cho bai

gi(f) :Sc(f)—tc(f)j/k—/.l @

trong do, £°") 1a cac ning lugng trén mot nut
cua dién tir ¢ (f). Sy khac nhau cua cac nang
luong trén niat As =&°—¢' cho ta muc do xen
phu cta hai dai hoa tri va dai dan khi chua c6
tuong tac va tir truong. t° va t'lan luot 1a cac
tich phan nhdy nit ctia dién tir dan va dién tir hoa
tri. Ta xét truong hop t' =—t° nhu mot vi du
dién hinh khdo sat trang thai ghép cap giita dién
tir dan va dién tir hoa tri va khong mat tinh tong
quat ta chon t° =1 nhu la don vi nang luong.
V&i mot mang vudng 2 chidu, véi hing s6 mang
bang 1, ta c6 7, =2(cosk, +cosk,). u trong
cong thuc (2) 1a thé hoa hoc. Khi c6 mat cua tir

i T
Ck+q,0'Ck0' f

kk'q,o0"
truong, h¢ thirc tdn sac cua dién tir ¢ dai dan va
dién tr & dai hoa tri trong cong thire (2) dugce viet

laila &7

—H*o, v6i H? 1a cuong d tir trudng
ngoai. S6 hang thtr 3 trong cong thirc (1) mo ta
tuong tac Coulomb gitta dién tir trén dai dan va
dién tr trén dai hoa tri trén cung mdt nut voi
cuong d twong tac U. Hamiltonian viét & cong
thire (1) chinh 1a m6 hinh Falicov-Kimball mé&
rong, da dugc st dung trong viéc nghién cuu
trang thai ngung tu exciton trong hé¢ ban kim
loai/ban dan khi khong co6 mit cta tir trudong
ngoai [5-9].

Nhu vy, Hamiltonian viét & cong thic (1) 1a
mot Hamiltonian mé ta hé nhiéu dién tur tuong
quan. Viéc thu duoc két qua chinh xac 10i giai
cho Hamiltonian nay 1a khong thé, va ta phai tim
cac phép gan dung. Trong bai bao ndy, chung t6i
sir dung gan dung Hartree-Fock. Gia thiét hé
dang ¢ trang thai ngung tu exciton, khi d6 toan
tir & s6 hang tuong tac c6 thé viét dudi dang

M P [( B Tio ) ChoCo +(CoCir ) T T = (G Cio ) Tl i >]

_5k+q,k' |:<C;'0' fk'o"> ka'Cka +< fktr'ckcr > Cli'a fk‘o' - <C|:'a fk'o' >< fk-t;r'cka >]

3)

Bo qua cic hang sd, ta thu dugc biéu dién ciia Hamiltonian trong gan ding Hartree-Fock

A =f £ i
7—{HF - zgkcackacka + nga fka fko‘ + z (AGG'CKU fko" + H C)
ko ko

koo
voi &° va &' la cic ning luong tan sic tai
chudn hoa khi c6 dong gop ciia do dich Hartree-
Fock va tir truong ngoai, dugc xac dinh baoi

(4)

=c(f) — .c(f) f(c) z
o =g +UnY —Ho (%)
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trong do n'© = %Z(nkf ;°)> 1an luot 13 cac mat
ko

do dién tir f va mat do dién tir ¢ trén mot nat voi

(ni,)=(f5 ) va(n,)=(clc,,) la cic mat

Hamiltonian viét & phuong trinh (8) hoan
toan c6 thé chéo hoda. Cu thé ta co6 thé viét
Hamiltonian ¢ dang ma tran (4x4) voéi

T 2
W, =(Ck¢,ck¢, fkT, fw) . Cu thé

dd hat tai trén dai héa tri va dai dan ung voi xung _ q 6
luong K va spin o. T ;‘//k Vi (6)
Vi
f z
g +Un' —H 0 Ay
He 0 gl +Un" +H* A, -
AL, AL, gl +Un° —H* 0
Al Ay gl +Un°+H”*

Chéo hoa ma tran nay ta thu dugc cac tri riéng
va vécto riéng, 1a co sé dé xac dinh cac tham s6
trat tu trang thai ngung tu exciton va mat do dién
tir trén dai dan va trén dai hoa tri. Giai cac
phuong trinh mot cach tu hop chung ta thu dugc
tham sb trat tu trang thai ngung tu exciton phu
thudc vao tur truong.

3. Két qua va thao luin

Trén co s ciia tinh toan giai tich & phan trén,
chung toi tién hanh 1ap trinh, tinh s6 x4c dinh két
qua cua tham sb trat tu trang thai ngung tu
exciton 2. Véi mot hé 2 chidu gdm
N=700x700 nat mang, trong khong gian xung
luong va nhiing gia tri ban dau ctia tham so trat
tu exciton va mat do dién tir trén dai dan va trén
dai hoa tri, ma tran (7) dugc chéo hoa dé tim cac

trj riéng va vécto riéng. Chu ¥ rang cac tham sb
trat tu trang thai ngung tu exciton ~ov' téng quat
1a nhitng s6 phuc. Voi két qua cua tri riéng va
vécto riéng, ching ta xac dinh duoc cac tham sb
trat tu va cac mat do hat tai trén cac dai dan va
hoéa tri. Cac gia tri nay lai dugc dung nhu két qua
dau vao cho qua trinh tinh tiép theo. Ctr thé, qua
trinh tinh toan duoc lap di lap lai cho téi khi két
qua hoi ty. Qua trinh dugc xem nhu hoi tu néu
tong sai sd twong dbi cua cac dai lwong nho hon
10*. Xem nhu tuong tdc Coulomb dong vai trd
quan trong, ching toi ¢6 dinh U=3 va cac dai
luong dugc xéc dinll ‘Er(in[% dgil vi t°=1 trrong hé
~ "B 7. Gia thiet hé o
trang thai ban kim loai, khong mat tinh tong quét
ta chon As=0khi hé lip diy mot nua,
n=n°+n'=2 va & nhi¢t do T=0.

don vi tuy nhién
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Hinh 1. Bién d¢ tham s6 trat tu trang thai ngung tu exciton | A o+ | phu thudc vao cuong do tir truong ngoai H?

Hinh 1 md ta sy phu thuéc module cia cac
tham s6 trat tu trang thai ngung tu exciton |A__.
| vao tir truong ngoai H” khi tuong tac Coulomb
du 16m, U=3. Két qua tinh toan s cho ta thay, tai
H?=0, hé khong nam trong tlr trudng ngoai van
ton tai trang thai ngung tu exciton, twong ing voi
|A,..| # 0. Diéu nay cho thay, do tac dung cua
thé tuong tac Coulomb, trang thai ghép cap
exciton giita dién tir & dai dan va 15 trong (hay
dién tir sau phép bién doi dién tir - 16 trong) & dai
hoa tri da ghép cip va trang thai luong tir két hop
hinh thanh. Trang thai nay thé hién bang sy xuét
hién cua khe nang lugng tai mirc Fermi, ti 1€ voi
|A,.|, |A,,| Vi vdy con goi 1a tham s trat tu
trang thai lugng tir két hop. Vi hé & trang thai
ban kim loai, birc tranh nay hoan toan gidng véi
btic tranh siéu dan trong 1y thuyét cua BCS.
Trang thai két hop trong truong hop dang khao
sat con dugc goi la trang thai ngung tu exciton,
tuong tu nhu trang thai ngung tu ctia cap Cooper
trong 1y thuyét siéu dan. O truong hop H?=0 ta

thiy tat ca cac gia tri clia |A__.| déu nhu nhau,
khong phy thudc vao spin cia hat tai. Didu d6
thé hién khi hé khong nam trong tir truong, birc
tranh ngung tu cua exciton khong phu thudc vao
spin cta dién tir hay 15 trong. Pay 1a 1y do ma
hau hét cac nghién ciru vé trang thai ngung tu
ctia exciton khi khong co tir trudng déu khong
quan tam to1 spin cua hat tai, va xem hé nhu
khong spin. Tuy nhién, khi H* # 0, cac |A .|
khic nhau vé6i |A, | =[A |. Cu the, khi ting H?
voi H2<0.5, ta thiy [ A | Va | A, | gidm, con A,
| va |A,, | lai ting. Tuy nhién, sy thay doi cua
tham sb trat ty trang thai ngung tu exciton vao tir
truong lai tiry thudc vao hudng spin ctia moi hat
tai. Néu nhu ca |Ay, | va |A) | déu giam vé 0 &
mot gidi han H; thinguoclai|A ,|va|A, |ting
té1 gia tri cyc dai, sau d6 gidm dan vé& 0 & mot
gi6i han HZrat 16n so v6i HZ. Diéu niy tao nén
mot bire tranh thé vi vé trang thai ngung tu cia
exciton khi c6 mat cua tur truong.
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Hinh 2. Cac nang lugng gia hat (g véi mc*)i,huc'mg spin phy thudc xung luong theo hudng duong chéo chinh k = kx =
ky trong ving Brillouin thir nhat g v&i moi gia tri khac nhau cia cuong do tir truong H2

Sy khac nhau vé gid tri tham sé trat ty trang
thai ngung tu exciton tuy thudc vao hudng spin
ctia hat tai khi tir truong H* >0 & Hinh 1 ¢6 thé
dugc giai thich thong qua khao sat bic tranh
nang luong gia hat ciia h¢ tuong trng véi cac gia
tri khac nhau cua tir truong ngoai nhu & Hinh 2.
Thuc vay, khi khong c6 tir truong, Hinh 2(a) cho
ta thiy cac mirc ning luong gia hat cua dién tir
dan va ctia dién tir hoa tri hoan toan suy bién theo
hudng spin. Pay chinh la buc tranh trang thai
ngung tu exciton khi khong tinh t61 spin cua hat
tai. Tuy nhién, khi c6 mat cua tir trudng cac mirc
ning luong ciia dién tir trén dai dan va dién tir
trén dai hoa tri bi tach ra [xem Hinh 2(b-d)]. V61
tir truong ngoai theo phuong z hudng 1€n trén thi
murc ndng luong cua dién tr véi spin hudng 1én
s€ bi dich chuyén xuéng mot khoang ti I¢ voi tur
trrdng ngoai, con nguoc lai mirc nang luong cua
dién tir voi spin huéng xubng s& bi dich chuyén
1én mot khoang ti 1& voi H2 Piéu nay cho théy,
khi tir trudng ngoai con nho, sw xen phu cia tat
ca cac mirc nang lugng van xay ra tai gan muc
Fermi, két qua ta van quan sat duoc tit ca cac

ghép cip c6 thé cua cac dién tir ¢ dai dan va dién
tor ¢ dai hoa tri vo1 cadc hudng spin khac nhau
[Hinh 2(b)]. Tuy nhién, IGc nay viéc ghép cap trd
nén uu tién voi cac hat tair co hudng spin trai
chiéu so v6i cac cap hat tai v6i spin ciing chiéu.
Diéu nay cang trd nén 16 rang khi ting cudong do
tir truong. Khi tir truong da 16n, H* > H; | sy xen
phu cua cac dai nang luong ung véi cap dign tu
c6 spin cing chiéu xay ra & mirc nang lugng xa
muc Fermi vi vy ching khong dong gop cho
ghép cdp va|A,,|=|A,, |=0. Lac nady chi con sy
xen phu cua cac dai nang lugng tng voi spin trai
chiéu xay ra tai mic Fermi [Hinh 2(c)]. Tuy
nhién, cang tang tr truong ngoai thi cac mirc
ndng luong xen phu nhau cang gidm va vi vay
tham sd trat tu trang thai ngung tu exciton giam
va nd vé 0 khi tir truong ngoai H? > HZ. Khi
H? > HZ, tir truong da 16n lam dich chuyén cac
muc nang luong lam cho ngay cd mic nang
luong cua dién tir dan véi spin huéng 1én bi dich
chuyén xudng va mic ning lugng cua dién tir
hoa tri v6i spin huéng xubng bi dich chuyén 1én
té1 mtrc khong gap nhau & muirc Fermi nita [Hinh
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2(d)]. Khi d6, hé¢ khong con ton tai trang thai
ngung tu exciton.

4. Két luan

Trong bai bao nay, chung t6i da khao sat buc
tranh trang thai ngung tu cia exciton trong cac
hé ban kim loai khi c6 mét cua tr trudng ngoai.
Bang st dung md hinh Falicov—Kimball m&
rong khi c6 mat cua tur truong, chung t6i da thu
dugc 101 giai tw hop cho tham sd trét tu trang thai
ngung tu exciton trong gan ding Hartree-Fock.
Két qua tinh s6 khang dinh vai trd quan trong ciia
tir truong ngoai quyét dinh su ton tai cua trang
thai ngung tu exciton. Hon nita, vdi sy c6 mat
cua tu truong, spin cua hat tai tré nén quan trong
va tiry thudc vao spin cia dién tir trén dai dan va
dién tir trén dai hda tri ma ching t6i quan sat
dugc nhimng tinh hudng khac nhau ctia qué trinh
ghép cap hinh thanh trang thai ngung tu exciton
trong hé. Két qua cua bai bao dong vai trd quan
trong trong viéc hiéu biét sau sic hon birc tranh
trang thai ngung tu exciton trong hé dac biét khi
c6 mit cua tir trudng, 13 co so dé chung t6i khao
sat tinh chat t6-po cia trang thai ngung tu
exciton.
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