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ANH HUONG CUA THANG GIANG SPIN LEN CAC TINH
CHAT NHIET PONG LUC HOC CUA CHUOI SPIN LUONG TU
vOI MO HINH HEISENBERG PANG HUONG

Pham Hwong Thao*

Truong Dai hoc Su pham, Pai hoc Hué

Tém tit: Su phu thudc vao nhiét d¢ va tir truong ngoai ctia cac tinh chat nhiét dong lwc hoc nhu thing
giang spin, do tr hda, d6 cam tir va nang lwong tw do cua chubi spin lwong tt sdt tir duge nghién cttu
bang phuong phép tich phan phiém ham véi md hinh Heisenberg dang huwéng. Cac két qua trong gan
dang truong trung binh (MFA) va gan dung thing gidng spin (SFA) duoc chi ra va duoc so sanh voi két
qua ctia cac tac gia khac. Ngoai ra, anh huéng ctia thang gidng spin da lam cho trat ty tiv khong ton tai
trong cac hé spin mot chiéu va hai chiéu véi twong tac trao d6i vung hitu han trong mé hinh Heisenberg
dang hudng khi khdng c6 tir truong ngoai.

Tir khéa: chudi spin, phuong phap tich phan phiém ham, thing giang spin, md hinh Heisenberg dang
huéng, cac tinh chat nhiét ddng luc hoc

1 Giéi thiéu

Viéc nghién ctru cac hé spin thap chiéu dang thu hat nhiéu su quan tam bdi viéc ché tao
ra cc vat liéu méi, trong d6 cac hop chat sat tir ddng mot vai trd quan trong. Vé mat ly thuyét,
cac tinh chat nhiét dong luc hoc ctia chudi spin sat tir da duoc nghién cttu bang phép bién dsi
Jordan-Wigner va phép bién d6i Gaussian v6i mo6 hinh Heisenberg XXZ (5=1/2) [1]; ly thuyét
ham Green bac hai va mé phong Monte Carlo cho cac hé sat tir 1 chiéu va 2 chiéu véi S bat ky
trong mot tlr truong, cung cdp mot md ta khé tot cho trat ty tir viing ngan va cac tinh chat nhiét
doéng hoc cua cac hé [2]; phép bién d6i Jordan — Wigner trong gan dung truong trung binh véi
mo hinh Heisenberg XYZ (5=1/2) [3]. Bén canh d6 cac tinh chédt nhiét dong luc hoc cua chubi
spin phan sat tir Heisenberg lugng tir véi S=1/2, 1 va 3/2 ciing dwoc nghién cttu bang phuong
phép nhém chudn héa ma tran chuyén [4]. Cac tinh chat ctia cac hé nay bi anh huéng manh boi
cac thang gidng spin (thang giang nhiét va thang giang luwong tir) [5], [6]. Khi s6 chiéu cua cac
hé bi giam, cac thang giang nhiét dugc ting ceong moét cach dang ké, diéu nay dan téi trat tw t
cta hé bi suy giam. Tuy nhién mét vai mo hinh [1] — [4] da khong dwa vao cac thang giang spin
va khong dua ra két qua thoa man nguyén ly Mermin-Wagner. Mermin — Wagner [6] da chi ra
mot cach tong quat rang cac mo hinh Heisenberg dang hudng hai chiéu va mot chigu véi cac
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o tr treong ngoai. Trong bai bao nay, toi nghién cttu anh huedng ctia cac thiang giang spin lén
cac tinh chat nhiét dong lwc hoc cua chudi spin sat v, trong treong hop cac spin chi thiee hién
twong tac trao d8i véi cac spin 1an can gan nhét, st dung md hinh Heisenberg dang huéng cho
spin S bat ky bang phuong phép tich phan phiém ham. Phuong phap tich phan phiém ham da
duoc st dung d€ nghién ctru cac hé spin 2 chiéu [7] - [8] va 3 chiéu [9] va da dua ra cac két qua
phti hop t8t véi cac 1y thuyét nhiét dong luc hoc ctia cac hé spin sét tir [10]. Ngoai ra, cac két

qua trong cong trinh nay con duoc so sanh véi cac két qua cua nhom 1. Juhasz Junger [2].

2 Mo hinh tinh toan

Xét md hinh Heisenberg ddng huéng cho chudi spin lwong tir gom N spin ndm doc theo

N
hudng z trong mot tir treong ngoai h T1 0z :
z 1 X y
H=-"Is —EJZ[S S5y +S) Sj+1+sjsﬁl] 1)
J J

& day J 1a hang sd tuong tac trao déi gitta spin S7 (@ =x,y, z) voi cic spin 1an cin gan nhét va
L \2

(Sjj =S;87 +8787 +5;8; =S(S+1). Khi dua trudong phéan ti (trudng Weiss) vao s§ hang dau

cua (1) va thuwe hién phép bién d6i Fourier cho cac toan ti spin (1) ¢6 thé dwoc viét lai nhw sau:

H:%Nj(kz:O)<SZ><SZ>—;(I1+J(I<Z:O)< >)S‘——ZJ )55% (k.)88% (k.), ()

o day Ty = Iz —zapexpl ik ~2,,0) | )
J
va S (k,) = %ZJ:SJ“ exp [—ikzzj ] (a=x,y,z). 4)

Trong (2) cac thanh phan cuia cac toan tir thang giang spin duoc dinh nghia nhu sau:

5] =5 ~(5;). 85 =57 35} =5, ®

6 day (..)=Sp(e..)/sp(¢”") la trung binh nhi¢t déng hoc va B =k , do d§

<...>0 = Sp(efﬂHO...)/Sp(efﬁHo ), voi
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= =05 )(5)- o005 )=k 0575} Eo5
j
& day y la truong hiéu dung tac dung 1én cac spin cta chudi:
y=Pph+ B (k. =0)(s7). ”

Nang luong tu do trung binh trén mdi spin ctia hé cé dang:

F:—%ﬂfllnTr(CXp(—ﬁH)) __ﬂ ln<TeXp{ZJ é‘Sa( z)5sa(kz)}> (8

0

‘. 1 _ A/ez\ 1. sh(S+1/2)y
voi F Z_Nﬂ llnTr(exp(—,BHO))=J(kz =O)<S ><S >—Elnw )
va
AF[p ]:——ﬁ 1n<Texp{ZJ JES Z)5S“(kz)}> =
0
1 1 - - (10)
Nﬂ'llnf(d(p)em —EZ(p“(qu“(—qJ o],
a.q
voi
1[g]=( Texp Zﬁl/zjl/z(kz)(pl (Zjésl (;J
e 0 (1)
—exp Z%ZZ \/ﬂj(k_,l)...ﬁJ(k_,m)<T5S’ (le...as’ [ij> gol(;l)..w[(;m] .
m>1 ';1’11 Z1’lm 0

N
o day ¢ :(kz,a)) la vécto séng hai thanh phﬁn véi w=2zn/p, n=0,£1%2,..., va (dgo) duoc
dinh nghia boi [12]:
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H,[ HT dw\/_( }E d(pi;qj’ (12)

- - -
p*° (qj va p*° (qj la thanh phéan 4o va thuc cta bién treong ¢ (qj . Céc ky hiéu con lai

trong (11) dwoc dwa ra nhw bén dudi:

s i (o ()6 )
(i G

Trong phép gan dung Gauss, tdi tim ra duoc biéu thic cu thé cho AF st dung tich phan

(13)

phiém ham nhu sau:

AF = MLN;m(l—ﬁb' ()7 (k. ))+ﬂiN;1n[l—exp(—y +8b(y)J (k.))]
_ﬂ%;]n[l—exp(—y

Trong bai bao nay t6i chi xét twong tac trao ddi gitta spin j véi cac spin lan can gan nhat

(14)

dé nghién cttu anh hudng ctia cac thang giang spin 1én cac tinh chat nhiét dong hoc ctia chudi

spin tuyén tinh, do dé:
J(k.)=2Jcos(k..a), (15)
v6i ala hang s6 mang ctia chudi spin.

Dé€ tinh d6 tir hda cua hé trong gan dung thing giang spin toi xét cac ham tuwong quan
gitta cac thang gidng ctia cac thanh phan spin trong phép gan ding Gauss:

Gl B Pa) = <T5$Z ()53, (ﬂz)>- (16)
Phép bién d6i Fourier ctia cdc ham teong quan spin c6 dang nhu sau:

G¢ (k”a) IZG“ z,T exp[ iwr —ik, z]d (17)
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Trong (17), r la bién thoi gian, 7=, -, va z=z; —z; . Ham spin dinh x& duoc rit ra

M
tir (16) va (17) khir =0, z=0:

<5§2>=ZG“(O,O)_ > G (k@) =(85"68" ) +(55°58" )+(657657),

ak<01)8>
(s5°057) = ;Gf (k “’)‘bvz(vy)gl—ﬂb (1y)J(k)
véi (o5735" )= zlvéG“"f’“’): bfvy );exp<y— ﬂb(ly)J(kZ))—l’ 1
ovov = B )= L

& day b"(y) la dao ham bac nhat ctia ham Brillouin. Tt (19) ta cé cong thiic d€ tinh thing giang

spin om, @ tl hda tuong d6i trén mdi spin m va dd cam tir trén mdi spin y cua chudi spin:

2 1/2
sm =[<5§ >J , (20)
2 1/2
m=<52>={s(5+1)—<5§ >} , (1)

b" ()
IR

k.
om_ 1 o b'(y)
'ah;

va

exp(y— B0 (») (k. )) 22

2 b(y)exp(y—Bb(»)J (k.))(1- B0 (y)J (k.))
(exp(y—ﬂb<y> (@))—1)2

o day b" ( y) la dao ham cap hai ctia ham Brillouin.
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Trong gan dung truong trung binh (MFA), tic 1a bo qua cac thang giang spin (5), lac d6 ta

co:
my = (7). =b(30); (23)
véi Yo =Bh+BI (k. =0)(S) = Bh+pJ (k. =0)b(yp)- (24)

Liac d6 nang lugng ty do va d§ cam ttr ctia moi spin cé dang:

—i.ln sh(S+1/2)yo

Yo
hi
" (25)

>

Fo =20 (0)b% (30)

oh

Xo =

3 K&t qua tinh toan va thao luan

Dé tinh toan s& t6i biéu dién cac dai lwong nhiét dong luc hoc theo don vi ctia hing s§
twong tac trao ddi J, tirc 1a cac tham s6 nhur ceong do6 tir truong ngoai duoc biéu dién 1a h/], d6

cam tirla yJ, nhiét d6 la ksT/] va nang luong tu do la F/J.

3.1 Su phu thudc vao nhiét do cta cac dai lwgng nhiét dong luc hoc

5
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10} 58° i
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=
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kT

Hinh 1. Sy phu thudc vao nhiét d ctia cac thanh phan ctia thang giang spin khi khong c¢6 tit treong ngoai
1/]=0,0. Hinh chen vao chi ra thanh phén z ctia thang gidng spin.

10
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Dau tién, thong qua cac két qua tinh s toi mudn chi ra trong cac hé thap chiéu khi khong
c6 tir truong ngoai véi mo hinh Heisenberg dang hudng khong ton tai trat tw tir (sat tir hodc
phan sét tir) néu twong tac gitta cac spin la tuong tac ving hitu han. Hinh 1 chi ra sg phu thudc
vao nhiét d6 ctia cac thanh phan ctia thang giang spin ctia chudi spin tuyén tinh khi khong c6 tie
treong ngoai. Chung ta c6 thé thay la thanh phén z cta thang giang spin nhé hon rat nhiéu so
v6i thanh phan x va y. B6 1a boi vi trong bai bao nay toi xét tie truong ngoai va do d6 1a truong
trung binh theo phwong z bén canh thang giang spin 85°, con theo phuwong x va y t6i chi xét cac
thang gidng 65" va 55” (xem cong thiic (5)). Vi vay thang gidng spin toan phan rat lén dan dén
trat tw tir cua cac hé thap chiéu bi pha hiy (xem cong thire (21)).

x 10°

12 - 15}
— Chudi spin l Pi tir héa twong ddi trén mdi spin trong F——=h/J=0.05
10| =~ Mang méng gin ding trudmg trung binh
|
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5 6k - 06
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Hinh 2. S¢ phu thudc vao nhiét d6 ctia thang giang spin trong ~ Hinh 3. Sy phu thudc vao nhiét d6 cua

hai truong hop (i) chudi spin va (ii) mang méng. Hinh chen dd cam tir voi cac gia tri khac nhau cua
vao chi ra d6 tir héa twong d6i trén mdi spin ctia chudi spin va tlr treong i/ trong SFA.
mang mong trong MFA.

Hinh 2 chi ra sy phu thudc vao nhiét d6 ctia cac thang gidng spin ctia chudi spin va mang
mong [7] khi khéng c6 tir treong ngoai, 1/J=0,0. Khi so sanh thing gidng ctia chudi spin véi
thang giang cia mang mong, c6 thé thay la thang giang spin tang khi s6 chiéu cua cac hé giam.
Két qua nay chi ra la cac thang giang spin dong mot vai tro quan trong trong cac hé thap chiéu.
Ngoai ra, trong hinh 2 cling chi ra sg phu thudc vao nhiét d¢ ctia do tir hda teong déi trén mdi

spin trong gan dung truong trung binh (hinh chén vao trong hinh 2), v6i my = <SZ>O =b(y)-

Nhu vay trong gan dung truong trung binh co ton tai nhiét d6 toi han kg7 /J #0 trong ca hai
hé, tuy nhién khi xét dén cac thang giang spin thi trat tw tir khong con niva, két qua nay hoan

toan phu hop véi nguyén ly Mermin-Wagner [6].

11
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Hinh 4. Sy phu thudc vao nhiét d6 cta thang Hinh 5. Sy phu thudc vao nhiét d¢ ctia do tix héa
gidng spin véi cac gia tri khac nhau cua tir treong voi cac gia tri khac nhau cta tir truong ngoai
ngoai, & day S=1/2. trong SFA, ¢ day S=1/2.

Hinh 3 - 5 chi ra s¢ phu thudc vao nhiét d6 ctia d6 cam ttt, thang giang spin va d¢ tit héa
ctia chudi spin véi cic gid tri khdc nhau ctia tir truong h/J trong gan dung thdng giang spin
(SFA). Ttr cac hinh nay c6 thé thdy 1a khi tir treong ngoai cang 16n thi cic thang gidng nhiét
cang nho. Day la két qua ctia sy canh tranh gitta nang luong nhiét va nang luong tir (duoc gay
ra boi tir treong ngoai). Khi tie treong nho (vi du 1/]=0,05 va h/]=0,1), thong qua duong biéu
dién d6 cam tir chting ta c6 thé thdy c6 chuyén pha bac hai trong hé (diém ki di ctia duong cong
biéu dién yJ theo ksT/J), khi tir treong 16n, vi du h/]=0,3 va h/]=0,5, ching ta khong thé tim thdy
diém chuyén pha nay, nhuw duogc chi ra trong hinh 4 cho d6 tir héa. D6 1a béi vi dudi tac dung
cua tr truong 1én hé spin, rat khéd dé pha vo trat tw tir cua hé.

Mic khéc tir hinh 3 ¢6 thé thdy d6 cam tir yJ triét tiéu khi ksT/] rdt nho, do d6 yJ cd
mot dinh cuee dai ¢ Tm, 0 day Tmtidng va dd cam ctia yJ giam khi tit truong ngoai tang, két qua
nay hoan toan phu hop véi két qua duwoc chi ra trong [2] cia nhém tac gia 1. Juhdsz Junger cho

S=1/2 véi m6 hinh Heisenberg dang hudng st dung ly thuyét ham Green bac hai.

12
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Hinh 6. Sy phu thudc vao nhiét d6 caa d6 cam tw
trong MFA véi cac gia tri khac nhau ctia tr treong
1/]=0,1, 0,4 va 0,6 Tan luot twong tng voi cac duong
tte trén xudng. Hinh chén vao ting voi truong thap

hon 1/]=0,01 va 0,05, & day 5=1/2.
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Hinh 7. Sy phu thudc vao nhiét d6 ctia do tir hoa
trong MFA véi cac gia tri khac nhau cta ttt treong
h/]=0,1, 0,4 va 0,6 lan luot twong ting véi cadc duong

tie trai sang phai theo chiéu tang cta ksT/]. Hinh
chen vao tng véi truong thap hon #/]=0,01 va 0,05,

o day S=1/2.

Ngoai ra, sy phu thudc vao nhiét dé ctia d cam tir va do tir hda trong gan dung truong

trung binh con dwgc chi ra trong hinh 6 va hinh 7. Cac két qua vé su phu thudc vao nhiét d6 cua

do tir hoa va do cam tir trong MFA cua cong trinh nay phu hop véi cac két qua ctia nhom tac
gia I. Juhdsz Junger [2] t6t hon so vdi trong gan dung thing giang spin. D6 la boi vi trong [2]

mdc du cd xét dén cac ham twong quan spin-spin tuy nhién cac thang giang van chuwa duoc tinh

dén.

Hinh 8. Sy phu thudc vao nhiét d6 ctua do tir héa véi
cac gia tri khac nhau cta ttt truong h/] trong MFA va
SFA, cac duong di tir trong ra ngoai lan luot tuong
tng voi h/[=0,01, 0,05, 0,1 va 0,5, & day S=1.

F(BT,/J

kT

Hinh 9. Sg phu thudc vao nhiét d6 ctua nang
Iwong tw do vdi cac gid tri khac nhau cta tw
treong h/] trong MFA va SFA, cac duwong di ti
trén xudng dwdi lan luot tuwong tng véi h/J=0,01,
0,05,0,1va0,5, & day S=1.

13
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Hinh 8 va hinh 9 chi ra d6 tir héa va nang luong tw do ctia mdi spin véi cc gia tri khac
nhau cua h/] trong MFA va SFA. Tt 2 hinh nay c6 thé thay 1a trong SFA khi treong nho, vi du
h/]=0,01, cac thdng gidng spin van con khé 16n do d6 anh hudng dén cac tinh chat nhiét dong
luc hoc cua hé. Khi treong 16n, vi du h/[=0,5, ltc nay céc thang giang spin kha on dinh (xem
hinh 4) do d6 sy phu thudc vao nhiét do cta cac dai luong nhiét dong lwc hoc trong SFA gan
giong nhu trong MFA.

3.2  Su phu thudc vao tir treong ngoai cua cac dai lwgng nhiét dong luc hoc

Hinh 10 chi ra s¢t phu thudc vao tir treong ngoai ctia do tie hdéa m va thang giang spin 6m
khi ksT/]=0,5. Ttr cac két qua tinh s ¢ thé thdy la thang gidng spin giam nhanh khi tang ti
treong ngoai va dat téi gia tri 0 khi tir treong ngoai dua 16n, trong khi d6 d6 tir héa lai tang theo
tlr triedng ngoai va cudi cling dat téi hang s khi tat ca cac spin déu dinh hudng theo tir trieong
ngoai. Pay 1a két qua ctia viéc “c8 dinh” spin béi tlr truong ngoai, vi vay dan téi sy bién mat
cua cac thang giang spin. Ngoai ra, ttr hinh vé nay mot lan nita chiing t6i muén nhan manh vao
tam quan trong cta cac thang giang spin khi s6 chiéu cua hé tir giam, thang giang spin tang khi

hé giam ttr 2 chiéu sang 1 chiéu.

2
1.5H
= |
Ty
B 7! Sm — Chuéi spin
ili ---. Mang méng
0.5
0 =
0 1 2 3

hiJ

Fig. 10. Hinh 10. Sy phu thudc vao tir treong ngoai ctia d6 tir hoa va thang giang spin, 6 day S=1 va
ksT/J=0,5.

4  Kétluan

Ttt md hinh Heisenrberg dang huéng t6i da nghién cttu anh huéng ctia thang giang spin
1én céc tinh chdt nhiét dong luc hoc ctia chudi spin khi khéng ¢ tir truong ngoai va khi c6 tir

14
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treong ngoai hitu han. Cac két qua chi ra la trat tw tie khong ton tai trong cac hé thap chiéu khi
khong cé tir treong ngoai do s déng gop cua cac thang giang spin 16n ¢ nhiét d¢ khac khong,
két qua nay hoan toan phu hop véi nguyén ly Mermin — Wagner. Ngoai ra, tit cac két qua tinh
todn s8 cho chudi spin va mang mong t6i cling chi ra thing gidng spin duoc tang cuong khi s&
chiéu giam. Sy xuat hién cua tir truong ngoai la nguyén nhan cta sy suy giam va bién mat cta
cac thang giang spin. Tuy nhién, mo hinh t6i stt dung van con cé mot s& han ché, thit nhat 1a mo
hinh md ta hé spin dinh xt, thit hai mé hinh chi xét dén tuong tac trao ddi gitta cac spin lan can
gan nhat va tht ba la mac du trong mod hinh t6i da dwa vao cac thiang gian spin lam chinh xéc
héa thém cac két qua cua ly thuyét treong trung binh duoc phat trién boi cac tac gia khac, tuy
nhién cac tinh toan méi ding lai & gan dung Gauss bac thdp nhat. Do d6 dé€ dat duoc két qua
tot va gan hon véi hé thuc, t6i can phat trién cac tinh toan ciia minh cho phép gan dung Gauss
bac cao hon c6 xét téi tinh linh ddng ctia hé spin véi cac tuong tac trao d6i ¢ vung xa hon.

Nhitng van dé nay sé dugc giai quyét trong thoi gian toi.
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INFLUENCE OF SPIN FLUCTUATION ON THERMODYNAMIC
PROPERTIES OF QUANTUM SPIN CHAIN WITH ISOTROPIC
HEISENBERG MODEL

Pham Huong Thao*

HU - University of Education, Vietnam

Abstract: Dependence of the thermodynamic properties of the quantum spin chain on temperature and
external magnetic field is investigated using the functional integral method with short range exchange
interaction in isotropic Heisenberg model. The results in mean field approximation (MFA) and spin
fluctuation approximation (SFA) are showed and compared with ones of other authors. Besides, the spin
fluctuation breaks magnetic order in low dimensional spin systems with the short range exchange
interaction in the isotropic Heisenberg model without the external magnetic field.

Keywords: spin chain, functional integral method, spin fluctuation, isotropic Heisenberg model,
thermodynamic properties
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