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Tém tit

Trong bai bao nay chung t6i xac dinh tuong quan tir trong ban dan tir pha loang thong qua khao sat ham cam ng spin
cho mé hinh mang Kondo. Gia thiét hé ban dan tir pha lodng c6 thé ton tai ¢ trang thai sit tir, ham cam g spin tinh &
pha thuén tir cho m6 hinh duoc xac dinh trén co s cua ly thuyét truong trung binh dong. Két qua tinh s0 khang dinh
ham cam tmg spin phan ky khi nhiét do tién t6i mot gia tri xac dinh, 1 nhiét d6 t6i han ctia chuyén pha trang thai thuan-
sat tir cia hé. Anh hudng cuia sy pha tap va twong tac tir 1én buic tranh chuyén pha vi vay duoc thao luan.

Tir khéa: Ham cam (g spin tinh; ban dan tir pha lodng; 1y thuyét truong trung binh dong.

Abstract

This paper discusses the magnetic correlations in diluted magnetic semiconductor from signatures of the static spin
susceptibility function for the Kondo lattice model. Suppose that the system may stabilize in the ferromagnetic state, the
static spin susceptibility function in the paramagnetic state is evaluated in the framework of dynamical mean-field
theory. Numerical results clarify a divergence of the static spin susceptibility when temperature reaches a critical value
so called a paramagnetic-ferromagnetic transition temperature. Under influence of the doping and magnetic exchange,
the phase transition is discussed.

Keywords: Static spin susceptibility function; diluted magnetic semiconductor; dynamical mean-field theory.

1. Mé dau trong cong ngh¢ spintronics [1, 2]. Khi pha tap

Véi kha ning ddng thoi luu trit va xir Iy  mot luong rat nhé cac ion tir (vi du Mn) trong
thong tin, ban dan tir pha lodng (DMS) da tro  hop chat ban dan (vi du GaAs), trén céc mirc 3d
thanh mot vat liéu thu hut sy tip trung nghién  cua cac ion tr hinh thanh cic moémen tir dinh
ctru rit 16n va hira hen nhidu tmg dung vuot troi XU va dai tap ciia 18 trong [3]. Nhimng 16 trong
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ndy vira tham gia dan dién, vira twong quan tir
voi cac momen tu dinh xt. Buc tranh tuong
quan tur cua hé khi do thuong dugc mo ta boi
mo hinh trao d6i dong ning hoic md hinh
Zener p-d [1, 2]. Trong truong hop tuong tac
trao d6i manh, cac md hinh trén co6 thé dua vé
mé hinh trao ddi kép [2], hoac ngugc lai, khi
tuong tac trao doi nho, ta c6 thé sir dung mo
hinh RKKY dé mo ta tinh chat twong quan cua
hé [4]. Trong trudng hop pha tap thip, ngudi ta
ludn quan sat dugc trang thai sit tir (FM) trong
hé DMS khi nhié¢t d§ du nho [4-6]. Khi nhiét do
16n hon gia tri t&1 han, hé & trang thai thudn tir
(PM). Gia tri t61 han nay dugc goi l1a nhiét do
chuyén pha thuan-sit tir (PM-FM). Viéc tim ra
vat lieu DMS véi chuyén pha PM-FM & nhiét
d6 phong ludn 1a dé tai hap dan cac nha nghién
ciru vi kha ndng Ung dung trong cong ngh¢
hién dai.

Tuy nhién, dé co thé tim ra dugc vat liéu co
tinh chat nhu vy, truéc hét ching ta phai tim
hiéu co ché cta chuyén pha PM-FM. Thong
thuong, qua trinh chuyén pha PM-FM trong hé
DMS thuong dugc mo ta tir trang thai trét tu tu
tam ngan cua cac polaron hay cac dam FM ¢
trang thai PM [7, 8]. Theo 1y thuyét nay, khi
giam nhi¢t do, ban kinh cua cac polaron tir tang
dan, va khi nhiét 46 giam toi gia tri du nho, cac
polaron xen phu nhau va hé 6n dinh & trang thai
FM. Ly thuyét polaron tir di dat nhiing thanh
cong nhat dinh khi giai thich co ché ciia chuyén
pha PM-FM trong cic hop chéat pha tap tir.
Trong nghién ctru hi¢n tai, ching t6i khdo sat
cac tinh chat ctia ham cam tng tir, 1a co so dé
mo ta buc tranh thang giang spin trong hé. Viéc
hiéu duogc thing gidng spin dong vai tro quan
trong khi mé ta co ché ctia chuyén pha PM-FM.
2. M6 hinh va Iy thuyét trwong trung binh
dong

Trong hé DMSs, céc hat tai la 16 tréng.
Ngoai tinh chat dan, cac hat tai con tham gia
tuong tac trao ddi véi cac ion tir dinh xu. Vi

vay, dé mé ta tinh chat cua hat tai, chung toi su
dung md hinh mang Kondo. Hamiltonian cua
md hinh mang Kondo duogc viét dudi dang
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trong do6 €1, va "o 1a céc todn tir sinh va huy 16
tréng c6 spin 7 tai nat mang tinh thé i. S6 hang
dau tién trong Hamiltonian (1) vi vdy mo ta su
nhay ndt cta hat tai giita cac nat mang tinh thé
gan nhit véi tich phan nhay nat t. S6 hang thir
hai thé hién twong tac trao ddi trén cing mot
nat gitta spin cua hat tai %: va spin dinh xur tai
nlt mang tinh thé 9. Xem xét spin dinh x1 tai
nat mang tinh thé & dang luong tir va coi nhu
tuong tac trao d6i doc theo truc z dong vai tro
chu dao, ching t6i quan tam tdi tuong tac trao
d6i dang Hund, hay sb hang twong tac tr¢ thanh

Hoe =2y ) @SEsh )
(if)a

Vo1 [ 1a cuong do twong tdc Hund va 57(s7)
lan luot 1a hinh chiéu cua toan tir spin dinh xu
(hat tai) Ién truc z. Trong gidi han tinh toan cua
ching t61, §7 c6 hai gia tri £1, trong khi d6 s7
duoc biéu dién thong qua cac toan tir sinh, huy
hat tai dudi dang

1
Sf = EE CLHCE:F'

Trong biéu thirc cia Hamiltonian (1), bién
s6 @ dugc dua vao nham mo ta nat c6 pha tap
tir, khi c6 pha tap, @ = 1, con khi khong c6
pha tap #: =0 Néu goi x 1a néng d6 pha tap
trong hé¢ DMS, sy phan bd cua @i ¢ thé viét
dudi dang

Pla) — (1 —x)0(u)] +a(1 — uld.

S6 hang cudi cung ctia Hamiltonian mo ta su
thay d6i ning luong cta hé khi sb hat tai thay
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d6i voi p 1a thé hoa. Trong tinh toan cta ching
t61, thé hoa dugc diéu chinh sao cho tong s hat
tai 1a hang sd.

Mo hinh viét dudi dang Hamiltonian (1) ¢
thé duoc khao sat trong khuon khd cua Iy
thuyét DMFT, mot 1y thuyét cho ta két qua
chinh xéc khi s6 chiéu vo han. Him Green hay
nang luong riéng cua hat tai khi d6 chi phu
thudc vao tan sb

6, (i) = [ de ple),
i

1
w,—&+p— X (iw)

(4)

O day, Z,{iw,) 12 ning luong riéng cua ham
Green cua hat tai v6i spin @, w, = (21 4+ 1)aT
1a tin sb Matsubara & nhiét do 7, (&) 1a ham
mat d§ trang thai cta hat tai khong tuong tac.

Trong gin ding DMFT, ham Green &
phuong trinh (4) trung véi ham Green cua hat
tai tinh cho truong hiéu dung dugc moé ta boi
ham Green khong twong tac g, (iw,), két qua
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Ay = 22 S exP L In[g7* (ico) / (iew))],

Z_:&"

va

=7 jexpzm ([o7* i)

— Jus#]/ Gian) )
O day
Z5{iw) = 2Trexp ) In {[g; (ies)
— Jusoal/ (i)},
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ta cling c6 thé thu dugc ham Green cua hat tai.
Nhu vay, tir cac phuong trinh (4-6) ta thu dugc
hé phuong trinh tu hop, cho phép xac dinh ham
Green cua hat tai trong mo hinh (1) bang ly
thuyét DMFT.
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3. Ham cam &ng spin tinh

Pé khao sat tinh chat tir, dic biét buc tranh
thang giang spin cua h¢ xung quanh vi tri
chuyén pha PM-FM, chung t6i khao sat tinh
chat ctia ham cam {mg spin tinh. Him cam tng
spin tinh, phu thudc vao xung lugong duoc viét
dudi dang
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va gia thiét hé dang ¢ trang thai thuan ti, trén

co so cua ly thuyét DMFT tir phwong trinh (5),

ta hoan toan c6 thé thu dugc ham cam ung spin

tinh, két qua dudi dang [8,10]
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va

s _ Z ‘d:rs'
e L (280 (iw,)]?

Ky hiéu y,(g.iw,) trong biéu thic cua
R,(q) 1a ham cam Gng khi chua ké t6i dong gop
ciia cac dinh tuong tac. Gia thiét hé chi co
chuyén pha PM-FM, khi d6 ta xét ham cam tng
spin ng vé6i cac vecto xung lugng tai diém
trung tam cua vung Brillouin, hay ¢ = 0. Ham
xol@. i) co thé dé dang xac dinh, két qua
la [8]

x0(0,ie,) =2{1 —[iow, + p —

Chu y rang, sy phan ky ctia ham cam Gng
phu thudc vao su phan ky cua cac thanh phan
¥ Lq) trong cong thic (7). Cac thanh phén
¥, (g duoc xac dinh boi phuong trinh ma trén

D oy @y (@) = 0,,(0)
st
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Nhu vay, tir két qua cua 1y thuyét DMFT,
chung t61 da thu duogc cong thuc giai tich cua
ham cam tng spin tinh cho Hamiltonian viét &
cong thirc (1). Tinh chit cia ham cam ung spin
tinh cho hé DMS, vi vdy, hoan toan c6 thé khao
sat néu chung ta co két qua cua ham Green va
nang luong riéng cua hat tai.

Eﬂiim:]]ﬁﬂ(im:]}.

4. Két qua tinh s6 va thao luin

Trén co s& cua két qua tinh toan giai tich &
muc trudc, ching ta tién hanh tinh sb dé thu
duoc két qua cu thé ctia ham cam Ung spin tinh.
Bit dau viéc giai hé phuong trinh ty hop (4-6)
bing cach chon gia tri ban dau cua ning luong
riéng <z\* @) tir phuong trinh (4) ta tim duoc
ham Green cua hat tai. V&i gid tri cua ham ning
luong riéng va ham Green ta xéc dinh duogc ham
Green truong hi¢u dung Ha (fewy) gy phuong
trinh (6). Gia tri nay cua 9= Hiw,) dugc str dung
dé xac dinh lai ham Green theo phuong trinh (5),
va tu phuong trinh (6) ta thu lai duoc gia tri
nang lugong riéng. Gia tri nang lugng riéng nay
duogc st dung cho vong lp tiép theo. Qua trinh
giai phuong trinh ty hop két thiic néu su sai khac
clia nang luong riéng giita hai vong lap lién tiép
du nho, thuong nho hon 10-8. Khi c6 két qua
cta ham Green, nang lugng riéng, ta hoan toan
xac dinh dugc ham cdm g spin tinh, dya trén
cong thire (7). Chu y rang, & day, ching toi chi
xét cho truong hop q = 0, dé mé ta sy chuyén
pha PM-FM. Bing viéc khao sat cac gia tri khac
clia q, ta c6 thé khao sat birc tranh chuyén pha
khac nhu thuan tir-phan sit tir (q = 7), hay su
tach pha (0 < q <m).

Hinh 1 mo6 ta sy phu thudc cua ham cam ng
spin tinh y = %(0) vao nhi¢t do ¢ céc gia tri khac
nhau cta néng do hat tai n v6i hing sb tuong
tac Hund JH =3 va ndng d6 pha tap x = 0.1. R
rang, ta nhan thiy, tmg véi mdi gia tri ciia ndng
d6 hat tai n, ham cam Gng spin tinh ting dan
khi giam nhiét do. Pac biét, & vung nhiét do
nho, ham cdm Ung tdng manh va phan ky khi
nhiét d6 tién t6i mot gia tri toi han. Gia tri nay
dugc goi 1a nhiét d6 chuyén pha PM-FM, hay
nhi¢t d§ Curie. Gia tri cia ham cam Ung dac
trung cho su thang giang spin cta hé.
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Hinh 1: Ham cam ting spin tinh cua hat tai phu thugc
vao nhi¢t d§ trong mo6 hinh mang Kondo v6i J =3, x=0.1
cho mot sb gia tri khac nhau cta néng d0 hat tai n.

Thuc vay, khi nhiét d¢ giam, hé c6 xu hudng
sdp x&p cic momen tir song song v4i nhau, két
qua tuong quan sit tir ting manh dan t6i sy 6n
dinh cua hé ¢ trang thai st tir khi nhiét d6 nho.
Nhu vay, thang gidng nhiét ro rang dong vai tro
quan trong trong viéc quyét dinh thing giang
spin cua h¢. Khi n(‘A)ng do hat tai nho so voi
néng do pha tap, vi du véi n = 0.01, ta nhan
thdy ham cam ung spin tinh nho va phan ky &
ving nhiét d6 nho. Nhiét d6 chuyén pha PM-
FM vi vay nho. Diéu nay cho thay, khi ndng do
hat tai nho, sy phan bd thua cua hat tai lam
moémen tir tong cong nho va hé kho ton tai o
trang thai trat ty sat tir khi thing gidng nhiét
con du 16n. Khi tang néng d0 hat tai, vi du to1
n = 0.05, rd rang ham cam Ung spin 16n hon va
c6 thé phan ky & nhiét do 16n hon. Thiang ging
spin vi vay ting 1én khi ting nong do hat tai.
Néu tiép tuc tang néng d6 hat tai, nhiét d6 nho
tai d6 ham cam Gng phan ky giam. Diéu nay c6
thé giai thich khi twong tic tr du 16n, nhu
truong hop hién tai, thi dai tap bi tach roi so voi
dai chinh [8], dién tich cua dai tap cho ta né)ng
do tap chét, khi néng do pha tap nho hon mot
nira so voi nong do tap chat, gia tri ham pho tai
muc Fermi vi vdy gidm, lam gidm sy nhdy hat
tai & pha sat tir. Piéu d6 1am cho viéc dong gop
cua hat tai cho tuong quan tur giam lam gidm
nhiét 6 chuyén pha.

Pé khao sat anh hudng ciia twong tac tir 1én
blrc tranh thang gidng spin cua hé, trong Hinh
2, chiing t6i mod ta sy phu thudc cia ham cam
mg vao nhiét d6 khi thay d6i cuong do twong
tac tir /& cho trudng hop n = 0.03 va x = 0.1.
Tt hinh v€, ta nhan théy, khi tuong tac tir nho,
vi du /& = %1 ham cam tng rit nho & nhiét do
cao va khi giam nhiét d9, ham cam Gng tang
dan va co dau hiéu phan ky, tuy nhién ¢ nhiét
d6 T—0. Piéu nay c6 thé khang dinh, khi
tuong tac tir nhd, ta chi quan sat dugc trang thai
thuan tir cua hé.
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Hinh 2: Ham cam ng spin tinh cta hat tai phu thudc
vao nhiét do trong mé hinh mang Kondo véi cac gia tri
khéc nhau cua J, khi x=0.1 va n=0.03.

Birc tranh vét 1y hoan toan thay d6i khi cuong
d6 tuong tac tir du 16n. Cu thé, khi /e = 1 ta
thdy ham cam tng phan ky ¢ nhiét do gioi han,
cho thfiy hé co thé ton tai trang thai sat tir khi
nhiét d6 du nho. Tang T, ham cam ung tang,
thdng gidng spin vi vy tang 1én va khi nhiét do
du nho, hé ¢ trang thai sit tr. Cang ting /fa,
nhiét d6 chuyén pha PM-FM cang ting.

5. Két ludn

Trong bai bao nay, chung t6i da khao sat birc
tranh thing giang tir ctia hé ban dan tir pha
loang thong qua khdo sat ham cam ung spin
tinh cho md hinh mang Kondo bang 1y thuyét
truong trung binh dong. O gan ding sé chiéu
vO han, ching t61 da thu dugc hé phuong trinh
tu hop, cho phép x4c dinh ham Green va nang
luong riéng cua hat tai bang phuong phap 1ap
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trinh tinh sb. V&i gia thiét hé ton tai trang thai
sat tir khi nhiét do dt nho, ham cam Gng spin
tinh cta hat tai trong pha thuén tor mo ta trong
mod hinh mang Kondo ciing dugc xac dinh. Két
qua cho thdy, khi giam nhiét do tuong Gng véi
giam thing giang nhiét, thang giang spin tang
manh, dic biét gén nhiét do chuyén pha. Khi
nhiét d6 da nho, ham cam tng spin phan ky thé
hién su chuyén pha thuan - sat tir. Tang thé
tuong tac tir c¢o thé 1am ting thing giang spin
tuong tmg v6i ting nhiét do chuyén pha. Véi
thé tuong tac du 1én, ta ciing tim thdy thing
giang spin manh nhit xung quanh ving ma dai
tap chat duoc lap diy mot nira. Két qua cia bai
bao vi vy cho ta co s& dé hiéu rd co ché thing
giang spin ctia hé ban dan tir pha lodng xung
quanh diém chuyén pha thuan-sat tir. Tinh toan
ctia bai bao co thé mo rong dé khao st thing
giang spin cho céc h¢ co pha tap tur, vi du nhu
manganite pha tap.

Loi cam on Nghién ctru nay dugc tai trg boi
Quy Phat trién khoa hoc va cong nghé Qudc gia
(NAFOSTED) trong d& tai md sb 103.01-
2019.306.
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