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Tém tét: Médc du dwoc tim ra tlr ndm 1986 nhuwng cho dén nay co ché twong tac cla cac chét siéu dan
nhiét d6 cao van con la bi an déi véi cac nha khoa hoc. Trong bai b4o nay, cac tac gid dwa ra mé hinh Ii
thuyét va tim dwoc 161 gidi cia phwong trinh tw phéi trong nhitng trwdng hop don gidn. Két qua nghién
ctvu cho phép khdng dinh rang, twong tac ddy Coulomb ciing véi cac dang twong tac ghép doi khac
(twong tac hut electron-phonon va twong tac day thang giang spin) dong vai trd quan trong trong viéc
xac dinh gia tri va tinh chat ddi xtrng clia khe nang lwong trong cac chat siéu dan nhiét do cao chiva oxit
ddng. Sw canh tranh gitra cac dang twong tac dé gidi thich dwgc ddi xirng séng d va déi xirng séng s
mé réng ma nhiéu thwc nghiém quan sat dwoc, dong thdi ciing chi ra nhirng dang déi xtrng khac thudng

véi su bién mat va xuét hién nhirng dwéng nit méi cda khe néng lwong.

Tir khéa: siéu dan; cuprates; twong tac ghép doi; dbi xirng; khe néng lwong.

1. Gi¢i thiéu

Siéu dan 1a su bién mét hoan toan dién tro cua vat
liéu khi dugc 1am lanh dudi nhiét d6 chuyén pha siéu
dan (Tc). Co ché cua hién twong nay dugc md ta va giai
thich thanh céng trong |i thuyét cua J. Bardeen,
L. Cooper va J. Schrieffer (BCS) [1] dbi vé&i cac chat
siéu dan nhiét do thap. Theo d6, & nhiét do du thap (0
K), néu khdng chiu anh huéng cua tirtruong, Cac
electron két hop thanh tung cap, goi la cap
Cooper (Cooper pairs), va c6 thé di chuyén khong
va cham trong vat chit (khong cé dién tré) dé tao ra
dong dién. Cac cdp Cooper dugc hinh thanh nhd viéc
lién két cac electron véi nhau thong qua trao d6i cac
phonon (hat trudng cia dao dong mang tinh thé). Dang
tuong tac nay thuong dugc biét dén voi tén goi 1a twong
tac hat electron - phonon.

Tuy nhién, Ii thuyét BCS khong thé giai thich duoc
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cac tinh chat caa cac chat siéu dan nhiét do cao, duogc J.
G. Bednorz va K. A. Miiller tim ra tir nam 1986 [2]. Cac
chét siéu dan nay hau hét déu Ia cac hop chit cua dong
(cuprate superconductors - cuprates) c6 ciau hinh hai
chiéu 1a cac mat CuO, va cac chudi CuO. O trang thai
thuong hau hét cac hop chat gém siéu dan 1a cac chat
dién moi hoac dan dién rat kém. Vat ligu s& tro thanh
siéu dan khi nhiét do T < Tc ddi vai ting hop chat khac
nhau va Tc phu thudc vao ndng d6 hat tai, ddng thoi phu
thudc manh vao quy trinh cdng nghé, cac diéu kién xir Ii
nhiét va moi truong tao mau.

Khe ning lugng siéu dan, mot tinh chat vat Ii quan
trong trong chét siéu dan, 1a niang luong can thiét dé pha
hay mot cap Cooper. Trong céac vat liéu siéu dan nhiét
do thap truyén thong vi du nhur chi, khe ning lwong cua
n6 la d6i ximg hoan hao ddi véi chiéu momen xung
lugng cua electron. Tuy nhién, khi do dac khe nang
lwong cua cac vat ligu siéu dan nhiét do cao chua oxit
dong bang ki thuat chuan pho phat xa phan giai goc
(angle-resolved photoemission spectroscopy - ARPES),
khe ning luong khéng ddi xung mot cach hoan hao,
nhung cling phan chia thanh cac thuy riéng biét dugc
mo ta nhu di xang séng d (d-wave symmetry) [3]. Vi |i
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thuyét BCS doi hoi mot khe nang luong dbi xing nén
n6 khong thé sir dung dé i giai cac tinh chat cua siéu
dan nhiét d6 cao. Nhiéu nghién ctu trude ddy cho rang
khe ning luong trong cuprates c6 dang dbi xing séng d
[3,4], tuy nhién nhiing két qua gan day lai phat hién khe
nang luong c6 dang dbi xiing séng s mé rong (extended
s wave) [5,6]. Mot sb tac gia con ching to rang co su
thay d6i tinh chat déi xing cua khe niang lugng tly
thugc vao ndng do pha tap [7,8]. Véan dé dit ra 1a co ché
tuong tac ciia Cac cap electron trong cuprates dén nay
van con la bi 4an ddi véi cac nha khoa hoc. Mot phan
nguyén nhan 1a do ciu tric phuc tap cua cac hop chét
cuprates, mot phan vi sy khé khan trong viéc pha tap
khi ché tao cac mau chét.

Trong cuprates va céc chét siéu dan nhiét do cao khac,
tuong tac electron - phonon ¢6 kha nang dan dén lyc hat
hiéu dung gitra cac electron trong mat I6p hep (véi do rong
nang luwong ¢ nang lugng Debye), bao quanh mat Fermi
[9,10]. Tuy nhién, chi mdt twong tac electron - phonon
khong du dé mo ta nhiéu tinh chat cua trang thai siéu dan,
trong d6 ¢6 ddi xing séng s mé rong va déi xing song d di
hudng quan sat dugce trong cuprates [5,6,11]. Do d6, phai
ton tai thém nhiing dang twong tac khac ciing véi twong tic
electron - phonon dé xac dinh co ché siéu din va cac dang
ddi xtng trong cuprates.

Trong nhimg nam gin day nhidu két qua nghién
ctru cho phép khing dinh ring trong cuprates trang thai
siéu dan bét dau xuét hién khi pha tap yéu hé phan st tir
ban dau, va chi ra vai trd quan trong ciia trong tac thong
qua sy thing giang spin phan sit tir (trao ddi magnon)
[12,13]. CAc tAc gia da chi ra dang twong tic nay ciing dan
t6i d6i ximg song d. Ngudi dau tién dua ra y tuong vé kha
ning két doi cua céc electron thdng qua su thing giang
spin la A.l. Akhiezer va I. Ya. Pomeranchuk [14].

Mic di ban chét cua hién tugng siéu dan nhiét do
cao dén nay van chua dugc sang to, tuy nhién trong
nhiéu cong trinh nghién ctru da chi ra ring tuong tac
day Coulomb dong vai tro chinh trong co ché ghép doi
siéu dan trong cuprates [15-18]. Co ché siéu din dua
trén co so gia thiét vé su hinh thanh cua céc cap doi co
téng xung lwong Ion K [15,16] (c& hai lan xung lwong
Fermi vé huéng xung luong cua cip doi) dudi tac dung
cua tuong tac ddy Coulomb 1a kénh ghép d6i siéu dan
chu yéu, tao diéu kién giai thich thoa dang nhiéu két qua
thi nghiém quan trong da thu dugc dbi véi cuprates.
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Ngoai nhimg tuong tac ké trén thi ciing ton tai mot
sb gia thuyét khac vé co ché siéu dan nhiét do cao duoc
dé cap, tuy nhién chua c6 gia thuyét nao co thé giai
thich duoc tat ca cac hién twong thuc nghiém quan sat
dugc trong cuprates. Do d6, muyc tiéu cua bai viét nay la
dua ra mo hinh khao sat dong thoi sy anh huong va
canh tranh cua ba tuong tic ghép d6i cua cac electron
trong hop chit cuprates (twong tac hat electron-phonon,
trong tac diy thing giang spin va tuong tic day
Coulomb), dén sy dbi xing ciia khe nang lugng. Ngoai
ra, 1oi giai phuong trinh ty phéi cho phép giai thich
dugc nhiing dang di xing méi quan sat dugc va chi ra
céc dang ddi ximg khac nhau c6 thé cua khe nang lugng
trong céc chat siéu dan nhiét do cao chira oxit dong.

2.Thiét lap mé hinh twong tac

Nhitng thi nghiém ARPES dua trén hiéu tng phat xa
photon ddi véi cac vat lidu siéu dan nhiét do cao chira
oxit ddng cho thiy cac vong Fermi bi suy bién khéng con
& mot duong lién tuc ma llc nay né trg thanh cac tdi roi
rac - cac vong Fermi xuit hién dudi dang bén tai 15
tréng nho c6 tdm nam tai cac diém (+7/2a, 7 /2a)
caa vung Brillouin (Hinh 1) [3,7]. Su twong tac gitta cic
hat khéng nhitng xay ra trong mdi ving dong hoc Ej

ma cOn xay ra gitra cac hat trong c&c vung véi nhau.

Fra

2| &

Hinh 1. Vong Fermi dieéi dang bén tdi 16 trong trong
vlng Brillouin
Phuong trinh ty phdi xac dinh khe ning lwong
A, (kj) trong truong hop ghép doi ciia cac hat c6 tong
xung luong I6n K; va xung lugng chuyén dong tuong

doi k; co thé duoc viét dusi dang [7]:
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1.4 U (k. —K. A (K,
Ai(kj)z_EZ Z ( l. J) J<'J>2
S \/52(k1')+|AJ'(kj' )
D¢ tién cho qué trinh bién ddi thi ching ta khong
viét sy phu thuoc cua khe ning lugng vao K, nghia la
A, =0(K), &, =€(k;), i=1234. Trong
d6 £(k;) 1a dong nang cia mot cap hat; U (k; —k; ) 1

1)

thé twong tac giita cac hat trong cap.

Trong cac hop chat cuprates, ngodi nhiing cip
Cooper véi tong xung lugng bang khong thi sy ghép doi
cuia céc cap electron véi tong xung luong Ién ciing dong
mot vai tro quan trong. Luc ddy Coulomb trén toan
ving dong hoc dan téi sy xuat hién duong nat (nodal
line) cua ham A, (k; ), d6 1a duong tron ban kinh K, ,
c6 thm nam & diém K /2 va cit vong Fermi (Hinh 2)
[15]. Buong nut nay phéan chia ving dong hoc =; thanh
nhimg ving Z; va =, ma trong d6 A, (k;) c6 ddu
khac nhau. Khi d6, vi cac ving dong hoc nhé nén dé
don gian thi trong phuong trinh tu phdi (1) c6 thé tién
hanh thay thé gan dung thé twong tac giita cac hat
U (k; —K; ) bang céc hing s6. Cc hang sb dic trung
cho tuong tac day Coulomb trong ving déng hoc E;
dugc mo ta boi céc thdng sb:

U, =U, =U; =Uy
Uzz :U24 :U42 :U44
U,=U,=U,=U,=
=U; =Uy, =Uy =U,

@

Hai dong thong s6 dau tién cia (2) mo ta sy tan xa
gitra cac hat bén trong cac ving = va =, dong théng
s6 thtr ba va thir tw mé ta su tan xa gitra cac ving do.
Trong truong hop don gian, khi =] == thi cac théng
sd nay c6 gia tri bang [15, 19]:

U, =U,=U, =U, =0
U, =U, =U,, =U,, =0
u,=Y, =U,=U, :Ug

Uy =Uy =U, =U,, :U((:)

@)

Hinh 2. Vong Fermi va dwong ndt trong mét phan ne
vung Brillouin. Phan béi den bao quanh vong Fermi la
noi xdy ra twong tac hit electron - phonon. Ddu cia khe
nang heong trong cac mién 1 va 2 (3 va 4) la khac nhau

Tuong tac hat hiéu dung gitta cic electron thong
qua co ché electron — phonon twong ty nhu trong li
thuyét siéu dan BCS [1] dwoc cho la cé gié tri khong doi
-V, va xay ra & mot lop hep trong khéng gian xung
lwong, bao quanh mat Fermi. Cu thé, cac théng sé cua
tuwong tac hut electron — phonon c6 gia tri bang:

Vig =V =Vyy =V =V, =V, =0
Vig =V =Vyy =V, =V, =V,, =0 4)
Vi =V, =V, =V, =V,

Trong nhitng nim gan day, nhiéu khao sat vé sy
thing giang spin trong cic hop chét cuprates da duoc
tién hanh va két qua chi ra rang khéc véi tuong tac hut
electron — phonon chi xay ra ¢ viing gan vong Fermi thi
tuong tac day thing gidng spin xay ra trén toan ving
Brillouin [12,13]. Do d6, dé don gian c6 thé cho rang
tuong tac day thiang giang spin ciing dugc dic trung
bai cac hing sé trong vang dong hoc gisi han,
trong ty nhu twong tic diy Coulomb. Cu thé Ia,

Z. né c6 gié tri bang:

trong vung dong hoc gigi han =,

Wy, =Wi3 =Wy =W, =0
W22 :W24 :W42 :W44 =0
Wy, =Wo, =Wy, =W,; =W,
Wy =Wy =Wy, =W, =W,

®)

Ngoai ra giira cac vung d6i dién tuong tic day
thang giang spin bang W, con giira cac vang canh
nhau né cé gia tri w, mot cach ngan gon c6 thé viét
dudi dang (W, w). Tuong ty, ciing ton tai twong tac hut

15
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electron — phonon (-V,-v) va tuong tac day
Coulomb (U, u.) giita nhitng viing di dién va nhiing
vung canh nhau mot cach tuong ng.

Khi d6 phuong trinh tu phéi (1) c6 thé duoc viét lai
dudi dang hé phuong trinh tich phan, xac dinh cac gia
tri trung binh cua khe ndng lugng A, bén trong vung
E,, tuong tmg. Vi cdc vung dong hoc gidi han la tuong
duong nhau nén c6 thé bo chi s j va s& xem cac dai

luong A, f;; nhu A=A, f, =f, mot cach

js
tuong ung.
A =+ A f=(U2+W, =V, )A, f,
—UZ+W)A, f,+T,
A, =—(UZ+W, =V, )A, f,+V, A, 1,
—(Ug +W) A, fo+ T, (6)
Ay = _(Uco +W0)Az fz
—US+W)A, f,+T,
AA = _(UCO +W0)A1 fl
—US+W)A, f, +T
O day A, va A, la gia tri trung binh cta khe ning
luong gan vong Fermi (noi xay ra tuong tac hat electron
— phonon) bén trong va bén ngoai duong tron k =Kk, ;
A, va A, 14 gié tri trung binh cia khe nang lugng bén
ngoai vung Xxay ra tuong tac hut electron — phonon,
twong ng VGi bén trong va bén ngoai duong tron
k =k, (Hinh 2). Cac s6 hang T, va ', twong {mng véi
su tan xa gitra cac ving twong duong, nhitng s6 hang
con lai & vé phai cua hé (6) twong tng Véi twong tac
trong vung dong hoc gisi han =; . Ta co:

[,=T,+A 7)
4 4

Li==>14 D uA, f +UA. f. (8)
S

va
2 4

A=Y0 3 VA i +V AL T, ©9)
=

o day
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j+2 khi j<2

R A (10)
j—2 khi j>2

U=U.+W, u=u;+w (11)

Céc dai luong:

f 1 ! (12)

I =N IS N

doi véi mdi ving Z;, c¢6 thé tinh dugc twong tw nhu

trong i thuyét BCS bang cach chuyén diu téng sang
dau tich phan:

=y 3
s 5 (k)+|AS|
& day g la mat d6 trang thai trung binh trong ving
dong hoc gidi han.
Néu goi &, va &, (Voi &, >> &y ) la thang do nang
luong tuong tng cua cac ving =, (s=3,4) va &,
(s=1,2), thi theo [15], ta cd:

f.=(g/2)In(2¢&,/|A.]), 5=1,2
f,=(9/2)In(g, /&p)=f, s=34
3. L&i giai phwong trinh tw phoi
T (6) ta suy ra:
2
A5(5:3‘4) = A5(5:1,2) _VOZAS fs -A (15)

s=1

Thay (15) vao hai phuwong trinh dau trong hé (6),

qua maot vai phép bién ddi co ban ta thu duoc:
A a+A b, =T,+2w, A

(16)
Ab+A,8,=T,+2w, A
Vi
b, = f,[ 2w, -V, (L+2w, f)]+2w, f an

a =1-fV,(L+2w, f), s=12

D& thy, hé phuong trinh (16) bat bién trong phép bién
doi A, <> —A, va A, <> A, , do d6 n6 c6 hai 10i giai:

3.1. Truong hop 1 (phan ddi xung, A, =—A,), tir
(9) va (15) suy ra

A=A, A, =A, (18)
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Vay nghiém phan d6i xang cia phuong trinh ty
phdi c6 dang:

A, =25,exp(-1/gw,), (A, >0) (19)
Trong d6:

0
W, = UC—;WO (20)

Diéu d6 co nghia 1a twong tac hut electron - phonon
khdng anh huong tgi gid tri cia khe nang lugng va tinh
chat ddi xung cua n6. Tat ca cac kha ning ddi xung
khac nhau c6 thé cua khe ning lwong dugc mo ta trén
Hinh 3.

dudng nit

a)
Hinh 3. (@) Péi xing séng s mé réng va (b) doi xing
song d ma réng trong truong hop phan doi ximg (dau
trong vung boi den va khong boi den la khdac nhau)
3.2. Truong hop 2 (d6i xung, A, =A,=A,), loi
giai phuong trinh ty phdi ¢ dang nhu sau:

A, =2¢, exp(—l/ gv;) (21)
Vei

Vi =V gLIT.Jf(gO o) (22
Khi do:

A, =-A, [(\Ti/v;)—l]  s=34 (23)

Tir ddy ta thdy raing A, va A, c6 dau khac nhau
trong viing dong hoc. Diéu kién dé phwong trinh tu phdi
khong c6 nghiém tam thuong 1a V, >0 dan t6i bat
dang thuc, tuong ty nhu bat dang thuc ndi tiéng ma
Tolmachev 1an dau tién nhan dugc vao nam 1958 [20]:

V>

1+9U.In(g /&)

H

(24)

H+

Tir day c6 thé dan ra hé qua quan trong: Tuong tac
déy Coulomb, dugc mé ta boi U, , khong qua hiéu qua
can tré sy xuat hién siéu dan do su ¢ mat cua hé sb

1

— . Trong trudng hop riéng, ¢é thé chi
1+9U,In(g /&) s g opTieng

ra rang, tham chi khi V, <U, (nghia la trong truong
hop, khi trén toan by viing dong hoc, hang s tuong tac
tuong ng Véi lyc day) tuy nhién siéu dan van ton tai
néu thoa man diéu kién:

V.[1+9U.In(5 1 5,) > U, (25)

Chung ta cung khao sat cac truong hop dic biét:

3.2.1. A =A;, =A,, . Dy la d6i xang séng s mo
rong, duoc biéu dién trén hinh 4a.

Trong truong hop nay, ta co:

V, =V, +V+2v, U, =w, +U +2u (26)

32.2. A=A, =-A,,. Day la d6i xtng song d
mé rong, duoc biéu dién trén Hinh 4b.

Tuong ty, ta nhan dugc:

V__=V0+V—2v,U__=W0+U—2u 27

Khi dé, cac dudng nat bén trong mdi ving bién
méat, va ching xuét hién trg lai trén ranh giGi ving xay
ra tuong tac hut electron - phonon bao quanh vong
Fermi va trén ranh gigi gitra cac vung.

Judng nit

a)

Hinh 4. (a) Péi ximg song s mo réng va (b) doi ximg

s6ng d ma réng véi s bién mdt va xudt hién thém cia

nhitng dwong Nat méi trong trirong hop doi xing (ddu
trong vung boi den va khong boi den la khac nhau)

4.Két luan

Tat ca nhiing két qua thu duoc & trén khong dong
nghia 1a c¢6 thé cho rang moi van dé lién quan dén siéu
dan nhiét do cao da dwoc giai quyét. Con nhidu cau hoi
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ma dén thoi diém nay ching ta van chwa c6 cau tra loi
chac chan va rd rang, trong d6 ¢6 van d& co ché tuong
tac cu thé trong cuprates. Tuy nhién c6 thé khang dinh
rang, su canh tranh giira cac dang tuong tac (tuong tac
day Coulomb, tuwong tic hiit electron-phonon va tuong
tac dy thing giang spin) anh huong téi do Ion va tinh
chat ddi xing cua khe ning lugng trong cuprates. Két
qua nghién ctru ciia bai bao da giai thich dugc dbi xting
séng d va ddi xung séng s mé rong ma nhiéu thuc
nghiém quan sat dwogc, dong thoi ciing chi ra nhiing
dang ddi ximg khac thuong véi sy bién mat va xuét hien
nhitng duong ndt mai cua khe nang lwong. Bai bao
khdng nhitng gitp ta hiéu rd hon vé tinh d6i xung cua
khe nang lugng trong cuprates, ma con la co sé quan
trong gop phan dé xay dung li thuyét siéu dan nhiét do
cao, mot van dé néng bong va cap thiét ma téi nay van
chua c6 1oi giai dap. Chinh vi vy, trong tuong lai
nghién ctu siéu dan nhiét d6 cao trong céc hop chét
chira oxit ddng van la mot huéng nghién ciu trong tam
trong linh vuc vat Ii cic trang thai dong dac.

Lei cam on: Nghién ciru nay dugc tai trg boi
Truong Pai hoc Bach khoa - PHQG TP.HCM trong
khuon kho d& tai ma sb T-KHUD-2018-24.
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IN COPPER OXIDE HIGH-TEMPERATURE SUPERCONDUCTORS

Abstract: Although high temperature superconductivity was discovered in 1986, the mechanism of its interaction (has been)
remains a scientific mystery. In this article, the authors present a theoretical model and find the solutions of (the keys for) the self-
consistency equation in simple cases. Research results allow to affirm that the coulomb repulsion along with other types of coupling
(electron-phonon interaction and spin-fluctuation interaction) play an important role in determining the value and symmetry of the
energy gap in copper oxide high-temperature superconductors. The competition between these types of interactions explains d-wave
symmetry and extended s-wave symmetry that have been observed in many experiments, and also shows unusual forms of
symmetry with vanishing and appearance new nodal lines of energy gap.

Key words: superconductivity; cuprates; pairing interaction; symmetry; energy gap.
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