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The properties of a dx2~y 2-wave superconductor in an external magnetic field are investigated on the

basis of Gorkov’s theory of weakly coupled superconductors. The Ginzburg-Landau (GL) equations,
which govern the spatial variations of the order parameter and the supercurrent, are microscopically de-
rived. The single vortex structure and surface problems in such a superconductor are studied using these
equations. It is shown that the d-wave vortex structure is very different from the conventional s-wave
vortex: the s-wave and d-wave components, with the opposite winding numbers, are found to coexist in
the region near the vortex core. The supercurrent and local magnetic field around the vortex are calcu-
lated. Far away from the vortex core, both of them exhibit a fourfold symmetry, in contrast to an s-wave
superconductor. The surface problem in a d-wave superconductor is also studied by solving the GL
equations. The total order parameter near the surface is always a real combination of s- and d-wave
components, which means that the proximity effect cannot induce a time-reversal symmetry-breaking

state at the surface.

1. INTRODUCTION

Recently, there have been a number of experiments
designed to directly probe the pairing state in high-
temperature superconductors.!”* Wollman et al.! mea-
sured the field-modulated critical currents of corner su-
perconducting quantum interference devices (SQUID’s)
and junctions, which combine an s-wave superconductor
with a Y-Ba-Cu-O single crystal. Their results provide a
strong evidence for a m-phase shift in the Josephson cou-
pling energy predicted for a d-wave pairing state. Mathai
et al.? performed a similar experiment on Y-Ba-Cu-O-
Ag-Pb SQUID’s using a scanning SQUID microscope,
and they claimed that their results provide unambiguous
evidence for a dxz_yz symmetric order parameter. Tsuei

et al.? used the concept of flux quantization in a tricrys-
tal superconducting Y-Ba-Cu-O ring with grain-
boundary Josephson junctions to determine the pairing
symmetry. They observed spontaneous magnetization of
half a flux quantum, consistent with d-wave pairing sym-
metry. Miller et al.* proposed a new method of probing
the pairing symmetry by measuring the field-modulated
critical current of tricrystal devices. Their results in the
short junction limit indicate a clear phase shift in the
Josephson coupling, suggesting a predominantly d-wave
pairing symmetry. In short, these recent experiments
that directly probe the pairing symmetry of high-T, su-
perconductors seem to favor a d-wave pairing state.
Theoretically, it is also suggested’ that the high-T, super-
conductors might possess unconventional pairing symme-
try.

In this work, we address the problem of how a d-wave
superconductor differs from an s-wave one. We restrict
ourselves to the Ginzburg-Landau (GL) region and con-
sider spatial variations of the d-wave order parameter
and supercurrent governed by the GL equations. Follow-
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ing the standard procedure for the conventional s-wave
superconductors, the GL equations are microscopically
derived for a d-wave superconductor. Based on these GL
equations, we study the structure of d-wave vortices. It is
expected that the structure of a d-wave vortex is very
different from that of s wave®’ or p wave.® We show that
the qualitative feature of a single vortex structure in a d-
wave superconductor can be determined analytically.
The s-wave and d-wave components, with the opposite
winding numbers, are found to coexist in the region near
the vortex core. Furthermore, the d-wave component
varies linearly with the distance r from the vortex core as
r—0 and goes to the pure d-wave bulk value for large r.
On the other hand, the induced s-wave component has a
linear-r dependence for small » but decays as » 2 when 7
is large. The main feature of our results agrees with the
suggestion of Volovik® and recent numerical calculation
of Soininen, Kallin, and Berlinsky.!® The supercurrent
and local magnetic field around the vortex are also calcu-
lated analytically. Far away from the vortex core, both
of them are found to exhibit a fourfold symmetry, in con-
trast to an s-wave superconductor.

We also study the surface problem in a d-wave super-
conductor by solving the GL equations and find that a
small s-wave component is induced near the surface. The
total order parameter near surface is always a real com-
bination of s- and d-wave components and their relative
phase is determined by sign[ —cos(26)], where 6 is the
angle between a axis and the normal direction of the sur-
face. This result suggests that the proximity effect cannot
induce a time-reversal symmetry-breaking state at the in-
terface.

In Sec. II, starting from Gorkov’s theory of weakly
coupled superconductors,!! the equation for the general
gap function is derived, and from which the GL equa-
tions are obtained in Sec. III. In Sec. IV, we derive the
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other GL equation for the supercurrent. In Sec. V, we
discuss the qualitative features of a single d-wave vortex
and using the GL equations. In Sec. VI, we present the
result for the supercurrent and local magnetic field
around a d-wave vortex. In Sec. VII, we study the prox-
imity effect at the surface of a d-wave superconductor.
Section VIII includes conclusion and discussions.

II. GAP EQUATIONS

In this section we shall derive the gap equation for the
d-wave order parameter defined through

A*(x,x')= V(x-x')TZFT(x,x’,a)n) ,

Op

(2.1)

which allows for more general than conventional s-wave
pairing. V(x—x’) is the effective two-body interaction of
the weak-coupling theory. Using Gorkov’s!! description
of weakly coupled superconductors it is straightforward
to derive the equations of motion for the normal and
anomalous Green’s functions

iw, —51;( —iV+e AP +pu |G(x,x,0,)

+fdx"A(x,x”)F+(x",x’,wn)=8(x—x’) )

(2.2)
|

JI-HAI XU, YONG REN, AND C. S. TING 52

~io, —ﬁ(iV'*‘e AV+u [Frxx,0,)

+fdx”A'(x,x”)G(x",x’,w,,)=0 ,  (2.3)
where p is the Fermi energy and A is the vector poten-
tial. We define the normal-state Green’s function in a
magnetic field as
-1

8(x—x’)

Golx,x,0,)= |io, —Zim( —iV+e AP+u

—ie A(x)(x—x')

=~Go(x,X,0,)e (2.4)

In the last step of the above equation, we have used the
slow variation condition for the magnetic field, i.e.,
1/kp <<A, where A is the London penetration depth of
the magnetic field. G, in the above equation is the free-
electron Green’s function in zero field:

-1

8(x)

2
ia)n+-—Y——+y

Go(x, @, )= om

1 ; 1
— dk ik-x ,
anr J ¥ i, —&

where £, =k?/2m —p is the single-particle energy with
mass m measured from the Fermi energy u. Using G,

and by iteration, Eqgs. (2.2) and (2.3) can be rewritten in
the form

(2.5)

G(x,y,0,)=Gy(x,y,0,)— fdx’dx”A(x’,x")Go(x,x’,wn )

X [de3dX4éo(X3,x”, '—a),, )A‘(x3,x4)G(X4Qwan ) ] ’

FT(x,y,wn )= fdx’dx"@o(x’,x, —w,)A*(x',x")

X [Go(x”,y,wn)—fdxldXZGo(x”,xl,w,, )A(xl,xz)FT(xz,y,wn)] .

(2.6)

(2.7)

Substituting Egs. (2.6) and (2.7) into (2.1), and keeping up to third order in A, we have

A*(x,y)=AT(x,y)+AN(x,y),

where

AT(x,y)=V(x—y)T 3, fdx'dx”@o(x',x, —0,)A*(X,x")Gy(x",y,0,) ,

n

(2.8)

(2.9)

AL (x,y)=—V(x—y)T 3, fdx’dx”dxldx2dx3dx460(x’,x, —w,)A*(x',x")

n

X Go(x",X1,0,)A(X,X,)G (X3, X5, — @, )A*(X3,%4)Go(X4,¥,0,) .

(2.10)

In the following calculation, we use the cylindrical Fermi surface to relate the physics to high-T, superconductors.

Using the approximation
*v, di+ [*V a1
A*(x',x”)zefx x j:v y A*(X,y) ,

and introducing central-mass coordinates

——l I=i ’ ”
2(x-!—y), 2(x +x"),

(2.11)
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and relative coordinates
r=x—y, r'=x'—x"

Eq. (2.9) becomes

A}R,0)=V(r) [dRAr'T 3 G, R’+£2—*R—-%,—w G, R’—%—R+§,wn
Xexp[i(R'—R)-(—iVgz—2e Ag)+i(r'—r)-(—iV,)]A*(R,r) . (2.12)

In the above equation we have assumed the slow variation of magnetic field A(x)=~ A(y)= Ay or that the magnetic
field acts only on the center of mass of the Cooper pairs, not on their relative coordinates. Introducing the operator

M=—iVgp—2e Ag , (2.13)
and performing the Fourier transform with respect to the relative coordinate, we obtain
—; dpdqdk’ r | r
AR K)=TF [dre *r qr [4R49dK i IR—R+ L |4 —R—T+L
s %f re o farar [ S me o [P 2 2|7 272 ”
1 1 ei(R’—R)'ﬂ+i(r’—r)-k’eik’-rAt(R,r) (2.14)

iv,—§, in, —§&,

Expanding in terms of II to second order, the above equation can be written in terms of a consiant term A}, and a gra-
dient term A7 :

AR, k)=A%(RK)+AL(RK), (2.15)
where
LR K)=4[ dR’——B——V(k' WIS 1 L et ®-RpsR k)
—iw, _gp §p+2k'
= [-dk_ V(k'—k)Tz — 5 A*RK), (2.16)
(2 ) w, k
and
1 1
AL (R k)=—2 dR’—p—V(k’ —K)T
s f (2 )4 2 lw -gp §p+2k’
><e2i(p+k')'(k'—R)[(Rl_R).H]ZAt(R’kl)
1 1 1 g
—R—V(k' k)T —V_-II | 8(p)A*(R,k’)
f2(2 2 "§p/2—k' io,~ &+ | i P P
dk’ 1 2 1
= V(k'—k)T -V, -II - . A*(R,k’)
2(2m)? % [l P J —iw, = Ep -k 10~ Ep 4w ]P=0
dk’ 1 28— 1 3%
= V(k'—k)T kA(IL, )2+ K X(I0, )2 — 2 2 |A%R,K') .
f2(21r)2 = E (2m)* ( 2+§2 3[ ) I om @i +&7 ] (
2.17)

In the calculation of AJ;

in Eq. (2.10), the magnetic-field effect can be neglected.'? Introducing the central-mass and

relative coordinates and using the expression of G, in Eq. (2.5), we have
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AR(R,1)=—V(DT S [dR'dr'dR,drdRydr,A*(R',r')A(R,1)A*(Ry,1;)

w'l
dpdqdsdt r r
x [ &pdqasat in-  RR— R+ -1
f 2m)¢ exp |ip- |[R )
rr 0 1 1
+iq- |[R'—R;—————
q 2 2 l w,—§&, iw,— &g
n, n I, r 1 1
X is- [R,—R,+—+— |+it- |R,—R——+=
eXp |18 ‘ 2T l it R, 2 2 || —iw,—E, io,—£,
- 1
V(r)e T A*(R,K)|?A*(R,K') . (2.18)
Zf (2m )2 ( 2+§k)2| |
Performing the Fourier transform with respect to the relative coordinate, the above equation takes the following expres-
sion:
— dk ’ 1 * 1|2 % ’
A% (R,k)= f ~V(k— k)Tz GTar ~|A*(R,kK)[2A*(R,K) . (2.19)
K

In the following section, the GL equations for a d-wave superconductor will be derived from the general gap equa-

tions (2.16), (2.17), and (2.19).

III. GL EQUATIONS FOR ORDER PARAMETERS

In order to obtain the generic Ginzburg-Landau equa-
tions, which govern the spatial variation of the order pa-
rameters, for a d-wave superconductor, we need to speci-
fy the form of the interaction. Here we use a model
which is reasonable for high-T, superconductors. Name-
ly, the interaction ¥ contains an on-site repulsion ¥, and
a nearest-neighbor attraction V;. It has been shown that
such an interaction gives rise to a pure d-wave supercon-
ductivity for a uniform system if the one-site repulsion is
large.! In the momentum space, this interaction is

V(k—k')=—V,+V[cos(k, —k;)+cos(k,—k;)],
(3.1

which can be rewritten in the form

V
Vk—k')=—V,+ —-51—(coskJc +cosk, )(cosk, +cosk,)

vV
+ ——2L(coskx —cosk, )(cosk, —cosk, )

Using cylindrical coordinates, the above equation reduces
to

V(k—Kk)=—V,+V(kZ—k)(k}>—k?)

+V,kk', (3.3)
where V,=V,—2V,, V,=V,/8,and V,=V, correspond
respectively the s-wave, d-wave, and p-wave channel in-
teractions. For the spin-singlet pairing that we are in-
terested in, the p-wave interaction can be neglected since
it does not contribute to the spin-singlet pairing state. Fi-
nally the effective interaction responsible for the spin-
singlet pairing can be written in the form

V(k—k')=—V,+V (kI —k(Ek—E?) .

By taking both ¥V, and V| positive, then V,; corresponds
to the attractive interaction responsible for d-wave pair-
ing, and ¥V, can be regarded as an effective ‘“‘on-site”
repulsive interaction. The generic expression of order pa-
rameter that follows Eq. (3.4) is

A*(R,K)=ANR)+ANR)KI—ED) .

(3.4)

(3.5)

+sink, sink, +sink, sink; (3.2)  Substituting Eqgs. (3.4) and (3.5) into Eq. (2.16), we obtain
|
dk’ 1 1
AL(RK)=—V,A!T — 5 VAR k] kP2 ————
’C 2 J n? o+ A Y R+ e
2e'wp 1 s g 2eTop
=—N(0)V,A? lnT+3N(O)VdA§(7€x —k})n — (3.6)

where N(0) is the density of states at the Fermi surface, ¥ is the Euler constant, and wj, is the cutoff energy for the in-
teractions. Putting (3.4) and (3.5) into (2.17), we have
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dk' o~ ’ )
A;g(R,k)=TZf2(2 7l V,+V (RE—EDR2—ED)
12660, K212 + K212 ) — ——g‘z‘ 2| (A +A(R2—R?
@m Y @2 FEL T am g | AT
N(O 1 28k —6w?
=— d KZII2A*
e et 2(2 P (@2+E&) "
O)Vd 1 28 —602
+——=(k2-k} dngz 153198
g (2m)* (w2 +&P 7
dk’ 1 Zgi’_ w,, 22 £2y k212 2972 * “(Lr_fr
+J 2(217)2T2 (2m )? ((02+§12")3( y ML AR AL = VoA + Vahi (e =k, D]
d Vs 2A% _ 2 2\T72A * Ay 2 2 s 2 2
=a VdIIA (Ex—ky)n Aj |+ eI — 1) —V—A;—(Ex—ﬁym; (3.7)
where a=7£(3)/8(7T,)* and Ad =N(0)¥V, /2. Similarly, we can calculate A}; in Eq. (2.19):
A;I(R,k)’-:st (‘2111:)2 2 ( 2+€ )2[|A |2At+(2|Ad|2At+At2A )(EQ Er2)2]
'Y
—V ki =k} dk2 = '2)2( 2+§2 )2[(2|A A5 +AR2A K =KD + A, 12A5(k2— K2
=24V, /V ) IAS|2A;+IA,,|2A;+%A§2AS —Aga(kl—K}) —|A,,|2A,,+2|A [2A%+AX2A, (3.8)

Comparing both sides of the gap equation for E—independent terms and terms proportional to (I?,f - I(c\f), we obtain

2e"w
*:—2}"11( Vs/Vd)A: In +2Ad(V /Vd)a

—anzA*+ vF(H2 Hi)A;+IASI2A;+IA,,|2A;+%A;2AS

(3.9)
*— * 2e’wp 1 sroaey 1 2.2 2\A % 2a 4 L Aw2 3 2A %
Ad_}\'a'Ad In "‘2}\.da gvpn A,fi"gl)p(ﬂx—ny )As +IA3, Ad+EAS Ad+_8—IAd' Ad (3.10)
The equation for the transition temperature 7, is determined by
A In 222 (3.11)
« 0T ’ :

A closer examination shows that Eq. (3.9) will lead to unphysical solutions for A, because the convergency of the expan-
sion in terms of order parameters is not established for repulsive interactions. Here, we employ the Padé approxima-
tion'* to avoid this difficulty. It is known that the Padé approximation is typically used when we only know the first
few coefficients in the power series expansion of a function and are uncertain whether the power series is convergent.
By the Padé approximation, Eq. (3.9) becomes

al
AT=—20,/V )88 1=~ %v%HZA;ﬁ‘%vﬁ(Hi——Hi)A;—I—IAsIzA;-f-IAdIZA;‘+%A§2ASl]
* B 1 PN [P N " A% L Aa2 !
=~—2V,/V,)A¥ {1+ Ar zupn AS+§UF(HX—H},)A,,+IASI AX+ 1A, AS+?Ad A, . (3.12)

Finally, we can write the GL equations in a form suitable for finding the GL free-energy functional:

20142V, /V,)A +ad,

%v}H2A3‘+%vf«(H§—H§ JA%+2|A, [2A% +2|A, P4 + A2, }=o : (3.13)
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—AgAYIn(T,/T)+ar, ‘—I—U}HZA;'—I—Z—UF(Hz I2)AY +2|A,PA +AXA, +%|Ad|2A; ‘=o . (3.14)

The free energy corresponding to above equations is

F=2aAg|A P =1y In(T,/T)|A,12+ar, | 1A, |4+ —|Ad|"'+2lA 12|A, 12+ A*2A2+A‘2A2)

2

+%akdv}[2|IIA;’I2+IIIA,}|2+(H;ASHXA§—II;ASHYA;+H.c.)] , (3.15)

where a;, =(1+2V,/V;)/A,. Since the coefficients 2a,A; >0 and —In(7T,/T) <0, it is easily verified that the pure d-
wave solution is stable at infinity, as expected.

IV. GL EQUATION FOR SUPERCURRENT

To calculate the local magnetic field, we need the other GL equation for the supercurrent:

0= 3 (V-8 (x,y,0,)),-,— 22T @1)
Substituting Eq. (2.6) into the above equation, we have
0+ 22T A Gix,x,0,)
=%fdxldxzdx3dx4(Vx—Vy)A(xl,xz)A*(x3,x4)Go(x,x],wn )G o(x3,%5, — 0, )(’70()14,y,a>,,)|y=x
=% J dx,dx,d x3d x,A (X1, %,) A% (x3,%,)G (X3, X, — 0, )
X { —2ie A(x)G (x4, X,0,)Go(X,X;,0,)
+e—ieAm.(x—x,)—ieA(y)-(x,,—y)(vx—Vy)[Go(x—xl,mn )Go(X4 =Y, @, )]} y=x - 4.2)

The relation (2.4) has been used in obtaining the above equation. We note that, to the same order of A, the first term on
the right-hand side of Eq. (4.2) is exactly the same as the second term on the left-hand side. After this cancellation, us-
ing approximtion (2.11) and introducing the center-mass and relative coordinates, we find

—i(R'—R)-II* ). —i(R”"—R)- )
j(R)=%2 de’dr’dR”dr" [e (R'—R)-M*+(r'—r) VIA(R,I)] [e (R"—R)-I+(r )V'A*(R,r)]
rll rI r r ’n r
II_ I+__ - J— ’ — e n__ —_— Pl
XGO R R D) + 2 N @, Vr GO R—R + D) ) N Go R R 2 + 2,60,, o
el rdpdqds —i(R'—R)-I*+(r'—1)-V dk' .
=— (p+s) | dR'dr’'dR’dr"e " ——=e " TA*(R,k
2md e @9 I Gy (R.k)
X ® TR =Y, 0 dK  ikrpe(R g )eip R-R—F/2)+Hig R —R +1" /241 /2)
(27)? ’
BT 1 1 1
xets-(R R—r"/2) - - -
wzn lwn_gp —lw, _gq iw, &
— 2’enT d(lz‘d)l: dR’k A‘(R k)[—zII“A(R k’)] [v e2t(k+k)(R R)]
1 1 1
X - ; - H.c.
% i, —E_y g —iw,—&_y lw,—&
22[ AR5 |k (v meark)]|  +—K [emrAR, k)] | +H.c.
(27) 02 +E |iw, —& v=—k 2w,—§&)

(4.3)
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In terms of the expression of order parameter (3.5), the above equation becomes

. _ _ eN(Qua « 1 e 1 . V| - \A

JR)=— om AIA} +5AdlIAd+5(ASHXAd+AdeAS )x—E(AsHyAd-i-AdIIyAS )y | +H.c. (4.4)

This equation will be useful in determining the spatial distribution of the local magnetic field and the supercurrent.

V. STRUCTURE OF A SINGLE VORTEX

In this section, we determine the single-vortex struc-
ture for a d-wave superconductor by using the GL equa-
tions derived in the previous sections. The vortex struc-
ture of a superconductor with dxz_yz pairing symmetry is
of great interest because of its relevance to high-T, super-
conductors. It is expected that the structure of a d-wave
vortex is very different from that of s wave®’ or p wave.?
This problem was considered by Volovik® who studied
the density of states produced by the d-wave vortices.
From the symmetry consideration, he argued that the
core of the vortex in the d-wave superconductor should
contain all the possible gap functions that are consistent
with the maximal symmetry group of the vortex line. In
particular, it should contain the conventional s-wave
pairing component with the opposite winding phase. Be-
cause of this correction, the total gap function has no
lines of gap nodes within the core. Very recently, the d-
wave vortex structure has also been studied numerically
by Soninen, Kallin, and Berlinskylo within the framework
of the self-consistent Bogoliubov-de Gennes theory.
Their result confirms the existence of the induced s-wave
component near the vortex core. However, the asymp-
totic behavior of order parameters is not clear from their
numerical calculation. It is also difficult to identify the
exact relative phase between s-wave and d-wave order pa-
rameters. The temperature dependence of the order pa-
rameters cannot be determined either from their numeri-
cal calculation.

To study the structure of a single vortex, the
magnetic-field effect could be neglected'> when we con-
sider the extreme type-II superconductors, such as high-
T, materials. This does not affect our conclusion as long
as we confine ourselves in the physically interesting re-
gion 7 <<A. Defining £,=V av /2 which differs with the
usual coherent length at zero temperature only by a nu-
merical factor ~1 and A0=\/ 4/3a, we may cast the
Ginzburg-Landau equations into dimensionless form
r/&—r,A/Ay—A,

1| 3% 9’
* __ ZA*-—— — — = |A*
asAs v s 2 axz ayz d
+%|AsIZA;+%|A,,IZA;‘+%A;2AS=O, 5.1)
—In(T,/T)AS— VA% — & & A}
c d d axz ayz s
8 2ax . 4 A2 IA%—

In term of cylindrical coordinates, R=(r,6), and noting

art  ror r236*°
@ _ @ _1f[la 8| [a_.8
ax? 3Jyr 2 x  dy ox dy ’
B ;0 | e[ i
ox dy or r o6
_1]9 ,i3
r|or r 06 ’
2
8 ;0 | _,-ue| |8 10
ox dy or r 06
_1)|8 _ i3
r |or r a0 ’

the GL equation can be rewritten in terms of the cylindri-
cal coordinates:

2 19 1 92
*__ | = __ = 2 v *
A5 ar:  r or % 36? As
2
_ 1 20| |08 i3 119 i3 *
4° ‘ar+r66 r{ar_*-raO Ad
L, |8 18 | 110 13 ||\s
4 or r 30 r |or r 00 d
+§|As|2A§+%|Ad|2A;‘+%A§2AS=O , (5.3)
¢ 9 19 1 32
p— * ___ —_ o *
TN e e e |
2
1 %pf|0 i 0 | 1(8 i3 .
2e [ ar raej rlar+r86 A
1,3 i8] _1{a_i3 ||,
2 ar r 00 r |dor r o0 $
+%|As|2A,’;+%A;2Ad+|Ad|2Ad= . (5.4)

In general, the full solution to the Ginzburg-Landau
equations of a single vortex involves all possible terms
that are consistent with the maximal symmetry group of

the vortex:
A§=2g,,(r)ei(4"+l)9, (5.5)
n

A}=T fm(rie'@n=1e, (5.6)
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where n,m sum over all integers.

We expect that, far away from the center of the vortex
(strictly, in the region of §<<r <<A), the d-wave order
parameter takes the form A%=g,e’®. Simple inspection
of the Ginzburg-Landau equation shows that the
leading-order terms (up to » ~2) that are important in our
interesting region are

1| 30380  _; go
asA:_Z e38‘;2—_ 9= 3 oA*
2 2,205 —
+?goe A,=0, (5.7
K 3 , 1 3
—In Ad ar ~2 , 3‘ 2 862 Ad
+|A,41?A%5=0. (5.8

The solutions to the above equations are found to have
the following form (up to » ~2):

A:=%(—ae—"9+be3i9) , (5.9)
r
A§=g0e‘9+zl-2— —2—e"’+(a+3b)(e‘3“9 5"6)]
= |go———+1aF30) 49|, 10
2gor 2r
where
go=[In(T,/T)]'*, (5.11)
a,+10g2 /3 g
= e, (5.12)
(a,+4gt/3)*—(2g5/3) 4
3a,+14g2 /3
s g0 8o (5.13)

(o, +4g2 /37— (2g2/3) 4

Thus the induced s-wave component decays as r 2 far
away from the core, the e ~*% and %9 terms combine to
give the profile a shape of four-leafed clover (see Fig. 1).

y

X

A
)

FIG. 1. The equal-interval contours of magnitude of the in-
duced s-wave order parameter |A,|%.
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The d-wave component is also modified by the anisotrop-
ic terms proportional to » ~2, and shows a fourfold sym-
metry, as shown in Fig. 2. When temperature ap-
proaches T, the leading term of d-wave and s-wave com-
ponents reduce to the following simple form:

A*=\/1—T/T el? (5.14)

Ay=

V1 T/T,(—e "94+3e%9) . (5.15)

4a r?

These results indicate that, near T,, the s-wave and d-
wave order parameters have the same temperature depen-
dence, namely (1—T/T,)!/%. It is also interesting to
note that the s-wave component is suppressed by the
effective on-site repulsion V, since a; is proportional to
V,. Moreover, our calculation shows that even when
V,—0, the s-wave component still persists. The charac-
teristic decaying length of the s-wave order parameter
measured from the center of the vortex core is £,/ ay,
which is also suppressed by V.

Near the center of the vortex, to the leading order, our
Ginzburg-Landau equations become

[Eetii s
—%l—%—fa—% A3=0, (5.16)
i
e [ [ [t e
%'%—f% A*=0 (5.17)

The general solution to Egs. (5.16) and (5.17) again has
the form

A%=g(r)es, A*=f (r)e "+ f,(r)e® . (5.18)

To the leading order, we find f,;(r)=c,r,f,(r)=0, and
g(r)=cqyr. So, near the center of the core,
A% ~cqore'?, (5.19)
A¥~c re 9, (5.20)

where the constants ¢, and ¢; have to be determined by
connecting the solution near the center with the solution
far away from the core, just as in the case of conventional



FIG. 2. The equal-interval contours of magnitude of d-wave
order parameter |A;|2. We note that the profile has a fourfold

symmetry.

s-wave vortex.® Thus near the center of the vortex the in-
duced s-wave component has the exactly opposite wind-
ing number relative to the d-wave component.’ The rela-
tive phase between the s- and d-wave components in
different regions are shown in Fig. 3.

VI. SUPERCURRENT AND LOCAL FIELD
AROUND A VORTEX

In this section, we calculate the distributions of the su-
percurrent and local magnetic field around a d-wave vor-
tex. In the limit of £§;<<A, the supercurrent of Eq. (4.4)
can be rewritten in the following dimensionless form:

.. Po 1

]——lm ASVA:"*'EAQ-VA;
+% AS%A;+A,,%A; R 6.1)
—% AS%A;—FA,,%A: 9!, 6.2)

where @, is the flux quantum. Then the distribution of
the supercurrent around a d-wave vortex is easily deter-
mined by putting the results of A; and A, given in the
previous section into the above equations. We find, for
r—0,

j= —;—(c(z, +2¢3)r8, (6.3)
and for &, <<r <<A:

0>} 2
j= ogg a+233b sin46 [T

2mA 2r

— L razbiat3b oy a) .
roogor r 2r
(6.4)

These results indicate that, near the vortex core, the
current flows around the vortex uniformly along the 6
direction, while far away from the vortex core, it has
both 6 and r components and exhibits a fourfold sym-
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FIG. 3. The relative phase between s-wave and d-wave order
parameters in the different regions. The vectors with the out-
lined arrow represent the d-wave component, while the vectors
with filled arrow represent the s-wave order parameter. The an-
gle between the two vectors is the relative phase.

metric distribution, as shown in Fig. 4, in sharp contrast
to that around a conventional s-wave vortex.

The local magnetic field around a d-wave vortex can be
calculated from VXB=4rj:

Bo—%(c%+2c§)rzy’z‘, r—0,

Dogd [ A 1 _a—b
2 |0 2T 53
27A r gor r
9—‘%33 cosdl |2, £y <<r<<A. (6.5)
r

FIG. 4. The streamlines of the supercurrent around a d-wave
vortex.
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™o

)

FIG. 5. The equal-interval contours of the local magnetic
field |B| around a d-wave vortex.

The distribution of the local magnetic field around the
vortex is plotted in Fig. 5. We clearly see that in the re-
gion of £,<<r <A, the local field, similar to the super-
current, shows a fourfold symmetry, which should be ob-
servable experimentally by the scanning SQUID’s.>

VII. SURFACE PROBLEM

In this section, we study the distribution of the order
parameters at surface of a d-wave superconductor using
the GL equations, i.e., the proximity effect. For simplici-
ty, we consider the situation where there are neither
currents nor magnetic fields. Suppose the a axis of the
superconductor is along x direction which is normal to
the surface, we have one-dimensional GL equations:

d?A¥ 1 d*AY 4
asA:—ﬁ—E_d—z_F?]As!ZA:
4 2A % 2 *2 —
+318PAr +SAA, =0, (.1)
(1—=T/T.)A% dZA; dZA:
eTd T gx? dx?
+%|AS|ZA§+%A;2Ad+|Ad|2A§= (7.2)

From our numerical calculation (which will be presented
below), we find that A; and A; must be real and the s-
wave component is always much smaller than the d-wave
component. In this case, the A, satisfies approximately
the following equation:

2

—(1=T/Tyhy———+A}=0, (7.3)
dx
with the following boundary conditions:
Ay=0, x=0; Ay—>V1—T/T.,, x—>o . (1.4)

(Strictly, the boundary condition should be the vanishing
of the current at x =0. This only complicates the prob-
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lem, with the qualitative physics unchanged.) The solu-
tion: is

A;=vV'1—T/T,tanh(V'1—T/T,/2x) .

The asymptotic behavior of A; can be obtained by using
Egs. (7.1) and (7.5):

(7.5)

(1—T/T,)* 0
Vo, T
A= 7.6
* A=T/T)*? .\ /a=T/Tx 7.0
T 2a, © P T

s

We have performed numerical calculation of the distri-
bution of the order parameters at the surface for a d-wave
superconductor with an arbitrary angle 6 with respect to
the a axis by solving the GL equations (5.1) and (5.2).
The magnitude of the order parameters is shown in Fig. 6
for different temperatures. It is interesting to note that
near the surface a small s-wave component is always in-
duced. It depends linearly on x as x —0 and decays ex-
ponentially when x is large. With the increase of the
temperatures, the peak of the s-wave component becomes
broader and shifts toward to large x side. More remark-
ably, we find that the total order parameter is a real com-
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FIG. 6. Spatial variation of the order parameters near a
vacuum-d-wave superconductor interface: (a) T/T.=0, (b)
T/T,=0.5,and (c) T/T.=0.9.
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bination of d-wave and s-wave components. The phase
between s- and d-wave order parameters is determined by

¢d _¢s =Sign[ —cos( 29)] s (7.7)

i.e., ¢, —¢, takes the value either O or 7, depending on
the angle 6 between the a axis and the direction normal
to the surface. At the first glance, this result seems to be
surprising since the coupling term A¥?A%+A2A%? in the
GL free energy favors energetically ¢, —¢,=m/2, i.e.,
the s +id state. However, a closer examination shows
that this term is only a higher-order correction because
the s-wave component itself is small. In fact, the most
important term is the mixed-gradient term
OxA;d,A;—3,A3,A7+H.c. It is this mixed-gradient
term that induces the s-wave component. The phase be-
tween s- and d-wave components is also primarily deter-
mined by this term which gives rise obviously to a phase
¢4 —¢,=0 or 7. This means that although the proximity
effect of a d-wave superconductor can induce a small s-
wave component near the surface, a locally time-reversal
symmetry-breaking state can never occur in practice.

VIII. CONCLUSIONS

We have established a GL theory for a superconductor
with dxz_yz-wave pairing symmetry. The GL equations
obtained in the present work can be easily used to study
the properties of nonuniform d-wave superconductors.
We have shown that, for a d-wave superconductor with
inhomogeneity, the s-wave component is always induced
near the inhomogeneous regions. In the other words, this
result means that it is impossible to have a pure d-wave
state for a nonuniform superconductor.

As an application of our theory, we have studied the
single-vortex structure for a dxz_yz-wave superconductor

using the GL equations. The asymptotic behavior of such
a vortex has been analytically determined. This most in-
teresting feature is that the s-wave and d-wave com-
ponents, with the opposite winding numbers, are found to
coexist in the region near the vortex core. It has been
shown that the d-wave component varies linearly with
the distance r from the vortex core as » —0 and goes to
the pure d-wave bulk value for very large ». In the region
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of §o<r<<A, it exhibits a fourfold symmetry. On the
other hand, the induced s-wave component has a linear-r
dependence for small r but decays as r ~2 when r is large.
It shows a fourfold symmetry in the region of £, <r <<A.
Furthermore, for large r, the winding of s-wave com-
ponent is more complicated and its magnitude exhibits
strong anisotropy. The temperature dependence of the
s-wave order parameter is complicated, but near T, it
has the same behavior as the d-wave component, namely
(1—T/T,)"2 This structure could be observable by the
scanning tunneling microscopy experiment on a d-wave
superconductor in the mixed state, similar to one per-
formed on the conventional s-wave superconductors.'
We believe that such a complicated d-wave vortex struc-
ture will affect the transport properties in the mixed
state, such as the resistivity and the Hall effect. The
relevant results will be given elsewhere.

The supercurrent and local magnetic field around the
d-wave vortex have also been calculated and both of them
exhibit a fourfold symmetry, in contrast to those around
a conventional s-wave vortex. We believe such a distribu-
tion of the local field should be observable experimental-
ly, and could be used as a probe of determining pairing
symmetry in high-T, superconductors.

We have also studied the proximity effect at the surface
of a d-wave superconductor using our GL equations, and
have found that a small s-wave component is induced
near the surface. The total order parameter near surface
is always a real combination of s- and d-wave components
and their relative phase is determined by sign[ —cos(28)].
The immediate consequence of our result is that although
the proximity effect of a d-wave superconductor can in-
duce a small s-wave component near the surface, it is im-
possible to have a locally time-reversal symmetry-
breaking state at the surface.
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