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Structures of single vortex and vortex lattice in ad-wave superconductor
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(Received 10 November 1995

The structures of a single vortex and vortex lattice in a superconductordysith. symmetry are studied
self-consistently employing a recently developed Ginzburg-Landau theory. Near a single vortex, we found that
an s-wave component of the order parameter is always induced, and it causes the local magnetic-field distri-
bution and thed-wave order parameter to have a fourfold anisotropy. It is shown that there is a strong
correlation between the structure of a single vortex and the shape of the vortex lattice. Our numerical calcu-
lation indicates that the structure of the vortex lattice is always oblique except for temperatures very close to
T. where it becomes triangular. The possible connection of the result with experiment is also discussed.

The symmetry of the order parameter in high-temperaturdased on the symmetry consideration. Recently the numeri-
superconductors is of current interest. Recently, a class afal calculations of single vortex within the framework of the
experiments designed to directly probe this quantity havéBogoliubov—de Gennes equatidhand of the vortex lattice
provided strong evidence for a sign change of the order pausing phenomenological GL equatidrisave been reported.
rameter on the Fermi surfade® consistent withd,2_ 2 sym-  Here we present a self-consistent calculation for the struc-
metry. Thus it is necessary to consider new physics whictiures of the single vortex and the vortex lattice on the basis
might arise in ad-wave superconductor. of our microscopic GL theory for d-wave superconductor.

It is well known that the Ginzburg-Landd@L) theory is The variation off with respect to the order parameters
the most useful method to study the basic phenomenology aof, ¥4, and the vector potentidd leads to the differential
conventionals-wave superconductivity. Recently, we have GL equations, as given in Ref. 4. It is interesting to note that
derived the microscopic GL equations of d._,2 the only parameter in Eq1) which depends explicitly on
superconductdton the basis of Gor’kov’s approachn our  temperature isxs(T), as given in Eq.2). The parameter
derivation, the interaction between electrons is assumed to he; or ay(T) at T=0 could be determined by the material
attractive in thed-wave channel and repulsive in teavave  properties of the system. Nevertheless, we notedhr) in
channel, so that the uniform superconductor always has Bq. (2) is almost constant in a wide temperature range below
purely d-wave pairing state. We showed that the GL free0.9T., and increases dramatically @s-T.. We will show
energy for ad,2_,2 superconductor can be expressed inthat such temperature dependencexg(T) has a strong ef-

terms of two order parametergy(r) and ¢4(r): fect on the vortex structures.
. ) o a4 1l 48l ol 12 In the following, we perform a numerical study of the
f=ag(T) sl = al“+ 3|9l *+ 2|0l *+ 34| *| o] discretized GL free energyl) using numerical relaxation

2 %22, %22 ~ e~ o~ approach? In order to describe a superconductor in the
+5(5 "+ g ") + 2| 1| “+ | Tapg| “+ (T, peTT5 g magnetic field, we use the constraint of fixing the average
L dT* o* + H.C) + k2(V X A)2. 1 magnetic inductiorB by specifying the total flux® in the

yslly Ui S ) @) unit cell, and impose the periodic boundary conditions. If a
Here we have put the free energy into the dimensionles§Pecial gauge is chosen such thAatis independent ok, we

form with II=iV — A, « being the GL parameter, and obtain very simple boundary condition&;(0)=A,(L,) and
W ! < being P Ay(Ly,y)—Ay(0y)=P/L,. The other boundary conditions

ad(T)=a/(1-TIT,), ) nei:cljzonly to obey the gauge invariance and can be taken
as™t? A, (x,L,)=A,(x,0), s(x,Ly)=s(x,0)exp(®/2),
where as=4(1+2V,/Vy)/N(0)Vy is a positive constant, g(Ly,Y)=#s(0y)exply®/Ly), #qy(X,Ly)= hg(x,0)exp(®
with Vs>0 (—Vy<0) being the effective interaction /2), and y4(Ly,y) = #q(0y)exply®P/Ly). With Eg. (1) and
strength ins- (d-) wave channel, antN(0) the density of the above boundary conditions, we can now realize the re-
states at the Fermi level. It can be seen that the supercotaxation procedure: choosings, s , g, ¥4, Ac, and
ducting state described by E€l) is purelyd wave in the A, as independent variables, we can write down the relax-
bulk with a single transition temperatufie,. This is very ation iteration equations
different from the earlier work on mixeslandd state, where
the interaction was assumed to be attractive in lsotindd
channel€. Consequently, such a mixed-d state could per- (n+1)_ ,(n) of
sist even in a uniform system, and of course led to two tran- bs T=Ys T ayr| €
sition temperature$. s
In the present work, we will use Edl) to study the
structure of vortices in d-wave superconductor. We should of |
mention that thel-wave vortex was considered by VoloVik wfj”“)z wf,m— €5 AR
d
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FIG. 1. Distribution of | around a single vortex for
T/T,=0.5, a;=1, andk=2: (A) surface plot andB) contour plot.
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FIG. 2. Same as Fig. 1 but fog|.

feature of the single vortex does not change, but the fourfold
anisotropic structure ofi moves far away from the vortex
center.

Figures 4A) and 4B) show the phases of thlkwave and
s-wave order parameter respectively. Far away from the

wheree’s are all positive numbers to be adjusted to optimizecore, the slight asymmetry in theandy directions is due to
the convergence rate amdis an integer labeling the genera- the special gauge choice used in our calculation. We all know

tions of iteration. It has been shown thiatwill monotoni-

that the phase itself, like the vector potenths) is not a

cally decrease to its optimum stateragncreases as long as physical observable and allows to have an arbitrary gauge

we choose a proper initial stat®.
When temperature is not too closeTg, the most inter-
esting feature of a single vortex is that teevave compo-

choice. The quantity we are interested in is the phase differ-
ence betweers- and d-wave order parameters, which is
gauge-choice independent. We clearly see from Fig. 4 that

nent with an amplitude of about 0.1 is induced around thenear the vortex core, the inducsdvave component has an

core, as shown in Figs(A) (surface plotand 1B) (contour
plot) where we have takea;=1, T/T.=0.5, andk=2. One
can clearly see that the distribution faf,| exhibits the pro-

opposite winding relative to thé-wave order parameter. Our
calculation also shows that the qualitative behavior of the
single vortex structure remains unchanged in a wide tem-

file in the shape of a four-leafed clover, which is in perfectperature range beloW,, becausers is of the same order of
agreement with our analytical resfiltVe find that the pres- magnitude as long as the temperature is not too close to
ence of this fourfold symmetris-wave component causes T..

redistribution of thed-wave order parametgiyy (Fig. 2)
and the local magnetic field (Fig. 3) around the vortex.

As T—T., as may become very largesee Eq.(2)]. In

this case, we find that although the fourfold symmetric

Namely, both| 4| andh show fourfold anisotropy far away s-wave component is still induced around the vortex, its
from the core, even though they are isotropic close to thenagnitude decreases asxl/and may become very small.
vortex center. By increasing, we find that the qualitative Such a smalls-wave component~ 103 for T/T.=0.95)
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FIG. 3. Same as Fig. 1 but fdr.

has a little effect on the distribution afy and h. So, the
vortex structure in this case is basically isotropic, similar to

that in a conventionad-wave superconductor.

The structure change of a single vortex from fourfold an-
isotropic to isotropic with temperature will affect the vortex
lattice structure. To check this, we have studied the vortex
lattice described by Eq(1) using numerical relaxation
method in a rectangular unit cell with two vortices. The pe-
riodic boundary condition is also used. The ratio of
R=a,/a, (wherea, anda, are our discretized lattice param-
eters inx andy directions, respective)ycontrols the shape of
the vortex latticé? For example,/R=1 corresponds to the

square, whileR= J3
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FIG. 4. Phases of;y (A) and i (B).

dly towardR= /3, i.e., the triangular lattice is sta-
bilized, as shown in Fig. ) where we have taken
T/T.,=0.95.

It is interesting to note the correlation between the single
vortex structure and the vortex lattice. In a wide range below
T., thed-wave order parameter and the local magnetic-field
distribution exhibit fourfold anisotropy around the vortex,
corresponds to the triangular lattice. caused by the presence of a sizallwave component.

We have calculated the dependence of the free enerdy on These anisotropic single vortices tend to form an oblique
for various temperatures at fixed external magnetic fieldyortex lattice. On the other hand, whé@h-T, and &, be-

H=0.8 andk =2 (variations ofH and« only change results comes large, the inducedwave component is strongly sup-
slightly, with the qualitative physics remaining unchanged;pressed. Although it still shows fourfold symmetry, its mag-

precisely, with the increase &f and « the minimum of the
free energy tends to shift toward a slightly smaliex. We

nitude is too small to affect the single vortex structure.
Consequently, bothyy and h have isotropic distribution

find that whenT/T;,=0.5, the free energy is minimized by around the vortex core, similar to tisewave vortex. These
R=1.35, signaling that an oblique vortex lattice is stable.isotropic isolated vortices prefer to have a triangular vortex

Figure 3A) shows the oblique lattice formed by the local lattice,

magnetic field. The oblique lattice is expected to be preferreduperconductdl® as expected.
in a wide temperature range, becausgis almost constant.

identical

to the vortex lattice in ars-wave

In the above calculation, the orientation of the vortex lat-

However, asT —T., the minimum of the free energy moves tice has been assumed to be along [th@0] axis. We also



R2994 JI-HAI XU, YONG REN, AND CHIN-SEN TING 53

consider the possibility of along tHa10] direction. In this

6.0 _\ \? case, we can still use the same boundary conditions as we
(A) @ ﬁo >A@ ) yo.0e did for the [100] direction, but the coordinates in El)
1 Z 200 must be rotated by 45°. Under this transformation, the free
27.0 —_ NP /z\ — s ront energy becomes
—@1\%@ 1’1 “‘|K @ — 7 +O:15
FINVESS / —A 32\’2 — 8 +0.17
£18.0 - g : AN ~ 2 2, 41 1Ay L 14 8]y (2] |2
4 @/ @> ___11 +0.23 f:as(T)|¢s| _|'70d| +§|¢s| +§|‘/’d| +§|'//s| |¢d|
E — 12 +0.25 ~ ~ ~ ~
YN \ \ A 33 P 05 P g) + 20T [Ty *+ (Tl T3
/> QT / Y — T, T2 5+ H.C)+ K2V X A2, @
: <
% A

0.0 100 20 g 400 We have repeated the numerical relaxation calculation us-

ing the above equation for the orientation of the vortex lat-

B ] w/z/—\z Oz/“z 1\172 = fﬂ +0.02 tice along the[110] direction. We still find that the oblique
(B) . ~ \s\@ )/\ \‘@j \@ — 2 4+0.04 lattice is stable in a wide temperature region, similar to that
1/ AN 2, 1\ 4 ['5 1— 3 +0.06 in the [100] direction. Furthermore, we note that the free
31.2— <y : g 18'?3 energy for both cases is almost the same, and is still slightly
722 7 — 6 +0.12 higher along thg110] direction.
473’ N\ '3 — 7 +0.14 Our results indicate that for a single vortex in a supercon-
N / / — 8 +0.16 i
w = L — 9 +0.18 ductor withd,2_,2 symmetry, one expects to have a fourfold
=208 — 10 +0.20 symmetric vortex structure in a wide temperature range. \We
i (‘ '_‘ }; iggi believe that this fourfold anisotropy of the single vortex, in
[“ /\ C' . principle, could be realized by directly measuring the distri-

10.4 R bution of the local magnetic field around the vortex using the
_ scanning superconducting quantum interference devices.
q (‘ Correspondingly, one would also expect to observe an ob-
N f\ \ / lique vortex lattice in a wide temperature region. In fact,
such an oblique lattice structure has been recently observed
36 0 by small angle neutron scattering on Y&2u,0-, samples:*
X/é Only when temperature is very close 1@, the isotropic

single vortex and a triangular vortex lattice structures may
become possible.

0.0

0.0

FIG. 5. Contour plots of the local magnetic field for (A) . .
T/T,=0.5 andR=1.35, corresponding to an oblique lattio®) We thank Dr. Z. D. Wang for a useful discussion on the

T/T.=0.95 andR= V3, corresponding to a triangular lattice. The ?humgtrl(;al r?'?rxatlontrrrethohd'tghl_sr reseaéCh ;Nasf sugported by
solution in the rectangular unit cell with two vortices has bee d et' .?e toth e)L(JaS: ro.?g f He ixasther]l_er OrAdUperC?jn'
replicated three times in the direction and two times in thy uctivity at the University of Houston, the 1exas vancg

direction. Research Program, and by the Robert A. Welch Foundation.
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