PHYSICAL REVIEW B VOLUME 55, NUMBER 10 1 MARCH 1997-II

Local density of states in the vortex lattice in a type-Il superconductor
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The local density of stated DOS) in the triangular vortex lattice is investigated based on quasiclassical
Eilenberger theory. We consider the case of an isotrepi@ve superconductor with the material parameter
appropriate to NbSeAt a weak magnetic field, the spatial variation of the LDOS shows a cylindrical structure
around a vortex core. On the other hand, at a high field where the core regions substantially overlap each other,
the LDOS is a sixfold star-shaped structure due to the vortex lattice effect. The orientation of the star coincides
with the experimental data of scanning tunneling microscopy. That is, the ray of the star extends toward the
nearest-neighbanext-nearest-neighbpvortex direction at higheflower) energy.[S0163-18207)02610-9

. INTRODUCTION calculated by Gygi and Schier'° and Shoreet al!! from
the Bogoliubov—de GennéBdG) equation. The calculations

Since the success of observing the vortex core image bgf the LDOS based on the quasiclassical Eilenbe(@&E)
Hesset al. in scanning tunneling microscog$TM) experi-  theory? were done by Kleiff and Ullahet al* for isotropic
ments, it has been possible to investigate experimentally th&-wave superconductors. While these calculations showed
local density of state§LDOS) around a vortex core in that the vortex image observed by STM is due to the quasi-
type-Il superconductors® This investigation has revealed a particle state bound to the vortex core, they investigated only
rich internal electronic structure associated with a vortexthe case of an isolated single vortex and based on the as-
core, and should be important for understanding convensumption of the cylindrically symmetric vortex core struc-
tional and unconventional superconductors. Then, to extradtre. In ad,>_2-wave superconductor, the LDOS around an
further information from the experimental data, a detailedisolated single vortex was calculated by Schopohl and
calculation of the LDOS is expected from the theoreticalMaki'>*® and Ichiokaet al'” However, the LDOS in the
side. vortex lattice case has not been calculated so far.

Hesset al. have done a series of beautiful STM experi- On the other hand, the STM experiments associated with
ments on the layered hexagonal compound 2H-NbSethe vortex core are usually performed at high magnetic
(T.=7.3 K) to reveal a detailed spatially resolved electronicfields, where the distance between vortices is short and the
structure around a vortex cote> They provided direct im- overlap of the vortex core with that of the nearest-neighbor
ages of individual vortices and the flux line lattice. Their vortices cannot be neglected. In this situation, the LDOS
experiment detected the quasiparticle state bound to the voground a vortex core is expected to break cylindrical sym-
tex core, which was theoretically predicted by Caroli, demetry and show sixfold symmetric structure when the vortex
Gennes, and MatricohFurther, a remarkable result is the lattice forms a triangular lattice. The purpose of this paper is
sixfold star-shaped LDOS around a vorfex.Their results  to calculate the LDOS in the triangular vortex lattice by us-
are summarized as follows when the magnetic field is ap-
plied perpendicular to the hexagonal plaf&: The LDOS
for quasiparticle excitations has a sixfold star shape centered
at the core(2) The orientation of this star depends on the -
bias energy. At zero bias, the “ray” of the star extends away
from the nearest-neighbor direction where a conventional
60° Abrikosov vortex lattice is formed. Upon increasing the A
bias voltage, the star rotates by 30° and the ray extends to
the nearest-neighbor directio(See Fig. 4 in Ref. 2 or Fig.
lin Ref. 4) (3) In the intermediate-bias voltage, a ray splits
into a pair of nearly parallel rays, keeping its direction fixed
(see the STM image for 0.24 mV in Fig. 1 of Rej. 4
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Recently, on the other hand, Maggio-Aprié al. have ® 14
succeeded in observing the STM image of the vortex cores
on a highT; superconductor YBLu;0; (Ref. 8. One of the FIG. 1. The configuration of the vortex lattice in our figures.

points in analyzing their STM image of vortex is how the The yortex centers are shown by solid circles. A hexagon enclosed

gap anisotropy d,2_2 wave in the hight. superconductor  py dashed lines presents the Wigner-Seitz cell of the vortex lattice.

affects the LDOS around a vortex. When we consider the profile of the spatial variation, we present it
To understand these experimental results, the concret@ong the trajectories of lin@A (0° radial direction, line OB

form of the LDOS structure is expected to be calculated from(15° radial directio, line OC (30° radial directioy and line

the theoretical side. So far, the LDOS around a vortex wa#C (boundary.
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ing QCE theory and clarify its sixfold symmetric structure. It by Hesset al. when performing their STM experiments on
is expected to be observed at a high magnetic field. For thBlbSe.!™ We use the material parameter appropriate to
case where cylindrical symmetry is broken, the QCE apNbSe, and assume that the Fermi surface is two dimen-
proach is more suitable than the BdG approach. sional, which is appropriate to Nbgerhe magnetic field is

As for the sixfold symmetric structure of the LDOS ob- applied perpendicular to the hexagonal plane, that is, along
served by Hesst al.>™® Gygi and Schlter'®'8discussed it the z axis. The case of the triangular vortex lattice in an
on the basis of BAG theory by introducing a sixfold symmet-isotropic s-wave superconductor is considered in the clean
ric perturbation term and using their numerical solutions oflimit. The Fermi surface and the energy gap of the supercon-
the cylindrical symmetric case. While they explained theductivity are assumed to be isotropic in order to exclude
above-mentioned experimental featufés and (2), the ori- other origins of anisotropy and to clarify the vortex lattice
gin of their perturbation term is not clear, and it is uncertainefféct on the LDOS around a vortex. Throughout the paper,
whether the sixfold symmetric term can be treated by a perénergies and lengths are measured in units of the uniform
turbation theory. We note that their theory cannot determind@® 4o at T=0 and the coherence length
the absolute orientation of the star relative to the vortex latéo=vr/Ao= mépcs (v is the Fermi velocity andpcs BCS
tice configuration, since in their theory the orientation is de-coherence lengjh respectively. The magnetic field and the
termined by the sign of the perturbation term, which is givenvector potential are, respectively, scaled ky/¢* and
as an assumption. bol €, where gy is the flux quantum.

As for the origin of the sixfold symmetric vortex struc-  The rest of this paper is organized as follows. In Sec. Il
ture, the following three possibilities are enumerated withinwe describe the method of calculation based on the QCE
weak-coupling BCS theory: the effect of the vortex latticetheory. Section Il contains numerically obtained results
(that is, the effect of nearest-neighbor vorticebe effect of ~about the LDOS of the vortex lattice. The summary and dis-
a sixfold symmetrically anisotropis-wave pairing, and the cussion are given in Sec. IV.
effect of the sixfold symmetrically anisotropic density of
states at the Fermi surface. In this paper, we focus on the || QUASICLASSICAL EILENBERGER THEORY
effect of the vortex lattice by calculating the LDOS naively
in the vortex lattice case. The contribution of this effect The calculation based on the Eilenberger theory is per-
should be clarified before considering other anisotropic efformed by following the method suggested by KI&frf>%3
fects. The contribution of the other anisotropic effects is in-First, we obtain the pair potential and vector potential self-
vestigated elsewher@. consistently by solving the Eilenberger equation in the Mat-

The quasiclassical calculation in the vortex lattice casesubara frequency. Next, using them, we calculate the LDOS
has been so far performed by Klein in the case of lew- by solving the Eilenberger equation in real energy instead of
type-lIl superconductors such as Ta or fltHe calculated the Matsubara frequency.
the spatial variation of the pair potential and magnetic field, In our calculation, the unit vectors of the vortex lattice are
where the Eilenberger equation is solved self-consistently igiven by r,=(a,,0) andr,=({a,,ay). As we consider a
the Matsubara frequency, and he succeeded in solving it biyiangular lattice, we sea,/a,=+/3/2 and{=1/2. The mi-
either the so-called symmetry method or the so-called explosroscopic magnetic field(r) = (0,0,H(r)) is divided into an
sion method®?* He also tried the calculation of the external field H=(0,0H) and an internal field
LDOS#2?where the Eilenberger equation is solved in realh(r)=(0,0,h(r)),
energy instead of the Matsubara frequency, by using the self-
cqnsistently obtained pair potential and vector potential. In H(r)=V><A(r)=H_+ h(r), 2.
this real energy case, he could calculate only the momentum-
resolved LDOS for a specifik (the relative momentum of \yhere the spatial average bfr) vanishes. Therefore, the

the Cooper pajr direction because only the symmetry yector potentialA(r) is also divided into two parts,
method was used. In this paper, we calculate the LDOS fol-

lowing the method suggested by Kléh?22%However, as
we succeed in solving the Eilenberger equation in the real
energy case for arbitraty directions by using the explosion ;. the symmetric gauge. From Eq&.1) and(2.2), we obtain
method, we can calculate the momentum-resolved LDOS fo (r)=Vxa(r)

arbitrary k directions. Then we can obtain the LDOS inte- We consider the quasiclassical Green functions

grated over alk directions. t ; )
) L . . O(wy,0,r), f(w,,06,r), andf'(w,,6,r) with Matsubara fre
The LDOS in the vortex lattice is an important physical quencyw,=(2n+1)7T, wherer is the center-of-mass co-

quantity, since it can be observed directly by the STM eX-o 4inate of a Cooper pair. The direction of the relative mo-

periments. And, further, it can be a clue to estimating the ‘ fthe C &= k/IKl is denoted b |
transfer of the quasiparticle bound states between vorteentum ot the L.ooper paik.= K|, is denoted by an angle

cores. This transfer leads to the band structure of the boun@ me_asure_d from the axis i.n the hexagonal plane. For_the_
states as suggested by Caffelf the enough transfer exists, q_uaswlassmal Green functions, the Eilenberger equation is
it makes the de Haas—van AlphédHvA) oscillation pos- 9'Ven as

sible even in the superconducting state, which is observed in )

h ial has N f. 2 YB Ref. ™

t26(§.materlas such as Nbs@ef. 25 and YBaCu;0O; (Re %A)]f(wn,a,r)=A(r)g(wn,0,r),

In our calculations, we consider the same situation as used (2.3

A(r)=1HXr+a(r), 2.2

1 :
wn+§ gt
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1 2@
[wn— E( (9||—|—A)]fT(wn,g,r):A*(r)g(wn,0,r),

$o
(2.9
aug(wn,e,r)=A*(r)f(wn,0,r)—A(r)fT(wn,0,r),
(2.9
g(wn,6,r)=[1—f(wn,6,r)fT(wn,6,r)]1’2,
Rey(wy,0,r)>0, (2.6

where gj=d/drj and Aj=k- A———HrL+k a. Here, we
have taken the coordinate systerru costxX+ smay

V= —sinex+ cosﬂy and thus a point =xx+yy is denoted
asr—r||u+ r,v. The first-order differential equatior(@.3)—
(2.5) are solved along the trajectory where is held con-
stant.

The self-consistent conditions for the pair potentigl)

and the vector potential are, respectively, given as

277d0f
0 Z (wnlair)l

A(r)=VNg2xT 2>0 2.7

VXVXA(r)=VXVXa(r)

fz =d@ k
27 i 79(@n, 0.1),

TS
K 0

wn>0

(2.9

whereNy is the density of states at the Fermi surfa¢ehe

pairing interaction, and k= (7(3)/72Y%(Aq/kgT) ko

=0.603«, with Rieman’s zeta functiog(3). TheGinzburg-
Landau(GL) parametetk, is given by

7m{(3) 2 (fivgp)*
_2_ _
%0 =g Nol7c) (rkgTo?" 2.9
In our calculation, we use the relation
T
—=|n—+2#T , 2.1
N, P2 2 Tl e

and set the energy cutoth.=20T.. WhenA(r) is calcu-

lated from the differential equatio(2.8), the Fourier trans-

formation is employed by following the method of Klei.
We calculate the right-hand sidBHS) of Egs.(2.7) and

(2.8 using the quasiclassical Green functions obtained byoordinater,=—

Egs. (2.3—(2.6), and obtain the new value fak(r) and
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tion for A(r) andA(r). In Eq. (2.11), the RHS is the Abri-

kosov solution of the vortex lattice, where we use the rela-

tion Ha,a,/¢o=1. The factor expfinxy/aa,) is due to the

gauge transformation from the Landau gauge to the symmet-

ric gauge. We seto=(Xq,Yo)= — 3(r,+r,) so that one of

the vortex centers locates at the origin of the coordinate.
On the other hand, the LDOS for enerByis given by

2nd 6
N(E,r)=Jo EN(E,r,a)

—JZﬂdeR i E+i 2.1
= Py eg(iv,—E+in6r), (212

0
where 7 is a positive infinitesimal constant aidi(E,r, 6)
the angular-resolved LDOS. Typically, we chooge 0.01.
To obtaing(iw,—E+i7,0,r), we solve Eqs(2.3)—(2.6) for
n—IiE instead ofw, using the self-consistently obtained pair
potential and vector potential.

In our calculations, we discretize=ur,+uvr, in a unit
cell (—0.5<u=<0.5, —0.5<v=0.5) for A(r) and a(r).
There,u andv are discretized into 41 mesh points, respec-
tively. When we solve Eqs(2.3)—(2.6), we need to know
A(r) anda(r) for arbitraryr. It is given by interpolation of
the value on the mesh point. It is enough thgfr) and
a(r) are calculated within a unit cell. Once we obtaliir)
anda(r) in a unit cell, we can knowA (r) anda(r) in other
unit cells by the following relation of the lattice translation
R=mr,+nr, (m andn integers, respectively,

A(r+R)=A(r)eX"R  ar+R)=a(r), (2.13
where
R——Z—WAR — +2—H>< R
x(r,R)= b0 (R)-r—amn ¢0( ro)-

(2.19

in the symmetric gauge.

Since we need a lot of CPU time for the integrating pro-
cess of Eqs(2.3—(2.5) in the calculation of the quasiclassi-
cal Green functions, we want to shorten this process as much
as possible. It becomes possible by a symmetry consider-
ation, as suggested by Kletf Without the integrating pro-
cess of all§ andr cases, we can obtain the Green functions
for all 6 andr.

When one of the vortex center locates at the origin of the
3(r,+r5,)], the pair potential has the rela-
tion

A(r). Using the renewed pair potential and vector potential,

we solve the Eilenberger equati@®3—(2.6) again. Starting
from the initial form,

2a,\ ¥4 _a y+Yo 2
A(r)y=|—2 ex = )
(r) (ax =, s, P
—2mi ﬁ+£ L exe| —im—
™ P ay 2p ay P 7Taxay

(2.11

A(r)=—A(—r). (2.19

Considering the transformation— —r, we obtain the fol-
lowing relation from Eqs(2.3)-(2.6) and(2.15:

f(wn,0,r)=—f"(wk,0,—-1),
i (wn,0,r)=—F* (0} ,0,—1),

g(w,,0,r)=g*(w} ,0,—r). (2.16

anda(r)=0, we repeat this simple iteration procedure moreln the calculation of the Matsubara frequeney or the case
than 20 times, and obtain a sufficiently self-consistent soluE=0, once we calculate the Green functions ifan a half
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area of a unit cell from Eqg92.3)—(2.6), we can know the B. Symmetry method

Green functions for alf in the unit cell from the relation In the case of solving the Eilenberger equation in the real

(2.16. . . ) energyE, Klein could not succeed in the explosion method.
When we consider the reflection at the axis  Then he calculated the angular-resolved LDOS by means of

Sr=(x,~y), our definition ofA(r) gives the relation the so-called symmetry methé8?® The lattice translation

R=mr,+nr, (m andn integers of the quasiclassical Green

A% 1 2

A(r)=—A%(Sr). (2.1 function is given as

Then we obtain the relations |
W I I f(wnv91r+R):f(wn,0,r)e'X(va),

f(wn, 8r)=—1"(wn, —6,50), T (wn, 0, +R)=F1(wy, 0,r)e XTR),

T — _ ftx _
F(wn,6.1) 7 (wn, = 0,5r0), g(w,,0,r+R)=g(w,,6,r), (2.23
d(wn,60,r)=g* (wy,— 0,5r) (2.18  wherey(r,R) is defined in Eq(2.14. When we solve Egs.
(2.39—(2.6) for the k direction parallel tomr,+nr,, the so-
lution has to satisfy Eq(2.23 as the boundary condition.

_ nos ~inal3 Thus, we integrate the first differential equatig@s3)—(2.5)
AN =A(Rr)em™, 219 along the trajectory from to r + R, and search for the solu-
when we consider the rotatiamz/3 (n intege) around the tion which satisfies the boundary conditi¢h23 by the so-
origin of the coordinate, that is,R"r=(xcosqim/3)  called shooting method or other method.

from Egs.(2.3-(2.6). On the other hand, there is a relation

—ysin(m/3) xsin(/3)+ycosam3)). Then we obtain the ~ Compared with the explosion method, the integral path
relations can be short in the symmetry method, especially for the cal-

culation of the real energf. Then the CPU time of the
f(w,,0,r)=f(w,,0+nm/3,R"r)e"™, numerical calculation may be short. However, in the symme-

try method, we can obtain a solution only for the spedific

' (w,,0,r)=1(w,,0+n7/3,Rr)e "3, direction parallel tamr,+nr,. Since we must know the so-

lution for all k directions to calculate the LDOS in Eq.

g(wn,0,r)=9(w,,0+n7/3,Rr) (2.20 (2.12), we cannot obtain the LDOS in this method.

from Egs.(2.3)—(2.6). Once we calculate the Green func-

tions for O< < 7/6 from Eqs.(2.3)—(2.6), we can know the

Griig:ggigo&sof%re?:]%;rsg ;ﬂﬁéoyhse(zéﬁgn%g?ézfgdu ations The pair potential, the. vector potential, and t.he LDOS are

(2.3)—(2.6): the explosion method and the symmetry method._calm‘I|at6d for the material parameter appropriate to I}l,bS_e

We describe them in the following. i.e., the BCS coherence length 77 A and the BC'S penetratlon
depth 690 A3 As an example of a low magnetic field, we

consider the casd= 0.1 T (a,=6.4¢). And as an example

] o of a high magnetic field, we consider the cadde= 1 T

We use the so-called explosion metfbth in this paper (a,=2.0¢). As for the example of further high field, the

lll. PAIR POTENTIAL, MAGNETIC FIELD, AND LDOS

A. Explosion method

to obtain the quasiclassical Green function caseH= 2 T (a,=1.4¢) and 4 T @,=1.0¢) are also con-
. sidered. Figure 1 presents the configuration of the vortex
R g if . . ' L '
gz( " ) (2.2 lattice presented in the figures in this paper. In the figures,
—if' —g there are seven vortex centers, and one of the vortex centers

. . . locates at the center of each figure. When we consider the
from_the E|Ier.1beArger equatiori.3~(2.6. In addition t‘? a profile of the spatial variation, we present it along the trajec-
physical solutiongp,, Egs.(2.3—(2.6) have two unphysical  tqries of lineOA (0° radial directiop, line OB (15° radial
solutionsg, andg_. The solutionsg. explode(increase direction, line OC (30° radial direction and line AC
exponentially in the directionstk and decrease in the op- (boundary.

posite directions. Even when we use the physical solution as

an initial value, the unphysical solutions always mix and A. Pair potential and magnetic field

become dominant during the process of the numerical inte- ) ) ] )
gration of Egs.(2.3—(2.5 along a long path. We obtain The amplltyde of thg self-consistently obtamgd pair po-
~ . . _ . tential |A(r)| is shown in the contour plot of Fig. 2. For
g- by integrating fromr+r, tor, wherer,(>0) is large ~ —— I . . )

so that an explosion takes place. It is knéd#t that the ~H=0.1 T in Fig. 2a), the core region localizes in_the small
physical solution is obtained from the commutator of the twor€gion around the vortex center in the unit cell. For1 T

unphysical solutions, in Fig. 2(b), the core region occupies a large part of the unit
cell. Then the core regions substantially overlap each other.
éph: [g..9.1, (2.22 As seen from the contour lines, while the inner region of the

vortex core[the region whergA(r)|<0.8] has cylindrically
where ¢ is a constant determined from E¢R.6). In this  symmetric structure, the outer regipii (r)|=0.8] shows a
method, we can obtain the solution for arbitrérdirections.  sixfold symmetric structure. There, the amplitude along the
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nearest-neighbor vortex direction (0° directios a little
suppressed compared with that along the next nearest-
neighbor vortex direction (30° directignin this high-field
case, the maximum of the amplitude is suppressed down to
0.9%\,. The sixfold symmetric structure df\(r)| appears
more clearly in the casél=2 T in Fig. 2c), where the
maximum of the amplitude is suppressed down to 883n

the casédH =4 T, the pair potential has a similar sixfold sym-
metric spatial distribution, but its amplitude is suppressed
down to 0.3&,,.

The spatial variation of the magnetic field is obtained
from the self-consistently obtained vector potential. The mi-
croscopic magnetic fieldH(r) is shown in Fig. 3. For
H=0.1 T in Fig. 3a), H(r) has a cylindrically symmetric
sharp peak at each vortex center. The variatioH @f) is in
the range 0.78 H(r)/H=<2.95. ForH=1 T in Fig. 3b), this
peak becomes lower and broadé981<H(r)/H<1.096.

It has an almost cylindrically symmetric but slightly sixfold
symmetric structure. There{(r) extends slightly to the
30° direction in the core region. The sixfold symmetric dis-
tribution of H(r) is seen clearly in the cadé¢=2 T in Fig.
3(c), where the peak oH(r) becomes a further low and
broad structur¢0.994<H(r)/H=<1.025.

B. Sixfold symmetric LDOS

The LDOS in Eq.(2.12) is calculated by using the self-
consistently obtained pair potential and vector potential pre-
sented in Figs. 2 and 3.

As for the angular-resolved LDOS(E,r,6) in Eq.
(2.12), the results of Klein in the symmetry mettfédare
qualitatively reproduced by our calculation of the explosion
method. In the single-vortex casK(E,r,6) consists of a
straight sharp ridge line parallel to tlkedirection, where its
distance from the vortex center increases on raigingt a
high magnetic field of the vortex lattice case, the ridge of
N(E,r,6) extends to the neighboring unit cellsee, for ex-
ample, Fig. 5 in Ref. 22 Especially it is noted that, when
k points toward the nearest-neighbor vortex direction

(6=0° or ko in the notation of KleiR?), the sharp ridge in
the single-vortex case splits into two parallel ridges. There,
N(E,r,0) distributes broadly in the region between them
(see Fig. 10 in Ref. 22 Also whenk points toward the next

nearest-neighbor vortex direction 8€30° or ki),
N(E,r,0) slightly splits into two ridges. The above-
mentioned splitting of the ridge occurs more clearly for a
higher magnetic field or largdf. At a weak magnetic field,
the ridge ofN(E,r,6) localizes within a unit cell, and the
splitting of the ridge does not occur even f=0 (see Fig.
1 in Ref. 22.

Integrating N(E,r,6) over all §, we obtain the LDOS

FIG. 2. Spatial variation of the pair potential BtT,=0.1. Con- ~ N(E,r) in Eq. (2.12. The spatial variation of the numeri-
tour plot of the amplitudelA(r)|, is presentedia H=0.1 T. The  cally obtained LDOS is shown in Figs. 4 and 5 for the weak
region 12.§Xx12.& is presented. The core region localizes in a magnetic field caséi=0.1 T. Figure 4 shows the contour
small area around each vortex centds) H=1 T. The region plot of N(E,r) for eachE. Figure 5 shows the profiles of
4¢XA¢ is presented(c) H=2 T. The region 2.8x2.8¢ is pre-  N(E,r) along the line<OA,0B,0C, andAC of Fig. 1. As
sented. FoH=1 T and 2 T, the core region occupies the large partshown in Fig. 4a), the LDOS shows a cylindrical structure
of the unit cell. The pair potential shows cylindrical symmetry atin the low-energy caseE=<0.8), where the ridge of the
the inner region of the vortex core and sixfold symmetry at theLDOS forms a ring around each vortex center. It is a struc-
outer region. ture similar to that obtained in the single-vortex case for
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FIG. 3. Spatial variation of the magnetic field &T,=0.1.
Contour plot of the normalized valukl(r)/H is presented for
H=0.1T (@, 1T (b), and 2 T(c). ForH=1 T and 2 T,H(r)
extends a little to the 30° direction in the vortex core region.

FIG. 4. Spatial variation of the LDON(E,r) atH=0.1T. The
contour plot is shown foE=0.8(a), 1.0(b), and 1.2(c). The LDOS
structure shows cylindrical symmetry for lower eneifgy 0.8 and
sixfold symmetry for higher energig=1.

s-wave pairing(see, for example, Fig. 1 in Ref. 15How-
ever, in the higher-energy case shown in Figb) 4nd 4c),
the radius of the ring approaches the boundary of a unit cell
in the vortex lattice, and the LDOS becomes sixfold symmet-
ric structure. o

The LDOS for the high-field casel=1 T is shown in
Figs. 6 and 7. It presents the sixfold symmetric star-shaped
structure even in the low-energy case. B+ 0, the ray of
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LDOS distributes around the boundary of the Wigner-Seitz
cell of the vortex lattice. Therefore, the vortex core is de-
tected as a dark object in the STM image. Even in the case
where the vortex core localizes in the narrow region around
the vortex center, the dark STM image of the vortex core for
E~1 has a size comparable to the unit cell, as shown in
Figs. 4b) and 4c). In the LDOS distribution aroun&~1,

we pay attention to the value at the boundary of the Wigner-
Seitz cell, that is, to the lineAC in Fig. 1. For E<1,
N(E,r) is large at pointA compared with poinCC, as seen
from Fig. 6d). On the other hand, the peak N{E,r) shifts

to point C on raisingE as seen from Fig. (8), which is
consistent with the experimental STM image for 1.2 mV in
Fig. 1 of Ref. 4.

The spatial variation of the LDOS structure in Fig. 6 can
be explained as follows. Without the vortex lattice effect, the
LDOS forms a cylindrical structure which is shown sche-
matically as white rings in Fig. 8. It has a ridge on the ring
around each vortex center, and the LDOS distributes at the
outer side of the rings. To this distribution, the vortex lattice
effect suppresses the LDOS along the common tangent lines
on these ringglines in Fig. 8. These lines run toward the
0° and its equivalent directior{she nearest-neighbor vortex
directiong. This suppression is due to the splitting of the
ridges in the angle-resolved LDOS(E,r,6) for 8 of the
nearest-neighbor directions. In the contribution to the LDOS,
the ridge ofN(E,r,#) along the lines of Fig. 8 becomes a
broad and low-height distribution due to the splittitgge
Fig. 10 in Ref. 22. Therefore, it is seen that the LDOS in
Fig. 6 has a small value at points along the lines. The small
suppression is also shown along the tangent lines running
o ‘ ‘ toward the 30° and its equivalent directioiihe next-

0 1 2 3 4 nearest-neighbor vortex direction€onsidering the fact that
g the radius of the ring in Fig. 8 increases on elevatmgve

FIG. 5. Spatial variation of the LDON(E,r) atH=0.1T. The C"?m underStar_]d the change Of_the LD_O_S in Figa) ® 6(e).
profiles along the line®A (solid ling), OB (dotted ling, OC (dot-  SINCe the radius reduces to 0 in the lifit- 0, the suppres-
dashed ling and AC (thick line) of Fig. 1 are presented for SIOn lines in Fig. 8 reduce to the lines connecting nearest-
E=0.8(a), 1.0(b), and 1.2(c) as a function of (distance from the Neighbor vortex centers fd&=0, which is seen in Fig. (@).

vortex centex. Each figure corresponds to that of Fig. 4. Another way to examine the quasiparticle excitations in
the vortex state is to see how the spectrum evolves along the

the star extends to the next nearest-neighbor directires 'adial directions. We consider the spectrum at the points
30° direction$ as presented in Fig(8. The width of the ray  @/ong the 0%(line OAin Fig. 1), 15° (line OB) and 30°(line
is rather broad compared with the experimental datat OC) radial directions. In the flgures, we show the spectrum
higher energyE~ 0.6, on the other hand, the ray extends to@t F=(c&,,0) for the 0° directionr = (ca,,ca.tan(w/12))
the nearest-neighbor directiofthe 0° directionsas shown for the 15° direction, and =(ca,,ca,tan(=/6)) for the
in Fig. 6(c). The orientation of the star relative to the vortex 30° direction, where we choose the point fox0, 0.1, 0.3,
lattice is consistent with the experimental data by Hess 0.6, 1. As for the casel=0.1 T, Fig. 9 shows the spectrum
al.>=> Therefore, the experimental featur@3 and (2) men-  atthe points along the 0° direction. A6 0.8, the spectrum
tioned in Sec. I, including the orientation of the star, arehas a similar structure as that of the single vortex ¢ase
qualitatively reproduced without further assumptions. AsFig. 2 in Ref. 14 for comparisgnAt higher energy, the peak
presented in Fig. ®), at the intermediate energy of a 30° atE=1 in the single-vortex case becomes broad and shifts a
rotation of the star, the amplitude of the ray in the 30° di-little to the higher energy side due to the vortex lattice effect.
rections decreases and the new ray starts to extend in tfdong the other radial directions, the LDOS has the almost
0° directions with increasing. This behavior is in discor- similar spectrum as that of the 0° direction. Small differ-
dance with the experimental data. In the experiment orgnces are shown only f&=0.8. _
NbSe, the LDOS shows a split parallel ray structure at in- On the other hand, the spectrum f8.=1 T is shown in
termediate energjfeature(3) mentioned in Sec.]l Fig. 10, where(a), (b), and(c) are that along 0°, 15°, and
The experimental data arourit-1 can be qualitatively 30° radial directions, respectively. It is notable that the
reproduced by our calculation. Fd&E~1, there is little lower-energy peak in Fig. 9 splits into two or three peaks in
LDOS distribution around the vortex core region, and thethis higher-field case. The behavior of these peaks varies
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FIG. 6. Spatial variation of the LDOSI(E,r) at H=1 T. The contour plot is shown fd&=0 (a), 0.2 (b), 0.6 (c), 1.0(d), and 1.2(e).
In this high-magnetic-field case, the LDOS shows sixfold symmetry even at the low energy d&w0to

depending on the direction of the radial lines, as shown ireven in the zero-energy state. To show the connection
Figs. 1@a)-10(c). The peak abové&E=1 in Fig. 9 is sup- clearly, the LDOS foH=2 T and 4 T ispresented in Figs.
prgssed in Fig._lO. The_ peak of the spectrum at the boundary; and 12. AH=2 Tin Fig. 11a), the LDOS’s around the
point (c=1) shifts to higher energy from 1. vortex core are connected to each other at the middle point of
) ! line AC of Fig. 1. At further high fieldH=4 T shown in Fig.
C. LDOS at higher field 11(b), the LDOS seems to have the component unifgrmly
Here, to discuss the transfer of the quasiparticle boundlistributing all over the unit cell. There, the LDOS has a
states between vortex cores, we focus on the LDOS structuramall peak at the vortex center and a minimum at the sta-
at E=0. With increasing magnetic field, the peak of thetionary point of the current flowpoint A of Fig. 1). With
LDOS at the vortex center decreagdfE=0r=0)=71for increasing the magnetic field, the LDOS at the boundary of
0.1 T,65for 1T, 44 for 2 T, and 11 for 4]Tand the the Wigner-Seitz cell increasg&s maximum value is 0.01
distribution of the LDOS extends sixfold symmetrically to for 0.1 T, 0.18 for 1 T, 0.44 for 2 T, and 0.90 for 4, Twhich
the wider region. Therefore, the LDOS'’s around the vortexmeans that the transfer of the quasiparticle bound states be-
core are connected with each other at high magnetic fieltiveen vortex cores increases.
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N(E,x)

NEx)

FIG. 7. Spatial variation of the LDOR(E,r) atH=1T. The profiles along the ling3 A (solid line), OB (dotted ling, OC (dot-dashed
line), andAC (thick line) of Fig. 1 are presented f&=0 (a), 0.2(b), 0.6(c), 1.0(d), and 1.2(e) as a function of . Each figure corresponds

to that of Fig. 6.

N(E,r)

FIG. 8. Schematically presented LDOS structure, which corre-
sponds to that of Fig. 6. Without the vortex lattice effect, the LDOS
has a cylindrical structure, which is presented as white rings. To . R .
this structure, the vortex lattice effect suppresses the LDOS along, Fl.G' 9', SpectrunN_(_E,r) at the pointsr anng the 0 .radlal
the lines presented in the figure. Therefore, it is seen that the LDO Eectlon line OA f_or H=0.1 T. The sample points are given by
in Fig. 6 has small value at the points along the lines. r=(cay,0) withc=0, 0.1, 0.3, 0.6, and 1.
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On NbSe, the dHVA oscillation is observed at magnetic relative to the vortex lattice. This is one of the most eminent
fields down © 4 T in thesuperconducting mixed state. As features in the STM data by Hessall~® Thus experimental
discussed above, we show that there is large transfer of thfeatures(1) and (2) mentioned in Sec. | are qualitatively
bound state between vortex cores in this high-field regionreproduced by the naive calculation of the LDOS in the tri-
This transfer seems to be a possible origin of the dHVA osangular vortex lattice(iii) For E~1, the LDOS distributes

cillation in superconductors. around the boundary of the Wigner-Seitz cell of the vortex
lattice, and there is little distribution around the vortex core
IV. SUMMARY AND DISCUSSIONS region. Therefore, the vortex core is detected as a sixfold

: . . . . mmetric dark object in the STM images. At the ener
By using the self-consistently obtained pair potential andlszyw 12 the LDOS Las a large intensity gt the point farthggt

vector potential, the LDOS of the triangular vortex lattice is h h ; o ) The ch
calculated in isotropis-wave superconductors based on qua-TO the vortex centefthe pointC in Fig. 1). (iv) The char-

siclassical Eilenberger theory. Important results obtained fopCteristic sixfold symmetric LDOS structure in the low-
the vortex lattice are as follows) We do find a sixfold star ©N€rgy case appears only at a high magnetic field suchas 1 T

shape of the LDOS and a 30° rotation upon elevating thdor the material parameters appropriate to NhSenere the

bias energy. The sixfold star originates from the triangula€°T® r€gions substantially overlap each other. At a lower
vortex lattice effect(ii) The orientation of the star coincides Magnetic field such as 0.1 T, the LDOS reduces to an almost

with the STM data; namely, the ray extends toward the nextSylindrical structure in the low-energy case. _
nearest-neighbor vortex direction at a lower bias energy, AS mentioned above, the numerically obtained LDOS in

Therefore we succeed in determining the absolute directioH'€ VOrtex lattice case can qualitatively reproduce the char-
acteristic featuregl) and (2) in the experimental data on

NbSe. However, a detailed comparison reveals some dis-
crepancies between the experimental data and our results, as
follows: (v) At the intermediate energy of the 30° rotation,
our results do not reproduce the split parallel ray structure
[feature(3) mentioned in Sec.]l In the experiment, the ray

of the star in the 30° direction &= 0 splits into two parallel

rays with elevatinge. In our results, the ray along the 30°
direction atE=0 weakens and a new ray starts to extend

N(E,x)

0o | ®
o

N(E,r)

FIG. 10. SpectrunN(E,r) at the pointsr along the 0° radial (b)
direction lineOA (&), the 15° lineOB (b), and the 30° lin@D C (c) ) o
for H=1 T. The sample points are given by (ca,,0) for (a), FIG. 11. Spatial variation of the LDOS(E,r) for E=0. Con-

(cay,catan(m/12)) for (b), and (ca,,catan(w/6)) for (c), with  tour plotis shown foH=2 T (a) and 4 T(b). At higher magnetic
¢=0, 0.1, 0.3, 0.6, and 1. fields, the LDOS around the vortex is connected with each other.
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These discrepancies mean that we have to consider other
effects in addition to the vortex lattice effect studied here in
order to reproduce the detailed LDOS structure of NbSe
observed by Hesst al. If we consider the effect of the an-
isotropic s-wave pairing which has a sixfold symmetrically
anisotropic gap in the basal plane, the STM images by Hess
etal. are quite well reproduced. We report it in detail
elsewheré® It suggests that the well-studied material
NbSe seems to be one particular system which has aniso-
tropic pairing. Our calculation is performed for the idealized
isotropic s-wave superconductor. The characteristic features
numerically obtained in this paper are expected to be well
observed in other materials which are isotropiwave su-
perconductors.

To discuss the transfer of the quasiparticle bound states
between vortex cores, we consider the LDOS structure at
E=0. At high magnetic fields, the LDOS’s around the vor-
tex core are connected to each other even in the zero-energy
state. With increasing the magnetic field, this connection in-
creases. It means that the transfer of the quasiparticle bound
state between vortex cores increases. On blbtBe dHVA

r oscillation is observed at magnetic fields dowr4t T in the
superconducting mixed state. We show that there is large

FIG. 12. Spatial variation of the LDOB(E,r) for E=0. Pro-  transfer of the bound state between vortex cores in this high-
files along the lineOA (solid line), OB (dotted ling, OC (dot-  fie|d region. This transfer seems to be a possible origin of the
dashed ling andAC (thick line) of Fig. 1 are presented fésf=2T  dHvA oscillation in superconductors. The estimate of
(& and 4 T(b) as a function of . Each figure corresponds to that of \hether this transfer is enough for the dHvA oscillation or
Fig. 11. not is a future problem.

(@)

N(E,r)

N(E,r)

along the 0° direction with increasirtg. (vi) The shape of

the star in our results is rath_er different from the experimen- ACKNOWLEDGMENTS
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