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Electronic structure of the vortex lattice of d-, d+is-, and d,2_,2+id,,-wave superconductors
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On the basis of the self-consistent Bogoliubov-de Gennes equations and a tight-binding lattice model, we
investigate the quasiparticle spectrum of vortex-lattice state in gyn@ixedd+is, andd,2_,2+id,,-wave
superconductors. Ford@wave case, the local density of state®0OS) at the vortex core shows a multipeak
structure, and the positions of peaks as well as the width of splitting between peaks are sensitively dependent
on both the magnetic-field strength and the orientation of the vortex lattice. For the mhixést and
dy2_2+idy,-wave pairing states, we observe a double-peak structure of the local density of states at vortex
center, where the two peaks are asymmetrically situated around the Fermi energy. By taking into account the
matrix-element effect, the local density of states appears to be qualitatively consistent with the scanning-
tunneling-microscopy experimental data.
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[. INTRODUCTION region to qualitatively explain the experimental data. On the
other hand, Yasui and Kitd investigated the quasiparticle
In recent years, a number of experimental evidences havgpectrum of the purd-wave vortex-lattice state by employ-
demonstrated that the dominant pairing state of Higlsu-  ing a Landau-level-expansion method in solving the BdG
perconductors hasdz 2 symmetry"? Many investigations  problem. In intermediate magnetic field, they found clear
have been stimulated in clarifying the nature of electronicdouble-peak structure of the spectrum for systems with short
structure in the vortex state efwave superconductors be- coherent length Kgé<5) and the splitting is found to be
cause such an issue is important in understanding varioysroportional to the field strength. Furthermore, they found
static and transport properties in the mixed state of figh- that mixing of a small value ofl,,- or swave component
materials. In the vortex state of conventiosabave super- (A, /Ay2_2=0.06) has little effect on the tunneling spectra.
conductors, Caroli, de Gennes, and Matritpredicted the  Triggered by the above-mentioned seemingly contradicting
existence of discrete quasiparticle excitations localizedheories, the actual effect of the finite field and the mixed
around the vortex core long ago, which was observed latet-is and d,2_,2+id,, (will be called d+id’-wave latey
by scanning-tunneling-microscopySTM) experiment on pairing state on the spectrum of quasiparticle excitation is
NbSe.* On the other hand, in thé-wave case, due to the studied in this work by numerical diagonalization of the BdG
existence of four nodes of the superconducting gap, it wagquation established on a 2D lattice. First, we perform a
argued that the low-lying quasiparticle states around thestudy on the square-vortex-lattice state of a pi#eave su-
vortex core are delocalized with wave functions extendingperconductor at finite magnetic field ranging from 14-32 T
along the nodal directions. Numerical studies on both electwhere the lattice constant of the underlying lattice is chosen
tronic structure of the vortex lattice within a tight-binding as 5 A with kpé=1. Around zero energy, both broad peak
lattice modéi and an isolated vortex line in a continuum and double-pedR structure of the local density of states
modeP in the framework of Bogoliubov-de GennéBdG) (LDOYS) at the vortex core are revealed for some specific
theory demonstrated that the local density of states in theparameters. However, generally speaking, we find that the
vortex core has a broad featureless peak centered arouhdOS at the core has multipeak splitting with the single-
zero energy in contrast to the clearly resolved bound-statbroad peak and double-peak structure as its two specific ex-
structuré%in swave cases, indicating that the vortex-coreamples. Moreover, as the field varies, there is no simple pro-
guasiparticle states betweehwave ands-wave supercon- portional relation between the splitting width and field
ductors are essentially different. However, the STM meastrength; on the contrary, the peak position and its splitting
surements on YB&Zu;O,_ 5 (YBCO)M and By,Sr,CaCyOg  width are sensitively dependent on both the field and the
(BSCCO? found that the tunneling conductance at vortexorientation of vortex lattice, which indicates that the experi-
center does not exhibit the broad peak around the Fermmental data might not be simply understood only in terms of
energy as theoretically expected and a double-peak splitting pured-wave superconductor at finite magnetic fields. Sec-
symmetrically around zero bias is revealed. ond, we take the mixing o$- or d,,-wave component into
The discrepancy has intrigued significant theoretical efforconsideration. The time-reversal-symmetry-breakinrigid’
to reconcile the theory with experimental observation. In thestate was first invoked by Laughtthto explain the experi-
framework of a weak coupling mean-field approach, Frananental observation of a plateau in thermal conductivity of
and Téanovic proposed a magnetic-field-induced mixed Bi,Sr,CaCyQg. 5 at finite fields!® and later addressed
dy2_ye+idyy, (A, /A2 2=0.17) state and studied the tun- within Ginzburg-LandayGL) theory at low-field® and high-
neling conductance of a single vortex in the very low fieldfield regiort’ through field-induced phase transition. Apply-
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ing the BAG theory, we study the vortex-lattice structure of awhere
d+is- and ad+id’-wave state that are favorable at finite .
fields withAg/A3=0.4 andA 4 /A4=0.2. We find a double- % n
peak structure of the LDOS at the vortex core asymmetri- AO(ri)z_V0<Ci¢Cm>=Vo§n: Un(ri)vn(ri)tanl‘( m)
cally located with respect to zero energy. One peak corre-
sponds to vortex-bound state assiwave superconductors Vi,
and the other corresponds to the coherent peak at the gapA(r;,ri,,)=—V;ACi Cis )= 72 [Un(rvn(ris,)
edge of the subdominarg or d,,-wave component. Em- n
ploying the matrix-element effe&% an approximately sym- E
metric double-peak structure can be observed, which is +un(ri+7)v:(ri)]tanl‘( %)
qualitatively consistent with experimental data. B
with 7= *£X, =¥ for the NN sites pairing ané= +X*+V for
Il. MODEL AND BASIC EQUATIONS the NNN sites pairing case. Thgz_2-wave andd,,-wave

In this work, we adopt an extended Hubbard model on éaalrlng potential is given by

two-dimensional (2D) lattice with nearest-neighbotNN) Az 21 =[Ag(r)+ A _x(r)—Ag(r)—A_s(r;)]/4
hopping and onsite, nearest-neighbor, and/or next-nearest- Y Y Y

neighbor(NNN) pairing interactions to model the decoupled AT As +A rY—As o(r)—A r)/4,
Cu0, layers of highT, cuprates. The model Hamiltonian is A =[5y + A -5-g(1) = Asg (1) = A5 ()]

expressed as ¥
where
H:_ 2 ng— 2 nlg' VOE nITnIl |’7T li+r
(i) A(r)=A(r,ri,)ex ——f A(r)-dr|.
Vl V2 q)O I
- 7 Z NigNjgr — 7 2 NigNjgr - (1) . . . .
(Do Giinoo’ In this paper, we will study square-vortex-lattice configu-

+ . . rations with two different kinds of orientation, where the NN
Heren;,=¢;,Ci, is the electron number operator for spin  \yrtices are aligned along th&00] or [110] direction of the
on sitei, <"l> and((i,j)) denote NN and NNN pairs in the nderlying crystal lattice(in the following, we denote the
lattice, respectivelyw is the chemical potential. The hopping former configuration as “I” and the latter “Il). To study

integral is written as vortex-lattice states, we employ tmeagneticunit cell that
. accommodates two vortices, i.e., one electronic flux quantum
t;=texpg — ”Tf A(r)-d $o=hcle (tvvp _s_upercondu_cting flux quantadg). Com— _
@, monly, the primitive translation vectors of the magnetic unit

cell are R,=aN,x and Ry=aN,y, wherea is the lattice
constant and will be taken as unity in the following discus-
, X i ) , » a8 gjon. Applying the theory of magnetic translation grddp,
NNN attractive potentials, which give rise to the pairing in the quasiparticle amplitude, and v, can be expressed as

the swave, d,2_,2-wave, anddy,-wave channel, respec- ,oqnetic Bloch state@igenfunctions of the subgroup of the
tively. With appropriate setting of the values'd§, V,, and magnetic translation grolip

V,, s, dy2_y2, mixedd+is, ord+id’-wave superconduct-

with A(r) the vector potential ant,=hc/2e the supercon-
ducting flux quantumV,, V., V,>0 are onsite, NN, and

ing instability can be reached. By applying the self- uk(r)=explik-r)uk(r),

consistent mean-fieldMF) app‘%gximation and performing

the Bogoliubov transformation; diagonalization of the Ky — ik-r)gk 4
Hamiltonian (1) can be achieved by solving the following Un(r)=exp(ik-r)un(r), “@
BdG equations: which are labeled by the quasimomentimuX andvX have

the following translation properties:

Hij A (r)) (un(ri)
Ej: (Ai*,j _H.*,J) va(r}) vo(r)) 2 ( n(rJrR) exptik-R) uk(r)exp(ix(r,R)/2) 5
. o . Nr+R)) va(r)exp(—ix(r,R)/2))’
whereu,, v, are the Bogoliubov quasiparticle amplitudes
with corresponding eigenvalug, and where R=mR,+nR, is magnetic translation vector. The
phase factof(r,R) has an identical form despite the specific
Hij=—6i+.jtij— dijm, choice of gauge. Within the Landau gauge whexg(r)

=(0,Hx,0) and the symmetric gauge withS(r)=Hxr/2

with 7=*X,*=9 are unit vectors; therefore, according to = (—Hy,Hx,0)/2, we have

i+ rj, only NN sites hopping will be taken into consider-
ation. The mean-field pairing potential is defined as

x-(r,R)= AL(S)(R)~r+2mmr. (6)
A =8 A0(r) + 8 AT i),
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From Eqgs.(3)—(6), one can readily find thal,2_,2(r;) [and lll. LDOS OF PURE d-WAVE VORTEX LATTICE

_Akxé()r':)]A Plasz(t?;iorzzliovgrlnlg)Eranslatlon propert,e (T For convenience of later comparison, the electronic struc-
A AL o1) pdure of the vortex-lattice state of a pudewave supercon-

For convenience of numerical calculation, we choose t 2 . died at first. The si fth : it celli
Landau gauge to deal with the square-vortex-lattice configu= uctor is studied atfirst. The size of the magnetic unit cell Is

ration | and the symmetric gauge to deal with configurationNL2> 2N for the Lar21dau gauge corresponding to a mag-
II. In both cases, the magnetic field is approximated to beetic fieldH"=d,/(2N{a®) andNsax Nga for the symmet-
uniform, which is appropriate for type-Il high; supercon- fic gauge corresponding to a magnetic fielth®
ductors at finite fields. Substituting E@!) into the BdG Eq. =<I>0/(N§a2), where N, and Ng are both integersu/t
(2), the original vortex-lattice problem changes into an=-1, which gives rise to a band filling fact¢n)=0.62. To
eigensystem defined within one single magnetic unit cell, get thed pairing instability,V; will be taken as positive and
Vo, V,=0. We useV,/t=3.0, u/t=—1.0. This set of
[T parameter values results iy /t=0.368 andTZ/t=0.569.
= n(ﬁk(r_)), The coherent peak of thd-wave order parameter is at
e @ Anax/t=1.1. From the BCS formulaé=hvg/mA
~Er/mAnake, we havekgé=1.
First we give the LDOS of the puré,._,2-wave vortex
qattice in Fig. 1, which is proportional to the differential tun-

Hi: A ko
2 eXp(ik'(rj—fi))(A?J : )(Un(n)
i,j -

] H; /\oa(r))

together with the appropriate boundary conditions derive

from Eq. () neling conductance of the STM experiments. We find that the
—K _ , azimuthally averaged LDOS of the intervortex sites far from

(Un(r+ R) :< Uy (r)explix(r,R)/2) ) (8 the vortex center behaves like that of the homogeneous zero-
Tp(r+R)) \Tp(r)exp(—ix(r,R)/2)/" field case. At about-1.1t, there are coherence peaks corre-

sponding to the superconducting gap edfyg.y, while
For the vortex lattice witiM, X M, number of magnetic unit around= 1.8 there are peaks reflecting the Van Hove singu-
cells, the magnetic wave vectork=2m(m,,my)/ larity of the band. There are no bound states localized
(aNyyMy ), with m,,=0,1,..M, ,—1, is defined in the around the vortex core of purd-wave superconductors,
first magnetic Brillouin zone. Similarly, we obtaify(r;) which is consistent with the results of the BdG study of both

andA (r;) expressed bfaﬁ andiﬁ, an isolated vortekand vortex latticB?® at low magnetic
fields while is in contrast with those of§wave vortex
EX problems>8~1°We have studied the variation of LDOS at
Ao(ri):Vokz Tjﬁ(ri)iﬁ*(ri)tam{ﬁ)’ vortex core with magnetic field by changing the magnetic
,n B

unit cell size. The results are shown in Fig. 1. We find that
besides broad resonant peak centered near the zero energy

Vi, N - B [see Figs. (a2, 1(a3), and 1b5)], which was pointed out in
A(ry)= 72 [T(r)Tp* (ris)e " Refs. 5, 6, 20, there are also peak splittings where their width
on and position exhibit significant dependence on both the mag-
_ EK netic field and vortex-lattice arrangement. This multiple-peak
+uﬁ(ri+7)5ﬁ*(ri)e'k"]tanr‘( 2k,: ) feature of the spectrum line is clearly different from the

broad featureless resonant peak reported in Ref. 5 and the

) - . . fine details observed in the single-vortex stddyhich were
W'th the above_ bounqlary conditions, th? result|_ng quasiparg,nyiputed to possible finite-size effect. We find that these
ticle spectrum is obtained by repeated diagonalization of th

BdG equations and iteration of the pairing potential untiI%FJaks correspond o subbands generated by the overlap

- . . among the low-lying vortex-core quasiparticle resonant
sufficient accuracy is achieve@n the present work, the 9 ying d b

) lati £ th . tential i troll dstates of different vortices. Figure 2 shows the quasiparticle
zi\zf/l(’gnum relative error of the pairing potential 1S controlied gy jy5 g spectra in the first magnetic Brillouin zone of vortex

. . lattice | and Il for the magnetic-field strengttH-
Once the BdG Eqs(7) is solved self-consistently, the — d,/(32482) and HS=d,/(338). It can be seen that

guas!{)art;cliz-?xgﬂtggosr; ;peptrumbcan be obtained. The Iocaellthough the applied field is approximately the same for
ensity ot state IS given by these two configurations the dispersion differs with each
other largely. From Fig. @) a cluster of subbands ranging

1 from 0.08 to 0.15 gives rise to the double-peak splitting of
- _ ke V267 (K g peak splitting o
P B)= MXMykZn [[Ua(r)|*f" (En—E) LDOS at the Fermi surface as shown in Figh2), while the
. . nearness or even crossing of the subbands in E&y.résults
+[Ta(r)[*f (Ef+E)], (9)  in a broad peak with only weak oscillations, as seen in Fig.

1(a?2. Similar sensitivity of subband spectrum to the field
wheref(E) represents the usual Fermi distribution function.strength is also found, which leads to the large variation of
In the following sections, the electronic structure of theLDOS with changing field strength, as seen in Fig. 1. Such a
vortex-lattice state im-, d+is-, andd+id’-wave supercon- strong field effect has also been pointed out in Ref. 21 in a
ductors will be studied. non-self-consistent solution of the BdG Hamiltonian by
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LDOS

E/t E/t

FIG. 1. LDOS at the center of vortesolid line) and spatially averaged LDOS of the intervortex sifdashed lingat T=0. Left:
vortex-lattice configuration I; fromal) to (a5 the magnetic unit cell sizes are 482, 18<36, 20x40, 22<44, and 24 48. Right:
vortex-lattice configuration II; frontbl) to (b5) the magnetic unit cell sizes are 224, 26x 26, 28x 28, 30x 30, and 3X 32.

means of Franz-Tesanovic singular gauge transforméation.connection with the vortex subbands if we further take into
For the reason that the wave functions of the low-lying resoaccount the fact that the experimentally observed vortex-core
nant states are extended mainly along the nodal directionstates do not show any dependence on the applied magnetic
where A4(k) vanishes, strong interference efféoof these field in the range from 1 to 6 TRef. 24 and the vortex
states causes the remarkable oscillation of the spectra witlattice of real high¥, cuprates seem more like disordered
even slight change of the fielgiccordingly, magnetic unit vortex glass without long range ordér.
cell size and vortex arrangement. In the following section, we invoke the mixeth-is and

For specific field strength and vortex-lattice configuration,d+id’ paring states to address the double-peak structure of
such as in Figs. (b2) and(b3), the LDOS might be qualita- the LDOS at vortex core, which is shown to be insensitive to
tively consistent with the double-peak structure of the tun-the field variation and the orientation of vortex lattice.
neling conductance observed in experim&ntéand a self-
consistent BdG analy_sis_ of the _quasiparticle spectrum of,, LDOS OF MIXED d+is- AND d+id’-WAVE VORTEX
d-wave vortex lattice within a continuum model employing a LATTICE
Landau-level expansion methdtHowever, the sensitivity
of the details of the peak structure to the field and vortex- In this section, the electronic structure of the vortex lattice
core arrangement indicates that the experimentally observestate of thed+is-wave (d+id’-wave superconductor is
double-peak structure at the vortex core migbtbe in close studied. Almost all parameters are the same as those in the
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FIG. 2. Quasiparticle subband spectrum for the two square-vortex-lattice configufajiaronfiguration | with magnetic unit cell size
18 and(b): configuration Il with magnetic unit cell size 26.

above mentioned purgwave case, except that both and  give rise to A4/t=0.368 and negligibly small €10 4t)

Vo (V,) are taken as positive whilé, (Vo) as zero to get s-wave ord,,-wave components as our numerical calculation
thed+is (d+id") pairing instability. In Fig. 3, we present shows.

the phase diagram of the superconducting states within our However, when a moderate magnetic field is applied in
tight-binding model withu/t=—1 andT=0 for the homo- the vortex-lattice state, nonzesewave ord,,-wave pairing
geneous case. As the relative magnitudé/pfandV, (V) potential is generated due to the finite magnetic fietid4(
varies, different pairing states might be realized and the<H<H,,), which is consistent with the result of Ref. 13. In
mixedd+is wave (d+id’-wave state exists in a relatively Table I, we list the values of the pairing potentials for a few
narrow parameter region as shown in Fig. 3. To study thesets of parameter values, showing that shend d’-wave
vortex-lattice state of the mixed-pairing phase when a unicomponents are small compared with the domirdgmtave
form magnetic field is applied along tlzeaxis of lattice, we  order parametefA /A4=<0.4 andAy /A4=<0.2). This field-
chooseV, /t=3.0, u/t=—1.0, andV,/t=2.4, 2.5 for the induced phase transition was first proposed by Laudhior
d+is phase and/,/t=2.0, 2.1, 2.2 for thed+id’ phase. dy2_y2+id,, superconductors and later addressed within the
From Fig. 3, we find that these values\tf andV, are close framework of the GL theory at both lownear zero fielgt®

to the lower transition line that separates the pdge ,»  and high H=H,,)" field. At low temperatures where STM
state with the mixedi+is or d+id’ phases and, therefore, experiment is carried out, the previous theory chose a larger
pure d-wave pairing state is favorable at zero field and will pairing interaction that gave rise to a result tdatid’ phase

T 11T I LI I LU I LI L I T 1] LT rrir I LU I L I L I T 1]
4 ] 4 L a
L d+is A L ]
3 [ ] 3 [ . ]
s ] % Geytidy 1
- oL . ;N s [ ] FIG. 3. Phase diagram of the
C d.. ] C N pairing states at zero field. The pa-
- *y . L i rameters argu/t=—1 andT=0.
1 - 1 E ]
C ] L d.. i
L i i Xy ]
0 ¥ cova by v by by 1 |- 0 v [T T T T N T W O TN N NN T A NN AN N O N1 |-
0 1 2 3 4 0 1 2 3 4
V1/t V. it

1
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TABLE I. The magnitude of thel,2_,2, s, andd,, wave order we find fourfold symmetric structurénot shown herg
parameters averaged in a magnetic unit cell for a few sets of payhich is consistent with the GL numerical analy&is® Fur-
rameter values. Other parameters are fixed With0, u/t=—1,  thermore, small components of higher order, sucls,as,2
andVl./t:3.0. The number with supersprlpt I denotes the corre- or S,y is also induced around the vortex center. In Fig. 5, we
sponding values for square-vortex lattice aligned along[ftg®)] give the LDOS at the vortex core in thie+ is-wave pairing
direction with the magnetic unit cell size 2@0[H .

state. In such a model it can be clearly seen that a subgap

=d,/(400a?)] and that with “II” for the =/4 tilted square-vortex ’ . o
lattice with the magnetic unit cell size 228[H=®,,/(39222)]. opens and a double-peak structure exists with minimum at

the Fermi energy, which is qualitatively consistent with ex-

Vot Ave_y2lt A/t perimental data. Such a structure is insensitive to vortex-
| | lattice configuration and magnetic field, which indicate that it

24 0.362, 0'361| 0.090, 0'081| originates from the fully gapped feature of the-is state.

25 0.356, 0.35 0.154, 0.153 However, the particle-hole symmetry is broken, with the

Valt Ayt Ayt peak belowE lying farther away and having smaller spec-

20 0.364, 0.362 0.022, 0.034' tral weight than the peak abov&r. E./|E_|=0.5,

21 0.36%, 0.360 0.050, 0.058' |E_|/Amac=1/7 whenV,/t=2.4 and increases &, /|E_|

29 0.360, 0.358 0.073, 0.078 =0.6 and|E_|/A ,,=1/5 whenV,/t=2.5 as shown in Fig.

5. By examining the position of the peaks in Fig. 5 and the
subband spectrum in Fig. 6, we find that the peak at negative
even exists at zero magnetic figlayhich was inconsistent energyE_ actually coincides with the coherent peak at the
with the experimental observation, while in our calculation,s-wave gap edgéA?=0.15, 0.20 forV,=2.4, 2.5, respec-
pured,2_,2 phase is preferable whet=0. Therefore, our tively), while that at positive energl , corresponds to the
results do not seem to contradict with a possible mided localized vortex-core state as in a purs-wave
+id’ pairing phase suggested by the thermal conductivitysuperconducto® However, different froms-wave vortex-
experiment on BiSr,CaCy0; at finite magnetic fieldSand  bound state&%*3there is only one closely coupled pair of
the pured,2_,2 phase hinted by the low-temperature STM low-lying subbands within the the-wave gap, originating
data at zero field® from the two vortices in each magnetic unit cell; therefore,
In Fig. 4, we show the spatial variation of tha,_| the peak of LDOS around zero bias does not change in en-
and|A4| for the two vortex-lattice orientations of the mixed ergy as a function of increasing distance from the vortex
d+is-wave superconducting phase. The results indicateenter. Moreover, these subbands exhibit considerable dis-
clearly a twofold symmetry, while in thd+id’-wave case persion showing that the overlapping of the localized core

1Al

FIG. 4. Spatial distribution of
|Ax2—y2| (@), (c) and|A4| (b), (d)
for the two square-vortex-lattice
configurations. The parameters are
plt=—1, T=0, V,/t=3.0, and
V,/t=2.5.(a) and(b) correspond
to vortex-lattice configuration “I,”
while (c) and (d) correspond to
configuration “Il.”
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LDOS

LDOS

En

FIG. 5. LDOS at the center of vortggolid line) and spatially averaged LDOS of the intervortex sitgashed lingat T=0. (a), (b):
vortex-lattice configuration I{c), (d): vortex-lattice configuration Il with/y/t=2.4, 2.5, respectively. The magnetic unit cell sizes are 20
X 40 for vortex-lattice configuration | and 288 for configuration 1.

states of adjacent vortices is quite large. We attribute th&vely. For the magnetic unit cell size 20 as in Fig.&,is
large dispersion of the subbands to the smallness of theomparable with intervortex distance; therefore, this explains
swave component, which results in long coherent lengththe dispersion of the low-lying subbands and its flattening
characterizing the attenuation of the vortex-bound state. AcwhenAY increasegcompare Fig. @) with Fig. 6(b)].

cording to the rough estimation in Ref. 10, the coherent Figure 5 also shows that the spatially averaged LDOS of
lengthés=hve/mAZ~20a, 15a for Vo/t=2.4, 2.5, respec- intervortex sites doesot exhibit gap structure opened at

0.30

N.'_M,._;Q
[~

0.25 /\\
v
/\

0.20 |- E
e ™ .
T

o 015 F
Ll \/
) E+

0.10 /\

0.05 v

0.00 0.00

-

k

(a)

k

(b)

FIG. 6. Quasiparticle subband spectrum for the square-vortex-lattice configuration | with magnetic unit celixsife (2D V,=2.4 and
(b): Vo=2.5. The solid lines show the positions of LDOS peaks at the vortex core. The temperature is choseh as 0.02

064527-7



QIANG HAN, Z. D. WANG, LI-YUAN ZHANG, AND X.-G. LI PHYSICAL REVIEW B 65 064527

+ A nearEr expected fod +is-wave pairing phase. Again,
we employ the considerable dispersion of the low-lying sub-
band withinAg to explain this effect. That is, the long at-
tenuation length of the vortex-core state makes the wave
function of the quasiparticléeak out of the vortex center
and, therefore, makes contribution to the LDOS at intervor-
tex sites, which can partially close the expected gap as far as
A is small compared to the dominadtwave component.
The thermally broadening effect will help this effect further.
Detailed comparison of the spatially averaged LDOS's of
intervortex sites for mixedl +is-wave phase at finite mag-
netic fields with that at zero field is shown in Fig. 7 where
the density of state of a pukwave superconductor at zero
field is also given. NeaEr, the averaged LDOS in vortex-
lattice state clearly differs from that of homogeneous case
and behaves more like that of a putevave superconductor

at zero field whenT/t=0.02 (T/T.=0.035). This implies
that even ifd+is-wave pairing phase does exist in the vor-
E/i tex phase it might be difficult to distinguish it from the pure
d-wave phase by examining the LDOS far away from the

0.25

0.20

0.15

LDOS

0.10

0.05

0.00

FIG. 7. Density of states of mixed+is-wave pairing phase in
; A vortex cores.

homogeneous case, withy/t=0.36 andA¢/t=0.15 (solid line). Simil Its h | b found in th ix@d
Spatially averaged LDOS of intervortex sites of square-vortex- |,m|ar results have aiso ,een ound in the mi
lattice configuration | with magnetic unit cell size 2@0 ford ~ +1d’-wave phase. The LDOS's at the vortex core ¥or/t
+is-wave state withV,/t=2.4 (dashed ling Density of states of = 2.0, 2.1, 2.2 have been given in Figag With increasing
pure d-wave phase in homogeneous case whtjyt=0.37 (dotted  pairing interactionV,, E. and |E_| rise due to larger
line). dy,-wave component relative to approximately constant

LDOS

FIG. 8. LDOS at the center of vortex for the
mixed d+id’. wave pairing state in the square-
vortex-lattice  configuration 1l with V,/t
(b) =2.0,2.1,2.2. The magnetic unit cell size is 28
X 28. (a): without blocking effect; (b): with
blocking effect

LDOS
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Ay2_y2 as shown in Table I. Combining with the result of ence effect of the wave function of quasiparticle state of
mixed d+is-wave state, we find that the main discrepancyadjacent vortices. Since the vortices in high-materials
between our theory and experimental data lies in the fact thanay not be regularly distributed, the double-peak structure
in our model the double peaks locate asymmetrically withobserved experimentally would not be explained by merely
respect toEx. We now employ the matrix-element effétt including the field effect on purd-wave superconductors.

of the possible intermediate layéor example, BiO layer in For the mixedd+is andd+id’ pairing, we chose the
Bi,Sr,CaCuyOg. 5) lying between the STM tip and the CuO parameters in such a way that pukgvave phase is stablized
layer being probed to resolve such a discrepancy. The bloclkat zero field while the mixed +is andd+id’ are favorable

ing effect was proposed by Zhu, Ting, and Bito explain  at finite fields. Vortex-bound state weakly localized around
the impurity state of BiSrCaCuO. It was pointed out that duethe vortex core is shown to be insensitive to both strength of
to the blocking of the Bi atom right above the Cu atom, thefield and vortex-lattice orientation. Due to the weakness of
experimentally measured LDOS at a Cu site is actually ¢he subdominans- or d,,-wave component relative to the
sum of the contribution of its NN sites in the Cy@lane. dominantd,2_,2-wave pairing potential, the vortex-bound
Therefore, we have state has a characteristic length comparable with vortex-
vortex distance, which form one vortex-core quasiparticle
subband. Accordingly, the LDOS at the vortex center has an
asymmetric double-peak structure, where the peak corre-
. . sponding to the vortex-core quasiparticle subband has a posi-
wherer, denotes the position vector of the vortex-core sitejye energy and the other peak corresponding to the coherent
anddits four NN S|tes.'The.mod|f|('ad LDOS is shown in Fig. peak has a negative energy. The positions of both peaks are
8(b?. In_ comparison with Flg._ @), it can be seen that after proportional to the magnitude of tfse or d,,-wave compo-
taking into account the matrix-element effdet keeps al- peont. By employing the matrix-element eff€cproposed to
most unchanged whil& . moves close t&, and an ap-  deal with the intermediate layer between the STM tip and the
p_roxm_1ate part|cle-h(_)Ie symmetry is r_ecovered. The meChaéuperconducting Cuplayer, we find that the double peak
nism is that: according to the zirllgllyss of the vortex-bouncay |ocate symmetrically around the Fermi level, which is
state of swave superconductdr,'® the lowest-lying core  qajitatively consistent with STM observations.

state(with eigenenergyE . ) has largest spectral weight at the |t js nataral to ask that whether the particle-hole symme-
vortex-center site while its time-reversal counterpavith  {ry of the tunneling conductance at the vortex core observed
eigenenergy—E..) has zero spectral weight. Therefore, atjy STM experiments on both YBC®and BSCCE? is in-

the vortex-center site the particle-hole asymmetry is maxiyinsic for highT, cuprates or just a feint related to the ex-
mum; however, at its NN sites, both statesKE,) have fi- istence of an intermediate layer, which might have nontrivial

nite spectral weight showing the feature of particle-holejnfiluence on STM measurements. Further STM experiments
symmetry as seen in Fig.(. For the mixedd+is-wave  are needed to clarify this issue.

pairing state, the conclusion is the same. We find that when At present, there are still no concrete experimental evi-

Volt=25 for the d+is-wave phaseE.,/Ama=1/8 and  gences of the bulk generation of the subdomiriarar id’
V,/t=2.2 for thed+id’-wave phasd , /Apa=1/5, which  component in highF, superconductors at finite fields. How-

7><ro,E>=Zs p(ro+8,E), (10)

. . . . . . 2 i ) L .
is qualitatively consistent with experimental datd ever, various inhomogeneities, such as surfaces, grain bound-
aries impurities, and vortices, have all been shown as sources
V. CONCLUSION of the locally time-reversal-symmetry-breaking states. In

fact, a spontaneous split of the zero-bias conductance peak
observed in the surface of YB@ugO,_ s was interpreted as
nf signal of spontaneous time-reversal-symmetry breaking
d’mplying the existence of ais or id,, component localized
ear the surfac&:?® The problem now is whether the global

In this paper, the quasiparticle spectrum of pdrerave,
mixed d+is-wave, andd+id’-wave superconductors have
been studied in the vortex-lattice state subject to a unifor
magnetic field perpendicular to the underlying 2D discretize

lattice. We discussed the square vortex lattice with two typecoherenu+ is- or d+id’-wave state can be realized. as the

of orientations with respect to the underlying finite-size lat- .
b ying overlap of the the locals and id’ component generated

tice. The self-consistent BdG equations are solved numeri: ; . P
cally. around vortex cores increases with the magnetic field. Any-

way, to study what new phenomena in the mixed state might

For the d-wave pairing state, the quasiparticle spectrum ) 4 i o
shows that no bound states are revealed, being consiste@gSociate with the time-reversal-symmetry-breakihgis

with previous result&® The LDOS at vortex core has a mul- andd+.id’ states is always an interesting issue, at least for
tipeak structure. By changing the magnetic field, we find tha{heoretlcal research.

the peak positions and the width of peaks between peaks
vary largely without a simple relation between the field
strength and splitting of peaks. The LDOS at the vortex cen- The work was supported by a RGC grant of Hong Kong
ter exhibits obvious difference for two orientations of the under Grant No. HKU7144/99P and in part by a 973-project
square vortex lattice we study. The sensitivity of LDOS toof the Ministry of Science and Technology of China under
the field and vortex arrangement is attributed to the interferGrant No. G1999064602.
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