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Lattice model for the broken-time-reversal-symmetry pairing state near a surface
of d-wave superconductors
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Based on an extended Hubbard model, the spatial variation of the order parameter is calculated self-
consistently near the surface ofd-wave superconductors. It is shown ad1 is order parameter can be induced
near a$110% surface, leading to splitting of the zero-energy peak in the surface local density of states and the
generation of a spontaneous surface supercurrent. This splitting can be diminished by the increase of ortho-
rhombicity, on-site repulsive interaction, or temperature. Our results give a microscopic explanation for the
surface broken-time-reversal-symmetry pairing state.
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After many years of experimental and theoretical study1 a
commonly shared point of view is that the pairing state
high-temperature superconductors is predominantly
d-wave symmetry. For such a pairing state, the energy
can have a sign change along some nodal lines of an es
tially cylindrical Fermi surface. As one of the direct cons
quences, Hu2 has shown that midgap states with energy
bitrarily close to the Fermi surface can be formed near
$110% surface of adx

a
22x

b
2-wave superconductor, wherea and

b are the crystalline axes. Midgap states do not exist on
surface ofs-wave superconductors and on a$100% surface of
dx

a
22x

b
2-wave superconductors. One of the most intrigui

features of high-temperature superconductors, the zero-
conductance peak~ZBCP! observed when tunneling into th
ab-oriented thin films3–5 can be explained quite well in term
of the midgap states induced at surfaces.6,7 More recently,
Covington et al.8 reported the splitting of the ZBCP ob
served for copper/insulator/Y-Ba-Cu-O in-plane tunnel jun
tions at low temperatures in zero magnetic field. It is b
lieved that this zero-field splitting is caused by the ene
shift of the Andreev bound states in a broken-time-rever
symmetry~BTRS! state.9,10 Several previous works11,12 pre-
dicted that a subdominants-wave order parameter, which ha
a relative phasep/2 with respect to the dominantd-wave
order parameter, could appear near the surface. Howe
within these continuum theories, an attractive subdomin
s-channel interactions should be explicitly introduced for t
realization of the surface BTRSd1 is state, even though thi
s-wave pairing interaction normally cannot compete with t
d-wave pairing interaction in the bulk.13 In addition, it is
unclear to what extent the continuum approach that was u
for s-wave superconductors is valid for treatingd-wave su-
perconductors with short coherence length. This situa
presents a strong impetus for further study of the surf
electronic states ind-wave superconductors.
PRB 590163-1829/99/59~5!/3353~4!/$15.00
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In this paper, by introducing the supercell concept a
using the exact diagonalization technique, we study the e
tronic states at the surface of ad-wave superconductor de
fined on a two-dimensional square lattice within an extend
Hubbard model. The order parameter is self-consistently
termined. We find that at low temperatures an~extended!
s-wave component of the order parameter, which isp/2 out
of phase with the suppressedd-wave component, is induce
near a$110% surface. As a result, the local density of stat
~LDOS! near the surface is split at zero energy, which
rectly corresponds to the splitting of the ZBCP. This splitti
is decreased with increased temperature and finally dis
pears at a critical temperature much lower than the bulk tr
sition temperature. In addition, we also find that at a fix
low temperature, the zero-energy splitting in the LDOS c
be reduced by the orthorhombicity and the increase of on-
repulsive interaction.

To model decoupled copper-oxygen layers in high-Tc su-
perconductors, we consider the single-band extended H
bard Hamiltonian on a two-dimensional square lattice

H52 (
^ ij &s

t ijcis
† cjs1(

is
U inis2m(

is
nis

2V0(
i

ni↑ni↓2
V1

2 (
^ ij &ss8

nisnjs8 . ~1!

Here i and j are site indices and the angle bracket impl
that the hopping and interactions are only considered up
nearest-neighbor sites,nis5cis

† cis is the electron number op
erator on sitei, andm is the chemical potential. To model th
orthorhombicity effect, the hopping integralt ij are taken to
be direction-dependent and are respectivelytx ,ty along the
crystallinea andb axes.tx5ty corresponds to the tetragon
structure. The depletion of the carrier density at the surfac
simulated by a single-layer impurity scattering potential:U i
3353 ©1999 The American Physical Society
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5U0( i8PId i8,i with the summation over the set of impurit
sites. The amplitude of the single-site potential is sufficien
strong so that the tunneling of carriers between both side
the single layer is negligible. The quantitiesV0 , andV1 are
on-site and nearest-neighbor interaction strength, res
tively. Positive values ofV0 andV1 mean attractive interac
tions and negative values mean repulsive interactions. W
V0,0 andV1.0, thed-wave pairing state is favorable. Th
extended Hubbard model has been previously used to s
the single vortex structure,14,15 electronic states on a twin
boundary,16,17 the effects of disorder18,19 and single impurity
scattering,20 and the effect of surface roughness.21 However,
the existence of BTRS pairing state at the surface within
model has not been explored.22

To study the electronic states near the surface, we in
duce the supercells. For the$110% surface, the size of eac
supercell isNx&a3Ny&a, wherea is the lattice constant
The system Hamiltonian is invariant under a supercell tra
lation. We then define the supercell Bloch states labeled b
wave vectork and a site indexi within the supercell. Within
the mean-field approximation, the diagonalization of Eq.~1!
can be transformed to find the solutions to the latt
Bogoliubov–de Gennes~BdG! equations23

(
j

S H ij ~k! D ij

D ij
† 2H ij ~k!

D S uj
n,k

v j
n,kD 5En,k S ui

n,k

v i
n,kD . ~2!

Here ui
n,k and v i

n,k are the Bogoliubov amplitudes corre
sponding to the eigenvalueEn,k ,

H ij ~k!52t ije
ik•da/&d i1d,j1~U i2m!d ij , ~3!

D ij 5D0~ i!d ij 1Dd~ i!d i1d,j , ~4!

where d56 x̂6 ŷ are the unit vectors, andkx,y
52pnx,y /&Mx,yNx,y with nx,y50,1,2,...,Mx,y21. The inte-
gersMx,y label the supercell. The energy gaps for on-site a
nearest-neighbor pairing are determined self-consistently

D0~ i!5
V0

M (
n,k

ui
n,kv i

n,k* tanh~En,k/2kBT!, ~5!

Dd~ i!5
V1

2M (
n,k

@ui
n,kv i1d

n,k* e2 ik•da

1ui1d
n,k v i

n,k* eik•da#tanh~En,k/2kBT!, ~6!

where kB is the Boltzmann constant,M5Mx3M y is the
number of supercells. This technique has several merits~i!
the desired resolution to resolve the resonance in energy
be obtained;~ii ! the band structure effect can be taken in
account;~iii ! it can be easily implemented to study mo
general situations.

We solve the BdG equations self-consistently by start
with an initial gap function. After exactly diagonalizing Eq
~2!, the obtained Bogoliubov amplitudes are substituted i
Eqs.~5! and~6! to compute a new gap function. We then u
it as input to repeat the above process until the relative e
in the gap function between successive iterations is less
the desired accuracy. Throughout our work, we useV1
52.5tx , m52tx , and U05100tx . This set of paramete
y
of

c-

en
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o-
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values give theDd50.266tx and Tc50.418tx for the bulk
tetragonal structure and the corresponding coherencj
5\vF /pDd'4a.

Since a quasiparticle reflected from the$110% surface will
see an order parameter, which has a different sign from
experienced before its reflection, the pair breaking effec
this surface is most pronounced. In Fig. 1~a!, we plot the
spatial variation of the amplitudes ofd- and s-wave order
parameters defined as14

Dd~ i!5
1

4
@D x̂~ i!1D2 x̂~ i!2D ŷ~ i!2D2 ŷ~ i!#, ~7a!

Ds~ i!5
1

4
@D x̂~ i!1D2 x̂~ i!1D ŷ~ i!1D2 ŷ~ i!#, ~7b!

for the $110% surface of a tetragonald-wave superconducto
at T50.02tx andV050. The spatial variation of the averag
current which given by

Jij 52
2iet

M\ (
n,k

$@ f ~En!ui
n,k* ui1d

n,k e2 ik•da/&

1@12 f ~En!#v i
nv i1d

n,k* eik•da/&#2c.c.% ~8!

is plotted in Fig. 1~b!, where the Fermi distribution function
f (E)5@exp(E/kBT)11#21. Our numerical results show tha
the d-wave component of order parameter comes from
real part of the bond order parameter, while the exten
s-wave component from the imaginary part. Therefore, it
demonstrated unambiguously that the relative phase betw
s- andd-wave components isp/2. Thed-wave order param-
eter is suppressed near the surface and increases mono
cally to the bulk value at a coherence length scalej. The
induceds-wave component near the surface oscillates at

FIG. 1. The spatial variation of the amplitudes of order para
eter~a! and the spontaneous current~b! away from the$110% surface
of a tetragonal superconductor. The distance is measured in un
a15a/&. The solid line~with filled triangle! corresponds to the
d-wave component and the dashed line~with filled circle! to the
s-wave component. The parameterskBT50.02tx andV050.
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atomic scale and vanishes into the bulk region at a dista
j. Correspondingly, the current flowing along the surface
limited to the surface region.

Once the BdG equations~2! are solved self-consistently
we can calculate the thermally broadened local density
states~LDOS!

r i~E!52
2

M (
n,k

@ uui
n,ku2f 8~En,k2E!1uv i

n,ku2f 8~En,k1E!#,

~9!

where the prefactor 2 comes from the twofold spin deg
eracy andf 8(E) is the derivative off (E). r i(E) is propor-
tional to the local differential tunneling conductance which
measured in a scanning-tunneling microscope~STM!
experiment.24 In Fig. 2 we plot the LDOS as a function o
energy at a distancea/& from the$110% surface of a tetrag-
onal superconductor for various temperatures. For comp
son, we have also displayed the density of states for the
system, where a gaplike feature withDmax'0.78tx is exhib-
ited. From the figure, the splitting of LDOS at zero ener
can be seen clearly. Calculations without surface pair bre
ing, do not allow one to describe the splitting of the ze
energy peak in the LDOS. The asymmetry line shape
r(E) with respect to zero energy reflects the lack of partic
hole symmetry as the chemical potentialm deviates from
zero. When the temperature is increased, the splitting dim
ishes and finally a single zero-energy peak evolves at a c
cal temperatureTs , which is estimated to be 16% ofTc . We
find that thes-wave component becomes vanishingly sm
at Ts , which gives a direct signature of BTRS surface pa
ing state. The estimatedTs is a little larger than the experi
mentally observed value 10%.8 However, as will be shown
below, thisTs can be decreased by the presence of ort
rhombicity and by increasing the on-site repulsion. Figur
shows the LDOS as a function of energy at a distancea/&
from the $110% surface of a tetragonal superconductor
various values of on-site repulsive interaction atT50.02tx .
Clearly, the increase of on-site repulsive interaction redu
splitting of the zero-energy peak. In particular, splitting
the zero-energy peak can even be destroyed by a stro

FIG. 2. The local density of states as a function of energy a
distancea/& from the$110% surface of a tetragonal superconduct
at temperaturekBT50.02tx ~solid line!, 0.05tx ~dashed line!, and
0.1tx ~dotted line!. For comparison, the bulk density of stat
~dotted-dashed line! at kBT50.02tx is also displayed. The param
eterV050.
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on-site repulsive interaction. Thus the splitting of the ZBC
is not always observable in a high-temperature superc
ductor, which depends on the strength of the microsco
interaction. The spin-singlet interaction within the extend
Hubbard model with on-site repulsion~2V0.0 in our defi-
nition! and nearest-neighbor (2V1,0) attraction in the real
space can be Fourier transformed into the momentum sp
as V(k,k8)52V02V1(coskxa1coskya)(coskx8a1cosky8a)
2V1(coskxa2coskya)(coskx8a2cosky8a), in which the first
two terms correspond to thes-channel interaction and th
third term to thed-channel interaction. Thus the on-site r
pulsion and nearest-neighbor attraction compete with e
other in determining thes-channel interaction. As a resul
the increase of on-site repulsive interaction is unfavorable
the s-channel pairing, which leads to the reduction of t
induced s-wave component near the surface. The latt
model discussed here gives a possible origin for the ind
tion of subdominants-wave order parameter near the surfa
and provides a natural explanation for the observed split
of the ZBCP in high-temperature superconductors.

We have also studied the orthorhombicity effect on t
splitting of the zero-energy peak. As shown in Fig. 4, t
splitting of the zero-energy peak is reduced by the prese

a FIG. 3. The local density of states as a function of energy a
distancea/& from the$110% surface of a tetragonal superconduct
at kBT50.02tx with the on-site repulsionV050 ~solid line!, 21.5tx

~dashed line!, and23tx ~dotted line!.

FIG. 4. The local density of states as a function of energy a
distancea/& from the$110% surface of an orthorhombic supercon
ductor with ty /tx51 ~solid line!, 1.2 ~dashed line!, and 1.5~dotted
line!. The parameterskBT50.02tx andV050.
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of orthorhombicity ~represented by the ratioty /tx in our
work!. When the orthorhombicity is very strong, the splittin
will disappear. This result verifies a previous prediction
the local BTRS state based on Ginzburg-Landau~GL!
theory.11 The GL free energy density for a homogeneo
orthorhombicd-wave superconductor is given by

Fs5 (
i 5d,s

@a i uD i u21b i uD i u4#1g1uDsu2uDdu2

1g2~Ds*
2Dd

21Ds
2Dd*

2!1g3~Ds* Dd1DsDd* !,

~10!

where all coefficients~excepta i! are assumed to be positive
The g2 term favorsp/2 relative phase between thes- and
d-wave components. The orthorhombicity effect is rep
sented by theg3 term, which favors the relative phase 0 orp.
Within this GL formulation, to ensure a pured-wave state in
a bulk tetragonal superconductor, it is required that the
fective second order coefficient ofDs is positive, i.e.,
ic

pl

K

J.
f

s

-

f-

ãs(T)5as1(g122g2)uDdu2.0, for all temperatures, wher
uDdu5@2ad /bd#1/2. At the $110% surface, thes-wave com-
ponent could be induced due to the suppression ofd-wave
component. However, the presence of the orthorhombi
discourages thep/2 relative phase, which leads to the d
crease of splitting of the zero-energy peak. This result p
dicts that the BTRS state may be easier to measure fo
tragonal samples like Tl2Ba2CuO61d and Bi2Sr2CaCu2O81d.
So far, the BTRS state has not been observed in these m
rials, which may be due to a relative large on-site interacti

Note that there is no sign change of ad-wave order pa-
rameter for a$100% surface, we do not see the induction of a
s-wave component near the surface of a tetragonal super
ductor and the splitting of ZBCP is not exhibited.
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