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Twin boundaries in orthorhombicd-wave superconductors are investigated numerically using the
Bogoliubov–deGennes formalism within the context of an extended Hubbard model. The twin boundaries are
represented by tetragonal regions of variable width, with a reduced chemical potential. For sufficiently large
twin boundary width and change in chemical potential, an induceds-wave component may break time-reversal
symmetry at a low temperatureT* . The temperatureT* , and the magnitude of the imaginary component, are
found to depend strongly on electron density. The results are compared with recent tunneling measurements.
@S0163-1829~97!51134-9#

In spite of mounting experimental evidence that the high-
temperature superconductors have an order parameter with
dx22y2 ~d-wave! symmetry,1 a number of experiments on
both twinned and untwinned YBa2Cu3O72d ~YBCO! suggest
the presence of an additionals-wave order parameter.2,3 By
symmetry, a smalls-wave component always coexists with a
predominantlyd-wave order parameter in an orthorhombic
superconductor such as YBCO, and changes its sign~relative
to thed-wave component! across a twin boundary.4 The ex-
perimental results can be understood either if thes-wave
component of the order parameter breaks time-reversal~T !
symmetry near the twin boundary at low temperatures, as it
can near surfaces,5–10 or if there is far more of one kind of
twin domain~i.e., twin boundaries form in groups!.11,12 Re-
cent superconducting quantum interferrence device measure-
ments on vortices trapped by twin boundaries in YBCO did
not detect the fractional flux that would accompany localT
violation.13 In the present work, however, we present strong
evidence that such a symmetry breaking could indeed occur
in the vicinity of twin boundaries at low temperatures under
certain conditions.

Sigristet al.7 have addressed the possibility ofT violation
near boundaries by considering the Ginzburg-Landau~GL!
free energy for a homogeneous orthorhombicd-wave super-
conductor:
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wheres andd are thes-wave andd-wave components of a
superconducting order parameter of the formd1eius, with u
the relative phase betweens and d. Only the lowest-order
orthorhombic term is kept in the GL free energy sinces!d
for small b5 . Assuming all the coefficients are positive~ex-
ceptad!, theb5 term favorsu5np ~n integer!, while theb4
term favorsu5p/2. Thus, in a tetragonal superconductor
there can be a continuous transition to a bulkT-violating
phase at a temperatureT* given by as(T* )
5@2b4(T* )2b3(T* )#d2(T* ).8 The coefficients of the GL
free energy can be chosen such thatT* <0 for a uniform
system; the orthorhombic term further discourages a positive
T* . Yet the suppression ofd near an inhomogeneity, or the

presence of a tetragonal region within an orthorhombic sys-
tem, could induce localT violation for a finite temperature
0<T<T* . Furthermore, the associated imaginarys-wave
component could be large relative toudu, and would vary on
a new length scale.7 In contrast, ans-wave component nucle-
ated solely through spatial variations ofd, such as is found
in magnetic vortices14,15or near impurities,16 is usually small
relative toudu ~unlessas→0, which only occurs for densities
just above a crossover to bulks-wave superconductivity17!
and varies on a length scale of thed-wave coherence length.

It is not clear, however, whether GL theory~which is
strictly valid only near the bulk superconducting transition
temperature! can reliably describe the low-temperature re-
gime associated withT violation. In the present work, twin
boundaries ind-wave superconductors are investigated nu-
merically using Bogoliubov–deGennes theory. We employ
an extended Hubbard model which gives rise tod-wave su-
perconductivity in a restricted parameter regime.18 Despite
its simplicity, results obtained previously using this
model19,20 are consistent with those obtained within the con-
text of a model better representing the high-Tc oxides,17,21

and with experimental results.22,23Twin boundaries are mod-
eled as tetragonal regions of varying widths and reduced
chemical potential, in order to approximate the experimental
observations that twin boundaries are oxygen-deficient~i.e.
locally antiferromagnetically insulating! regions, generally
7–40 Å wide.24

The Hamiltonian for the extended Hubbard model is:
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where the sums are over spin and nearest-neighbors on the
square lattice,t i j is a direction-dependent hopping parameter
used to model orthorhombicity,m is the chemical potential,
m I is a site-dependent impurity potential representing the
depletion of the carrier density at the twin boundary, andV0
andV1 are on-site and nearest-neighbor interactions, respec-
tively ~V.0 denotes attraction!. Choosing the unit cell as
shown in Fig. 1, we can exploit the translational invariance
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of the Hamiltonian in the~110! direction. With R̂[ x̂1 ŷ
parallel andr̂[2 x̂1 ŷ perpendicular to the twin direction,
we obtain the Bogoliubov-deGennes~BdG! equations:

S ĵ D̂

D̂* 2 ĵ
D S un,k~r a!

vn,2k~r a! D5«n,kS un,k~r a!

vn,2k~r a! D , ~3!

such that
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where the gap functions are defined by

D0~r a![V0^c↑~r a!c↓~r a!&; ~6!

Dd~r a![V1^c↑~r a1 d̂ !c↓~r a!&. ~7!

We have introduced the indexa labeling the two basis points
in the unit cell, the labelk which is the Fourier inverse ofR,
andd̂50̂, r̂ , r̂ 2R̂,2R̂ connecting nearest neighbors with dif-
ferent basis indices. Equations~3! are subject to the self-
consistency requirements
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where the sum is over positive energy eigenvalues«n,k only.

The orthorhombicity of YBCO is modeled by an anisot-
ropy in the hopping parameters, reflecting the increased elec-
tronic mobility associated with the chains;25 throughout the
present work we usety /tx51.5, which approximates the ob-
serveda-b anisotropy in the magnetic penetration depth,26

andV052V1523tx . Twin boundaries of up to 4u r̂ u width
~corresponding to approximately 22 Å! are investigated, with
ty5tx andm I<0 within the twin. The largest system studied
is 100u r̂ u in length with 400k states, or 80 000 sites; periodic
boundary conditions are assumed throughout.

At a twin boundary of zero width andm I50, we find
within the BdG theory that for all temperatures the dominant
d-wave component of the order parameter is virtually unaf-
fected. The extended and on-sites-wave components, whose
bulk values are approximately 10% ofDd , go from their
near-bulk values to zero, over a single lattice spacingr , re-
versing their sign relative toDd on either side of the bound-
ary. As the impurity strength is increased at low tempera-
tures, however, thed-wave ands-wave components become
increasingly perturbed from their bulk values over the coher-
ence lengthjd1s(T), where jd1s(0)'u r̂ u in the present
work. When the magnitude of thed-wave component in the
twin boundary is suppressed to approximately half its bulk
value, an additional imaginarys-wave component may be
nucleated near the twin edge, breaking time-reversal symme-
try. We have found no evidence for a phase transition to a
bulk T-violating state in a uniform system.

The real and imaginary parts of the various components
of the order parameter are shown in Fig. 2 for a twin bound-
ary with m I5210tx , m52tx , T50, and boundary width
WT54u r̂ u. While all the components go to zero rapidly
within the twin boundary, both the real and imaginary parts
of thes-wave gap functions are enhanced near the twin edge.
In the immediate vicinity of the twin boundary, the real
s-wave components are perturbed from their bulk values
over a short distance comparable tojd1s(0), reflecting the
local nucleation of additionals-wave components through

FIG. 1. The unit cell of the finite-size system for the BdG cal-
culations is shown as a solid line superimposed on a square lattice.
Long and short dashed lines represent twin boundaries of width 0
and u r̂ u, respectively. Basis points are labeled by circles and
squares.

FIG. 2. The ~a! real and ~b! imaginary components of the
d-wave, on-site, and extendeds-wave gap functions~corresponding
to long-dashed, short-dashed, and solid lines, respectively! are
shown as a function of distancer perpendicular to the twin bound-
ary. In ~b!, Im(Ds) is multiplied by a factor of210 to facilitate
comparison with Im(D0). Results are obtained usingm52tx ,
m I5210tx , T50, and twin width 4u r̂ u. Twin boundaries are cen-
tered at positionsr 50 ~which is equivalent tor 5100 by periodic
boundary conditions! and r 550 in units ofu r̂ u.
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spatial variations of the dominantd-wave component. The
presence of finite complex gap functions in the bulk, how-
ever, implies that the imaginary components vary over a dif-
ferent characteristic distancej is(0)@jd1s(0). This longer
length scale, as well as the comparable sizes of Im(D0) near
the twin edge and the bulkDd , is consistent with the GL
predictions7 discussed above.

As shown in Fig. 3, the size of the imaginarys-wave
component nucleated near the twin boundary is extremely
sensitive to the temperature, impurity strength, and the width
of the twin boundary. At zero temperature, Fig. 3~a!, a
T-violating state first appears form I'22.7tx at all electron
densities for an impurity line~i.e., WT50!. As the impurity
strength continues to increase, the perturbation of thed-wave
component, and the maximum values of the imaginary
s-wave components, begin to saturate. ForWT.0, however,
a lower impurity strength can give rise toT violation at zero
temperature, since thed-wave component is already sup-
pressed by approximately 20% in a locally tetragonal region
~with tx5ty! even form I50. IncreasingWT beyond approxi-
mately 3u r̂ u has no further effect. This result, valid for all
electron densities, is also consistent with the GL prediction7

that local tetragonal symmetry could favor a time-reversal
breaking state at low temperature.

The growth of all thes-wave components with decreasing
chemical potential reflects the impending instability of the
system against bulk dominants-wave superconductivity at
slightly lower electron densities.17,18 As the temperature is
increased at finitem I , the imaginary component decreases to
zero asA12T/T* ; the transition temperatureT* is strongly
density-dependent, scaling roughly withDd . The sameT* is
obtained for wider twin boundaries at a given density,
though the magnitudes of the imaginarys-wave components
increases with increasingWT .

The spatial variation of thes-wave component’s phase
relative toDd implied by Fig. 2 leads to currents which flow

parallel to the twin surface and in opposite directions on
either side of the twin boundary. The strong impurity poten-
tial therefore mimics a line of temperature-dependent mag-
netic flux passing through the twin boundary and oriented
parallel to thec axis. As shown by the differential conduc-
tance in Fig. 4

]I ~r !

]V
}2(

nk
@ uun,k~r !u2f 8~V2«n,k!

1uvn,k~r !u2f 8~V1«n,k!#, ~10!

where f 8 is the voltage derivative of a Fermi function, this
effective field splits the low-energy band of virtual-bound
states associated with Andreev reflections at the twin
surface.27 Alternatively, the presence of two low-energy qua-
siparticle peaks in the tunneling conductance at low tempera-
tures reflects the existence of a physical gap in the excitation
spectrum, proportional to the magnitude of the total complex
s-wave component. The zero-temperature maximum peak-
to-peak separation, found in Fig. 4~a! to be approximately
0.2tx;2 meV ~wheretx is estimated fromTc50.51tx'60 K
at this carrier concentration̂n&'0.75!, grows with increas-
ing uV0u andum I u but diminishes with increasing temperature
and distance from the twin boundary. While the tunneling
conductance exhibits low-temperature features that are no
doubt finite-size effects, it is evident that the low-energy
band splits at a temperature 0.1Tc'6 K which is consider-
ably lower than theT* ;0.5Tc estimated from Fig. 3~b!. A
comparable splitting of the zero-energy peak has been re-
cently observed6 in tunneling spectra of YBCO surfaces, and
has been interpreted10 as a clear signature ofT violation.

In summary, we have found evidence for time-reversal
symmetry breaking near twin boundaries in ad-wave ortho-
rhombic superconductor at low temperaturesT,T* ,Tc ,
whereT* /Tc scales approximately with the size of the bulk

FIG. 3. The maximum value of the imaginary on-site~dashed
lines! and extendeds-wave~solid lines! components relative to the
bulk value of thed-wave order parameter are shown as a function
of ~a! um I u ~notem I<0! andWT at zero temperature andm52tx ,
and ~b! T/Tc and m. In ~a! thin and bold lines correspond to twin
boundary widthsWT /u r̂ u50 and 1, respectively. In~b!, thin and
bold lines denote results form522tx andm52tx , and we have
chosenm I52100tx , andWT50.

FIG. 4. A low-energy portion of the tunneling conductance near
a twin boundary is shown as a function of energy, distancer from
the twin edge where~a! through~c! correspond tou r̂ u through 3u r̂ u
while ~d! illustrates the bulk, and temperaturesT50 ~lower!,
T50.05Tc ~offset 0.1!, T50.1Tc ~offset 0.2!, andT50.15Tc ~offset
0.3!. Parameters are as in Fig. 2.
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d-wave gap. The magnitudes of the imaginarys-wave com-
ponents associated with theT violation depend strongly on
the chemical potential and depletion of the carrier density in
the twin boundary. Theses-wave gap functions could be
responsible for the finite Josephson currents observed in
c-axis tunnel junctions to heavily-twinned YBCO.3 As a con-
sequence of the time-reversal breaking, the low-energy qua-
siparticle peak in the tunneling conductance~related to the

zero-bias anomaly in tunneling spectroscopy! is predicted to
split in the vicinity of the twin edge.
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