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Twin boundaries in d-wave superconductors
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Twin boundaries in orthorhombiad-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 indseadve component may break time-reversal
symmetry at a low temperatuiie . The temperaturg@*, and the magnitude of the imaginary component, are
found to depend strongly on electron density. The results are compared with recent tunneling measurements.
[S0163-18297)51134-9

In spite of mounting experimental evidence that the high-presence of a tetragonal region within an orthorhombic sys-
temperature superconductors have an order parameter witem, could induce locall violation for a finite temperature
dy2_y2 (d-wave symmetry! a number of experiments on O<T<T*. Furthermore, the associated imaginaryave
both twinned and untwinned YB&u;O;_; (YBCO) suggest component could be large relative [, and would vary on
the presence of an additionsiwave order parameté By  a new length scaléln contrast, ars-wave component nucle-
symmetry, a smak-wave component always coexists with a ated solely through spatial variations @f such as is found
predominantlyd-wave order parameter in an orthorhombic in magnetic vortice$*>or near impuritieg? is usually small
superconductor such as YBCO, and changes its(s@ative  relative to|d| (unlessas— 0, which only occurs for densities
to thed-wave componentacross a twin boundafyThe ex-  just above a crossover to butkkwave superconductivity)
perimental results can be understood either if theave  and varies on a length scale of thevave coherence length.
component of the order parameter breaks time-revétEgl It is not clear, however, whether GL theofyhich is
symmetry near the twin boundary at low temperatures, as itrictly valid only near the bulk superconducting transition
can near surfaces? or if there is far more of one kind of temperaturg can reliably describe the low-temperature re-
twin domain(i.e., twin boundaries form in group§'?Re-  gime associated with violation. In the present work, twin
cent superconducting quantum interferrence device measurbeundaries ind-wave superconductors are investigated nu-
ments on vortices trapped by twin boundaries in YBCO didmerically using Bogoliubov—deGennes theory. We employ
not detect the fractional flux that would accompany lo€al an extended Hubbard model which gives risaltoave su-
violation? In the present work, however, we present strongperconductivity in a restricted parameter regifhidespite
evidence that such a symmetry breaking could indeed occuts simplicity, results obtained previously using this
in the vicinity of twin boundaries at low temperatures undermodel®?°are consistent with those obtained within the con-
certain conditions. text of a model better representing the high-oxides’?

Sigristet al.” have addressed the possibilityBiiolation  and with experimental result&23 Twin boundaries are mod-
near boundaries by considering the Ginzburg-Lan@@al) eled as tetragonal regions of varying widths and reduced
free energy for a homogeneous orthorhomibiwave super- chemical potential, in order to approximate the experimental

conductor: observations that twin boundaries are oxygen-deficieat
locally antiferromagnetically insulatingregions, generally
i a2
Fo=Fu+aqld|+ agfs)?+ Bild "+ Bols|+ Bolsf(d?  7-40 A wide”

The Hamiltonian for the extended Hubbard model is:
+ Ba(s*2d?+s2d*?) + Bg(s*d+sd*), )

wheres andd are thes-wave andd-wave components ofa H=~ > tiiCiToCirr_r“iE ”io_iE M}nm—VoZ NipNiy
superconducting order parameter of the fatme'’s, with 6 e 7 7

the relative phase betweenandd. Only the lowest-order V,

orthorhombic term is kept in the GL free energy sirszed Y z ,NiaNjar s 2

for small B5. Assuming all the coefficients are posititex- (oo

ceptay), the B85 term favorsé=nar (n integey, while theB,  where the sums are over spin and nearest-neighbors on the
term favors§=m/2. Thus, in a tetragonal superconductorsquare latticet;; is a direction-dependent hopping parameter
there can be a continuous transition to a bdHiolating  used to model orthorhombicity, is the chemical potential,
phase at a temperatureT* given by a((T*) u' is a site-dependent impurity potential representing the
=[2B4(T*)— B3(T*)]d*(T*).8 The coefficients of the GL depletion of the carrier density at the twin boundary, &fgd
free energy can be chosen such that<0 for a uniform  andV, are on-site and nearest-neighbor interactions, respec-
system; the orthorhombic term further discourages a positivévely (V>0 denotes attraction Choosing the unit cell as
T*. Yet the suppression af near an inhomogeneity, or the shown in Fig. 1, we can exploit the translational invariance
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FIG. 1. The unit cell of the finite-size system for the BdG cal-
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FIG. 2. The(a) real and(b) imaginary components of the
d-wave, on-site, and extendselvave gap functiongcorresponding

culations is shown as a solid line superimposed on a square lattict long-dashed, short-dashed, and solid lines, respectialy
Long and short dashed lines represent twin boundaries of width §hown as a function of distanceperpendicular to the twin bound-
and |f|, respectively. Basis points are labeled by circles andary. In (b), Im(Ag is multiplied by a factor of-10 to facilitate

squares.

of the Hamiltonian in the(110 direction. With IA?E§(+§/
parallel andr=—X+y perpendicular to the twin direction,
we obtain the Bogoliubov-deGenné3dG) equations:

Pt

such that

Un,k(ra) )_ ( un,k(ra)
Un,fk(ra) ~Enk Un,fk(ra)

) )

BT o)== 2 talni(Fat &) — [+ (1) 1Un k(T ),
)

4
AUl ) = Ao(T JUn i1 0+ 20 A1 ) Un T o+ ),
S
5
where the gap functions are defined by
Ao(ra)=Vo(Ci(ra)c(r)); (6)
AS(r ) =Va(Ci(r o+ 8)C (1)) W)

We have introduced the indexlabeling the two basis points
in the unit cell, the labek which is the Fourier inverse @&,
andé=0,r,r —R,— R connecting nearest neighbors with dif-
ferent basis indices. Equatiori8) are subject to the self-
consistency requirements

Ao(ra):VO% un,k(ra)U:,—k(ra)tan"( ZY )1 (8)

\% A
Ao1)= % 2 [Unillat &V} i(Ta)
nké

+un,k(ra)v:|,—k(ra+3)]tan"(ﬁzn'k>! (9)

where the sum is over positive energy eigenvaluggonly.

comparison with Imfy). Results are obtained using=—t,,
w'=—10t,, T=0, and twin width 4f|. Twin boundaries are cen-
tered at positions =0 (which is equivalent tod =100 by periodic
boundary conditionsandr =50 in units of]|r|.

The orthorhombicity of YBCO is modeled by an anisot-
ropy in the hopping parameters, reflecting the increased elec-
tronic mobility associated with the chaifsthroughout the
present work we usg, /t,= 1.5, which approximates the ob-
serveda-b anisotropy in the magnetic penetration deffth,
andV,=—V,;=—3t,. Twin boundaries of up to|4| width
(corresponding to approximately 22 Are investigated, with
ty=t, and ' <0 within the twin. The largest system studied
is 104t | in length with 400k states, or 80 000 sites; periodic
boundary conditions are assumed throughout.

At a twin boundary of zero width ang'=0, 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-sit@vave components, whose
bulk values are approximately 10% d&f;, go from their
near-bulk values to zero, over a single lattice spacinge-
versing their sign relative td 4 on either side of the bound-
ary. As the impurity strength is increased at low tempera-
tures, however, thd-wave ands-wave components become
increasingly perturbed from their bulk values over the coher-
ence length&y, ((T), where &4, 4(0)=~|f| in the present
work. When the magnitude of trebwave component in the
twin boundary is suppressed to approximately half its bulk
value, an additional imaginarg-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 7-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 u'=—10t,, u=—t,, T=0, and boundary width
Wr=4|r|. 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 comparablegg, (0), reflecting the
local nucleation of additionas-wave components through
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FIG. 3. The maximum value of the imaginary on-sftashed Vit Vi
lines) and extended-wave (solid lineg components relative to the i *
bulk value of thed-wave order parameter are shown as a function
of (a) |u'| (note u'<0) andW; at zero temperature and= —t,,
and (b) T/Tc. and u. InA(a) thin and bold Iings corresponq to twin the twin edge wheréa) through(c) correspond td?| through 3f|
bound_ary widthsWy/|F|=0 and 1, respectively. litb), thin and while (d) illustrates the bulk, and temperaturds=0 (lower),
bold Ilnels denote results fqe=—2t, and u=—t,, and we have T=0.05T, (offset 0.3, T=0.1T, (offset 0.2, andT = 0.15T, (offset
chosenu’=—10Q, andWy=0. 0.3). Parameters are as in Fig. 2.

FIG. 4. A low-energy portion of the tunneling conductance near
a twin boundary is shown as a function of energy, distanfrem

spatial variations of the dominamtwave component. The parallel to the twin surface and in opposite directions on
presence of finite complex gap functions in the bulk, how-ejther side of the twin boundary. The strong impurity poten-
ever, implies that the imaginary components vary over a diftial therefore mimics a line of temperature-dependent mag-
ferent characteristic distanagg(0)>£4.5(0). This longer netic flux passing through the twin boundary and oriented
length scale, as well as the comparable sizes ofAlnfear parallel to thec axis. As shown by the differential conduc-
the twin edge and the bulk,, is consistent with the GL tance in Fig. 4
predictiond discussed above.

As shown in Fig. 3, the size of the imaginasywave Jl(r)
component nucleated near the twin boundary is extremely a— > [un (D2 (V=g4 )
sensitive to the temperature, impurity strength, and the width N nk ' '
of _the _twm bouqdary. At zero Itemperature, Figia3 a +|vn,k(f)|2f'(V+8n,k)], (10)
7-violating state first appears ftr'~ — 2.7, at all electron
densities for an impurity lingi.e., Wr=0). As the impurity
strength continues to increase, the perturbation ofithave
component, and the maximum values of the imaginar

wheref’ is the voltage derivative of a Fermi function, this
effective field splits the low-energy band of virtual-bound
. Ystates associated with Andreev reflections at the twin
S-wave gompgnents, begin to s_aturgte. m> 0,’ however, surfacé”’ Alternatively, the presence of two low-energy qua-
a lower impurity strength can give rise foviolation at zero  gyaricle peaks in the tunneling conductance at low tempera-
temperature, since thé-wave component is already SUP- yres reflects the existence of a physical gap in the excitation
pressed by approximately 20% in a locally tetragonal regionspectrum, proportional to the magnitude of the total complex
(with t,=t,) even foru'=0. Increasing/N'y beyond approxi-  s-wave component. The zero-temperature maximum peak-
mately 3r| has no further effect. This result, valid for all to-peak separation, found in Fig(a} to be approximately
electron densities, is also consistent with the GL prediétion 0.2t,~2 meV (wheret, is estimated fronT .= 0.51t,~60 K
that local tetragonal symmetry could favor a time-reversaht this carrier concentratiofn)~0.75, grows with increas-
breaking state at low temperature. ing |Vo| and|u'| but diminishes with increasing temperature
The growth of all thes-wave components with decreasing and distance from the twin boundary. While the tunneling
chemical potential reflects the impending instability of theconductance exhibits low-temperature features that are no
system against bulk dominastwave superconductivity at doubt finite-size effects, it is evident that the low-energy
slightly lower electron densiti€d:*® As the temperature is band splits at a temperature T 6 K which is consider-
increased at finitg!, the imaginary component decreases toably lower than theT* ~0.5T,, estimated from Fig. ®). A
zero asy1—T/T*; the transition temperatufE* is strongly = comparable splitting of the zero-energy peak has been re-
density-dependent, scaling roughly witlhy. The samé™* is  cently observellin tunneling spectra of YBCO surfaces, and
obtained for wider twin boundaries at a given density,has been interpretéllas a clear signature &f violation.
though the magnitudes of the imaginayvave components In summary, we have found evidence for time-reversal
increases with increasing/s . symmetry breaking near twin boundaries id-avave ortho-
The spatial variation of thes-wave component’s phase rhombic superconductor at low temperatufes T* <T_,
relative toA 4 implied by Fig. 2 leads to currents which flow whereT* /T scales approximately with the size of the bulk
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d-wave gap. The magnitudes of the imaginarwave com-  zero-bias anomaly in tunneling spectroscpisypredicted to
ponents associated with tlEviolation depend strongly on split in the vicinity of the twin edge.

the chemical potential and depletion of the carrier density in

the twin boundary. These-wave gap functions could be  The authors are grateful to D. Branch, L.-W. Chen, M.
responsible for the finite Josephson currents observed ifiranz, L. H. Greene, K. A. Moler, and M. I. Salkola for their
c-axis tunnel junctions to heavily-twinned YBCQ\s a con-  insightful comments. This work has been partially supported
sequence of the time-reversal breaking, the low-energy quay the Natural Sciences and Engineering Research Council
siparticle peak in the tunneling conductancelated to the of Canada and the Ontario Center for Materials Research.
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