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Andreev bound states at the interface of antiferromagnets andl-wave superconductors
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We set up a simple transfer matrix formalism to study the existence of bound states at interfaces and in
junctions between antiferromagnets ah@vave superconductors. The well-studied zero energy mode at the
{110 interface between an insulator andia.,. wave superconductor is spin split when the insulator is an
antiferromagnet. This has, as a consequence, that any competing interface induced superconducting order
parameter that breaks the time reversal symmetry needs to exceed a critical value before a charge current is
induced along the interface.
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The discovery of the symmetry of the superconducting A simple lattice model that includes bothwave super-
order parameter has been one of the most successful studiesnductivity and antiferromagnetism is given by the Hamil-
of high-T, materials. Angular resolved photoemission specionian
troscopy has revealed the nodes in the gap function, and
tunneling experiments have proven the sign change between N .
adjacent lobes of thd,z.,» wave gap: It was first shown H= —t<n2m>u CnoCms+H.C.— MHEU CnoCno (1)
by Hu* that this sign change can lead to zero energy Andreev ’
bound stateZEBS) at the surface of an insulator and a
d-wave superconductor. These Andreev bound states were Tt
later identified with the zero bias conductance peaks ob- - ;m AnmCoj Cm +H.C. @
served in tunneling experiments. The experiments by Cov-
ingtonet al® indicated, however, that the surface states were
spontaneously split by a minigap. Several ideas were pro- +> Mn(C;TCnT_C;LCnl)' 3
posed for this effect:one of which included the induction of n
a time reversal symmetry breakiigcomponent of the order )
parameter near the interfat@he resulting gapl + is lowers ~ Where(n,m) denotes nearest neighboké, andA,, ,, are the
the condensation energy by lifting the directional degeneracgpatially dependent magnetic and superconducting order pa-
of the ZEBS® Later Honerkampet al® used a tight-binding rameters. This I-_|am||ton|an is quadratic and can bg diagonal-
model with on-site repulsion and spin dependent neareded by a Bogoliubov—de Genn€BdG) transformation
neighbor interaction to self-consistently study the competi-
tion between additional induced orders near the surface of an - T
insulator and al,2.,2 wave superconductor. 70—2;4 Uy(N)Cpyt0v,(N)Chy, 4

The motivation for studying close domains of antiferro-
magnetism and. superconductivity arise_s from_the existencgith equal to+1 (—1) for spin-up(-down). We use the
of strlpeq domains in the cuprate materials. T_h|s was f‘,”theﬁotational convention that the spin indices op and v,
empha5|zed by recent galastlc neutron scattering experimengs; ;o\ that on the Bogoliubov operatorﬁz.
showing that static antiferromagnetic order is induced in a In the case of al,e.2-wave superconductor there are two

superstructure around the vortices in the mixed state Oaualitatively different orientations of the interface: 00

11 H
L8,_,SKCuQ, (Ref. 10 and LaCuQ,, 5.~ These experi- and{110; directions corresponding to a vertical and diagonal

ments are consistent with a static environment of alternatin%trip e respectively. Both cases are studied below with the
antiferromagnetic andd-wave superconducting - stripes x-axis (y-axis ChO.SGH perpendiculgparalle) to the inter-
around the vortex cores. Thus the electronic states in such "%ch which is placed at=0. The lattice constant is set to

environment is an important question. ; : . . .
. . . unity. Assuming translational invariance along the
Inspired by these experiments we set up a simple transfer

matrix method to identify bound states on interfaces ana/jdlrectlon the AF/ASC interface reduces to a one dimen-

) . . sional problem. For the{100 interface the resulting
junctions between antiferromagnets addvave supercon- . X

. . . . . Bogoliubov—de Gennes equations have the forms
ductors. In particular we discuss a single interface separating
antiferromagnetic andl-wave superconducting half-planes
(AF/dSO), and point out a few differences from the conven- €sUge(X)= ~t[Uge(X+1) +Ugy(X—1)+2 €co8q)Uge(X)]

tional nonmagnetic insulatod-wave superconductor inter-

face (/dSQO. Note that the antiferromagnetism forces us to Hlgo(X) + oMyllg go(X)

study a lattice model which is contrary to the usual discus- +(A3+1’X)vq(,(x+ 1)+(Ad 1.x)Vqo(X—1)
sion of Andreev interference in terms of semi-classical con-

tinuum models. +2 co$q)(—ADvge(X), ©)
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FIG. 1. {100 interface between an antiferromagnet andhaave superconductofa) Determinant ofe, as a function of energy for
q=0.1. There is a de Gennes/Saint-James bound state close to the superconducting gap edge which isdedaiéd &ir q=0.1. As
seen in(b), their dispersion has the expected downward cosine form until it merges with the continuum.

€450 q0(X) =t[vge(X+ 1) Fvg(X—1)+2 cogqQ)v g (X) ]
+ v go(X) + oM, g1 o (X)
(A1 Ut 1)+ (A5 ) Ugy(x—1)
+2c0gq)(— A% Hug,(x), (6)

after Fourier transforming along thedirection. The corre-
sponding equations for the Fourier componems o, and

Uq+er
g—q+Q. These BdG equations are diagonal in the spi

equal to 1, respectively. Here decaying and growing are refer
to propagation along the axis for increasidf PET,, de-
notes the matrix obtained after propagating the eigenvectors
of the bulk magnetic transfer matrix through the interface,
we introduce a matrixx given by

PETM=ET5C01, (12)

whereE Tg¢ is the matrix containing the eigenvectors of the

are obtained by simply performing the substitution PUlk superconducting region as column vectors. The dot in-
rdicates matrix multiplication. Now legj' andS3° denote the

index with the only difference between spin-up and -downsubspace of growing eigenstates RETy and ETsc, re-

being the sign of the magnetic term.

spectively, and consider the following linear combination of

A simple way to study bound states at the interface is ithe growing states ofPETy :

terms of the transfer matrix methd@iThus we introduce a
(q,€)-dependent matriX (x+1,x) defined by

V(x+1)=T(x+1,x)¥(x), (7)
which transfers the spinoP from sitex to sitex+1. For a
model with nearest neighbor coupling, takes the explicit
form W (x)=[ (xX),y(x—1)], where
l/l(X) = [uqu'(x) ,Uqu-(x),uq+ Qu’(x) 1Uq+QU(X)] ' (8)
The associated 88 transfer matrix has the general form

A B

1 o) ®

T(x+ 1,x)=<

whereA (B) denotes the X4 coefficient-matrix connecting
P(x+1) and y(x) [#(x—1)] determined from the BdG
equations(5) and (6). In the simplest case of a sharp inter-
face we have the following spatial dependencedgfand
Ay

M,=M(—21)* for

X=<0, (10

A=Ay for x>0. (11

> BIPETwiY= > > Biaji|ETsd)

iESg1 iESngES;C
> (2 a;ji Bi

L _osC | i _am
JeSg IeSg

)|ETsci>- (13

From Eq.(13) it is evident that to have a bound state at the
interface the vectoB must belong to the null space of the
reduced matrixx, , which is theS;*x S§' upper left part of
the original matrixa since the matriceBET,, andETgc are

\
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FIG. 2. Determinant o&, vs the energy for the{110; AF/dSC

Thus there are effectively three different transfer matricesjnterace. Again this is plotted inside the superconducting gap and

one in the bulk magnetic regiohy, , one in the bulk super-

with g=0.1. The dashed curve is the usual case of an I/dSC inter-

conducting regionTsc, and one associated with transfer face which clearly contains a ZEBEhe insulator state is obtained

through the interfac&, . By diagonalizingT,, andTs there

by performing the substitutiomM,— — M, for the hole part of the

exist decaying, growing, or propagating eigenstates depen@dG equations only The solid curves show the spin splitting of the
ing on whether the eigenvalues are less than, larger than @EBS for this particular value of.
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organized to have the eigenstates with the largest eigenvalues We now turn to the more interesting configuration of a
as column vectors to the left. In the case that the two sub{110 interface. Allowing for a possible interface induced

spacesSGgC andSrgn have the same dimension a bound state asubgap order with extended s wave symmetry the
the interface is characterized by the vanishing of the deteBogoliubov—de Gennes equations have the forms

minant of a, :
r €,Uqe(X)=—2t cogP)[Uge(X+1) +Uge(X—1) ] — pUg,(X)

Bound states: dét,)=0. (14 g
+ oMUy, (X)—2i Si A Vgo(X+1
Plots of the wave functions with values af,€) that satisfy ao) MDA 00X+ 1)
Eq. (14) verifies that these states indeed are bound to the —Aqu(,(x—l)]+2i CogQ)[ AT, 1,V go(X+1)
interface (not shown. The following explicit values of the s
input parameters are choser:1, Ay=0.14, M=2.0, and + A g(x—1)], (15

wu=—0.99 (for simplicity we ignore next-nearest neighbor

coupling. Figure 1a) shows the determinant plotted as a €,vq,(X) =2t COYP)[vge(X+ 1) +vge(X—1) ]+ v 4o(X)
function of energy for th§100 interface. There are bound o .d

states close to the superconducting gap edge that disperses + oMy go(X) =21 SiN(Q)[ A%y Uga(X+1)

downward in a cosine forrfFig. 1(b)]. A xd a1 o xS

These are the well-known de Gennes/Saint-James states Ak Ugo(X=1)] =21 cOd [ Axsy, ligo(x+1)
existing on the surface of an insulator and a super- +A;‘Suq0(x—1)], (16)
conductort*!#These subgap states are bound to the interface
and disappear whel —0. These equations are diagonal in the Fourier component

The induction of additional gap symmetries, extended  obtained after fourier transforming parallel to thELG} in-
p wave, near th¢100 interface of ad-wave superconductor terface since there is no staggering of the moments along a
and an antiferromagnet, was studied self-consistently byliagonal line in a square antiferromagnetic lattice. In Fig. 2
Kuboki.!® These local gap perturbations will slightly modify we again plot the determinant of the reduced matjxas a
the graphs in Fig. 1. There is no spin splitting of the dGSJXunction of energye when AS=0. As seen the spin degen-
mode in this geometry. eracy of the ZEBSdashed curves lifted at a{110; AF/dSC
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FIG. 3. (a) Same as in Fig. 2, but with an induced extended s-wave gap function near the interfade; de-js. For clarity we do not
show the original ZEB%dashed curve from Fig.)2(b) Schematic representation of the splitting of the original zero energy Andreev bound
state (dashed curve (1) The antiferromagnetic interface breaks the spin degeneracy, as shown in F&).l8duction of a possible
sub-dominant s-wave gap paramelf€er further splits the spin up/down states by breaking the directional degenéBacynly whenA®
exceeds a critical value is an interface current induced. In this last figure, which corresponds to the situationAfois equal toA® on
the interface and decreases linearly to zero within 20 sites of the interface.
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interface. As opposed to the usual dGSJ states in Fig. 1, thisetism. The consequences of this competition for the ZEBS
splitting is also caused by the fact that{alQ interface are discussed in Fig. 3.

belongs to only one sublattice whereas {160 interface The induction of a surface current is a well-known con-
studied above contains the same amount of spin-up ansequence of the time reversal symmetry broken state of
-down sites. 1/dSC interface$® However, for the AF/dSC interface with

The splitting of the ZEBS by\® mixing in the usual situ- a locally inducedd=*is order parameter there is a critical
ation of a I/dSC interface has been extensively studied in thealue of A3 before a current runs along the interf&édn
literature’° It is also well-known that a magnetic field fur- Fig. 3@ we show the situation when the inducé&d has
ther splits the ZEBS.The above spin splitting at AF/dSC exceeded this critical value. Figuréb3 is a schematic rep-
interfaces is similar to this magnetic field effect in the sensaesentation of the splitting of the original ZEBS with the first
that the magnetic interface effectively acts as a local magsketch corresponding to the parameters from Fig. 2 and the
netic field. A similar effect caused by a correlation inducedlast sketch to those from Fig.(@. We stress that only a
magnetization near the interface in the case of a I/dSC suself-consistent model calculation can determine the magni-
face was discussed by Honerkarep al® This “Zeeman”  tude of the directional splitting caused sycompared to the
effect is also directly related to the split zero energy Andreespin splitting caused by the antiferromagnetism, and hence
mode observed in the center of vortex cores of underdopethe relevancy of the interface current.
cuprates where local antiferromagnetism has been shown to In conclusion, we have set up a simple method so deter-
existl’=22 mine the existence of bound states at the interfacesidve

To the best of our knowledge there has been no selfsuperconductors and antiferromagnets. In particular we stud-
consistent calculation investigating afiy10; AF/dSC inter- ied the energetics of the notorious zero energy mode bound
face induced subdominant order parameters. However, w@ {110 1/dSC interfaces first discovered by FThis state
know from the study of/dSC surfaces'®that the strong pair is always spin split when the insulator is an antiferromagnet
breaking effects of 4110, geometry, as opposed tof2000  and is analogous to the split states found around the mag-
surface, tends to stabilize the subdominamtave compo- netic vortex cores of YBCO and BSCCO crystals. In the case
nent. Thus, even though there is no Fermi surface instabilitpf an array of junctions corresponding to a periodic domain
begging for removal of the ZEBS from the Fermi level in the of vertical or diagonal stripes these states will hybridize and
case of a AF/dSG110; interface, one should still consider eventually form a band. A current along the interface exists
the effect of an additional local superconducting order paonly when the effect of a competing, interface induded
rameteris competing with the splitting caused by the mag- component exceeds the spin splitting.
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