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Origin of the zero-bias conductance peaks observed ubiquitously in high- superconductors
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The midgap surface states predicted previously to exist on{n®my} surfaces ofdxg,xg-wave supercon-
ductors(SC’s) can be extended to midgap interface stéhkS’s), which exist at almost all interfaces between
grains of such SC's of different principal axes orientations. They can give rise to a zero-bias conductance peak
(ZBCP) in guasiparticle tunneling along any axis as shown in our model calculation. When the counterelec-
trode is a lowT. SC, its gap is shown to appear as a dip at the center oftittmdeneflZBCP. These and
other results support the proposal that such MIS’s are responsible for most if not all of the ZBCP’s observed
ubiquitously in tunneling experiments performed on highSC’s.[S0163-1828)04301-X

Zero-bias conductance peak&BCP’s, also known as might correspond to a very weak splitting; afid) a shift
conductance zero-bias anomaligsave been ubiquitously away from zero biagwhich sometimes was also observed in
(but not universally observed in quasiparticle tunneling ex- zero magnetic field®°and is therefore more likely caused
periments performed in various ways on various kindsby the surface condition than the applied field. For a possible
of high-T, superconductor (HTSC) samples=?! The explanation, see belowSome also reported not seeing any
high-T. materials used include at least Y-Ba-Cu-O, magnetic-field dependence at .

Bi-Sr-Ca-Cu-Q22(n-1)n]- (with n=1-3), and TI-Ba-Ca- Many mechanisms have been proposed for explaining the
Cu-0(2212-class compoundéwith and without dopingy as  observed ZBCP's; some require both electrodes to be super-
either ceramic or polycrystalline samples, or epitaxial thinconducting, such a&) supercurrent leakade->'" and (ii)
films which are{100}, {001}, and{103 oriented, etc. Some phase diffusior:*®* Other mechanisms proposed, which al-
films contain mixtures of several orientatiofssich ag110  low the counterelectrode to be normal, includé) Joseph-
and{013}). The materials used for counterelectrodes includeson tunneling from a proximity-induced superconducting re-
Pt, Au, Ag, Cu, W, Mo, In, Pb, Pb-Bi, Nb, etc., with at least gion in the counterelectrode into the HTSC electrbdé;'°

the last four materials used both above and below their redv) Tunneling from the counterelectrode into a normal re-
spective superconducting transition temperatures. In somgion which was proposed to exist in the HTSC electrode near
experiments, the electrode and the counterelectrode are batihe tunneling barriet;">?°and(v) Magnetic and Kondo scat-
HTSC's¥517%8The tunneling barriers were in some casesterings due to magnetic impurities in the barrier or on the
natural barriers formed with or without exposure of thesurface of the sample, i.e., the Applebaum-Anderson
samples to air, and in some cases atrtificial barriers made ohechanisnt;**19%%tc.

such materials as 0; AlO,, MgO, CeQ, and None of the the mechanisms metioned above are truly
PrBa,Cu;0;, etc. The tunneling geometries included the con-satisfactory: Mechanism) and(ii) are practically ruled out
ventional planar type, point contact, ramp type, break juncby the fact that ZBCP's are also observed with normal coun-
tion, broken-film-edge junction, squeezable-electron-terelectrodes. Mechanisfii) cannot account for the behav-
tunneling junction, and scanning tunneling microscopyior in the observed ZBCP when the counterelectrode goes
(STM), etc. However, when single-crystal samples weresuperconducting as a loly; SC, or when both electrodes are
studied, ZBCP’s were often not observéad. for example, high-T. superconductors, It is also difficult to see why
Refs. 22—-25 and perhaps also Ref),2fut there seemed to proximity-induced superconductivity could occur in a nor-
be also exceptiors>6'>2°When a ZBCP was observed, mal counterelectrode in the weak tunneling limit. Mecha-
some saw it only when it was noteaaxes tunneling®?’but  nism (iv) has the difficulty of explaining why a peak struc-
others seemed to see it inc-axis tunneling as ture should occur at zero voltage, as is already noted in Ref.
well.2689.11121517.2§ e hejghts and widths of the ZBCP's 10. As for mechanisntv), one would have to conclude that
observed varied greatly. When the counterelectrode used w#se magnetic or Kondo impurities must exist generically in
alow-T. SC, the ZBCP’s were generally observed to containall high-T. materials, and not in any extrinsic barriers or in
a center dip, which deepened to become a range of null corthe counterelectrodes. Thus Cu atoms in a different valence
ductance at very low temperatures, thereby clearly reflectingtate is a likely candidate. A correlation discovered recently
the energy gap of the counterelectrdd8:12162°When a  between observing ZBCP amtiwave-like characteristics in
magnetic field was applietvhile the counterelectrode was the highT, electrode favors in some way this mecharfism
norma)), some researchers saw in different samples or at difthan the others mentioned above. However, it probably fa-
ferent parts of the same sample three types of respéfi¢gs: vors even more a mechanism discussed below. Besides,
a “Zeeman splitting” of the ZBCP, with a large field- mechanismgi)—(iii) and(iv) have not explained why a low-
dependeny factor® (ii) a broadening of the ZBCP, which T, superconducting gap can appear as a dip at the center of
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the ZBCP, and none of these mechanisms can explain why In the present work, it is pointed out first of all that the
ZBCP’s are much less likely observed in single-crystalMSS's can be generalized to midgap interface std¢dS’s),
samples, whereas the mechanism discussed below can esach of which has a wave function which is localized, as far
plain both of these two points, as we shall show. Also,as the directions in theb plane are concerned, within
Kashiwayaet al?® have noted that mechanisfiv) cannot  roughly a coherence length from an interface between almost
explain the third type of magnetic-field effect they observedany two d-wave superconducting domairise., graing of
This point does not pose any difficulty to the mechanismdifferent ab-axes orientationd’ A model calculation based
discussed below eithe{See below. on the tunneling Hamiltonian appro&ctis then presented,
Three years ago, the author noted the possibility of arwhich shows that such MIS’s can give rise to a ZBCP in
intrinsic mechanism for the observed ZBCP's in tunneling along thec or a axis® As for tunneling along
HTSC's3%3! The fundamental concept invoked is that another directions(into a d-wave sample containing grain
Andreev reflection can sense the phase or sign of a supepoundaries the tunneling Hamiltonian approach employed
conducting order parameter. Thus two consecutive Andreeljere is less reliable, due to the existence of surface effects at
reflections by the same quasiparticle, separated by an§’€ tunneling barrier when the SC is rotvave’***and one
mechanism to change its momentum, such as a specular r%hou?l’g more appropriately employ the approach of Blonder
flection at a surface, can allow a quasiparticle to compare thgt &~ which is, for example, employed in Refs. 33,34.

phase or sign of the order parameter at two different pointyowever, the more accurqte res.u.lts obtalne_d W'th that ap-
of the Fermi surfacéif coherence is maintained throughout proach would merely contain additional contributions due to

the processg@sand to thereby distinguish superconductingt.he surface effects at the tunneling taarner, bu_t the_ contrlpu-
order parameters of different symmetries. One importangOns 0 .the ZBCP due to the MIS's at the interior grain

. : ' oundaries should be essentially the same as the ones calcu-
consequence of this concept is that on a fiedm} surface

X lated here with the tunneling Hamiltonian approach. It is
of a dy2_2-wave SC(where {nOm} includes {100 and i arefore reasonable to draw the conclusion based on the

{001}), there must exist a sizable area density of quasipartipresent work that the MIS’s existing at the grain boundaries
cle states that are all of zero ener@glative to the Fermi can give rise to a ZBCP in tunneling aloagy axis, if only
energy, independent of their different transverse momentahe highT, sample is such that some MIS’s exist in it and
along the surfac¢and therefore can be call¢ddispersion-  they have finite amplitudes at the tunneling barrier, i.e., the
less”), as long as corrections of the order aP/er or  exponentially decaying wave functions of the MIS's in the
smaller are neglected.e., in the WKBJ approximation*? ab-plane directions away from the grain boundaries must not
As has been pointed out in Ref. 30, one of the many interhaV? already decreased to essentially zero at the tunneling
esting and important consequences of these midgap surfab@rrier. _

states(MSS’s) is that they can give rise to a ZBCP in qua- Based on the above conclusion, we see then a very strong

siparticle tunneling. Following this suggestion, TanakaCandidate for explaining most if not all ZBCP's observed in
et al® and Xuet al3 subsequently calculated tiNl'S tun- HTSC's, and why the observation of ZBCP is so ubiquitous

neling spectroscopy al-wave SC's, using an approach de- in n_on-smgle-crystal high-. samples, but is far less frequent_
35 . . in single-crystal samples. Of course, we do allow the possi-
veloped by Blondeet al.,> and assuming a planar tunneling

s T . bility that in some experiments the observed ZBCP’s might
barn_er in an(nmo) direction other thar{100), and indeed in part or in total arise from some MSS’s, especially in those
confirmed the occurrence of a ZBCP.

K 13 imolified th . experiments where true single-crystal samples were studied,
However, Tanakat al™ have oversimplified the experi- ,'\yhere the samples contained nrém}-oriented grains
mental situation by stating that “the ZBCP’s are frequently yg|ative to the tunneling direction, or when the sample sur-

observed irab-plane tunneling junctions, and are rarely ob- f3ce was cracked by a tunneling tip, or when the sample
served inc-axis-oriented jUnCtionS.” In faCt, as we have re- surface used for tunne"ng is known to have p|ts or protru-
viewed above, ZBCP's have been frequently observed igjons, with facets that are neithgt0G nor {001} oriented,
c-axis tunnelings, at least nominally, especially if theetc. We also do not yet have sufficient evidence to rule out
samples are onlyc-axis aligned, but are not single the possibility that some ZBCP’s observed might be due to
crystals®6:911:1215.21.3¢ thermore, in mosab-plane tun-  the mechanismsi)—(v) reviewed above. We only suggest
nelings where ZBCP’s were observed, the tunnelings were @hat most of the ZBCP’s observed are due to the mechanism
least nominally observed in the (or b) direction, which, discussed here, and that without it, the MSS’s alone or the
according to the general conditions for the occurrence ofmechanismsi)—(v) cannot explain all of the ZBCP phenom-
MSS's30*and the explicit calculations cited above BhS  ena observed in highiz superconductors. If this suggestion
tunneling®3*is precisely the direction that ZBCP’s should can be confirmed to be true, the implications would be many-
not have been observed. These facts strongly suggest thfaid: (a) It would resolve the question concerning the ubig-
there is still something missing in this proposal for the originuitous observation of the ZBCP’s in HTSC'&)) It would

of the ZBCP’s. In fact, it was precisely this observation thatprovide many additional ways to confirm that the supercon-
made the author state very conservatively in Ref. 30 thatlucting state in HTSC's is not purs-wave (isotropic or
“one is very tempted to associate this ZBCP with the mid-anisotropig, but is either pural wave, or is some close kin
gap states predicted ifRef. 30, although none of the of it that can also generate the MIS’s and the MS&Sse
samples studied havel10 surfaces purposedly created in Ref. 30 for some discussion on this point, which applies to
them.” (According to Ref. 31 and additional simple consid- MSS’s as well as to MISs (c¢) Finally and most impor-
erations {110 should be generalized to ngndm}.) tantly, the MIS’s, if confirmed to exit in HTSC's, would
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have many significant consequences on the thermodynamic
and transport properties of the non-single-crystal HTSC's,
which are in practice more relevant to most large-scale app-
plications than the single-crystal ones. For example, the ex-
istence of these MIS’s might affect the vortex-pinning and
flux-flow dissipation properties of grain boundaries, and it
might also be able to cause the superconducting order param-
eter to become weaker at most grain boundafeshich
might explain why most grain boundaries automatically form
Josephson junctions. The “dispersionless” electrons filling ©
these MIS’s could even form an interesting many-body sub-
system with some unique physical properties that deserve
detailed studies(See Ref. 30 for some qualitative sugges-
tions, which apply to MSS’s as well as to MIS's.

Unlike the approach of Blondet al3® employed in Refs.
33,34, the calculation presented here based on the tunneling
Hamiltonian approacti allows me to consider also the case
when the counterelectrode is a low-SC. It is then found
that a center dip appears in tlibroadenegd ZBCP which
becomes a range of zero conductance as the temperature is
lowered much below the transition temperature of the A
counter-electrode, with a width clearly reflecting its energy
gap, exactly as observed. These and other results obtained
here, we believe, have already lent a strong support to the
above suggestion.

The physics of the MSS’s is illustrated by the quasiparti-
cle bound-state orbit depicted in Figi@l, where a normal-
metal layer of thicknes&y and of zero pair potential have
been inserted on the surface ofdawave SC, whose pair g ...\ That is, if k=(ky.k,), thenk'=(—k.k,). (2 Ata
potential 'S_A(k)' as has been done in Ref. 30, in Or_der_tosample surfacéi.e., the MS$; (b) At an interface between two
make the picture easier to.under.stand, but actually this W'dtBrains of different principal-axes orientations, assurtind.: (c)—
Ly can be reduced to zef@e., this normal-metal layer can (f) same as(b) but for t+1. (c) depicts the orbit of an electron-
be absent; see Ref. 30 and befowAs is indicated in this  incident-from-left MIS; (d) depicts the orbit of a hole-incident-
figure, this bound-state orbit is a closed orbit formed with agrom-left MIS; (e) depicts the orbit of an electron-incident-from-
cyclic sequence of four reflections: an Andreev reflection, aight MIS; (f) depicts the orbit of a hole-incident-from-right MIS.
specular reflection, another Andreev reflection, and anotheprbits depicted inb)—(f) are all MIS's.
specular reflection, with each Andreev reflection changing
the quasiparticle from being electronlike of momentém energy bound states(ie., the Atiyah-Singer index

(represented by a solid lingo holelike at momentum-k  theorenf?d). Their occurrence is therefore actually indepen-
(represented by a dashed liner vice versa, and each specu- gent of the precise dependence of the pair-potential mag-

(a) (b)

Vorl N Sq Sq Sq

()

o
@A)

FIG. 1. Orbits of the midgap states under various conditions.
(“V or I” means vacuum or an insulator; “N” means a normal
metal; and $ means a d-wave superconductkf.means the re-

lar reflection changing its momentum fronk,(k, ) to
(—ky,k,), or vice versa, wherg denotes the direction per-
pendicular to the surface, aikd = (ky ,k,). Thus if one An-

nitude near the surface, including having or not having a
range of zero value@s long as it remains real for allin the
gauge of vanishing vector potential in the absence of a mag-

dreev reflection is by the pair potential(k k), then the  netic field, which explains why the normal-metal layer can
subsequent one is by the pair potentifl—k, ,k,), or vice  pe present or abserifThe condition in Eq(1) then refers in
versa. If these two pair-potential values are of opposite siggeneral to the asymptotic values of the pair potential far
for the given momemtum vectok( k) of interest, i.e., if  away from the boundaryThe Andreev reflections are still
possible even when a constant pair potential extends all the
(1) way to the surface, sind@ at a pair potential step from zero
o ] ] to a finite value, the Andreev reflection actually does not
(which is possible at least for some such pairs of momenta, ifccur at the pair-potential discontinuity, but at roughly a
the SC isd,2_,2-wave, and the surface is nfitOm}, which  conerence-length inside the $®hich is qualitatively taken
includes{100 and{001}), then a zero-energy bound state into account in Fig. (@], as may be seen from the exponen-
must exist for each such pair of momemtum vectors on thdially decaying amplitudes of the two-component quasiparti-
Fermi surface and for each sample surface, as has beele wave function inside the SC for any such bound st@te;
shown in Refs. 30,31(The energy is strictly zero in the a constant pair potential extending all the way to the surface
WKBJ approximation only. Since the energy of the result- may be viewed from an extended-image-method point of
ing branch of excitation is independent of the transverse moview (cf. Ref. 30, in the case when Edl) is satisfied, as a
mentumk, in the WKBJ approximation, it can be called pair potential changing from, saf,<0 for x<0, toA=0 at
dispersionless in this approximation. A deep topological reax=0 (where the surface )s and then toA>0 for x>0.
son actually exists to account for the existence of these zerd-herefore even without any normal-metal layer, there can

Aky,k )A(—ky k,)<O
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still be a leftward Andreev reflection on tixe>0 side, and a
rightward one on th&<0 side, with the latter being actually
the image of the subsequent Andreev reflection in Figa)1
which occurs on th&>0 side.

Now consider a flat interface at=0 of two dxg,xg-wave

superconducting grains of different principal-axes orienta-
tions, each being semi-infinite in size. The pair potentials
Ai(ky,k,) in the grain on the leffoccupying the region
x<0) andA,(k,,k,) in the grain on the rightoccupying

the regionx>0), respectively, can be in general already of
different sign for the same momemtum vectds, (K, ).
Therefore, a zero-energy bound state can already exist at the
interface for such a momemtum vectds, (k, ), without the
need of any mechanism to change the momentum vector
between the consecutive Andreev reflections, if only the
transmission coefficient at the interface is unif$ee the
next paragraph if this is not the cas8uch bound states are
the midgap interface states, or MIS’s, referred to earlier. The
orbit for such a state is depicted in Fig(b], where the
transmission probability at the interface has been assumed
to be unity. We have also assumed that the material param-
eters are the same in the two grains, so that the transmitted
momentum is the same as the incident momentum. It is seen
to be a closed orbit formed with a cyclic sequence of two

(b)
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reflections: a leftward Andreev reflection on the-0 side,
and a rightward Andreev reflection on thet0 side. As far
as all directions in theab plane are concerned, the wave

function of this state is localized within roughly a coherence

length from either side of the interfaé®.
If the transmission probability through the interface is

(©

FIG. 2. (a) The calculated area density of left-incident MIS’s
plotted as a function ofp, and ¢,; (b) A similar plot for the
right-incident MIS's;(c) A similar plot but including both left- and

not unity, strictly zero-energy bound states at the interfacgignt-incident MIS’s. In(a) or (b), the two equal-height maxima
(in the WKBJ approximationare still possible for a more have been normalized to 0.5. (), the two equal-height maxima
restricted set of momentum vectors on the Fermi surface, anghve been normalized to unity.

have orbits shown in Figs.(d)-1(f). From these figures, it

can be seen that the conditions for the existence of these

zero-energy bound states are:

(i) Ar(ke,k)Ar(ke,k )<O and Aj(ky Kk )A (=K,
k,)<O0, for the MIS orbits depicted in Figs(d (for k,>0)
and Xd) (for k,<0); or

(i) Aj(ki, ki )Ar (kg k )<O and A (ky,k JAr (=K,
k,)<O0, for the MIS orbits depicted in Figs(d) (for k,<0)
and Xf) (for k,>0).

We shall call the two types of MIS’s depicted in Figsc)l
and Xd) the left-incident MIS’s; and the two types of MIS’s
depicted in Figs. (e) and Xf) the right-incident MIS’s[The
state depicted in Fig.(&) may be called an electron-incident-
from-left MIS; That depicted in Fig. (d) may be called a
hole-incident-from-left MIS; etd.In all four types of states,

In each of these four types of bound-state orbits tfarl,
otherwise the conditions for the existence of the MIS’s
would be too stringent to allow them to be responsible for
the ubiquitously observed ZBCPJs.

In Fig. 2(a) we have plotted the area density of the left-
incident MIS’s, normalized to 0.5 at its two equal-height
maxima, as a function of the two anglés and ¢, , which
are the angles made by theaxes of thedxg_xg—wave order
parameters in the left and right grains, respectively, with the
interface normalx, assuming that theic axes are given
aligned in a direction parallel to the interface. In FigbjRa
similar plot is made for the right-incident MIS’s. Then in
Fig. 2(c) we have plotted the total area density of all types of

(ky .k, ) always refers to the momentum of the electron thatMIS’s, in the same way, except that the two equal-height
is transmitted through the interface. It is important to noticemaxima are now normalized to unity. This area density, be-
that in each of these orbits, there is always a half of it in-fore normalization, is simply the sum of the two area densi-

volving the splitting of a quasiparticle orbit into two

ties plotted normalized in Figs(® and Zb). All three plots

branches, due to the nonzero probabilities for both transmisaret independent, as long as<@<<1. Details of the calcu-

sion and reflection, and a second half involving a time-

lation of these area densities will be omitted here, since they

reversal-like rejoining of two branches into one, so that theare tedious but straightforward, being simply based on the
orbits can be closed, and the above conditions can be sufftonditions given in(i) and(ii) above. One can see from Fig.
cient for generating zero-energy states. Thus this is a differ2(c) that this total area density is strictly zero only if
ent type of bound state made possible by the presence @f=¢,, or ¢+ ¢, =+ 7/2, or ¢;=— ¢, = * w/2 (which is

Andreev reflections on both sides of the interfa@geis im-

actually equivalent tap,= ¢, = = /2). [For t=1 only the

portant to realize that always a fourth branch is not involvedirst condition (which includes the thirdcan lead to zero
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area density. See below. Far=0 the condition would either a uniform normal metal, or a uniform lov- s-wave

chang_e to % t|1=0 Oféilgé}?, anfd ¢r=f0 gr ﬁﬂr/Z,_” CO”E_‘ A SC, andft, is the BCS Hamiltonian of the electrode, which
sponding to having surface for both grains, which . . i A .

can be understood in terms of the analyses of Refs. 30,3f,aanSdSlrJ)m fgchop%rgiweﬁ?gfgafggiing)a%?'giingrfed

| ro

sincet=0 would mean that the sample has split into two tivel ith the orientai fthelrz .2 q
independent semi-infinite halves, each with a surfatae  '€SPEClVEly, with the orientaions o k2-xp-wave order-

maxima in Fig. 2c) aret independent, including=0 and 1, parameters described by the two anglsand ¢, already

and they always occur at¢ = + w/4 and¢, = + w/4.” This  defined. A periodic boundary condition has been assumed in
maximum area density is a factor of 2 larger than the arethe x direction for calculational convenience, which implies
density of the MSS’s on thgl10 surface of ajxi,xg-wave that the electrode considered actually contains two interfaces

SC, which has been discussed in Ref. 30. (i.e., grain boundal’iés with one located ak:O, and the
Since the condition for the existence of the MISs in theother located ak=L, (= —L,). The constanf is a tunnel-
case of G<t<1 is more stringent than the single condition ing matrix element, and it has been assumed that tunneling
A (kg k)AL (K, k, )<O for the case of=1, or the condi- occurs only within a very small volume elementaround a
tion “Aj(Kky, kK )A(—Kky,k )<O0 or A,(ky,k A (—ky, spatial pointR, but later an ensemble average will be per-
k,)<0” for t=0, | think that the “MIS’s” for some mo- formed, on the results for the tunneling current, with respect
mentum vectors on the Fermi surface whernl or O will no  to R over the whole electrode volunimainly over the range
longer have zero energy whern<@<1, but will shift away —L,<x<L,), so that the results will not depend on the local
from zero energy by an amount dependingtofor the re-  amplitudes of the various contributing quasiparticle states.
flection probabilityr ), at the interface. This point needs to be The result then no longer corresponds to the measurements
more thoroughly investigated in the future. For the presenbf any single particular tunneling experiment, but rather to
purpose the more important fact is that there is still a ﬁnitean ensemble average of them which probe different points of
area density of zero-energy statesthe WKBJ approxima-  the sample uniformly. The fact that such averaged results can
tion) for any0<t<'1, except whenp, and ¢, satisfy one of  gnow the existence of a ZBCP clearly proves that some in-
the conditions given above, wh|.ch re_pre_sent_a set of measUfyidual tunneling experiment can see a ZBCP. In fact, it
zero only. Although the result given in Fig(@is only valid 5565 that some local experiméitmust be able to see it
fqr _the case when the two grains arexis aligned, it is not with an even larger amplitude than is found here, and some
dn_‘flcult to see that qualltatlv_ely similar resul_ts can be Ob'other experimert$) will see it with a smaller amplitude, or
tained even when the two grains are not so aligfBdt pure not see it at all.

tilt of the ¢ axes in the two grains relative to each other Apolving an aoproach developed by Ambegaokar and
without, also, misalignment of both tteandb axes in the bp y45g PP op oy 9
Baratoff,” the following formula is obtained for the tunnel-

two grains, are not sufficientWhereas more studies are . )
needed for these cases, it can be concluded now that MIS'89 current througtR:
should exist at almost all reasonably flat grain boundaries of
HTSC's (in the scale of the very short coherence length of

— 2\.. 2| 7t2
such materials if only they ared wave, and nots wave Ir(t)=(e/A%)vg| 7!
(isotropic or anisotropic|[other waves can be similarly ana- ¢
lyzed to see whether they can also give rise to M}Sa- X > f dt'{G;,(Rt,Rt")GT,(Rt’,Rt)

though the area density of such MIS’s will vary, depending

on the symmetry of the superconducting order parameter, - R , et

and the orientations of the two grains relative to the interface ~ G2, (RERU)GL, (R, Rt + (t—t")je” , (4)
normal.

Let us now assumet=1 from this point on for h h kept onlv th | teri th .
simplicity,** and concentrate on demonstrating that thesdV1€r€ We have kept only theé norma erfie., the quasi-

MIS's can be observed in quasiparticle tunneling in the formParticle tunneling terms and have left Josephson tunneling
of a ZBCP, and how this ZBCP, if broadened to a finitefOr @ separate consideration. The Green functions
width by, say, interface roughness or impurity scatteringsGa ((6X)=—i{(#. () ¥H(x))o and G, ((x.x")
can, in the case when the counterelectrode is algwuper- = +i{¥L(X")¥4(X))o may be expressed in terms of the Bo-
conductor, exhibit its energy gap in the form of a center dip,goliubov amplitudeq u,(r),v,(r)] using the Bogoliubov-
as has been already observed by many research groups. Valatin transformatioff wT(r)=EEn>0[ YniUn(T)

We begin with a tunneling Hamiltonian written in real _ t =« _ T
space in grder to allow for agspatially inhomogeneous elec- vaivn (D] and ¢, () Ef”>°[ YaUa(1)+ Ynyon (1)]. The
trode containing two grains: results are

H(t)="H,+ Ho+ He(1), 2
. G (xx)==i 2 {[1=F(Ey)]ug(r)uf(r')e Enlt="
Hr(t) =vo[ T¢] o(R) $h20(R) + T* 3 (R h10(R) 1€, o >0 !
3

wheret denotes timey is a positive infinitesimalf, is the _ ,
Hamiltonian of the counterelectrode, which is assumed to be X @~ l(ured)t=thin (5)

+H(En)up (Nup(r)en 1)
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lar, it can then be shown th&t,=0 is a solution in the limit

G, (x,x')=+i 2>o {f(Ep)un(r)us (r’)e Enlt=t0 of L,,L,— (actually two solutions, one for each interface
n if and only if A;(kyo,ky)A[(kyo,ky) <0, as we have already
+[1—F(E)Jok (r)va(r’)eEnt=tmy pointed out in the introduction. .
These eigenequations have been solved by a numerical
x g~ Hut+ed)(t=t')h (6) iteration method assuming, = w/4, and¢,=0. A relatively

. . ) . . small size in thex direction has been considered, viz.,
(for e|th¢r side of the junction Combining the above results, L,=10¢, andL, = 20&,, wherego=fiv/A,. In order to re-
we obtain duce the size-quantization effects, we have given an artificial
(V)= (4melf2)p2| 712 IlneW|dth F=O.Q5AO to eagh energyllevel. This phanged a
R(V)=(4melhoqlT] discrete set of eigenenergies for a giveno a (partia) den-
sity of states for the giver). In Figs. 3a)—3(d), plots of

anm [f(En) = f(Em)][Uni(R)?luma(R)|? such partial density of states faf=+3x/8 and +37/16
’ are given as examples. Note the appearance of a MIS peak
X 6(E,—Ent+eV), () for 3w/8 and ¢=—3=/16, but not for $=—-37/8 and

37/16, which is exactly as expected for the present choice of
¢, and ¢, . (Note that each midgap peak is actually formed
with two midgap states slightly split apart, due to the exis-
ence of two interfaces at a finite separation from each other.
ote also how the two midgap states of each midgap peak
are formed at the expense of a state from one of the gap
edges of the two grains, and another state of the correspond-
. . ing negative energy. This is particularly clear when Figs.
both cases, we recover the foIIOW|_ng familiar formula, but3(g) an% 3d) are ggmpared, V\?here theydiscreteness of%he
now for the R-averaged, normalized tunneling current energy spectrum just above the lower gap is more obvious.

I'=(Ir)r/(Gnrlo/e), (WhereGy, is the tunneling conduc- To calculate the total density of states for &ll we use
tance when both electrodes are normal, Apds the maxi-

mum gap of the electrogie Ly (e Kely (™

% :ﬁ —kg v 2

where now the sum over andm is over both the positive
and the negative energy states, diiéf)=1/(e¥/’*eT+1) is
the Fermi functionkg is the Boltzmann constant, and is
the temperature. If the counterelectrode is a uniform norm
metal or a uniform low¥; s-wave SC, then thisz averaged
with respect toR over the whole volumn of the electrode
will no longer depend on the Bogoliubov amplitudes. For

/

’ d¢ cosp (10

—ml2

T(v>=f dENI(E-eV)NR(E)[f(E—eV)—f(E)], _
—o and another factor of 2 for the two possible sign&gf The

(8)  range —w/2<¢=<m/2 has been replaced by 33 equally
whereE is in units ofA,, and the total densities of states of SPaced values, but the two end points are singlfathe
the two electrodesN;(E) and N,(E), are normalized by S€nse of zero times infinityand have been omitted. This is
their respective normal-state valu@e., to unity at largeE). & contained source of error for the part of the. density of

To calculate the total density of states of the electrodeStates aE+0, due to the “continuum” states, but it does not
N,(E), the Bogoliubov equations for the two-grained systemaffect the ZBCP which has no contribution frogn= * /2,
are solved in the WKBJ approximation, as in Ref. 30. TheSO it has not been correctéds is the error due to the dis-
pair potentials in the two grain@ssumed constant in each Cretization of¢). These problems will be faced when quan-
graif’) have been written as\;,=A,co82(d— ¢ ,)), titatively more accurate results are needed for comparison
where it has been assumed that the commaxis of both  With data.(Note that the WKBJ approximation is not valid at
grains is in thez direction, and k,=kesing, so that ¢=* /2, wherek,,=0.) The thus obtained total density of
— 7/2< ¢p< /2. In the WKBJ approximation, and far=1, states for the electrode is used in E§) to calculate the
the Bogoliubov amplitudeg u(r),v(r)] have the form tunneling current and the tunneling conducta@=edl|/dV

exr[i(kxox+kyy+kzz)]['ﬁ(x),'z;(x)], where k§0+k§=k§ under at several temperatures. Figure 4 shows the so-calculated

: o~ : . tunneling conductance &T/Ay= 0.01, 0.05, and 0.10, for
the assumption of a cylindrical Fermi surface. The SOIlJtlonsthe case when the counterelectrode is normal. The curve at

for the slowly varying envelope functiorfau(x),v(x)] in 1 T/A,=0.01 basically reflects the total density of states of
the two grains are as in Ref. 30. Matching only the values Ofhe electrode, since this temperature is already much lower
[un(X),vn(x)] at the interface, not their derivatives in this than the artificially chosen linewidth of the level€Size
approximation, the following eigencondition is obtained for quantization in both grains of the electrode gives the some-
|Eq|>14],]1A: what irregular oscillationy A ZBCP is clearly visible in this
curve.[lts size relative to the rest of the conductanceEat
cogkyrlr)cogky L) —codkso(L+L)) #0 is not universal, but can be larger or smaller in an actual
sin(kqgL,)sin(kqy L) tunneling experiment, since the interface density can be dif-
) ferent in different samples, and the particular averagkezof
_ En—AA 9 corresponding to a particular experiment can sample more or
B EZ-AZJEZ- A7 ©  less of the interface regi¢s).] At kgT/A;=0.05 the ZBCP
is seen to be much reduced, without its apparent width
wherekl(mzm\/EE—A(Zl’r)/|kXo|. Equation(9) may be ana- changed visibly. AtkgT/A;=0.10 the ZBCP is found to
lytically continued to E,,| below|A,| and/or|A,|. In particu-  have disappeared. This is perhaps due to the combined ef-
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FIG. 3. Calculatedpartia) density of states for a givew. (a) ¢=37/8; (b) ¢=—37/8; (¢) p=37u/16;(d) ¢p=—37/16.

fects of the broadening of the ZBCP, the reduction of itsA;=0, but with a deep center dip to a range of nearly zero
height, and the rising conductance due to the continuunconductance, thus clearly exhibiting the gap of the counter-
states neaE=0. (This “disappearance temperature” is not electrode. This is exactly the behavior observed experimen-
universal eithej. tally by Geerket al.,® for example, who used a moderate

Figure 5 shows the corresponding results on the tunnelinghagnetic field to suppress the superconductivity in a Pb
conductance for the case when the counterelectrode is a lowounterelectrode, without changing appreciably any of the
T. s-wave SC. Its ga@\ is assumed to be equal to 0AY  other parameters of the systefsee in particular Fig. 2 in
for all three temperatures considered. They therefore do ndhis reference.As the temperature is raised the ZBCP be-
correspond to a fixed material for the counterelectrode, ircomes lower, and its center dip becomes shallower. This is
which case its gap would change with temperature. Insteadilso as observed by many experimenters. Even at
these curves purport to show how a given gap of the counkgT=A,(=0.1Q\,), when, as shown in Fig. 4, a normal
terelectrode exhibits itself in the tunneling conductance atounterelectrode at the sanie already no longer sees a
different temperatures. We see thakgT <A the ZBCP is ZBCP, the lowT. superconducting counterelectrode still
much taller than the corresponding peak at the sanfer

16
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FIG. 5. Calculated tip-location-averaged tunneling conductance
FIG. 4. Calculated tip-location-averaged tunneling conductancéetween a lowF. superconductofwith a given gapA;=0.10\)
between a normal metal andj;gz,xg-wave superconductor contain- and adxz,xﬁ-wave superconductor containing two grains, assuming
a a

ing two grains, assuming, = /4 and¢, =0, at three temperatures. ¢,= /4 and¢,=0, at three temperatures.
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sees a small ZBCP with a small center dip. My understandsample where superconductivity is weaker, all depending on
ing of these results is that the double-peaked density of stateghether the magnetic field can penetrate into the sample or
of a low-T superconducting counterelectrode can give a betnot. This might explain the very diverse magnetic-field ef-
ter resolution in resolving the structure in the density offects observed, including the very strargyéactor when the
states of the electrodéThe size quantization oscillations are Zeeman splitting is observedThe shifts of the ZBCP’s
stronger in these curves than in Fig. 4 for the same repsonaway from zero sometimes observed may be due to the fact
Figure 5 also shows that the width of the ZBCP is not visiblythat the superconducting order parameter is not puneave
broadened akgT/Aq is increased from 0.01 to 0.1(Recall  near some part of the sample boundaries due to some surface
that we have takel =0.05A,.) This sub-thermal tempera- effects. The results found in Ref. 31 indicate that in such a
ture dependence is also consistent with observatfors, case the midgap states can shift away from zero enefgy.
least qualitatively, but it is difficult to make quantitative Possible test of this explanation of the magnetic-field effect
comparisons at the present stage, due to the fact that whenigtto use a thick film sample with many aligned grain bound-
least one electrode is inhomogeneous, different tunnelingries, all perpendicular to the film and parallel to each other,
setups can measure very different convolutions of the quasind then to see whether the observed magnetic-field effects
particle density of states and wave functions of the two elecwould depend on the relative orientation of the applied field
trodes, and therefore one must know a lot of details about and the grain boundaries. Penetration should be easy with the
particular tunneling experiment in such a case, before on#ield applied parallel to the grain boundaries, and Zeeman
can model it quantitatively. However, the subthermal tem-splitting should be observed in this case. Penetration should
perature dependence of the width of the ZBCP is expected iRe confined to the surface only, if the field is applied perpen-
the present framework since the distribution function inside alicular to the grain boundaries, and at most a weak broaden-
narrow peak in the density of states locatedEatO cannot ing of the ZBCP should be observed if the film is thick in
change much with temperature. comparison with the penetration deptiNo directional de-
Qualitatively, we can make another remark which shouldPendence should be observed if the film thickness is in the
be helpful for understanding the very complex behavior ofopposite limit)
tunneling conductance of HTSC'’s. We first note that when- Another direct test of the present explanation of the ob-
ever a MIS is formed with momentunky, k. ), itis formed  served ZBCP's is to use one of those bi- or tricrystal samples
by pulling half a state from the bottom of the positive-energyWith known locations for grain boundaries, and then to use a
continuum, at energy min|A, ;(Ky,k. )|, and half a state scanning tunneling probe to see a ZBCP appear anql then
from the top of the negative-energy continuum, at energydisappear when one scans across a grain boundary in zero
—min |A; (KoK, )|, as is clearly shown in Figs.(8— field. Ir] situations where an applied magnetic field can pen-
3(d). The gap min,|A; (ke,k,)| is necessarily smaller etrate into the sample and reach the MIS'’s, the predictions

than the maximum gap,, but larger than zero. Thus if the Made in Ref. 30 c_:oncerni'ng' the gxistence of a saturation
system has formed a large number of MIS’s at varigys ~ Magnetic moment in association with the MSS's should also
é,, and ¢, then the part of the density of states resulting@PPIly to the MIS’s, and a direct superconducting quantum
from the continuum states can be substantially suppressed iAterference device measurement of this saturation moment,
the regions between 0 andA,, perhaps changing it frond ~ ©F possibly a magneto-optic probe of it, might provide an-
shaped, like that predicted for a bulk single-crystavave other test of' the existence of _the MI.S’s. For several other
SC, towardU shaped, and therefore making it look closer torelated predictions, see the dlscus:5|or_15 in Ref. 30, WhICh
that of ans-wave superconductor. Then if the tunneling @PPly 0 MIS's as well as to M,SS s, if only the applied
probe is so localized as to not see the MIS’s contributions, if"agnetic field can reach the MIS’s. ,
could then see a bulk density of states of the electrode that Summary:(i) It has been shown here that a sizable area
looks almost like that of as-wave SC, when the electrode is density of midgap quasiparticle bound states exist at almost
actually ad-wave SC. This could explain the puzzle that &ll interfaces between differemt,2_,2-wave superconduct-
some tunneling experiment&ising normal-metal probgs ing grains of different principal-axes orientations, and they
performed on some HTSC samples have shown a nearlyll have zero energy in the WKBJ approximatiomhich
s-wave-like density of state® whereas other tunneling ex- neglectsAS/sF with respect to unity, in spite of their differ-
periments performed on high-quality single-crystal HTSCent transverse momenta along the interfdde;These mid-
samples clearly revealed drwave-like density of state¥, gap interface state$MIS'’s), perhaps sometimes together
and many other experimental results now support the concluwith the midgap surface staté§ISS’s) predicted by the au-
sion that all hole-doped HT cuprate SC's arevave SC's®  thor previously*>3 are very likely responsible for most, if
As for the magnetic-field effects, the following remarks not all, of the zero-biastunneling conductance peakZB-
can be made: Since the grain boundaries are inside a supeP’s) that have been ubiquitously observed in highsuper-
conductor, the applied magnetic field may or may not be ableonductors(HTSC’s); (iii) A model study presented here
to reach the MIS’s localized near them due to possibleshows that the MIS’s can give rise to a ZBCP in tunneling
screening. When it does not, of course, no magnetic-fieldlong any direction including tha andc directions;(iv) If
effects can be observed. When it does, a Zeeman splitting @he counterelectrode is a loWs s-wave SC, its gap is shown
the ZBCP is expected. But the magnetic-field reaching theo appear as a center dip in the ZB@Pbroadened by sur-
MIS’s may be weaker than the applied field, and be temperaface, interface, and/or bulk scatterifgas observedy) The
ture and/or field dependent, due to screening effects, awidth of the calculated ZBCP shows a subthermal tempera-
stronger, and be temperature and/or field dependent, due tare dependence, in qualitative agreement with observations;
concentration of the magnetic field in the regions of the(vi) The calculated ZBCP at a given temperature is much
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taller if the counterelectrode is a low: s-wave SC, than ifit  the height of the ZBCP, but | doubt that it can completely
is a normal metal, assuming that all other parameters havaullify the mechanism proposed here for the generation of
the same values, in good agreement with experimental okZBCP’s, or even to shift them to finite energy, especially
servations(vii) The very complex magnetic-field effects ob- since only roughly half of the line joints can be frustrated, if
served might also find explanations within this framework;the grain orientations are random. | believe the fact that ZB-
(viii ) Some predictions have been made for testing this exCP’s are ubiquitously observed without such a shift supports
planation of the observed ZBCPs. my view. _ _

In this work we have assumed that there is no additiona) Recently several experimental and theoretical works have
overall phase difference across an interface other than 0 or PECOMe known to the author, which can shed additional light

7 (which can be absorbed into a redefinition of thandb 2" this subject: On the experimental side, unambiguous ZB-

axes. The question whether frustration effects might caus%iz_gi\_/g bgie_g r?g:%‘(f_’g 02 ngretlg:g(r)}gjj%yblﬁ?n\zg?gs of

4’7&5? or a7 for most mterfacgs may be ra|§ed. The \{vorks OfstiII interpreted in terms of spin-flip and Kondo-type scatter-
Yip®' and Tanaka and Kashiwa/zcan be cited to point out ings. ZBCP’s were also clearly observed {10 surfaces
that ¢ may have an equilibrium valug, other than 0 andr 4" gjngle crystals of Y-Ba-Cu-O using low-temperature
if t is sufficiently close to unity, and for some choices of theSTM;s on high-quality(103-oriented Y-Ba-Cu-O films us-
grain orientations on the two sides of the interface, Withou1ing Pb counterelectrodég:and in Pb/Bi-Sr-Ca-Cu-O single
the help of frustration. Whereas the arguments in these |att‘?frystal ab-plane planar junction§7; all interpreted in terms
works appeared quite elegant, they are nevertheless, in "y the MSS's. When a densely-packed, 1, 12-
view, flawed. In Yip's argument, whet, is not equal t0 0 giaminododecane monolayer was spontaneously adsorbed on
or m, electrons in one part of the Fermi surface will be e (103-oriented Y-Ba-Cu-O film, and probed with a Cu
steadily pumped from one side of the interface into the otheggynterelectrode, the ZBCP was found to split in zero mag-
side, whereas electrons in the remaining part of the Fermjetic field below~ 7 K, which is interpreted in terms of the
surface will be steadily pumped in the opposite direction, sq,ss's split by a spontaneous time-reversal-symmetry break-
on either side of the interface, a relaxation process seems IRy at the surface due to the induction of a subdominant
be needed to move electrons from the oversupplied part ¢frder parameter at the Y-Ba-Cu-O surface. For a bulk order
the Fermi surface back to the depleted part. Can this be garameter breaking time-reversal symmetry, Yang and | have
nondissipative process? Until the physics involved in thispreviously show# that such a splitting should occur. Theo-
process can be made more clear, and the predictions basggs showing that it can also occur spontaneously at a non-
=on it directly confirmed experimentally, this prediction of {100 surface have been recently advand&ee below.
Yip and Tanaka and Kashiwaya should not yet be taken as o the theoretical side, surface roughness effects on the
fact, and used to reject other ideas. As a matter of fact, agyss's have been analyzed by Matsumoto and SHiznd
cording to them, this prediction af, not equal to 0 ofr can  py yamadaet al®® The existence of the MIS’s has been
occur only in a certain temperature range, for special combishown to alter the formula for the critical current of a
nations of the grain orientations on the two sides of the iny_\yave-superconductor Josephson junction and its tempera-
terfacg, and with high transmissivity across the interfacey e dependenc®. The possibility of the coexistence of or-
Thus it should not be able to completely prevent the occuryer parameters of different symmetries near a fitd8 sur-
rence of the MIS's, but it could reduce their number. face at sufficiently low temperatures were raised, through a
As for the frustration effect, it can indeed induce the ex-gg|f.consistent study of the gap equatfdfi2which can ex-
istence of half.-quantunnglux lines at the line joints of@dd )4y the observed splitting of the ZBCP noted in the previ-
number of w junctions;” with a localized distribution of o5 paragraph. Also, tunnelingV) characteristics between
magnetic induction at each such line joint, ext_endlng a d_'Stwo d-wave superconductors were studied, taking properly
tance of the order of the Josephson penetration depth inipyi, account the midgap states contributiSsprrections to
each interface meeting thet&put if the interfaces are all the MSS energies were found when deviation of the Fermi

much wider than. thi_s .penetration depth in the dire.ctionsSurface from a circular symmetry in theb plane is taken
away from such line joints, then most part of them will re- jniq accounf?

main with ¢ equal to 0 ormr. Quantitatively the presence of
these spontaneously generated half-quantum fluxes will This work was partially supported by the Texas Center for
surely modify thel (V) and G(V) characteristics, including Superconductivity at the University of Houston.
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