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Reproducible scanning tunneling microscof$TM) spectra of BjS,CaCyOg, s consistently exhibit
asymmetric tunneling characteristics, with the higher peak conductance corresponding to a negatively biased
sample. We consider various possible sources of this asymmetry that are not intrinsic to the superconducting
state, including energy dependence of the normal-state densities of states of sample and/or tip, existence of
bandwidth cutoffs, unequal work functions of tip and sample, and energy-dependent transmission probability.
It is concluded that none of these effects can explain the sign and temperature dependence of the observed
asymmetry. This indicates that the observed asymmetry reflects an intrinsic property of the superconducting
state: an energy-dependent superconducting gap function with nonzero slope at the Fermi energy. It is pointed
out that such a sloped gap function will also give rise to a thermoelectric effect in STM experiments, resulting
in apositive thermopower. We discuss the feasibility of observing this thermoelectric effect with an STM and
conclude that it is easily observable. Again, contributions to this thermoelectric effect may also arise from
energy dependence of normal-state densities of states and from energy-dependent transmission probability.
However, because each of these features manifests itself differently in the thermoelectric effect and in the
tunneling characteristics, an analysis of thermoelectric currents and voltages together with the tunneling spectra
as a function of temperature and tip-sample distance would allow for accurate determination of the slope of the
gap function. It is suggested that it would be very worthwhile to perform these experiments, because the slope
of the gap function reflects a fundamental property of the superconducting state. In particular, the theory of
hole superconductivity has predicted the existence of such a slope, of universal sign, in all superconductors. It
is furthermore argued that recent experimental results on vortex lattice imaging provide further strong evidence
for the existence of the gap slope discussed H&@163-182€09)04118-1

I. INTRODUCTION the structure in the tunneling density of states of conven-
tional BCS superconductors predicted by BCS theory: a de-
Tunneling spectroscopy is a powerful experimental toolcrease in the conductance for low voltages, where a gaplike
that has the potential to provide fundamental information orstructure develops, and a large enhancement of the conduc-
the microscopic physics of high-temperature superconductitance at the edges of this gaplike structure. A notable differ-
ity. Unfortunately, due to the difficulty in preparation of ence with the predictions of conventional BCS theory is that
well-characterized sample surfaces and tunnel junctions, othe spectrum is highly asymmetric: the peakdiidV are
ten the spectra obtained have shown varying features thaymmetrically located around zero voltage but their height is
depend on the particular sample and/or the particular tunnebubstantially different, with the largest peak corresponding to
ing technique used. Consequently, it has been difficult t@a negatively biased sample. This asymmetry is found to per-
determine which of the features found in the large number osfist to low temperatures. Another feature of the spectra,
experimental studies that have been performed to date actwhich is sometimes observed only for negative sample
ally reflect intrinsic properties of high-temperature superconvoltage! and sometimes for both polaritidss a dip in the

ductors. conductance at voltages about twice the position of the con-
It is hence notable that several recent scanning tunnelinductance peaks.
microscopy (STM) studies of single crystals of In this paper we focus on the tunneling asymmetry in the

Bi,Sr,CaCyOg, s cleaved in an ultrahigh vacuum have peaks ofdl/dV and consider various possible origins for it.
shown highly reproducible featurés® These experiments First, it is clear that the tunneling geometry is asymmetric
are performed under carefully controlled conditions, and tunitself; an asymmetry may be expected to arise from different
neling spectra are obtained at a large number of differenivork functions of the tip and the sample. In fact, tunneling
positions on the sample and for a range of distances betweersymmetries are often seen in conventional tunnel junctions
tip and sample. The spectra do not show time dependen@nd have been explained assuming differences in work func-
and generally exhibit either superconducting or semiconductions of the electrodesSecond, as we will show, a tunneling
ing features, which has been suggested to depend on tlsymmetry also arises from the fact that the tunneling prob-
oxygen stochiometry of the topmost Cu-O layer at the posiability is energy dependent, even in the absence of differ-
tion of the tip? ences in work functions. Finally, a tunneling asymmetry
The spectra that exhibit superconducting features showould also arise from an energy-dependent normal-state den-
structure in the tunneling conductandb'dV that resembles sity of states of either tip or sample, or from the existence of
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a bandwidth cutoff in either tip or sample. To focus the dis-tance, opposite to what one would predict from energy de-
cussion we assume that the superconducting state in thmendence of the electron transmission probability alone. In
sample is described by conventional BCS theory with arfact, thermoelectric experiments with STM with normal-
isotropic gap, so that the density of states in the supercommetal electrodes have recently been repofttedth the sign
ducting state is of the measured themopower always negative.
The slope of the gap function at the Fermi energy is a
fundamental property of the superconducting state, as it
N[E(e)]=gs(€) \/ﬁ D gives information on the underlying microscopic interactions
that give rise to superconductivity in the system. For ex-
with g4(€) the density of states of the sample in the normalample, for an attractive Hubbard modelr for an electron-
state, and the quasiparticle energygiven in terms of the phonon model within a local approximatiofHolstein

band energy by mode)’° the superconducting gap function has zero slope.
The detection of a gap slope would reveal the existence of an
E(e)=+(e—u)2+A2, (2)  intrinsic electron-hole asymmetry of the superconductor and

_ i i . shed light on the theoretical understanding of superconduc-
with A the energy gap and the chemical potential. We will * tyity |n particular, the theory of hole superconductivity
also allow for the possibility of broadening of the density of ha5 predicted the existence of such a slope, of universal sign
states arising from lifetime or other effeCtsharacterized by iy all superconductors, with magnitude that scales with the
an inverse lifetime". _ critical temperature. However, a sloped superconducting gap

We will show that none of the effects listed above arefynction could also arise in other theoretical frameworks.
able to describe even qualitatively an asymmetry of the SigN |t js currently generally believed that highs supercon-
and temperature dependence seen experimentally. Brieflyy,ctors have an order parameter with complete or dominant
asymmetries originating in asymmetric normal-state densigy.yave symmetry?2 The d-wave symmetry relates to the
ties of states or bandwidth cutoffs tend to become smaller ag5yiation of the gamn the Fermi surface, while the slope of
the temperature is lowered, contrary to experimental obsetne gap function discussed here relates to variation of the gap
vations. Asymmetry originating in energy dependence of the,, 5 girectionperpendicularto the Fermi surface. Here we
transmission probability persists down to low temperatures,ssyme a gap that is constant on the Fermi surface for sim-
but is of the opposite sign to that observed experimentallypncity; however a simple generalization of our analysis
Asymmetry originating in differences in work functions can ¢4 also be used to describe the variation of the amplitude
give the correct sign of the observed asymmetry at high temat 5 g.wave gap, or more generally of an anisotropic gap, in
perature b_ut.the s_ign switc.hes as the temperature is lowereq, §irection perpendicular to the Fermi surface, and we be-
in contradiction with experiment. lieve the conclusions would be similar concerning the exis-

We are thus led to the conclusion that the observed asyMgnce of anaverage gap slope. Thus we argue that our

metry originates in an intrinsic feature of the superconduct-‘.jmmysiS is relevant irrespective of whether the gap has

ing state. Such asymmetry will arise when the superconducts,ave ord-wave. or any other symmetry.
ing gap functionA is itself energy dependefitso that the We note also that recent wdrkhas argued that a gap with

quasiparticle energy Eq2) is d-wave symmetry together with an assumption of directional
N e v tunneling can explain the experimentally observed tunneling
E(e)=V(e—p)"+A(e)" 3 asymmetries. We will discuss that work in the conclusions.

The measured asymmetry reflects the slope of the gap func- In_ the next sect_ion We_discuss the tunneling for_malism.

tion at the Fermi energyA’(x). Hence, we argue that the Section Il deals with barrier effects, and Sec. IV with den-

experimental results are direct evidence for the existence of 8ty Of states effects. In Sec. V we consider the effect of an

slope in the superconducting gap function. energy-dependent gap function. Section VI discusses the ex-
Another experimental consequence of a sloped gap fundlected thermoelectric effect in the presence of all these ef-

tion is that it should manifest itself in a thermoelectric effectf€Cts. We conclude in Sec. VIl with a discussion.

in tunneling experiment§.lt gives rise to a thermoelectric

power of the tunnel junction given b@=A(u)A’'(w)/eT Il. FORMALISM

for small temperature gradients. We argue that such a ther- : . . :

moelectric effrt)act shoul% be easily obse?vable with an ST The tnneling probability across a barrler of th|ckqd§s

and that it should be experimentally searched for. Certainly c;r:: ﬁifét;ﬂugfvsﬂg%l; a?(%ﬁqg}ﬁ)rfek: mi level of the tip is

energy dependence of the normal-state densities of states ag(y PP y

energy-dependent transmission could also contribute to a

thermoelectric effect. However, we will show that analysis of

the thermoelectric currents and voltages in conjunction with

the tunneling characteristicH/dV as a function of tempera- (9 [2m

ture and tip-sample distance should allow to clearly distin- S(E.V)= fo V ﬁ[V(x)—E]dx, (4D)

guish between the different sources of a thermoelectric ef-

fect, and in particular, to accurately determine the slope ofvith m the electron mass and(x) the barrier potential. We

the gap function. The sign of the observed tunneling asymassume a trapezoidal barrier, with work functiaghsand ¢

metry implies that the sign of the measured thermoelectrid¢or tip and sample, respectively, and a voltageof the

power will be positive (at least for small tip-sample dis- sample relative to the tip, as shown in Fig. 1, and obtain

T(E,V)=e 28EV) (43
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FIG. 1. Diagram of electron energy leveld.is the voltage of - C ]
the sample relative to the tiff is the electronic energy above the T 10 - ]
Fermi level of the tip.¢, and ¢ are the work functions of tip and © r :
sample. 0.5 ]
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X[($—E)**—(ps—V—E)¥? ) FIG. 2. Tunneling conductance for a superconductor with zero

: mperature gapA=30 meV and T,=100 K, for T/T.
for the case where both the arguments raised to the 3/tzo.l, 0.25, 0.5, 0.85, and 1. Constant densities of states of sample

power are positive. When the voltage or energy are such that

. . . - and tip and energy-independent transmission are assumed. In the
one of the arguments is negative, E§) still holds if that following figures, the same values for gap and temperatures are

argument is set equal to zero. If the work functiapsand used.(a I'=0, (b) =3 meV.
¢ are similar and the voltagé is small, Eq.(5) reduces to ’

The tunneling current Eq7) can be written as

1/2
S<E,V>=@d ¢—¥—E) , ©) .
- V)= | dolf(w-ev - (@) (0—eV)
with ¢=(ps+ ¢;)/2 the average work function. The deriva-
tion assume¥, V+E<¢, and|¢,— ¢g < . XT(w—eV,V)py o), 9

We assume that electrons tunneling into the superco
ductor go into a band of widtb. Within a BCS formalism
the tunneling current from sample to tip is giventby

Nwith ps(w) the superconducting density of states,

D/2
Ps(w)=f_Dlsz{Uz(f)ﬂw—E(é)]

D/2
V)= deu @B -eVI- B9} oot E ot (0

X g E(€)—eV]T(E(e)—eV,V)+v?(e){f{E(e)] Broadening effecBsmay be included by replacing thé
functions in Eq.(10) by
—fi[E(e)+eV]}g[—E(e)—eV]
XT(=E(e)—eV,V)]gs(e). (7 5((1))_)& %, (11)
aw
Here, f; and fg denote Fermi functions for tip and sample, o™+
which may be at different temperatures, agdand g, are  with I' a phenomenological broadening parameter.

normal-state densities of states for tip and samylés the We consider for definiteness a band of widib
voltage of the sample relative to the tip. The coherence fac=0.5 eV in the sample, a critical temperatufg=100 K
tors are given by the usual form, and zero temperature g T=0)=30 meV. The tempera-

ture dependence of the gap is assumed to follow the conven-
tional weak-coupling BCS behavior. Figure 2 shows for ref-
erence the tunneling conductance obtained from &9.
assuming unit transmission and energy-independent normal
E— 1 state densities of states of sample and tip, for broadening
- %) (8b) factorsI'=0 andI’'=3 meV. The amplitude of the peaks in
di/dV is proportional tou? andv? for positive and negative
and we assume that the relation between quasiparticle energypltage, respectively. Becausé(e) =v2(2u— €), tunneling
E and band energy is given by Eq.(2). u is the sample characteristics are symmetric in the sign\bin the absence
chemical potential. of other effects.

6_“), (8a)

u2(6)= E( 1+ ——
2 E(e)

1

1
vz(f)=§
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LA NI DU IR transmission for positive sample involves electrons that are

>0F (2) 94=9=20V 1 closer to the top of the barrier than that for a negative
1.5 - = sample. As the temperature is raised and the gap in the den-
= L 3 sity of states closes, this asymmetry will disappear.
S 1.0 _— Could energy-dependent transmission give rise to an
- ] asymmetry of the observed sign? It could happen two ways.
0.5 — — First, if the transmission coefficient for an electron were to
. I ] decrease as its energy increases. While this cannot happen in
R Y an STM, it could happen in a conventional tunnel junction if
V gompieVoLES) the Fermi level is in the band gap of the insulating barrier
close to the valence band, as discussed by Gundfahc-
A\ N ARRE ond, energy-dependent transmission would give rise to an
- (b) 9,=3eV, asymmetry of the observed sign if the gap structure in the
1.5 — $e=0-deV_3 density of states shown in Fig. 4 occurred in the tip rather
> - ] than in the sample. Clearly, neither of these scenarios ap-
5 10 . pears to be relevant to the case under consideration.
C ] Next we consider the effect of differences in the work
0.5 — — function of tip and sample. This can give rise to asymmetry
F | 3 in tunneling, and, in fact, has been proposed to explain asym-
0 0 ol oo metries observed in various conventional tunnel junctfons.
Veampto(Volts) If the work function of the tip is lower than that of the

sample the tunneling conductance in the normal state will be
FIG. 3. Effect of finite barrier helght Barrier thickness ds |arger for a negative|y biased Samp|e’ in agreement with ob-
=20A. In (&), work functions of tip and sample are equal. The seryations. Figure (8) shows results for a rather extreme
conductan_ce is symmetric in the voltage abdye and becomes case, with work functionsp,=0.1 eV, ¢s=3 eV. While
asymmetric as the gap opens. (), the conductance abov; IS {he asymmetry in the normal state is of the observed sign, as
asymmetric due to unequal work functions; as the gap develops, thg, emperature is lowered the peaks in the conductance ex-
asymmetry switches sign. Broadening parametd=s3 mevV. hibit the asymmetry of opposite sign, induced by the energy
dependence of the transmission in the presence of the super-
ll. BARRIER EFFECTS conducting energy gap. It is found that no combination of
é/vork functions and barrier thicknesses can give rise to an

When we allow for energy-dependent transmission a L |
given by Eq.(4), the tunneling spectra develop an aSymme_asymmetry of the observed sign in the peaks of the tunneling

try that increases as the temperature is lowered, as shown ﬁ%)nductance at low temperatures.

Fig. 3(a). By decreasing the work functions of tip and sample

or .increasing the ba_rrier thickne;s the size _of the asymmetry IV. DENSITY OF STATES EEFECTS

is increased. Thus it would easily be possible to match the

magnitude and temperature-dependence of the observed We next consider the effect of nonconstant density of

asymmetry. However, the sign of the asymmetry thus obstates and of bandwidth cutoffs. Figure 5 shows the resulting

tained, larger conductance for a positively biased sample, isonductance when the normal-state density of states of the

opposite to what is seen experimentally. sample and/or of the tip has a linear energy variation, re-
At first sight the existence of this asymmetry may seenflected in the conductance fdi=T, in Fig. 5. This is ob-

puzzling, since it occurs for equal work functions of tip andtained for an electronic density of states in the tip that in-

sample and for densities of states that are symmetric arourgteases with energy, and/or one in the sample that decreases

the Fermi energy for both tip and sample. However, it iswith energy. As the temperature is lowered it is seen that the

easily understood by inspection of the diagram in Fig. 4 magnitude of the asymmetry in the conductance peaks de-

Because the gap in the superconducting density of states ofeases, simply because the peaks arise from band energies

the sample blocks the transmission in that energy range, thiecreasingly closer to the Fermi energy. When we include

broadening, as in Fig.(B), the asymmetry persists to lower

temperatures, but there is still a clear progressive reduction

N \ in the magnitude of the asymmetry as the temperature de-

tip

f creases.
_— tip sample Furthermore, when we include the energy dependence of
% sample h% the transmission the asymmetry gets further reduced and
% may even change sign, as shown in Fig. 6(dnthe normal-
% state asymmetry, of the sign seen experimentally, arises from
positive sample negative sample a sloped density of states of either the tip or the sample. In
higher transmission lower transmission

(b), we assume that the band edge in the sample occurs very
FIG. 4. lllustration of asymmetry in tunneling resulting from Close to the Fermi energy, as shown by the dashed line, also
energy gap in the sample. For equal work functions, the transmisgiving rise to an asymmetry of the sign seen experimentally
sion will be higher for positively biased sample because the tunnelat high temperature.In the presence of energy-dependent
ing electrons are closer to the top of the barrier. transmission, the asymmetry changes sign as the temperature
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We conclude that asymmetries originating from noncon-
stant densities of states and bandwidth cutoffs cannot explain
the experimentally observed asymmetry. The asymmetry
originating from these effects invariably decreases rapidly as
the temperature is lowered. The asymmetry originating in the
— energy dependence of transmission discussed in the previous
1 M section does persist to low temperatures but it is of the op-
OIIIIIII Jllllllll

(@) M'=0

W
||||||||

dI/dv
n
III'lL

posite sign to the one observed experimentally. Hence we
o1 0 o 0.2 conclude that the experimentally observed asymmetry must
Veampio(VoLts) originate in an intrinsic asymmetry of the superconducting
state itself.

.
o
o

2.0
V. ENERGY-DEPENDENT GAP FUNCTION

(b) "'=3meV

1.5 — . o .
2 . ] The simplest generalization of BCS theory with constant
S 1.0 ] energy gap is to assume that the gap depends on wave vector
E 3 k only through the band energy,. Hence, the quasiparticle
0.5 - energy is
E L1 1 1 | | | L1 1 | | 1t 1 1 3 E = —_— 2+ AZ 12
0.0 S 0 ¥l o k(€)= (e n) (€4)- (12
Vaampio(Volts) For energies close to the Fermi energy,
FIG. 5. Effect of nonconstant density of states. The energy A(e)=A(p)+A"(n)(e— ). (13

variation of the normal-state density of states is linear, and given b%_ o ) ) )
the conductance curve fdr=T.. It corresponds to either a sample 1he minimum quasiparticle energy will now occur not at

density of states that decreases with electronic energy, or a tip defo= 4, but rather at
sity of states that increases with energy, or a combination of the

two. The asymmetry decreases as the temperature is lowered, both €o=pm—A(p)A (n), (19
without (a) and with (b) broadening. The thin lines connecting the and is
peaks are drawn to illustrate this effect.

Ao=E(e)=A(n)+O(A"2). (15

is lowered. The work functions assumed here are not particu-
larly small, and smaller work functions or larger tip-sample ' h€ BCS coherence factors E§) are no longer equal at the

distances would make the obtained asymmetry deviate eve?tnd €nergy corresponding to the minimum quasiparticle en-
further from what is observed. ergy o, rather,

1
2of TN UP(eg)=5(1—A"), (163
1.5 —f 1
3 F 3 v2(€g)==(1+A"), (16b)
S L0 —: 2
0.5 - = with A’=A"(u). For electrons injected int@xtracted from
) C ] the sample, i.e., positivhegative sample voltage, the tun-
ool ¥y neling conductance is proportional &3 (v2). Hence if the
0.2 -0d 0 0.1 0.2 slopeA’ is positive, that is, if the gap function is an increas-
Vsompre(Vo1tS) . . . .
ing function of electronic energy, the tunneling current and
2.0 [ BAREE BERAN RERES conductance will be larger for a negatively biased sample, as
C ) 3 seen experimentally. We define
1.5 -
S r . ) dl
3 ol = av +:he|ght ofd—v peak for Vsampie>0  (17)
0.5 E— —f and similarly forVs,m,1e<0, and the tunneling asymmetty
C ] as the difference in the height of the peaks divided by the
0.0 [0 - ] average peak height
0.2 -0. 0 0.1 0.2
V,,mpl.(Voltsl dl dl
FIG. 6. Effect of sloped density of statém and of bandwidth _ dvj_ dv +
cutoff (b) together with energy-dependent transmissidn= ¢, A= dl dl (18)
=1 eV, barrier thicknesd=10A. I'=3 meV. The dashed line in [W + av }/2
(b) shows the density of states of the sample. - +
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FIG. 7. Effect of intrinsic asymmetry, withou) and with (b) FIG. 8. Effect of intrinsic asymmetry and energy-dependent
broadening. Gap slope i$' =0.12. Constant densities of states and transmission. Gap slope i4'=0.12, barrier parameters a;
energy-independent transmission are assumed. =¢=1 eV, d=10A. (8 Constant density of stategh) sloped

density of states.
and we have at low temperatufes
proachesT.. Instead, if the gap slope scales with the gap
A(T—0)=2A"(u). (19 itself, its effect on the asymmetry will have the same tem-

. . perature dependence as that of energy-dependent transmis-
Figure 7 shows the tunneling conductance for gap sltbpe sion. We will assume that this is the case here, so that the

=0.12, with and without broadening. The asymmetry is ap slope approaches zeroTas T, . It should also be noted

g:alzxi?célceat;)e ;cr)]rbt?lt: g::gso?nr?oaggggggﬁls thv?/htiflleeoitre at this is the behavior predicted within the theory of hole
g. 9 superconductivity?

remains somewhat smaller fbr0. Figure 8 shows the combined effects of intrinsic asymme-

. However, the effect of the gap slope negds_ to be balanpetgy and energy-dependent transmission, for a case where in-
with that of the energy-dependent transmission. Expandmgrinsic asymmetry dominatess’ =0.12, and barrier param-

the expression Ed5) for the transmission we obtain eters— =1 eV, d=10A, leading toA=0.044 in Eq.

T(E,V)=To[1+c(E+eVi2)], (209  (21). In the presence of also a nonconstant density of states,
the asymmetry seen in the normal state persists strongly as
the temperature is lowered, FiglB, unlike the cases where

N d(A) P o
cleV™ ):0_51_—1/2, (20b) no intrinsic asymmetry exist$-igs. 5 and &
$p(eV) Equations(20) and(21) imply that the observed asymme-

R . ) try should become weaker as the tip-sample distance in-
with ¢ the average of the work functions of tip and sample.creases and the effect of energy-dependent transmission in-
We find for the tunneling asymmetry at low temperatures creases. There is some evidence for this effect in the data

A shown in Fig. 13 of Ref. 2. The asymmetry for the smallest
A(p)— u)_ (1) tip-sample di_stanceélargest conductangds approximately
2 12.5%, and it decreases to about 5-7 % as the tip-sample
distance increases and the current decreases by about a factor

For a typical barrier =1 eV, d=10A we have ¢ 14 The change in the tip-sample distance over that range
~5 eV ". Hence for a gapAo=30 meV the tunneling i e approximately

asymmetry will be of the observed sign if the gap slope is

A(T—0)=2

larger than about 0.08. In10
The slope of the gap function,’, may or may not depend Ad(A) = _ (22)
on temperature. IA’ is independent of, then its effect will 1.02 /E(e\/)

become increasingly important relative to the effect of

energy-dependent transmission as the temperature is raisédetom Eqgs.(20)—(22) we may deduce the values of the aver-
according to Eq.(21), since A, decreases a3 . is ap- age work function and the change in the tip-sample distance
proached. For example, for parameters where the intrinsim the experiment of Ref. 2. Assuming that the asymmetry
and barrier-induced asymmetry exactly cancel at low temdecreased from 12.5% to 6% when the current decreased by
peratures, the intrinsic asymmetry would dominatélTep-  a factor of 10 and a gaj\o=30 meV yields
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tion, further information on the gap slope may be inferred by
measurement of a thermoelectric effect.

VI. THERMOELECTRIC EFFECT IN STM

Further information on the existence of a slope in the gap
function may be obtained from experiments where the tip
and the sample are at different temperatures. To our knowl-
edge such experiments at cryogenic temperatures have not
yet been systematically perform&tbhut we are not aware of
any fundamental reason that would not allow for thermally
decoupling of tip and sample and keeping them at substan-
tially different temperatures in vacuum. Assuming there is no
heat conduction path between tip and sample, the only way
Vsampiol VOL1t) to transport heat is through radiation. For example, assume

tpe sample is at higher temperature than the tip. The power

FIG. 9. Tunneling characteristics in the presence of nonconst - . .
.G €ling charactenstics € presence ot nonconstank, ,stared from sample to tip per unit area is of order
density of states, intrinsic gap slope, and energy-dependent trans-

dI/dv

Lrs

mission, at temperatur€/T.= 0.1 for various tip-sample distances _ 414
given in the figurgnumbers next to the curves &). The curves are P=o(Ts—T0), (259
offset increasingly by 0.5 for clarity. Broadening parametef’is 5 PR S
=3 meV. Gap slope i’ =0.17 and work functions are.= ¢, 0=5.6710" erg sec cm “K"". (250
=053 ev. To maintain a temperature difference between tip and sample
_ the tip needs to conduct away the heat it absorbs sufficiently
$=0.53 eV, (238  fast. A typical metallic conductivity is «
~10" erg seclcm 1K1, so the temperature gradient de-
Ad=3.1A (23D veloped in the tip will be
which are not unreasonable. The gap slope implied by these 10-1
data is VT~ Z(TA-Th~ AT 26
(Ts—T) 3(Ts—Tp). (26)
K cm K
A’'=0.062+0.01d(A), (249

. . . . .. For example, for a tip of 1 cm length @&t=0 at the end far
whered is the smallest tip-sample distance in the data in Fi%¢rom the sample, the end close to the sample would heat up

13 of Ref. 2. For example)'=0.17 if d=10A. This analy- = 1, 3 pegligibleT,~10"3 K if the sample is at temperature

sis furthermore implies that the observed asymmetry Wi||-|— —100 K. A detailed analysis of heat transfer between tip
switch signs if the tip-sample distance were to be increaseglf]d sample in an STM is given in Ref. 19

by another &, corresponding to another factor of 10 drop in  tpare have been in fact several recent investigations of

the conductance. In Fig. 9 we show the tunneling charactely o mqelectric effects in scanning tunneling microscopy with
istics for these parameters at low temperatures for a range Aormal-metal samplésl®22 |n these experiments, per-
tip-sample distances illustrating this effect. It would be of 5\ 4t room temperature, the tip is heated by laser power
interest to obtain more detailed experimental information ONg g temperature approximately 10 K higher than the sample
the dependence of the t.uk?nﬁ“n% asymmletry on “P'samp'ﬁ is noteworthy that in these experiments the thermopower
separation to compare with the theoretical expectation. 044 red s invariably negative, even when the samples are

Wefconrtl:luds fromdthls anlz_inS|s that it is possn_ale Ito 3C"metals with positive bulk values for the thermopower. This is
count for the observed tunneling asymmelry in a simple wa resumably due to the contribution to the thermopower from

by assuming an energy-dependent gap function with a finit nergy-dependent transmission, as discussed below.

slope at the Fermi energy. The existence of energy- If we assume that the gap sloge is positive, as indi-

dependent transmission does not qualitatively modify the rezated by the tunneling asymmetry, a positive current wil

sults, it only implies that the underlying gap slope giving riseéqq,; from the hotter to the colder electrode in our case in the
to the observed asymmetry is larger than what one wouldy,qence of other effects, that is, the system will have positive
have inferred assuming the transmission was energythermopower. This is a consequence of the fact that the av-
independent. To eXpla'n t_he energy dependence of the Ol%\'rage quasiparticle charge in the superconductor, given by
served spectra abovE, it is furthermore necessary to as-

sume that .there is either energy depen_dence in _the normal- q(e)=v2(e)—u?(e) (27)

state density of states and/or a large difference in the work

functions of tip and sample. However, these factors woulds positive on the averadeynlike the usual BCS case with a
not be able to explain the persistence of the asymmetry toonstant energy gap where quasiparticles are charge neutral
low temperatures. Accurate measurement of the dependenoa average.

of the tunneling asymmetry on tip-sample distance at low For energy-independent transmission and constant densi-
temperatures should allow for a determination of the effecties of states the current from sample to tip originating from
of energy-dependent transmission, and hence for an accurageasiparticles of lowest energy, i.e., with= A, is propor-
determination of the gap slope. As we show in the next sectional to
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Js=(1=A"[f(Ag—eV)—fi(Ag)]+(1+A") 0.00002 ]
X[fs(Ao) = F(Ao+eV)] [ 750K
[ T,=20K ]
—f(Ag—eV)—f(AgteV) 0.00001 |- v

[ b__ _| ___ _
—A'TH(Ag—eV)+fi(AgteV)—2f(Aq)] (28 [ ﬁ O ]

— Y == — . ..~ -
and for small temperature gradient this yields for the zero% 0-000001 . __J |
current thermoelectric voltage of the sample - i ) i
Ao [ Ts—Ty -0.00001 [— ] .
VO—?A T (29 i )
hence, the thermopower of the junctid, is directly pro- -0.00002 L AR R R

0 0.01 0.02

ortional to the gap slope,
P 9ap P V sampte(Vo1ts)

Q= ﬂA’, (30 FIG. 10. Current versus voltage for sample and tip at different
eT, temperatures as given in the figure for various cases, with constant
and is positive if the gap slope is positive. Note that thedensities of states, zero gap slope, and energy-independent trans-
thermopower here increases as the temperature is lowere®ission except as indicated below. Curve labelégolid line): gap
unlike the usual situation in metals and semiconductor§lope A’=0.12; b (1dashed ling tip density of states of slope
where it decreases linearly with temperatureTasO. m,/g,(0)=—4 eV; ¢ (dcit-dashe_d I|_n)a sampl_e density of states
However, contributions to the thermopower will also arise®' sloPems/gy(0)=4 eV ; d (solid l",‘e): barrier parametergs
from energy-dependent transmission as well as from noncory =05 €V,d=20A, and gap slopd’=0.36. No broadening is
stant densities of states. If we consider the current arisinsssumed'
only from quasiparticles of minimum energ¥,, a noncon-
stant density of states of the sample will not contribute at lo
temperatures. Equatio28) generalizes to

Wenergy-dependent transmission is smaller than at zero volt-
age. Hence it is possible to have a tunneling asymmetry of
the observed sign, reflecting the intrinsic gap slope, together

Jst=(1—A")(1+cAp)(1+cAg)[fi(Ag—eV)—T4(A)] with a negative thermopower, dominated by energy-
dependent transmission.
+(1+A")(1=cAp)(1-cdg)[fs(Ag) —fi(Ag+eV)], It is also possible to obtain a negative thermopower just

from the effect of tip density of states @ is positive, that
(31 . > M
) ] o could dominate over the effect of the intrinsic gap slope.
assuming that the voltagé<A,. Here,c, is the logarithmic  However, note that this corresponds to a tip density of states
derivative of the tip density of states at the Fermi energy, thatincreaseswith electronic energy, and hence it would
give rise to tunneling spectra with normal-state slope that is

¢=0:(0)/9:(0), (32 opposite to the slope that is observed experimentally.
and we have approximately Figures 10 and 11 illustrate some of the effects discussed
above. Figure 10 shows current versus voltage in the pres-
Js=fi(Ag—eV)—f(Ag+eV)—[A"—Aq(ctcy)] ence of a large temperature difference between sample and

tip, with the tip colder than the sample. The thermoelectric
X[f(Ao—eV) +1(AoteV)=2f5(Ao)], (33 effect arising from intrinsic asymmetry and from a sloped tip
which contributes to the zero voltage thermoelectric currentlensity of stateg, is similar, as seen in Fig. 1Qcurves
proportionally to labeleda andb), and it corresponds to positive thermoelec-
tric power. However thedl/dV spectra[Figs. 11a) and
11(b)] are very different, with the ones corresponding to the
slopedg, exhibiting an asymmetry that is opposite in sign to
'Ihat observed experimentally and to that originating in the
intrinsic effect, Fig. 11a). Conversely, a slopedy; that
would give rise to an asymmetry of the sign seen experimen-
Ao T~T, tally would give rise to a thermopower opposite in sign to
Vo=—I[A"—=Ap(C+Cp) |—. (835  what is shown in Fig. 10, i.e., negative thermopower. Thus
e T - . .
experimental results for tunneling spectra together with ther-
Hence, we conclude that the thermoelectric voltage may benoelectric effect could clearly distinguish between compet-
of either sign depending on the magnitude of the parameteiisg hypothesis of intrinsic asymmetry and energy-dependent
¢ andc; arising from energy-dependent transmission and tify; .
density of states, respectively. An energy-dependeigf; of negative slope would give rise
In particular, note that the effect of energy-dependento an asymmetry in tunneling of the sign seen experimentally
transmission is twice as large here as it is in the tunnelingFig. 11(c)] and to a thermoelectric effect that has the same
asymmetry, Eq(21). This is because the tunneling asymme-sign as that given by the intrinsic asymmetry, but the mag-
try occurs at finite voltageV=A,, where the effect of nitude of the thermoelectric current is much smaller than in

A
‘]st:?O[A, —Ao(ctey)]lf(Ao)—fs(Ag)]. (34

For the zero current thermoelectric voltage, we have fo
small temperature gradient
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FIG. 12. Zero voltage thermoelectric current from sample to tip
FIG. 11. Tunneling characteristics for the parameters of the foufor the tip colder than the sample as function of sample temperature
cases in Fig. 10(a) sloped gap(b) sloped tip density of state&) for fixed temperature difference between tip and sample. Constant
sloped sample density of state&]) sloped gap and energy- densities of states, zero gap slope, and energy-independent trans-
dependent transmission. Note that the sloped densities of states wiission is assumed except as indicated below. Solid line: gap slope
sample and tip give rise to tunneling conductance of opposite slopd’=0.12; dashed line: tip density of state of slopg/g,(0)
but to a thermoelectric effect of the same si§ig. 10. Note also =—4 eV !, dotted line: sample density of state of slope
that the tunneling asymmetry i) is of the sign expected from the mg/gs(0)=4 eV !, dot-dashed line: barrier parametefg= ¢,
gap slope, but the sign of the thermoelectric effect in Fig(cLOve =1 eV, d=7.84A. I'=0 in all cases.
labeled d is opposite because the effect of energy-dependent trans-
mission dominates there. In the presence of only the intrinsic asymmetsplid line)
the thermoelectric current would go to zeroTat. Instead,
the other cases, as seen in Fig.(¢0rve labeledt). The zero  energy-dependent density of states of either tip or sample
voltage thermoelectric current arising from all these effects iSdashed and dotted linesan give a thermoelectric current of

given by the same sign, but it continues to increase as the temperature
is raised abovd ;. The same is true for the current arising
2 (= E A'Ag EZ—AS from energy-dependent transmission, which in addition is of
lis=——=| dE——=—=|—=—+(C+C)E+Cs—— ita i iqinating in intrinsi
eRJ, \/ﬂz E E an opposite sign to that originating in intrinsic asymmetry
0 0 (dash-dotted ling Results for these cases for temperature
X[ f(E)—f(E)], (36) gradient of opposite sigi;;—Ts=0.1, are the mirror image

across the horizontal axis of these results.

with cs=g¢(0)/g5(0). The effect of a nonconstant sample  In contrast, the magnitude of the zero current thermoelec-
density of states is much smaller because the singularity atic voltageV, is rather different for both signs of the tem-
E=A, is canceled for the term involvings. Thus it would  perature gradient, being larger when the tip is colder than the
be possible to discern the effect of intrinsic asymmetry versample. At low temperatures we can derive an expression for
sus sample density of states on the thermopower by calculay, that is not restricted to small temperature gradients,
ing the expected magnitude of thermoelectric current and
comparing with experiment. , kgT; (B BIA

The energy-dependent transmission gives rise to a tunnel- Vo=[A _A0(0+Ct)]T[e CPhS—1], (37)
ing asymmetry of opposite sign to that seen experimentally,
as previously discussed, and to negative thermopower. Howvhich shows that the thermoelectric voltage can become
ever, because its effect on the thermopower is twice as largeery large at low temperatures when the tip is colder than the
as on the tunneling asymmetry it is possible to choose pasample. Again, the voltage goes to zerdlatf it originates
rameters so that the tunneling asymmetry is of the sign obin intrinsic asymmetry and remains finite when it originates
served experimentally, as determined Ay, and yet the in the other factors. Results for the tip colder and warmer
thermopower is negative, opposite to what the intrinsicthan the sample are illustrated in Fig. 13.
asymmetry predicts. An example is shown in Fig.(tQrve The effect of broadening on the thermoelectric effect is
labeledd) and Fig. 11d). However, this requires rather large shown in Fig. 14. We assume only intrinsic asymmetry is
values of both intrinsic asymmetry and energy-dependenpresent, but the effect is qualitatively the same when the
transmission parameters. thermoelectric effect originates in energy-dependent trans-

Analysis of the thermoelectric effect as function of tem- mission or variations in the densities of states. The thermo-
perature would also allow us to clearly distinguish betweerelectric current at low temperatures increases as the broad-
an intrinsic origin and the other effects. Figure 12 shows thesning parameter increases. The thermoelectric voltage is
zero voltage thermoelectric current versus sample temperaeduced in the presence of broadening: the effect is most
ture T for a fixed temperature difference between sampledramatic when the tip is colder than the sample, the large
and tip, T,— T,= — 0.1, with the tip colder than the sample. thermoelectric voltages obtained in the absence of broaden-
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= 0.000001 i FIG. 14. Effect of broadening on thermoelectric curr@jtand
3.\ A thermoelectric voltagéb). Gap slope isA’ =0.12, constant densi-
0.00025— '~ e ] ties of states and energy-independent transmission is assumed.
C AN - ] Solid lines are forl'=0, dashed lines fof'=1 meV, and dash-
F '~ ke 1 dotted lines fol"=3 meV. The effect of broadening is to slightly
-0.00050 T — increase the thermoelectric current. The thermoelectric voltage is
P N N B somewhat decreased by broadening when the tip is hotter than the

(=]

0.25 %:5” 0.75 1 1.25 sample, and substantially so when the tip is colder than the sample.
s c
FIG. 13. Zero current thermoelectric voltagef samplg for the  neling conductance instead of the crossover between gap-
four cases of Fig. 12. The line convention is the same as in Fig. 12%slope—dominated asymmetry and barrier-dominated assym-
(&) Tip colder than the sample. Note that the voltage becomes vergiry would instead occur only ford~30A for these
large at low temperatures. The inset shows the behavior of thBarameters, i.e., the intrinsic asymmetry would dominate for

voltage close tdl;. (b) Sample colder than tip. Note that the volt- a much larger range of tip-sample distances. Observation of
ages are much smaller than(&. Note also that both ifa) and(b)

only in the case of intrinsic asymmetry alofsolid line) does the
voltage go to zero af. 0.0004 ————— "I T

ing at low temperatures are significantly reduced and becom: Te-Ts=0.17, d=20
comparable to those obtained for opposite sign of the tem-
perature gradient. This occurs because in the presence ¢
broadening the thermoelectric current at low temperatures is 0.0002
dominated by low-energy electrons rather than electrons witrz
energies above the energy gap. =
Next we consider the situation where both intrinsic asym-
metry and energy-dependent transmission exist. As the tip
sample distance is varied one or the other effect could domi- 0.0000
nate, as previously discussed. Results are shown in Figs. 1
and 16. For sufficiently small tip-sample distance, assuming | | | |
tunneling remains ideal, the intrinsic asymmetry effect will R Y I

dominate at low temperatures. Here we have assumed a ge, Ts/Te

- =
slopeA’=0.24 and an average work functign=1 eV. Ac- FIG. 15. Zero voltage thermoelectric curreffitom sample to

F:orgiing to Egs.(39) and_ (20b), the erssover . between tip) versus sample temperature in the presence of both finite gap
intrinsic-asymmetry—dominated and barrier-dominated ther-s|0pe,A,:o_24’ and energy-dependent transmission with barrier

moelectrip effect at low temper_atu_res_ should occur for tip'parameteraﬁf #=1 eV and tip-sample distances given next to
sample distancd~ 15A. Indeed, intrinsic asymmetry is seen the curves. Since the sample is colder than the tip, positive ther-
to dominate ford=5A andd=10A. Note that the crossover mopower corresponds to current going from tip to sample, which
in the thermoelectric voltage at low temperatures when th@ccurs when the barrier is thin and the intrinsic asymmetry domi-
tip is colder than the sampl€&ig. 16a)] would be very sharp nates. For temperature gradient of opposite sign the curves would
as function of tip-sample distance. Note also that in the tunbe the mirror images of these across the horizontal &xis0.
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A NN A B R B R FIG. 17. Thermoelectric voltag®f tip) with I'=0 (solid lineg
0.00050 — (b) T,-T,=0.1T, and withI'=3 meV (dashed linesat two temperaturedabels next

- to the line$ for T,— T,=—0.1T as function of tip-sample distance

d. Sample density of states is the same as in Fig. 5. The data for

0.000251— 10 ¢-5 -] I'=3 meV are multiplied by 50. For smatl intrinsic asymmetry
C ] dominates, for largel barrier-induced asymmetry dominates. Note
r ] that broadening causes the thermoelectric effect to be dominated by

0.00000 S . . .
- intrinsic asymmetry over a wider range of tip-sample distances. The

tunneling asymmetry at temperatufe=0.1T, is also shown fol’

=0 andI'=3 meV (dash-dotted lines labeletl). Here again, the

asymmetry remains dominated by the intrinsic effect for a ladyer

N y in the case wher€ is finite. Gap slope ia’=0.17, work functions

-0.00050 [— - are ¢s= ¢=0.53 eV. Note that the range of barrier thickness
MRS PR SN SN S where intrinsic asymmetry dominates is substantially larger for the

o 0.25 0.5 0.75 1 1.25 : ;

tunneling conductance asymmetry than for the thermoelectric ef-
fect.

Vo (V)

-0.00025

FIG. 16. Zero current thermoelectric voltagef sample for .
parameters as in Fig. 15 afd tip colder than sample an@) tip ~ ture and tip-sample dependence of the asymmetry may be

hotter than sample. Thermoelectric power is positive for thin barri-2ble to further support this conclusion. _ _
ers and low temperatures. The insetahshows the behavior close Furthermore, we have proposed that independent evi-
toT,. dence for intrinsic asymmetry originating in a finite gap

slope would be provided by thermoelectric experiments with

the behavior discussed here would clearly evidence the con$TM, which should yieldpositive thermopower in certain
petition between intrinsic and barrier-induced effects and alparameter regimes. Such experiments, always yielding
low for the extraction of the intrinsic gap slope. negatwve thermopower, have already been performed with

Finally we compare in Fig. 17 the behavior of tunneling normal metals, which suggests that they are quite feasible.
asymmetry and thermoelectric voltage as a function of tip- The combination of more extensive high-quality tunneling
sample distance, in the presence of intrinsic asymmetrygpectra and results for the thermoelectric effect should be
barrier-induced asymmetry, and energy-dependent samp#ble to determine unambiguously the sign and magnitude of
density of states. As discussed earlier, intrinsic asymmetrihe gap slope in Bbr,CaCyOg, s. The gap slope deter-
dominates in the tunneling asymmetry over a substantiallynines the average quasiparticle charge in the superconductor
larger range of tip-sample distances than in the thermoele@nd is thus a quantity of fundamental interest. The theory of
tric effect. For both cases, broadening increases the range bble superconductivify has predicted that the gap slope,
tip-sample distances where intrinsic asymmetry dominates.and consequently also the average quasiparticle charge, is
positive for all superconductors, and that its magnitude
scales with the critical temperature. Temperature and carrier
concentration dependence of the gap slope is also predicted

We have discussed in this paper various factors that malgy the theory.
give rise to asymmetry in STM tunneling conductance ex- Coffey and co-workers have recently proposed that the
periments. While the various effects discussed here can givebserved asymmetry in tunneling conductance discussed
rise to asymmetries of either sign, we have argued that thRere is evidence in favor ad-wave symmetry of the order
recent results on tunneling spectra 0§&,CaCyOg, s pro-  parameter. Their analysis relies on an assumption of direc-
vide evidence for an asymmetry originating in an intrinsictional tunneling, and the parameters in their model are cho-
property of the superconductor, an energy-dependent gagen in order to match the observed asymmetry. We note that
function. The slope of the gap function as a function of elecfor the case of a half-filled band and a band structure with
tronic energy implied by the experimental results isonly nearest neighbor coupling, that is an electron-hole sym-
positive. We have suggested that further data on temperametric system, their analysis predicts an asymmetry of the

VIl. DISCUSSION
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observed sign when the tunneling direction is parallel orortex structure on BSCC@BI,Sr,CaCuyOj;. s is obtained
close to one of the principal axes in the plane for both ausing the conductivity at a negative sample voltage
d-wave and arswave gap. Even though the asymmetry pre-— A /e” (A, is the peak position In other words, the peak
dicted is larger fod wave, the essential elements giving rise ot negative voltages gives the strongest signal on whether the
to the asymmetry in this calculation appears to be the assystem is normal or superconducting. This is related to the
sumption of directional tunneling. While this assumption prediction of the theory of hole superconductivity that pho-
may have validity for the case of point contact tunneling ittpemission should give a much clearer signal of the transition
would appear not to be applicable to the STM experimentso the superconducting state than inverse photoemig&ion.
discussed here where the tip is mounted perpendicular to thgimilarly one should find a change in the sign of the thermo-
Bi-O layers and tunneling is expected to yield an angulaiglectric voltage as function of the tip position in measure-
average over thab-plane density of state's. ments in the mixed state, with negative thermopower mea-
Recent STM experiments in the presence of a magnetigyred in the vortex core region and positive thermopower in
field®® provide further strong evidence for the existence of arvegions far from the cores.
intrinsic asymmetry associated with the superconducting Fyture work will involve a calculation of tunneling spec-
state. The data of Rennet al. clearly show that when the {3 as function of position in the vortex lattice within a model
STM tip is moved from the vortex core to a region betweenyith finite gap slope such as the model of hole superconduc-
vortices the peak for negative sample voltages grows fastqfyity. Possible signatures of a finite gap slope in Josephson
than that for positive voltages, irrespective of what the signunneling are being investigated. It would be of great interest

of the asymmetry in the vortex core was. This strongly sug+o find other experimental signatures of a finite gap slope in
gests that the asymmetry is directly associated with the susyperconductors.

perconducting state. As we have discussed, the opening of a

gap in the absence of intrinsic asymmetry would lead to

precisely the opposite effect, i.e., the positive voltage peak ACKNOWLEDGMENTS

growing faster, due to the energy dependence of transmis-

sion. Further support for this point is provided by the fact The author is grateful to Z. Yusof and J. F. Zasadzinski
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1C. Renner and O. Fischer, Phys. Rev.5B 9208 (1995; C. Rev. B58, 514(1998; Z. Yusof and L. Coffey(unpublished
Renner, B. Revaz, J. Y. Genoud, K. Kadowaki, and @. Fischer!*M. Tinkham, Phys. Rev. B, 1747(1972.
Phys. Rev. Lett80, 149 (1998. 15K, H. Gundlach, J. Appl. Physi4, 5005(1973.
23, Kaneko, N. Nishida, K. Mochiku, and K. Kadowaki, Physica C 16Note that the conductance becomes negative in Fig.fér posi-
198 105(1998. tive voltages. The fact that negative conductance can occur in
3Y. deWilde, N. Miyakawa, P. Guptasarma, M. lavarone, L. Ozyu-  STM in the presence of rapidly varying density of states is well
zer, J. F. Zasadzinski, P. Romano, D. G. Hinks, C. Kendziora, understood and has, in fact, been observed experimeriity

G. W. Crabtree, and K. E. Grey, Phys. Rev. L8@, 153(1998. 17).
4W. F. Brinkman, R. C. Dynes, and J. M. Rowell, J. Appl. Phys. 1’R. J. Hamers, irScanning Tunneling Microscopy and Spectros-

41, 1915(1970. copy; edited by D. A. BonnellVCH Publishers, New York,
5R. C. Dynes, V. Narayanamurti, and J. P. Garno, Phys. Rev. Lett. 1993, p. 51.

41, 1509(1978. 18\We are aware of a single STM study of a hifjpmaterial where
SF. Marsiglio and J. E. Hirsch, Physica 159 157 (1989. the STM tip was at a temperature substantially higher than the
7J. E. Hirsch, Phys. Rev. Let?2, 558 (1994); Phys. Rev. B50, sample: K. Ikeda, K. Takanuku, H. Kubota, R. Itti, and N. Ko-

3165(1994; 58, 8727(1998. shizuka, Rev. Sci. Instrun©4,2221(1993.
8D. Hoffmann, A. Haas, T. Kunstmann, J. Seifritz, and Rillglp  1°J. B. Xu, K. Lauger, R. Mdler, K. Dransfeld, and I. H. Wilson, J.

J. Vac. Sci. Technol. A5, 1418(1997). Appl. Phys.76, 7209(1994.
°R. Micnas, J. Ranninger, and S. Robaszkiewicz, Rev. Mod. Phy€’D. Hoffmann, J. Y. Grand, R. Mter, A. Rettenberger, and K.

62, 113(1990. Lauger, Phys. Rev. B2, 13 796(1995.

103, K. Freericks, E. J. Nicol, A. Y. Liu, and A. A. Quong, Phys. 2p, Rettenberger, C. Bauer, K. lger, D. Hoffmann, J. R. Grand,

Rev. B55, 11 651(1997). and R. Mdler, Appl. Phys. Lett67, 1217(1995.

113, E. Hirsch and F. Marsiglio, Phys. Rev.3B, 11 515(1989; F.  22J. Xu, B. Koslowski, R. Mdter, K. Lauger, K. Dransfeld, and I.

Marsiglio and J. E. Hirschibid. 41, 6435(1990; J. E. Hirsch, H. Wilson, J. Vac. Sci. Technol. B2, 2156(1994.

Physica C159, 326 (1989. 2C. Renner, B. Revaz, K. Kadowaki, I. Maggio-Aprile, and @.
2p. 3. van Harlingen, Rev. Mod. Phy&§7, 515(1995. Fischer, Phys. Rev. Let&0, 3606(1998.

13 7. Yusof, J. F. Zasadzinski, L. Coffey, and N. Miyakawa, Phys.24J. E. Hirsch, Physica @82 277 (1991).



