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Tunneling spectroscopy of superconducting Nd1.85Ce0.15CuO42d
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The superconducting electronic states of Nd1.85Ce0.15CuO42d ~NCCO! are studied by applying the phase-
sensitive capability of tunneling spectroscopy. Unlike the YBa2Cu3O72d cases, the conductance spectra mea-
sured on~100!-, ~110!- and~001!-oriented surfaces showed V-shaped gap structures, and no zero-bias conduc-
tance peaks were observed even around steps on the surfaces. The present results reject the possibility of
dx22y2-wave anddxy-wave symmetries for the pair potential in NCCO. The experimental spectra are well fitted
to theoretical curves of anisotropics-wave symmetry with a large smearing factor.@S0163-1829~98!05513-1#
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I. INTRODUCTION

Tunneling spectroscopy has long been accepted a
phase-insensitive probe of the superconducting electr
states. The basic concept of this method originated from
equivalency of tunneling conductance spectra with densit
states~DOS! of samples at the low-temperature limit.1 In the
case of normal-insulator-superconductor~N-I-S! junctions
with conventional BCS superconductors, the conducta
spectra correspond to the BCS density of states. In f
many experimental results of tunneling spectroscopy h
been analyzed in terms of this standpoint, and various
pects of the electronic states have been revealed by tunn
spectroscopy. However, most of the trials to apply this c
cept for the high-Tc superconductors have failed except f
c-axis surface measurements of Bi2Sr2CaCu2O72d
~BSCCO!.2 Otherwise, i.e., when the tunneling direction is
the ab plane, not only gap structures but also zero-bias c
ductance peaks~ZBCP’s! are observed in large area o
YBa2Cu3O72d ~YBCO! surfaces.3 These results cannot b
understood in terms of the classical tunneling theory.

A hint to reveal the origin of the ZBCP is presented
theoretical aspect. Based on an analysis of the boundary
dition on dxy-wave superconductor, the formation of zer
energy states~ZES! on the surface is predicted.4 By devel-
oping this concept, a theory for tunneling spectroscopy
constructed which correctly takes into account of the anis
ropy of the pair potential.5–8 These theories claims the phas
sensitive capability of tunneling spectroscopy.7 The funda-
mental concept is that the DOS at the surface is not alw
570163-1829/98/57~14!/8680~7!/$15.00
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equivalent to that in the bulk. In the case ofd-wave super-
conductors, pair potentials with different the signs and
amplitudes are woven ink space. This means that the effe
tive pair potential for the traveling quasiparticle strongly d
pends on its wave vectork. As a result, the sudden change
the effective pair potential occurs through the reflection
the surface depending on the surface orientations. This e
leads to the formation of the orientational-dependent surf
states.9 In the case ofdx22y2-wave superconductors, the fo
mation of ZES are expected,10 and they are observed a
ZBCP’s in tunneling spectroscopy. Actually, various types
experimental spectra on YBCO surfaces are well analy
along this concept, which suggests the validity of the no
theory and thedx22y2-wave nature of the pair potential i
YBCO.6,11,12

For most of the high-Tc superconductors, their carriers a
believed to be holes, which indicates that they are ho
doped superconductors. On the other hand, NCCO belo
to an exception. It has negative Hall coefficients, which i
plies that the carriers are electrons.13 The crystal structure is
simple, i.e., a single Cu-O plane, lacking the Cu-O chain a
the apex-oxygen site. This simplicity allows us to study t
intrinsic electronic properties of the Cu-O plane. For NCC
unlike the hole-doped high-Tc superconductors, strong trend
for conventional behaviors have been presented based
various experimental methods. For example, the resisti
has a T2 temperature dependence,14 and the penetration
depth measurements show good fits for a simples-wave
BCS-type function.15–17 In addition, the important role by
the phonon for the superconductivity is suggested thro
8680 © 1998 The American Physical Society
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a2F(v) information based on tunneling measurement18

The Fermi-surface structures observed by angle-reso
photoemission spectroscopy~ARPES! show consistent re
sults with the calculation based on the band picture.19 How-
ever, as far as we know, no phase-sensitive measurem
which present most convincing evidence for the determi
tion of the pairing symmetry,20 have been reported.

At this stage, the measurement of orientational-depend
tunneling spectroscopy of NCCO is meaningful in two d
ferent aspects; one is to make secure the validity of the
neling formula for anisotropic superconductors, and the ot
is to determine the pairing symmetry in NCCO by applyi
the phase-sensitive capability of tunneling spectroscopy
this paper, we present the scanning tunneling spectrosc
~STS! measurements of NCCO single crystals for~100!-,
~110!-, and ~001!-oriented surfaces. By comparing these
sults with those for YBCO, clear differences in superco
ducting states between electron-doped and hole-doped
prates are demonstrated. The results are well analyze
assuming extendeds-wave symmetry of the pair potentia
The electronic states of NCCO are discussed based on
analysis of the gap structures in the tunneling spectra.

II. TUNNELING SPECTROSCOPY FORMULA

In this section, the theory of tunneling spectroscopy
anisotropic superconductors in N-I-S structures and exp
mental results of YBCO are simply reviewed.5–7 We assume
that the pair potential in superconductorD(k) hask depen-
dence. A spin-singlet superconductor with a cylindric
Fermi surface as shown in Fig. 1~a! is assumed in the fol-
lowing discussion. For thez direction, a slight modulation o
the Fermi surface exists which allows the electron cond
tion for this direction. The electron transfer from the norm
metal to the superconductor is so small as to be able to
glect higher-order tunneling terms. This assumption is va
for most of the experimental situations of tunneling spectr
copy. In this situation, the conductance spectrum co
sponds to the surface DOS of the isolated superconduct7

The concept and physical origin of the surface states
anisotropic superconductors are already described in Re
The most simple explanation is as follows. The conduct
electrons in superconductor are specularly reflected at
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surfaces. The wave vectors of the electrons change fromk1

to k2 through the reflections as shown in Fig. 1~b!. Accord-
ingly the effective pair potentials for the electrons al
change from D1[D(k1) to D2[D(k2). This sudden
change of the pair potential results in the formation of bou
states just at the surface whose energy levels correspon
the bound states formed between two pair potentialsD1 and
D2 . Angle-resolved surface DOSrk(E,u) is given by

rk~E,u!5
uD1D2u1~E2V1!~E2V2!exp~ iw22 iw1!

uD1D2u2~E2V1!~E2V2!exp~ iw22 iw1!
,

~2.1!

where

V6[AE22uD6u2,

exp~ iw6 ![
D6

uD6u
.

Note that Eq.~2.1! explicitly includes the phases of the e
fective pair potentialsw6 , which indicates the phase sens
tivity of the surface DOS. The normalized conductance sp
trum at temperatureT is given by

FIG. 1. ~a! Schematic illustration of the Fermi surface in hig
Tc superconductors. A cylindrical form with slight modulation fo
the z direction is assumed.~b! Schematic illustration of the elasti
reflection at the surface. In the figure, the anisotropic pair poten
of dx22y2-wave symmetry is shown. The surface state is form
because the effective pair potential for the quasiparticle chan
through the reflection process.
sS~eV,G,T!5
*du*2`

` dEsN~u!Re@rk~E2 iG,u!#$2] f ~T,E1eV!/]~eV!%

*dusN~u!
. ~2.2!
ra,
n

the

de-
s
ws
Here, V is a bias voltage,u is the angle of quasiparticle
trajectory to the surface normal,sN(u) represents the angle
dependent tunneling distribution of emitted electrons fr
the normal metal to the superconductor,G corresponds to a
smearing factor due to the lifetime broadening effect,21 and
f (E) is the Fermi-distribution function. In the case of plan
junctions, the Gaussian dependence ofu are used forsN(u).
For the tunneling junction formed between the normal me
and high-Tc superconductors, due to the large discrepanc
the Fermi wavelengths between the two conductors,sN(u) is
r

l
in

regarded as a constant value~independent ofu) for simplic-
ity. To get a theoretical fitting to the experimental spect
oncesN(u) is determined from the analysis of the junctio
configuration, the unknown parameters areD(k) andG.

Assume a situation where the tunneling direction is in
ab plane. In the case ofdx22y2-wave superconductors with
~100!-oriented surface, sinceD15D2 applies for every di-
rection, the calculated spectrum shows gap structure in
pendent ofu. However, in dx22y2-wave superconductor
with ~110!-oriented surface, the calculated spectrum sho
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ZBCP’s reflecting the sign change of the two effective p
potential (D152D2). Since the sign change does not occ
for s-wave symmetry, ZBCP’s are not expected for me
superconductors. Figure 2 shows an experimental con
tance spectrum obtained on a YBCO~110! surface and a the
oretical fitting curve. Similar spectra have been observe
most of the area on YBCO~110! spatially continuously.11,12

While on YBCO~100! surfaces, ZBCP’s have been observ
at a relatively small area compared to the cases of
YBCO~110! surfaces.12 This result is consistent with th
present theory by assuming adx22y2-wave nature of the pai
potential. Similar ZBCP’s are expected to be observed on
surfaces of superconductors whose pair potentials have n
tive regions ink space. Next, we assume the tunneling sp
troscopy for~001! orientation. In this case,D15D2 applies
for all directions. For a fixedu, the conductance spectrum
corresponds to the conventional BCS DOS. The conducta
spectrum of the N-I-S junction is obtained by the integrat
of all u, and the gap structure reflects the gap distribution
k space. Due to the rotational symmetry around the tunne
direction, the tunneling electron has equal weight distrib
tion in all direction on the Fermi surface. Thus the condu
tance spectrum for the~001! direction corresponds to th
bulk DOS. This analysis is consistent with the good agr
ment of theory with experiments on~001!-oriented BSCCO
~Ref. 2! and YBCO.22

Measurements of the spatially resolved conductance s
tra on rough surfaces are also good stages to detect the
isotropic surface bound states. Mainly two effects are
pected on these surfaces. One is the effect of
misorientation of the crystal axis due to the surfa
corrugation,7 and the other is the breakdown of the specul
ity through the reflection process at the surfaces.10,23 Since
the coherence lengths of high-Tc superconductors are sho
compared to those of metal superconductors, the spatial
tribution of the conductance spectra is expected to reflect
atomic-scale configuration at the surface.24 Calculated results
based on the extended Hubbard models show that the
ductance spectra are sensitive to the roughness when the
potential hasd-wave symmetry, while they are insensitive
the roughness when the pair potential hass-wave symmetry.
Using the sensitivity of the tunneling spectrum to the surfa

FIG. 2. Tunneling conductance spectrum of a YBCO~110! film
at 4.2 K. Similar ZBCP’s have been observed spatially continuou
in large area of YBCO~110! surfaces. The dotted line represents
theoretical fitting by assumingdx22y2-wave symmetry,Dd516.5
meV, andG50.15Dd ~see Ref. 7 for details.!
r
r
l
c-

at

e

e
ga-
-

ce

n
g
-
-

-

c-
an-
-
e

-

is-
he

n-
air

e

roughness, we can check whether the pair potential
s-wave symmetry ord-wave symmetry. Actually, calculate
spectra on the~100!-oriented surfaces of adx22y2-wave su-
perconductor with roughness show complex gap structu
including ZBCP’s.24 This result explains the origin of the
experimental observations of a wide variety of conducta
spectra on YBCO~100! surfaces.3,6

III. RESULTS AND DISCUSSIONS

The NCCO single crystals used in this study were fab
cated by traveling-solvent floating-zone method. After t
growth, the samples were annealed in an oxygen with a p
sure of 1024 atmosphere at 1000 °C for four days. We us
two crystals withTc’s of 17.5 K ~referred to as sample A!
and 17.2 K~sample B! evaluated by magnetization measur
ments. The doping rate of the sample B was set to a r
tively underdoped region compared to that of the sample
~optimum dope!. Details about the crystal growth condition
are described in Ref. 25. The orientations of the crystals w
identified by the Laue diffraction patterns, and the surfa
with specified orientations were prepared by the mechan
cleavages in the air. All the samples were mounted on
scanning tunneling microscopy~STM! unit soon after the
cleavage, however, the surfaces were exposed to the
about 1 h before cooling down to low-temperature~LT!. Me-
chanically sharpened Pt and Pt-Ir wires were used for S
tips. High-energy resolution of our LT-STM system h
demonstrated by the observation of superconducting ga
NbN films. Details about our LT-STM system are describ
in Ref. 26. The main advantages of the spectroscopy by S
~STS! compared to that by thin-film junctions are;~i! the
spatially resolved capability,~ii ! the potential for the adjust
able measurements by changing the bias condition. The la
is especially important because it helps us to avoid the in
ences of the nonequilibrium effect and the higher-order t
neling terms. The conductance spectrum data shown be
were obtained under tip-biased condition with the typic
resistance of 1–0.1 GV at 4.2 K. We usually check that th
spectra are insensitive to the variation of the tip-sample
tance.

The observations of clear STM topographic images of
surfaces are one of the important criterions to check the m
surement condition. In our cases, although atomic ima
could not be obtained, images of atomic terraces and s
were measured. Figure 3 shows an STM topographic im
observed on~110!-oriented surface of sample B with the bia
voltage of 2 V and the current of 100 pA. Each bump corr
sponds to the monolayer step whose height correspond
the half of the lattice constant for~110! orientation.

Figures 4 and 5 show typical conductance spectra
tained on samples A and B for various surface orientation
is clear that all spectra have V-shaped gap structures. L
dependence of the gap structure on tunneling direction se
to reflect rather isotropic electronic structure in NCCO. T
amplitude of the gap seems somewhat smaller for~001!-
oriented surface compared to other orientations. Howe
since the observed gap amplitudes depend on the pos
even on the same surface, we cannot conclude that the
amplitude has orientational dependence. The amplitu
Dpp(4.2 K! measured by peak-to-peak value in the spec

ly
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FIG. 3. STM topographic image of NCCO~110!-oriented surface. The bias voltage was 2 V with the current of 100 pA.
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are in the range from 3.5 to 5 meV. If we assume BCS-l
temperature dependence of the gap amplitude, meas
2D(0)/kBTc values are in the range from 4 to 6, which
almost consistent with the results in other reports.18,27,28The
most important feature to note is the lack of ZBCP’s f
~110! orientation. Along the theory in the previous sectio
the lack of ZBCP’s for~110! orientation rejects the possibi
ity of dx22y2-wave symmetry of the pair potential in NCCO
The possibility ofdxy-wave symmetry is also rejected bas
on the lack of ZBCP’s for~100!-oriented surface. In fact, we
have measured more than one thousand tunneling spect
various NCCO surfaces. All of these spectra showed ei
the gap structure~more than 95%! or semiconducting prop
erties ~see below!, and none of the spectra showed t
ZBCP’s.

The doping rate of sample B is placed close to the a
ferromagnetic~AF! region in the phase diagram. Due to th
small inhomogeneity of the doping rate, small regions on
surface of sample B showed semiconducting properties
these regions, the servomotion of STM was stable aroun

FIG. 4. Typical conductance spectra obtained on the surface
NCCO ~sample A! for ~100!, ~110!, and~001! orientations.
e
red
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t
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V bias, however we could not attain the servomotion w
the bias voltage below 0.1 V. Figure 6 shows the typi
conductance spectrum obtained at these regions. The s
trum has V-shaped structure with its value of almost z
around the zero-bias level. There is a broad peak at230 mV.
Although the origin of the peak is not clear, we specula
that it reflects the energy level of spin excitations in the A
phase.

The possibility ofd-wave symmetry is also rejected from
the STS measurements in theab-plane tunneling configura
tion. Figures 7 and 8 show the results of STS on the surfa
of ~110!- and ~100!-orientations, respectively. These figur
show successive 50 points spectroscopy data obtained a
lines of 35 nm. In the lower parts of these figures, the
traces before and after the spectroscopy measurement
also shown. By comparing the tip trace with the spectr
forms, we can check the correlation between the surface
pography and the spectrum forms. The shift of the tip tra
indicates the existence of a drift of the tip position. It
apparent that the gap structures are insensitive to the su

FIG. 5. Typical conductance spectra obtained on the surface
NCCO ~sample B! for ~100! and ~110! orientations.
of
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8684 57S. KASHIWAYA et al.
morphology. This feature is completely different from th
observed on YBCO surfaces, i.e., the spectra have st
spatial dependence and vary between the gap structure
the ZBCP.6 As described in the previous section, the robu
ness of the gap structure on the surface roughness in NC
suggests that the pair potential in NCCO has no sign cha
at everywhere ink space, and clearly reject the possibiliti

FIG. 6. Typical conductance spectra obtained on the nonmet
surfaces of NCCO~sample B! for the ~100! orientation. There is a
broad peak at230 mV.

FIG. 7. A experimental result of STS data on the~110!-oriented
surface of sample B. The figure shows successive 50 points s
troscopy measurement obtained along a line of 35 nm. Almost
tially uniform gap structures are observed. In the lower part of
figure, the tip traces before and after the spectroscopy measure
are also shown.
t
ng
nd
-
O

ge

of d-wave symmetry. On the other hand, the backgrou
forms of the spectra on the~100! surface have strong spatia
dependence. Around the large steps, the spectra show s
asymmetries. This feature reflects the existence of the in
ference effect of the wave functions due to the random s
tering at the surface.24

The ZBCP’s have been reported in various types of t
neling junctions in the hole-doped high-Tc superconductors
For the origin of the ZBCP’s in the hole-doped cuprate
several papers propose the Kondo-type scattering via lo
ized magnetic impurities near surfaces or inside
barrier.29–31 We have rejected the magnetic impurity effe
as the origin of ZBCP’s based on the tunneling formula
anisotropic superconductors and the experimental result
STS on YBCO surfaces.6,11 The disappearance of ZBCP’s i
NCCO also supports our previous results because~i! the ends
of Cu-O planes are not responsible for the localized sp
~ii ! the disappearance of ZBCP’s is consistent with the p
ing symmetry determined by other measurement method
described in Sec. I.

Although the pairing symmetries with no sign change ink
space are strongly suggested, we cannot easily conclude

lic

c-
a-
e
ent

FIG. 8. An experimental result of STS data on~100!-oriented
surface of sample B. The figure shows successive 50 points s
troscopy measurement obtained along a line of 35 nm. Although
gap structures are uniformly observed, some of the spectra s
distorted background. They are obtained at the position nea
around the steps on the surface as can be seen from the tip tra
the lower part of the figure.



in
o
r
ha
r

o
os
t t

O

.
at

e

of
a
is

al
is-
m
th
ca
lin
i-
e
hi
to

i
p
r-
he
o
th
-

ef-
a
ra-

. At

an-
he
not
n the
the
ri-

in

the
po-
nes

ata
oss

ex-
ng

ely
rate

ich
tal
duc-
ven

g
s of
ed

re

een
LT-

the
y
n-
n-

-
ge
ing
ed
-
on-
of
.

d
in

t.

y
ns.

ctr
t

ck
is
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conventionals-wave pairing. As is clear from the spectra
the figures, the gap structures are completely different fr
those expected for a conventional BCS superconducto26

The conductance at zero-bias level is not zero but about
of its background normal conductance. The gap structu
are V-shaped forms. The peak structures aroundD are not
present in some spectra. These features are commonly
served on the surfaces of NCCO, and quite similar to th
observed on YBCO surfaces. These facts may sugges
similarity of the electronic states between YBCO and NCC
except the pairing symmetry.

To see more clearly the gap structure of NCCO, Fig
shows the comparison between theoretical curve calcul
from Eq. ~2.2! with a experimental spectrum on the~100!-
oriented surface of sample A. To get a good fit betwe
theory and experiment, if we assume isotropics-wave sym-
metry, an unphysically largeG (G;D) is required. If the
maximum valueG/D is assumed to be 0.2 in the analogy
YBCO cases, reasonable fitting is obtained by assuming
isotropic s-wave symmetry. The dotted curve in Fig. 9
given by assuming

D~u!5D01D1cos~4u! ~3.1!

with D052.2 meV, D151.5 meV, andG50.2(D01D1).
This form of the pair potential has no sign change for
directions which is consistent with the lack of ZBCP’s d
cussed above. The large smearing factor is a feature com
to high-Tc superconductors such as YBCO and LSCO. In
case of conventional BCS superconductors, even in the
of dirty superconductors, we have never observed tunne
spectra with such a largeG. This fact may reject the poss
bility of the usual impurity effect for the origin of the larg
G. Three effects can be suggested for the candidates w
are responsible for the origins of this large smearing fac
The first one is the strong electron correlation effect which
a feature common both to electron-doped and to hole-do
cuprates.32 However, it is not so clear how the electron co
relation effect works as the shortening of the lifetime of t
quasiparticles at present. The second effect is the anisotr
pair potential effect. Especially, as explained in Ref. 7,
lack of peaks at6D is well understood by taking into ac

FIG. 9. A comparison between theory and experimental spe
The solid line represents an experimental spectrum obtained on
~100!-oriented surface of sample A normalized by a parabolic ba
ground. The dotted line represents a theoretical curve for an
tropic s-wave symmetry.
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count the anisotropic pair potential effect. However, this
fect is not enough to wholly explain the origin of such
large smearing factor. The third effect is the surface deg
dation effect due to the exposure of the surface to the air
the present technical level,in situ preparation of the
ab-plane-oriented surface is not possible. Therefore, we c
not exclude the possibility of surface degradation in t
present experiments. However, we believe this effect is
so serious because of the small dependence of spectra o
junction resistance. To get a more clear conclusion for
origin of the large smearing effect, more detailed expe
ments are strongly required.

The final discussion is whether the pair potential
NCCO has anisotropics-wave or extendeds-wave symme-
try. In the case of the anisotropics wave, the pair potential is
definitely positive. While in the case of extendeds-wave
symmetry, the pair potential form strongly depends on
shape of the Fermi surface. The sign change of the pair
tential occurs when the Fermi surface intersects the li
given by cos(kxa)1cos(kya)50 in the Brillouin zone,
wherea is the lattice constant. Since the experimental d
by ARPES suggest that the Fermi surface of NCCO acr
these lines in the vicinity of (6p/2,6p/2) in the Brillouin
zone,19 the sign change seems to occur if we assume
tendeds-wave symmetry. With the decrease of the dopi
rate, the Fermi surface is reported to be enlarged.19 Therefore
the trend of the sign change is enhanced for the relativ
underdoped samples. In our measurements, the doping
of sample B is set to a relatively underdoped region wh
takes into account this effect. While in the experimen
spectra, no enhancement of the zero-bias level in the con
tance spectra have been observed even for sample B. E
admitting the influence of the large smearing effect byG,
extendeds-wave symmetry is less possible for the pairin
states of NCCO. Recent theories propose the possibilitie
a type of nodeless pairing states for electron-dop
superconductors.33,34We believe our experimental results a
consistent with their calculations.

IV. SUMMARY

The tunneling conductance spectra of NCCO have b
measured by using the phase-sensitive capability of
STM. The orientational-dependent measurements show
lack of ZBCP’s for all orientations, which is prominentl
different from YBCO results. By comparing the experime
tal results with tunneling theory for anisotropic superco
ductors, the possibility ofd-wave symmetry of the pair po
tential is rejected for NCCO. Although the influence of lar
lifetime broadening effects cannot be excluded, a good fitt
of experimental spectrum with theoretical curve is obtain
by assuming anisotropics-wave symmetry. The present re
sults suggest the antisymmetric behavior in the superc
ducting electronic states of the cuprate for the conversion
the carrier-type between hole doping and electron doping

Note added in proof.We have recently been informe
about a related investigation regarding the lack of ZBCP
NCCO ~Ref. 35!. We thank J. W. Ekin for sending a reprin
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