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Determination of the superconducting gap in YBa2Cu3O7Àd by tunneling experiments
under magnetic fields

Y. Dagan, R. Krupke, and G. Deutscher
School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University,

69978 Tel Aviv, Israel
~Received 13 January 2000!

We have measured the characteristics of@110#- and @100#-oriented YBa2Cu3O72d /insulator/In tunnel junc-
tions under applied magnetic fields. The comparison between the conductance characteristics at zero field and
the characteristics at high fields enables us to discriminate between the superconducting energy gap and
features that are unrelated to superconductivity, and to determine the gap value.
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Precise determination of the superconducting gapD has
played a very important role in establishing the fundamen
properties of the low-temperature superconductors. In p
ticular, the value of the ratio (2D/kTc), where Tc is the
critical temperature, was found to be in many materials v
close to 3.5, as predicted by the BCS theory, which cont
uted to establish its validity. Strong-coupling effects satisf
torily explained the upward deviations from that value fou
in superconductors such as Pb.1 It was also found possible, in
that case, to establish the origin of the coupling mechan
leading to pairing by a careful analysis of the density
states, as reflected in tunneling characteristics.

It has been up to now quite difficult to determine exa
gap values in the high-Tc cuprates. Methods that test th
threshold for quasiparticle excitations, such as low tempe
ture measurements of the heat capacity or of the Lon
penetration depthl(T), are inapplicable for an order param
eter with nodes. Because of the linear density of statesN(«),
near the nodes, the London penetration depthl(T) varies
linearly with temperature,2 and the heat capacityC(T) as
T2,3 giving no direct indication as to the value of thed-wave
gap.

Another problem in the cuprates is the existence of
pseudogap.4 At least in the underdoped regime, and som
times even in the optimum and overdoped cases~Bi2212
Ref. 5!, it opens up aboveTc , and can reach very high
values;5,6 corresponding (2D/kTc) ratios as high as 12.3
have been reported.5 Whether the pseudogap at high tem
peratures and the superconducting gap at low tempera
represent the same entity is still an open issue. While tun
ing and Josephson experiments7 have been interpreted in tha
sense, it has been claimed that Andreev experiments gi
different energy scale, that is proportional toTc over the
entire doping range, and which is presumably the relev
superconducting energy scale.8

From the theory side, some models for highTc , such as
the van Hove scenario,9 are compatible with a small ga
ratio, while others are not. In the antiferromagnetic fluctu
tion model, for instance, a large value of (2D/kTc) is pre-
dicted to be at least equal to 6 for aTc of 90 K.10

One possible way to determine whether a gap feat
seen in a spectroscopic measurement, is related direct
superconductivity, is to study its evolution under an appl
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magnetic field. This is not easily performed in most of t
spectroscopic methods used recently, such as angle-reso
photoemission spectroscopy, Raman, and scanning tunn
microscopy–scanning tunneling spectroscopy~STM-STS!.
We present here such a study performed on planar In/YB
tunnel junctions. The field-sensitive gap feature is found
an energy of 16.760.4 meV ~see Table I!. We discuss how
this value may be related to ad-wave gap within the contex
of recent theories.

The idea in the reported experiment is that the peak in
density of states at thed-wave gap value should be sensitiv
to an applied field, while other structures~background,
pseudogap if not related directly to the occurrence of sup
conductivity! should not be. The method of data analys
consists simply in subtracting conductances measured in
applied field, from the zero field conductance. Structures
are not directly related to superconductivity are, in this w
eliminated. The method appears to work extremely w
even in the case where the superconducting structure is
perimposed on a broad bias-dependent background of
known origin. A normalization procedure, in which the tu
neling spectra is normalized with that obtained
temperatures aboveTc , is less appropriate to identify th
features, which are related directly to superconductivity. T
is due to the possible temperature dependence of the no
state, which can be very significant over a large tempera
range~in our case, from about 100 K down to 4.2 K!.

TABLE I. Summary of the values of the gap feature andTc .

Sample Gap feature~mV! Tc (K)

1 @100# 16.360.6 8961.8
2 @100# 16.260.2 88.961.9
3 @100# 17.161.2 89.361.9
4 @100# 16.060.4 88.562
5 @110# 17.160.2 8761.8
6 @110# 16.660.4 8761.8
7 @110# 1761 8862
8 @110# 17.261.2 8862
9 @110# 16.860.3 87.261.2
10 @110# 16.660.3 87.261.2
Average 16.760.4 8861
146 ©2000 The American Physical Society
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@110#- and @100#-oriented thin YBa2Cu3O72d films were
grown on @110#SrTiO3 substrates and on@100#LaSrGaO4
substrates, respectively, using rf off-axis sputtering.
PrBa2Cu3O72d template was used in order to reduce miso
entations as described in Ref. 11. The films were exami
using x-ray diffraction, which showed only peaks corr
sponding to the desired orientation. We observed an an
ropy in the electrical resistivity, as shown in Fig. 1, fro
which we conclude that thec-axis is in-plane oriented. The
resistivity is calculated from the resistance measurem
shown in Ref. 12 using the procedure suggested
Wasscher.13

Immediately after the film growth, we pressed an indiu
pad with an approximate contact area of 3 mm2 against the
cuprate film. This process results in a tunnel junction wit
resistance ranging from a few Ohms to a few tens of Oh

FIG. 1. Resistivity versus temperatures for a@100#-oriented film
rb ~squares! andrc ~circles!. The resistivity is calculated using th
procedure of Ref. 13.
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and with a reproducible tunneling spectrum. The junctio
are stable on the scale of a few weeks and can undergo a
thermal cycles with no significant change in characteristi

I (V) characteristics were measured digitally using a c
rent source, and were differentiated using a computer p
gram. Each measurement is comprised of two succes
cycles, to check the absence of heating-hysteresis effe
The positive bias corresponds to a positive voltage being
the cuprate film side. We took care to apply the magne
field in-plane, along thec-axis direction.

In order to verify that indeed we formed a tunneling co
tact we measured the junctions below the critical tempera
of the indium electrode. We observed a clear BCS featur
the gap value of the In~see inset of Fig. 2!. The zero-bias
conductance was equal to about 0.2–0.3 the normal-s
value at 1.8 K, while the BCS value should be 0.15 at t
temperature, from which we conclude that the leakage c
rent is varying from 10% up to 30%.

An example of zero-field tunneling data of a@110#
YBCO/In junction ~sample 5! is shown in Fig. 2. A well-
defined conductance peak is seen at positive bias, but
rising background at negative bias makes it difficult to ide
tify a well-defined gap related structure. This situation
typical of many tunneling experiments. But when the su
traction procedure is applied, as shown Fig. 3, very clear d
appear symmetrically atV5617 mV, growing deeper as th
field is increased. This method of measurement and of d
analysis gives, as one can judge from Fig. 3, a very accu
determination of the position of the gap feature. We note t
the dips occur at the same bias value for fields up to 6 T,
that the dip structure is quite sharp. We have performed
same routine for a number of@100# and@110# oriented films,
the results are summarized in Table I. The small bias beh
plying the
t 1.8 K and
he normal
nt is of
FIG. 2. The conductance versus voltage for a YBCO/In contact~sample 5! at 4.2 K and zero field. The YBCO film is@110# oriented. The
peak at 17 mV can be seen clearly on the positive bias side, but on the negative bias side the background obscures it. Upon ap
subtraction procedure shown in Fig. 3 the peak on the negative bias side is revealed. Inset: The conductance versus voltage a
zero field. The superconducting gap of the In counter electrode is seen clearly. The zero-bias conductance is 20% from its value in t
state~at a field of 0.05 T!, while the BCS value should be 0.15 at that temperature, from which we conclude that the leakage curre
the order of 10%.
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ior ~splitting of the zero-bias conductance peak! has been
discussed in a previous publication.12

One may wonder whether our gap value may not be
of an underdoped surface layer, having a lowerTc , due,
for instance, to loss of oxygen. We have studi
Y0.8Ca0.2Ba2Cu3Ox films similarly oriented and following the
same procedure, have obtained a gap value of 12.5 me
seen in Fig. 4. If there was a surface underdoping effect,
would expect an increase of the gap going from nomina
optimally doped~surface underdoped!, to nominally over-
doped~closer to surface optimally doped!. Since we observe
a decrease of the gap, we conclude that our tunneling exp
ments reasonably reflect the doping level of the bulk of
film.

Comparing our result for the gap value with previous
published ones, we find that it is in good agreement w
most but smaller than some. Hasset al.14 obtained a value of
18 meV by Andreev spectroscopy, which identifies the g
value as the bias at which the conductance returns from
Andreev-enhanced value back to its normal-state one. T
method of gap determination, like the one presented her
only sen-

FIG. 3. The conductance at 4.2 K and at 0.1, 0.14, 0.18, 0
0.3, 0.4, 0.5, 0.6, 0.8, 1, 2, 3, 4, and 6 T after subtraction of the
zero-field conductance shown in Fig. 2. Clear dips appear s
metrically atV5617 mV, growing deeper as the field is increase
These dips occur at the same bias value for fields up to 6 T,
their structure is quite sharp, allowing for a precise determinatio
the bias in which the gap feature appears.

FIG. 4. The conductance at 4.2 K and at 0.1, 1, 2, 4, and
after subtraction of the zero-field conductance for
Y0.8Ca0.2Ba2Cu3Ox /In contact. The Y0.8Ca0.2Ba2Cu3Ox film is @110#
oriented withTc56963 K.
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Aprile et al.15 reported STM characteristics showing
double structure: a dominant peak at 17.9 mV, and ano
one at 28 mV. In the case of STM data, the zero-field ch
acteristics cannot be accurately compared to data taken u
an applied field, because both sets of measurements ar
taken in immediate succession on the same junction. H
ever, comparing the zero-field data of Aprileet al.,15 to that
taken under 6 T, it appears clearly that the 17.9 mV pea
more affected by the field than is the 28 mV one~Figs. 1 and
4 of Ref. 15!. It may be that the second peak is related to
pseudogap, rather than to the superconducting gap. O
STM experiments, such as those reported by Weiet al.,16

have given gap values up to 28 meV, but no magnetic-fi
effect was studied in this work.

A double-peak structure in the conductance was also
ported by Gurvitchet al.17 While the high-energy peak~at 36
mV! was not affected by a field of 8 T the structure at;18
mV disappeared completely~Fig. 2 in Ref. 17!. Upon apply-
ing our procedure of subtracting the conductance obtaine
8 T from that obtained at zero field, one obtains a gap va
of 17 meV similar to that obtained from our data.

In conclusion, we devised a method that enables one
distinguish between features of different origins in the tu
neling characteristics. Upon subtracting the data obtaine
zero field from that obtained at high fields, one can elimin
structures which are not directly related to superconductiv
Using this method we obtain an accurate determination
the position of the gap feature of YBCO at optimum dopin
equal to 16.760.4 meV. Fogelstro¨m et al.18 have shown that
the position of this feature depends on faceting configurat
For a pure@100#-oriented surface, a peak of conductan
would occur at thed-wave gap value, and no zero-bias co
ductance peak~ZBCP! should be observed. For a pure@110#-
oriented surface, no gap feature should be observed, and
ZBCP should be maximal. In the presence of faceting
ZBCP and a conductance peak near the gap value are
dicted for both nominal orientations, which is indeed wh
we observe. The bias of the gap feature is in fact somew
smaller than the value of thed-wave gap, to an extent tha
depends on several parameters~macroscopic orientation, de
tails of the faceting, opening of the tunneling cone!. The bias
of 16.760.4 mV, at which we observe the gap feature
both nominal orientations~see Table I! is therefore a lower
bound of the gap value. It would correspond to the we
coupling limit of thed-wave gap ratio@2D/kTc54.27 ~Ref.
19!#. The relatively small amplitude of the ZBCP that w
observe~compared to that of the gap feature! indicates that
the @100# orientation is rather predominant in our sample
We also note that the gap-related feature occurs at the s
energy for various orientations as described in this contri
tion and also in Refs. 15,17,20. A predominant@100# local
orientation would favor a small correction factor, maybe
the order of 10%, and a gap ratio rather close to the we
coupling limit. But a significantly larger value of the ga
ratio—may be as high as 6—cannot be ruled out. A m
detailed modeling of the surface is necessary to pin do
more precisely the exact gap.

This work was suported in part by the Heinrich Hert
Minerva Center for High Temperature Superconductiv
and by the Oren Family Chair of Experimental Solid Sta
Physics.
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