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into Y1Ba2Cu3O7−δ: Possible evidence for a
field-induced idxy gap component
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PACS. 74.72.-h – High-Tc compounds.
PACS. 74.50.+r – Proximity effects, weak links, tunneling phenomena, and Josephson effects.

Abstract. – Tunneling characteristics along the [110] direction were measured in
Y1Ba2Cu3O7−δ\Insulator\In junctions as a function of the magnetic field H, applied parallel
to the plane of the junction, along the c-axis. The junctions exhibit a Zero Bias Conductance
Peak (ZBCP) which splits as H1/2. The data is in better agreement with a field-induced idxy

gap component than with a Doppler-shift–induced field splitting.

The influence of an applied magnetic field on the symmetry of the superconducting order
parameter in the high-Tc cuprates, has recently been the subject of experimental [1–5] and
theoretical investigations [6,7]. Krishana et al. [1] reported a decrease of the thermal conduc-
tivity in Bi 2212, followed by a plateau, with a sharp, temperature-dependent, crossover field.
They suggested that, at that field, a gap might appear, possibly reflecting a change of sym-
metry of the order parameter from pure dx2−y2 to dx2−y2 + is or dx2−y2 + idxy. Laughlin [7]
interpreted this experiment in terms of a field-induced idxy component, with an amplitude
proportional to B1/2. In the presence of an idxy component, a finite gap appears in the ex-
citation spectrum of the (previously) pure dx2−y2-wave order parameter. The interpretation
of the thermal conductivity experiment in terms of a field-induced gap was however disputed
by Aubin et al. [8].
Special surface effects are known to take place at the surface of d-wave superconductors.

One of the striking consequences of a pure dx2−y2 order parameter is the existence of zero-
energy surface bound states, for surfaces perpendicular to a node direction [9]. These bound
states manifest themselves as a Zero Bias Conductance Peak (ZBCP) in tunneling experi-
ments [10,11]. If there exists a field-induced idxy component to the order parameter, then the
ZBCP should split in a manner that reflects its field dependence. If Laughlin theory applies,
the splitting should vary as B1/2.
On the other hand, Fogelström et al. [6] pointed out that screening currents, running on

the surface of a d wave superconductor, induce a Doppler shift of the Andreev bound state’s
energy. This results in a splitting of the ZBCP, linear in magnetic field up to saturation at
a certain field H0. Covington et al. [3] had indeed observed a linear magnetic-field–induced
splitting of the ZBCP in Y1Ba2Cu3O7−δ and found their measurements to be in agreement
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with the theory of Fogelström et al. [6]. Very recently, Aprili et al. [4] and Krupke et al. [5]
studied in detail the anisotropy of the field-induced ZBCP splitting. It appears only when the
applied field has a component parallel to the c-axis direction, which rules out the possibility
that the ZBCP is of magnetic origin. Krupke et al. [5] left however open the possibility that
the splitting might in fact be due to an idxy component.
We report here, for the first time, a field splitting of the ZBCP, which is proportional

to H1/2 in low fields, and therefore provides possible evidence for a field-induced idxy order
parameter. The splitting rate at low fields is far too large to be explained by a Doppler shift,
or by magnetic impurities.
[110]-oriented thin Y1Ba2Cu3O7−δ films were grown on [110] SrTiO3 substrates using

rf off-axis sputtering. A Pr1Ba2Cu3O7−δ template was used in order to reduce the [103]
orientations, following the method used by Poelders et al. [12]. The Y1Ba2Cu3O7−δ films
have Tc = 87K. The films were examined using X-ray diffraction, which showed only peaks
corresponding to the [110] orientation. However, due to the proximity of the [103] peaks in the
X-ray diffraction pattern (less than 0.1◦) a possible [103]-oriented phase cannot be excluded
on the basis of the θ-2θ X-ray diffraction spectrum. But, having found a surface morphology
and electrical resistance anisotropy as described by Poelders et al. [12], we conclude that our
films are principally [110]-oriented and that the c-axis is in-plane oriented.
Immediately after the film growth, we pressed an indium pad with an approximate contact

area of 3mm2 against the cuprate film. This process results in a tunnel junction with a
resistance ranging from a few ohms to a few tens of ohms and with a reproducible tunneling
spectrum. The junctions are stable on the scale of a few weeks and can undergo a few thermal
cycles with no significant change in characteristics.

I(V ) characteristics were measured digitally using a current source, and were differentiated
using a computer program. Each measurement is comprised of two successive cycles, to check
the absence of heating-hysteresis effects. The positive bias corresponds to a positive voltage
being on the cuprate film side. We took care to apply the magnetic field in-plane, along the
c-axis direction.
In order to verify that indeed we formed a good tunneling contact, we measured the

junctions at 1.8K (below the critical temperature of the indium electrode). We observed a
clear BCS feature at the gap value of the In (see inset of fig. 1). The zero bias conductance
was equal to about 0.2-0.3 the normal state value at 1.8K, while the BCS value should be 0.15
at that temperature, from which we conclude that the leakage current is of the order of 10%.
The conductance vs. voltage at various magnetic fields, applied to a zero-field–cooled

Y1Ba2Cu3O7−δ/In junction at 4.2K, is presented in fig. 1. The ZBCP is clearly seen in
zero field at 4.2K. At this temperature and in zero field, no splitting can be seen. As the
magnetic field is increased, the ZBCP is split into two peaks, with an increasing separation.
We have checked that the spectral weight of the zero-field peak is conserved. At 1.8K, a
splitting is already observed at the small field necessary to quench superconductivity in the
In counterelectrode (see inset of fig. 1).
The peak position vs. magnetic field is shown in fig. 2. The field dependence of the

peak position exhibits a strong hysteretic behavior at high fields, above about 0.5T. A
similar behavior has been reported by Krupke et al. [5], who related the hysteretic behavior
to a surface barrier preventing vortex penetration into the sample. Hysteresis in thermal
conductivity measurements was also observed and discussed by Aubin et al. [8] and Krishana
et al. [13].
Clearly the peak position does not represent the exact gap value; they can differ from each

other due to the background shape and due to thermal smearing. We have tried to estimate
these two contributions as described below.
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Fig. 1 – The conductance vs. voltage at 4.2K of a Y1Ba2Cu3O7−δ sample (sample 1) at magnetic
fields: 0T, 0.1T, 0.14T, 0.18T, 0.25T, 0.3T, 0.4T, 0.5T, 0.6T, 0.8T, 1T, 2T, 3T, 4T, 6T. Note
the peak at 17mV whose amplitude is reduced as the magnetic field is increased. A ZBCP is clearly
seen at 4.2K. At this temperature and in zero field, no splitting can be seen. As the magnetic field
is increased, the peak is split into two peaks with an increasing separation. The spectral weight of
the ZBCP is conserved up to 6T. Inset: The junction characteristic at 1.8K showing the In gap in
zero field (solid line), and peak splitting at 0.03T.

In fig. 3 we present the conductance at various fields normalized with the zero-field con-
ductance. The splitting of the ZBCP can be seen here more clearly. After the normalization,
the peak position is moved towards higher voltages. This is due to the shape of the ZBCP.

Fig. 2 – The peak position vs. magnetic field for a zero-field–cooled sample (sample 1). The measure-
ments were first taken in increasing fields (squares) and then in decreasing ones (circles). The solid

line is a fit to a square root with a prefactor of 3.8± 0.3mV/T1/2.
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Fig. 3 – The conductance in increasing fields (the same fields as in fig. 1) normalized with the
conductance at zero field.

We note that thermal smearing results in moving a peak position towards higher voltages.
We estimate the correction due to thermal smearing using a BCS density of states and the
Fermi function broadening at 4.2K. The peak position taken from fig. 3 after taking into
account thermal smearing is presented vs. H1/2 in fig. 4. At low fields, up to 0.5T in which
the field splitting is reversible we obtain a linear fit.
Laughlin [7] has suggested that a complex order parameter dx2−y2 + idxy is induced by a

magnetic field. The value of the minimal energy gap is proportional to the square root of the
induction: ∆0 = κ

√
B with κ = 1.7meV/T1/2. We find from our fit: δ = (4.5±0.3)mV/T1/2×

(H)1/2 (see fig. 4). Sample 2 shows the same H1/2 behavior with δ = (5.4 ± 0.3)mV/T1/2.
These are not too different from the theoretical value. If we use the peak position without
the normalization with the zero field data, and without the thermal smearing correction, we
obtain very similar results giving δ = (4.0 ± 0.2)mV/T1/2 × (H)1/2 (sample 2) and δ =
(3.8± 0.3)mV/T1/2 (sample 1, see fig. 2 solid line). We note that tunneling around the [110]
direction is indeed favorable for the observation of the field-induced idxy gap component.
However, it has not been predicted that the square root fit validity should be limited to the
low-field region.
While Laughlin’s gap is predicted to appear from low-field values at zero temperature,

at finite temperature this behavior should appear only at fields higher than a certain value.
At 4.2K it is of the order of 0.5T. Recently, Deutscher et al. [14] suggested an additional,
doping-dependent, term to Laughlin’s free energy. Using this term, one can obtain for a
doping level, x > xc, a spontaneous splitting which persists up to a finite temperature. At
higher temperatures the square root behavior is retrieved. Since at T = 1.8K the splitting
was observed at H = 300G , the smallest field necessary to quench superconductivity in
the In counterelectrode, we suggest that our measurements were taken close enough to the
temperature at which the spontaneous splitting occurs. This enabled us to observe the square
root behavior at low fields at 4.2K.
Fogelström et al. [6] have predicted that the low-field behavior of the splitting should be

linear in H as δ ∼= ∆0(H/H0), with H0
∼= (φ0/π2ξ0λ)/ sinφc, where φc is the width of the

tunneling cone and determines the maximum shift observable in tunneling. We could not
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Fig. 4 – The peak position taken from fig. 3 at V > 0 corrected for thermal smearing as described in
the text, plotted vs. the square root of the magnetic field (circles). The solid line is a linear fit up to

H = 0.5T, giving a slope of (4.5± 0.3)mV/T1/2.

obtain a linear fit up to fields of the order of 1T, as predicted by Fogelström et al. [6]. Forcing
the splitting to a linear fit in low fields by taking the zero field and the 0.1T points, we obtain
a lower bound for the slope of 12mV/T. With λ = 1500 Å, ξ0 = 10 Å and ∆0

∼= 17mV,
we obtain dδ/dH ∼= (12/ sinφc)mV/T. This implies φc

∼= 90◦, or in other terms a highly
transparent barrier. With a maximum barrier height of the order of 1 eV and a minimum
junction resistance of 1 Ω, together with an area of 1mm2, the barrier thickness has to be of
the order of 30 Å. We in fact calculate φc < 17◦. Moreover, a highly transparent barrier would
also be in contradiction with the fact that there is a clear conductance peak at 17mV, and
also with the indium tunneling gap structure seen at 1.8K. φc

∼= 90◦ is therefore inconsistent
with our experimental data, within the framework of the theory of Fogelström et al., and in
fact with the existence of Andreev surface bound states and of the ZBCP itself. Finally, if
the splitting of the ZBCP was due to a Doppler effect, a similar split should also be seen in
the 17mV peak [6], which is clearly not the case (see fig. 1).
Fogelström et al. pointed out the possibility of a spontaneous splitting of the ZBCP below

a temperature Ts at which a subdominant order parameter appears at the surface. It is
possible that the Doppler shift can produce a rapid increase in the peak position near T = Ts,
however no such calculation is available.
A comparison between our data and previously published work is somewhat obscured by

the existence of a zero-field splitting in some of them [2, 5], or by the absence of comparable
low field data due to superconductivity in the counterelectrode [15]. In both cases, the initial
splitting rate (from zero field) could not be determined. At higher fields, our data is compara-
ble to that of Lesueur et al. [15], for [103]-oriented samples, although our splitting values are
larger by about a factor of 2. Smaller splitting values were reported in [5] for [100]-oriented
films.
To conclude, we have measured tunneling into Y1Ba2Cu3O7−δ on the [110] face, as in-

dicated by X-ray diffraction, surface morphology examination and resistance measurements.
The junctions were studied under magnetic fields applied parallel to the in-plane c-axis. The
Y1Ba2Cu3O7−δ junctions exhibit a zero bias conductance peak that splits monotonically in
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an applied magnetic field, first rapidly and then more slowly. The rapid increase in the field
splitting at low fields and the absence of field splitting in the 17mV peak are difficult to
reconcile with the the Doppler-shift model calculations of Fogelström et al. [6]. A square
root behavior, predicted by Laughlin [7], together with the additional term in the free energy
suggested by Deutscher et al. [14] gives a possible fit to our data with about the right order
of magnitude, but only at low fields. Another point that needs to be clarified by theory is the
high field hysteresis presumably due to vortex dynamics.
Whether the additional component occurs in the bulk or only at the surface can evidently

not be settled by a tunneling experiment, because it only probes a depth of the order of the
coherence length below the surface. Yet, an idxy component would likely be a bulk one [7],
and an is component a surface one [6].
Many current theories predict today that the order parameter symmetry in the high-Tc

cuprates should be dx2−y2 . Hence, the experimental confirmation of this symmetry [16] is
insufficient to clarify what is the mechanism responsible for high Tc. The observation of
a field-induced idxy component of the order parameter, for which we report here new and
significant experimental evidence, puts much more severe constraints on the theory.
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