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Absence of Andreev reflections and Andreev bound states above the critical temperature
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~Received 9 July 1999!

We present measurements of the temperature dependence of the differential conductance of normal-metal/
underdoped high-Tc superconductors contacts. Both Y1Ba2Cu3O72x thin films and La22xSrxCuO4 single crys-
tals were studied. The effect of direct Andreev reflections, or of Andreev bound states, do not persist above the
critical temperature. Our results are consistent with an Andreev energy scale that does not follow the doping
dependence of the pseudogap, but rather that of the critical temperature.
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I. INTRODUCTION

Andreev reflection1 is a phenomenon which occurs at th
boundary between a superconductor and a normal meta
was originally developed to explain the thermal conductiv
across such a boundary, and later used to explain the ele
cal conductance of a normal-metal/superconductor w
link. If we look at an electron propagating in the norm
metal with an energy, measured from the Fermi level, low
than the superconductor’s energy gap, it cannot enter
superconductor as a quasiparticle excitation. However, it
enter the superconducting condensate in the following wa
hole with opposite momentum is reflected into the norm
metal and an electron pair is added to the condensate.
results in a conductance twice as big as the normal con
tance~conductance at energies much higher than the en
gap of the superconductor!. Later, Blonder, Tinkham, and
Klapwijk ~BTK! ~Ref. 2! considered the case of norma
metal/superconductor~NS! contact with a barrier betwee
the two electrodes, and calculated the conductance for in
mediate cases ranging from a clean NS contact to a nor
metal/insulator/superconductor~NIS! tunneling contact.
Kashiwayaet al.3 expanded BTK’s calculation for the cas
of a gap having ad-wave symmetry. They showed that a
other feature, absent in BTK’s calculation, is expected
the case where the order parameter changes sign alon
electron’s trajectory: a zero-bias conductance peak~ZBCP!,
due to Andreev surface bound states.

In the BCS theory, the order parameter decreases as
temperature is raised, and vanishes at the critical temp
ture. For lowTc materials this was found experimentally
be the case. In high-temperature superconductor~HTS! ma-
terials the situation is not clear. For example, scanning t
neling microscope~STM! measurements made by Renn
et al.4 on underdoped Bi2Sr2Ca1Cu2O81d ~2212! show a
nonvanishing gap aboveTc , and the value of the gap seem
to be constant belowTc . This has been explained by
pseudogap existing in HTS aboveTc . The nature of this
pseudogap is unsettled at the present time. On the one h
it has been suggested that it is a special normal-state prop
of the HTS,5 but on the other hand it has been proposed t
it is a signature of preformed incoherent Cooper pairs,6 or of
PRB 610163-1829/2000/61~10!/7012~5!/$15.00
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a spin pairing amplitude,7 aboveTc . Recently, Choiet al.8

have predicted that even for the case of preformed incohe
Cooper pairs, Andreev reflections should occur aboveTc , as
they do for the coherent pairs of the condensate belowTc .
Choi et al.suggest that this phenomenon can be probed m
easily in heavily underdoped materials, due to the relativ
high temperatures at which the pseudogap appears. Ass
ing their prediction to be correct, a measurement of the
ferential conductance as a function of temperature below
aboveTc for underdoped samples, should be able to de
mine whether there are preformed incoherent pairs ab
Tc , or not. We show here that the Andreev reflections d
appear in fact atTc for underdoped YBa2Cu3O72x ~YBCO!
and La22xSrxCuO4 ~LSCO! junctions.

II. SAMPLE PREPARATION, CHARACTERIZATION,
AND MEASUREMENTS

YBCO c-axis oriented thin films were grown by rf off
axis magnetron sputtering. Samples Y1 to Y8 were grown
SrTiO3 and LaAlO3 substrates, using a pressure templat9

The growth temperature was 770 °C and the pressure
mTorr. A magnetic measurement of the critical temperat
of a film grown in such conditions is presented in Fig.

FIG. 1. Magnetic induction measurement ofTc for YBCO film.
Tc591.85 K with a width ofDTc50.15 K.
7012 ©2000 The American Physical Society
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PRB 61 7013ABSENCE OF ANDREEV REFLECTIONS AND ANDREEV . . .
~sample Y7!. The critical temperature shown isTc
591.85 K with a widthDTc50.15 K. X-ray Bragg diffrac-
tion was performed on the YBCO films. Samples Y1–Y
Y8 ~group I! are c-axis oriented films with less than 5%
a-axis grains. They are easily detected by a scanning elec
microscope~SEM!. Samples Y5–Y7~group II! exhibit no
traces of ana axis in the x ray; however, upon checkin
these samples in the SEM, holes of the order of 0.5mm and
a few a-axis grains can be seen on the film surface.They
much smaller than those in the previous group of samples
Fig. 2 we present two SEM pictures of our YBCO films. Fi
2~a! corresponds to a YBCO film witha-axis grains, charac
teristic of samples of group I, and Fig. 2~b! corresponds to
the YBCO films on which the samples of group II we
fabricated.

A single crystal of La22xSrxCuO4 with x50.12 was
grown in an image furnace by a vertical traveling solve
zone method using feed rods prepared by pressing and
tering appropriate mixtures of La2O3, SrCO3, and CuO of
purity higher than 99.99%. Growth was carried out at
growth rate of 1 mm/h resulting in single crystals several
long. Single crystallinity was checked by neutron diffracti
and rocking curves were performed about the axis of
crystals, indicating half width at half maximum of less th
208, a sign of high crystalline quality.

FIG. 2. Scanning electron microscope pictures of our YBC
samples.~a! YBCO film with a-axis grains corresponding to th
samples of group I~samples Y1–Y4, Y8!. ~b! YBCO film with
almost noa-axis grains but with small holes corresponding to t
samples of group II~samples Y5–Y7!.
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Contacts on both YBCO and LSCO samples were p
pared in the following way. The contact area was defin
using an insulating varnish~GE 7031! ~Ref. 10! and was of
the order of 0.5 mm30.5 mm. This was followed by the
evaporation of normal-metal layer~s!. For samples L1 and
Y1–Y4, an aluminum layer of a thickness of 1000 Å w
used. For samples Y5, Y6, and Y7, the Al thicknesses w
30, 70, and 100 Å, respectively, followed by the evaporat
of 1000 Å of Au. For sample Y8 we evaporated 300 Å A
followed by 1000 Å Pb on top. The contact on sample
was made on the~110! oriented face of the LSCO crystal.

This method of contact preparation usually results in
tunneling junction~samples Y1–Y8! due to oxidation of the
first tens of angstroms of the normal-metal layer~see
Racah11!. However, in the LSCO contact~sample L1! a pin-
hole in the insulating layer was created by voltage bre
down resulting in a small metallic~transparent! contact be-
tween the LSCO and the normal metal—this process w
suggested and used by Yanson.12 I (V) characteristics were
measured digitally using a current source, and were differ
tiated using a computer program. Each measurement is c
prised of two successive cycles to check the absence
heating-hysteresis effects.

III. RESULTS AND DISCUSSION

YBCO films

A plot of the conductance, representative of group
~sample Y2!, is shown in the inset of Fig. 3 at differen
temperatures. A gaplike feature is seen at about 18 mV,
a ZBCP. Qualitatively, the conductance in all our YBC
samples is characteristic of a contact to ad-wave supercon-
ductor, with a significant interface barrier, showing a ZBC
followed by a dip, and a return to the normal-state cond
tance above the gap. The ZBCP is presumably due to sur
roughness,13 associated with the presence ofa-axis grains
and/or holes. At higher temperatures, the gaplike featu
and the ZBCP are weakened. The ZBCP disappears at a
perature lower than the bulkTc .

As a test, we used a Pb counter electrode in sample
At 4.2 K, the energy gap of Pb could be seen clearly~not
shown!. This Pb gap feature disappears as the temperatu

FIG. 3. Height of the ZBCP at various temperatures normaliz
with the height of the ZBCP at 4.2 K for Samples Y1–Y5.~YBCO!
Inset: plot~Sample Y2! of conductance versus voltage at tempe
tures 4.2, 10, 33, 61, and 80 K.
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7014 PRB 61DAGAN, KOHEN, DEUTSCHER, AND REVCOLEVSCHI
raised above theTc of Pb, and then the ZBCP appears. Th
demonstrates that the ZBCP is due to tunneling from a n
mal metal into the HTS.

In Fig. 3 we present the height of the ZBCP at vario
temperatures normalized with the height of the ZBCP at
K, for samples for which the ZBCP disappears around 60
We note that the temperature dependence of the ZB
height is the same for all these YBCO samples, belongin
group I ~samples Y1–Y4! and to group II~sample Y5!. The
ZBCP vanishes well below the films’Tc’s ~close to 90 K!.
Following Racah,11 the smallerTc of the junction is due to
the fact that the Al film is oxidized through the diffusion o
oxygen from the HTS film. It is a measure of underdoping
the film near the junction, which is a function of both A
thickness and time elapsed after junction fabricati
Samples Y1–Y4 were measured sooner after fabrication
samples Y5–Y7; therefore, although Samples Y5 a
Y1–Y4 have different A1 thickness, they exhibit approx
mately the same contactTc .

The conductance versus voltage for samples Y5, Y6,
Y7, prepared and measured simultaneously, is presente
Figs. 4~a!, ~b!, and ~c!, respectively. In these samples w
used Al layers of various thicknesses: 35 Å~Y5!, 70 Å ~Y6!,
and 100 Å~Y7!. Racahet al.11 have shown that a thin laye
~few nm! of Al deposited on top of the YBCO film is oxi
dized due to oxygen coming from the YBCO film. By in
creasing the thickness of the thin Al layer we expect t
effects: first, a reduction of the barrier transparency, and
ond, a reduction of the local oxygen doping in the vicinity
the junction.

The conspicuous manifestation of the first effect is
increase of junction resistance with the increasing Al thi
ness; the junction’s resistances at 20 mV and 4.2 K are 0
0.3, and 6V for Samples Y5, Y6, and Y7, respectivel
Another observation is the rising linear background which
absent in sample Y5 and which increases with barrier th
ening. We relate this background to tunneling into thec
direction.14 In the case of a thin Al layer the barrier is almo
transparent and the electrons tunnel with a wide momen
cone, and hence thec-axis inelastic tunneling effects are n
significant. As the barrier becomes thicker the moment
cone around thec direction becomes narrower, and hence
c-axis inelastic tunneling effects become more importa
giving rise to an increasing linear background.15

In Fig. 5 one can observe the result of the second eff
the reduction of the local oxygen doping in the vicinity of th
junction. Here we plot the ZBCP at different temperatu
normalized with the ZBCP at 4.2 K for different Al thick
nesses. The temperature above which we could not de
any ZBCP decreased with increasing Al thickness,
expected.11

A correlation between surface morphology, as seen fr
the SEM pictures, and the conductance characteristic
found. When a significant number ofa-axis grains are
present@Fig. 2~a!# the gaplike features at about 18 mV a
clearly visible ~inset Fig. 3!, while in the case of sample
Y5–Y7 @Fig. 2~b!# they can hardly be seen@Figs. 4~a!–4~c!#.
In Fig. 6 the data of sample Y5 (Tc'60 K) are fitted to a
dx22y2 gap, with the following parameters, using the notati
of Kashiwayaet al.3: Z52, D517 meV, a519°. HereZ
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is a barrier parameter for a delta function barrier of heighH
and a Fermi velocityv f , Z5(H/hv f), D is the amplitude of
the d-wave gap, anda is the angle between the plane of th
interface and the@100# axis. We have also assumed a seco
conductance channel of 4.5 S corresponding to the domin
c-axis tunneling channel.

FIG. 4. The conductance versus voltage for different Al thic
nesses and at various temperatures. A thicker Al Layer corresp
to a thicker barrier and to a reduced doping in the vicinity of t
junction. ~a! Sample Y5, 35 Å Al, junction resistance is 0.17V at
20 mV; the ZBCP can be still seen at 60 K and the backgroun
flat. ~b! Sample Y6, 70 Å Al, junction resistance is 0.34V at 20
mV; the ZBCP disappears above 40 K.~c! Sample Y7, 100 Å Al,
junction resistance is 5V at 20 mV; the ZBCP disappears abov
21 K and a rising linear background is seen.
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LSCO single crystal

The differential conductance of sample L1 is shown
Fig. 7. It is qualitatively different from that of the YBCO
samples: There is no dip in the conductance, but rathe
monotonous decrease towards the normal state value. Th
characteristic of a contact to ad-wave superconductor with
rather transparent barrier. While in the YBCO samples
ZBCP is predominantly due to tunneling into Andreev bou
states, here we have direct Andreev reflection characteris
The temperature dependence of the conductance charac
tic is shown in the inset of Fig. 8. The 4.2 K data are inde
well fitted to adx22y2 gap, with the following parameters
Z50.75,D55 meV, a5p/4 ~110! direction ~see Fig. 7!. It
should be noted that contrary to the case of the YB
sample Y5, no parallel conductance channel had to be
sumed to obtain a good fit. The temperature dependenc
the ZBCP’s height, normalized to its height at 4.2 K,
shown in Fig. 8. The ZBCP height decreases as the temp
ture is raised, and essentially disappears at about 16
Above 16 K, a small remnant peak~not shown! of about
0.5% of the 4.2 K peak, remains approximately constant
to 28 K. It may not be a result of Andreev reflections abo

FIG. 5. The ZBCP height at different temperatures normaliz
with the ZBCP height at 4.2 K for different Al thicknesses.
thicker Al layer corresponds to a reduced doping at the cont
consequently, the ZBCP vanishes more rapidly.

FIG. 6. Measured conductance, sample Y5~YBCO!, at T
54.2 K assuming a second conductance channel of 4.5 S c
sponding to the dominantc-axis tunneling~circles!. Theoretical fit
to dx22y2 gap symmetry:Z52, D518 meV, a519° ~using the
notation of Ref. 3! at T54.2 K ~solid line!.
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Tc , but rather a critical current effect.~The bulk Tc of the
LSCO crystal is 31 K.! We note that the gap values obtaine
for the YBCO and LSCO samples roughly fit the respect
Tc values.

IV. CONCLUSIONS

A feature common to all our samples is that there are
signs of Andreev reflection above a certain temperatureTc* ,
which is always lower than that of the bulkTc . This holds
true for direct Andreev reflections~sample L1! as well as for
Andreev bound states~samples Y1–Y8!. We have argued
that Tc* is the actual critical temperature of the junctio
depressed from its bulk value due to diffusion of oxyg
from the HTSC to the metal in contact,11 as already men-
tioned. In most of our YBCO samples, the ZBCP disappe
at a temperature close to 60 K; this is reasonable, taking
account the plateau in the relation between the YBCOTc and
the doping.16

In both YBCO and LSCO samples, the height of t
ZBCP saturates at low temperatures. At intermediate te
peratures 0.25,T/Tc,0.5 it can be fitted to a 1/T
dependence.17,18 At higher temperatures, the decrease of t

d

t;

re- FIG. 8. Height of the ZBCP at various temperatures normaliz
with the height of the ZBCP at 4.2 K for sample L1.~LSCO! Inset:
Conductance for sample L1 atT54.2, 5, 6, 7, 8.5, 10, 12, 14, 15
27, and 28 K. The graphs were shifted for clarity.

FIG. 7. Measured conductance, sample L1~LSCO!, at T
54.2 K normalized with the conductance at 20 mV, 0.023
~circles!. Theoretical fit to dx22y2 gap symmetry:Z50.75, D
55 meV, a5p/4 ~110! direction ~using the notation of Ref. 3! at
T50 ~solid line!.
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ZBCP height is faster than 1/T, presumably because of th
decrease of the gap value.

When comparing our results to those of Renneret al.,4 we
note that in their case the gaplike features persist aboveTc.
Deutscher19 has recently shown that Andreev reflection a
tunneling measurements correspond to different ene
scales; the Andreev scale measured at low temperature
lowing the doping dependence ofTc . This is consistent with
the observation reported here, that the Andreev features
appear at theTc of the junction. We also note that the An
dreev gap values obtained from the fits performed on
YBCO ~Y5! and LSCO~L1! junctions, scale with the respec
tive junctionsTc .
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Choi et al.8 have predicted that, if preformed pairs exi
aboveTc they should manifest themselves in direct Andre
reflections or Andreev bound states, depending on the tr
parency of the interface. If this prediction is correct, w
should conclude that there are no such pairs aboveTc .
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