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Magnetic-field scaling of the conductance of epitaxial cuprate-manganite bilayers
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Conductance-voltage characteristics of epitaxial interfaces between oxide ferromagnets and oxide supercon-
ductors have been measured as a function of temperature and magnetic field. Their functional form is similar
to that predicted by theories of transport across nearly transparent contacts between highly spin-polarized
ferromagnets andd-wave superconductors. However, their magnetic-field dependencies scale in striking and
unusual ways, challenging our current understanding. Existing theories fail to account for apparent non-
equilibium effects that are natural for spin injection in such geometries.
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The half-metallicity of the alkaline-earth doped lanth
num manganites leads to their charge carriers be
spin-polarized.1 This, together with the epitaxial compatibi
ity of these oxide ferromagnets and oxide superconducto2

has led to the use of such heterostructures for the stud
spin injection3 in the cuprates.4–6,8,9 This has motivated a
number of theoretical papers,10–15 most of which describe
interfaces of varying transparency exhibiting suppression
Andreev reflection, but except for Refs. 14 and 15 do
consider nonequilibrium effects. In this paper we report
conductance-voltage characteristics,G(V), of cuprate/
manganite heterostructures, with no buffer layer between
cuprate and manganite. The geometry is arranged so tha
current density is uniform across the area of contact betw
the superconductor and the ferromagnet. The zero-bias
ductance peak~ZBCP! reported by other groups17–19 is ab-
sent. Furthermore, as a function of temperature and magn
field, striking and unusual scaling of the data at low bias
found. This observation puts a serious constraint on
theory, and conversely, a theory that explains all the featu
of the data might allow for the intriguing possibility of ga
spectroscopy of superconductors using such structure
complete description would have to account for nonequi
rium effects of spin injection on the underlying superco
ductor.

Epitaxial heterostructures consisting ofc-axis oriented
DyBa2Cu3O72d ~DBCO, 50 nm thick! and La2/3Ba1/3MnO3
~LBMO, 40 nm thick! capped with Au~50 nm thick! were
grown in situ on epitaxially polished SrTiO3 substrates using
ozone-assisted molecular beam epitaxy in the block-by-bl
mode.20,21 The as-grown buried DBCO layer was not sup
conducting, necessitating an oxygen annealing step, w
took a few days. The superconducting transition tempe
tures (Tc) of the DBCO layers were all about 70 K, a co
sequence of their being underdoped. The interfaces wer
high quality, with cross-sectional transmission electron m
croscopy demonstrating heteroepitaxy of the layers o
semimacroscopic distances, andin situ reflection high-
energy electron diffraction studies carried out during grow
suggesting very abrupt transitions between layers.

The Au and LBMO were patterned into rectangl
10 mm wide, with varying lengths, on a 10mm wide strip
of the underlying DBCO film~Fig. 1!. Electrical leads were
patterned for vertical four-terminal measurements ofG(V)
0163-1829/2001/64~22!/220505~4!/$20.00 64 2205
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through each structure. The Au layer provided an equipot
tial surface, and forced the current to traverse the numer
interfaces in a vertical direction~parallel to thec axis!. Dur-
ing such measurements, no current flowed in the plane of
manganite layer. Additional leads permitted simultaneo
four-terminal measurements of the superconducting laye

Figure 2 shows plots ofG(V), at several temperatures o
a structure, 10mm320 mm in area. Not shown is the
voltage-independent conductance observed aboveTc . There
are several features of these curves, which should be no
belowTc a zero-bias conductance peak appears. As the t
perature is reduced, this transforms into a plateau, and
into a ‘‘vee’’-shaped dip, which deepens with decreasi
temperature. The maxima inG(V) at 640 mV found at low
temperatures are followed by a rapid falloff, while for
10 mm310 mm structure, they occur at about680 mV.
These features cannot be associated with the supercon
ing gap amplitude as their value would be unphysically la
for an underdoped film. In fact, the observed maxima ac
ally mark the beginning of the demise of superconductiv
due to current injection. At 2 K, the underlying DBCO str
is driven normal by an injection current through the ferr
magnet of about 66 mA, while 86 mA is required if injectio
is in the plane. Control experiments in which the mangan
was replaced by either Au or LaNiO3 films in similar geom-
etries and with the same resistances show no nonlinea
fects inG(V) at similar current densities. This supports t
view that the effects are not a consequence of heating and
due to spin rather than charge injection.5,6 Estimates of
power dissipation under injection conditions suggest a te
perature rise of at most 1 K, which is also not sufficient
account for the observations. The inset shows a monoton
increase in the zero-bias resistance of the trilayer on coo
below Tc , contrary to what one would expect for resistan

FIG. 1. Device geometry for vertical spin injection. I2/V2 an
I3/V3 are used to measure the LBMO/DBCO interface, while I1/V
and I3/V3 are used to characterize the DBCO.
©2001 The American Physical Society05-1
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at grain boundaries in the manganite.7

The magnetic-field dependences ofG(V), at temperatures
from 2 K to 70 K areshown in Fig. 3. The field is applied in
the plane of the cuprate/manganite interface. The qualita
effect of increasing field is similar to that of increasing te
perature. This is dramatically borne out by the inset. Sim
results were reported in our earlier work on geometries
which the current density was not uniform.5 There is a small
asymmetry in theG(V) which grows with increasing
magnetic field and decreasing temperature.@G(V1)
2G(V2)]/G(V) is less than 5% at 12 T and 2 K.

Notable by its absence at low temperatures is the z
bias conductance peak~ZBCP! that has been reported i
other experiments.18,19This peak is usually attributed to sub

FIG. 2. G(V) for a Au/LBMO/DBCO heterostructure, of are
10 mm320 mm. The curves show a conductance peak at the h
est temperature. At low temperature, theG(V) data are rounded a
low bias, tending to two arms of a ‘‘vee’’ shape at higher bia
before falling abruptly as the underlying superconductor
quenched. The inset shows the zero-bias conductance of the tri
as a function of temperature.

FIG. 3. G(V) in magnetic fields applied parallel to the plane f
a 10 mm320 mm device at 10 K. The inset shows data at 65
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e
-
r
n

o-

gap Andreev bound states, which occur for tunneling in
a-b directions@maximally along~110! directions# into a cu-
prate superconductor, because of the change of sign in
d-wave order parameter on rotation by an angle ofp/2 in the
a-b plane.17 The present epitaxialc-axis oriented films are
relatively free of sucha-b facets at the cuprate/mangani
interface. For spin polarized injection in this geometry, t
effective gap is an angular average over all directions,
this suppresses the ZBCP. Also, for an interface with h
transparency, one would expect the ZBCP to disappear.

A very striking and unusual feature of the data is shown
Fig. 4, where we have plottedG(V,H)/G(0,H) for different
values ofH at a fixed temperature. All curves in variou
magnetic fields collapse onto a single curve at a fixed te
perature. This works at each temperature, but with a fu
tional form that is different in detail. The difference may b
due to an increase of the quasiparticle population in the
perconductor with temperature, and/or a change in the s
polarization of carriers in the manganite.22 This collapse at
low bias has been observed in all devices measured, a
fields and temperatures where a minimum inG(V) is clearly
seen. This implies that at low bias voltages,G(V,H,T)
5h(H,T)g(V,T). At a fixed temperature, the collapse
curve is essentiallyg(V,T). The field-dependent prefacto
normalized by its value at zero field, i.e.,h(H,T)/h(0,T), is
shown in Fig. 5. At the lowest temperatures of 2 K and 10
it is fit very well by a straight line. In fact, the 2 K and 10 K
data lie nearly on top of each other. At higher temperatu
though still very close to linear,h(H,T) deviates slightly
from the straight line fit at 2 K. This kind of collapse is als
suggested by the data of Sawaet al. at high bias voltages,18

although at low bias it is obscured by the ZBCP. In our d
we also observe that plotsG(0,T)/G(0,T52 K) at all ap-
plied magnetic fields, seem to have very similar temperat
dependences~see Fig. 5, inset!.

We note that the zero-bias conductanceG(0) increases by
about a factor of 2 when temperature is increased from
to 10 K, keeping the magnetic field fixed. Corresponding

-

,
s
yer

FIG. 4. Conductance data at 10 K normalized by the zero-b
conductance at each magnetic field, plotted vs voltage for
10 mm320 mm device. The data collapse onto a single curve
low bias for all applied magnetic fields up to 12 T.
5-2



th
a

e
t

c-
ce

n
fie
nt

e
Th
-

o
se
m

ow
f
tio
e

rder
the
tion

uc-
na-
at

lly
m-

re-
ltant

any

bout
ld/
As-

dent
om

tion
er
e
re-
anite

er-
of
n-
r-
su-
gous
ag-

-
es

et
e

q.
ge
K

ature

RAPID COMMUNICATIONS

MAGNETIC-FIELD SCALING OF THE CONDUCTANCE . . . PHYSICAL REVIEW B 64 220505~R!
on increasing the magnetic field up to 12 T and keeping
temperature fixed, the zero-bias conductance again incre
by a factor of about 2. Considering thatmBDH'kBDT for
DH512 T and DT58 K, one might conclude that th
measurements are probing the density of states near
nodes11 of a d-wave-like gap, with the increase in condu
tance corresponding to an increase in the number of ac
sible states. If there is suppression of Andreev reflection
the ferromagnet/superconductor interface, thenG(V) probes
the density of states of the superconductor.11 Motivated by
this, and presuming a small barrier at the cuprate/manga
interface, we have calculated temperature and magnetic
dependence for the conductance-voltage curves at the i
face between a half-metallic ferromagnet and ad-wave su-
perconductor using a simple tunneling expression16

I ~V!;E
2`

`

n f mns~E1mH !$ f ~E1eV!2 f ~E!%dE. ~1!

Here the density of states for quasiparticles in ad-wave su-
perconductorns(E);nn(E/Do), Do is the gap amplitude,f
is the Fermi function, andnn is the density of states at th
Fermi energy of the superconductor in the normal state.
density of states in the ferromagnetn f m(E) is assumed con
stant. Applying a magnetic field enhances the density
states for quasiparticles of one spin species at the expen
the other, enhancing conductance for carriers of the predo
nant spin across the interface. We plotG(V)5dI/dV as a
function of applied magnetic field and temperature at l
applied bias~Fig. 6!. G(V) increases linearly as a function o
H at all bias voltages. This suggests that the spin polariza
of carriers plays a role in the enhancement of conductanc
the experiment. The calculated increase inG(0) is the same
whenT increases from 2 K to 10 Kwith H50, and whenH
increases from 0 T to 12 T atT52 K, which is by a factor

FIG. 5. G(0) for the 10 mm320 mm device plotted vs mag
netic fieldH applied parallel to the plane, at different temperatur
The data are normalized to the conductance atH50. A straight line
is fit to the data at 2 K as aguide to the eye. The inset showsG(0)
plotted as a function of temperature at different values of magn
field. The data at each magnetic field are normalized to the valu
the conductance atT52 K.
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of about 5. This increase is greater, though of the same o
of magnitude as that seen in the experiment. However,
scaling of the experimental data indicates that the applica
of magnetic field has amultiplicative effect on the conduc-
tance, with the increase being proportional to the cond
tance at zero field. This leads us to believe that the expla
tion of this phenomenon involves physics different from th
of our simple argument.

In choosing to ensure that currents flowed vertica
through the structure, we added a gold overlayer. This co
promised our ability to make true four terminal measu
ments of the cuprate/manganite interface, as the resu
gold/manganite series resistance cannot be subtracted in
systematic fashion. The 10mm320 mm gold/manganite/
cuprate trilayer structure has a zero-bias resistance of a
1.46 V at 10 K. From other measurements, the go
manganite interface resistance is known to be Ohmic.
suming that the linear field dependence ofG(V,H) occurs
due to the cuprate/manganite interface, the field-indepen
Ohmic part of the trilayer resistance can be extracted fr
the data near zero bias, and is about 0.06V at 10 K. The
gold/manganite interface resistance is presumably a frac
of this value. At higher injection currents where the trilay
resistance (V/I ) is about 0.5V, the contact resistance of th
gold/manganite interface is a greater fraction of the total
sistance, and the actual voltage across the cuprate/mang
interface near the peaks inG(V) may be significantly
smaller than the measured voltage.

Given the values of specific interface resistances~gold/
manganite 1 manganite/cuprate!, which were of order
1026 V cm2, the interfaces are highly transparent, but c
tainly not ballistic. Thus the striking voltage dependence
G(V) at low bias, although reminiscent of suppressed A
dreev reflection,10–12cannot be explained by that alone. Fu
thermore, injection of spin-polarized quasiparticles into a
perconductor creates a steady-state spin imbalance analo
to the spin imbalance created by the application of a m

.

ic
of

FIG. 6. G(V) calculated using density of states form from E
~1! for spin injection from a half-metallic ferromagnet. The chan
in conductance on applying magnetic field from 0 T to 12 T at 2
is compared to the change caused by increasing the temper
from 2 K to 10 K at 0 T~inset!.
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netic field due to Zeeman splitting of the spin energies13

This leads to a suppression of the superconducting order
rameter near the manganite/cuprate interface. Also, the v
age drop due to injection of these spin-polarized quasipa
cles would then occur over a characteristic relaxation len
in the superconductor, and not abruptly at the interface~as in
the case of tunneling!. If this relaxation length is sufficiently
large in the cuprate, the measured voltage would not be
spectroscopic voltage of the interface. Thus, the absenc
any signatures of the coherence peak inG(V) may be be-
o
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cause the superconductor near the boundary is driven no
before the voltage across the manganite/cuprate inter
reaches a value corresponding to the gap amplitude.
situation is not part of any of the theories as the pair poten
is assumed to be constant as a function of distance from
interface, and independent of current.
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