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Voltage-controlled colossal magnetoresistance in manganite/normal-metal heterostructures
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It is well established that the resistivity of the manganites is a strong function of the magnetization. Near the
ferromagnetic ordering temperature, colossal changes in the resistivity are seen in applied fields of several
Tesla; such fields are too large for a number of potential applications. An alternative approach is to change the
state of magnetization by injecting spin polarized carriers into manganite/classical ferromagnet heterostruc-
tures. In this work, results on manganite/normal-metal heterostructures in current perpendicular-to-plane ge-
ometry are reported. We observe a colossal magnetoresistance in fields of the order of 1 T which we attribute
to magnetic interface scattering. The magnitude of this magnetoresistive effect can be controlled by the applied
voltage, i.e., the heterostructures act as magnetic sensors with variable sensitivity. Implications of the interface
resistance on spin injection from classical ferromagnets into manganites are discussed.
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I. INTRODUCTION

The manganites show colossal magnetoresistance ef
of different origin. Near the magnetic ordering temperatu
the application of strong magnetic fields of the order of s
eral Tesla leads to huge resistance changes in the b1

whereas relatively small fields induce a considerable mag
toresistance in samples with grain boundaries at
temperatures.2 However, these effects do not provide
physical basis for potential applications of the manganite
room temperature in small magnetic fields, e.g., as magn
switches. To overcome these problems our group has
cently developed a device that allows control of the swit
ing field by polarized carrier injection in a manganit
permalloy heterostructure.3 The performance of thes
devices crucially depends on the interface quality.

In this work the properties of manganite/normal-metal
terfaces are investigated. Current perpendicular-to-pl
~CPP! measurements on manganite/normal-metal het
structures show the existence of a large boundary resista
We report the observation of a voltage controlled colos
magnetoresistance associated with the manganite/nor
metal interface, thereby opening up new routes to poten
applications. Spin injection from a nickel layer int
La0.7Ca0.3MnO3 could not be observed, since the transp
properties of these devices are dominated by the inter
resistance.

II. DEVICE FABRICATION
AND EXPERIMENTAL DETAILS

La0.7Ca0.3MnO3 films were grown by laser ablatio
~XeCl, 308 nm! from a stoichiometric target at an oxyge
partial pressure of 100 mTorr and a substrate temperatur
570163-1829/98/57~5!/2963~5!/$15.00
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720 °C. High quality epitaxial films were produced by th
route on LaAlO3 and SrTiO3 substrates with an as-deposite
Curie temperatureTC of 230 K and a resistivity maximum in
zero fieldTR of 235 K. A postannealing treatment for 2 h at
950 °C in flowing oxygen yields films withTC of 280 K and
TR of 290 K. In Figs. 1~a! and 1~b! the resistivity of an

FIG. 1. Resistivity and magnetoresistanceDr/r0 of an ~a! as-
deposited and~b! annealed La0.7Ca0.3MnO3 film as a function of
temperature in zero field and 1 T applied parallel to the film surface
Note the different scales of the upper and lower panel.
2963 © 1998 The American Physical Society
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as-deposited and an annealed La0.7Ca0.3MnO3 film on
LaAlO 3 are shown as a function of temperature in zero fi
and a magnetic field of 1 T applied parallel to the film. The
high Curie temperatures of the as-deposited as well as
annealed films prove the high quality of our samples. T
resistivities r and the magnetoresistance at 1 T,Dr/r0,
given by

Dr/r05@r~1 T!2r~0 T!#/r~0 T!, ~1!

are in agreement with published values.1

Such growth conditions, however, are an intrinsic o
stacle in the fabrication process of normal-metal/mangan
normal-metal heterostructures in CPP geometry since
high substrate temperature at a relatively high oxygen pa
pressure limits the choice of metals suitable as bottom e
trode. Furthermore, epitaxy is lost if La0.7Ca0.3MnO3 films
are grown on a metal layer, thus resulting in polycrystall
La0.7Ca0.3MnO3 films of low quality.

In our devices, titanium was chosen for the bottom el
trode since it is easily deposited, adheres strongly to the
strate, and forms a conducting oxide.4 This bottom contact
was etched into a loop shape, Fig. 2, so as to maximize
contact area between the La0.7Ca0.3MnO3 film and the sub-
strate and thus obtain as good an epitaxial growth as
sible.

Four devices on LaAlO3 substrates have been realiz
using photolithographic techniques. First a 70 nm titani
layer was deposited on a LaAlO3 substrate and etched into
T-shaped bottom contact, Fig. 2. In the next step, a 100
La0.7Ca0.3MnO3 film was deposited by laser ablation at th
aforementioned growth parameters. For two of the device
60 nm nickel layer was deposited onto the La0.7Ca0.3MnO3
film. The La0.7Ca0.3MnO3 layer ~and the nickel layer where
applicable! are patterned into small squares for the CPP m

FIG. 2. Schematic drawing of the heterostructure.
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surements and rectangular bridges for current-in-plane~CIP!
measurements. Finally, another 50 nm titanium layer an
250 nm gold layer were evaporated and the top electro
were patterned and bonded with gold wires. The contact
eas, i.e., the effective overlap between top and bottom e
trode, were 37mm337 mm and 70mm370 mm for small
and large geometries, respectively. The titanium loop w
approximately 50mm350 mm and 4mm in width and 98
mm 398 mm and 7mm in width, respectively. The in-plane
bridge had a size of 890mm 3185 mm and was bonded
with gold wires onto titanium/gold squares forming the co
tact areas. The parameters of the CPP devices are sum
rized in Table I.

Resistance measurements were performed in stan
four-point configuration. However, each pair of voltage a
current leads was bonded to a single contact, thus samp
the interface resistance between contact and manganit
well as the manganite bulk resistance. This contact confi

TABLE I. Parameters of the CPP devices on LaAlO3. TR de-
notes the temperature of the zero field resistance maximum in
limit of high applied voltages.

Sample Multilayer Contact area TR

A Ti/La 0.7Ca0.3MnO3/Ti 37 mm 337 mm 175 K
B Ti/La0.7Ca0.3MnO3/Ti 70 mm 370 mm 108 K
C Ti/Ni/La0.7Ca0.3MnO3/Ti 37 mm 337 mm 126 K
D Ti/Ni/La 0.7Ca0.3MnO3/Ti 70 mm 370 mm 231 K

FIG. 3. ~a! Resistance in current perpendicular-to-plane~CPP!
geometry of a Ti/La0.7Ca0.3MnO3/Ti heterostructure, sample A, an
current-in-plane~CIP! geometry of a Ti/La0.7Ca0.3MnO3/Ti bridge.
The resistance was measured in zero field and 1 T applied parallel
to the layers at a constant voltage of 5 V in the CPPgeometry and
a constant current of 100mA in the CIP geometry, respectively.~b!
Magnetoresistance ratioDr/r0 of the samples of Fig. 2~a! in an
applied field of 1 T.
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57 2965VOLTAGE-CONTROLLED COLOSSAL . . .
ration is common for measurements on curre
perpendicular-to-plane~CPP! devices5 and was adopted her
for current-in-plane~CIP! samples to allow for a better com
parison to be made.

III. RESULTS AND DISCUSSION

A. Interface resistance

Figure 3~a! shows the resistance in CPP geometry of
trilayer Ti/La0.7Ca0.3MnO3/Ti, sample A, in comparison to
the resistance in CIP geometry of a Ti/La0.7Ca0.3MnO3/Ti
bridge realized on the same substrate. The measurem
were performed in zero field and a field of 1 T applied p
allel to the layers at a fixed voltage of 5 V in CPPgeometry
and a fixed current of 100mA in CIP geometry, respectively
The magnetoresistance at 1 T,Dr/r0, is shown in Fig. 3~b!
for both samples.

The in-plane Ti/La0.7Ca0.3MnO3/Ti bridge shows a zero
field resistance maximum at 236 K; this is typical for o
as-deposited films. The Ti/La0.7Ca0.3MnO3/Ti trilayer shows
a zero fieldTR at the lower temperature of 175 K and
comparatively broad transition. However, the maximum v
ues of2Dr/r0 of about 35% are similar for both samples

The striking feature of the measurements is the large m
nitude of the CPP resistance compared to the CIP resista
This might be illustrated by a simple example. At 236 K
zero field we findRCIP.30 kV and therefore a resistivity
rCIP.631024 Vm; this is in agreement with literatur
values.6 Therefore a CPP resistanceRCPP.44 mV is ex-
pected in our geometry. However, experimentally we fi
RCPP.100 kV at 5 V and 236 K, i.e., a value more than s
orders of magnitude larger than expected.

This observation indicates the relevance of an interf
resistance, i.e., the measured resistanceR consists of a
boundary resistancerh /Ah as well as a bulk resistancer l /A
giving

R52rh /Ah1r l /A. ~2!

rh denotes the areal interface resistivity,Ah the interface
area,r the bulk resistivity,l the length of the sample, andA
the sample cross section; for CPP geometries we havA
5Ah . We assume that the two interface resistances
equal.

If we assume that the CPP resistance is entirely due to
boundary resistance, we obtainrh5731025 Vm2 at 236
K and an in-plane resistance at 5 V

RCIP54 kV1r l /A. ~3!

The interface resistance model is therefore in agreement
the measured resistances.

As will be shown in Sec. III C the interface resistivityrh

is a strong function of the applied voltage; thus the C
resistance should contain a nonlinear component accor
to Eq. ~2!. This is indeed found.

B. Voltage controlled magnetoresistance

In the previous section it was shown that the resista
measured in CPP geometry is due to an interface resist
t
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at the manganite/normal-metal boundary. In this section
discuss the voltage dependence of the interface resistan

In Figs. 4~a!–4~c! both the CPP resistance and magneto
sistanceDr/r0 of a Ti/Ni/La0.7Ca0.3MnO3/Ti multilayer,
sample D, are shown as a function of temperature in z
field and with 1 T applied parallel to the layers. The me
surements were performed at fixed voltages over the sam
of 60 mV @Fig. 4~a!#, 0.7 V @Fig. 4~b!#, and 8 V@Fig. 4~c!#,
respectively. All measurements show a considerable mag
toresistanceDr/r0. However, the temperature of maximu
magnetoresistanceTR strongly depends on the applied vol
age. The measurements indicate that the magnetoresis
consists of two contributions, i.e., a low-temperature p
that increases with decreasing temperature and decre
with increasing voltage and a high-temperature contribut
that increases with increasing voltage. We stress that
behavior is not related to the nickel layer but is seen in
samples. Note that the zero field CPP resistance measur
high voltages has a maximum at 231 K, i.e., near the Cu
temperature of our as-deposited La0.7Ca0.3MnO3 films.

We interpret these observations as follows. T
manganite/normal-metal interface forms a highly resist
boundary due to scattering from magnetic disorder. The
plication of a magnetic field suppresses the magnetic fluc
tions and leads to a large negative magnetoresistance.
higher voltages, new conduction channels open up and
to a decrease in resistance. The multilayers form a mag
toresistive structure in which the sensitivity of the magn
toresistance can be controlled by the application of a volta
This can be elegantly seen in Fig. 5 showing the CPP m
netoresistance of a Ti/La0.7Ca0.3MnO3/Ti trilayer, sample B,
at 96 K as a function of magnetic field. At high applie

FIG. 4. CPP resistance~open symbols! at 0 T (h) and 1 T (s)
applied parallel to the layers and magnetoresistanceDr/r0 ~solid
lines! at 1 T of aTi/Ni/La 0.7Ca0.3MnO3/Ti heterostructure, sample
D, for different applied voltages:~a! 60 mV, ~b! 0.7 V, ~c! 8 V.
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voltages a considerable magnetoresistance2Dr/r0560% is
seen form0H51 T; this vanishes at low applied voltages

C. Analysis of current-voltage characteristics

The current-voltage characteristics of the four CPP
vices as well as of the in-plane bridge have been measu
The measurements were performed at constant temper
and field for increasing and decreasing voltages to excl
heating effects. A small difference between forward and
verse bias was seen in both the CPP and the CIP resista
Since theI -V curves for forward and reverse bias are qua
tatively similar, only curves taken at forward bias are show

In Figs. 6~a! and 6~b! the I -V curves in the CPP geometr
of a Ti/La0.7Ca0.3MnO3/Ti trilayer, sample A, recorded in
zero field and for 1 T are shown on a double logarithm
scale, respectively. The results are characteristic for all
vices. In general the current-voltage characteristics are n
linear with the nonlinearity increasing at low temperatur
The I -V curves are best described by a simple power law

I}Vn ~4!

with a temperature and slightly field dependent exponenn.
We find the valuesn51.12060.004 ~300 K!, n51.399
60.006 ~175 K!, andn52.74760.023 ~96 K! in zero field
and n51.47560.009 ~175 K! and n52.91560.034 ~96 K!
in a field of 1 T applied parallel to the layers. The theoretic
value7 n57/3 for quasiparticle tunneling via pairs of loca
ized states is intermediate to the measured values at 96
175 K.

The data do not fit an exponential form8

I 5I S@exp~V/VT!21# ~5!

FIG. 5. Magnetoresistance of a Ti/La0.7Ca0.3MnO3/Ti
multilayer, sample B, at 96 K and different applied voltages 0.2
<V<10 V. The magnetic fieldm0H is applied parallel to the lay-
ers.
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with VT5kT/e as a simple model for a Schottky barrie
Therefore we conclude that the interface resistance is not
to Schottky barrier formation at the manganite/normal-me
interface but due to the formation of a highly resistive inte
face layer. This layer contains disordered magnetic imp
ties that scatter the quasiparticles. This interpretation is c
roborated by the observation that the resistance a
application and removal of a magnetic fieldB<10 mT in-
creases logarithmically in time, thus indicating the prese
of frustrated interfacial spins.

These findings are similar to theI -V curves observed in
YBa2Cu3O7/La0.7Ca0.3MnO3/YBa2Cu3O7 trilayers9 that have
been interpreted as a proximity effect with a highly resist
interface formed at the superconductor-ferromagnet interf
due to interdiffusion of Cu and Mn.1 In recent work Bari
et al.10 report nonlinear current-voltage characteristics of e
itaxial YBa2Cu3O7/La0.7Ca0.3MnO3/YBa2Cu3O7 trilayers
evidencing a high interface resistance. TheI -V curves of
those heterostructures can be understood by inelastic tun
ing via localized states. Bariet al.10 propose that oxygen
diffusion across the interface is a likely origin of the hig
interface resistivity.

In Fig. 7 the total resistanceR5V/I of the in-plane bridge
with two titanium contacts is shown. For better comparis
the data were normalized by the resistance value in the
current limit. At low currents the resistance shows a plate
and drops off at higher currents. The current dependenc
stronger in the ferromagnetic state than in the normal st
From these measurements we conclude that both

FIG. 6. Current-voltage curves of a Ti/La0.7Ca0.3MnO3/Ti het-
erostructure, sample A, at 96 K in~a! zero field and~b! m0H51 T.
The solid lines are least-square fits of a power lawI}Vn, Eq.~4!, to
the data. The extracted values of the exponentn are 1.12060.004
~300 K!, 1.39960.006 ~175 K! and 2.74760.023 ~96 K! in zero
field and 1.47560.009~175 K!, and 2.91560.034~96 K! in a field
of 1 T.
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57 2967VOLTAGE-CONTROLLED COLOSSAL . . .
Ti/La0.7Ca0.3MnO3 as well as the TiOx /La0.7Ca0.3MnO3 in-
terface contribute to the observed nonlinear CPP resista
However, whereas the CIP resistance saturates at low
rents the CPP resistance at low temperature does not s
any sign of saturation down to 1029 A, see Fig. 6. This
finding might indicate that the boundary resistance mai
stems from the TiOx /La0.7Ca0.3MnO3 interface. It might be
due to interdiffusion of manganese and titanium or to oxyg
diffusion from the La0.7Ca0.3MnO3 film into the titanium
layer, thus leaving a thin oxygen depleted La0.7Ca0.3MnO3
layer at the interface.

FIG. 7. CIP resistance of a Ti/La0.7Ca0.3MnO3/Ti bridge in zero
field normalized by the resistance value in the low current limit a
function of applied current. The normalization values areR0

53.74 kV ~96 K!, 9.30 kV ~154 K!, 28.5 kV ~236 K!, and 14.7
kV ~288 K!.
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IV. CONCLUSIONS

In this work the magnetoresistance
La0.7Ca0.3MnO3/normal-metal multilayers has been inves
gated. We observe a colossal magnetoresistance
Ti/La0.7Ca0.3MnO3/Ti and Ti/Ni/La0.7Ca0.3MnO3/Ti hetero-
structures that is attributed to quasiparticle scattering
magnetic impurities in the interfaces. The application of hi
magnetic fields aligns the interfacial spins and reduces
magnetic scattering, thus yielding a colossal interfacial m
netoresistance. The boundary resistance might be cause
a disordered TiOx /La0.7Ca0.3MnO3 interface due to titanium
and manganese interdiffusion or the formation of an oxyg
depleted layer in the La0.7Ca0.3MnO3 film. Due to the large
magnitude of the interface resistance magnetoresistive
fects in Ti/Ni/La0.7Ca0.3MnO3/Ti multilayers related to spin
polarized carrier injection from nickel into La0.7Ca0.3MnO3
are concealed.3,11 We have investigated the magnetic prope
ties of La0.7Ca0.3MnO3/permalloy bilayers and did not find
any exchange coupling. This result might indicate the form
tion of an interface containing frustrated spins. Ferrom
netic resonance measurements on YBa2Cu3O7/permalloy bi-
layers yield similar results indicating a spin-glass-li
interface layer.12 To observe magnetoresistive effects due
spin polarized currents going from a classical ferromag
into a ferromagnetic manganite the interface properties
manganite/normal-metal heterostructures have to be gre
improved. The CPP devices presented here show the un
feature of a voltage controlled colossal magnetoresistanc
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