PHYSICAL REVIEW B VOLUME 57, NUMBER 5 1 FEBRUARY 1998-I

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 thef drdewhbich 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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[. INTRODUCTION 720 °C. High quality epitaxial films were produced by this
route on LaAlO; and SrTiO, substrates with an as-deposited
The manganites show colossal magnetoresistance effeaurie temperatur@ . of 230 K and a resistivity maximum in
of different origin. Near the magnetic ordering temperaturezero fieldTg of 235 K. A postannealing treatmentrf@ h at
the application of strong magnetic fields of the order of sev950 °C in flowing oxygen yields films witfi - of 280 K and

eral Tesla leads to huge resistance changes in thelbulkrR of 290 K. In Figs. 1a) and ib) the resistivity of an
whereas relatively small fields induce a considerable magne-

toresistance in samples with grain boundaries at low
temperatured. However, these effects do not provide a
physical basis for potential applications of the manganites at
room temperature in small magnetic fields, e.g., as magnetic
switches. To overcome these problems our group has re-
cently developed a device that allows control of the switch-
ing field by polarized carrier injection in a manganite/
permalloy heterostructure. The performance of these 500 -
devices crucially depends on the interface quality.

In this work the properties of manganite/normal-metal in- I
terfaces are investigated. Current perpendicular-to-plane Tttt
(CPP measurements on manganite/normal-metal hetero- 3000 -
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1. DEVICE FABRICATION Temperature T (K)

AND EXPERIMENTAL DETAILS
FIG. 1. Resistivity and magnetoresistankp/p, of an (a) as-
Lag Ca MnO; films were grown by laser ablation deposited andb) annealed Lg-Ca, sMnO; film as a function of
(XeCl, 308 nm from a stoichiometric target at an oxygen temperature in zero field driL. T applied parallel to the film surface.
partial pressure of 100 mTorr and a substrate temperature ofote the different scales of the upper and lower panel.
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Top view TABLE |. Parameters of the CPP devices on LaAldR de-
notes the temperature of the zero field resistance maximum in the
l limit of high applied voltages.
V+ Sample Multilayer Contact area TR

A Ti/lLa g Cay sMnO4/Ti 37 um X37 um 175K
B TilLag Ca MnO4/Ti 70 um X70 um 108 K
C Ti/Ni/Lag Ca MNOy/Ti 37 um X37 um 126 K
D Ti/Ni/La g CaaMnO4/Ti 70 um X70 um 231 K

"
<—Lag 7Cap sMnO;

The indicated polarity is defined as forward bias.

Side View surements and rectangular bridges for current-in-p(@iB)
measurements. Finally, another 50 nm titanium layer and a
«— 250 nm Au 250 nm gold layer were evaporated and the top electrodes
— (530“;‘]‘:1\'5) were patterned and bonded with gold wires. The contact ar-
|+ 100nmLag;Cag;MnO; eas, i.e., the effective overlap between top and bottom elec-
[ ]e—70mmTi trode, were 37umx37 um and 70umXx70 pm for small

and large geometries, respectively. The titanium loop was
Bottom Electrode approximately 50umx50 wm and 4um in width and 98
pum xX98 um and 7pm in width, respectively. The in-plane
Loop shaped bridge had a size of 89(m X185 um and was bonded
contact with gold wires onto titanium/gold squares forming the con-
tact areas. The parameters of the CPP devices are summa-
rized in Table I.

Resistance measurements were performed in standard
four-point configuration. However, each pair of voltage and
as-deposited and an annealed @ MnO; film on  current leads was bonded to a single contact, thus sampling
LaAlO ; are shown as a function of temperature in zero fieldthe interface resistance between contact and manganite as
and a magnetic fieldfal T applied parallel to the film. The well as the manganite bulk resistance. This contact configu-
high Curie temperatures of the as-deposited as well as the
annealed films prove the high quality of our samples. The —T— T T T
resistivities p and the magnetoresistance at 1 Xp/p,
given by

FIG. 2. Schematic drawing of the heterostructure.

Aplpo=[p(1 T)=p(0N)1/p(0T), D

are in agreement with published valdes.

Such growth conditions, however, are an intrinsic ob-
stacle in the fabrication process of normal-metal/manganite/
normal-metal heterostructures in CPP geometry since the
high substrate temperature at a relatively high oxygen patrtial
pressure limits the choice of metals suitable as bottom elec-
trode. Furthermore, epitaxy is lost if }.a8Ca, sMnO; films
are grown on a metal layer, thus resulting in polycrystalline
Lay LCa ;MnO; films of low quality. o

In our devices, titanium was chosen for the bottom elec- \2
trode since it is easily deposited, adheres strongly to the sub- <
strate, and forms a conducting oxitl&his bottom contact
was etched into a loop shape, Fig. 2, so as to maximize the
contact area between the ;&€& iMnO; film and the sub- L,
strate and thus obtain as good an epitaxial growth as pos- 80 120 160 200 240 280 320
sible.

Four devices on LaAlQ substrates have been realized

using photolithographic technigues. First a 70 nm ti_tanium FIG. 3. (a) Resistance in current perpendicular-to-pld6&P
layer was deposited on a LaAiubstrate and etched into & geometry of a TilLg ,Ca, MnO4/Ti heterostructure, sample A, and
T-shaped bottom contact, Fig. 2. In the next step, a 100 Ny rrent-in-plane(CIP) geometry of a TilLg Ca, MnO4/Ti bridge.
Lap Ca MnO; film was deposited by laser ablation at the The resistance was measured in zero field T applied parallel
aforementioned growth parameters. For two of the devices, & the layers at a constant voltage5oV in the CPPgeometry and
60 nm nickel layer was deposited onto they, Haa, ;MnNO;  a constant current of 100A in the CIP geometry, respectivelfb)
film. The Lag {Ca MnO; layer (and the nickel layer where Magnetoresistance ratiap/p, of the samples of Fig. (@) in an
applicablg are patterned into small squares for the CPP meaapplied field of 1 T.

Resistance R Q)

Temperature T (K)
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ration is common for measurements on current
perpendicular-to-plan€CPP devices and was adopted here
for current-in-plangCIP) samples to allow for a better com-
parison to be made.

Ill. RESULTS AND DISCUSSION

A. Interface resistance

Figure 3a) shows the resistance in CPP geometry of the
trilayer Ti/lLay ,Ca sMNO5/Ti, sample A, in comparison to
the resistance in CIP geometry of a Tijl:&a ;MnO4/Ti
bridge realized on the same substrate. The measurements
were performed in zero field and a field of 1 T applied par-
allel to the layers at a fixed voltagé  V in CPPgeometry

Og /dV'

Resistance R (MQ)

and a fixed current of 10QA in CIP geometry, respectively. 0.06 |-
The magnetoresistance at 1 Xp/pg, is shown in Fig. &)
for both samples. 0.041
The in-plane Ti/LgCa& MnO,/Ti bridge shows a zero 0.02
field resistance maximum at 236 K; this is typical for our ]
as-depogited films. The Ti/kaCa, ;MnO,/Ti trilayer shows 0.00 8'0 : 150 : 150 : 2(')0 : 24"0 50 ‘32(())-0
a zero fieldTg at the lower temperature of 175 K and a
comparatively broad transition. However, the maximum val- Temperature T (K)

ues of —Ap/pq of about 35% are similar for both samples.

The striking feature of the measurements is the large mag;
nitude of the CPP resistance compared to the CIP resistancI
This might be illustrated by a simple example. At 236 K in
zero field we findR¢p=30 k() and therefore a resistivity
pcp=6x10"% Om; this is in agreement with literature ) ) ]
values® Therefore a CPP resistan@®-ps=44 mQ is ex-  at the manganite/normal-metal boundary. In this section we
pected in our geometry. However, experimentally we finddiscuss the voltage dependence of the interface resistance.
Repe=100 K2 at 5V and 236 K, i.e., a value more than six  In Figs. 48)—4(c) both the CPP resistance and magnetore-
orders of magnitude larger than expected. sistance Ap/py of a Ti/Ni/lLay CaMnO4/Ti multilayer,

This observation indicates the relevance of an interfacséample D, are shown as a function of temperature in zero
resistance, i.e., the measured resistafceonsists of a field and wih 1 T applied parallel to the layers. The mea-
boundary resistange /A5 as well as a bulk resistangé/A  surements were performed at fixed voltages over the sample
giving of 60 mV [Fig. 4], 0.7 V[Fig. 4b)], and 8 V[Fig. 4(c)],

respectively. All measurements show a considerable magne-
R=2p5/Ag+pl/A. (2 toresistance\ p/py. However, the temperature of maximum
. o ) magnetoresistancgg strongly depends on the applied volt-
po denotes the areal interface resistiviy, the interfacé  age. The measurements indicate that the magnetoresistance
area,p the bulk resistivity| the length of the sample, aidl  ¢onsists of two contributions, i.e., a low-temperature part
the sample cross section; for CPP geometries we ave {ha; increases with decreasing temperature and decreases
=Ag. We assume that the two interface resistances argjim increasing voltage and a high-temperature contribution
equal. . . , that increases with increasing voltage. We stress that this
b If we assume that the CPP r'e5|_stance7|sé e”““g'y due 1o e avior is not related to the nickel layer but is seen in all
oundary resistance, we obtgiin=7X10"" Om" at 236 samples. Note that the zero field CPP resistance measured at
K and an in-plane resistance at 5 V hi ; : .
igh voltages has a maximum at 231 K, i.e., near the Curie
temperature of our as-depositedy@a, ;MnO; films.

We interpret these observations as follows. The
The interface resistance model is therefore in agreement witfl@nganite/normal-metal interface forms a highly resistive
the measured resistances. bqun(_:iary due to scaFteflng from magnetic dlsorder_. The ap-

As will be shown in Sec. IIl C the interface resistivipy, ~ Plication of a magnetic field suppresses the magnetic fluctua-
is a strong function of the applied voltage; thus the CIPtions and leads to a large negative magnetoresistance. For
resistance should contain a nonlinear component accordirjgher voltages, new conduction channels open up and lead
to Eq. (2). This is indeed found. to a decrease in resistance. The multilayers form a magne-
toresistive structure in which the sensitivity of the magne-
toresistance can be controlled by the application of a voltage.
This can be elegantly seen in Fig. 5 showing the CPP mag-

In the previous section it was shown that the resistancaetoresistance of a Ti/llhaCa, ;MnO4/Ti trilayer, sample B,
measured in CPP geometry is due to an interface resistane¢ 96 K as a function of magnetic field. At high applied

FIG. 4. CPP resistandepen symbolsat0 T () and 1 T ©)
plied parallel to the layers and magnetoresistakhgép, (solid
e9 at 1 T of aTi/Ni/LayCa ;MnO4/Ti heterostructure, sample
D, for different applied voltagesa) 60 mV, (b) 0.7 V, (c) 8 V.

B. Voltage controlled magnetoresistance
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FIG. 5. Magnetoresistance of a Tilbgla MnO,/Ti Voltage V (V)

multilayer, sample B, at 96 K and different applied voltages 0.2 V
<V=10 V. The magnetic fielgkoH is applied parallel to the lay-
ers.

FIG. 6. Current-voltage curves of a Ti/hLaCa ;MnO,/Ti het-
erostructure, sample A, at 96 K {a) zero field andb) uoH=1 T.
The solid lines are least-square fits of a power law", Eq. (4), to

. . o the data. The extracted values of the exponeate 1.126-0.004
voltages a considerable magnetoresistandep/po=60% is (300 K), 1.399+0.006 (175 K) and 2.747-0.023 (96 K) in zero

seen forugH=1 T; this vanishes at low applied voltages. fie|q and 1.475 0.009(175 K), and 2.915 0.034(96 K) in a field
of 1 T.
C. Analysis of current-voltage characteristics
The current-voltage characteristics of the four CPP deyvIth Vr=kT/e as a simple mo_del for a Sc_hottky parner.
ﬁgerefore we conclude that the interface resistance is not due

vices as well as of the in-plane bridge have been measured. Schottky barrier f i t th ite/ l-metal
The measurements were performed at constant temperat chotiky barmer formation at the manganité/normal-meta
erface but due to the formation of a highly resistive inter-

and field for increasing and decreasing voltages to exclud ) . . o .
heating effects. A small difference between forward and re;ace layer. This layer contains disordered magnetic impuri-

verse bias was seen in both the CPP and the CIP resistancﬂ?S that scatter the quasipart_icles. This interprgtation Is cor-
Since thel -V curves for forward and reverse bias are quali—mbC)r"’lte‘j by the observation that the resistance after

tatively similar, only curves taken at forward bias are shown.appllcatlon and removal of a magnetic fighi<10 mT in-

In Figs. 6a) and Gb) the -V curves in the CPP geometry creases logarithmically in time, thus indicating the presence
of a Ti/Lay Ca ;MNnO4/Ti trilayer, sample A, recorded in of frustratgd ||_’1terfaC|aI SpIns. .
zero field and fo 1 T are shown on a double logarithmic These findings are similar to theV curves gbserved In
scale, respectively. The results are characteristic for all d YBa,Cs0; /L8y Ca MnO3/YBa,CU,0; trilayers that have
vices. In general the current-voltage characteristics are no jeen interpreted as a proximity effect with a highly resistive
linear with the nonlinearity increasing at low temperatures.'merface formed at the superconductor-ferromagnet interface

Thel-V curves are best described by a simple power law due }8 |nterd|ffu5|_0n of Cu and Mh.n recent w_orl_< Bari
et al=" report nonlinear current-voltage characteristics of ep-
[ oc\/D (4) itaxial YBa,CuO,/Lag Ca ;MNnO5;/YBa,CuO, trilayers
evidencing a high interface resistance. TIh¥ curves of
with a temperature and slightly field dependent expoment those heterostructures can be understood by inelastic tunnel-
We find the valuesn=1.120+0.004 (300 K), n=1.399 ing via localized states. Ba®t al® propose that oxygen
+0.006 (175 K), andn=2.747+0.023(96 K) in zero field diffusion across the interface is a likely origin of the high
andn=1.475+0.009 (175 K) andn=2.915-0.034(96 K) interface resistivity.
in a field d 1 T applied parallel to the layers. The theoretical  In Fig. 7 the total resistande=V/I of the in-plane bridge
valu€ n=7/3 for quasiparticle tunneling via pairs of local- with two titanium contacts is shown. For better comparison
ized states is intermediate to the measured values at 96 aiite data were normalized by the resistance value in the zero
175 K. current limit. At low currents the resistance shows a plateau
The data do not fit an exponential fdtm and drops off at higher currents. The current dependence is
stronger in the ferromagnetic state than in the normal state.
I=IdexpV/Vy)—1] (5 From these measurements we conclude that both the
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FIG. 7. CIP resistance of a Ti/lggCa, sMnO,/Ti bridge in zero
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IV. CONCLUSIONS

In this work the magnetoresistance of
Lay Ca sMnOs/normal-metal multilayers has been investi-
gated. We observe a colossal magnetoresistance
Ti/lLag Ca ;MNO5/Ti and Ti/Ni/Lay Ca ;MNnO,/Ti hetero-
structures that is attributed to quasiparticle scattering by
magnetic impurities in the interfaces. The application of high
magnetic fields aligns the interfacial spins and reduces the
magnetic scattering, thus yielding a colossal interfacial mag-
netoresistance. The boundary resistance might be caused by
a disordered TiQ/La, Ca, 3MnO5 interface due to titanium
and manganese interdiffusion or the formation of an oxygen
depleted layer in the LgCa, sMnO; film. Due to the large
magnitude of the interface resistance magnetoresistive ef-
fects in Ti/Ni/Lag Ca sMNnO4/Ti multilayers related to spin
polarized carrier injection from nickel into lggCa, sMnO;

in

1 - - -
field normalized by the resistance value in the low current limit as &€ concealed'* We have investigated the magnetic proper-

function of applied current. The normalization values &g
=3.74 K (96 K), 9.30 K) (154 K), 28.5 K2 (236 K), and 14.7
kQ (288 K).

Ti/lLag LCa sMNnO; as well as the TiQ/Lay La MnO; in-

terface contribute to the observed nonlinear CPP resistanc

ties of Lay Ca sMnO4y/permalloy bilayers and did not find
any exchange coupling. This result might indicate the forma-
tion of an interface containing frustrated spins. Ferromag-
netic resonance measurements on ¥Y8a0O-/permalloy bi-
layers vyield similar results indicating a spin-glass-like
'@terface layef? To observe magnetoresistive effects due to

However, whereas the CIP resistance saturates at low cu?pin polarized currents going from a classical ferromagnet

rents the CPP resistance at low temperature does not sh
any sign of saturation down to 18 A, see Fig. 6. This
finding might indicate that the boundary resistance mainl
stems from the TiQ/Lay Ca ;MnO; interface. It might be

due to interdiffusion of manganese and titanium or to oxygen

diffusion from the Lg-CaMnO; film into the titanium
layer, thus leaving a thin oxygen depleted, k@&, ;MnO4
layer at the interface.

dWO a ferromagnetic manganite the interface properties of

manganite/normal-metal heterostructures have to be greatly
jmproved. The CPP devices presented here show the unique
feature of a voltage controlled colossal magnetoresistance.
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