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Very large magnetoresistance and coherent switching in half-metallic manganite tunnel junctions
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We have fabricated spin polarized tunneling devices based upon half-metallic manganites (La0.7Ca0.3MnO3)
incorporating NdGaO3 as a barrier material. These devices show high tunnel magnetoresistance~TMR! values
above 77 K and coherent switching with a qualitatively different dependence of resistance on magnetic field to
previous devices. The electron polarization deduced from measurements at 77 K is higher than the directly
measured value at 4.2 K: we suggest an active tunneling mechanism based on percolative phase separation to
account for the general TMR temperature dependence in these materials and the high spin polarization in
particular.
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Spin polarized tunneling~SPT! between ferromagnets
which exploits the energy splitting in the density of states
up- and down-spin electrons, has received considerable
cent attention both because of the important underly
physics and the potential applications in magne
electronics.1 The tunnel magnetoresistance~TMR! can be
given by

TMR5DR/RAP5~RAP2RP!/RAP ,

whereRAP and RP represent the junction resistances wh
the two ferromagnets have antiparallel and parallel magn
zations, respectively. This TMR definition, by which we d
fine all the TMR results, sets an ultimate upper limit
100%. The other standard definition of TMR in the literatu
~usually applied to tunnel junctions with metallic electrode!
is DR/RP5(RAP2RP)/RP ; in this case the value can ten
to infinity. In ‘‘half-metallic’’ materials such as the mixed
valance manganites (La12xAexMnO3, where Ae is an alka-
line earth! the relatively narrow spin up and down condu
tion bands are completely separated leading to 100% po
ization at low temperatures2,3 and thus these materials hav
been recognized for several years as being good candid
for the study of spin polarized tunneling.4–7 However, TMR
devices incorporating such materials have yielded reprod
ible tunnel magnetoresistance~TMR! values only at the low-
est temperatures, and even these values are well below t
predicted on the basis of the independently measured p
ization (.75%).8 The magnetic properties of these materi
are highly sensitive to local crystal properties and the ext
sic strain fields induced by the lattice mismatch with t
substrates or tunnel barriers can be sufficient to severely
grade the ferromagnetic order in the surface layers which
critical for tunneling.9 Here we describe devices incorpora
ing a barrier material which have yielded coherent swit
ings and very high TMR values above 77 K. The resu
provide direct evidence for high spin polarization of ha
metallic materials at high temperatures and demonstrated
feasibility of maximizing TMR.

In this study we selected NdGaO3 for the substrate
and tunnel barrier because of its low lattice misma
(,0.08%) with La0.7Ca0.3MnO3(LCMO) electrodes.
LCMO/NdGaO3LCMO trilayers were grownin situ by
PRB 610163-1829/2000/61~22!/14905~4!/$15.00
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pulsed laser deposition9 ~KrF laser, 248 nm! using stoichio-
metric targets at 600–800 °C in a flowing oxygen atm
sphere of 15 Pa with layer thickness of 80 nm~bottom!/
2.5–3 nm/60 nm~top!. Heteroepitaxial trilayer growth on
NdGaO3 substrates exhibits a typical layer-by-layer grow
mode indicating the high quality of the heteroepitaxial stru
ture. As shown in Fig. 1, the surface of the trilayer consi
of atomically flat terraces with one unit-cell heigh
~;0.4 nm! which is essentially the same as the original su
strate with miscut angle of,0.6°. Devices were patterne
from LCMO / NdGaO3 /LCMO trilayers using optical li-
thography and Ar ion milling to produce mesas with a ran
of areas between 36 and 600mm2; the structure of the com
plete device is shown schematically in Fig. 2~a!. Four termi-
nal measurements of the tunneling resistance were perfor
as a function of magnetic field~applied in the substrate
plane! and temperature.10 The resistance of the common ba
electrode could be independently measured; generally
showed a Curie temperature (TC) of 265 K which is similar

FIG. 1. The surface AFM image of the LCMO/NdGaO3 /LCMO
trilayer (333 mm2). The cross-sectional line profile shows th
each step height corresponds to one unit-cell thickness of pseud
bic perovskites in a given heterostructure.
R14 905 ©2000 The American Physical Society
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to that of unpatterned epitaxial single films. The base e
trode sheet resistance at low temperatures was several o
of magnitude lower than the junction resistance which
sures a uniform current distribution across the barrier
thus any possible geometrical MR enhancement can
eliminated.11

All the devices measured showed very large magnet
sistance at low temperatures, with extremely sharp switch
between the high and low resistance states which we ass
to correspond to antiparallel and parallel alignment of
moments of the two LCMO electrodes. Figure 2~b! shows
the resistance at 77 K versus magnetic field of a numbe
junctions from the same chip. Two striking characterist
are evident: first the measured TMR$defined as (RAP
2RP)/RAP% is up to 86%;$i.e., a factor of 7.3 between th
parallel (RP) and antiparallel (RAP) resistance states%; sec-
ondly, the switching between these states is extremely s
$R21(dR/dH).400%/Oe%. The distinct binary resistanc
states and switching points in theR(H) curves, which were
stable and reproducible for both magnetic history and th
mal cycles, are qualitatively different from any previo
magnetic tunnel junction. The reproducible TMR values
higher, and have been achieved at a much higher temp
ture, than in any previous device. As shown in Fig. 2~b! all

FIG. 2. ~a! Schematic diagrams of the cross-section~left! of a
typical device and~right! plan view of several devices on a com
mon base electrode.~b! Junction resistance versus applied magne
field. The tunnel magnetoresistance, defined as (RAP2RP)/RAP , at
77 K for four La0.7Ca0.3MnO3 /NdGaO3 /La0.7Ca0.3MnO3 junctions,
showing a maximum change of a factor of 7.3 between para
(RP) and antiparallel resistances (RAP) and the coherently shar
switching at two well-defined fields. Junction areas~1! 6
36 mm2, ~2! 838 mm2, ~3! 8316 mm2, ~4! 20330 mm2.
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the devices on the same chip show similar TMR magnitu
and identical values of the lower coercive fieldHcl ; this
value agrees well with the coercive field of a plain LCM
film measured using a superconducting quantum interfere
device~SQUID! magnetometer. This suggests thatHcl is as-
sociated with the switching of the common base electro
whereas devices whose top electrodes are of different s
and aspect ratios show different values of the higher coer
field. The coherent switching in theR-H curve was qualita-
tively unaltered by varying the field direction in the plane
the substrate, although the variation of the coercive fie
indicates in-plane anisotropy.

It is notoriously difficult to prove tunneling
unambiguously.5 However, the dynamic conductance vers
voltage for RP and RAP states at different temperature
shown in Fig. 3, can be accurately fitted by Simmon
model.12 Irrespective of area, the antiparallel barrier res
tance area product at 77 K was between 231026 and 4
31025 Vm2.

The temperature dependence of the resistance and TM
presented in Fig. 4. By 100 K, the TMR is suppressed
about 40% and a measurable TMR disappears above 15
although the coherent field switching of the resistance s
persists whilst there is a measurable MR. A decrease of T
with increasing temperature is universal in all magnetic tu
neling junction systems, but appears particularly drastic
manganite half metallic systems.5 From 120 to 300 K the
temperature dependence of the junction resistance indic
the development of an activated nontunneling conducta
which we attribute to the presence of defective states in
NdGaO3 barrier. However the significant change of the TM
occurs below 120 K where shunting alone cannot explain
temperature dependent junction resistance.

A convincing model for spin tunneling was first formu
lated by Jullière.13 This model is based only on the effectiv

c

l

FIG. 3. The dynamic conductancedI/dV of junction ~1! from
Fig. 1~b! versus bias voltage for parallel~1000 Oe! and antiparallel
~350 Oe! spin states at different temperatures. All curves can
accurately fitted by a function of the formdI/dV5A1BV2, where
A andB are constants which depend on the temperature and m
netization alignment.
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spin polarization at the Fermi energy (EF) so that for iden-
tical electrodes the zero bias conductance is given by

RP
215M „D↑

2~EF!1D↓
2~EF!…,

RAP
2152MD↑~EF!D↓~EF!, ~1!

whereRP andRAP are the resistances in parallel and antip
allel orientations,D↑(E) and D↓(E) are the spin-up and
spin-down density of states andM is the tunneling probabil-
ity. Thus the TMR is given by

DR/RAP5~RAP2RP!/RAP52P2/11P2, ~2!

where P is the spin polarization given byP5„D↑(EF)
2D↓(EF)…/„D↑(EF)1D↓(EF)….

Using Eq.~2!, we plot the apparent polarization as a fun
tion of temperature in Fig. 5. The maximum polarization
the LCMO electrodes from the data in Fig. 2 was 0.86. A
though the band structure of La12xCaxMnO3 has been calcu
lated and predicted to be essentially half-metallic at l
temperatures2,3,14 our value is very much higher than ha
been reported for manganite tunnel junctions at this temp
ture ~a maximum of 20–30 %!.4–7 In Fig. 5 we also show the
polarization measured by Parket al. by spin polarized
photoemission.15,16 Their data is normalized to the low tem
perature value, and so the curve represents an upper bou
the actual polarization. From the figure it is evident that
two curves cross, and that in the lowest temperature rang
which we could measure, our value is unexpectedly ab
even this upper bound. Indeed, our inferred spin polariza
at 77 K is more than the value of 78–80 % in La0.7Sr0.3MnO3
measured directly by Andreev reflection at 4.2 K by Sou
et al.8 and Osofskyet al.17

This high value must partly be a consequence of the
proved structural perfection of our devices; however, the
explanation must be more complicated. Transport meas
ments of manganite thin films suggest a reducedTC associ-
ated with lattice mismatch and the existence of an elec
cally dead surface layer.18 However, our magnetic
measurements of LCMO thin films and multilayers

FIG. 4. The temperature dependence of the junction resista
in parallel ~1000 Oe! and antiparallel~350 Oe! spin configurations
~continuous lines! and the corresponding temperature depend
tunnel magnetoresistance for two different junctions~symbols!. The
inset schematically illustrates the growth, with decreasing temp
ture, of interconnected ferromagnetic regions~unshaded! next to the
tunnel barrier~black!.
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SrTiO3 ~Ref. 9! demonstrate that within such dead laye
there are regions which are highly ordered, but that th
regions must be electrically discontinuous. This spatial in
mogeneity is reminiscent of the phase separation19 for which
there is direct evidence in a number of mangan
systems.20,21 In a tunnel junction, since significant tunnelin
can only occur between metallic magnetically ordered
gions, the extent and distribution of the ferromagnetic
gions will critically affect the total tunnel current. Static con
ductivity contrast images of strained LCMO films by Fa¨th
et al.21 have shown that metallic regions grow both with d
creasing temperature and increasing field, nevertheless s
insulating regions still persist at low temperatures.

Here we therefore suggest an active tunneling mechan
based on percolative phase separation playing a domi
role accounting for the general TMR temperature dep
dence in these materials and the high spin polarization
particular. Significant tunneling~and hence MR! will only
occur with the growth of the ordered ferromagnetic surfa
phase; this is illustrated schematically in the inset to Fig
Since the parallel tunnel configuration has a low resista
area product, the percolative growth of FM regions provid
an immediate explanation of the rapid fall inRP with de-
creasing temperature beyond a certain threshold tempera
of around 100 K. Since the degree of strain, and hence
face TC suppression, is much smaller in our devices w
NdGaO3 barriers, one would expect generally higher M
values than with SrTiO3.

The inhomogeneous magnetic state in both electrodes
tunnel junction raises the question of their mutual alignme
If the relative alignment of the FM regions across the barr
were sensitive to the macroscopic magnetic alignment of
electrodes, then the effective area of the junction would
different in the parallel and antiparallel states; a larger eff
tive tunnel area when the moments were aligned would
hance the MR and hence the inferred polarization could
substantially increased—as we observe in our experime
This is clearly particularly critical at high temperatures wh

ce

t

a-

FIG. 5. The temperature-dependent polarization derived fr
the observed TMR using Eq.~2! is compared to the spin anisotrop
of a La0.7Sr0.3MnO3 thin film measured by spin-polarized photo
emission~reproduced from Ref. 16!. The inset shows a schemat
diagram of the tunnel device with phase separated paramag
regions adjacent to the barrier shaded gray. The ferromagneti
gions ~unshaded! merge further into the electrodes as the effect
local TC rises.
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the FM area is relatively small, and provides a further rea
for the rapid delay in MR with increasing temperature. Ho
ever, to clarify this in more detail, further experiments
phase separation including the dynamics of the inhomo
neous metal-insulator and magnetic transition will
needed.

This report shows that TMR in half-metallic systems c
be qualitatively different in materials systems with optimiz
interfaces. We have proposed that phase separation at i
faces can provide an explanation for the rapid decay in
in manganite tunnel junction and a reason why using a be
n
-

e-

er-
R
er

lattice matched insulator dramatically improves the prop
ties. These results raise the possibility of very high TMR
well-engineered half-metallic systems through the con
over the scale and alignment of phase separated mag
regions within devices.
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