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Intergrain Magnetoresistance via Second-Order Tunneling in Perovskite Manganites
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The intergrain magnetoresistance (IMR) observed in polycrystalline half-metallic ferromagnets at
temperatures below the Curie temperatureTC was investigated. The systematics of the IMR, as
a function of field and temperature for ferromagnetic manganites with varyingTC , shows that the
high field magnetoconductivity (MC), rather than the magnetoresistance, is linear with magnetic field
and the slope monotonically decreases with increasingTC . The low field MC value in the low
temperature limit is universally close to13 , irrespective ofTC or composition. These experimental
findings are consistent with second-order tunneling through interfacial spin sites at the grain boundary.
[S0031-9007(99)09282-0]
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Recently, significant intergrain magnetoresistan
(IMR) has been observed in a number of polycrystalli
half-metallic ferromagnets at temperatures below the Cu
temperatureTC [1–5]. This phenomenon is characterize
by an initial, rapid drop of resistance with applied fiel
followed by a slow decrease at higher fields. These t
regimes cross over at the field for which near magne
saturation is achieved. It has been shown that the IM
occurs at the grain boundaries, and the large degree of s
polarization characteristic of half-metallic ferromagne
enhances the scale of these effects. The abrupt low fi
MR can be qualitatively interpreted within the early mo
els applied to ferromagnet/insulator/ferromagnet tun
junctions [6,7]. Julliere considered the case for tunnel
between magnetically aligned and antialigned electro
configurations. Assuming the same matrix element
the tunneling of majority and minority spin electron
then the MR between these configurations arises from
polarization-dependent joint density of states. The deg
of spin polarization of the carriers, in turn, would follow
the magnetizationM in its temperature dependenc
Analogous considerations apply to the materials, wh
the hopping electron is strongly aligned with the local o
entation of the magnetization (via intra-atomic Hund’s ru
interaction), such as double exchange ferromagnets [7

Despite the apparent applicability of the direct tunn
ing model, there are a number of features that canno
readily understood within this picture. Perhaps the m
important feature is the rapid decrease in the magnit
of the IMR with increasing temperature, often far belo
TC , and more rapidly than expected from the temperat
dependence of the magnetization. Thus the utility of t
effect at room temperature remains unclear. The sec
feature is the nontrivial high field IMR, which, in fact, ca
be even larger than the low field IMR. Below we prese
a systematic study of the low and high field IMR for fe
romagnetic perovskite manganites with varyingTC. In all
samples, the high fieldconductivityssHd is found to be
purely linear with applied field, and this slope monoton
8 0031-9007y99y82(22)y4508(4)$15.00
ce
ne
rie
d

d,
wo
tic
R

pin-
ts
eld

d-
nel
ing
de

for
s,
the
ree

e.
ere
ri-
le
,8].
el-
t be
ost
ude
w
ure
his
ond
n
nt
r-

i-

cally decreases with increasingTC . The low field magne-
toconductivityfssHd 2 s0gys0 is universally close to1

3
in the low temperature limit. These results are compare
with the IMR observed in two other suspected half-metalli
ferromagnets, Tl2Mn2O7 and CrO2. The experimental ob-
servations can be understood by assuming that the int
grain tunneling is not direct but proceeds in two step
involving an intermediate state at the grain boundary in
terface which makes it sensitive to the magnetization o
the surface.

For this study, polycrystalline perovskite manganite
samples were prepared through a conventional solid sta
reaction in air. The chemical compositions of our sample
are listed in Table I. The divalent ion (Ca or Sr) concen
tration was chosen for the optimumTC region (0.3–0.4)
andTC was monitored by the Pr13 or Nd13 doping level.
Pyrochlore Tl2Mn2O7 was prepared by using a piston-
cylinder-type high pressure apparatus. Polycrystallin
films of CrO2 were prepared by the thermal decompositio
of CrO3 under high oxygen pressure. These samples a
listed in Table I. The magnetoresistance was measur
using the standard four-probe method in the longitudin
geometry (magnetic fieldH parallel to currentJ).

In the top panel of Fig. 1,ssHd at 5 K is shown
for the series of perovskite manganites with varyingTC ,

TABLE I. Polycrystalline half-metallic samples with their
Curie temperaturessTCd and low field magnetoconductance
values (MCp, defined in text) atT  5 K.

No. Samples TC MCp

1 La0.08Pr0.62Ca0.3MnO3 80 K 24%
2 La0.3Pr0.4Ca0.3MnO3 140 K 24%
3 La0.35Pr0.35Ca0.3MnO3 165 K 30%
4 Nd0.7Sr0.3MnO3 205 K 28%
5 La0.35Pr0.35Sr0.3MnO3 310 K 28%
6 La0.67Sr0.33MnO3 365 K 33%
7 Tl2Mn2O7 120 K 40%
8 CrO2 395 K 18%
© 1999 The American Physical Society
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FIG. 1. The magnetic field dependence of the normaliz
conductivity at 5 K for perovskite manganite samples wit
varying TC (top panel), and the corresponding normalize
high field slopes of conductivity (middle panel), and resistivit
(bottom panel) versus magnetic field. The middle panel al
shows the data of Tl2Mn2O7 and CrO2.

normalized by the zero field values0. Focusing first on the
high field behaviorsH . 0.5 Td, two features are appar-
ent. For all samples,ssHd is quite linear with the applied
field, and the slope of the field dependence increases mo
tonically with decreasingTC . To emphasize this point,
the second and third panels of Fig. 1 compare the deri
tive of the conductivity with fieldsdsydHdys0 and the
derivative of the resistivity with fieldsdrydHdyr0 in the
high field regime. BothssHd and rsHd can, of course,
be described by a polynomial function ofH, but as Fig. 1
demonstrates,ssHd is linear to a good approximation ove
the whole range ofH. This feature appears to be a gener
characteristic of polycrystalline ferromagnetic manganite
By contrast, in the case of Tl2Mn2O7 and CrO2, the high
field magnetoresistance is small and sublinear in field (s
the middle panel of Fig. 1).

Having established the phenomenological behavior
ssHd in the high field regime, the data can be quantit
tively analyzed by fitting the results to

sys0  asT d 1 bsT dH , (1)
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where constantsa andb depend on temperature. The de
tailed field dependence in the low field region is a functio
of extrinsic quantities such as the geometric demagn
zation factor. The important feature, however, is the lo
field magnetoconductance (denoted MCp), which can be
described by MCp sT d  asT d 2 1. One of the interest-
ing observations is that MCp (5 K) for all of the measured
ferromagnetic manganites ranges between 24% and 3
as shown in Table I. This low temperature value for MCp

seems to be universal, irrespective of composition andTC .
By contrast, MCp of pyrochlore Tl2Mn2O7 is 40%, and that
of CrO2 is 18%.

The behavior ofssHd described above may be attribute
to the role of grain boundaries and the difference betwe
the magnetization in the bulk and at the grain bounda
surface. For the simplest model exhibiting such an effe
let us assume that the intergrain conductivity is dominat
by a second-order tunneling process where theeg electron
first tunnels from the bulk of grain 1 to the state on the gra
boundary interface then into the bulk of grain 2. In th
double exchange magnets the spin of the hopping elect
is aligned with the localt2g moment so that the transfe
integral between ions with normalizedt2g spinsŝ andŝ0 is
proportional to

p
1 1 ŝ ? ŝ0. Therefore, the conductivity

via second-order tunneling across a grain boundary sit
given by

s

s0
~ ks1 1 ŝ1 ? ŝbd s1 1 ŝb ? ŝ2dl ,

~ k1 1 ŝb ? sŝ1 1 ŝ2d 1 sŝb ? ŝ1d sŝb ? ŝ2dl ,
(2)

whereŝb, ŝ1, andŝ2 represent the spin orientations in th
grain boundary and neighboring grains. The express
reduces to the zero field conductivitys0 in the absence of
an external field provided that the spin directions ofSb, S1,
and S2 are uncorrelated in zero field, so that the avera
of all the spin product terms vanish. When the bu
magnetization is saturated at a low field,ŝ1 andŝ2 become
parallel, kŝ1l  kŝ2l  M, with M being the normalized
magnetization. The conductivity becomes

s

s0
~ 1 1 2M ? kŝbl 1 ksM ? ŝbd2l . (3)

If the spins at the grain boundaries are disordered
second term vanishes, while the third term yieldsM2y3
(since it can be written asM2kcos2ul, whereu is the angle
betweenSb andM). Because of the normalizationM2 ,

1, and the upper limit for conductivity rise just after satu
ration is 33.3%. This prediction is consistent with th
experimental range of 24% to 33% in the initial condu
tivity rise at low temperatures. Any other resistivity ne
glected in our model, including bulk resistivity, would
decrease the initial relative conductivity rise. The decrea
of magnetization from full saturation is the source of tem
perature dependence. In the presence of a field, the t
mal average of the boundary spin is proportional toxbH.
4509



VOLUME 82, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 31 MAY 1999

e
r-

a

in
-

m-
ic
ect,
of

-
ce
lly

c

are
he

is
in
rgy

-

r

ith

y
or

hed
Therefore, at high fields the conductivity is expressed b

s 2 s0

s0
ø

1
3

M2 1 2xbHM , (4)

wherexb is the spin susceptibility of the boundary state
predicting the linear increase of conductivity withH and
in accord with the empirical form Eq. (1).

Let us now discuss the observed temperature dep
dence of MCp and the high field MC slope. The high field
MC slope, defined asbsT d in Eq. (1), changes with tem-
perature and its temperature dependence depends on
TC of the samples. In Fig. 2(b), the high field MC slop
is plotted as a function of temperature for various manga
ites. If the slope is taken to be the measure of the bound
spin susceptibilityxb according to Eq. (4), one interprets
the lack of1yT Curie divergence of the slope as evidenc
of surface spin interactions. The constant zero temperat
limit of the susceptibility could be explained either by an
tiferromagnetic ordering of the boundary spins or by the
freezing into a disordered state due to random exchan
interactions or random anisotropies at the surface. It
entirely plausible that the Mn sites at the surface are qu
different from the bulk, considering the reduced coordin
tion of the surface sites, different distortions at the surfa
(so important for the bulk physical properties), etc. Fu
thermore, it is well known that depending on the orbit

FIG. 2. (a) The high field MC slopes of perovskite manganite
(solid circles), Tl2Mn2O7, and CrO2 (open circles) versusTC
at 5 K. The solid line represents the fit of manganite da
to AysTC 1 DT d. (b) The high field MC slope of perovskite
manganites versus temperature for varyingTC . The solid lines
are a guide to the eye.
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occupation and relative orientation of the orbitals, th
neighboring Mn ions may have either ferro- or antife
romagnetic coupling. Figure 2(b) shows that there is
systematic trend of the temperature dependence withTC .
In perovskite manganites withTC # 205 K (solid data
points), the slope increases with temperature, while
those withTC $ 310 K (open data points), decreases. Cu
riously, the structure of the materials withTC $ 310 K
happens to be rhombohedral while the other is orthorho
bic [9]. In the perovskite manganites of orthorhomb
structure, the strong colossal magnetoresistance eff
dominant nearTC , seems to be reflected in the increase
the high field MC slope asTC is approached from below.
The correlation of this effect with increasing orthorhom
bicity may suggest that the high field magnetoresistan
is influenced by strains at the grain boundaries, especia
nearTC.

In Fig. 2(a), the high field MC slope of ferromagneti
manganites obtained atT  5 K is plotted for varying
TC along with those of Tl2Mn2O7 and CrO2. Since the
MC slopes of Tl2Mn2O7 and CrO2 are not so well defined
as explained above, the corresponding data points
somewhat qualitative. For ferromagnetic manganites t
slope fits the functional formAysTC 1 DT d (solid line)
with A  44 6 17 and DT  166 6 65. The decrease
of the MC slope with increasing transition temperature
consistent with the notion that it corresponds to a sp
susceptibility which decreases as the characteristic ene
scale of the exchange (andTC) is increased.

The low field MCp also exhibits a strong temperature de
pendence which changes withTC as shown in Fig. 3. The
data have been normalized as MCpsT dyMCpsT ! 0d and
temperature asTyTC. The graph shows that the highe
TC is, the more rapidly MCp diminishes with reduced tem-
perature. Perovskite manganites share this tendency w
Tl2Mn2O7 and CrO2. Although theTC dependence of
MCp may in part arise from that of the zero field resistivit
of each sample [10], it is not the only factor responsible f

FIG. 3. The normalized MCp vs normalized temperature. The
solid lines represent perovskite manganites, and the das
lines represent Tl2Mn2O7 and CrO2.
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the systematic trend of more rapidly decreasing MCp with
increasingTC . The tunneling models of interfacial magne
toresistance, especially Eq. (4), predict MCp ~ M2. The
MCp data of lowTC materials roughly follow this relation-
ship with bulk magnetization. However for the highTC

materials MCp decays much faster thanM2 asTyTC ! 1.
This could be explained if the relevant magnetization co
trolling the tunneling were that of the surface and not th
bulk (possibly because the carrier coherence length m
be quite short compared to magnetic correlation length
The surface magnetization may be quite different from th
bulk; even in the simplest case when magnetic intera
tions on the surface are the same as in the bulk, mean fi
theory predicts the surface magnetization to approachTC

asMS , TC 2 T [11]. The approximately linear depen-
dence of the surface magnetization onTC 2 T has been
seen in a recent photoemission study on La0.7Sr0.3MnO3
films with a TC  350 K [12]. When squared, this mag-
netic moment will induce the temperature dependence
MCp similar to those of highTC materials in Fig. 3. Yet,
as we have already noted, the nature of magnetic intera
tions at the surface is not known, but may well be differen
from the bulk. Spin-polarized photoemission studies o
low-TC materials would help elucidate theTC dependence
of MSsT d.

The discrepancy between the MCp and high field slope
of Tl2Mn2O7 and those of perovskite manganites can b
understood on the basis of our model provided the assum
tion that the magnetic phase of the insulating grain boun
aries of polycrystalline Tl2Mn2O7 is ferromagnetic. This
is supported by the observation that In2Mn2O7, isostruc-
tural with Tl2Mn2O7, is a ferromagnetic insulator with a
similar TC [13]. The ferromagnetism in these material
appears to originate from superexchange due to a sm
Mn-O-Mn bond angle (,135±). Therefore, it is expected
that the surface spin fluctuations are suppressed (relative
the perovskite case) and the magnetization is almost sa
rated at low field in grain boundaries. This results in a
initial conductivity rise greater than13 and very low slope
at high field as shown in Table I and Fig. 2(a).
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In summary, we have investigated the systematic
of the low field and high field IMR in polycrystalline
half-metallic ferromagnets with varyingTC : perovskite
manganites, Tl2Mn2O7, and CrO2. Analysis of the
magnetoconductance indicates the dominant role
second-order tunneling through the interfacial spins at th
grain boundary. Thus the interface magnetism and sp
fluctuations are reflected in the magnetotransport pro
erties, and controlling the interfacial magnetism would
enhance the IMR effects, especially at room temperature
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