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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 temperatlie was investigated. The systematics of the IMR, as
a function of field and temperature for ferromagnetic manganites with vargingshows that the
high field magnetoconductivity (MC), rather than the magnetoresistance, is linear with magnetic field
and the slope monotonically decreases with increading The low field MC value in the low
temperature limit is universally close t, irrespective of7c or composition. These experimental
findings are consistent with second-order tunneling through interfacial spin sites at the grain boundary.
[S0031-9007(99)09282-0]

PACS numbers: 72.15.Gd, 75.30.Kz, 75.50.Cc

Recently, significant intergrain magnetoresistancecally decreases with increasiig. The low field magne-
(IMR) has been observed in a number of polycrystallinetoconductivity[o(H) — o]/ oo is universally close t(%
half-metallic ferromagnets at temperatures below the Curién the low temperature limit. These results are compared
temperaturd’¢c [1-5]. This phenomenon is characterized with the IMR observed in two other suspected half-metallic
by an initial, rapid drop of resistance with applied field, ferromagnets, TMn,0O; and CrQ. The experimental ob-
followed by a slow decrease at higher fields. These twaervations can be understood by assuming that the inter-
regimes cross over at the field for which near magnetigrain tunneling is not direct but proceeds in two steps
saturation is achieved. It has been shown that the IMRnvolving an intermediate state at the grain boundary in-
occurs at the grain boundaries, and the large degree of spiterface which makes it sensitive to the magnetization of
polarization characteristic of half-metallic ferromagnetsthe surface.
enhances the scale of these effects. The abrupt low field For this study, polycrystalline perovskite manganite
MR can be qualitatively interpreted within the early mod- samples were prepared through a conventional solid state
els applied to ferromagnet/insulator/ferromagnet tunneteaction in air. The chemical compositions of our samples
junctions [6,7]. Julliere considered the case for tunnelingare listed in Table I. The divalent ion (Ca or Sr) concen-
between magnetically aligned and antialigned electrod&ation was chosen for the optimufir region (0.3-0.4)
configurations. Assuming the same matrix element foand7 was monitored by the P¢ or Nd*3 doping level.
the tunneling of majority and minority spin electrons, Pyrochlore TiMn,O; was prepared by using a piston-
then the MR between these configurations arises from theylinder-type high pressure apparatus. Polycrystalline
polarization-dependent joint density of states. The degrefims of CrO, were prepared by the thermal decomposition
of spin polarization of the carriers, in turn, would follow of CrO; under high oxygen pressure. These samples are
the magnetizationM in its temperature dependence. listed in Table I. The magnetoresistance was measured
Analogous considerations apply to the materials, wheresing the standard four-probe method in the longitudinal
the hopping electron is strongly aligned with the local ori-geometry (magnetic fiel#ll parallel to curreng).
entation of the magnetization (via intra-atomic Hund's rule In the top panel of Fig. 1o0(H) at 5 K is shown
interaction), such as double exchange ferromagnets [7,8for the series of perovskite manganites with varyifg

Despite the apparent applicability of the direct tunnel-
ing model, there are a number of features that cannot beABLE I. Polycrystalline half-metallic samples with their
readlly understooq within th!s picture. Pgrhaps the MOSE rie tempera¥urg$Tc) and low field magnrt)atoconductance
important feature is the rapid decrease in the magnitud@,es (MC, defined in text) af” = 5 K.
of the IMR with increasing temperature, often far below

T¢, and more rapidly than expected from the temperaturd®: Samples Te MC*
dependence of the magnetization. Thus the utility of this1 L&y.0sPro.62Ca 3MNO; 80 K 24%
effect at room temperature remains unclear. The secona Lay3Pry4Ca3MnOs 140 K 24%
feature is the nontrivial high field IMR, which, in fact, can 3 Lag 35Prh35Ca3Mn0O; 165 K 30%
be even larger than the low field IMR. Below we present 4 Ndb7SI3MNnO; 205 K 28%
a systematic study of the low and high field IMR for fer- 2 L&y 35P10.35S13MNO; 310 K 28%
romagnetic perovskite manganites with varyifig In all L2.67Sk.33MNOs 365 K 33%
samples, the high fieldonductivityo (H) is found to be M, 0, 120K 40%

' CrG 395 K 18%

purely linear with applied field, and this slope monotoni
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2.0 T T T _TkaK where constants andb depend on temperature. The de-
. 8'_ 5K / 1;2'; tailed field dependence in the low field region is a function
I 205K| of extrinsic quantities such as the geometric demagneti-
16k gggﬁ zation factor. The important feature, however, is the low
¢ field magnetoconductance (denoted NiGvhich can be
© 141 described by MC (T') = a(T) — 1. One of the interest-

ing observations is that MQ5 K) for all of the measured
ferromagnetic manganites ranges between 24% and 33%,
as shown in Table I. This low temperature value for MC
seems to be universal, irrespective of composition &nd

By contrast, MC of pyrochlore T{Mn,O; is 40%, and that

of CrO, is 18%.

The behavior otr(H) described above may be attributed
to the role of grain boundaries and the difference between
the magnetization in the bulk and at the grain boundary
surface. For the simplest model exhibiting such an effect,
let us assume that the intergrain conductivity is dominated

by a second-order tunneling process whereethelectron
first tunnels from the bulk of grain 1 to the state on the grain
—_ 2°5K*\\4 boundary interface then into the bulk of grain 2. In the
— 165K ~__ \/\A\M double exchange magnets the spin of the hopping electron
o 005 is aligned with the locat,, moment so that the transfer
% g;gﬁ integral between ions with normalizeg, spinss ands’ is
2 e T proportional to\/1 + § - §’. Therefore, the conductivity
via second-order tunneling across a grain boundary site is
N T S e given by
reld(n T (14618 (1+ 85 - 8,
FIG. 1. The magnetic field dependence of the normalized g0 2
conductivity at 5 K for perovskite manganite samples with o (148 -6 +8)+ B -8B - $)),

varying Tc (top panel), and the corresponding normalized

high field slopes of conductivity (middle panel), and resistivity wheres,, §;, ands, represent the spin orientations in the

(bottom panel) versus magnetic field. The middle panel als‘brain boundary and neighboring grains. The expression

shows the data of Mn,0; and CrQ. reduces to the zero field conductividy, in the absence of
an external field provided that the spin direction8pfS,

normalized by the zero field valus,. Focusing firstonthe @ndS; are uncorrelated in zero field, so that the average
high field behavioH > 0.5 T), two features are appar- of all the spin product terms vanl_sh. then the bulk
ent. For all samplesr(H) is quite linear with the applied Magnetization is saturated at a low fiedg.ands, become
field, and the slope of the field dependence increases monBarallel, (§;) = (82) = M, with M being the normalized
tonically with decreasing’c. To emphasize this point, Magnetization. The conductivity becomes
the second and third panels of Fig. 1 compare the deriva- o
tive of the conductivity with field(do/dH)/o and the — o 1+ 2M - (§p) + (M - §,)%). )
derivative of the resistivity with fielddp /dH)/p, in the 70
high field regime. Botho(H) and p(H) can, of course, If the spins at the grain boundaries are disordered the
be described by a polynomial function Hf, but as Fig. 1  second term vanishes, while the third term yieMs/3
demonstratesr(H) is linear to a good approximation over (since it can be written a®>(cos9), whered is the angle
the whole range off. This feature appears to be a generalbetweerS, andM). Because of the normalizatidd? <
characteristic of polycrystalline ferromagnetic manganitesl, and the upper limit for conductivity rise just after satu-
By contrast, in the case of ;Mn,0; and CrQ, the high ration is 33.3%. This prediction is consistent with the
field magnetoresistance is small and sublinear in field (seexperimental range of 24% to 33% in the initial conduc-
the middle panel of Fig. 1). tivity rise at low temperatures. Any other resistivity ne-
Having established the phenomenological behavior ofjlected in our model, including bulk resistivity, would
o(H) in the high field regime, the data can be quantita-decrease the initial relative conductivity rise. The decrease

tively analyzed by fitting the results to of magnetization from full saturation is the source of tem-
perature dependence. In the presence of a field, the ther-
o/oy = a(T) + b(T)H (1) mal average of the boundary spin is proportionakid.
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Therefore, at high fields the conductivity is expressed by occupation and relative orientation of the orbitals, the
1 neighboring Mn ions may have either ferro- or antifer-
~ —M?> + 2y, HM , (4) romagnetic coupling. Figure 2(b) shows that there is a
3 systematic trend of the temperature dependence Tith
where y;, is the spin susceptibility of the boundary states,In perovskite manganites witli- = 205 K (solid data
predicting the linear increase of conductivity withand  points), the slope increases with temperature, while in
in accord with the empirical form Eq. (1). those withT- = 310 K (open data points), decreases. Cu-
Let us now discuss the observed temperature depemiously, the structure of the materials witfy = 310 K
dence of MC and the high field MC slope. The high field happens to be rhombohedral while the other is orthorhom-
MC slope, defined as(T) in Eq. (1), changes with tem- bic [9]. In the perovskite manganites of orthorhombic
perature and its temperature dependence depends on tteucture, the strong colossal magnetoresistance effect,
Tc¢ of the samples. In Fig. 2(b), the high field MC slope dominant neaf¢, seems to be reflected in the increase of
is plotted as a function of temperature for various manganthe high field MC slope a%c is approached from below.
ites. If the slope is taken to be the measure of the boundarhe correlation of this effect with increasing orthorhom-
spin susceptibilityy, according to Eq. (4), one interprets bicity may suggest that the high field magnetoresistance
the lack of1/T Curie divergence of the slope as evidenceis influenced by strains at the grain boundaries, especially
of surface spin interactions. The constant zero temperatureear?c.
limit of the susceptibility could be explained either by an- In Fig. 2(a), the high field MC slope of ferromagnetic
tiferromagnetic ordering of the boundary spins or by theirmanganites obtained & = 5 K is plotted for varying
freezing into a disordered state due to random exchangg: along with those of TIMn,O; and CrQ. Since the
interactions or random anisotropies at the surface. It i®1C slopes of TiMn,0; and CrQ are not so well defined
entirely plausible that the Mn sites at the surface are quitas explained above, the corresponding data points are
different from the bulk, considering the reduced coordinasomewhat qualitative. For ferromagnetic manganites the
tion of the surface sites, different distortions at the surfacelope fits the functional formt /(T + AT) (solid line)
(so important for the bulk physical properties), etc. Fur-with A = 44 = 17 and AT = 166 £ 65. The decrease
thermore, it is well known that depending on the orbitalof the MC slope with increasing transition temperature is
consistent with the notion that it corresponds to a spin

ag — 0y
0o

susceptibility which decreases as the characteristic energy
0.16] (@) 1 scale of the exchange (afi@) is increased.
The low field MC' also exhibits a strong temperature de-
0124 Perovskite : pendence which changes witly as shown in Fig. 3. The
s 1 data have been normalized as MTC)/MC*(T — 0) and
< 0.08+ . temperature ag’/Tc. The graph shows that the higher
o T¢ is, the more rapidly MCdiminishes with reduced tem-
0.04 E perature. Perovskite manganites share this tendency with
JTMn,0, Cro~4 TI,Mn,O0; and CrG. Although theT. dependence of
0.00 o , . MC* may in part arise from that of the zero field resistivity
0 10 TZ"(‘:() %00 400 of each sample [10], it is not the only factor responsible for
3
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FIG. 2. (a) The high field MC slopes of perovskite manganites 00 02 04 06 08 10
(solid circles), TsMn,O;, and CrQ (open circles) versugc T/Te

at 5 K. The solid line represents the fit of manganite data

to A/(T¢ + AT). (b) The high field MC slope of perovskite FIG. 3. The normalized MCvs normalized temperature. The
manganites versus temperature for varyifitxg The solid lines solid lines represent perovskite manganites, and the dashed
are a guide to the eye. lines represent TMn,0O; and CrQ.
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the systematic trend of more rapidly decreasing“N@h In summary, we have investigated the systematics
increasingl’'c. The tunneling models of interfacial magne- of the low field and high field IMR in polycrystalline
toresistance, especially Eq. (4), predict M€ M2. The half-metallic ferromagnets with varyin@c: perovskite
MC* data of lowT - materials roughly follow this relation- manganites, TMn,0O;, and CrQ. Analysis of the
ship with bulk magnetization. However for the hi@lz  magnetoconductance indicates the dominant role of
materials MC decays much faster tha> as7 /T — 1.  second-order tunneling through the interfacial spins at the
This could be explained if the relevant magnetization congrain boundary. Thus the interface magnetism and spin
trolling the tunneling were that of the surface and not thefluctuations are reflected in the magnetotransport prop-
bulk (possibly because the carrier coherence length magrties, and controlling the interfacial magnetism would
be quite short compared to magnetic correlation length)enhance the IMR effects, especially at room temperature.
The surface magnetization may be quite different fromthe W.D.R. and S.W.C. are partially supported by the
bulk; even in the simplest case when magnetic interacNSF under Grant No. NSF-DMR-9802513.
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