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Spin-independent and spin-dependent conductance anisotropy in layered colossal-magnetoresist
manganite single crystals

Qing’An Li, K. E. Gray, and J. F. Mitchell
Materials Sciences Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 29 June 1998; revised manuscript received 26 October 1998!

Results are reported for the conductance anisotropies in single crystals of the layered colossal magnetore-
sistive manganites. Well below the magnetic ordering temperatures, the zero-field anisotropy increases from
;230 for La1.24Sr1.76Mn2O7 to .10 000 for La1.4Sr1.6Mn2O7, consistent with ac-axis antiferromagnetic ground
state in the latter, while thespin-independentconductivity anisotropy only increases from;230 to ;300.
Significant c-axis ferromagnetic fluctuations are seen in La1.4Sr1.6Mn2O7, but no evidence is found for the
recently reported two-dimensional magnetic ordering transition at higher temperatures. Direct evidence sug-
gests that spin-orbit coupling is weaker than any other possible sources of orbital ordering.
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INTRODUCTION

The collosal magnetoresistance~CMR! effect1 is dra-
matic, both from the point of view of scientific interest an
potential applications. Although a number of models2–4 have
been proposed to explain this phenomenon; there is no o
ous consensus as to which, if any, of the models is corr
The recent discovery5 of CMR in the layered manganite
offers new opportunities to impact both our understanding
the phenomena and its potential applications. The large
sistive anisotropy, resulting from the layered structure,
more decisively test models and the CMR effect is sign
cantly larger.5 However, the large anisotropy presents an
teresting challenge to measure it properly, an issue share
another class of highly anisotropic oxides, the hig
temperature cuprate superconductors. In the latter case
use of a six-terminal measurement,6 rather than the custom
ary four-terminal one, has proven to be quite insightf
Here, two variants of this are used to measure the in-pl
~ab! and c-axis resistivities,rab and rc , or conductivities,
sab and sc , simultaneously, and independently since t
technique minimizes interference between them.

The temperature-dependent anisotropic conductan
were determined in single crystals of La1.24Sr1.76Mn2O7 and
La1.4Sr1.6Mn2O7 ~hereafter referred to by their hole doping
38% and 30%, respectively!, which exhibit different mag-
netic order at low temperatures. Several results are repo
~1! the most significant difference is an increase of the lo
temperature, zero-field anisotropy from;230 for 38% to
.10 000 for 30%, which is consistent with an antiferroma
netic ~AF! c-axis ground state7 in the latter;~2! the effects of
spin and charge degrees of freedom on conductivity are
lated by aligning all spins to obtain thespin-independen
conductivity, and its anisotropy, which only increases mo
estly, from;230 for 38% to;300 for 30%;~3! direct ex-
perimental evidence suggests that spin-orbit coupling
weaker than any other possible sources of orbital order
~4! with increasing temperature, the presence of signific
c-axis ferromagnetic~FM! fluctuations from the AF ground
state are found in the 30% sample;~5! below TC , virtually
PRB 590163-1829/99/59~14!/9357~5!/$15.00
vi-
t.

f
e-
n
-
-
by
-
the

.
e

es

d:
-

-

o-

-

is
g;
nt

identical temperature dependences for the spin-indepen
sab andsc are found foreachcomposition studied, consis
tent with the same conduction mechanism~e.g., double ex-
change!, but the magnitude ofrc;0.5V cm is unusually
large for metallic conduction; and~6! no evidence is found
for an in-plane, two-dimensional ordering transition,7 as sug-
gested by the observation7 of a maximum inrab above the
Curie temperature,TC , for 30% doping, but we show how
such qualitatively different temperature profiles can bearti-
factsof four-terminal measurements.

The first part of this paper includes a rather detailed
count of the necessary experimental procedures to make
finitive determinations of the principal parts of the condu
tance, which are presented subsequently. This is justi
since these procedures are not universally followed, but
ignoring them there is a potential to reach quantitatively, a
even qualitatively, wrong conclusions.

SAMPLE FABRICATION AND CHARACTERIZATION

Crystals of the 30% and 38% materials were melt gro
in flowing 20% O2 ~balance Ar! using a floating-zone optica
image furnace~NEC Model SC-M15HD!. Samples for the
measurements described in this work were cleaved from
resulting polycrystalline boules.8 The relative widths of zero-
field transitions are likely one of the best indicators of crys
quality. It is hard to imagine that any imhomogeneity
other inferior aspect of a sample’s quality would produce
sharper transition. All the samples reported here exhibit
sharpest reported transition widths and minimal evidence
inhomogeneities, using tests described below.

TRANSPORT MEASUREMENTS

For electrical contacts, Au was sputtered onto thec-axis-
normal surfaces in a pattern of stripes perpendicular to
long dimension of the crystal. Four stripes were placed sy
metrically on both the top and bottom surfaces. In the st
dard six-terminal configuration, the outer stripes on the
surface supply the current,I. Then the inner stripes on tha
surface defineVtop and the inner stripes on the bottom su
face,Vbot @see Fig. 1~a!#. Samples were measured in a sta
9357 ©1999 The American Physical Society
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dard4He gas flow cryostat. Heating was avoided by reduc
the current, and hysteresis, caused by slight thermome
sample temperature differences, was avoided by swee
the temperature slowly, especially near the transition.

The starting point for the analysis of Ref. 6 is only val
for linear current-voltage characteristics, as is the case
these CMR crystals. To obtain sufficient accuracy, crys
must exhibit very uniform properties~rab andrc!, be free of
even low-angle grain boundaries~mosiac! and be close to a
rectangular-parallelepiped shape. It is also necessary to
tend the analysis of Ref. 6 beyond the first term in the se
solution of Laplace’s equation for the potential.9 For high
values of the anisotropy,rc /rab , the complete series solu
tion can be approximated by:

Vtop;~ l /b!ArabrcC0$11C1 exp~22pDj/L !1h.o.t.%,
~1!

Vbot;
~ l /b!Arabrc

sinh~pDj/L !
D0$11D1 exp~22pDj/L !1h.o.t.%

~2!

~h.o.t. [ higher order terms! where j5Arc /rab, L is the
length in the current direction,b the width, andD the thick-
ness top to bottom~see also Ref. 9!. The current density falls
off exponentially with distance from the top surface@Eq. ~2!#
with a characteristic lengthDeff :

Deff5
L

p
Arab/rc, ~3!

which is temperature dependent and typically;3–40mm for
the crystals used here.

Although theC andD coefficients are somewhat clums
expressions and integrals which are evaluated numerical
is relatively straightforward to include the experimenta
measured contact widths and locations, even if they are
all symmetrically placed~e.g.,Vtop andVbot!. For sufficiently
largeDj/L, bothC1 andD1 can be neglected so thatArabrc

is determined fromVtop andj5Arab /rc is determined from

FIG. 1. Schematic diagram of samples with current and volt
contacts for the two configurations used here.
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Vtop/Vbot. However, if Dj/L is too large,Vbot cannot be
measured above system noise andonly Arabrc is deter-
mined. In this case, a second multiterminal variant@see Fig.
1~b!# is useful. Current is injected from the top to botto
surfaces~at one end of the crystal! and the voltages measure
using at least two pairs of top to bottom contacts. Althou
the analysis involves more complex expressions, it also
terminesrab and rc individually from the ratios of such
voltages. Note that for very large anisotropy, the ratio is o
and onlyrc is measured.

These multiterminal configurations allow several cruc
tests of crystal uniformity~e.g., doping!. First, comparisons
can be made for current injected into the outer stripes on
bottom surface@see Fig. 1~a!#. For the variant shown in Fig
1~b!, voltage ratios are compared for current injection at o
posite ends of the crystals. These tests readily validate
uniformity of our best crystals used here.

The measuredVtop andVbot on a 38% crystal are shown i
Fig. 2 as a function of temperature~I 510mA, D
50.13 mm!. Analysis of this data is shown in Fig. 3 asrab
andrc with a low-temperature anisotropy of;230. The tem-

e

FIG. 2. As input to Eqs.~1! and~2!, the measuredVtop ~squares!
andVbot ~triangles! are displayed as a function of temperature fo
38% crystal with current~10 mA! injected in the top, outer elec
trodes@see Fig. 1~a!#.

FIG. 3. Principle parts of the anisotropic resistivity,rab ~circles!
and rc ~diamonds!, as derived from the data of Fig. 2 for a 38%
crystal using Eqs.~1! and ~2!. The low-temperature anisotropy i
close to 230. Inset: an example in a 40% crystal of the measu
voltage ratio~squares! for the setup of Fig. 1~b! compared with the
calculated ratio~solid line! based onrab andrc from the setup of
Fig. 1~a!.
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perature profile ofVbot can be understood by realizing th
the current flows along both thec axis andab planes in
series. Just aboveTC , rc peaks more sharply thanrab . As
such, the current toVbot decreases, but also most of the vo
age drop is along thec axis and not between the electrodes
Vbot. Thus any data in anisotropic manganites which
qualitatively similar toVbot of Fig. 2, e.g., that of Ref. 7
must be treated with suspicion as a possible artifact of sl
contact misalignment~;0.1 mm!.

One important test of the analysis and of crystal unif
mity is obtained by measuring the voltage ratios for the c
figuration of Fig. 1~b!, e.g.,V2 /V1 . These are compared t
calculated ratios usingrab and rc from an analysis of the
configuration of Fig. 1~a!. The typically excellent agreemen
is shown in the inset to Fig. 3 for a 40% crystal. A simp
ultimate test of the procedure is to substitute the calcula
values ofrab andrc into thecompleteseries solution forVtop
and Vbot and compare them to the measured ones. In do
so, the terms beyondC0 and D0 in Eqs. ~1! and ~2! were
found to be most important where the anisotropy is smal
~e.g., forT.TC! and for the 30% sample~see below!. How-
ever, using onlyC0 and D0 , the discrepancy inVtop (Vbot)
for the 30% crystal is less than 1%~0.1%! below TC , rising
to ;5% ~0.3%! at room temperature as the anisotropy fa
Including C1 andD1 reduced these discrepancies to 1027%
(1025%) belowTC , rising to ;0.0003%~0.004%! at room
temperature. The correction terms were about an orde
magnitude smaller for the 38% sample. The data analyze
this paper included theC1 andD1 terms.

RESULTS

In addition to the results for a 38% sample shown in F
3, the calculated resistivities for a 30% crystal (D
50.1 mm) are shown in Fig. 4. The low-temperature beh
ior of the resistivity andTC of this 30% crystal is very simi-
lar to other reports7,10 but this transition width is much nar
rower. One feature is the large anisotropy which surpas
10 000 below 30 K. As a result of this,Vbot drops below the

FIG. 4. The principle anisotropic resistivities,rab ~circles! and
rc ~diamonds!, as derived from data on a 30% crystal using Eqs.~1!
and ~2!. Note the insulating behavior ofrc below TC . Data in
applied fields of 7 T, both parallel to thec axis ~diamonds and
circles! and ab plane~dashed lines!, reproduce the general shap
found for the 38% crystal in zero field and define a sp
independent anisotropy of 300.
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voltmeter noise so the calculatedrab and rc ~not shown!
display identical temperature dependences coming fromVtop

which, from Eq. ~1!, approximatesArabrc. Below 30 K,
data for the geometry of Fig. 1~b! is needed to separaterab
andrc . These indicate that the anisotropy andrc continue to
increase whilerab approximates the temperature depende
of the 38% sample. The increasingrc as temperature de
creases is consistent with ac-axis AF ground state.7

A second feature is the lack of evidence for the propos7

two-dimensional magnetic ordering transition well aboveTC
for 30% doping which was based on an observation7 of a
maximum inrab above the Curie temperature, coupled w
in-plane magnetization data.10 By comparing their data7 to
Vbot of Fig. 2, we note that such a qualitatively differe
temperature profile aboveTC can be anartifact of four-
terminal measurements if the contacts are slightly misalig
along thec axis. The magnetization data10 are similar in
magnitude~;1%! and temperature dependence~aboveTC!
to that found8 in 40% samples which have never exhibited
high-temperature maximum inrab . This data was explained8

by the presence of crystal intergrowths of multiple Mn-
layers, seen by TEM, which approximate the higher-TC per-
ovskite. In distinct contrast to the behavior at the bulkTC ,
the magnetization10 rises much more sharply thanrab drops,
confirming that these have different origins. Note also t
the drop of thein-planemagnetization10 below the bulkTC
by a factor of two may be due to magnetic coupling of t
intergrowths to theout-of-planeAF ordering of the spins in
bulk, layered 30% material, whereas for 40%, the sponta
ous in-plane FM ordering is identical to the intergrowth ma
netic order.8

Although the conductivities depend strongly on the sp
order, it is both possible and useful to isolate the effects
spin and charge degrees of freedom on the conductivity
aligning all spins to obtain thespin-independentconductivity
and its anisotropy from measurements ofrab and rc in the
~nearly! saturated FM state. The spontaneous FM ordering
both the basal planes and along thec axis for the 38%
sample closely approximates such saturation belowTC and
defines an anisotropy of 230~see Fig. 3!. For the AFc-axis
ordering in the 30% crystal it is necessary to apply a la
field to align the spins. Data at 7 T~shown in Fig. 4 for both
c-axis and basal plane directions! indicate aspin-independent
anisotropy of 300 for the 30% sample, i.e., close to the 3
sample. Note that the independence ofrab and rc on field
direction, shown in Fig. 4 at 7 T, proves that thec-axis
conductivity depends only on therelative nearest-neighbor
spin orientation and not on absolute spin orientation, e.g.,
projection along thec axis. Since the occurrence of orbita
ordering, or changes in it, would certainly be expected
affect transport in the manganites, the virtually complete
dependence ofrab and rc on spin direction provides direc
evidence that spin-orbit coupling is weaker than any ot
possible sources of orbital ordering.

The effects of magnetic order on transport are more
rectly seen in the conductivity, i.e.,sab and sc . These are
shown in Fig. 5 for the 38% and 30% crystals withsc scaled
by the spin-independent anisotropies. The zero-field te
perature dependences just belowTC are fit to the scaling
form sab;(12T/TC)m, wherem;0.33– 0.35. An empirical
correspondence11 with the zero-field, local magnetizationM
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revealed from neutron scattering for a 40% sample, indica
that s;M2, and this extends into the apparent fluctuati
regime just above the fit values ofTC . The similar scaling
for the 38% and 30% crystals implies this is a general pr
erty.

At sufficiently high temperatures bothrab andrc appear
to be thermally activated with constant activation energ
Arhennius plots yield activation energies which are summ
rized in Table I, together with the other parameters desc
ing these materials. Except for the effects of the AF grou
state of the 30% crystal, the properties and anisotropies
only modestly dependent on doping. However, the decre
in sab at low temperatures is inconsistent with usual meta
conductivity and conventional magnetic order. While it c
be fit by variable-range hopping, the temperature interva
too narrow to confirm this mechanism nor to distinguish
dimensionality. Others12 have made convincing fits tos0

1AAT down to 30 mK, which closely match our lowes
temperature data. This behavior is expected for a highly
ordered, three-dimensional metal.

The issue of metallic conductivity is also addressed
another aspect of the data. BelowTC , the virtually identical
temperature dependences ofsab andsc seen in Fig. 5 for the
38% crystal~and at 7 T for the 30% crystal in Fig. 4! imply
that the mechanisms ofc-axis andab-plane conductance ar
the same. This is consistent with the double-excha

FIG. 5. The principle parts of the anisotropic conductivitiessab

and sc for both the 30%~open and filled circles! and 38%~open
and filled diamonds! crystals from the data of Figs. 3 and 4. In ea
case,sc is scaled by the low-temperature spin-independent ani
ropy, i.e., 300 and 230, respectively. Solid lines are fits to the s
ing function,s;(12T/TC)m, just belowTC , are shown to define
TC as 70 and 116 K, respectively.

TABLE I. Compendium of parameters determined for the la
ered manganites.

Single crystal composition 30% 38%
TC 70 K 116 K
m ~scaling exponent! 0.35 0.33
Low-T anisotropy .10 000 230
rab ~;40 K, zero field! 1.7 mV cm 1.4 mV cm
Low-T spin-independent anisotropy 300 230
High-T c-axis activation energy ;1570 K 1200 K
High-T ab-plane activation energy ;710 K 700 K
es
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mechanism, since thespin-independentconductance anisot
ropy can merely reflect the greater Mn-Mn distance for
double-exchange process along thec axis. But it is also a
nontrivial result since such a large resistivity asrc
;0.5V cm would be highly unusual for metallic conductiv
ity. For this largerc to be a valid concern requires ruling ou
a second suggested explanation of the virtually identical te
perature dependences ofsab andsc .

The alternative explanation suggests that thec-axis cur-
rent path could include current flow along theab planes
which are bridged by occasional shorts occurringbetween
Mn-O bilayers. While this would affect the configuration o
Fig. 1~b!, the analysis of Fig. 1~a! already includesab-plane
transport. However, it cannot distinguish between unifo
c-axis conductance or occasional shorts unless their spa
approaches the distance between contacts since inhomog
ities on that distance scale are ruled out by the highly c
sistent multiple tests@i.e., both Fig. 1~a! and 1~b! and in each
case by exchanging current contacts from one side of
crystals to the other# and otherwise the solution of Laplace
equation would be invalid. Thus this scenariorequiresa high
density of shorts. However, a critical flaw in this scena
may be its inability to simply explain the significantly differ
ent temperature dependences ofrab andrc seen forT.TC
in Figs. 3 and 4. The internal consistency of this scena
requires that forT,TC , the effectiverc8 is proportional to
rab(T), and that forT.TC , the contribution of the shorts to
rc8 is less than that of the intrinsicrc . For illustration, two
limiting cases for the resistivity of the shortsrs are consid-
ered:~1! rs(T)5brab(T); and ~2! rs5r0 , whereb andr0
are constants. Using experimental values for the 3
sample, simple considerations imply for~1! that b must be
!1, and for~2! that the mean distance between shorts,l, is
@1 micron. Neither is impossible, but both stretch our se
of credibility ~in the latter case, sincel approaches the dis
tance between contacts!. Also, there is no evidence in eithe
conventional nor high-resolution transmission electr
microscopy13 for defects which could satisfy such a scenar
We conclude that it is highly unlikely that interbilayer shor
can explain the similar spin-independentsab and sc below
TC .

Two other features of the conductivity for the 30
sample need understanding:~1! the apparent minority com
ponent of FM order along thec axis, as evidenced by th
significant value ofsc in the vicinity of TC , and ~2! the
exaggerated ‘‘foot’’ of the transition aboveTC . Although
the sc contribution belowTC could be due to a competition
between AF superexchange and double exchange or due
FM impurity phase~e.g., different doping!, its disappearance
at low temperatures would then be hard to understand an
is seen universally.7,10 Instead, the linear temperature depe
dence ofsc , found by using our methods, is highly sugge
tive of a fluctuation effect, which is consistent with the o
servation in a 40% crystal of very soft,c-axis spin waves14

and the similarly small interbilayer exchange coupling co
stant found in our 30% crystal.15 The data for the 30% crys
tal strongly suggest the existence of significantc-axis FM-
like fluctuations from the AF ground state in the vicinity o
TC . While the foot aboveTC may be caused by sampl
inhomogeniety, it is also seen universally by us and
others7,10 and for each composition. Our comparisons, d

t-
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scribed above, using different lead configurations imply t
any inhomogeneities must be on a microscopic length sc

SUMMARY

The principal parts of the zero-field anisotropic condu
tivity sab andsc are determined as a function of temperatu
for two compositions of the layered manganit
La1.24Sr1.76Mn2O7 and La1.4Sr1.6Mn2O7. These data show
qualitative differences belowTC in the anisotropy~230 and
.10 000, respectively! and in the field dependence which
only strong in the latter. However, thespin-independentan-
isotropy only increases from;230 to;300, and direct ex-
perimental evidence suggests that spin-orbit coupling
weaker than other possible sources of orbital orderi
Above TC , bothrab andrc are thermally activated and it i
clear thatrab andrc for 30% doping~Fig. 4! display quali-
tatively similar temperature profiles to the 38% sample. T
qualitatively different temperature profile reported recent7

for 30% crystals is not reproduced here. Although the diff
ences could be due to crystal quality~e.g., doping!, our crys-
sh
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tals exhibit significantly narrower transitions. Since the d
of Ref. 7 resemblesVbot of Fig. 2, it could also be due to a
small misalignment~;0.1 mm! along thec axis of voltage
and current contacts. As such, the conclusion7 of two-
dimensional magnetic order significantly aboveTC is called
into question. Data for the 30% crystal strongly suggest
existence of significantc-axis FM-like fluctuations in the vi-
cinity of TC . Finally, suggestions of metallic conductivit
below TC requires an understanding of the very small ma
nitude of sc for 38%, which exhibits the same temperatu
dependence assab .
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