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

Qing’An Li, K. E. Gray, and J. F. Mitchell
Materials Sciences Division, Argonne National Laboratory, Argonne, lllinois 60439
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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 La 5,Sr 7MNn,0 to >10 000 for Lg ,Sr; MN,0O,, consistent with &-axis antiferromagnetic ground
state in the latter, while thepin-independentonductivity anisotropy only increases from230 to ~300.
Significantc-axis ferromagnetic fluctuations are seen in k3r; gMn,O,, 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.
[S0163-182009)11613-9

INTRODUCTION identical temperature dependences for the spin-independent
oap and o are found foreachcomposition studied, consis-
The collosal magnetoresistanéEMR) effectt is dra-  tent with the same conduction mechanigeng., double ex-
matic, both from the point of view of scientific interest and changg, but the magnitude op,~0.5( cm is unusually
potential applications. Although a number of modethiave  large for metallic conduction; an) no evidence is found
been proposed to explain this phenomenon:; there is no obvfor an in-plane, two-dimensional ordering transitfoas sug-
ous consensus as to which, if any, of the models is correcgeésted by the observatibof a maximum inp,, above the
The recent discovefyof CMR in the layered manganites Curie temperatureTc, for 30% doping, but we show how
offers new opportunities to impact both our understanding ofUch qualitatively different temperature profiles canaii-

the phenomena and its potential applications. The large rd@ctsof four-terminal measurements. _
sistive anisotropy, resulting from the layered structure, can The first part of this paper includes a rather detailed ac-
more decisively test models and the CMR effect is Signifi_count of the necessary experimental procedures to make de-

cantly larger However, the large anisotropy presents an in_ﬁnmve det_erm|nat|ons of the principal parts of the_ cqndgc_:—

: ) . tance, which are presented subsequently. This is justified
teresting challenge to measure it properly, an issue shared t%\( h d . v foll 4 but b
another class of highly anisotropic oxides, the high-; nce these procedures are not universally followed, but by

d In th I, noring them there is a potential to reach quantitatively, and

temperature cuprate superconductors. In the latter case, g, qualitatively, wrong conclusions.
use of a six-terminal measureméntgther than the custom-
ary four-terminal one, has proven to be quite insightful. saAMPLE FABRICATION AND CHARACTERIZATION
Here, two variants of this are used to measure the in-plane
(ab) and c-axis resistivities,p,, and p., or conductivities,
o, and o, simultaneously, and independently since this
technique minimizes interference between them.

The temperature-dependent anisotropic conductanc
were determined in single crystals of .L.aSr; ;gMin,O; and
La, S, Mn,0; (hereafter referred to by their hole doping of

Crystals of the 30% and 38% materials were melt grown
in flowing 20% Q (balance Ay using a floating-zone optical
image furnaceNEC Model SC-M15HD. Samples for the
dpeasurements described in this work were cleaved from the
resulting polycrystalline boulésThe relative widths of zero-
field transitions are likely one of the best indicators of crystal
38% and 30%, respectivelywhich exhibit different mag- quality. It _is hard to imagine th";"It any.imhomogeneity or

8ther inferior aspect of a sample’s quality would produce a

netic order at low temperatures. Several results are reporte e L
(1) the most significant difference is an increase of the |OW_sharper transition. All the samples reported here exhibit the

temperature, zero-field anisotropy from230 for 38% to _sharpest rep_o_rted trgnsition Widths_and minimal evidence of
>10 000 for 30%, which is consistent with an antiferromag-mhomoqene't'es’ using tests described below.

netic (AF) c-axis ground statein the latter;(2) the effects of
spin and charge degrees of freedom on conductivity are iso-
lated by aligning all spins to obtain thepin-independent For electrical contacts, Au was sputtered onto ¢kexis-
conductivity, and its anisotropy, which only increases mod-normal surfaces in a pattern of stripes perpendicular to the
estly, from ~230 for 38% to~300 for 30%;(3) direct ex- long dimension of the crystal. Four stripes were placed sym-
perimental evidence suggests that spin-orbit coupling isnetrically on both the top and bottom surfaces. In the stan-
weaker than any other possible sources of orbital orderingjard six-terminal configuration, the outer stripes on the top
(4) with increasing temperature, the presence of significansurface supply the current, Then the inner stripes on that
c-axis ferromagneti¢FM) fluctuations from the AF ground surface define/,,, and the inner stripes on the bottom sur-
state are found in the 30% sampl(®) below T, virtually  face,Vy [See Fig. 18)]. Samples were measured in a stan-
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FIG. 1. Schematic diagram of samples with current and voltage

contacts for the two configurations used here.
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FIG. 2. As input to Egs(1) and(2), the measure¥,, (squarep
andVy, (triangles are displayed as a function of temperature for a
38% crystal with curren{10 uA) injected in the top, outer elec-
trodes[see Fig. 1a)].

Viop! Viot- However, if DE/L is too large,Vy, cannot be
measured above system noise amuly p,pp. iS deter-

dard*He gas flow cryostat. Heating was avoided by reducind“i”ed- In this case, a second multiterminal variege Fig.

the current, and hysteresis, caused by slight thermomete
sample temperature differences, was avoided by sweepi

the temperature slowly, especially near the transition.

b)] is useful. Current is injected from the top to bottom

In&‘}Jrfaces{at one end of the crysfahnd the voltages measured

dsing at least two pairs of top to bottom contacts. Although

The starting point for the analysis of Ref. 6 is only valid the analysis involves more complex expressions, it also de-

for linear current-voltage characteristics, as is the case fole
these CMR crystals. To obtain sufficient accuracy, crystal

must exhibit very uniform propertigg,, andp.), be free of
even low-angle grain boundariésosia¢ and be close to a

rminesp,, and p. individually from the ratios of such

yoltages. Note that for very large anisotropy, the ratio is one

and onlyp, is measured.
These multiterminal configurations allow several crucial

rectangular-parallelepiped shape. It is also necessary to e{€Sts Of crystal uniformitye.g., doping First, comparisons
tend the analysis of Ref. 6 beyond the first term in the serie§2n be made for current injected into the outer stripes on the

solution of Laplace’s equation for the potenflakor high
values of the anisotropyy./p.,, the complete series solu-
tion can be approximated by:

Viop™ (1/D) VpappcCof 1+ C exp( — 27D E/L) +h.o},
)

(170) Vpappe

Viot™ m Do{1+D;exp—2wDé&/L)+h.o.t}

2

(h.o.t. = higher order termswhere é=\p./pap, L is the
length in the current directiory the width, andD the thick-

ness top to bottor(see also Ref.)9 The current density falls
off exponentially with distance from the top surfdégy. (2)]
with a characteristic lengtD

L
Deff:; VPab!Pcs ©)
which is temperature dependent and typicalg—40 um for

the crystals used here.

Although theC and D coefficients are somewhat clumsy
expressions and integrals which are evaluated numerically, g

bottom surfac¢see Fig. 1a)]. For the variant shown in Fig.
1(b), voltage ratios are compared for current injection at op-
posite ends of the crystals. These tests readily validate the
uniformity of our best crystals used here.

The measureW,,, andVy,,;on a 38% crystal are shown in
Fig. 2 as a function of temperaturél=10uA, D
=0.13 mn). Analysis of this data is shown in Fig. 3 ag;
andp. with a low-temperature anisotropy 6f230. The tem-
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FIG. 3. Principle parts of the anisotropic resistivipy,, (circles
nd p. (diamond$, as derived from the data of Fig. 2 for a 38%

is relatively straightfprward to inclgde the ex.perimentally crystal using Eqs(1) and (2). The low-temperature anisotropy is
measured contact widths and locations, even if they are nQfose 1o 230. Inset: an example in a 40% crystal of the measured

all symmetrically placede.qg.,Vo, andVyg). For sufficiently
largeD&/L, bothC; andD; can be neglected so thdp,ppc
is determined fronV,, and§= Vpap/p. is determined from

voltage ratio(squaresfor the setup of Fig. (b) compared with the
calculated ratigsolid line) based orp,;, and p, from the setup of

Fig. 1(a).
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e ' ' ‘ ' ' ' voltmeter noise so the calculatgd;, and p. (not shown
La-Sr-Mn-0 11000 display identical temperature dependences coming Vem
which, from Eq. (1), approximatesyp,pp.. Below 30 K,
data for the geometry of Fig.() is needed to separatg,
100 andp.. These indicate that the anisotropy gndcontinue to
increase while,,, approximates the temperature dependence
of the 38% sample. The increasing as temperature de-
creases is consistent withcaaxis AF ground staté.
o A second feature is the lack of evidence for the propbsed
0.01F spin-independent . . . . .
4 low-temperature two-dimensional magnetic ordering transition well abdye
5__/_”-f” anisotropy = 300 7 for 30% doping which was based on an observdtioha
o 0o ReazToor M T . . , maximum inp,, above the Curie temperature, coupled with
0 so 100 71::() 200 250 300 in-plane magnetization datd.By comparing their dafato
Vot Of Fig. 2, we note that such a qualitatively different
FIG. 4. The principle anisotropic resistivities,;, (circles and ~ temperature profile abovéc can be anartifact of four-
p. (diamonds, as derived from data on a 30% crystal using Etjs.  terminal measurements if the contacts are slightly misaligned
and (2). Note the insulating behavior gi, below T¢. Data in  along thec axis. The magnetization ddfaare similar in
applied fields of 7 T, both parallel to the axis (diamonds and magnitude(~1%) and temperature dependen@boveT;)
circles andab plane (dashed lines reproduce the general shapes to that found in 40% samples which have never exhibited a
found for the 38% crystal in zero field and define a spin- high-temperature maximum py,,. This data was explainéd
independent anisotropy of 300. by the presence of crystal intergrowths of multiple Mn-O
layers, seen by TEM, which approximate the highgrper-
perature profile oV can be understood by realizing that ovskite. In distinct contrast to the behavior at the builk,
the current flows along both the axis andab planes in  the magnetizatiolf rises much more sharply than,, drops,
series. Just abovE:, p. peaks more sharply tham,,. As  confirming that these have different origins. Note also that
such, the current tv/,,,; decreases, but also most of the volt- the drop of thein-plane magnetizatiotf below the bulkT
age drop is along theaxis and not between the electrodes ofby a factor of two may be due to magnetic coupling of the
Vpot- Thus any data in anisotropic manganites which isintergrowths to theout-of-planeAF ordering of the spins in
qualitatively similar toVy; of Fig. 2, e.g., that of Ref. 7, bulk, layered 30% material, whereas for 40%, the spontane-
must be treated with suspicion as a possible artifact of slightus in-plane FM ordering is identical to the intergrowth mag-
contact misalignment~0.1 mm). netic ordef
One important test of the analysis and of crystal unifor- Although the conductivities depend strongly on the spin
mity is obtained by measuring the voltage ratios for the conorder, it is both possible and useful to isolate the effects of
figuration of Fig. 1b), e.g.,V,/V,. These are compared to spin and charge degrees of freedom on the conductivity by
calculated ratios using,, and p; from an analysis of the aligning all spins to obtain thepin-independertonductivity
configuration of Fig. (a). The typically excellent agreement and its anisotropy from measurementspf, and p. in the
is shown in the inset to Fig. 3 for a 40% crystal. A simple (nearly saturated FM state. The spontaneous FM ordering in
ultimate test of the procedure is to substitute the calculatetioth the basal planes and along tbeaxis for the 38%
values ofp,, andp, into thecompleteseries solution foW,,, ~ sample closely approximates such saturation belewand
andVy, and compare them to the measured ones. In doingefines an anisotropy of 238ee Fig. 3 For the AFc-axis
so, the terms beyon@, and D, in Egs. (1) and (2) were  ordering in the 30% crystal it is necessary to apply a large
found to be most important where the anisotropy is smallesfield to align the spins. Data at 7 (8hown in Fig. 4 for both
(e.g., forT>T¢) and for the 30% samplsee below. How-  c-axis and basal plane directigrindicate aspin-independent
ever, using onlyC, and Dy, the discrepancy iV, (Vi)  @nisotropy of 300 for the 30% sample, i.e., close to the 38%
for the 30% crystal is less than 108.1% below T, rising  sample. Note that the independencepgf and p. on field
to ~5% (0.3%) at room temperature as the anisotropy falls.direction, shown in Fig. 4 at 7 T, proves that theaxis
Including C; andD; reduced these discrepancies to 1% conductivity depends only on theelative nearest-neighbor
(10%%) below T, rising to ~0.0003%(0.004% at room  Spin orientation and not on absolute spin orientation, e.g., the
temperature. The correction terms were about an order dirojection along thee axis. Since the occurrence of orbital
magnitude smaller for the 38% sample. The data analyzed iardering, or changes in it, would certainly be expected to

0.1F

-

this paper included th€, andD; terms. affect transport in the manganites, the virtually complete in-
dependence of,, and p. on spin direction provides direct
RESULTS evidence that spin-orbit coupling is weaker than any other

possible sources of orbital ordering.

In addition to the results for a 38% sample shown in Fig. The effects of magnetic order on transport are more di-
3, the calculated resistivities for a 30% crystaD ( rectly seen in the conductivity, i.eg,, and .. These are
=0.1 mm) are shown in Fig. 4. The low-temperature behavshown in Fig. 5 for the 38% and 30% crystals with scaled
ior of the resistivity andrl' ¢ of this 30% crystal is very simi- by the spin-independent anisotropies. The zero-field tem-
lar to other reports'® but this transition width is much nar- perature dependences just beld@w are fit to the scaling
rower. One feature is the large anisotropy which surpasseéerm o,,~ (1—T/T¢)™, wherem~0.33—0.35. An empirical
10000 below 30 K. As a result of thi¥,, drops below the correspondencé with the zero-field, local magnetizatidvi



9360 QING’AN LI, K. E. GRAY, AND J. F. MITCHELL PRB 59

700

o mechanism, since thgpin-independentonductance anisot-
anisotropy~230 | ropy can merely reflect the greater Mn-Mn distance for the
e o 16K double-exchange process along thexis. But it is also a
nontrivial result since such a large resistivity as
~0.50 cm would be highly unusual for metallic conductiv-
ity. For this largep. to be a valid concern requires ruling out
a second suggested explanation of the virtually identical tem-
perature dependences @f;, ando..

The alternative explanation suggests that ¢kexis cur-
rent path could include current flow along tlad planes
which are bridged by occasional shorts occurrlrefween

: Mn-O bilayers. While this would affect the configuration of
o 20 90 “T(K) g0 Teo a0 Fig. 1(b), the analysis of Fig. (B already includesib-plane
transport. However, it cannot distinguish between uniform

FIG. 5. The principle parts of the anisotropic conductiviieg  c-axis conductance or occasional shorts unless their spacing
and o for both the 30%(open and filled circlgsand 38%(open  approaches the distance between contacts since inhomogene-
and filled diamondscrystals from the data of Figs. 3 and 4. In each ities on that distance scale are ruled out by the highly con-
case,o is scaled by the low-temperature spin-independent anisotsjstent multiple testf.e., both Fig. 1a) and Ab) and in each
ropy, i.e., 300 and 230, respectively. Solid lines are fits to the SC&'Case by exchanging current contacts from one side of the
ing function,s~(1-T/T¢)™, just belowTc, are shown to define  crystals to the othérnd otherwise the solution of Laplace’s
Tc as 70 and 116 K, respectively. equation would be invalid. Thus this scenamguiresa high

density of shorts. However, a critical flaw in this scenario
revealed from neutron scattering for a 40% sample, indicatemay be its inability to simply explain the significantly differ-
that o~M?, and this extends into the apparent fluctuationent temperature dependencespgf and p, seen forT> T
regime just above the fit values @ . The similar scaling in Figs. 3 and 4. The internal consistency of this scenario
for the 38% and 30% crystals implies this is a general proprequires that folT<T, the effectivep/ is proportional to
erty. pan(T), and that forT>T, the contribution of the shorts to

At sufficiently high temperatures bogy, andp. appear ;' is |ess than that of the intrinsig,. For illustration, two
to be thermally activated with constant activation energies"miting cases for the resistivity of the shortg are consid-
Arhennius plots yield activation energies which are SUMMasgred: (1) p<(T) = Bpan(T); and(2) ps=po, Wheres andp,
rized in Table I, together with the other parameters describyre constants. Using experimental values for the 38%
ing these materials. Except for the effects of the AF groundsamme, simple considerations imply fé) that 8 must be
state of the 30% crystal, the properties and anisotropies arg1, and for(2) that the mean distance between shditss
only modestly dependent on doping. However, the decreasg 1 micron. Neither is impossible, but both stretch our sense
in o4y, at low temperatures is inconsistent with usual metallicof credibility (in the latter case, sindeapproaches the dis-
conductivity and conventional magnetic order. While it cantgnce between contagtAlso, there is no evidence in either
be fit by variable-range hopping, the temperature interval igonventional nor high-resolution transmission electron
too narrow to confirm this mechanism nor to distinguish itsmicroscopff?’ for defects which could satisfy such a scenario.
dimensionality. Other$ have made convincing fits to, e conclude that it is highly unlikely that interbilayer shorts
+A\T down to 30 mK, which closely match our lowest- can explain the similar spin-independeny, and o, below
temperature data. This behavior is expected for a highly dist. .
ordered, three-dimensional metal. Two other features of the conductivity for the 30%

The issue of metallic Conductivity is also addressed bysamp|e need understandir(g_') the apparent minority com-
another aspect of the data. Beld'\@, the virtually identical ponent of FM order a|ong the axis, as evidenced by the
temperature dependencesogf, ando seen in Fig. 5 for the  significant value ofo, in the vicinity of Tc, and (2) the
38% crystal(and at 7 T for the 30% crystal in Fig) 4nply  exaggerated “foot” of the transition abové.. Although
that the mechanisms afaxis andab-plane conductance are the ¢, contribution belowT could be due to a competition
the same. This is consistent with the double-exchanggetween AF superexchange and double exchange or due to a

FM impurity phasge.g., different dopiny its disappearance

TABLE I. Compendium of parameters determined for the lay- at low temperatures would then be hard to understand and it

600} o S8

500 o

B}

(S/cm)
[pejeas] (wysg) o

400~

ab

200 30%

anisotropy~300
100 T=70K

ered manganites. is seen universallyl° Instead, the linear temperature depen-
dence ofo, found by using our methods, is highly sugges-
Single crystal composition 30% 38% tive of a fluctuation effect, which is consistent with the ob-
Tc 70K 116 K servation in a 40% crystal of very soft;axis spin wave¥$
m (scaling exponeit 0.35 0.33 and the similarly small interbilayer exchange coupling con-
Low-T anisotropy >10 000 230 stant found in our 30% crysta?.The data for the 30% crys-
pap (—40 K, zero field 1.7 mcm 1.4 mlcm tal strongly suggest the existence of significardxis FM-
Low-T spin-independent anisotropy 300 230 like fluctuations from the AF ground state in the vicinity of
High-T c-axis activation energy ~1570 K 1200 K Tc. While the foot aboveT: may be caused by sample
High-T ab-plane activation energy ~710 K 700 K inhomogeniety, it is also seen universally by us and by

otherd'® and for each composition. Our comparisons, de-
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scribed above, using different lead configurations imply thatals exhibit significantly narrower transitions. Since the data
any inhomogeneities must be on a microscopic length scalaf Ref. 7 resemble¥,; of Fig. 2, it could also be due to a
small misalignmentf~0.1 mm along thec axis of voltage
SUMMARY and current contacts. As such, the conclubiaf two-
o ] ] ] dimensional magnetic order significantly abovg is called
~ The principal parts of the zero-field anisotropic conduc-jnio question. Data for the 30% crystal strongly suggest the
tivity oap ando are determined as a function of temperatureeyistence of significant-axis FM-like fluctuations in the vi-
for two compositions of the layered manganites inity of T.. Finally, suggestions of metallic conductivity
Lay 2451 7gMN;07 and La ,Sn Mn0;. These data show pejow T requires an understanding of the very small mag-

qualitative differences beloW in the anisotropy(230 and  pjtyde of o, for 38%, which exhibits the same temperature
>10 000, respectivelyand in the field dependence which is dependence as,y,.

only strong in the latter. However, thepin-independerdn-
isotropy only increases from230 to ~300, and direct ex-
perimental evidence suggests that spin-orbit coupling is
weaker than other possible sources of orbital ordering.
Above T, bothp,, andp. are thermally activated and it is The authors thank Paul Paulikas for technical assistance
clear thatp,;, andp. for 30% doping(Fig. 4) display quali- and acknowledge useful discussions with Ray Osborn, Ste-
tatively similar temperature profiles to the 38% sample. Thdan Rosenkranz, Sam Bader, Michael Norman, and Dean
qualitatively different temperature profile reported recently Miller. This research was supported by the U.S. Department
for 30% crystals is not reproduced here. Although the differ-of Energy, Basic Energy Sciences-Materials Sciences, under
ences could be due to crystal qualfgig., doping, our crys-  Contract No. W-31-109-ENG-38.
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