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Two-dimensional ferromagnetic ordering and magnetoresistance
in the layered perovskite La222xCa112xMn2O7

H. Asano, J. Hayakawa, and M. Matsui
Department of Materials Science and Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464-01, Japan

~Received 4 March 1997!

The resistivity and magnetization of layered perovskite La222xCa112xMn2O7 have been studied systemati-
cally using bulk samples with a wide doping concentration range 0<x<0.5 and epitaxial thin film samples
with x50.3. The system becomes a metallic ferromagnet for doping concentrations 0.22<x<0.5. In this
doping region, results for bulk samples as well as for thin films have clearly shown that there are two types of
ferromagnetic ordering, possibly originating from an anisotropic exchange interaction. Magnetoresistance is
observed over a wide temperature range below the ferromagnetic ordering temperatures. Based on these
results, a model of temperature-dependent spin ordering is presented for a double perovskite ferromagnet,
which suggests that there is a two-dimensional ferromagnetic alignment at temperatures between the two
ordering temperatures.@S0163-1829~97!03433-4#
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I. INTRODUCTION

Since the discovery of high-temperature superconduc
ity in perovskite copper oxides, there has been revived in
est in mixed-valence manganese perovskites. The colo
magnetoresistance~CMR! effect in doped manganese pe
ovskites has attracted great attention with regard to scien
study and technological applications. The cubic~or
pseudocubic! perovskitesR12xMxMnO3 ~R being rare-earth
ions andM divalent cations!, such as La12xCaxMnO3 and
La12xSrxMnO3, with three-dimensional Mn-O network
~isotropic MnO6 octahedra!, are known to become conduc
ing ferromagnets at hole doping concentrations ofx.0.2 and
exhibit CMR effects.1–9 The magnetic and electronic prope
ties have been examined within the framework of the doub
exchange theory, which considers the transfer of an elec
between neighboring Mn31 and Mn41 ions the Mn-O-Mn
path.10–12 Under the circumstance of the octahedral symm
try of the Mn sites, the electron configuration becomest2g

3 eg
1

for Mn31 and t2g
3 for Mn41. Theeg

1 electrons can be treate
as mobile charge carriers which interact, due to the str
Hund exchange coupling, with the localizedt2g

3 electrons
(S5 3

2). The electron transfer depends on the relative ali
ment of the local spins. Thus, the model, which is based
the effective exchange coupling induced by carrier trans
~hopping!, can describe important aspects of both the m
netic and transport behavior in manganites. The nega
magnetoresistance in the perovskite manganites can be i
preted in terms of increased carrier hopping induced by
spin alignment in an applied magnetic field. However, rec
theoretical and experimental studies13–18have suggested tha
in addition to the double-exchange theory~spin-dependen
electron hopping mechanism!, some other effects, such a
those relating to static or dynamic lattice distortions of t
MnO6 octahedra, are needed to enable us to understand
interplay between the carrier transport and spin arrangem
and the mechanism producing the CMR effect.

Systematic studies have provided the phase diagram8,19

of temperature versus doping concentration for the cubic~or
560163-1829/97/56~9!/5395~9!/$10.00
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pseudocubic! perovskites, such as La12xCaxMnO3. In a sys-
tem with appropriate doping (x;0.3), a ferromagnetic meta
~FM! to paramagnetic insulator~PI! transition takes place a
the magnetic transition temperatureTc . The temperature and
carrier doping driven metal-insulator transition is associa
with this magnetic transition temperature, around wh
CMR effects have been observed. Thus, the temperature
the maximum magnetoresistance correlates well with
peak resistivity temperature and the magneticTc in at least
the isotropic perovskite manganites. Moreover, various
perimental studies on these manganites have revealed
the microstructure of the Mn-O networks~MnO6 octahedra!
plays a crucial role in the spin-charge dynamics, which
responsible for the magnetic and electrical properties of
compounds. Systematic analyses of the phase diagram
temperature versus tolerance factor~geometrical parameter!
have indicated that increasing distortion in the Mn-O-M
bond angles~or bond lengths! is followed by increasing in-
sulating behavior, decreasing magneticTc , and enhanced
magnetoresistance effects.9,20,21 Alternatively, ‘‘charge-
ordering’’ ~CO! distortions,22–24 in which the lattice is dis-
torted near a localized hole, are often accompanied by in
lating behavior and enhanced magnetoresistance effe
However, the exact role of the Mn-O microstructural ne
works in the CMR perovskites remains unclear, and the g
of understanding and controlling the CMR in the perovski
is still challenging.

Recently, the effect of the dimensionality of the Mn-
networks on the magnetic and transport properties has b
studied with a use of layered perovskite compounds hav
the general formulaAn11BnO3n11 . Apart from ABO3-type
(n5`) manganites,An11BnO3n11-type compounds have
layered perovskite structures with two- or quasi-tw
dimensional Mn-O networks. Studies of manganese ox
with n51, La12xSr11xMnO4 with a layered perovskite
structure ~K2NiF4-type! have indicated that the materia
is a two-dimensional antiferromagnet.25,26 Studies on
La222xSr112xMn2O7 (x50.4) single crystals,27

La222xCa112xMn2O7 (x50.25) polycrystalline bulk
5395 © 1997 The American Physical Society



-
t
e

ing
r

er
th
ite

em
tr
-
th
th
t
tra
h
s
n
a
o

ur
e
s
ith

da

at
en
O

rg
qu
se

n
-

os
ick

f
00
ur
u
er

tic
in
t
o

n

.
a
a

ed

ty,
ng

a

f
es.
and
.

l
ved

ative

y. In

-

the

ruc-

5396 56H. ASANO, J. HAYAKAWA, AND M. MATSUI
samples,28 and~x50.3! thin films29 have shown that manga
nese oxide withn52 is a two-dimensional ferromagne
which exhibits colossal magnetoresistance effects. Th
studies and successive studies30–32 have found that double
perovskite manganites exhibit intriguing features includ
enhanced MR effects, anisotropic transport in charge ca
ers, and the possibility of two types of ferromagnetic ord
ing. In this paper, we report systematic results on
resistivity and magnetization of layered perovsk
La222xCa112xMn2O7 (0<x<0.5) obtained using the bulk
and epitaxial thin film samples. We found that the syst
becomes a metallic ferromagnet for the doping concen
tions of 0.22<x<0.5. With bulk samples in this doping re
gime, we observe metal-insulator transitions well below
magnetic transition temperature. Although we found
magnetic behavior of thin films withx50.3 to be somewha
different from that of bulk samples with the same concen
tion, the two critical temperatures were also observed for t
films and coincided well with those of the bulk sample
These observations indicate that the existence of two tra
tion temperatures for magnetic ordering is an intrinsic ch
acteristic of the compound. The magnetoresistance is
served over a wide temperature range from low temperat
to the ferromagnetic ordering temperatures. Based on th
results, we present a model of temperature-dependent
configurations for a layered perovskite ferromagnet w
two-dimensional Mn-O networks.

II. EXPERIMENT

The bulk samples we used were prepared by a stan
ceramic process. Stoichiometric proportions of La2O3,
CaCO3, and Mn2O3 were mixed, ground, and calcined
900 °C for 20 h in an O2 atmosphere. The samples were th
sintered in the 1400–1450 °C range for 20 h also in an2
atmosphere. For film preparation, we used a single-ta
magnetron sputtering technique. The sputtering techni
and conditions we employed were similar to those u
for the reproducible production of high-quality high-Tc
superconducting oxide thin films.33 The targets were
70 mm diameter disks with a nominal compositio
~La222xCa112xMn2O7, x50.3!; they were prepared by a ce
ramic process under sintering conditions identical to th
used for the bulk samples. Thin films 100–300 nm th
were grown on substrates of MgO~001! and SrTiO3 ~001!.
Deposition was carried out at a sputtering gas pressure o
mTorr Ar and with substrate temperatures in the range 7
750 °C. The films were then cooled to room temperat
under 10 Torr oxygen. No postdeposition annealing was
dertaken. Compositional analyses were performed by en
dispersive x-ray microanalysis~EDX!, which indicated that
the obtained samples exhibited compositions nearly iden
to the nominal one. The properties of the samples rema
stable during various heat treatments~annealing in oxygen a
900–1400 °C!. The crystal structure and the phase purity
the samples were examined by x-ray diffraction with CuKa
radiation. The electrical resistance and magnetoresista
were measured as a function of temperature~4.2–300 K! and
magnetic field~0–1.8 T! by a standard four-point technique
Electrical contacts were made with silver paste. The MR w
normalized to the zero-field value, since no saturation w
se
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achieved in this study. Namely, the MR ratio here is defin
as2Dr/r052(r2r0)/r0 ~wherer andr0 are the resistiv-
ity in an applied magnetic field and the zero field resistivi
respectively!. Magnetization was measured on a vibrati
sample magnetometer.

III. RESULTS AND DISCUSSION

Our x-ray diffraction study indicated that the 0<x<0.5
and x51.0 samples were of single phase with
Sr3Ti2O7-type tetragonal perovskite structure (I4/mmm).34

By contrast, thex50.6 and x50.8 samples were not o
single phase but a mixture with additional impurity phas
Figure 1 shows schematic views of the layer sequences
crystal structures ofAn11BnO3n11 perovskite compounds
The figure compares views of compounds withn5`, i.e.,
ABO3, n52, i.e., A3B2O7 ~Sr3Ti2O7 type!, and n51, i.e.,
A2BO4 ~K2NiF4 type! structures. TheABO3 compound con-
sists of perovskite units with three-dimensionalB-O net-
works. In contrast,A3B2O7 and A2BO4 structures exhibit
two-dimensional B-O networks. The two-dimensiona
A3B2O7 system contains double perovskite layers interlea
with A-O layers, and the two-dimensionalA2BO4 system has
a single perovskite layer interleaved withA-O layers. The
good agreement between the calculated and observed rel
line intensities obtained for eachx value (0<x<0.5) en-
sures that the samples have a high degree of phase purit
the La222xCa112xMn2O7 system with a Sr3Ti2O7-type struc-
ture, double perovskite layers are interleaved with La~Ca!O
layers, and Mn-O-Mn bonds in thec-axis direction are sepa
rated from one another by La~Ca!O layers. In Fig. 2 and
Table I, we present the lattice parameter data for

FIG. 1. Schematic views of layer sequences and crystal st
tures ofAn11BnO3n11 compounds.~a! ABO3 compound (n5`),
~b! A3B2O7 compound (n52) with a Sr3Ti2O7-type structure, and
~c! A2BO4 compound (n51) with a K2NiF4-type structure.
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56 5397TWO-DIMENSIONAL FERROMAGNETIC ORDERING AND . . .
La222xCa112xMn2O7 system. The general trend is that wi
increasingx, the a value decreased and thec value de-
creased. The resultantc/a value increased from 4.970 (x
50) to 5.001 (x50.5). Diffraction analysis using a four

FIG. 2. Lattice parameters of La222xCa112xMn2O7 as a function
of x. Data for single phase samples with 0<x<0.5 andx51.0 are
shown as filled circles. Data for samples withx50.6 andx50.8,
which are denoted as open triangles, are presented only for r
ence, because these samples are not single phase. The soli
dotted lines are provided only as a guide to the eyes.
axis technique showed that the thin films we used in t
study had ana-axis normal orientation with thec-axis or-
dered in the plane and that they consisted of two doma
rotated at 90° to each other in the plane~the so-called mosaic
structure!. The lattice parametera0 for the x50.3 films on
MgO was 0.3868 nm, which is close to the value for bu
with the same concentration.

We used single phase bulk samples
La222xCa112xMn2O7 series (0<x<0.5) to examine the
doping dependence of the transport and magnetic proper
In Fig. 3, we show the temperature dependence of the re
tivity r for the La222xCa112xMn2O7 series (0<x<0.5). For
x<0.2, ther-T curve is characteristic of semiconductors
insulators for the whole temperature range we examined.
x>0.22, ther-T curves exhibit a peak with semiconductin

er-
and

FIG. 3. Temperature dependence of resistivityr for
La222xCa112xMn2O7 samples with 0<x<0.5.
TABLE I. Summary of physical properties of La222xCa112xMn2O7. Tr
max, Tc1 , Tc2 , andMs mean the

peak temperature in resistivity, the first magnetic ordering temperature~see text!, the second magnetic
ordering temperature~see text!, and the saturated magnetization, respectively.

Sample
Nominal

compositionx

Lattice constant

c/a
Tp

max

~K!
Tc1

~K!
Tc2

~K!
Ms

(mB /Mn)a ~nm! c ~nm!

Bulk 0 0.3875 1.9261 4.970 160 3.12
Bulk 0.1 0.3872 1.9249 4.971 177 3.20
Bulk 0.2 0.3872 1.9248 4.971 215 3.39
Bulk 0.22 0.3872 1.9248 4.971 88 215 3.58
Bulk 0.25 0.3872 1.9248 4.971 96 85 215 3.59
Bulk 0.3 0.3864 1.9248 4.985 140 251 3.48
Bulk 0.4 0.3849 1.9250 5.001 185 255 2.10
Bulk 0.5 0.3840 1.9267 5.017 173 257 1.55
Bulk 0.6 0.3835 1.9360 5.048
Bulk 0.8 0.3754 1.9403 5.169
Bulk 1.0 0.3702 1.9430 5.249
Film 0.3 0.3868 133 134 250
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behavior above and metallic behavior below this tempe
ture. Hereafter, the peak temperature in resistivity is de
nated asTr

max. For x50.22, r once decreases belowTr
max,

then slightly increases around 60 K, due to some localiza
effects, and finally decreases from 40 K down to low te
peratures. With increments in the nominal hole concentra
x from 0.22 up to 0.4,Tr

max increased from 88 K (x50.22) to
185 K (x50.4) and the resistivity decreased. Forx50.5, we
observed a slightly reducedTr

max of 170 K and a high resis
tivity. These metal-nonmetal phenomena, which depend
the doping concentrations, are similar to those of the conv
tional double-exchange ferromagnets such
La12xCaxMnO3.

Figure 4 displays the temperature dependence of ma
tization M for bulk samples with 0<x<0.5. The magneti-
zation was measured in the warming run with a field of 1
after cooling down to 10 K in a zero field. The bulk magne
transition temperaturesTc were determined from theM -T
curves by the conventionalM2-T method. Asx increases,
the bulk Tc values increase from 160 K (x50) and 215 K
(x50.22) to 257 K (x50.5). When comparing theTc values
with the Tr

max values for corresponding doping concentr
tions, theTc values were about 100 K higher than theTr

max

values. Namely, for the La222xCa112xMn2O7 bulk samples,
no coincidence can be seen between the metal-insulator
sition and the magnetic transition, as commonly observed
ABO3-type ferromagnets with three dimensional Mn-O-M
networks. Figure 5 plots the change in the magnitude of
magnetic moments, which is determined from the satura
magnetization at low temperatures, as a function ofx. As x
increases fromx50, theMs first increases from 3.12mB /Mn
(x50) to 3.58mB /Mn (x50.22), reaching a maximum
value of 3.59mB /Mn (x50.25), and then decreases stee
to 1.55mB /Mn (x50.5). TheMs value of 3.59mB /Mn (x
50.25) is in good agreement with the expected value
3.75mB /Mn for the average oxidation state of 3.25 for M
cations, indicating that thex50.25 compound possesses
fully ordered spin alignment. A slightly reduced magne
moment in the lowerx range may suggest the canted ferr
magnetic spin arrangement, as is the case with canted fe
magnetic insulators35 in the La12xSrxMnO3 system with low

FIG. 4. Temperature variation of bulk magnetizationM for
samples with 0<x<0.5. The magnetization was measured in t
warming run with a field of 1 T after cooling down to 10 K in a zero
field using a vibrating sample magnetometer.
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doping concentrations. The large reduction in the magn
moment in the higherx range could be ascribed to the co
tribution of the antiferromagnetic interaction between Mn41

cations.
The temperature dependence of the MR ratio2Dr/r0 ~at

m0H51.8 T! of La222xCa112xMn2O7 for concentrations of
x50.22, 0.25, 0.3, 0.4, and 0.5 is shown in Fig. 6. In t
figure, arrows indicate the resistivity cusp temperatureTr

max

and the magneticTc determined by magnetization measur
ment. It can be seen that the MR effect of these samp
exhibits a complicated temperature dependence over a w
temperature range. As regards the MR effect, three temp
ture regions can be identified; a region aroundTc , a region
aroundTr

max, and a region well belowTr
max. The first small

peak for all the samples can be observed at temperat
around the bulk magneticTc , and a second peak with
larger magnitude is present in the region aroundTr

max. This
temperature-dependent MR behavior near and aboveTr

max is
suggestive of the occurrence of such a type of transition
the double-exchange model would predict. Moreover, it
noteworthy that a large MR is also observed in the reg
well belowTr

max and the temperature variation is different f
each sample. Forx50.22, a positive MR is observed in th
50–70 K range, which is close to the resistivity minimu
seen in Fig. 3. In Fig. 7, we plot thex dependence of the MR
ratio 2Dr/r0 (1.8 T) at;Tr

max and the low temperature fo
the bulk samples. Here, the MR ratio at;Tr

max and the low
temperature is taken from the local maximum of the M
ratio nearTr

max and the low temperature in Fig. 6, respe
tively. It is evident that thex dependence is quite differen
for the MR ratio at the low temperature and;Tr

max, possibly
implying that the mechanism of the MR effects is not t
same. The MR~peak! value nearTr

max is rather high in the
vicinity (x50.22– 0.25) of the compositional boundary
the metal-insulator transition, and decreases steeply with
creasingx. The observed doping dependence of the M
value atTr

max is similar to that of a conventional double
exchange ferromagnet19 such as La12xCaxMnO3, which is
interpreted in terms of the doping-dependent effective c
pling strength,J/W, between the mobile carriers and th
localized spins, whereJ is the on-site Hund coupling, andW
is the electronic bandwidth.36 The origin of the low-

FIG. 5. Change in the magnitude of the magnetic moments
function of x for La222xCa112xMn2O7.
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56 5399TWO-DIMENSIONAL FERROMAGNETIC ORDERING AND . . .
temperature MR of the bulk samples is discussed later.
The observed systematic change in the electrical

magnetic properties of bulk samples with various dop
concentrations is, as a whole, similar to those of cu

FIG. 6. The temperature dependences of the MR ratio
2Dr/r0 of La222xCa112xMn2O7 for x50.22 ~a!, x50.25 ~b!, x
50.3 ~c!, x50.4 ~d!, andx50.5 ~e!. Arrows indicate the cusp tem
peratures in resistivityTr

max, and the magnetic transition temper
turesTc . The MR ratio is measured at an applied field of 1.8 T
d
g
c

~or pseudocubic! perovskite manganites with isotropi
Mn-O networks. This suggests that the fundamental mec
nism of the metallic ferromagnetism in double-perovsk
La222xCa112xMn2O7 can be interpreted primarily within the
framework of the double-exchange theory. Then, the m
striking observation in the bulk samples of double-perovsk
manganites is the large deviation between the metal-insul
transition and the magnetic transition, while a good corre
tion has been commonly observed between theTr

max and the
Tc for the cubic perovskite manganites. Here, it is importa
to mention an extrinsic effect, which could result in a lar
deviation inTr

max and Tc , such as the grain size effect37,38

reported for bulk samples of cubic perovskite. It was fou
that samples with a small grain size less than;0.5 mm ex-
hibited aTr

max far ~100 K! below Tc , whereas for samples
with a grain size larger than;1 mm there is good agreemen
betweenTr

max andTc . Examination with a scanning electro
microscope indicated that the La222xCa112xMn2O7 samples
had an average grain size of larger than 2mm. Therefore, this
grain size effect can be ruled out as the origin of the pres
observation. This observation can be interpreted in term
the existence of two types of ferromagnetic ordering cau
by the anisotropic carrier transport and exchange interac
in the compound. We assume that, at around the cusp
perature, the electrical properties of the bulk samples
dominated by less conductive transport along the out
plane direction, which is due to a weaker exchange inter
tion. By contrast, the magnetic transition of the bulk mate
als would be governed by the strong in-plane excha
interaction. Thus,Tr

max is observed far below theTc of the
bulk samples. To verify the existence of two types of ferr
magnetic ordering in the compounds, we examined the
lated properties of the epitaxial film samples and compa
them with those of the bulk samples.

Figure 8 compares the temperature dependence of r
tivity r ~a!, magnetizationM and inverse susceptibility 1/x
~b!, and MR ratio 2Dr/r0 ~c! for bulk and a-axis film
samples of La222xCa112xMn2O7 (x50.3). There is a cusp in
the r-T curves both for samples with metallic behavior b

FIG. 7. Thex dependence of MR ratio2Dr/r0 at ;Tr
max and

low temperature for the bulk samples. Here, the MR ratio
;Tr

max ~shown in open circles! and the low temperature~shown in
closed circles! is taken from the local maximum of MR ratio~in
Fig. 6! nearTr

max and the low temperature, respectively. The arro
indicates the compositional boundary of the metal-insulator tra
tion. The solid lines are eye guides.
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5400 56H. ASANO, J. HAYAKAWA, AND M. MATSUI
low and semiconducting behavior above this temperat
The Tr

max value of 133 K of the thin film is in good agree
ment with that~140 K! of the bulk sample, which ensure
stoichiometry, that is, an appropriate doping concentrat
The thin film resistivitiesr were much smaller~by one order
of magnitude at room temperature and aroundTr

max and by
two orders of magnitude at 4.2 K! than those of the bulk
sample. This is attributable to the great reduction in gra
boundary scattering in the epitaxial films. As mention
above, theTc of the bulk samples of the compound w
always much higher than theirTr

max, and forx50.3 theTc

andTr
max were 251 and 140 K, respectively. In contrast, t

thin film exhibited aTc of 134 K, derived fromM2-T plot-
ting, which is in fairly good agreement with theirTr

max of 133
K. However, at temperatures much higher thanTc ~134 K!,
there is still definite magnetization, possibly reflecting tw
dimensional spin ordering, as shown in Fig. 8~b!. From the
1/x-T curve for thin film withx50.3, shown in Fig. 8~b!, it
is evident that 1/x exhibits a linear temperature dependen
above;260 K, and the temperature extrapolated from
higher-temperature Curie-Weiss plot, as shown by the do
line in Fig. 8~b!, is 250 K, and this is very close to theTc of
the bulk sample~251 K! with the same doping concentratio
It should also be mentioned that in theM -T measurements

FIG. 8. Resistivityr ~a!, magnetizationM and inverse suscep
tibility 1/x ~b!, and MR ratio of2Dr/r0 ~c! for bulk and thin film
samples of La222xCa112xMn2O7 (x50.3) as a function of tempera
ture. The MR ratio2Dr/r0 and the magnetization are measur
under an applied field of 1 T. Arrows indicate the cusp temperatu
in resistivity Tr

max, and the magnetic transition temperaturesTc .
e.

n.

-

-

e
e
d

for bulk samples in a low magnetic field~1 mT!, a feature
was observed at around theirTr

max. Thus, theM -T behavior
depending on the sample form would reflect an anisotro
nature of the double perovskite ferromagnet. The tempe
ture dependence of the MR ratio2Dr/r0 (H51 T) for thin
film and bulk samples is compared in Fig. 8~c!. There are
clear differences between the temperature-dependent MR
havior of the thin film and that of the bulk. These differenc
can be summarized in three typical aspects, that is, MR
Tr

max, MR at temperatures above;200 K, and MR at tem-
peratures below;100 K. With the thin film, the largest MR
effect was observed at aroundTr

max ~133 K! and the maxi-
mum MR ratio was 93%. In the MR-T curve for the bulk, at
aroundTr

max ~140 K! we observed a second maximum with
2Dr/r0 of 30%. With regard to the MR effect at temper
tures above;200 K, the bulk sample exhibited a small b
significant MR effect up to room temperature. In contra
the thin film showed no MR effect in this temperature rang
This temperature-dependent MR behavior of the thin fi
and bulk samples is closely associated with their respec
M -T behavior. The present bulk data as well as the thin fi
data provide strong evidence that the existence of two tr
sition temperatures for magnetic ordering is behavior wh
is intrinsic to the compound.

To understand the spin-charge coupling phenomena
perovskites with two-dimensional Mn-O networks, it is e
sential to adopt the double-exchange model by taking
count of their anisotropic nature. In this model, the trans
integral t i j between neighboring Mn sites is expressed
t i j 5bi j cos(uij /2), wherebi j is the transfer matrix element
which describes electron hopping between Mn sites, andu i j
is the relative angle of the local spins. The matrix elementbi j
would govern the coupling between the mobile electrons
the localized electrons, hence the ferromagnetic transi
temperature and the electronic conductivity. It is plausi
that, in the layered perovskite, the motion of doped holes
hence the exchange interaction would be anisotropic in
a-b axis ~in-plane! andc-axis ~out-of-plane! directions. The
anisotropic exchange interaction could be the reason for
two transition temperatures for magnetic ordering, since
magnetic critical temperature is usually proportional to t
strength of the exchange interaction. The Mn-Mn interact
due to the series of Mn-O-Mn bonds in the in-plane direct
is stronger than the Mn-Mn interaction resulting from t
series of alternating Mn-O-Mn and Mn-O-O-Mn bonds
the out-of-plane direction, when we consider that the Mn-M
interaction due to the Mn-O-O-Mn bonds is an antiferroma
netic exchange interaction, as suggested by the results
La12xSr11xMnO4.

25,26 So, we believe that the in-plane ex
change interaction is stronger than the out-of-plane excha
interaction, and that the probability of electron hopping~hole
transfer! in the in-plane direction is much higher than that
the out-of-plane direction. Different parametersbi j can be
assumed for the electron hopping in the in-plane and ou
plane directions,bab and bc , respectively, withbab.bc .
Therefore, the lower critical temperature we observed res
from the out-of-plane exchange interaction, and the hig
critical temperature results from the in-plane exchange in
action. Table I lists data on these critical temperatures~Tr

max,
Tc1 , and Tc1! for the bulk and thin film samples. For th
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bulk samples, the lower ordering temperatures, designate
Tc1 , are determined from theM -T curve in a magnetic field
of 1 mT, and the higher ordering temperatures, designate
Tc2 , are obtained from theM -T curve in a magnetic field o
1 T. For the thin film,Tc1 is determined from theM -T curve
in a magnetic field of 1 T, andTc2 is obtained from the
high-temperature Curie-Weiss plot in a magnetic field of 1
It should be noted that for both bulk and thin filmsTr

max is
very close toTc1 . At around Tc1 (;Tr

max) and Tc2 , the
behavior of carrier motion and spin ordering is considered
be as follows. At aroundTc1 (;Tr

max), two-dimensional spin
fluctuation occurs in the out-of plane direction, while sp
ordering is still preserved in the in-plane direction. Thus,
resultant resistivity maximum is observable for polycryst
line bulk anda-axis thin films, since the electrical propertie
of both samples are dominated by the less mobile car
transport in the out-of-plane direction. An applied magne
field can easily restore the two-dimensional spin order
reduce the spin scattering of the conduction electrons,
giving rise to large MR effects at aroundTc1 . By contrast, at
aroundTc2 the in-plane exchange interaction contributes
the magnetic and electrical properties, and there is als
large spin fluctuation in the in-plane direction. Tw
dimensional spin ordering still remains in the compou
aboveTc1 up toTc2 . Small anomalies in the electrical prop
erties at around the higher critical temperature, nam
smaller MR effects and the negligible structure in the res
tivity data, can possibly be attributed to the contribution
thermally activated conduction with significantly reduced
sistivity in the out-of-plane direction.

We could deduce the magnetic phase diagram base
the bulk data for the double-octahedral perovsk
La222xCa112xMn2O7 and this is shown in Fig. 9. The low
temperature state is a~canted! ferromagnetic insulator for 0
<x<0.2, and a ferromagnetic metal appears forx>0.22.
For a low doping region withx,0.2, we observed only the
transition between a ferromagnetic insulator~FI! and a para-
magnetic insulator~PI!. It is seen that for 0.22<x<0.5 the
bulk materials behave such that they undergo two transit
from a paramagnetic insulator~PI! to a ferromagnetic insu
lator ~FI! and finally to a ferromagnetic metal~FM! with
decreasing temperature. It must be noted that the FI sta
Fig. 9 should exhibit a two-dimensional ferromagnetic
rangement and an anisotropic carrier motion with intrin
cally insulatorlike transport in the out-of-plane direction a
metallic transport in the in-plane direction. The phase d
gram for a broad range of temperatures and concentration
the La12xCaxMnO3 system has been reported by Schiff
et al.8 A comparison of the phase diagrams of t
La222xCa112xMn2O7 and La12xCaxMnO3 systems may pro-
vide useful information about the characteristics of doub
perovskite and isotropic-perovskite ferromagnetic mang
ites. The most distinct difference between the two system
the regime under which a ferromagnetic insulating state
ists. In the La12xCaxMnO3 system, this state exists only for
low ~nominal! hole-concentration range. By contrast, in t
La222xCa112xMn2O7 system, the regime of the ferromag
netic insulating state extends over the wide range of h
concentrations (0<x<0.5) and temperatures examined
this study. Moreover, the ferromagnetic insulating phase
by

by

.

o

e
-

er
c
d
us

a

y,
-
f
-

on

s

in
-
-

-
of

-
-
is
x-

le
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pears between the ferromagnetic metal and paramagneti
sulator phases in the 0.22<x<0.5 range. Another importan
finding is that the doping dependence ofTc2 in the
La222xCa112xMn2O7 system is very close to that ofTc ~and
thereforeTr

max! in the La12xCaxMnO3 system, which con-
tains only one type of Mn-Mn interaction. This agreeme
also provides strong evidence that theTc2 value of
La222xCa112xMn2O7 is determined by the in-plane exchang
interaction.

On the basis of the above discussion, we propose
model of temperature-dependent spin alignment for
double-layer perovskite manganite shown in Fig. 10. T
figure also shows, for convenience, the magnetic phase
gram and the schematic views of layer sequences for
compound. This model is primarily considered to descr
the behavior of a metallic ferromagnet of double perovsk
manganite with a doping concentration ofx;0.3. We adopt
four temperature ranges:~a! T!Tc1 , ~b! T<Tc1 , ~c! Tc1
,T,Tc2 , and ~d! T.Tc2 . At T!Tc1 , there is ferromag-
netic spin ordering within a double MnO2 layer and between
neighboring double MnO2 layers. At T<Tc1 , there is in-
creased spin fluctuation in the out-of plane direction betw
neighboring double MnO2 layers, whereas spin ordering i
the in-plane direction is still preserved. AtTc1,T,Tc2 ,
there is an appreciable amount of two-dimensional spin fl
tuation in the out-of-plane direction between neighbori
double MnO2 layers. Finally, atT.Tc2 , spin ordering com-
pletely disappears. The most notable feature in double-la
perovskite manganite is the behavior in theTc1,T,Tc2
range, where there is two-dimensional ferromagnetic ali
ment. In this temperature range, the observed transport
magnetic properties are highly dependent on the sample f
~e.g., polycrystals or single crystals!, because of the two-
dimensional ferromagnetic arrangement and the anisotr
carrier motion with intrinsically insulatorlike transport in th
out-of-plane direction and metallic transport in the in-pla
direction. This model can reasonably explain a rec
observation23 in single crystal La222xSr112xMn2O7 (x

FIG. 9. Magnetic phase diagram of La222xCa112xMn2O7, based
on the present bulk data. The abbreviations mean paramagnet
sulator~PI!, ferromagnetic insulator~FI!, and ferromagnetic meta
~FM!. The triangles denote the peak temperature in resistivityTr

max.
The circles denote the magnetic transition temperatureTc . The
solid lines through the data for La222xCa112xMn2O7 are eye guides.
For comparison, previously reported data8 for the La12xCaxMnO3

system are shown by dotted lines.
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50.3) that theTr
max values themselves depend on the crys

directions. Using the present simple model of spin alig
ment, we are also able to explain at least qualitatively
magnetoresistance effect observed over the wide temper
range, except for the low-temperature MR in theT!Tc1
range. However, the doping concentrations of the charge
riers are also likely to affect the detailed spin arrangemen
is well known for isotropiclike perovskite manganites. Ev
the degree of the dimensionality in layered perovskite m
ganites is also likely to affect the detailed spin arrangem
Further investigations are necessary to elucidate these is

The magnitude of the MR effect in La222xCa112xMn2O7
has been enhanced for almost the whole temperature re
by comparison with the CMR perovskites with thre
dimensional Mn-O networks. The origin of the enhanced M
properties in this compound can be ascribed to anisotro
Mn-O networks with reduced dimensions. The simple exp
nation is that the two dimensionality of the Mn-O networ
causes a reduction in the effective transfer interaction of
eg carriers, which gives rise to enhanced effective coupl
between the local spin and the charge carrier via strong in
atomic ferromagnetic~Hund! coupling. However, an addi
tional and more important factor, we suggest, is the an
tropic exchange interaction in this compound. The ove
Mn-Mn exchange interaction in the out-of-plane directio
which is due to the series of alternating Mn-O-Mn and M
O-O-Mn bonds, is essentially weaker than the double

FIG. 10. Proposed model of temperature-dependent spin a
ment for the double-perovskite ferromagnet La222xCa112xMn2O7,
together with the magnetic phase diagram, and schematic view
the layer sequences for the compound. The arrows denote the
directions of Mn cations. The solid lines are eye guides.
l
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change interaction due to the series of Mn-O-Mn bonds
the in-plane-direction. Near the lower critical temperatu
corresponding to the cusp temperatureTr

max, there is two-
dimensional spin fluctuation in the out-of-plane directio
while ferromagnetic spin ordering is preserved in the
plane-direction. An external magnetic field could easily
store the two-dimensional spin order and therefore enha
the transfer of the conduction electrons, thus giving rise
large MR effects with a relatively lower magnetic field
this temperature range. The enhanced MR effect in the
ered perovskite manganese ferromagnet is most consi
with an anisotropic exchange interaction in combination w
a very narrow one-electron bandwidth. Moreover, it sho
be noted that, in the low temperature range well belowTr

max,
there is an appreciable MR effect for both the bulk and t
film samples. The resistivity versus applied magnetic fi
curve data39 on polycrystalline bulk and thin films show tha
the origin of the low-temperature MR effect in the doubl
layer perovskite manganite is different for polycrystallin
bulk and thin films. The low-temperature MR for polycry
talline bulk is mainly due to the magnetic-domain-bas
mechanism coupled with either spin scattering at gr
boundaries8 or spin-polarized intergrain tunneling.40 The
low-temperature MR fora-axis thin films is possibly due to
the spin-polarized tunneling effects41,42 in the stacked layers
between a metallic (MnO2)2 layer and an insulating
La~Ca!2O2 layer, which is reminiscent of the intrinsic Jo
sephson tunneling effects43 in high-Tc copper oxide perovs-
kites. Although it is reasonable to assume a domain-ba
mechanism to account for the spin-polarized tunneling
fects, the contribution of the exact configuration of the tw
dimensional spin ordering in the double perovskite mang
ites should be taken into consideration. Further studies
needed to clarify the role of two-dimensional spin orderi
as regards the possible formation of Jahn-Teller polarons
the CMR phenomena in manganese perovskite ferromag

IV. SUMMARY

We have used bulk and thin film samples of the dou
perovskite La222xCa112xMn2O7 series with various doping
concentrationsx to investigate the transport and magne
properties associated with metal-insulator and magnetic t
sitions. The results provide clear evidence for the existe
of two distinct types of ferromagnetic ordering, which po
sibly results from an anisotropic exchange interaction, in
0.22<x<0.5 dopant regime. It can be seen that bulk ma
rials with these doping concentrations behave such that
undergo two transitions from a paramagnetic insulator t
ferromagnetic insulator and finally to a ferromagnetic me
with decreasing temperature. Magnetoresistance was
served over a wide temperature range from low temperat
to the ferromagnetic ordering temperatures. Based on th
results, we presented a model of the temperature-depen
spin configurations for a layered perovskite ferromagnet w
two-dimensional Mn-O networks, suggesting that there
two-dimensional ferromagnetic alignment at temperatu
between the two ordering temperatures.
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