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Magnetotransport in perovskite series Lan2nxCa11nxMnnO3n11 ferromagnets

H. Asano, J. Hayakawa, and M. Matsui
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~Received 30 July 1997; revised manuscript received 6 October 1997!

The perovskite series Lan2nxCa11nxMnnO3n11 ~n52, 3, and̀ ! composed ofn layers of MnO2 is a colossal
magnetoresistance~CMR! ferromagnet. Results on the transport properties of epitaxiala-axis thin-film samples
with a fixed carrier concentration (x50.3) have indicated that a reduction in the number of layers results in
systematic changes in the various features. These include an increase in resistivity, a decrease in the resistivity
peak temperatureTc

r corresponding to the metal-insulator transition, an enhancement of the maximum MR near
Tc

r , and an increase in the low-temperature intrinsic MR. In order to explain the variation in these features with
the number of MnO2 layers, it is necessary to take bothc-axis transfer interaction and two-dimensional spin
fluctuation into account.@S0163-1829~98!03302-5#
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The observation of the colossal magnetoresistance~CMR!
effect1–6 in the mixed valence manganese perovskites
revived interest in the physical~magnetic and electrical!
properties of this class of compounds. The ferromagn
metallic state in these compounds has been explained by
double exchange theory, which considers the transfer o
electron between Mn31-O-Mn41 ions.7–9 As a result of
strong Hund exchange coupling, the itineranteg

1 electrons
~holes! interact with the localizedt2g

3 electrons (S5 3
2 ), and

thus mediate ferromagnetic ordering. Several studies on
pseudocubic perovskites La12xMxMnO3 (M5Ca,Sr) have
shown that materials with an optimized carrier concentrat
x;0.3, which undergo a transition from the paramagne
insulator state to the ferromagnetic metal state upon cool
exhibit CMR in a narrow temperature range around the Cu
temperature. There is strong evidence that distortion of
Mn-O-Mn bond, which modifies the one-electron bandwid
is a crucial parameter governing spin-charge coupling, he
the magnitude of the CMR. Moreover, theoretical and
perimental studies10–12 have pointed out the importance o
electron-phonon interaction that relates to Jahn-Teller-t
lattice distortions of the MnO6 octahedra. The above resul
suggest that there is considerable coupling among the cha
spin, and lattice in this system.

Recent attention in this field has focused on layered p
ovskite series of Ruddlesden-Popper compou
(La-M )n11MnnO3n11 , since CMR was observed in th
n52 compounds (M5Sr,Ca).13,14 In contrast to pseudocu
bic perovskites (n5`) with three-dimensional Mn-O net
works, the layered versions of (La-M )n11MnnO3n11 , of
which layer sequences are shown schematically in Fig
consisting of perovskite blocks,n MnO6 octahedra thick, off-
set along thec axis and with an intervening layer of~La-
M!O ions, possess a two-dimensional and anisotropic c
acter whose magnitude depends on then value. Apart from
then51 member, which is an antiferromagnet at any dop
concentration, the layered manganites withn52,3 and x
;0.3– 0.4 are found to be ferromagnets exhibiting CMR
fects. Studies13–17 of the n52 compound have shown tha
they exhibit remarkable features including MR ratio e
hancement, anisotropy in charge transport, magnetiza
570163-1829/98/57~2!/1052~5!/$15.00
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and magnetostriction, existence of two-dimensional fer
magnetic ordering at a certain temperature range, and
characteristic low-temperature intrinsic MR effect. Very r
cently, it has been reported that then53 compound18 exhib-
its some features that are similar to those observed for
n52 compound. However, the microscopic origin of seve
features remains unclear, and a unified interpretation
plaining the variation in the features with the number
MnO2 layers in the perovskite family is not yet available.

In this paper, we present a series of results on the tra
port properties of Lan2nxCa11nxMnnO3n11 thin films for n
52, 3, and` together with a discussion of the variation
various features with different numbers of MnO2 layers. The
features of present concern include electrical resistiv
metal-insulator transitionTc

r , maximum MR nearTc
r , and

low-temperature tunneling MR. Based on a comparison
the magnitude of these features among the compounds
argue that the reducedc-axis transfer interaction as well a
the two-dimensional spin fluctuation, which result from t
anisotropic~double! exchange interaction, play an importa
role in enhanced CMR and other related properties.

FIG. 1. Schematic views of layer sequences
(La-Ca)n11MnnO3n11 compounds.
1052 © 1998 The American Physical Society
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57 1053MAGNETOTRANSPORT IN PEROVSKITE SERIES . . .
A single-target magnetron sputtering technique w
used for preparing the thin-film samples
Lan2nxCa11nxMnnO3n11 ~n52, 3, and`!. The preparation
methods and conditions have been reported elsewhere.15 The
targets for the thin films ofn52, 3, and` compounds were
disks with nominal compositions of La1.4Ca1.6Mn2Oy ,
La2.1Ca1.9Mn3Oy , and La0.7Ca0.3MnOy , respectively. The
film thickness was typically 150 nm, and the substrates w
MgO ~001!. Energy dispersive x-ray microanalysis~EDX!
indicated that the compositions of the films were nearly id
tical to the nominal one within the accuracy (;2%) of
EDX. X-ray-diffraction analysis showed that all the film
were single phase and had ana-axis~100! normal orientation
to the substrate surface. Thef-scan~in-plane rotation! x-ray
analysis on then52,3 thin films indicated that thea-axis
films were ordered in the film plane and consisted of t
domains, rotated at 90° to each other, in the plane~the so-
called mosaic structure!. The diffraction data including the
f-scan mode gave us lattice parameters ofa050.3864 nm
for the n5` films, a050.3864 nm, c051.920 nm, and
c0 /a054.970 for then52 films, anda050.3867 nm,c0
52.680 nm, andc0 /a056.930 for then53 films. The three
types of samples exhibited full widths at half maximum
the rocking curve for the~200! reflection in the 0.3–0.5°
range, indicating similar epitaxial quality.

The top panel in Fig. 2 shows the temperature depende
of the resistivityr in a zero field for thin-film samples o
Lan2nxCa11nxMnnO3n11 with n52, 3, and `. All three
samples display a maximum in ther-T curve at a respective
temperature and exhibits a metallic behavior below an
semiconducting behavior above the temperature. This re
tivity maximum is indicative of the occurrence of a meta
insulator~MI ! transition. The MI transition temperaturesTc

r ,
defined by the temperature of the resistivity maximum
listed in Table I, together with other data including the res
tivity values at 4.2 K andTc

r . When comparing these thin
film data (n52,̀ ) with those of polycrystalline bulk
samples with identicaln and carrier concentration values~no
available data forn53 bulk sample!, the present thin films
exhibit Tc

r values, which are in good agreement with the bu
values@140 K ~Ref. 14! for n52, and 240 K~Ref. 4! for n
5`#. The slight reduction (;10 K) in theTc

r values in the
thin films might be due to strain induced by the substrate
slight deviation of the carrier concentrations. The thin film
exhibited reasonably low-resistivity values at 4.2 K~about
two orders of magnitude lower than those of the bu
samples!, indicating a film epitaxial quality free from granu
larity.

The middle panel in Fig. 2 shows the temperature dep
dence of the magnetizationM in a magnetic field of 1 T for
thin-film samples of Lan2nxCa11nxMnnO3n11 with n52, 3,
and`. The ferromagnetic Curie temperaturesTc

M are deter-
mined by the conventionalM2-T method. All the thin film
samples possessed theTc

M values that are correlated we
with the Tc

r values. However, the three samples exhibit d
ferent behavior in theM -T curves, especially at temperatur
higher than theTc

M . The inverse susceptibility 1/x-T curves
at the high temperatures for the three samples are show
the bottom panel in Fig. 2. A linear temperature depende
of 1/x is observed above;260 K, and the temperaturesQp,
s
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extrapolated from the Curie-Weiss plot, are about 250 K
all the samples. Although theQp value is close to theTc

M

value for then5`, theQp value is much higher than theTc
M

values for the layered compounds withn52 and 3. The large
deviation between theTc

M and theQp values has been re
ported for single crystals13 and thin films15 of the layered
(n52) compounds. This could be interpreted as being
result of the anisotropic electron transfer and exchange in
action, which is due to the different Mn-O bond configur
tions in thea-axis andc-axis directions. Therefore, the uppe
transition temperatureQp can be ascribed to the strong
a-axis interaction, and the lower one,Tc

M , to the weaker
c-axis interaction.

The data listed in Table I indicate that the transport a
magnetic properties are sensitively dependent on the num
of MnO2 layers,n. As then values decrease, theTc

r and the
Tc

M values decrease and the resistivity values increase
matically. This systematic dependence onn is also observed

FIG. 2. Temperature dependence of resistivityr, magnetization
M , and inverse susceptibility 1/x for thin films of
Lan2nxCa11nxMnnO3n11 with n52, 3, and`. The magnetization
and inverse susceptibility 1/x are measured under an applied ma
netic field of 1 T. Arrows in the top panel indicate the resistivi
peak temperaturesTc

r , and arrows in the middle panel indicate th
magnetic transition temperaturesTc

M .
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TABLE I. Typical physical properties of thin films of Lan2nxCa11nxMnnO3n11 with x50.3.

n
r at 4.2 K

~V cm!
r at Tc

r

~V cm!
Tc

r

~K!
Tc

M

~K!
Qp

~K!

„r(1 T)2r(0)…/r(0)
at ;Tc

r

~%!

„r(1 T)2r(0)…/r(0)
at 4.2 K

~%!

2 3.131022 2.83100 133 134 250 293 250
3 8.231023 6.831021 184 189 254 261 216
` 3.431024 9.231022 230 243 255 250 0
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for the MR behavior. The temperature dependence of
negative MR ratio 2Dr/r(0) (H51 T) for the three
samples is shown in Fig. 3. The MR ratio is defined
Dr/r(0)5@r(H)2r(0)#/r(0), where r(H) and r(0) are
the resistivity in an applied magnetic field and the zero-fi
resistivity, respectively. It is clear that all the samples exh
ited maximum magnetoresistance nearTc

r . For the n5`
compound, the relatively large MR associated withTc

r is
restricted to a narrow temperature range, and the MR r
decreases with decreasing temperature and becomes n
gible in the low-temperature range. By contrast, for the l
ered compound withn52,3, we can see a broad maximum
the MR-T curve and observe an appreciable MR effect o
a wide temperature range from low temperature to aro
Tc

r . The maximum and low-temperature~4.2 K! MR values
for the samples are listed in the last two lines in Table
showing that a reduction inn resulted in remarkable en
hancement of both the maximum and low-temperature M

We now turn to the origin of the relationship between t
number of MnO2 layers, n and the electrical transport i
Lan2nxCa11nxMnnO3n11 . As a consequence of the structur
change from perovskite (n5`) down to n52, which is
brought about by insertion of the insulating~La,Ca!2O2 layer
into the perovskite layers, a two-dimensional character is
troduced. This is expected to produce an anisotropic red
tion of the one-electron (eg) bandwidth. Theeg bandwidth,
as several experimental studies5,19 have revealed, is the criti
cal parameter governing the CMR and related propertie
perovskite manganites. Theoretically, it is predicted that
eg bandwidth determines the transfer interactiont between
neighboring Mn sites. Within the framework of a simp
double exchange theory, the exchange interaction is pro
tionally related to the transfer interactiont , and the ferro-

FIG. 3. Temperature dependence of MR ratio@2Dr/r(0)# for
thin films of Lan2nxCa11nxMnnO3n11 with n52, 3, and`. These
data are measured under an applied magnetic field of 1 T.
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magnetic transition is associated with the MI transitio
Therefore, the MI and ferromagnetic transition temperat
is expected to be proportional to the effectiveeg bandwidth
(W). From the transition temperature values in Table I,
can estimate the one-electron bandwidth of theeg electrons
for the three compounds. Assuming thatW is 1.5 eV for
La0.7Sr0.3MnO3 (Tc5360 K),20 the W values for
La0.7Ca0.3MnO3 (Tc5233 K), La2.1Ca1.9Mn3O10 (Tc

5184 K), and La1.4Ca1.6Mn2O7 (Tc5133 K) are estimated
to be 0.98, 0.77, and 0.56 eV, respectively. The reduction
W accompanied by a reduction inn was also demonstrated i
the magnitudes of the electrical resistivities. The increase
electrical resistivityr with decreasingn ~see Table I! is at-
tributed to a narrowing of the one-electron bandwidth. T
is expected from the basic concept of the double excha
model: bothTc andr reflect real charge motion determine
by the transfer interactiont, via the one-electron bandwidth
It should be noted that the reducedW corresponds to tha
along thec axis rather than thea axis.

When discussing then dependence of the MR effect, w
first consider the effect of the bandwidthW of the eg elec-
tron. The role of the bandwidth on the magnitude of M
have been suggested from the previous results on th
dimensional compounds with the different average ionic
dius of the La site. It is shown that increasing the bo
distortion enhances the MR response and reduces the f
magnetic transition temperatureTc . Several reports on the
three-dimensional compounds have shown a general t
that the MR response is nearly inversely proportional to
ferromagnetic transition temperatureTc . Within the frame-
work of the recently developed Kondo lattice model,21 the
narrowing of the bandwidth results in both the lowering
theTc and enhanced coupling (JH /W) between itinerant car-
riers and localized spins. To investigate the role ofW in the
relationship between the MR response andTc and related
issues in the present compounds, we plot in Fig. 4 the r
tionship between magnitude of the maximum MR~at 0.1 and
1 T! and theTc

r values obtained in the present studyn
52,3 and`! and the previous studies (n5`).2,3,6 It is clear
that the MR magnitude in then52 compounds increase
more rapidly with a decrease inTc

r , and no~inverse! linear
relationship can be seen between them. The deviation f
the linear relationship is more evident in a low magnetic fie
~0.1 T!. This indicates that we cannot attribute the enhan
MR of these two-dimensional compounds solely to the n
rower bandwidth. An additional factor affecting the MR r
sponse is the spin correlation inherent to two-dimensio
compounds. This is because spin-correlated fluctuation s
tering has a dominant effect on the MR nearTc

r . To obtain
an insight into these issues, we examined the field dep
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57 1055MAGNETOTRANSPORT IN PEROVSKITE SERIES . . .
dence of normalized resistivityr(H)/r(0) for the three thin-
film samples atTc

r and the results are shown in Fig. 5. In th
r(H)/r(0)2H curves, a steepr(H)/r(0) decrease is ob
served in the low magnetic field range below 0.5 T, parti
larly for then52 compound. The observed field dependen
of the MR response shows that in the two-dimensional m
terials the spin-correlated fluctuation can be easily s
pressed by a low external field. Recent studies sugge
two-dimensional and/or short-range spin correlation ab
Tc

r for the n52 compound.15,22 Below Tc
r , the spin correla-

tion becomes long range. The two-dimensional spin orde
in the layered compound possibly originates from the an
tropic exchange interactions in thea-b axis ~in-plane! and
the c-axis ~out-of-plane! directions. Larger anisotropy ex
pected for a smallern compound might lead to more en
hanced two-dimensional fluctuation. The broad MR pe
with an asymmetric shape seen in the MR-T curve only for
the n52,3 compounds~Fig. 3! may suggest that two

FIG. 4. MR ratio @2Dr/r(0)# in H50.1 T, and 1 T plotted
against theTc

r values for thin films of Lan2nxCa11nxMnnO3n11 in
the present study~n52, 3, and`! and previous studies~Refs. 2, 3,
and 6! (n5`). The closed symbols denote data inH51 T, and the
open symbols denote data inH50.1 T. The ~open and closed!
circles~indicated by arrows! denote present data forn5`, and the
other circles denote reported data~Refs. 2, 3, and 6! for n5`. The
squares denote data forn53, and the triangles denote data forn
52.

FIG. 5. Field dependence of normalized resistivityr(H)/r(0)
at nearTc

r for the thin films of Lan2nxCa11nxMnnO3n11 with n
52, 3, and̀ . The solid lines are drawn only as a guide to the ey
-
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-
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dimensional spin-correlated fluctuations survive down
lower temperatures. The existence of two-dimensional sp
correlated fluctuations even in the ferromagnetic state m
be associated with the observation of enhanced Jahn-T
distortion upon charge delocalization for the double lay
manganites.23

The most distinctive difference between the features
the three- and two-~layered! dimensional compounds is in
their low-temperature MR behavior. The field dependence
normalized resistivityr(H)/r(0) and magnetizationM for
the three thin-film samples at low temperatures are show
Fig. 6, and indicative of apparent hysteresis behavior for
n52,3 compounds. We found that the magnetic fields le
ing to the resistivity peak in ther(H)/r(0)2H curve cor-
respond to the fields at which zero magnetization is obtai
in the M -H curve. The observed MR with hysteresis beha
ior for the n52,3 compounds can be understood by the
tragrain~intrinsic! spin-polarized tunneling through the insu
lating ~La,Ca!2O2 layer. Moreover, it is found that the
magnitude of the tunneling MR depends critically on t
number~2 or 3! of MnO2 layers, as listed in Table I. This
means that the magnitude of the tunneling MR is not sol
determined by the spin polarization, since nearly compl
spin polarization is also expected for the perovskite man
nites at low temperatures. On the basis of the tunneling c
ductance network model,24 we might explain such a large.

FIG. 6. Field dependence of normalized resistivityr(H)/r(0)
and magnetizationM at low temperatures for the thin films o
Lan2nxCa11nxMnnO3n11 with n52, 3, and`. The normalized re-
sistivity r(H)/r(0) was measured at 4.2 K, and the magnetizat
M was measured at 13 K. These data were obtained after the in
application of a magnetic field of11.8 T. The solid lines in the top
panel are drawn only as a guide to the eyes.
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1056 57H. ASANO, J. HAYAKAWA, AND M. MATSUI
difference by taking account of the additional magnetic
ergy in the tunneling process. When the magnetic mome
of neighboring (MnO2)n layers separated by a~La,Ca!2O2
layer are not parallel and electron spin is conserved in
tunneling, additional magnetic exchange energy related
the c-axis transfer interaction is required. Further study
necessary to clarify the role of the transfer interaction and
spin configuration in the behavior of the tunneling MR.

In conclusion, we have reported results on the mag
totransport properties of Lan2nxCa11nxMnnO3n11 ~n52,3,
and `, x50.3! thin films. Our results demonstrate that
K.
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reduction in the number of MnO2 layers in the unit cell re-
sulted in systematic changes in various features. Th
changes include an increase in resistivity, a decrease in
sistivity peak temperatureTc

r corresponding to the metal
insulator transition, an enhancement in the maximum M
near Tc

r , and an increase in the low-temperature intrin
tunneling MR. A comparison of the magnitude of these fe
tures among these compounds suggested that both th
duced c-axis transfer interaction and the two-dimension
spin fluctuation play an important role in determining t
CMR and related properties in layered manganites.
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