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La1ÀxSrxMnO3 superlattices composed of ferromagneticxÄ0.4
and antiferromagnetic xÄ0.55 layers
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A systematic study is presented for structural characterization and physical properties of
La12xSrxMnO3 (x50.4, 0.55) single-layer films and superlattices composed of alternating stacks of these
layers. By increasing the doping level fromx50.4 to x50.55, the ground state of single-layer films is
drastically changed from ferromagnetic to layered type antiferromagnetic with orbital ordering. The constituent
layers in the superlattices appear to keep their ground states. Therefore the carriers are confined in the con-
stituent layers, resulting in the modulation not only in spin but also in orbital structures along the stacking
direction. Magnetoresistance is pronounced in the superlattices at low temperatures when thex50.55 layer is
very thin ~e.g.,<1.2 nm), indicating restoration of the electronic coupling between the neighboringx50.4
layers, which are otherwise decoupled by thex50.55 layers.
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I. INTRODUCTION

A wide variety of physical properties in perovskite ma
ganese oxides is one of the current topics in mater
science.1 The physical properties of three-dimensional~3D!
perovskite RE12xAExMnO3, where RE is trivalent rare-eart
element and AE is divalent alkaline-earth element, can
controlled easily by changing the average ion size of~RE,
AE! site and doping levelx. Among them, La12xSrxMnO3 is
a prototypical compound, which shows large magnetore
tance~MR! around the Curie temperature (TC) for the dop-
ing level of the 0.15<x<0.5.2 The ferromagnetic~FM! tran-
sition takes place above 300 K at 0.3<x<0.5.

The purpose of this paper is to investigate physical pr
erties of FM/antiferromagnetic~AF! artificial oxide superlat-
tices where FM layer is La0.6Sr0.4MnO3. By combining the
FM manganite layer with other perovskite compounds wh
have AF spin ordering in a form of superlattice, we c
control the physical properties by utilizing the competiti
between FM and AF magnetic ordering structures in the c
stituent layers. Previously, we have reported the construc
and the study on physical properties of the FM/AF super
tices composed of La0.6Sr0.4MnO3 and La0.6Sr0.4FeO3 having
the same nominal doping level.3 The AF La0.6Sr0.4FeO3 has a
G-type spin ordering and gives rise to spin frustration at
interface of the superlattices. The FM spin ordering
La0.6Sr0.4MnO3 is modified to spin-canting in the vicinity o
the interface by the proximity of theG-type AF spin arrange-
ment, resulting in large MR at low temperatures due to
recovery of FM arrangement by the magnetic field. Simi
results have also been reported with use of different com
PRB 610163-1829/2000/61~18!/12187~9!/$15.00
ls

e

s-

-

h

-
n

t-

e

e
r
i-

nations of superlattice component.4,5 In this paper, we
present the preparation, structure, and magnetoelectr
properties of superlattice composed of Mn perovskites a
different type of FM/AF superlattices: FM
La0.6Sr0.4MnO3 (x50.4) layer was combined withA-type
AF La0.45Sr0.55MnO3 (x50.55) layer having thedx22y2 or-
bital ordering.

Unlike Pr12xSrxMnO3 ~Ref. 6! or Nd12xSrxMnO3,7

La12xSrxMnO3 is free from charge ordering phenomeno
even whenx50.50, but changes its ground state to an A
metal atx.0.5.8 Physical properties of the AF compound
with high doping level have been studied only using po
crystalline samples because of difficulty in the fabrication
a bulk single crystal. An alternative approach to fabrica
well defined single crystals suitable for physical research
to synthesize high quality epitaxial thin films.9–11 Occasion-
ally, it is possible to make single crystalline film specim
for the materials which cannot be grown as bulk single cr
tals. In the case of epitaxial thin films, however, the stra
effect caused by the lattice mismatch from the substrate
to be taken into account.12–16

Recently, we have investigated the structures and pro
ties of single crystalline La12xSrxMnO3 thin films grown on
various substrates. The coherent strain from the substrate
stabilize various ground states even in case the compos
is fixed. For example, in the case of La0.5Sr0.5MnO3 films
grown on lattice mismatched substrates, the lattice ani
ropy c/a of the films can be controlled to a considerab
extent, e.g., from 0.976 on SrTiO3 through 0.994 on
@(LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7# to 1.041 on LaAlO3,
wherea and c are the lattice parameters of the films alo
12 187 ©2000 The American Physical Society
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@100# and @001# directions in the tetragonal symmetry, r
spectively. As the crystal is tetragonally distorted, the grou
state was drastically changed from layered type (A-type! AF
to chain type (C-type! AF by way of the conventional FM
state nearc/a51. A theoretical study on the electronic an
magnetic structure using density-functional calculatio17

could quantitatively reproduce the experimental phase
gram that is drawn on the plane of the hole dopingx vs the
lattice strainc/a. According to the calculation, the orbita
ordering of dx22y2 is stabilized forc/a,1, while that of
d3z22r 2 for c/a.1, accompanying theA-type and theC-type
AF spin structure, respectively. This technique to stabil
various ground states may be applied to a wide variety
research such as investigation of physical properties on
defined single crystalline films, surface characterization
terms of electronic and magnetic properties, strain effect
duced by lattice mismatched substrates, and devices bas
heterostructures. Among them, the magnetic and electr
property at the surface or the interface in the oxide system
a challenging issue, and the present study is one such
proach. The aforementioned complex properties are the
sequence of collective phenomena played by strongly co
lated electrons of which ground states are sensitive to la
structure, orbital structure, doping level, and magnetic in
action. Therefore large modification of properties is anti
pated to take place in the vicinity of the interface.

First, thex50.55 films grown on SrTiO3 substrates were
characterized so as to establish the magnetic, electronic,
structural basis of the superlattice research. Structure
magnetic properties of the superlattices are characterize
show that the constituent layers keep their ground states
atomically abrupt interface in magnetic ordering. Neverth
less, transport properties highlight the importance of orb
mixing at the interface and spin canting inA-type AF layers
upon application of a magnetic field, both of which lead
enhanced electron hopping along thec axis in theA-type AF
layers otherwise acting as barriers for carrier motion.

II. EXPERIMENT

La12xSrxMnO3 (x50.4, 0.55) single-layer films~100
nm thick! and x50.4/x50.55 superlattices were fabricate
by using a pulsed laser deposition method employing
ichiometric targets as reported previously.18 For achieving
atomically regulated epitaxy, SrTiO3 ~001! single-crystal
substrates treated with NH4F-HF solution were used.19 Prior
to the deposition, the substrate wasin situ annealed at 900 °C
in 1 mTorr of oxygen for 20–30 min, resulting in the we
defined TiO2 terminated surface having straight and eve
aligned steps apart by about 150 nm~corresponding to a
miscut angle of 0.15°). After the procedure, the film depo
tion was carried out at a substrate temperature of 800
while keeping 1 mTorr oxygen pressure. KrF excimer la
pulses of 100 mJ were focused on a target at a fluenc
3 J/cm2. During the deposition, reflection high-energy ele
tron diffraction ~RHEED! pattern was monitored by
charge-coupled device camera and real-time analyses
carried out by a computer. We could routinely observe p
sisting oscillation of specular beam intensity.3,14 By counting
the RHEED oscillation, the thicknesses ofx50.4 and x
d

a-

e
f
ll

n
-
on
ic
is
p-
n-
e-
e

r-
-

nd
nd
to

ith
-
l

-

i-
C
r
of
-

re
r-

50.55 layers in the superlattices were regulated on an ato
scale.

After the deposition, the films were cooled in 760 Torr
oxygen. In the inspection by an atomic force microscope,
superlattices showed a step-and-terrace structure simila
that of the substrate, indicating that the film was grown in
almost ideal two-dimensional~2D! layer-by-layer growth
mode. X-ray diffraction~XRD! was carried out by a four-
circle diffractometer with CuKa source. In conventiona
2u-u scan with the scattering vector perpendicular to the fi
plane, no peak was observed other than intended (00l ) peaks
and satellite peaks associated with superlattices struc
Reciprocal space mapping was also carried out for supe
tices as well as single-layer films. Magnetization was m
sured by a superconducting quantum interference de
magnetometer. Magnetic field was applied parallel to
film plane to avoid the geometric demagnetization effe
Resistivity with magnetic field up to 7 T applied along the
film plane was measured by a four-probe method.

III. RESULTS AND DISCUSSION

A. Magnetic properties of La1ÀxSrxMnO3 single-layer films

Magnetization and resistivity of La12xSrxMnO3
(x50.40, 0.55) single-layer films with thickness of 100 n
are shown in Fig. 1. Thex50.4 film shows FM transition at
TC5330–340 K and saturation magnetization of 3.5mB /Mn
at 5 K corresponding to the full magnetic moment. Lar
negative MR is observed aroundTC which is well known as
dominated by the double-exchange mechanism.2 The re-
ducedTC compared with 370 K for the bulk crystal is due
the epitaxial strain of lattice as reported previously.14 The
lattice parameters determined from the reciprocal space m
ping for single-layer films are listed in Table I. The in-plan
lattice parametersa for the both films are expanded so as
match with that of the substrate. As a result, the out-of-pla
lattice parametersc are elastically deformed. Such a cohere
strain can be observed even for 100-nm-thick films when
substrate surface structure and the deposition conditions
well optimized as in the present study.

With increasing the hole doping level tox50.55, the
ground state is changed to an AF metal. AF transition w
observed at a Ne´el temperature (TN) of 220–230 K, as seen
as a broad cusp in Fig. 1~a!. The transport property stay
barely metallic and negative MR remains at low tempe
tures. The MR defined as@r(0 T) –r(7 T)#/r(7 T) is as
large as 23% even at 5 K. By the analogy to the featu
observed for bulk La12xSrxMnO3 ~Ref. 8! and
Nd12xSrxMnO3 ~Ref. 20–22! crystals (x.0.5) as detailed in
the following, we attribute the ground state to theA-type
antiferromagnetism as depicted in the inset of Fig. 1~a!. In
theA-type spin structure, magnetic moment is ordered fer
magnetically in theab plane of MnO2 layers and these lay
ers are antiferromagnetically coupled along thec direction.

It is known for the bulk crystals of perovskite mangane
oxides that increasing of the doping level abovex50.5 tends
to stabilize the AF state. In the case of La12xSrxMnO3 and
Nd12xSrxMnO3 system, for example, the compounds wi
0.5,x,0.6 show the AF and metallic ground state witho
charge ordering.8,20–22 The appearance of this interestin
phase can be explained in terms of subtle competition
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compromise between the double-exchange interaction m
ated with the carriereg electron and thet2g spin superex-
change interaction. Namely, thedx22y2-type orbital is or-
dered in theab plane to maximize the carrier kinetic energ
via the double exchange interaction, yet spins are coup
antiferromagnetically along thec axis to gain the superex
change energy. This intuitive scenario has in fact been s
stantiated by several theoretical calculations.23–26 Upon the
phase transition to the layer-type (A-type! spin ordering as-

FIG. 1. Magnetic and electrical properties of 100-nm-thi
La12xSrxMnO3 (x50.4 and 0.55) single-layer films grown o
SrTiO3 ~001! substrate.~a! Temperature dependence of magnetiz
tion measured during cooling in a magnetic field of 500 Oe~FC!
applied along the@100# direction in the film plane. Ferromagneti
and antiferromagnetic transitions were observed atTC

5330–340 K andTN5220–230 K, respectively.~b! Temperature
dependence of resistivity measured during cooling in various m
netic fields. Magnetic fields were applied parallel to the curren
the film plane. The inset to~a! is the spin and orbital structures: Th
x50.4 film has ferromagnetically ordered spins with disorde
orbitals, while thex50.55 film is A-type antiferromagnetic spin
with ordereddx22y2 orbitals.
di-

d

b-

sociated with such orbital ordering, the bulk crystal sho
the spontaneous macroscopic strain, i.e., the expansion o
ab-plane lattice parameters and the shrinkage of thec-axis
parameter, due to coupling of the ordered orbital with t
cooperative Jahn-Teller distortion.20,21 This antiferromagnet
is in sharp contrast to thedx22y2 /d3z22r 2 quantum-
disordered orbital structure in the FM-metallic state, as re
ized in the presentx50.4 film, and also to theA-type but
insulating state with alternated3x22r 2 /d3y22r 2 ordering in
LaMnO3.27,28

Our assignment of the observed AF metallic state of
x50.55 film to theA-type state withdx22y2 orbital ordering
is based on the following features of the present epita
film. First, the composition (x50.55) is in the regime of the
overdoping that diminishes the double-exchange interac
and relatively stabilize the superexchange interaction as
served for the corresponding bulk crystals. More imp
tantly, the presence of the macroscopic biaxial strain in
presentx50.55 thin film, expressed as a smallc/a value
~0.970! as shown in Table I, can further favor such a
orbital-orderedA-type state. Conversely, the external biax
strain should stabilize theA-type AF spin ordered state vi
the Jahn-Teller channel rather than the FM state with orb
disordered state.

B. A-site modulated La1ÀxSrxMnO3 superlattice

1. Structural characterization

We have fabricated numbers of@x50.4 (m u.c.)/x
50.55 (n u.c.)#20 ~u.c. stands for unit cells! superlattices
on SrTiO3 substrates. Hereafter, we express the combina
of layer thicknesses in superlattices as@Fm , An#, whereF
andA represents thex50.4 ~FM! andx50.55 ~AF! layers,
respectively. As discussed in the previous section, the an
ropy of crystal structure represented asc/a plays an impor-
tant role in defining the ground state. When we constr
superlattices composed ofA-type AF and FM layers, not
only the composition but also the crystal structure is mo
lated alternately along the growth direction, both of whi
should give rise to XRD satellite peaks.

Figure 2 exemplifies a contour mapping of reciprocal l
tice around~114! peak of a@F10, A3# superlattice measure
by using a four-circle diffractometer. Horizontal and vertic
axes areQ vectors in the reciprocal lattice along the@110#
direction ~in-plane! and @001# direction ~out-of-plane!, re-
spectively. Near the~114! peak of the substrate, there can
seen a sharp and strong peak denoted as 0, correspond
the fundamental Bragg diffraction of perovskite. TheQ110
value of the superlattice is identical to that of the substra
indicating coherently strained epitaxy of the superlatti
Namely, there is no misfit dislocation at the interfaces b

-

g-
n

d

f
TABLE I. Lattice parameters and crystal symmetry of thex50.4 and 0.55 single-layer films o
La12xSrxMnO3 together with those of the SrTiO3 substrate.

Symmetry a(nm) c(nm) c/a

x50.4 tetragonal 0.391 0.384 0.983
x50.55 tetragonal 0.391 0.379 0.970
SrTiO3 cubic 0.3905 0.3905 1
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tween the adjacent constituent layers as well as at the in
face between the film and the substrate.

The satellite peak denoted as11 in Fig. 2 originates from
superlattice modulation along the growth direction. To a
lyze the superstructure along the growth direction, 2u-u scan
was performed for the same@F10, A3# superlattice as shown
for the ~001! and~003! zone areas in Fig. 3. Although sate
lite peaks can be seen in the both areas, we note the fac
the intensity of satellite peak is asymmetric around fun
mental peak around the~001! fundamental peak. This larg
asymmetry can be explained only when we take accoun
the c-lattice parameter modulation and the compositio
modulation between constituent layers as discussed be
We have carried out the simulation of the satellite pe
based on the one-dimensional step model.29,30 We examined
the following four models, as also depicted in the low
panel of Fig. 3, by the combinations of the two factors, i.
the composition and thec-axis lattice parameter.

~i! La/Sr concentration modulation is completely smea
out ~diffused! to yield an averaged Sr content ofx50.435
and therefore the lattice parameterc shows an average
value of 0.383 nm.

~ii ! La/Sr concentration has perfect modulation as
signed. However, the lattice parameterc yields an averaged
value of 0.383 nm.

~iii ! La/Sr concentration is completely diffused. Howev
the lattice parameterc is perfectly modulated as 0.384 an
0.379 nm.~Although it is hard to rationalize this case, th
calculation highlights the importance of lattice modulati
for the appearance of satellite peaks.!

~iv! La/Sr concentration is ideally abrupt at the interfa
and the lattice parameterc is also perfectly modulated. Thi
model stands for the ideal case.

The calculated peak position and the relative intens
normalized by that of the fundamental perovskite peak
plotted in Fig. 3. The experimental result well agrees w
the model~iv! where both La/Sr composition and lattice p
rameterc are ideally modulated: The observed satellite pe

FIG. 2. Reciprocal lattice mapping of x-ray diffraction aroun
the perovskite ~114! peak for a @x50.4 (10 u.c.)/x
50.55 (3 u.c.)#20 superlattice. The horizontal and vertical ax
are along@110# and @001# directions, respectively. Doublet peak
are due toKa1 and Ka2 of Cu radiation. Fundamental peak an
superlattice peak denoted as 0 and11, respectively, are observed
the sameQ110 values as that of the substrate, indicating the cohe
epitaxy of the superlattice film.
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position and asymmetric peak profile, in which intensity
satellite peaks in the left side of the fundamental peak are
times as high as those in the right side, are quantitativ
reproduced. Even when either of modulations in the latt

nt

FIG. 3. 2u-u scan of x-ray diffraction around~a! ~001! and
~b! ~003! fundamental peaks for a @x50.4 (10 u.c.)/x
50.55 (3 u.c.)#20 superlattice. The numbers denoted on the pe
indicate thenth superlattice peak. The peak intensities of satel
peaks are normalized by the those of perovskite fundamental p
denoted as 0. Intensities of satellite peaks are calculated with
one-dimensional step model by assuming the four models with
ferent modulation structures in La/Sr composition and lattice
rameter as illustrated in the lower panel~see also text!.
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parameterc or the La/Sr compositional modulation is mis
ing, the peak profile cannot be reproduced as seen in Fi
Therefore even thex50.55 layer is as thin as 3 u.c. in th
superlattice, the large tetragonal distortionc/a is kept as that
of the thickx50.55 single-layer film, suggesting thatA-type
AF spin ordering is stabilized viadx22y2 orbital ordering.
This result gives an important conjecture on the carrier
namics in the superlattice: The carriers in the respective c
stituent layers will be well confined due to the persiste
A-type AF spin ordering as well as to the persistentdx22y2

orbital ordering in thex50.55 layer. This will be argued in
the latter subsection in detail.

2. Magnetization

Figure 4 shows magnetization of the superlattices a
function of temperature. The magnetization is normalized
the total number of the Mn ion in the superlattices. All t
superlattices show a clear FM transition.TC is scarcely
changed by thex50.4 layer thickness. Even when thex
50.4 layer is as thin as 3 u.c.~1.2 nm!, TC remains as high
as 280–290 K. To estimate the absolute value of magne
tion, M -H curves were measured at 5 K, as shown in Fig
In the both processes after zero field cooling~ZFC! and after
field cooling~FC!, hysteresis loops showed almost the sa
saturation magnetization, remanent magnetization, and c
cive force (HC). Except for slight difference inHC of the
respective superlattices, no significant change dependin
the layer thickness was observed in hysteresis curves.
result indicates that spin canting arising from magnetic c
pling at the interface between FM and AF layers is minim
in this type superlattice. Figure 6 shows variation of the re
anent magnetization obtained from the hysteresis loops m
sured at 5 K after ZFC. The magnetization appears to
simply proportional to the volume fraction of thex50.4
layer,t0.4/(t0.41t0.55), wheret0.4 andt0.55 are layer thickness
for the x50.4 and thex50.55 layers, respectively. In othe

FIG. 4. Temperature dependence of magnetization for thx
50.4/x50.55 superlattices measured during cooling in a magn
field of 500 Oe applied along@100# in the film plane and normalized
by the total number of Mn ions in the superlattices. The respec
layer thickness of the constituentx50.4 (F) andx50.55 (A) lay-
ers is given bym unit cells andn unit cells in the notation of
@Fm , An#, respectively. The data for thex50.4 and x50.55
single-layer films are also shown for comparison.
3.
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e

words, it appears that the observed magnetization co
from the x50.4 layers alone, and that thex50.55 layers
have the same AF state to that of the single-layer film. T
assignment is consistent with the aforementioned result

ic

e

FIG. 5. Magnetic-field dependence for the magnetization ox
50.4/x50.55 superlattices. Thex50.4 (F) layer thickness is
fixed to be 10 unit cells~u.c.! while the x50.55 (A) layer thick-
ness is varied from 1 to 5 u.c. The values of magnetization
normalized by the total number of Mn ions in the superlattices. T
hysteresis curve was measured after the zero field cooling and m
netic field was applied along thea axis. There is no difference
between the hysteresis shapes after zero field cooling and after
cooling.

FIG. 6. Remanent magnetization at 5 K normalized by the to
number of Mn ions is plotted as a function of volume fraction of t
FM layers,t0.4/(t0.41t0.55), wheret0.4 and t0.55 represent the thick-
nesses of thex50.4 and thex50.55 layers, respectively.
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the structural characterization:c/a of the La0.45Sr0.55MnO3

layer is kept anisotropic even in the superlattices, perh
reflecting thedx22y2-type orbital ordering andA-type AF
ordering. Therefore we conclude that spin and orbital str
tures are modulated in thex50.4/x50.55 superlattices with
abrupt interface on an atomic scale.

Even though orbital and spin structures are dramatic
different, thex50.4 andx50.55 layers appear to maintai
their structure and physical properties in the superlattic
This is in striking contrast to the previously reported FM/A
superlattices.3 The ferromagnetism of La0.6Sr0.4MnO3 is
strongly suppressed by combining withG-type AF
La0.6Sr0.4FeO3 in the superlattice. When 10-u.c.-thic
La0.6Sr0.4MnO3 is combined with a 5-u.c.-thick
La0.6Sr0.4FeO3 layer, TC and magnetization of the
La0.6Sr0.4MnO3 layer are suppressed to 185 K and 0.8mB ,
respectively, and the ferromagnetism disappears for
5-u.c.-thick La0.6Sr0.4MnO3 layer. Such remarkable suppre
sion of the FM state adjacent to theG-type AF state can be
explained by the presence of spin frustration at the interfa
In the case ofG-type AF spin ordering,~001! plane shows a
staggered pattern of the spin arrangement, and hence ca
the spin frustration at the interface with the FM layer in t
presence of the exchange interaction between the Mn an
spins. This induces appreciable spin canting and critic
suppresses ferromagnetism of La0.6Sr0.4MnO3. On the con-
trary, such a spin frustration does not exist at the FM/A-type
AF interface in the present superlattice, since spins of
A-type AF state are ordered ferromagnetically on the~001!
interface plane. Ferromagnetism of thex50.4 layer is hardly
modified in this type of superlattices, and hence the varia
of spin ordering structure can be abrupt on an atomic sc

To understand the magnetic properties of the supe
tices, magnetic coupling between FM andA-type AF layers
has to be considered. Figure 7 shows possible configurat
of magnetic ordering structure. If there is distinct ferroma
netic or antiferromagnetic coupling between neighboring F
and AF layers as shown in Fig. 7~a!, the coupling between
the neighboring FM layers should depend on whether
number of intervening AF atomic layers is even or odd; ev
atomic layers of AF induces antiferromagnetic coupling b
tween adjacent FM layers and odd atomic layers of AF d
ferromagnetic coupling. In the former case, the reman
magnetization should apparently disappear even though
respective FM layer shows full magnetic moment. In o
experiment, however, there can be seen no such an even
effect ~see and compare, for example,@F10, An#(n
51, 2, 3, 4, and 5) superlattices in Figs. 5 and 6!. There-
fore, we can conclude that the interface of the pres
FM/AF superlattice probably takes the 90° magnetic c
pling as depicted in Fig. 7~b!. Such a 90° magnetic couplin
is observed in the Fe films grown on stepped Cr~001!
substrate,31,32 in which the net magnetic moment is directe
perpendicular to the magnetic easy axis of AF layer even
the case of collinear magnetic coupling between neighbo
spins at the FM/AF interface.33

3. Resistivity

Figure 8 shows the resistivity in magnetic fields for s
perlattices where layer thickness and combination
ps
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@F3 , A3#, @F3 , A10#, @F10, A3#, and@F10, A10#. The re-
sistivity was calculated with taking the total superlatti
thickness into account. At a glance, it is noticeable that
resistivity and MR behaviors are similar to each other
gardless of the combination. All the superlattices show m
tallic temperature dependence of resistivity. Although t
magnitude depends on the combination, negative MR w
observed over a whole temperature region. When we c

FIG. 7. Possible spin arrangements at the interface.~a! Magnetic
coupling at the interface between FM andA-type AF layers is fer-
romagnetic. In zero field, the magnetic coupling between adjac
FM layer depends on whether the number~even or odd! of atomic
layers in the AF layer.~b! The relative spin angle between FM an
AF layer is 90°. There is no magnetic coupling between adjac
FM layers.

FIG. 8. Temperature dependence of resistivity for@F3 , A3#,
@F3 , A10#, @F10, A3#, and @F10, A10# superlattices in magnetic
fields.m andn in the notation of@Fm , An# represent the number o
unit cells ~u.c.! of the constituent ferromagnetic (F) x50.4 and
antiferromagnetic (A) x50.55 layers of the superlattices involvin
20 repeat units, respectively. The resistivity was measured w
decreasing temperature. Magnetic field was applied parallel to
current direction within the film plane.
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pare the resistivity between superlattices having the samx
50.4 layer thickness, such as@F3 , A3# vs @F3 , A10# and
@F10, A3# vs @F10, A10#, the resistivity increases with in
creasing thex50.55 layer thickness.

Before going to discussion on the superlattice, let us sh
first review the transport characteristics of theA-type AF
single layer. The resistivity of theA-type AF x50.55 single
layer is higher than that of the 3D ferromagnet, i.e.,x50.4
layer, as seen in Fig. 1~b!. In the ground state of theA-type
antiferromagnet, conduction electrons can move only in
ab plane, and cannot hop between adjacent MnO2 layers
because of the AF coupling alongc direction. An important
consequence of theA-type spin ordering is a huge anisotrop
of charge dynamics. According to the double-exchan
model, electron hopping is expressed as

t5t0•cos~u/2!, ~1!

whereu is the relative angle between the spins on adjac
sites.34 Therefore thec-axis AF coupling (u5180°) in the
A-type state may confine the carrier motion within the F
ab plane. A huge anisotropy of thec axis to theab-plane
resistivity~amounting to 104) as observed for a single cryst
of Nd12xSrxMnO3 (x50.55) has confirmed such a 2D m
tallic state in theA-type AF state.21

The results of structural characterization and magnet
tion measurement on the superlattices indicate that thx
50.4 and thex50.55 layers keep original FM andA-type
AF properties, respectively. Considering the 2D nature
carrier dynamics in theA-type layer, the resistivity of the
superlattices can be regarded to the first approximation
parallel circuit of component layers. On this ground, t
ground-state~5 K! conductivity (s) of the superlattices is
plotted against the volume fraction of thex50.4 layers,
t0.4/(t0.41t0.55), in Fig. 9. The parallel-circuit model can ex
plain, as in the case of magnetization results, overall tra
port properties qualitatively. For example, when the int
vening AF (x50.55) layer thickness is as large as 10 u.c.s
of the superlattice appears to be simply proportional to
volume fraction of the constituentx50.4 films, as repre-
sented by a broken line in Fig. 9. In a simple parallel-circ
model,s of superlattice is expressed as

s5s0.43t0.4/~ t0.41t0.55!1s0.553t0.55/~ t0.41t0.55!, ~2!

where s0.4 and s0.55 are the conductivity ofx50.4 andx
50.55 layers in the superlattices, respectively. Howev
when the thickness of the constituentx50.55 layers is small
enough (<5 u.c.), the superlattice cannot be considered a
parallel circuit. As indicated by a solid line in Fig. 9, th
superlattice with@F10, An#(n<5) shows much highers
than the extrapolated value~a broken line! of the n510
based parallel-circuit model. As a clear example,@F3 , A3#
and @F10, A10# superlattices, both having the FM laye
with 50% volume fraction, show quite a different behavior
s ~a broken arrow in Fig. 9!. The s of @F3 , A3# superlat-
tice, 5000 V21 cm21, is twice as large as that o
@F10, A10# superlattice, 2200V21 cm21 at 5 K, in spite of
higherTC of @F10, A10# than that of@F3 , A3# ~see Fig. 4!.
This indicates that we may have to consider the mixing
spin-orbital structure between the two constituent layers
the interface.
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To elucidate the carrier motion at the interface, we arg
the transport properties in a magnetic field. Magnetic fi
increasess monotonically and the magnetoconductivi
@s(H)2s(0)# is in near proportion with magnetic field~not
shown!. Figure 10 shows the temperature dependence
magnetoconductivity,Ds5s(7 T) –s(1 T), for the super-
lattices and the single-layer films~note a logarithmic scale on
the ordinate!. TheDs can be expressed to the first approx
mation from Eq.~2! as

Ds5Ds0.43t0.4/~ t0.41t0.55!1Ds0.553t0.55/~ t0.41t0.55!,
~3!

FIG. 9. Conductivitys at 5 K as a function of volume fraction
t0.4/(t0.41t0.55), wheret0.4 andt0.55 represent the thicknesses of th
constituentx50.4 andx50.55 layers, respectively.s is normalized
by the total thickness of the superlattice. Thes values of thex
50.4 and thex50.55 100-nm-thick single-layer films are show
for the comparison. A solid line represents a relationship betw
t0.4/(t0.41t0.55) ands of the x50.4 single-layer film or the super
lattices whosex50.4 layer thickness is fixed to be 10 u.c. A broke
line connects the data of thex50.55 single-layer film and the su
perlattices whosex50.55 layer thickness is fixed to be 10 u.c. Th
intersection between the broken line and the right ordinate m
indicate s of a hypothetical La0.6Sr0.4MnO3 single layer where
thickness is thin enough (<10 u.c.). Two superlattices o
@F3 , A3# and@F10, A10#, having the samet0.4/(t0.41t0.55), show
different s as indicated by the broken arrow.

FIG. 10. Temperature dependence of magnetoconducti
Ds, @s(7 T) –s(1 T)#, of the respective superlattices.Ds of the
x50.4 and thex50.55 single-layer films are shown for compar
son. A shaded area indicates the region which is represented b
parallel-circuit model~see text!.
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where Ds0.4 and Ds0.55 are the magnetoconductivity ofx
50.4 andx50.55 layers in the superlattices, respectively.
this model,Ds in the superlattice should position betwe
the Ds curves for thex50.4 and thex50.55 single-layer
films, as indicated by a hatched area in Fig. 10. In Fig.
Ds has a peak aroundTC and increases further toward lo
temperature. The peak ofDs aroundTC arises from the first
term in Eq. ~3!, i.e., conventional MR effect of the FMx
50.4 layer. The magnitude ofDs at TC is reasonable
~within the shaded area in Fig. 10! when the volume fraction
of the FM layers is taken into account. However,Ds of the
superlattices at low temperatures is much larger than th
for single-layer films and rather enhancedwith decreasing
the x50.55 layer thickness. For example,Ds of @F3 , A3#
superlattice at 5 K is as large as 2000V21 cm21 and much
larger than those ofx50.55 (70 V21 cm21) and x
50.4 (120 V21 cm21). ThereforeDs in superlattices at
low temperatures cannot be explained well by the sim
parallel-circuit model when the constituentx50.55 layer is
thin enough, typically<3 u.c.

In the above discussion onDs, we have ignored orbita
mixing at thex50.4/x50.55 layer interfaces for the sake o
simplicity. In this assumption, conduction electrons
La0.45Sr0.55MnO3 are two-dimensionally confined in th
MnO2 layer at the ground state since theA-type AF spin
ordering prohibits carriers hopping along thec direction.
When a magnetic field is applied, the AF spin structure
x50.55 layer is canted to reduceu from 180°. The reduced
u ~and perhaps the associated mixing in ofd3z22r 2 orbital
component! induces thec-axis hopping of electrons and re
sultant dimensional crossover from 2D to 3D. In response
the field-induced deconfinement effect, not only thec-axis
resistivity but also theab plane resistivity should be reduce
as a sort of spin-valve effect and this has been observed
the A-type AF state of a Nd12xSrxMnO3 (x50.55)
crystal.21 In fact, the MR belowTN , persisting to~or even
increasing toward! the lowest temperature, is observed f
the presentx50.55 film @see Fig. 1~b!# in contrast to the MR
aroundTC for the x50.4 film. Therefore conduction elec
trons in the FMx50.4 layers of the superlattice@Fm , An#
should also be confined withinm MnO2 layers without mag-
netic field because they cannot enter into the AF layers at
interface.

Here we note again that the orbital ordering serves a
driving force for theA-type spin ordering in thex50.55
layer. If dx22y2 electron orbitals in thex50.55 layer are
partially mixed withdx22y2 /d3z22r 2 quantum-disordered or
bitals in thex50.4 layer and possess finite component
d3z22r 2, the spin angle between neighboring MnO2 atomic
layers in thex50.55 may deviate from 180° as shown
Fig. 11~a!. As a result, electron hopping along thec direction
in the x50.55 layer becomes possible as expressed by
~1!. This model can explain, beyond the simplest paral
circuit model, the smaller resistivity of@F3 , A3# superlat-
tice than that of@F10, A10# superlattice. Further increase o
electron hopping between thex50.4 layers through thex
50.55 intervening layers in the superlattice can be cause
field-induced spin canting in AF layers, as shown in F
11~b!. This mechanism should give rise to the effective co
,

se

e

n

to

or

e

a

f

q.
l-

by
.
-

pling between thex50.4 layers~i.e., dimensional crossover!
and the largeDs increasing toward low temperature as o
served.

IV. SUMMARY

Structural and physical properties of the La12xSrxMnO3
(x50.4 and 0.55! single-layer films and thex50.4/x50.55
superlattices were investigated. As in the case of the co
sponding bulk crystals, the increase ofx from 0.4 to 0.55
alters the metallic ground state of the film from FM to A
~layered orA-type!. In particular, strong tensile stress fro
the SrTiO3 ~001! substrate appears to stabilize thedx22y2

orbital order for thex50.55 thin film, and hence theA-type
antiferromagnetism. Magnetization and structural charac
ization of the superlattices indicates that the constituenx
50.4 and x50.55 layers essentially keep their magne
properties, even when the constituentx50.4 layer is as thin
as 3 u.c~1.2 nm!. Therefore, unlike other superlattices com
posed of alternate FM andG-type AF layers, the spin order
ing at the interface is fairly abrupt on an atomic scale. Ov
all features of transport properties can be well understoo
terms of a simple parallel-circuit model except for the case
the thin (<3 u.c.) intervening AF film where carrier motio
along thec axis becomes possible perhaps via slight mod
cation of theA-type spin ordering. LargeDs at low tempera-
tures for such a superlattice film can be interpreted in te
of magnetic-field induced spin canting in the constitue
layer, leakage of carriers across the AF layers, and the
hanced coupling between thex50.4 layers.

ACKNOWLEDGMENTS

We thank Y. Murakami and T. Kiyama for their collabo
ration in structural characterization of the superlattices. T
work, partly supported by New Energy and Industrial Tec
nology Development Organization~NEDO! of Japan, was
performed in the JRCAT under the joint research agreem
between the National Institute for Advanced Interdiscip
nary Research~NAIR! and the Angstrom Technology Par
nership~ATP!.

FIG. 11. Schematic illustration of the spin arrangement of
x50.55 layer in the superlattices. The spin angle between ne
boring MnO2 layers in thex50.55 layer is denoted asu. ~a! u is
deviated from 180° as a result of orbital mixing.~b! A further
decrease ofu by field-induced spin canting enhances the possibi
of the electron hopping through thex50.55.
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