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Perovskite oxide superlattices: Magnetotransport and magnetic properties
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We have fabricated perovskite superlattices consisting of two ferromagnetic metallic oxides:
Lay g Ca 3MnO; (LCMO) and SrRu@ (SRO. We have investigated the magnetotransport and magnetic
properties of a series of samples, in which the layer thickness of LCMO is fixed and that of SRO varied from
0 to 20 unit cells. The magnetoresistance ratio in a superlattice can be increased by a factor of 3 at low
temperatures over the MR ratio in pure LCMO film. This substantial enhancement is most likely caused by the
interface spin-dependent scattering. The superlattice structure also incfease&CMO by introducing a
biaxial tension, and induces two consecutive switchings of magnetic easy axis direction with increasing SRO
thickness[S0163-182806)50430-3

Doped perovskite La ,A,MnO; (A=Ca, Ba, and Srsys-  action technique. A focused KrF excimer laser has been used
tems exhibit extremely large magnetoresistafigR) and  for ablation, with a pulse energy ef50 mJ and a fluence of
diverse types of magnetic orderinjg® At about x=1/3  2-3 J/cri at the target. The films were deposited at a sub-
doping level, the manganate is a ferromag(fe¥l) with a  strate temperature of 650 °C in 200 mTorr oxygen. The
large MR occurring around the magnetic transition temperaeeposition rates from the LCMO and SRO targets were cali-
tureT.. The MR is strongly dependent on temperature, havbrated against the number of laser pulses. Following deposi-
ing a maximum MR of a few hundred percent ndar(for  tion, the films were cooled down to room temperature at a
A=Ca), but reducing to a few percent approaching 3  rate of 15 °C/min in 700 Torr @ The total thickness of the
The magnetotransport behavior can be attributed to a strorfijms is in the range of 500-1000 A. The superlattices were
coupling between the conduction electrons and the locajrown according to designed layer thicknesses of each com-
magnetic moments through a mechanism called Zenegponent. We designate a particular sample using the symbol
double exchang&At high temperatures, the magnetic struc- of n/m wheren andm represent the number of unit cell
ture becomes dynamical, which leads to a substantial inu.c. ~3.9 A) of LCMO and SRO, respectively.
crease in resistivity. An external field suppresses the thermal We have characterized the pure LCMO and SRO films
spin fluctuation and reduces the resistivity. In this study, weusing Rutherford backscattering spectroscopy. The cation
explore a different method, other than using temperature, tetoichiometry of the films were within 5% of the nominal
affect the underlying magnetic structure ingl-:€a, ;MnO;  target compositions. Transmission-electron micrographs con-
(LCMO). We have made a series of superlattices by combinfirmed the epitaxial growth of the LCMO film. We have
ing LCMO with another FM perovskite oxide, SrRyO analyzed the superlattices in the direction normal to the film
(SRO.1-1*We have found that the superlattice structure hasurface using x-ray diffraction. The x-ray scans around the
profound influences on the magnetic phase transition, anisofirst-order diffraction peak are shown in Fig. 1 for the pure
ropy, and hysteresis of the manganate. The magnetotransp&d€MO and SRO films with pseudocubic structure, and four
is also strongly affected by the layering. In particular, a largeLCMO/SRO superlattices with different stacking periodici-
enhancement of the MR ratio is obtained at low temperatureses. Also presented in Fig. 1 is a simulated patt@tashed
in the superlattices. This is an indication of the emergence dine) for one of the superlattices, generated by using a com-
a different magnetotransport mechanism not related to thmercial x-ray analysis softwar8 The unstrained lattice con-
dynamical magnetic structure, which we attribute to the spinstants have been determined to be 3.86 A and 3.94 A for
dependent scattering at the interfaces. LCMO and SRO, respectively. If the films are epitaxially

We have grown LCMO/SRO superlattices qh00)- oriented with the in-plane lattice constant the same as that of
oriented SrTiQ substrates using a multitarget pulsed laserthe SrTiQ, substrate(3.905 A), then the coherency strain is
deposition systent. The two targets, Lgs/Cay3MnO; and  expected to result in a tetragonal distortion in the perpen-
SrRuQ;, have been prepared by the standard solid-state ralicularc-axis direction with a decrease in the lattice constant
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FIG. 2. Resistivity(in log scalg as a function of temperature for
single layer films and superlattices. For each sample, data measured
at both zero ath 4 T fields are presented.
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FIG. 1. ©-20 x-ray-diffraction patternglog intensity scalgof . L .
the pure Lg g8 3dMNOz and SrRu@ films, and a series of super- For the S',uperlat.tlce series in Fig. 2, we kel fixed at
lattices with varying SrRu@layer thickness in units of unit cell 16 u.c. while varyingtsgo from 1 to ZO_U'C' The shape of
(u.c). The growth is along the axis and the peak labeled “s" is P(T) for the 16/20 LCMO/SRO superlattice resembles that of
from the SrTiQ substrate. The dashed curve is a simulated patterih® pure SRO film. This is because of the short-circuit effect
for the 16/2 superlattice assuming sharp interfaces. of the better conducting SRO layers. As we redugg, in

the superlattices, the shapedf) gradually approaches that
for LCMO and an increase for SRO. The superlattices in Figof LCMO. However, the MR ratio in superlattices is en-
1 show the characteristic intense satellite peaks resultinganced at lowT over the MR ratio of the pure LCMO. In
from the modulation of multilayer structures. Even the film fact, MR in the superlattices is much less sensitivd tan-
with layer thicknessef, oo andtsgo of only two unit cells  like the MR in the LCMO film.
(~7.8 A) shows an excellent satellite pattern. Qualitative To clarify the evolution of the transport properties in the
agreement between the simulated and the measured peak goyperlattices, we present in Fig. 3 two key paramejesat,0
sitions and relative intensities has been obtained, suggestingand MR ratio(AR/Ry) at 4 T, as a function dfggg. With
that the actual stacking periodicities are close to the designeghly 1 u.c. of SROp (300 K) initially increases threefold,
values. It should be noted that the simulated pattern is basdzlit oncetggg reaches 2 u.c. and abovg,(300 K) drops
on ideal superlattice structures with sharp interfaces. The disbruptly. This indicates that continuous and conducting SRO
crepancies in the linewidths and relative intensities of thdayer starts to be formed at about 2 u.c., whereas, at the
satellite peaks can result from some fluctuations in the layenominaltsz=1 u.c., SRO layers probably form discontinu-
thickness or cation interdiffusion across the interface. ous islands and behave as strong scatterers for the conduc-

The temperatur€T) dependence of the resistivip(T) of  tion electrons. Variation irtgro also affects the MR ratio
some representative samples is shown in Fig. 2. For eadfiramatically. AtT=225 K, where pure LCMO possesses the
sample,p(T) has been measured in zero field anddin4 T,  maximum MR ratio, the value dAR/R,; drops precipitously
with the field always parallel to both the film plane and thein the superlattices with increasinggzgy as shown in Fig. 2.
current direction. The LCMO film shows the familia{T)  To understand this drop, we have modeled a superlattice as
with a maximum MR ratio of about 400%up to H=4 T)  an assembly of classical parallel resistors. The dashed line in
nearT,~230 K% In sharp contrast, the SRO film in Fig. 1 Fig. 2 is the simulated result of this model using fhend
shows a very small MR ratig~2%). Unlike LCMO, the MR parameters of the pure LCMO and SRO films. The gen-
p(T) of SRO does not display any dramatic transition acros®ral trend is consistent with our experimental observation.
T, of SRO which is about 140 KE The slope change ip(T) However, there are deviations between the model prediction
near T, is consistent with the conventional spin-disorderand the experimental data, presumably due to additional con-
scattering in ferromagnetic metals. Comparing with LCMO, tributions to the parallel resistor model from interface scat-
SRO is a much better conductor with substantially smalletering.

p(T). However, their residugh(0 K) are quite close to each Perhaps the most interesting superlattice effect is the be-
other. havior of MR at lowT (e.g., 20 K as shown in Fig. 3. The



R3744 GONG, GUPTA, XIAO, LECOEUR, AND McGUIRE 54

100 500
b Lag7Cag 35MNnO; / STRUO, 400 LCMO
300
200
10 | 100
£ F 0 . 1
Q
c 16 uc/1uc
E T=300K
(=%
3
F T=20K
 Pyro(300K) I
T psu)(ZOK)
0.1 | [ 1 [
-
25% |- 400% 3
E b
C2
20% |- =
300%
I
D\: 16% -
A 200% 4
10%
100%
5% -
Iy
0% 0%
Layer Thickness of SrRuO3 (unit cell)
I\

FIG. 3. Resistivity at 20 and 300 K, and magnetoresistance at 20 0 50 100 150 200 250 s00 50
and 225 K, defined akog—p,4 1)/ps 1, @s a function of the layer T(K)
thickness of SrRu@ The layer thickness of lgg/Ca 3MnO;3 is
kept at about 16 unit cells. The dashed line is the simulated result of FIG. 4. Temperature dependence of the magnetization measured
the MR ratio from the parallel resistor model. in a field of 150 G for a series of superlattices with increasing
SrRuG@; thickness. Both zero-field-coolg@varming-up and field-

superlattices wititsgo=1, 2, and 3 u.c. all have enhanced cooled(cooling-down curves are presented.
AR/Ry value over the pure LCMO film. In particular, the
AR/Ry value of the superlattice withggg=1 u.c. is en- in LCMO, but not in SRO. Figure 4 shows tffedependence
hanced by a factor of 3 to 22%. Since this enhancement onlgf magnetization(M) measured aH=150 G for the same
occurs at lowT, it must be due to a different mechanism series of superlattices presented earlier. For each sample, we
from the one which is responsible for the large MR n&ar have measured both the zero-field-cool@FC) and the
(>200 K). In other words, the loWil magnetotransport relies field-cooled(FC) M(T). There are two interesting features in
more on a static magnetic structure as opposed to a dynamnthe M(T) data.
cal one at highT. We believe that the loW enhancement in (1) The value ofT, of the LCMO layer(~16 u.c) in-
magnetotransport is due to the spin-dependent scatterings @eases asgro iS increased. It ranges from 240 K in the
the interfaces. As will be shown later, the spin structure insample withtgg=1 u.c., to 270 K withtgg=20 u.c. We
the superlattices is strongly influenced by the SRO layernote that the LCMO layers in the superlattices are under a
Consequently, a modulation of spin orientation may develogiaxial tension due to a 2.1% lattice mismatch between
across the LCMO layer. For example, there may be a varying CMO and SRO. It is expected that the strain is more pro-
degree of spin canting at the interfaces of LCMO from thenounced when the SRO layer is thicker. Our result is oppo-
interior due to some degree of roughness or interdiffusionsite to what has been observed in recent pressure studies of
The induced magnetic nonuniformity may cause the interbulk LCMO and other manganites, in which it was found
faces to provide additional spin-dependent scattering centetbat T, is increased by external hydrostatic presstridow-
and enhance the MR ratio. It is desirable, in applications, tever, it should be noted that while in the superlattices the
take advantage of interfaces or magnetic domain boundaridsCMO layers are biaxially expanded in the plane and com-
where magnetic nonuniformity is abundant. The strong magpressed in the perpendicular direction, the hydrostatic pres-
netic scattering near these regions could substantially ersure results in uniform reduction in volume.
hance the magnetotransport over a widleange, hence re- (2) The thermal irreversible region between the zero-
ducing the thermal sensitivity of MR. field-cooled(ZFC) and the field-cooled~C) M (T) curves is
Because of the close relevance of magnetic structure teensitive totsgo. The characteristic temperatur®® as
magnetotransport, it is important to study the magnetic propmarked by arrows in Fig. 4, where irreversibility sets in,
erties of the LCMO/SRO superlattices. Both LCMO and initially decreases atgrg is increased to 2 u.c., but after-
SRO are FM metallic oxides witii;=240 and 138 K, re- wards it increases aggo goes beyond 2 u.c. The thermal
spectively. However, the origin of ferromagnetism is differ- hysteresis seen here is possibly caused by some induced tran-
ent. The magnetic interaction is of the double-exchange typsitions in magnetic anisotropy.
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axis has been switched to tH@00 direction. Further in-
crease intgrg by only one unit cell to 3 u.c. causes a dra-
matic increase i1, to 600 G. The remanence of the super-
lattice withtggo=3 u.c. is close to 95%, a clear indication of
a (100 easy axis. Therefore, the magnetic characteristics of
the LCMO/SRO superlatticet{g5=<3 u.c) seems to be de-
termined by the competition between tk&10 and (100
magnetic anisotropy. Finally, as we increaggyto 20 u.c.,

it requires a much higher field to saturdéeand the rema-
nence is very small~15%). This is consistent with the fact
that bulk (100-SRO film has a perpendicular magnetic
anisotropy'* possibly due to the inherent tetragonal distor-
tion in the SRO film. So the magnetic anisotropy and its
evolution in the LCMO/SRO superlattices is very rich in
nature. Increasingsgo at unit cell level brings about two

M (emu/cm®)

200 - 20/3 consecutive switchings of magnetic easy axis frdrd0) to

103: (110, and to thec axis. In this sense, LCMO/SRO may
100 - serve as an excellent system to study magnetic interface an-
-200 L isotropy. The change in anisotropy is also the cause of the

variation in the irreversible temperatufé observed in Fig.
4. With the increase ofgzg, the superlattices first become
magnetically soft and then hard, which cau$&4o decrease
initially and to increase later.

In summary, we have obtained high quality epitaxial
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-2000 1000 o 10‘00 2000 Lay 6Ca 3dMNO4/SrRuUG, superlattices grown by pulsed la-

H (Gauss) ser deposition. An enhancement in the magnetoresistance ra-

tio has been observed at low temperatures. We attribute this
enhancement to the induced magnetic nonuniformity near the
interfaces due to disorder, which serve as additional spin-
Idependent scattering centers. We have found that the tensile
Strain in the Lg Ca 3dMNnO; layer drives up the magnetic
hase transition temperature by as much as 30 K. Further-
ore, the proximity of SrRu@layer brings about two con-
ecutive switchings of magnetic easy axis in the superlat-
tices, from (110 to (100), and finally alongc axis as the
SrRuG, layer becomes thicker.

FIG. 5. Magnetic hysteresis loops measure8 K for the same
series of superlattices shown in Fig. 4.

To elucidate the anisotropy, we have measured magnet
hysteresis loops af=5 K for the samples of interest, and
the results are shown in Fig. 5 in the sequence of increasin
tsro. During the measurements, the magnetic field is applie%
along the(100) direction in the plane of each epitaxial film.
Starting from the pure LCMO film, the hysteresis loop is
rounded and with a coercivitii ,=200 G. We have con-
firmed that the easy axis is alor{@10 and the hysteresis We wish to thank J. Z. Sun, Yu Lu, and W. J. Gallagher
loop along thg110) direction is close to a square. Aszois  for discussions. This work was supported by National Sci-
increased from O to 2 u.cH. decreases to 50 G and the ence Foundation Grant Nos. DMR-9414160 and DMR-
hysteresis loop become squarelike. This means that the ea8258306 and IBM.
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