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The magnetic and transport properties of @ 43, sCoO;_ 5 film grown on a LaAlQ substrate

by pulsed-laser deposition are studied. The properties are found to be influenced by the

magnetic anisotropy and inhomogeneity. Magnetoresistance anisotropy is determined by the shape
anisotropy of the magnetization and the strain-induced magnetic anisotropy due to the
film—substrate lattice interaction. Indications of the temperature-driven spin reorientation transition
from an out-of-plane ordered state at low temperatures to an in-plane ordered state at high
temperatures as a result of competition between the aforementioned sources of magnetic anisotropy
are found. ©2003 American Institute of Physic§DOI: 10.1063/1.1596581

1. INTRODUCTION 2. EXPERIMENTAL

Mixed-valence lanthanum cobaltites of the type rov-\ll_r?ebyL?L'Jfg)dfgs%( geglc:?siti(ggilljjg gioa(norg l)thci(r:i};miz
La, h ttract h attention i t i :
8-, SKC00, have attracted much attention in recent year aAlO; substrate. The ceramic target used was prepared by a

due to thglr uhique .magne.tlc and transport propeh?es. standard solid-state reaction technique. A PLD system with
Study of this system is also important for understanding the

. : .~ an Nd-YAG laser operating at 1.06m was used to ablate
nature of colossal magnetoresistance in the related oxide . .
. . ) . . e target. The pulse energy was about 0.39 J with a repeti-
mixed-valence manganité4.For technical application, epi-

taxial fil f1h d il d. In that tion rate of 12 Hz and pulse duration of 10 ns. The film was
axial lims of these compounds are mainly used. In tha CasSeposited at a substrate temperaturé880=5)°C in an oxy-
the shape anisotropfdue to the demagnetizing effecnd

he fil b lattice i . ind ._gen atmosphere at a pressure of about 8 Pa. The film was
the film-substrate lattice interaction can Induce magnetizaz,jeq down to room temperature after deposition at an oxy-

tion anisotropy and, therefore, magnetoresistaif®) an- e pressure about 1Ba. The target and film were charac-
isotropy (bulk samples of these compounds show no marke‘?erized by an x-ray diffractioiXRD) study.

magnetic or MR anisotropy This point has been studied The film resistance was measured as a function of tem-
rather intensively in manganite filmsee Ref. 5 and refer- perature and magnetic field (up to 20 kOg using a stan-
ences therein Hardly any studies of this type can be found gard four-point technique. The field was applied parallel or
in the literature for cobaltites. In addition, the properties ofperpendicular to the film plane. In both cases it was perpen-
mixed-valence cobaltites are influenced by their UnaVOidablgicular to the transport current. The magnetizatMn\Nas
magnetic inhomogeneity, which arises due to different exmeasured in a Faraday-type magnetometer. A rotating elec-
trinsic and intrinsic causes. The extrinsic ones are detert'romagnet made it possib|e to measure the magnetization for
mined by various technological factors in the sample prepadifferent directions oH relative to the plane of the film.
ration. They can cause inhomogeneity in chemical
composition (for example in oxygen concentratipror in
crystal structure(polycrystalline or granular samplesThe

intrinsic sources of inhomogeneity are believed to arise for  \we have found a strong anisotropy in magnetic and mag-
thermodynamic reasons and can lead to phase separation iffgtoresistive properties of the film studied. The anisotropy
two phases with different concentrations of the charge carrimanifests itself as dramatic differences in those properties
ers and, therefore, to significant magnetic inhomogenéify. for magnetic fields applied parallel and perpendicular to the
In this article we present a study of ads3rsCo0;—; film  film plane. Consider at first the anisotropy of the magnetic
which demonstrates a combined influence of the magnetigroperties. The magnetization curves for the fields parallel
anisotropy and inhomogeneity on its transport, magnetoresigH,) and perpendicularH{, ) to the film plane demonstrate a
tive, and magnetic properties. Indications of the temperaturestrong anisotropyFig. 1). At the maximum field applied7
driven spin reorientation transition from an out-of-plane or-kOe), the magnetization seems to be rather close to satura-
dered state at low temperatures to an in-plane ordered statetan for the in-plane field orientation, but it is far from it for
high temperatures as a result of competition between ththe out-of-plane one. It is reasonable to suppose that this is
aforementioned anisotropy sources are found. determined mainly by the shape anisotropy.

3. RESULTS AND DISCUSSION
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FIG. 1. Magnetization curves of the film studied for fields parali¢|)(and @ 5
perpendicular i) to the film plane. =
20
E’O
The temperature dependence of the film magnetization lg St
for the field directions parallel\] ;) and perpendicular\] | ) =10}
to the film plane is shown in Fig. 2. The Curie temperature 5L . ) . ,
Tc is found to be about 250 K. The (T) behavior is quite 0 90 180 270 360
common for ferromagnetiFM) metals: it saturates with de- 6, deg

creasing temperature. The behaviohf (T) is quite differ-
ent from that ofM(T). At the fairly high field used, 2 kOe,

FIG. 3. Panela) presents the dependence of the magnetization on the angle
6 between the magnetic field and the film plat@ H=2 kOe andT

the MJ_(T)_ curve is found to be well below th(T) CUIVE.  —77.3K). The thermomagnetic prehistory is described in the caption to Fig.
Besides, in the low-temperature range e (T) curve is 2. The curvesv,,(6) andM g, 6) were recorded with a stepwise rotation
nonmonotonigFig. 2). of the field from 0° to 360° and back to 0°, respectively. A considerable

hysteresis effect can be seen. The angular dependence of the difference

Figure 2 actually presents thd(T) behavior only for betweenM ,(6) andM g, ) in panel(b) reveals this effect more clearly.

two values of the angl# between the field and the film
plane: =0° and #=90°. It is helpful to consider the whole
curves of the angle dependence of the magnetization, prés, for the in-plane field orientations. The magnitude of the
sented in Fig. 3a. Here the curvés,(6) and Mgo.(6)  magnetization at#~180° is less than those &~0° and
were recorded with the field rotated in steps from 0° to 360°360°. This is determined by the shape of the magnetization
and back to 0°, respectively. It can be seen that the magngeop and by the thermomagnetic prehistory of the sample.
tization takes maximum values &=0°, 180°, and 360°, that The minimum magnetization values are found, as expected,
at #~90° and 270°, that is, for the out-of-plane field orien-
tations.

A considerable hysteresis effect in thé(6#) curves is
seen(Fig. 33. To present the effect more clearly, the angular
dependence of the difference between thg(6) and
M gowr( ) is shown in Fig. 3b. The functiod(6) =M ()
—Mgowr(#) can be taken as some measure of the angular
hysteresis effect. It is seen that ttied) dependence is close
to a periodic one with a period equal to 180°. It takes zero
value at the angles which are multiples of 90°, corresponding
to both the in-plane and out-of-plane directions of magnetic
field (Fig. 3b. The extreme values a(§) are situated at
some intermediate angles, which are, however, closer to the
out-of-plane directions than to the in-plane ones.

As indicated above, the magnetization anisotropy in the
film studied should be determined mainly by the shape an-
100 200 300 isotropy. Closer inspection shows, however, thathe(T)

T.K behavior cannot be attributed solely to the shape-anisotropy
FIG. 2. Temperature dependences of the magnetization of the fim studie@ffect: M, (T) and M(T) are practically equal in a rather
for the magnetic field =2 kOe) applied paralleIN],) and perpendicular  broad temperature range just bel@yw, then(going to lower
(M) to the film plane. The thermomagnetic prehistory: the sample wagemperaturethe M | (T) curve rather abruptly goes well be-

cooled down to liquid nitrogen temperatufes=77.3 K, in a field close to : :
zero, and then the field was increased to 7 kOe and lowered to Zde®@e low the M”(T) curve and becomes nonmonotonic, with a

Fig. 1). After that the dependences were recorded at that field with thdPronounced increase M, (T) at low temperatureé:.ig._ 2.
temperature increasing. TheseM | (T) features can be caused by the strain-induced
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FIG. 4. Temperature dependence of the film resistivity. FIG. 5. Temperature dependence of the magnetoresistahtze 20 kOe for
fields parallel H,) and perpendicularH, ) to the film plane. In both cases
the fields were perpendicular to the transport current. The solid lines present
magnetic anisotropy due to lattice mismatch between th@& B-spline fitting.
film and the substrate. This guess is supported by our XRD

study, which has revealed that the film has an out-of-plane ) o
tensile strain. For materials with positive magnetostriction'€fl€cts the circumstance that the magnetization increases

this must favor an out-of-plane easy magnetization. Addi-MOre easily in a magnetic field parallel to the film plane, as

tional corroborations of this suggestion have been found i@ indeed been found in this stutkigs. 1, 2, and B

the MR properties of the film, described below. _In polycrystalline samplesbeside an intrinsic MR,
Now turn to the transport properties of the film. The Which depends on magnetic order inside the gjeansignifi--

temperature dependence of the resistii§T), is found to cant cpntnbut!on to the MR comes from grain boundaries,

be nonmonotonic with a maximum it~ 250 K and a mini- and this contribution increases with decreasing temperature.

mum atT~107 K (Fig. 4). Lay :St,£C00;_ 5 samples with Discussion of the pos_sible mechanisms for _this extrinsic type

fairly perfect crystalline structure and close to zero are ©f MR can be found in Refs. 10-13. The film studied does

knowr? to be metallic ¢lp/dT>0) in the whole range below indeed show a continuous increase in MR with decreasing
and aboveT .. Thep(T) behavior in Fig. 4 reflects an inho- t€mperaturdfor temperatures well belodc) (Fig. 5. This
mogeneous structure of the film and some oxygen deficienci€havior is expected for polycrystalline FM samples with

- - 10,11
Due to the last factor, the hole concentration is less than thBOOT €nough intergrain CO”dUCt'V'& In contrast, for co-
nominal one(at 6=0). This is responsible for a resistance Paltite and manganite samples with fairly good crystal per-

peak at T=250K, which is commoh for low-doped fection and even for polycrystalline samples of these materi-
La, ,Sr,Co0; with 0.2<x=<0.3. The low-temperature resis- &/S Put with a good intergrain connectivit)‘:, the MR goes

tance minimum is typical for systems of FM regioftsains nearly to zero Wlth.decreasmg te_mperatt%. It should pe

or clusters with rather weak interconnections. For example, Mentioned that grain boundaries in FM oxides are regions of

it has been frequently seen in polycrystalline mangarites. perturbation of the structural and magnetic orders, and,

The inhomogeneous structure can be determined by techno-
logical factors of sample preparatigoausing a polycrystal-

line structure with rather high tunneling barriers between the 30

graing or by phase separation into hole-rich and hole-poor

phases:? The conductivity of inhomogeneous systems of /
this type is determined by the intragrain conductivity and the 25

tunneling of charge carriers through the boundaries between
the grains. A competition between these two contributions
can lead to a resistance minim#mFor an extended discus-
sion of the most obvious reasons for the appearance of the
resistance minimum in polycrystalline cobaltites see Ref. 6.

AR(H )/AR(H))
N
o

The MR in the film studied is found to be anisotropic. 1.5 H;=H, = 20kOe "
The absolute values of negative MR in fields parallel to the
film plane are considerably above those in perpendicular
fields (Fig. 5. The temperature behavior of the ratio between 1.0 , , .
the in-plane and out-of-plane MRs is shown in Fig. 6. It is 0 100 200 300

seen from Figs. 5 and 6 that this MR anisotropy takes place T, K

Only in the FM St_ate and dlsappears_ ﬂjp_TC' Since Fhe FIG. 6. Temperature dependence of the ratio of magnetoresistances for
conductivity of m'xed'valence. cobaltites |_ncrease§ W'.th €Nields parallel H,) and perpendicularH,) to the film plane. The fields
hancement of the magnetispin order, this behavior just were equal to 20 kOe.
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FIG. 7. Magnetoresistive hysteresisTat 78 K for fields parallel to the film  FIG. 8. Temperature dependence of characteristic fi¢ld, at which resis-

plane and perpendicular to the transport current. tance peaks in the magnetoresistive hysteresis cuiivigs 7), for fields
parallel ;) and perpendicularH{,) to the film plane. The fieltH,, corre-
sponds to the coercive forcéi() in the magnetization loops.

therefore, induce a magnetic inhomomogeneity as well.
These boundarie@nd, maybe, other sources of inhomoge-

neity, e.g., phase separatjaran cause the significant angular . . . .
hys%/eregis peffect foEnd in this studyig. g)' since thgey peratureqFig. 2) and decrease in the ratio be_tween the in-
hinder the motion of FM domains upon rotation of the mag_plane ?n;:ih_out—of-plart\_e MF;S" btt:]IoWw 80K .(';'.g' :.3) alsof
netic field. It is noteworthy, however, that the hysteresis ef->UPPOr IS suggestion. ese are Indications ol a

fect is minimal at the angles corresponding to both the in_temperature—drlven spin reorientation transition which can be

plane and out-of-plane directions of the magnetic field. Indetermined by competition between the shape anisotropy and

summary, the behavior of the resistivity, MR, and magneti—f[he strain-induced anisotropy. This transition has been stud-
ed rather intensivelytheoretically and experimentajlyfor

zation of the film corresponds to that of a system of Weakl)/_ 6
connected grains. films of common FM metal$* but has never been men-

The data presented in Fig. 5 correspond to negative M ioned for cobaltite films. It should be noted, however, that

for fairly high fields. In general, the MR curves are hystereticiaioléegﬁil g?i(latlrsathhkiﬁ tmhg;ﬁe?;cclz‘;ﬁrf;@;i:q% ?oﬁﬁa?pp“-
and have specific features in the low-field rangég. 7). i L . i
ve spectl ures | o 7 er9, whereas the film studied is much thicker and rather

Symmetric hysteresis curves, like that in Fig. 7, were ob-. dered. C tv. th . ientation t ition i
tained for the film after some number of repeated sweep Isoraered. -onsequently, the spin reonentation transition in
the film studied can have a different nature than those pro-

between the chosen maximugpositive and negativyefield d for ultrathin fil
magnitudes. For the first sweeps, the hysteresis curves WePé)S‘I3 or UI rathin |m§. led and i tiaated
some-what asymmetric. Actually, their behavior correlates h conclusion, we have revealed and investigated mag-

with that of magnetization loopS.In particular, the fielH ~ 1€U¢ and  magneforesistance  anisotfopy in  a

=H, at which the resistance peakiSig. 7) corresponds to L8o,5510.5C00; 5 film. Among other things, we found indi-

the Q/alue of the coercive forcH .. The value ofH. de- cations of a temperature-driven spin reorientation transition
c* p

creases with increasing temperature and goes to zero on a'B— the film studied: at low temperature, the magnetization

proachingTe. The magnitude of positive MR in the low- vector tends to be perpendicular to the film plane, but with
field rangeC.AR(H )=[R(H,)—R(0)]/R(0), is some increasing temperature the magnetization vector goes en-
L p p 1

measure of the remanent magnetization. tirely to the in-plane direction.

We found thatH, and AR(H,) depend on the field di-
rection and in this way reflect the magnetization anisotropy,
The temperature dependencesgffor the in-plane and out- ~ E-mail: belevisev@ilt kharkov.ua
of-plane directions of magnetic field are shown in Fig. 8. It is
seen that af=4.2K the value ofH in the out-of-plane
field is less than that in the in-plane field, buflat 78 K and
higher temperatures the opposite relation is true. For highl'\i-ggoh. . Natori, S. Kubota, and K. Motoya, J. Phys. Soc. J%#).1486
enoug.h tempera}tureT(>TC) the Hy, values go to zero for 2E\/I.A.‘D.Senaris-Rodriguez and J. B. Goodenough, J. Solid State Chi8n.
both field directions. TheAR(H;) values are found to be 3531995
higher for the out-of-plane field direction as compared with 33. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phyd8, 167
the in-plane one af=4.2K. At T=78 K andT=200K, the A(El9sg-otto T Hotta, and A. Moreo, Phys. R4 1 (2001
opposite relation holds true. Al thl? |m'pI|e.s that at low tem- 5B: J. Igelevise.v, V. B.’ KraSO\./itsky, D’. G.yNéugIe,. K D. D. Féathnayaka, A.
peratures the out-of-plane magnetization is favored, whereasparasiris, s. R. Surthi, R. K. Pandey, and M. A. Rom, Phys. Status Solidi
for higher temperatures the in-plane magnetization becomes188 1187(2002.

dominant. The pronounced increaseNh (T) at low tem-
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