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Optical absorption and transverse Kerr effect spectra, resistivity, and magnetoresistance of
La; ,Sr,Co0; (x=0.15,0.25,0.35) films have been studied. The temperature dependences of the optical and
magneto-optical properties of the films exhibit features which can be attributed to the transition ofthe Co
ions from the low-spin stateS=0) to the intermediate-spin stat& 1) and to orbital ordering of the €6
ions in the latter state. The evolution of the properties influenced by doping with Sr is interpreted on the basis
of the phase separation model.
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I. INTRODUCTION films can be expected to be somewhat more complicated as
compared with bulk materials since it could depend on strain
The discovery of the so-called colossal magnetoresistandeduced by the film-substrate lattice mismatch. At the same
in manganite film$ has renewed an interest in other ferro- time, films are suitable objects which can be investigated by
magnetic  perovskitelike compounds. These includeraditional electric and magnetic techniques giving averaged
LaCoO;-based cobaltites which are in many ways similar tocharacteristics of thénhomogeneoysmaterial and by opti-
manganites and yet have some fundamental distinctions. Al methods permitting one to separate responses from con-

low temperatures, LaCoQs a nonmagnetic insulator. In this ducting regions and the insulating matrix and to study the
state C3" ions are mainly in the low-spinLS) state magnetic processes inside the conducting clusters. This com-

(t8,,5=0)° because the crystal-field energy dominates?ined approach was applied earlier to mangariitéSithe

: . . , charge inhomogeneities were studied by the optical absorp-
slightly over the intraatomic Hund's energy.However, as o ?echnique gvhile the magnetically inhomogeneous state
the temperature rises, the €oion state changes gradually was investigated using the magneto-optiddD) method.
from the LS state to the high-spiHiS) state (5§, S=2) or Transport and optical properties of FM oxides are known
to the intermediate-spifiS) state (3465,S=1). The latter to depend significantly on their magnetic properties. As for
scenario is supported by the theoretical calculafiérand  the MO properties, they are determined directly by the mag-
results of some experimental studfe§ The problem of spin  netization of a material studied. In this work, the MO prop-
states of C®" ions in cobaltites is not settled to date and erties were measured using the transverse Kerr effécE).
remains topical. Generally, the MO Kerr effect consists in an influence of the

When LaCoQ is doped with St* ions, hole-rich regions magnetization of the medium on the reflected light. The TKE
appear in the hole-poor matrixThe evolution of the mag- consists in the intensity variation of light reflected by a mag-
netic properties as a function of %3r concentrationx and  netized sample in conditions where the magnetic field is ap-
temperature is governed by the transition from the spinplied parallel to the sample surface and perpendicular to the
glass-like to cluster-glass state or to the ferromagr@&d) light incidence plane. Measurements of MO spectra in the
metallic state”'! The certain scatter in the estimates ob-visible and near-ultraviolet spectral range—i.e., in the range
tained by different authots™ for the critical SF* concen-  of the fundamental absorption—could provide information
tration at which long-range FM order sets in is accountectoncerning the electronic structure of the cobaltites and its
for by such factors as instability against the formation ofdependence on chemical composition, conditions of the syn-
clusters rich in St and containing ions in the IS state, the thesis, and other factors. In particular, the appearance of the
dependence of the chemical heterogeneity upon the thermakw type of magnetic ions, ¢6, due to doping with Sr
history of the samples, and the degree of oxidation. Theand/or change in the spin state of Co ions is expected to
question is still discussed considerably whether clusters an@fluence the MO spectra. The magnitude of the MO re-
generated by compositional inhomogeneities when, for exsponse is known to be the product of spin-orbit coupling
ample, the phases witk=0.5 andx=0.2 are present in strength and net electron spin polarizationagnetization
Lag gsSrh15C00;,"2 or appear due to electron phase This makes the magneto-optical effects sensitive to the mag-
separatior}.?’ netic state of unfilled shells in the transition-metal ions.

In this article, a study of the Kerr effect, optical absorp-MO spectroscopy provides not only information about the
tion, and transport phenomena in ;LgSr,Co0; (x  total density of stategsimilarly to normal optical measure-
=0.15,0.25,0.35) films is presented. The phase separation iments but also about the electron spin polarization of states
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participating in the magneto-optical transititht’ were chosen in such way that one of thexs=(0.15) is sure

The temperature dependence for different MO effectsbelow the percolation thresholdx(=0.20—0.25)°"! at
measured at a definite wavelength indicates the variation ofhich the infinite FM cluster is formed below the Curie tem-
the magnetic order in the samples. Temperature and magnefierature in this system, the second=(0.25) should be near
field dependences of MO effects reveal the phase transitiothe percolation threshold, and the third={0.35) is sure
temperatures and peculiarities of the originated magneticallgbove this threshold. The results outlined in the following
ordered states. The MO response is sensitive not only to theections show that we have achieved this aim to a great ex-
long-range magnetic order but even to the short-range magent.
netic order. Thus, the formation of ferromagnetic clusters At the ablation of target material, the substrate was
would manifest itself in the MO properties. shielded to avoid its direct exposure to the plasma plume. In

The phenomenological description of MO effects is basedhis case deposition occurs from the flux that is reflected
on consideration of the influence of a magnetic field on thefrom a side screen. This has ensured a high surface smooth-
dielectric permittivity tensok;; of the mediumt.’ If the ten-  ness, which is essential for obtaining reliable results at an
sor is symmetric £;;=¢;;) in zero magnetic fieldd=0, it  optical study. The deposition was performed in oxygen atmo-
becomes nonsymmetrigs;;(H)=¢;(—H)] in a nonzero sphere at a pressure of 8 Pa and substrate temperature of
magnetic field. In the linear approximation, the dielectric880*50° C. The deposited films were cooled to room tem-

permittivity tensor of the gyroelectric medium is perature in oxygen at 2(Pa(1 atm). These preparation con-
ditions make possible coherent epitaxy. Investigations of
gg ey O other cobaltite films, prepared in the same pulsed-laser depo-
~_] 0 sition chamber and in the same conditions, provide reason
E= sxy 80 y (1) . . .
enough to suggest that the films studied are polycrystalline,
0 0 & even if rather highly oriented.

The optical absorption spectra of the films were measured
at 80—295 K with a prism infrared spectrometierthe range
0.1-1.4 eV and a grating spectrometén the range 1.0-4.0

eV). The measurements of the TKE were made using an

magnetization, are related to MO properties. All MO effects, , 1o matic MO spectromet&t.A dynamic method to record
which are linear in magnetization, can be expressed in termg o T E was used. The relative change in the intensity of the
of off-diagonal elements of the dielectric permittivity tensor. reflected light,5=[1(H)—1(0)]/1(0), wherel (H) andI(0)

For Fhe TKE, variation of the reflect.ed .I'ght intensity for ,e the intensities of the reflected light in the presence and
p—pplanzed waves due 'to the magnetization of a ferromagébsence of a magnetic field, respectively, was directly mea-
netic sample can be written ds sured in the experiment. The magnitude of the alternating
magnetic field in the gap of an electromagnet was up to 3.5
kOe. The relative precision of the apparatus is 10MO
spectra were recorded in the photon energy range 1.3—-3.8 eV
at a fixed light incidence angle=67°. For MO measure-
where A;=s{[2e,co(¢)—1], B1=[ep?—e(?]co(¢)+e, ments, a continuous-flow helium cryostat is used, which
—sir(¢), and ¢ is incidence angle of light. makes possible investigations in the temperature range 10—

The results presented in this article can be taken as sup00 K.
porting the transition of the &3 spins from the LS to the IS The resistivity of the films was measured as a function of
state with increasing temperature. Beside this, the result@¢mperature and magnetic fieldp to 20 kOg¢ using the
agree with the presence of the orbital ordering of thé'Co standard four-point probe technique. The field was applied
ions in the IS state. For consideration of changes in the proparallel or perpendicular to the film plane. In both cases it
erties of the films with Sr doping the phase-separation effecvas perpendicular to the transport current.
is taken into account.

where the diagonal elemenig=¢q—ie( describe normal
optical propertiegwhich do not depend on magnetization
and off-diagonal elements, =&, —ie,, proportional to

8,=2 sin2 )—Al ' 2 sin(2 )—B1 ")
=2 Sl & Sl Evys
P v AZ+B2 Y ¢ AZ+B2 Y

Ill. EXPERIMENTAL RESULTS
Il. SAMPLES AND EXPERIMENTAL TECHNIQUES A. Kerr effect

The films (about 200 nm thickwere grown by pulsed- The temperature dependences of the TKE measured on
laser deposition onto @01)-oriented LaAlQ substrate with  La; —,Sr,CoO; films (in magnetic fieldH=3.5 kOe and at
a 1.06um Nd-YAG laser(pulse length 10 ns, pulse energy photon energye=2.8 eV) are shown in Fig. 1. Thé(T)
0.33 J, pulse frequency 12 HzZThe ceramic targets with curves reveal characteristic features at the transition to the
nominal compositions La ,Sr,CoO; (x=0.15,0.25,0.35) magnetically ordered state. The position of the abrupt de-
were prepared by the solid-state reaction method. We wererease in the TKE on the temperature scalden going
aware that available methods of chemical control can detefrom lower to high temperatuyecorresponds to the Curie
mine the actual compositions in targets and films with antemperatureT.. As follows from given curves, Curie tem-
accuracy not better than 2 at. %. Besides, the composition peratures for films withk=0.35 andx=0.25 coincide and
of pulsed-laser deposited films can differ slightly from thatare equal to 230 K. Below 230 K the films witke=0.25
of the target. For all these reasons, the nominal compositionsxhibit a considerable magneto-optical effect with a peak at

024413-2



SPIN STATES AND PHASE SEPARATION IN.. .. PHYSICAL REVIEW B8, 024413 (2003

5 @

[=] N
1]
o
™
1 1
TKE (107)

fast i
cooling

| TKE | (10°®%)

" 1 " "
15 20 25 3.0 35 4.0

E (eV)

10 | :: 5 / %0 | FIG. 2. Spectral dependences of the TKE of the L&r,CoO;
5L X=035 p) /,' g | films at temperatures of maximum in the temperature dependence
M III % | of the TKE.
oL N 1 N 1 N —-I--—./.' 1 N P
0 50 100 150 200 250 300 The spectral dependences of the TKE measured at tem-
T(K) peratures of the maximum in their temperature curves are

shown in Fig. 2. It is seen that the spectra are similar for all

FIG. 1. Temperature dependences of the TKE of L&r,CoO;  Sr concentrations studied. The Kerr effect has a positive
films with x=0.15 (a), x=0.25(b), andx=0.35(c). Heating and maximum atE~1.5 eV and a broad negative maximum in
cooling regimes are indicated by arrows. All curves were recordedhe range ofE~2.7 eV. The amplitudes of the peaks in-
in magnetic fieldH =3.5 kOe at photon energg=2.8 eV, except crease with growing Sr concentration. Above 2.0 eV the
the dashed-line curve for=0.35, which was recorded on heating spectra exhibit a fine structure which is most distinct for the
in field H=0.9 kOe. The solid line in the picture for=0.25(b)  film with x=0.15 (peculiar features at 2.1, 2.6, and 3.1 eV
corresponds to fast cooling. Rates of heating and cooling were usitand out against the background of the broad maximum
ally in the range 1.—3 K/min; the “fast cooling” was done with a The field dependences of the TKB(H), for the low-
rate about 20 K/min. temperature range are linear for all films studigdg. 3).

T~180 K. As the temperature decreases further, the TKEThey are, however, quite di_fferent near the temperatures cor-
drops sharply: its value becomes more than 3 times smalldfSPonding to a maximum in th&T) dependences. For the
in the range 110160 K for=0.35 or in the range 130—175 film \_Nlth x= 0.15 thed(H) is linear up to 3.5 k_Oe, wh_ereas
K for x=0.25. For the film withx=0.15, the TKE has a for films with x=0.25 andx=0.35 it looks like a field-
peak atT=118 K and another anomaly @~60 K. Note ~ Magnetization curve for FM compounds.
that in the low-temperature regioit €118 K), the TKE for
x=0.15 is larger than for films with higher Sr concentra-
tions. Thed(T) shape is dependent considerably on measure-
ment conditions. As seen in Fig. 1, the TKE curves for The temperature dependences of resistiyify), for the
=0.15 andx=0.35 measured on cooling and heating in afilms studied are presented in Fig. 4 in semilogarithmic co-
high field (H=3.5 kOe) are shifted relative to each other. ordinates. Since the resistivity of the film witk=0.35
Hysteresis phenomena were much smaller for the film wittshows only a small visible temperature variation in this
x=0.25 and were observed only near the maximum. scale, it is presented more clearly in Fig. 5 in linear coordi-
The position of the maximum in the TKE temperature nates. The dependencg§T) for films with x=0.15 andx
curve is dependent on the applied magnetic field and shiftee-0.25 have nonmetallic character p(dT<0) (Fig. 4).
to the high-temperature region when the field decreased. Ohhey are found to be rather unusuglT) follows closely
heating the film withx=0.35 in the fieldH=0.9 kOe, the the dependence(T)=p(0)exp(=aT) for x=0.15 and is
S(T) curve shifts drasticallyover 70 K) towards higher tem- practically linear in temperature fax=0.25. The depen-
peratureg Fig. 1(c)] when compared with theé(T) curve  dencep(T) for x=0.35 has a maximum &t~=250 K and a
taken in the higher fieldd=3.5 kOe. Both curves nearly shallow minimum atT~40 K (Fig. 5. The minimum is
coincide atT>200 K. On a fast coolingwith a rate about most probably connected with a polycrystalline structure of
20 K/min) of the film with x=0.25, thes(T) curve shifts to  the film1® The behavior ofp(T) is metallic between these
the high-temperature region enormously and the maximunextremum points.

B. Resistivity and magnetoresistance

magnitude of the TKE decreases gredtiig. 1(b)]. At T The temperature dependences of the magnetoresistance
<110 K, the TKE for films withx=0.25 decreases linearly (MR), AR(H)/R(0)=[R(H)—R(0)]/R(0), measured in
with temperaturéFig. 1). the magnetic fieldd =20 kOe are shown in Fig. 6. It is seen
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La; ,Sr,Co0; films studied at temperatures corresponding to the
maximal TKE effect(190 K for x=0.35 and 180 K forx=0.25)
and at much lower temperatures.

¢, the MR of this type goes to zero as well since an

applied magnetic field cannot strengthen the magnetic order

0.0
that for this field the MR is negative for all films studied. The § -0.5
dependence taken on the sample with0.35 is quite typical %
of optimally doped FM cobaltites and manganitEsy. 6a)]: ~ 1.0
there is a quite pronounced peé@k the MR modulug near L [
the Curie temperaturé.~230 K; it goes down for tempera- % 18 |
tures deviating to either side froify.. This type of MR be- 2.0
havior is characteristics of the so-called intrinsic mechanism 0.0
of MR, which depends on the magnetic ordan external b
field enhances the magnetic order, which, in its turn, leads to & [ (0)
a decrease in the resistivity and, therefore, to negative. MR 8 o5l
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1 . 1 . - —R(0)]/R(0)=AR(H)/R(0) atH=20 kOe of the La ,Sr,CoO;
0 100 200 300 films. The fieldsH andH, were applied parallel and perpendicular

T (K) to the film plane, respectively. In both cases the fields were perpen-
dicular to the transport current. The MR of the film with 0.25(b)
FIG. 4. Temperature dependences of the resistivity of the filmshas not shown a noticeable sensitivity to the angle between the field
La; _,Sr,Co0; (in semilogarithmic coordinates and film plane.
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appreciably in the low-temperature range<T.) where the L
magnetization is close to saturation. 33.6
In a magnetically inhomogeneous sample, consisting of
weakly connected FM regions in a dielectric or nonmagnetic 5
matrix, the so-called extrinsic mechanisms of MR can give
an additional contribution to the total MR. These mecha- 33.5 |
nisms are determined by the charge transfer between th.—
poorly connected or isolated FM regions. This type of mag-g i
netic inhomogeneity in FM oxides can be connected withC
grain boundaries in polycrystalline samples or with the
phase-separation effects. A contribution of the extrinsic MR
increases with temperature decreasing and is maximum &
zero temperature. A concurrence of the intrinsic and extrinsic
MR’s can result in a nonmonotonic temperature dependenct )
of the total measured MR in cobaltite film$2° Discussions I 1 ]
of the possible mechanisms for the extrinsic type of MR in e b b e b 1
inhomogeneous polycrystalline samples can be found in Ref 20 -10 0 10 20
21. It is clear that these mechanisms are applicédtideast H (kOe)
generally also in the case of phase separation when this
results in a system of hole-rich FM clusters embedded in a FIG. 7. Magnetoresistive hysteresis for;LaSr,Co0; film with
hole-poor dielectric matrix. In this way, the temperature beXx=0-35 atT=78 K. Applied fields were parallel;) and perpen-
havior of MR in FM oxides can reflect their magnetic homo- d!cular (H,) to the film plane. In both cases the fields were perpen-
geneity. Taking it all into account, it can be said from Fig. dicular to the transport current.
6(a) that film with x=0.35 is the most homogeneous from
the films studied although even it has appreciable MR at the Generally, the MR curves of the films studied have been
low-temperature range that indicates the presence of som@steretic with specific structures in low fieltee Fig. 7 for
magnetic inhomogeneity induced by one or both of thex=0.35 atT=78 K). It is well established that the behavior
above-mentioned reasons. The MR of the film wita0.25  of the MR curves for FM oxides correlates with that of mag-
increases continuously with decreasing temperaftig. netization curve$! In particular, the fieldH = Hp, where the
6(b)], which corresponds to the behavior of a highly inho-resistance reaches its maximufig. 7), corresponds to the
mogenenous system. The same is true in relation to the filmgoercive forceH.. Itis found that the field, is maximal at
with x=0.15 where additionally a nonmonotonic tempera-the lowest temperature in this study44.2 K) but drops to
ture behavior of MR can be seen. It should be noted that thgero abover<77 K for x=0.15 and abovd~90 K for x
largest MR is observed in the least doped sampte@.15)  =0.35. Above certain field values, hysteresis no longer oc-
[Fig. 6(c)]. For films withx=0.15 and 0.25, the temperature curs, which implies that magnetization reversal processes
interval where MR increases with lowering temperature isstart in these fields. Such fields are much lower for the par-
fairly close to the temperature range of increasing TKE.  allel orientation(Fig. 7). We will discuss the hysteresis phe-
The MR of films withx=0.35 andx=0.15 is anisotropic Nnomena more elaborately below.
(Fig. 6). The absolute values of negative MR are much
higher in fields parallel to the film plane than in perpendicu-
lar ones. The anisotropic MR is not surprising for pulsed-
laser deposited films of FM perovskite oxides. For cobaltites, The optical density spect@=In(ly/I)=In(1/) (I, is the
this effect was seen earlier in 4881, <Co0; film.*® Since  incident-light intensity, is the intensity of light transmitted
the conductivity in mixed-valence cobaltites increases withthrough the films, and is the transmittangein the visible
an enhancement of the FM order, this behavior just reflectand infrared(IR) ranges are shown in Figs. 8 and 9, respec-
the point that the magnetization increases more easily in @vely. The optical density spectrurftorresponding to the
magnetic field parallel to the film plane. It is connectedabsorption spectrum where the reflection and film thickness
mainly with the shape anisotropy of the magnetization. Thevas not taken into accountor the film with x=0.15 has a
strain-induced anisotropy due to the film-substrate lattice inwide band atE~3.0 eV and quite narrow bands at about
teraction can have an influence as well. The influence of thig.15, 1.9, and 2.4 eV in the fundamental absorption region
type of MR anisotropy has been found in o581, sCoO; (Fig. 8. When the Sr concentration is increased, the low-
film.2% All these types of the MR anisotropy are associatedenergy band (1.150.03) eV shifts slightly towards higher
with the FM state and, for this reason, disappear abiqve energies. Fox=0.35 it is centered at 1.3 eV. The 1.9-eV
In the films studied, MR anisotropy is found only beldw band broadens and shifts towards lower energies.
~200 K forx=0.15 and belowl ~250 K for x=0.35. The For the film withx=0.15, absorption in the IR range goes
highest MR anisotropy is observed in the film witk-0.15  up for energy increasing above 0.9 éMig. 9), which indi-
[(Fig. 6(c)]. No appreciable MR anisotropy is found in the cates the onset of fundamental absorptionEAt0.9 eV the
film with x=0.25. light interaction with charge carriers contributes to the ab-
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optical density,D (arb. units)

FIG. 8. Optical density specta=In(I/1) (14 is the incident-
light intensity, and is the intensity of light transmitted through the
film) for La; _,Sr,Co0; films studied in the visible light range at
T=295 K. The curves are spaced apart for facilitation of visual
perception.

sorption of the films withx=0.25 andx=0.35. As follows
from the reflection spectra for LaCg(3* phonon absorption
begins below 0.08 eV.

The absorption in the film witk=0.15 is considerably
lower at 80 K than at 295 K in the IR rangEig. 9). For the
film with x=0.25 the absorption in the regide<<0.9 eV is

30 T T T T T T )
o5l (a) x=015 295K pd
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FIG. 9. Optical density specti@=In(l,/1) (I, is the incident-
light intensity, and is the intensity of light transmitted through the
film) for La; ,Sr,CoGQ; films studied in the IR range at different
temperatures.
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FIG. 10. Temperature dependences of the intensity of light
transmitted through the La,Sr,Co0; films at E=0.20 eV (a) in
the energy range 1.0-1.4 el) and for different measurement
conditions aE=0.20 eV for film withx=0.35(c). The numerals in
panel(c) of the figure indicate the following(l) ZFC, H=0; (2)
FC,H=0; (3) ZFC,H=8 kOe; and4) fast cooling after a heating
up to T=320 K, H=0 (heating with the rate about 1-1.5 K/min;
the following “fast cooling” from 320 K toT~80 K have taken
about 10 min. The curves in panel®) and(b) are spaced apart for
facilitation of visual perception.

slightly higher at 80 K than at 295 K. For the film with
=0.35 the absorption &<0.9 eV is considerably higher at
80 K than at room temperature, which implies that the con-
tribution of charge carriers to the spectrum is larger xor
=0.35 than forx=0.25.

As shown for manganite$;*>?3in the energy range of
light interaction with charge carriers, the behaviot ©F) [or
transmitted light intensity(T)] follows the temperature be-
havior of resistivity in the case that the metallic FM region
percolates through the whole material. For the manganites,
which for some reasons consist of separated metallic regions
embedded in a semiconducting matrix, 1{&) dependence
reflects the temperature behavior of the resistivity in these
isolated metallic regiongor cluster$ and this behavior can
be quite different from the direct-currep{T) dependences.
The I(T) behavior in Sr-doped cobaltite films aE
=0.20 eV is shown in Fig. 1@). On cooling the transmitted
light intensity (transmittancg of the film with x=0.15 in-
creases; i.e., the transmittance behavior is semiconductive at
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80—-300 K. In the film withx=0.25 the transmittance exhib- t,q band and a broad O band split by hybridization ef-
its metallic temperature behavior <180 K, although no  fects into bonding and antibonding parts. The spectra of the
behavior of this type can be seen in th€T) dependence copaltite films studied have four bands in energy range 1.0—
(Fig. 4). In the film withx=0.35 transmittance drops signifi- 3.5 eV (Fig. 8. This can be presumably attributed to the
cantly below T=250 K (metallic behavior, which is in  syperposition of geometric resonan¢ssrface plasmonsn-
agreement with the(T) behavior for this film(Fig. 5). duced by structural inhomogeneities on charge transfer tran-
The I(T) dependences of cobaltite films studied have arsitions(as shown for manganites in Ref.)2thhomogeneous
extra anomaly(most pronounced fok=0.35) in the same structures may appear due to the phase separation, polycrys-
temperature range 160-220 KFig. 10. This type of tallinity of the films, and strains at the film-substrate bound-
anomaly was never seen in manganites. The anomaly is olry. The evolution of absorption spectra with doping for the
served not only at the photon energy range where light interfilms studied is similar to that of single crystétsas the Sr
action with charge carriers occuffig. 10@)], but at the  concentration increases, the spectral weight transfers from
range of the fundamental absorption edge & the visible range to the IR region, where light interaction
=1.0-1.4 eV[Fig. 10b)] as well, where only smallX  with free charge carriers occurs.
=0.25,x=0.35) or no &=0.15) contribution of charge car- The TKE magnitude is comparable in cobalti{€sg. 2)
rier to absorption is expected. The anomaly is more compliand manganite®. The high value of the Kerr effect may be
cated atE=1.0-1.4 eV[Fig. 10b)] than atE=0.20 eV  connected with the strong spin-orbit interaction expected for
[Fig. 10@)]. This may be connected with the intricate char-Co** (IS) ions. As for La_,Sr,CoO; single crystaf’ the
acter of the spectrum near the fundamental absorption edggKE in the films studied was maximum in the broadband
where the closely spaced and spectrally unresolved absorpear 3.0 eV. In Ref. 27 this behavior was attributed to the
tion bands overlap. Note that in our experiments the spectral-d transition tzgﬁe; allowed for the majority-spin(or
bandpass of slits in the two spectrometers used is different igpin-up states because of the hybridization with @§2or-
the region of overlapping working ranges. The spectra in Figpjtals. The large MO effect found in the films studied may
8 measured with a smaller spectral bandpass are therefoggso be related to this transition, which must take place only
resolved better than the spectra in Fig. 9. for Co®™ ions in the IS or HS state, but not in the LS state.
The magnetotransmittance effe@nalogous to magne- Qualitatively, the TKE behavior can also be explained on the
toresistance detected in manganite filrffsis not found in  pasis of a band calculation for LaCg@ith Co** (1S) ions?
cobaltite films studied up té1=10 kOe apparently because According to the electron-energy scheme for Co ions in the
cobaltites have much lower magnetoresistance. The influenqg state® the magneto-optical effect should first appear in the
of magnetic fields on transmittance of the films shows upspin-up subband and reach its maximum E#2.0 eV.
itself, however, in rather different behavior of tH§T)  Then, atE>3.5 eV the transitions in the spin-down subband
curves taken aE=0.20 eV on cooling in zero and finite can be expected. The competition of these transitions can

(H=8 kOe) fields. The strong effect of the sample thermo-a|so account for the change in sign and spectral behavior of
magnetic prehistory is illustrated in Fig. @. Curves 1-4  the effect.

describe thd (T) dependences under successive changes in

measurement conditions. THET) anomaly weakened on B. Temperature dependences of the transmittance, Kerr effect,

field coollng(FQ and measurement iH=0 (c_urve 2 oron resistivity, and magnetoresistance

zero-field cooling(ZFC) and measurement iH>0 (curve ) ) )

3). The anomaly is suppressed completely when the film is It is found_for lanthanum manganites of varying

heated above room temperature and then cooled quickifompositions™*®that the temperature at which the FM con-

(curve 4. Additional explanatory comments to the measure-{fibution appears(estimated from the temperature depen-

ment conditions can be found in caption to Fig. 10. dences of the TKEagrees well with the temperature of the
insulator-metal transition in the hole-rich separated regions
or clusters(found from IR absorption dataA direct corre-

IV. DISCUSSION lation of this type is not seen in the cobaltite films studied
_ [compare Figs. 1 and 1&]. We will try in the following to
A. Absorption spectra and Kerr effect clear up a possible reason for this discrepancy. In doing so

There are only scanty optical studies onWe can assume that the holes appearing with Sr doping of
Lay _Sr,C00;.8%225-2Found among them are optical con- cobaltites cause phase separation into hole-poor matrix and

ductivity spectra obtained by a Kramers-Kronig analysis offole-tich regionge.qg., see Refs. 9,10, and)13

the reflectivity spectra of polycrystals and single crystéls. )

The polar Kerr effect for La_,SrCoO; single crystals at 1. Laggs510.15C00; film

room temperature was studied in Ref. 27. The optical density Our magneto-optical, optical, MR, and MR anisotropy re-
spectraD (E) of the films studied have more features in thesults for the film withx=0.15 support the outlined general
visible range(Fig. 8 than the light conductivity spectra picture for magnetic processes in cobaltites with low doping
o(E) of La; ,SrCoO; single crystals with similar level below the percolating thresholck.& 0.20—0.25)%"%
compositior?® The (E) spectra of single crystals have The monotoniciexcept for the range 160—220) kempera-
three bands at energies about 1, 3, and 6 eV, respectfvelyture dependence of intensity of the transmitted lightEat
They are attributed to excitations into the, band from the  =0.20 eV in the film withx=0.15[Fig. 10@)] suggests that
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the clusters with Cb" ions are rather small in size and their change interaction between the Co(1S) ions?® Since the
volume fraction is much less than that of the semiconductinglusters are distributed randomly, the intercluster exchange is
matrix. For this reason, apparently, the transition of thesdrustrated and the cluster moments have noncollinear orien-
isolated clusters to a more conductive FM state with decreagation. This leads to a large anisotropy below the temperature
ing temperature does not show itself eitherlifT) [Fig.  T4. The influence of all these factors on magnetic properties
10(a)] or in p(T) (Fig. 4 dependences. The TKE value char- can show itself as a typical spin-glass-like behavior.
acterizing the FM contribution is, however, quite high—only ~ Among the films studied, this film has the highest MR
3 times less than that for=0.35. The TKE has a maximum [Fig. 6(c)]. It is difficult to imagine that strengthening of the
at 118 K. After cooling in zero field, another feateeshoul- magnetic order in small isolated clusters embedded in a
den appears af=60 K [Fig. 1@]. A maximum at nearly semiconducting matrix can cause this rather strong effect.
the same temperatufi,=60—-70 K was found earlier in the It should be suggested, therefore, that an applied magnetic
temperature dependences of the ac and dc susceptibility féield enhances the intercluster tunneling and/or increases the
bulk LaygsSIp 12C00; (Refs. 9,10,12, and 13nd attributed  conductivity of intercluster semiconducting regions. It is
to spin-glass freezing. Magnetization temperature curves foquite probable that the magnetic field affects somehow the
Lag gsSIp 12C00; show a cusp at the same freezing temperainterface regions between the hole-rich clusters and hole-
ture Ty ™21t can be thought that the above-mentioned fea-poor matrix(which are enriched with C8 ions in IS statd).
ture in the TKE temperature curve near the temperalure It was argued in Ref. 10 that the volume of the superpara-
~60 K [Fig. 1(a)] is determined by the same effect. magnetic clusters should increase in a magnetic field, which
It should be noted that the highest MR and its anisotropycan cause a considerable MR effect. These suggestions need,
for this film are observed in the range 60—8(JKig. 6(c)].  however, an elaboration and verification in a further study.
The ratio of MR’s measured in fields parallel and perpen-
dicular to the film plane is close to 2. At=4.2 K and 20.4 .
K the values of fieldH, are found to be rather highH( 2 La0,758r(-,,25c-003 T'Im
=7.0 kOe andH,, =4.5 kOe for field orientation parallel When the Sr concentration is raisedxe 0.25, the con-
and perpendicular to the film plane, respectiyelxt T  tent of holes in clusters increases. The volume of the FM
=78 K and above MR hysteresis is practically unobservableclusters increases too, and the exchange in them is enhanced
Taking into account that the field,, is equal to the coercive by charge carrier&double exchangeA decrease in transmit-
forceH, (see Sec. lll B abovethis behavior is quite consis- tance with temperature decreasing on cooling below the tem-
tent with the assumed cluster-glass state at this doping levaberature of the metal-insulator transitiohy, =180 K [Fig.
A cluster glass is actually a system of small Fdngle do- 10(a)], together with no signs of the transition to metallic
main) particles. An isolated particle should have enoughstate at this temperature (T) dependencéFig. 4) indi-
thermal energy to surmount the energy bardé&t=KV (K cates that in the film withk=0.25 the transition to a FM
is the anisotropy constant, andlis the particle volumeto  metallic state near 180 K occurs only in the isolated hole-
reverse its magnetization in a magnetic figld® For a sys-  rich clusters(embedded in a semiconducting matriather
tem of such particles there is the so-called blocking temperathan in the whole volume of the film. For this reason there
ture Ty, below which the particle moment is blocked. The are no continuous metallic conducting paths penetrating the
mean blocking temperatur€lg)=K .V, is determined by whole film and, therefore, the transition of the clusters to the
mean values K., and V) of the anisotropy constant and FM state has no visible effect on the recorgdd) behavior
particle volume’! The above-mentioned temperatufg is  (Fig. 4). But this transition is reflected in the MR tempera-
directly related tdTg) by reIationTg=,8<TB>,31 wheregB is  ture behavior which is shown in Fig(l§. It can be seen that
a numerical factor of the order of unity depending on thethe MR reaches its maximum belolix=200 K which agrees
form of the particle size distribution. The higher the temperawell with the magneto-optical and optical data obtaiheee
ture, the smallerH.. According to Ref. 32,H.x(1 Figs. 1b) and 1Qa)]. Generally, the temperature behavior of
—T/Tg)*? so that atT>(Tg) the system becomes super- MR for this film corresponds to that of a highly inhomoge-
paramagnetic. It is therefore most probable that the lineaneous magnetic system, as was mentioned already in Sec.
magnetic-field dependence of TKE in this film &=91 K 1l B.
(near the Kerr effect maximungFig. 3) is determined by the No significant MR anisotropy or MR hysteresis has been
superparamagnetic behavior of the clusters. The Hhigh found in this film. It is caused, perhaps, by the proximity of
field for the film with x=0.15 agrees with thél. data ob- the composition to the percolation thresholdx (
tained on a bulk polycrystal of the same compositidn. =0.20-0.25), near which cluster sizes and orientations are
The FM interaction in clusters is mainly attributable to the most chaotic. The TKE appears®Bt=230 K, i.e., above the
Ca*"(1S)-0-Cd*(LS) superexchange or the double ex-temperatureT,,=180 K obtained from the transmittance
change of localized, 4 electrons via itinerangy electrons.  data. The relatiorT,, <T, is expected for this range of Sr
As another source of the FM state, the magnetic polarondoping!® The field dependence of the TK(Eig. 3 exhibits
formed near the Ct ions can be mentioned. The hole-  a typical FM behavior at the temperatufB~ 180 K) where
rich regions stabilize the IS state of Toions at the inter- the TKE is maximum, but is linear & =70 K, which is
face to the hole-poor regions. The clusters are thought to biypical of a superparamagnetic system, but can also be deter-
coupled antiferromagneticall)AFM) through the superex- mined by a change in the relationship between the FM and
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AFM contributions responsible for the magnetism of thisLS state to either or both HS and IS states. In the transmit-

film with lowering temperature. tance spectra, however, a special anomaly is found, which
_ can be attributed only to the LS-IS transition. This anomaly
3. Lag55r0.3sC00; film in the I (T) dependencékinked behavior of it is observed

For x>X., the volume fraction of hole-rich regions for all films studied and appears practically in the same tem-
should be high enough to form an infinite percolating FMperature range 160-220 [ikig. 10@)]. It can be seen quite
cluster belowT..° The results for the film withk=0.35 sup-  clearly for films with x=0.15 andx=0.35 on the back-
port well this view. Bothp(T) and!(T) dependenceFigs.  ground of the general semiconductive or metallic run of their
5 and 1@a)] manifest that the metal-insulator transition startsl (T) curves. For the film withx= 0.25 the temperature range
at T~250 K. The temperature behavior of the MR is typical of the anomaly nearly coincides with the temperatiifg
of optimally doped cobaltites, with a sharp maximumTat and, therefore, the anomaly is not so distinct. An anomaly of
=230 K which corresponds to the Curie temperature for thighis type is never mentioned for manganites. It is reasonable,
film. At that, the metallic behavior of(T) is more pro- therefore, to assume that its nature is determined by some
nounced than fok=0.25, but a strong anomaly can be seenspecific feature of cobaltites. This is the transition of Co
in the range 160-220 K. The maximum Kerr effect is foundjons from the LS state to a higher-spin state with increasing
to be larger forx=0.35 than that fox=0.25, and the tem-  temperature. According to Ising-model molecular-field calcu-
perature range of max[mal Kerr effe_ct magnitude is W'derlations, an energy gap =230 K between th&s=0 andS
[Fig. 1(c)]. At the same time the magnitude of the Kerr effect _ | spin states provides a good description of the tempera-
d_rops sharply below 160 K. '!'he Same as k#O._ZS, the ture dependence of the magnetic susceptitifitfhe spin
gelr(]j d'epindehnce of the TKEFig. 3 e>;]h|b|ts a typpal FM transition proceeds gradually. No information can be found
bﬁt iiiswl?r:egrr ;;iegrgp;rature range whé(d) is maximum, in the literature about thg special temperature points of this

Although atx=0 35-the infinite FM cluster, percolating transition, except for the Msbauer effect in LaCoQ” The

' ’ wjatter data permit the conclusion that the ratio between the

through the whole sample, is formed, at the same time, ho + .
ever, a pervasive hole-poor matrix with some isolated clusCO” " (HS) concentration and the total €o content reaches

ters in it persists up ta=0.52 The large cluster interfaces 'S Maximum atT=200 K. It follows, however, from neu-

and/or the interlayer between the FM grains contairi'Co 70N scattering data for LaCqQRef. 10 that the 50:50 ratio
(IS) ions which change into the LS state with lowering tem-©0f low-spin and higher-spin Co ions is stable in a wide
perature and no longer assist the charge transport and Keftterval from 110 K to room temperature, which is supported
effect. As the number of G (IS) ions is reduced and the by the results for magnetic susceptibiffty.
related FM interaction grows weaker, the carriers can gradu- According to electron structure calculations for LaGgO
ally localize in the FM clusters themselves. This mechanisnwith rising temperature the LSSE0) state of Co ions trans-
is maybe responsible for the rather high resistivity of the filmfers to the IS §=1) state rather than to the HS<2) one.
with x=0.35 belowT=50 K and for the hysteretic and an- Energetically, the latter state appears to be higher than the IS
isotropic behavior of MR. The low-temperature resistancestate even abov@ =600 K. The C3" (IS) ion with the
minimum is typical of polycrystalline samples with weak (t3 e) configuration is a Jahn-Tell¢dT) ion. In the case of
enough interconnections between FM grains. In this case thequal spins, the orbitally orderédonmetallig state is more
intergrain tunneling can become activated at low enoughyeferable than the state without orbital orélén this case
temperature, which leads to a nonmetallic behavior ok,e nonmetallic behavior of LaCa@t 90 K<T<500 K can
p(T).Y 1t is clear t_hat the magqetical inhqmogenejty due Ope described properly assuming that3Cdons are in the
I/C:yp:sa;?)If/ﬁfya}srtztlll?r?ecgr]ui?ﬁrtgb':'J:lztl?/llghﬁyifeerc;tslig ?ziosuan bitall-ordered state. Thg gradual transition_ to the metallic
to be absent above 90 K, but fiéIng are significant alread ehavior observed experimentally B 550 K is associated

’ Y with destroying the orbital ordérThe presence of JT €6

at T=78 K (Hy=2.5 kOe andH,, =2.0 kOe). With tem- (1S) i . baltites i ted b ) al it

perature decreasing down To=4.2 K, theH, values have hlons In co ? es |s|_tst_uppo:ce h y exper:jmen_a Lresu S

increased up tél;=4.5 kOe andH,, =5.3 kOe. The strong such as anomajous spliting ot phonon modes In a5:9
Ref. 6 and giant anisotropic magnetostriction in

decrease in the TKE and change in character of the fiel a,_S5C00; (Ref. 35. Measurement of magnetic circular
dependence of it for decreasing temperature, together with; 1 —x>'x T
b ! ng peratu 9 " ichroism spectra has revealed the presence Gf GtS)

rather high MR anisotropy and the considerable growth oIonS with a finite orbital momer

H, in the low-temperature range, indicate that in spite of It ible that the (T | b th
metallic behavior of the film conductivity, the FM state init - 'S POSSID'e f (T) anomaly appears because the
bital-ordered C3" (IS) ions reach their maximum concen-

is not homogeneous and maybe close to a cluster-glass staf&”! .
9 y g tration atT=180 K. At T>180 K the ions transfer gradually

_ , , into the orbital-disordered state. The anomalous splitting of
C. Transmittance angnaly and orbital ordering phonon modes in the spectrum of LaGo@®ef. 6 strength-
of Co™ (IS) ions ens this hypothesis. The mode corresponding to the orbital-
The features of the temperature and spectral behavior afrdered state becomes saturatedTat200 K whereas the
optical and magneto-optical properties, considered abovéntensity of the mode ascribed to the orbital-disordered state
can be determined by the transition of Coions from the increases sharply abovie=160 K.
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As the LS-IS transition occurs in some fraction of the Cocomposition. The linear behavior of the TKE as a function of
ions, two features are expected in the optical spectra ofagnetic field which is observed in all films below the TKE
mixed-valence cobaltitegi) the appearance of new absorp- peak (Fig. 3) shows that the FM interactiofdouble ex-
tion lines corresponding to the optical transitions includingchange weakens, and concurrence of the FM interaction
energy states of CAS) ions and(ii) charge-carrier localiza- clusterg$ and AFM interaction(in the matrix or boundary
tion caused by JT lattice distortions near3Co(IS) ions,  regions comes into play.
which may entail the formation of JT polarons. The intricate  An unusual fact is observed for the film wik=0.35: on
I(T) dependence near the absorption edgé—1.4 eV [Fig. he_atlng_ln a weak fieldH =0.9_ kOe), the TKE dependence
10(b)] is determined, probably, by the appearance of addgishifts S|gn|f|cantly towards hlgher temperqturfa vyhen com-
tional absorption bands, which, however, are not resolved iffaréd with that aH=3.5 kOe[Fig. L(c)]. This finding im-
this spectral range. These bands can have different temperRli€S that when the Kerr effect is measured in a magnetic

ture dependences, including the anomalous ones, and th clfil\(/jer?fngt'?)nﬁ)?gg/ Egzp%%r);tu(lr_estgtoz; t(r:?mtgzr;seiggr}ieiﬁj as
;Zﬁﬁrepnocsé“on would resultin tangled appearanck(dj de- well. The spin transition should actually occur at higher tem-

A possible reason for thg(T) anomaly in the region of peratures, and the magnetic field stimulates its onset at lower

L ) . X . temperatures. This conclusion was arrived at in Ref. 35, ex-
light interaction with the charge carriersit=0.20 eV[Fig. plaining the giant anisotropic magnetostriction of

10(a)] can be charge localization at the maximum Conce”traLal,xSrXCoQ (x=0.3). The curves obtained for the film
tion of the orbital-ordered JT €6 (IS) ions. Itis natural to it x=0.35 are shifted after heating and cooling in a strong
assume that the orbital-ordered Ca(IS) ions reside in the  fie|q [Fig. 1(c)] because heating stimulates an earlier onset of
hole-poor matrix(for x=0.15 and 0.25or in the regions the LS-IS transition and cooling “freezes” the state which
near the boundaries of hole-rich clusté¢isr x=0.35). The  existed at high temperature. The temperature hysteresis of
hole-rich clusters are expected to contain orbital-disordere¢he TKE is small ak=0.25 presumably because the onset of
Co®* (IS) ions. Thel(T) anomaly can appear only when FM and metal-insulator transition in clusters takes place
contributions of these two mechanisms—enhancement of thgithin the interval T=180-200 K, where the content of
metallic behavior of charge carriers in the clusters and localorhital-ordered JT ions and, hence, the related AFM contri-
ization of charge carriers in the matrix—are comparable. Ifyution are the highest. The state without orbital order has a
should be noted that this mechanism of charge-carrier localarger magnetic momentwhich affords a strong TKE even
ization is possible only for JT ions in a semiconductingabove the temperature of the metal-insulator transition. The
matrix—that is, for Co(IS) ions. There is no such mecha- considerable TKE shift towards higher temperatures caused
nism for LS-HS transitions of C6 ions. Cooling in a finite by fast cooling of the film withx=0.25 [Fig. 1(b)] agrees
applied field or cooling aH=0 and subsequent measure- well with the effect produced by fast cooling on theT)
ment atH>0 suppresses the anomalyl{T), i.e., enhances curves[Fig. 10c)]. The fast cooling of the film which is
the metallic contribution of the charge carrigsee Fig. 1&c)  partially in the orbital-disordered statat T=300 K) is fa-
for x=0.35]. The anomaly is affected most significantly by avorable for “freezing” this state. As a result, the carrier lo-
fast cooling of the film preheated =320 K[Fig. 10c)].  calization weakens, the AFM component decreases, and the
At this temperature a significant fraction of €o(IS) ionsin  FM contribution increases.
the semiconducting matrix becomes orbital disordered. On The evolution of optical, magneto-optical, and transport
fast cooling this “disordered’(and more metallicstate is  properties of the films studied with the doping level corre-
frozen. After such thermal treatment th€l') anomaly van- lates well with the concept of electron phase separation in
ishes completely both a@E=0.20 eV (Fig. 10 and atE  cobaltites. At a low doping levelx=0.15), the C&" (LS)-
=1.0 eV (not shown. The metallic contribution becomes Co®* (IS) transition in the magnetic field begins at helium
more pronounced as well. The appearance and change iemperatures. The transition enhances the FM contribution in
number of orbital-ordered G6 (1S) ions in a dielectric ma-  the clusters, which is mainly connected with the’Co(IS)
trix can be responsible for the unusual behavior of the TKEO-Cd** (LS) superexchange. As a result, the Kerr effect
temperature dependence for films wikr 0.25 as well. grows up toT=118 K. On a further rise of temperature the
At T=80 K, the Kerr effect is equally small in films with number of Cé* (IS) ions increases. The content of orbital-
x=0.25 andx=0.35, and it is smaller than in the film with ordered ions in the matrix increases too and so does the
x=0.15 (Fig. 1). This is because only a small fraction of related AFM contribution. In the temperature region where
Co** (1S) ions are involved in the FM exchange at 70-90 K. the content of the orbital-ordered £o(IS) ions is the high-
In films with x=0.25, C3" (IS) ions are fewer than in the est (T=180 K), the AFM contribution exceeds the FM one
film with x=0.15 if we assume that the highest*Co(IS)  from the clusters and the Kerr effect turns to zero. The high
concentration is 50% of all G§ ions both in nondoped coercive forces are indicative of the small sizes of the FM
LaCoG; and doped La ,Sr,CoO;. Besides, it is likely that clusters in the nonmagnetic matrix. The magnetic state of the
in the matrix and in the boundary regions of metallic clusterdfilm with x=0.15 has doubtless features of the spin-glass
the Co™" (1S) ions are in the orbital-ordered state, so theystate.
interact antiferromagnetically. As a result, the number of the On a doping level X=0.25) near the percolation thresh-
ions involved in the FM interaction is much less than 50% ofold, the hole-rich FM clusters are quite numerous, but seg-
the total C3™ content corresponding to the nominal film regated. No infinite cluster is formed yet. In the clusters the
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metal-insulator transition occurs near 180 K. This suggestlue to the enhanced AFM interaction. This is evident from
that below 180 K the FM interaction is mainly connectedthe sharp growth oH. with decreasing temperature typical
with the charge carrier exchan¢@ouble exchangeBecause of the cluster glass state.

of doping, the total content of G6 ions is smaller than at

x=0.15 and the Kerr effect is also smaller at low tempera- V. CONCLUSION

tures. It is likely th_at the fraction of the _orbital-ordgred3C0 Optical, magneto-optical, and transport properties of poly-
(IS) ions grows with temperature only in the matrix and be-crystalline La_,Sr,CoO; (x=0.15,0.25,0.35) films have
comes the highest dt=180 K. Since the degree of orbital been studied. Unlike manganites, no direct correlation is
ordering decreases above this temperature, the TKE remaifisund between the temperature of the metal-insulator transi-
appreciably strong up t6=230 K because the state without tion in clusters and the temperature at which the FM contri-
orbital ordering has a large moment. bution appears. It is found that the temperature dependences
At the doping level x=0.35) above the percolation of the optical and magneto-optical properties of the films
threshold, the FM regions percolate magnetically as well agxhibit features which can be determined by the transition of
conductively through the whole film. For this reason the tem-Co®* ions from the low-spin state S=0) to the
perature of the metal-insulator transition is close Tp  intermediate-spin stat&=1. This transition is Qriven not
=230 K. Although the number of G& ions involved in the ~ Only by a temperature increase but by an applied magnetic
LS-IS transition decreased, the TKE maximum is muchfield as well. It is shown as well that the above-indicated
higher than ak=0.25 because the double exchange assisteB'OPerties are dependent on the number of orbital-ordered
by Cd'* ions enhances the FM contribution. The film is, Co®" ions in a semiconducting matrix. Irrespective of the Sr

however, magnetically inhomogeneous, which is eVidengoncentration,the content of the orbital-ordered Cimns is

from the TKE hysteresis under the heating-cooling condition.the highest aff~180 K. The results obtained support the

The considerable hysteresis and strong dependence of th&@se-separation scenario for mixed-valence cobaltites.
TKE on the sample prehistory and thermal treatment may be
connected with orbital ordering in the cluster interfaces,
which are the sources of the AFM contribution. As in the The authors thank M. A. Korotin for helpful discussions.
=0.25 case, the FM state of the film wikt+ 0.35 below the  The study was partially supported by RFBR Grant Nos. 02-
temperature of the TKE maximum becomes much weake02-16429 and 00-02-17797.
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