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1. INTRODUCTION 

Compounds of lanthanum manganites of the
La1 ⎯ xAxMnO3 type with a perovskite structure are of
great interest because, at different degrees of doping
with a divalent element (A), the system undergoes a
sequence of phase transitions with various types of
magnetic, structural, and electronic orderings [1–3].
Manganites in the form of thin�film materials satisfy
modern requirements of semiconductor electronics
and exhibit the colossal magnetoresistance effect at
temperatures close to room temperature in weak mag�
netic fields. In a number of works [4–6] concerned
with the study of manganite film structures with differ�
ent compositions and different degrees of doping with
divalent ions (S2+), much attention has been paid to
the magneto�optical effects, because magneto�optics
provides important information on the electronic and
spin structures of the material. In particular, Yamagu�
chi et al. [4] and Liu et al. [5] investigated the polar
Kerr effect, and Sukhorukov et al. [6] examined the
Faraday effect in single�crystal films of the
La0.7Sr0.3MnO3 (LSMO) composition. It was found
that the hole doping of manganites leads to a substan�
tial transformation of the magneto�optical spectra in
the same energy range. The spectra also depend on the
thickness of the films [4, 5] and on the technological
conditions of their deposition [6]. The nature of the
peaks observed in the magneto�optical spectra of
LSMO films still remains unclear. Among all the mag�
neto�optical effects, the magnetic circular dichroism

(MCD) is the most informative and convenient phe�
nomenon for measurement, because it has been
observed only in absorption bands and, in this case, as
a rule, there is no contribution from a nonmagnetic
substrate [7]. As far as we know, there is only a single
work, i.e., the work by Nath et al. [8], devoted to the
study of the MCD in manganites, namely, in LSMO
epitaxial thin films deposited on two different sub�
strates. These authors obtained MCD spectra in the
energy range 1.5–4.5 eV and traced the temperature
dependence of the amplitude of the most intense peak
of the MCD, which is centered at 3.3 eV. It was found
that the temperature dependence of the effect can dif�
fer from the temperature behavior of the magnetiza�
tion, depending on the substrate type. The present
paper is devoted to a detailed investigation of the tem�
perature and spectral dependences of the MCD, as
well as the temperature and field dependences of the
magnetization of LSMO polycrystalline films. Investi�
gation of polycrystalline films permits us to eliminate
possible effects due to stresses generated in epitaxial
films because of the incomplete matching of the lattice
parameters of the film and the substrate. 

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE 

The La0.7Sr0.3MnO3 films were prepared by magne�
tron sputtering with a residual pressure of 3 × 10–6 Torr
in the chamber before deposition [9, 10]. The total
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operating pressure of an Ar + O2 (4 : 1) mixture was
equal to 3 × 10–3 Torr. Substrates were made of single�
crystal zirconium oxide stabilized with yttrium
(YSZ—PDF No. 82�1241), whose temperature dur�
ing the deposition was 750°C. Experiments were car�
ried out with two series of samples: (1) samples sub�
jected to preliminary cleaning of the substrate surface
with an ion gun (samples nos. 1, 2, 3, and 4 with thick�
nesses of 30, 80, 90, and 100 nm, respectively) and (2)
samples without preliminary treatment of the sub�
strate surface (samples nos. 5, 6, 7, and 8 with thick�
nesses of 20, 50, 75, and 90 nm, respectively). The
thickness of the films was specified by the deposition
time and was determined ex�situ by the X�ray fluores�
cence analysis. According to the phase diagram [1],
the LSMO films are ferromagnetic at room tempera�
ture (the Curie temperature TC for the bulk material is
350–360 K). 

The surface morphology of the prepared films was
examined with a Veeco MultiMode atomic force
microscope (AFM). Images of LSMO film fragments
were obtained on a JEM�2010 electron microscope
operating at an accelerating voltage of 200 kV with a
resolution of 0.14 nm. The film was separated from the
substrate surface and examined in the transmission
geometry. It was assumed that the structure of the film
did not significantly change as compared to the initial
state. 

The magnetization (M) was measured on a Quan�
tum Design PPMS�9 instrument in the temperature
range from 5 to 320 K in a magnetic field up to 50 kOe,
which was directed parallel and perpendicular to the
film surface. The temperature dependences of the
magnetization were measured in two modes: (i) the
sample was cooled in a magnetic field (FC), and
(ii) the sample was cooled in a zero magnetic field
(ZFC). The magnetization was measured during heat�
ing at the same value of the magnetic field as was used
during cooling in the FC mode. The field dependences
of the magnetization (hysteresis loops) were obtained
at T = 5 K. 

The absorption spectra were measured on a Shi�
madzu UV�3600 spectrophotometer at room temper�
ature in the range ~1–6 eV. The MCD was measured
using the modulation of the polarization state of a light
wave: from the right�hand circular to left�hand circu�
lar polarization. When the studied sample exhibited an
MCD effect, the absorption coefficients of the light
waves, which were right�hand and left�hand circularly
polarized with respect to the direction of the magnetic
moment of the sample, differed from each other. As a
result, the light flux that was transmitted through the
sample and then was incident on the photodetector
appeared to be modulated in intensity. The MCD was
measured as the difference between signals in two
opposite directions of the external magnetic field. The
measurements were performed in magnetic fields of 3
and 6 kOe, which were directed parallel and perpen�

dicular to the film surface, at temperatures in the range
from 90 to 380 K in the energy range 1.0–4.5 eV. 

3. RESULTS AND DISCUSSION 

3.1. Morphology and Structure of the Films 

Figure 1 shows the surface morphology and the size
distribution of heterogeneities of the films deposited
on substrates subjected to different treatments. It can
be seen that the surface of the films is characterized by
a roughness of 0.2–0.5 nm in height; in this case, more
pronounced heterogeneities are also observed. In the
films with preliminary treatment of the substrate sur�
face by an ion gun (Fig. 1b), these heterogeneities
reach larger sizes. 

The electron microscope images of the film frag�
ments are displayed in Fig. 2, in which we can see well�
defined crystallites that have linear dimensions of 10–
20 nm and are randomly oriented in the plane. It is
also seen that, in some cases, the crystallites are
located at different depths and superimposed on each
other in two or three layers. Within the crystallites,
there is a strict alternation of atomic planes. 

3.2. Field and Temperature Dependences
of the Magnetization

The magnetization curves of all the studied samples
are symmetric hysteresis loops with substantially dif�
ferent values of the saturation field (Hs) for orienta�
tions of the external magnetic field parallel and per�
pendicular to the sample plane. A typical shape of
these curves is shown in Fig. 3 for sample no. 8 used as
an example: the magnetic field is applied parallel to
the film plane H|| (Fig. 3a) and normal to the film
plane H⊥ (Fig. 3b). In the first case, the saturation field
is Hs ~ 1 kOe, whereas in the second case, it is close to
8 kOe, which indicates a predominantly in�plane
magnetic anisotropy in the film. The magnetization
curve measured in the normal magnetic field differs
from the classical case of in�plane anisotropy by the
presence of a hysteresis, even though with a very small
value of the coercive force. The magnetization in the
saturation field (Ms) is identical for the two directions
of the external magnetic field and, for sample no. 8,
amounts to 730 emu/cm3. A similar pattern is
observed for all the samples under investigation; how�
ever, the saturation magnetization Ms depends on the
film thickness: the larger is the thickness of the film,
the greater is the value of the specific magnetization. 

A typical shape of the temperature dependences of
the magnetization of the films is shown in Fig. 4a. In
general, the curves M(T) for the studied samples cor�
respond to the temperature dependences of the mag�
netization of bulk materials [11]. As judged from the
shape of the magnetization curves, the Curie temper�
ature for a number of samples varies within the range
of ~300 K. However, for the other samples, an
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extended tail of the magnetization indicates that, in
the bulk of these samples, there are several ferromag�
netic regions with different Curie temperatures TC.
This behavior is not related to the treatment of the
substrate, because it is observed in both series of sam�
ples. The phase heterogeneity most clearly manifests
itself in the field dependence of the magnetization of
sample no. 2 (Fig. 5a). During the magnetization in
the plane of the film, a very narrow hysteresis loop

with a sharply increasing magnetization is observed in
weak magnetic fields, a step appears in a magnetic field
of ~300 Oe, and the complete hysteresis loop is closed
in the vicinity of 20 kOe. These patterns are observed
in the structures containing layers with different values
of the coercivity HC and the saturation magnetization
Ms (see, for example, [12]). In contrast to what is
observed in the majority of similar structures, in the
case under consideration, this type of the loop is also
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Fig. 1. Surface morphology of films: the top view and the size distribution of heterogeneities in the sample plane for (a) sample
no. 6 and (b) sample no. 3. 
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Fig. 2. Electron microscope images of fragments of sample no. 3. 
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observed in the perpendicular field (Fig. 5b). By com�
paring the hysteresis loops in the two orientations of
the magnetic field, we can assume that two phases
coexist in the film: (i) the phase with a predominantly
in�plane anisotropy and a small value of the coercivity
HC and (ii) the phase with an anisotropy component
perpendicular to the plane and a large value of the
coercivity HC. It is difficult to estimate the total contri�
bution from each of the phases to the magnetization of
the sample, because it is determined by both the satu�
ration magnetization Ms and the amount of each
phase. What is surprising is the extremely high coer�
cive force of the second phase, which so far has defied
explanation. 

All the studied films are characterized by the differ�
ence between the FC and ZFC temperature depen�
dences of the magnetization obtained in a weak mag�
netic field H||. The ZFC magnetization curve lies
below the FC curve and has a maximum. This behav�
ior is shown as an example in Fig. 4b for sample no. 6
and can be explained by a random distribution of the

easy magnetization axes of the crystallites by analogy
with the behavior of magnetically disordered clusters
[13]. The irreversibility temperature, at which the
ZFC and FC curves diverge, decreases with a decrease
in the film thickness. 

3.3. Absorption and Magnetic Circular Dichroism

The spectral dependences of the absorption coeffi�
cient measured for all samples of two series at room
temperature are similar to each other. A typical curve
is shown in Fig. 6a. It is characterized by a smooth
change in the absorption with an increase of the pho�
ton energy and has a broad maximum at ~1.5 eV. At
the same time, the spectral dependence of the MCD
obtained at room temperature in the same energy
range exhibits several bands (Fig. 6b). For all the stud�
ied samples, the band centered at ~1.7 eV is close to
the band in the absorption spectrum, and the most
intense peak of the MCD is observed at 3.3 eV and
agrees with the data presented in [8] (Fig. 6b). It
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should be noted that the amplitude of this peak, as well
as the magnetization, is not proportional to the film
thickness (Fig. 6c). 

The temperature dependences of the MCD spectra
are identical for two series of films with different treat�
ments of the substrate. A typical shape of these depen�
dences is shown in Fig. 7 for samples nos. 2 and 8. It is
interesting to note that, in the MCD spectra with a
decrease in the temperature, there appears a relatively
weak band of opposite sign at approximately 2.4 eV. 

In order to determine the nature of the MCD at dif�
ferent energies, the spectra were approximated by Gaus�
sian curves (Fig. 8a). The fitting parameters were as fol�
lows: the magnitude of the effect (amplitude), the posi�
tion of the line, and the line width. The best agreement
between the calculated and experimental spectra was
achieved under the assumption of four Gaussian bands
with energies of 1.7 (13707 cm–1), 2.4 (18860 cm–1), 3.1
(23322 cm–1), and 3.3 (26 503 cm–1) eV (curves 1–4 in
Fig. 8a, respectively). It was found that the tempera�
ture dependences of the band amplitude in Fig. 8b,
reduced modulo, differ from each other. The temper�

ature dependences of the band amplitude of the same
sign (curves 1, 3, 4) are similar to the temperature
dependence of the magnetization for sample no. 8
(curve 5); however, the amplitude of the band with a
positive value of the MCD (curve 2) varies according
to a different law. 

−1.0

−1.5
−24

−0.5

0

0.5

1.0

1.5

−12 0 12 24

(a)

(b)

−1.0

−1.5
−24

−0.5

0

0.5

1.0

1.5

−12 0 12 24
H, kOe

M
, 

10
−

3  e
m

u
M

, 
10

−
3  e

m
u

Fig. 5. Field dependences of the magnetization for sample
no. 2 at a temperature T = 5 K in a magnetic field H
directed (a) parallel to the sample surface and (b) perpen�
dicular to the sample surface. 

1

0
1 2 3 4

2

3

K
, 

10
5  c

m
−

1

(a)

−3

−5
1 2 3 54

M
C

D
/H

d,
 1

0−
2  (

O
e 

cm
)−

1

−4

−2

−1

0

1

3

2

1

E, eV

2

0
20 80 100

d, nm
40 60

(b)

(c)

3

4

5

Series 1
Series 2

M
C

D
/H

d,
 1

0−
2  (

O
e 

cm
)−

1

Fig. 6. (a) Absorption spectrum of sample no. 2, (b) spec�
tral dependences of the specific MCD for samples nos.
(1) 1, (2) 2, and (3) 4 in a magnetic field H⊥, and
(c) dependence of the magnitude of the MCD at 3.3 eV on
the thickness of samples of two series. T = 295 K. 



PHYSICS OF THE SOLID STATE  Vol. 55  No. 4  2013

MAGNETIZATION AND MAGNETIC CIRCULAR DICHROISM 847

The identical shape of curves 1 and 3–5 indicates
that the MCD at the corresponding energies is pre�
dominantly determined by the difference in the popu�
lations of the sublevels of the ground state of the Mn
ions, which is responsible for the magnetization of the
sample. Therefore, the MCD described by curves 1, 3,
and 4 can correspond to intraionic electronic transi�
tions or charge�transfer transitions between the local�
ized Mn ions, which will be discussed below. The dif�
ference in the shapes of curve 2 and the other curves
apparently can be associated with a different nature of
the MCD. 

The observed dependence of the magnetization on
the sample thickness can be explained by the distur�
bance of the magnetic order at the LSMO/YSZ inter�
face, i.e., by the formation of an interface that exhibits
other magnetic properties, as was proposed in [14, 15]
for the explanation of the specific features of the tun�
neling in the LSMO–insulator–LSMO heterostruc�
tures. The formation of an interface decreases the total
magnetization of the sample. The depth of the inter�
face is independent or weakly dependent on the thick�
ness of the film; therefore, the influence of the inter�
face on the magnetic and magneto�optical properties
is the weaker, the larger is the thickness of the film. 

The difference in the ZFC and FC curves can be
explained by the presence of randomly oriented crys�
tallites in the structure of the sample (Fig. 2). When
the sample is cooled in a zero magnetic field, the mag�
netization vector of each crystallite is oriented along
the easy magnetization axis of this crystallite, and the
total magnetization of the sample is close to zero.
Application of a magnetic field during the heating of
the sample leads to a gradual alignment of the crystal�
lite magnetic moments along the direction of the field,
and at an irreversibility temperature, the FC and ZFC
curves merge. The width of the maximum in the ZFC
curve is determined by the spread in values of the crys�
tallite characteristics, such as sizes, anisotropies, ori�
entations of easy magnetization axes, and stresses at
interfaces. This pattern, as was noted earlier, was
observed in [13] and has been explained by the mag�
netic disorder of clusters. 

As was noted above, the spectral dependence of the
MCD in the energy range from 1.0 to 3.5 eV exhibits
four bands due to the different electronic transitions.
The maximum at ~1.7 eV (Fig. 6b) is close in energy to
the absorption maximum (~1.5 eV, Fig. 6a), whose
position, in turn, is consistent with the position of the
low�frequency absorption band observed in [16]. The
nature of this peak was discussed by different authors
and assigned to both the d–d transitions and the tran�
sitions associated with the O 2p–Mn 3d charge trans�
fer. In particular, in [6], this maximum was assigned to
the spin�allowed d–d transition 5Eg–

5T2g in the Mn3+

ions. The other electronic transitions identified by
analyzing the spectral dependence of the MCD of the
LSMO film also have a number of different interpreta�

tions. However, the hole doping of LaMnO3, which
actually takes place in La0.7Sr0.3MnO3, leads to a sub�
stantial transformation of the optical spectrum of the
sample. The band intensity can change, whereas the
bands themselves can shift toward lower or higher
energies. Another consequence of this doping is the
formation of octahedral complexes (MnO6)

8–. The
magneto�optics of (Mn4+O6)

8– complexes was studied
in [17] for the A2Mn2O7 pyrochlore used as an exam�
ple. Using the Kerr effect, the authors identified bands
near 2.6 and 3.1 eV, which were attributed to the d–d
transitions 4A2g–

4T2g and 4A2g–
4T1g in the Mn4+ ions.

Based on the results obtained in [17], the authors of [6]
related the asymmetric shape of the peak in the Fara�
day rotation spectrum to the proximity of the two d–d
transitions in the Mn4+ ions with different intensities
centered at 2.7 and 3.1 eV. As can be seen from Fig. 7,
the peak with a maximum at 3.3 eV in the MCD spec�
trum also has an asymmetric shape. The decomposi�
tion of this spectrum into components actually
revealed a peak at 3.1 eV, which can be described by a
transition associated with Mn4+. As regards the peak
centered at 3.3 eV, it should be noted that its amplitude

5

0

−5

−10

−15

−20

−25
1 2 3 4

5

0

−5

−10

−15

−20

−25
1 2 3 4

300 K
250 K
210 K
190 K
150 K
90 K

300 K
250 K
210 K
190 K
150 K
90 K

E, eV

M
C

D
, 

10
−

4
M

C
D

, 
10

−
4

(a)

(b)

Fig. 7. MCD spectra at different temperatures in a mag�
netic field H|| = 3 kOe for samples nos. (a) 2 and (b) 8. 



848

PHYSICS OF THE SOLID STATE  Vol. 55  No. 4  2013

GREBEN’KOVA et al.

is significantly larger than the others. This behavior
indicates that the nature of the transition differs from
the nature of the low�energy bands. The majority of
the authors have attributed this transition to the O 2p–
Mn 3d charge transfer. It should also be noted that the
shape of the spectral dependence of the MCD for
manganites (Fig. 6b) is similar to the shape of the
spectrum of the polar Kerr effect [4, 5, 18]. In partic�
ular, in [5], the authors identified several bands corre�
sponding to the MCD bands. The maxima in the range
of 2.5 and 3.1 eV were assigned to the d–d transitions
in the Mn ions, whereas the peak at 3.3 eV was attrib�
uted to the charge transfer between oxygen and man�
ganese. However, the interpretation of the spectral
dependence of the Kerr effect in terms of electronic
transitions is not a trivial task, because the measured
Kerr rotation is a complex function of the diagonal
and off�diagonal components of the optical conduc�
tivity tensor. 

A comparison of the band at ~1.7 eV identified in
the MCD spectrum with the data presented in [18]
shows that this band can be attributed to the eg–eg

transition in the Mn3+ ion, because the aforemen�
tioned transition is observed in the LaMnO3 structure,
which does not include Mn4+ ions. In turn, based on
the data presented in [17], the band in the range of
3.1 eV should be assigned to the d–d transition 4A2g–
4T1g in the Mn4+ ions. There is no doubt that the most
intense band centered at 3.3 eV is attributed to the O
2p–Mn 3d charge�transfer transition. 

Of the greatest interest in the MCD spectrum is the
band at 2.4 eV. A distinctive feature of this band is the
temperature dependence of its amplitude (Fig. 8b,
curve 2), which does not correspond to the tempera�
ture dependence of the magnetization. For the other
transitions, the temperature dependence of the MCD
corresponds to the dependence M(T). This difference
can be explained by the contribution to the MCD from
conduction electrons that appear due to doping. In
[19], the investigation of optical conductivity spectra
revealed that, as the strontium concentration in
La1 ⎯ xSrxMnO3 single crystals increases to x = 0.3, this
contribution becomes dominant. On the other hand,
the conduction electrons are spin�polarized in the
magnetic field of the ion core, as was shown in [20,
21]. In this case, the degree of spin polarization signif�
icantly differs in the depth and on the surface of the
sample. The temperature dependence of the magneti�
zation on the LSMO film surface [20, Fig. 4] is similar
in shape to curve 2 presented in this paper in Fig. 8b.
In turn, the spin polarization of conduction electrons
can be affected by both the free surface and the inter�
face between the film and the substrate [22]. 

4. CONCLUSIONS 

We have investigated the magnetic and magneto�
optical properties of La0.7Sr0.3MnO3/YSZ polycrystal�
line films of different thicknesses on substrates sub�
jected to different treatments. It has been revealed that
the preliminary cleaning of the substrate surface has
no significant effect on the properties of the films. 

It has been shown that the structure of the studied
samples consist of well�defined crystallites that have
linear dimensions of 10–20 nm and are randomly ori�
ented in the plane. The magnetic behavior of the sam�
ples demonstrates an increase in the specific magneti�
zation with an increase in the film thickness, which is
explained by the influence of the interface layer at the
LSMO–insulator boundary. The characteristic shape
of the temperature and field dependences of the mag�
netization of the films indicates their magnetic inho�
mogeneity. The difference between the FC and ZFC
temperature dependences of the magnetization in a
weak magnetic field and the maximum of the ZFC
curve can be associated with the random distribution
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of the easy magnetization axes of the crystallites in the
bulk of the film. 

The magnitude of the MCD, as well as the magne�
tization, is not proportional to the thickness of the
samples. The MCD bands observed over the entire
temperature range below TC are centered at 1.7, 3.1,
and 3.3 eV. These bands correspond to the eg–eg tran�
sitions in the Mn3+ ions, the 4A2g–

4T1g transitions in
the Mn4+ ions, and the O 2p–Mn 3d charge�transfer
transitions, respectively. For these transitions, the
temperature dependence of the amplitudes is in agree�
ment with the temperature dependence of the magne�
tization of the sample. When the sample is cooled to
temperatures below TC by approximately 100 K, the
MCD spectrum exhibits a relatively weak band of
opposite sign near 2.4 eV. A distinctive feature of this
band is the temperature dependence of its amplitude,
which does not correspond to the temperature depen�
dence of the magnetization. This difference can be
explained by the contribution to the MCD from con�
duction electrons with the spin polarization affected
by both the free surface and the interface between the
film and the substrate. 
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