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ARTICLE INFO ABSTRACT

Keywords: Magnetic properties of the Prg gSro. -MnOz and Prg sSro. 4MnOz polycrystalline films have been studied using
Hole-doped manganites temperature and magnetic field dependences of the static magnetization and X-ray magnetic circular dichroism
Thin films

(XMCD) spectroscopy. For the both compositions, the difference between the temperature dependences of
magnetization obtained in the zero fields cooling (ZFC) and field cooling (FC) modes has been revealed. The ZFC
curves demonstrate a pronounced maximum at temperature T,,. It is shown that the T,, value dependence on
the magnetic field follows the Almeida-Thouless line typical for the classic spin glass, what allows us to assume
the possible spin-glass behavior of the films. Effect of the disorder in a direction of the crystallites easy-axis on
the difference between FC and ZFC curves has been discussed also. Magnetic field dependences of the sample
magnetization are presented by the hysteresis loops with the shape changing upon temperature variation. This
behavior has been attributed to the effect of crystallographic anisotropy and Pr ions. The spectra and magnetic
field dependences of XMCD at the Pr L,- and Mn K-edges have been studied at 90 K. The magnetic field

Magnetic measurements
Spin-glass behavior
X-ray magnetic circular dichroism

dependences of the XMCD at the Pr Ly-edge had shown Van Vleck paramagnetism from Pr®* ions.

1. Introduction

Since the discovery of the colossal magnetoresistance effect in the
hole-doped manganites with the chemical formula R;_(M;MnOs3,
where R is the trivalent lanthanide (La, Pr, Dy, etc.) and M is the
divalent alkaline earth metal (Sr, Ca, Pb, Ba) [1,2], these materials are
among the main objects of research in physics of magnetic phenomena
[3—6]. The parent RMnO3 compound is known to be a Mott insulator
with the antiferromagnetic (AFM) ground state caused by the indirect
exchange coupling between Mn>* ions through the O*" ions introduced
by Kramers [7] and now known as a “super-exchange”.

The ferromagnetic (FM) state caused by the partial replacement of
lanthanide ions by divalent alkaline earth ions is related to the
exchange coupling between Mn®* and Mn** ions and described in
the framework of the double exchange model proposed by C. Zener
[8,9]. Depending on the x value, the pure FM or AFM magnetic state as
well as the intermediate magnetic state caused by phase separation of a
sample into FM and AFM regions can be observed in a substituted
manganite. In particular, the competition between the FM and AFM
exchange couplings leads to the formation of specific magnetic states in
a sample, including spin-glass or cluster spin-glass ones [10] which
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were observed in ceramic materials, single crystals, and films [11]. All
these circumstances make the study of the magnetic properties of the
doped manganites to be greatly demanded. Historically, the
La; _,Sr,MnO3; compounds have been the most intensively investigated
of Sr-doped manganites. A few works were devoted to the magnetic and
transport properties of single-crystal and polycrystalline Pr-Sr manga-
nites [12—-18]. Special attention was paid to the effect of deviations
from the stoichiometric composition on the magnetic and transport
properties of Pr;_,Sr,MnO3 (PSMO) compounds. In Refs. [19-22], the
possible contribution of rare-earth (e.g., Tb, Dy, or Pr) spins in the
magnetic properties of manganites was considered. In our previous
work [23], we studied visible magnetic circular dichroism (MCD)
spectra of the PSMO thin films with x=0.2 and x=0.4 and revealed
the different temperature dependences of the intensity of the MCD
maxima observed in different parts of the investigated spectrum. For
manganites, this phenomenon was observed for the first time. Since the
MCD effect should be proportional to the magnetization of a sample,
the magnetic measurements are of the primary important for further
investigation of the PSMO films.

This paper is focused on a detailed study of the temperature and
magnetic field dependences of magnetization of the Pr;_,Sr,MnOj3
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(x=0.2 and x=0.4) polycrystalline films with different thicknesses.
Static magnetic measurements were performed in wide temperature
and magnetic field intervals at the parallel and perpendicular field
orientations relative to the film plane. Besides, X-ray magnetic circular
dichroism (XMCD) at Mn K- and Pr L,- edges in varying magnetic field
was investigated. XMCD in the absorption of X-rays gives an additional
information comparing to the magnetic and visible MCD measure-
ments because the XMCD signal arises at atomic core level absorption
edges, and is therefore element-specific, what allows to separate
magnetic properties of different atomic species in compounds [24].

2. Materials and methods

Films with a thickness ranging from 50 to 150 nm were prepared by
the dc magnetron sputtering with the “facing-target” scheme [25,26].
This scheme allows transferring elements from a target to a substrate
without changes in the composition. Therefore sputtering could be
carried out from stoichiometric single phased Prg gSro -MnQOz and
Prp.6Sro.4MnO3 targets fabricated by the solid-state synthesis from
stoichiometric Pr-03, SrO, and MnO- powders. Before sputtering, the
residual pressure in a vacuum chamber was 3x107° Torr. The operat-
ing pressure of the Ar and O, gas mixture (4:1) was 3x1072 Torr. Thin
films were grown on (311) YSZ (yttrium stabilized zirconium oxide)
substrates. The substrate temperature during sputtering was 750 °C.

The analysis of the studied samples using the Rutherford back-
scattering method showed that the films thickness corresponds to the
declared, and their chemical composition corresponded to the claimed
stoichiometry. The crystal structure and phase purity of the samples
were examined earlier using room-temperature powder X-ray diffrac-
tion (XRD) with CuKa radiation [23]: samples with x=0.2 and 0.4
showed high peaks corresponding to the YSZ substrate and a series of
relatively narrow low-intensity peaks corresponding to the only one
polycrystalline phase — Prp gSrp.2MnO3 or Prg ¢Sro.4MnQs, corre-
spondingly - without a pronounced texture. The crystal structure was
refined within the orthorhombic Pnma space group with the lattice
parameters and average crystallite size given in Table 1. Structural
parameters of the films were consistent with the data for bulk
Pro.gSro.oMnO3z and Prp Sro.4MnO3 samples [12—15].

Magnetic measurements were performed using a Quantum Design
MPMS-XL7 EC SQUID magnetometer in the temperature range 5—
300 K and magnetic fields of up to 20 kOe applied parallel or
perpendicular to the film plane.

X-ray magnetic circular dichroism (XMCD) experiments at Pr L, —
and Mn K-edges were carried out at the ID12 beamline of the European
Synchrotron Radiation Facility in the total fluorescence yield mode at
the grazing (15°) incidence of the X-ray beam. The XMCD spectra were
obtained for the thickest films (130 and 150 nm for x=0.2 and x=0.4,
respectively) as a difference between absorption spectra measured in
the right- (u+) and left-hand (u-) circularly polarized light at the
temperature 7=90 K and magnetic field H =10 kOe applied along the
beam direction.

Table 1
Structural parameters and crystallites size of PSMO films.

Film Pr( gSrgoMnO3 Prg 6Sro.4sMnO3

Space group Pnma Pnma

a, A 5.480 (1) 5.4465 (7)

b, & 7.761 (1) 7.721 (1)

¢, A 5.462 (5) 5.422 (1)

v, A3 232.3 (2) 228.00 (6)

Average crystallites 31 (3) along b axis 54 (4) 45 (7) along b axis 62 (3)
size, nm along a and ¢ axes along a and ¢ axes
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3. Results
3.1. Temperature dependences of magnetization

Typical temperature dependences of magnetization M (7T) for the
PSMO films with x=0.2 and x=0.4 are shown in Fig. la and b,
respectively. Measurements were made for the field cooling (FC) and
zero field cooling (ZFC) modes in the course of samples heating in
external magnetic fields (H) of different values and orientations relative
to the film plane - parallel and perpendicular. The magnetization is
expressed as pp/formula unit (f.u.), according to the formula

M*o
Na*pp ’

/f.u. =
Hglf )
where M is the molar mass of a substance (g/mole), o is the sample
magnetization (emu/g), N4 is the Avogadro number, and up is the
Bohr magneton (erg/G). In the experiments, magnetization was
determined in the emu/cm® units. To express magnetization in the
emu/g units, we assumed the film density to be equal to the density of
the corresponding single crystal: p=6.667 g/cm?® for Prg_gSro.-MnOs
and p=6.469 g/cm?® for Prg. ¢Sro MnOs.

First, let us consider the FC curves. A sharp increase in the
magnetization with a decrease in temperature from the Curie tempera-
ture (Tc) to approximately 100K is characteristic of the
Pro.gSro.-MnOs films and consistent with the behavior of bulk
samples of the same composition [12,13]. For the Prg ¢Sro.«MnOs3
films, an increase in the magnetization with decreasing temperature is
not as sharp as for bulk crystals of the same composition [14,15]. In
addition, the features observed at temperatures of 75 Kin Ref. [14] and
of 100K in Ref. [15] and the temperature hysteresis near these
temperatures in the FC curves for the bulk Prg sSro 4MnOz single
and polycrystalline samples, correspondingly, are missing here. Note
that these features were not observed also by other authors who
investigated stoichiometric Pry ¢Sro.4MnOz polycrystals [18]. The
Tc values for the PrpgSrp.-MnOs and Prg ¢Sro.oMnOs films
(Tables 2 and 3) are about 120 and 250 K, respectively, which is
noticeably lower than the T values for bulk polycrystalline PSMO (170
and 310 K) [13,15].

The obtained FC and ZFC curves diverge at temperature T;,-- that is
called usually the irreversibility temperature. At T < T},.,, the ZFC
curves are located below the FC curves and have a broad maximum
centered at certain temperature T,,, after which magnetization de-
creases with temperature approaching the zero value. In the high-
temperature region, the ZFC and FC curves merge with each other. It
was found that the temperatures T;,.- and T,,, as well as the maximum
width depend on the external magnetic field value and orientation. As a
rule, these temperatures decrease with increasing magnetic field. In the
maximal applied magnetic field (H=3 kOe) directed parallel to the
sample plane, the FC and ZFC curves coincide with each other over the
entire temperature range for both film compositions (squares in Fig. 1a
and b). However, in the same magnetic field directed perpendicular to
the sample plane, the FC and ZFC curves discrepancy persists
(triangles in Fig. 1a and b).

3.2. Magnetic field dependences of magnetization

Magnetization dependences on an external magnetic field, H,
obtained for the Prp gSrp.-MnOs and Prg ¢Sro..MnOs films of
150 nm and 130 nm in thickness, respectively, at two mutually
perpendicular H orientations relative to the film plane are shown in
Fig. 2a and b. Symmetric hysteresis loops were observed at 5 K for all
samples. The coercivity H- and the saturation magnetization Mg
depend on the film thickness (Tables 2 and 3) but do not depend on
the H orientation, analogous to the case of Lag-Sro3MnOs films
investigated earlier [27]. The saturation magnetizations estimated
from the magnetization curves obtained in the in-plane field (Fig. 2a
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Fig. 1. FC (open symbols) and ZFC (closed symbols) magnetization curves vs temperature for (a) Pro gSro.MnOz and (b) Pro.¢Sro.«MnO3 films (150 and 130 nm in thickness,
correspondingly). The field H=3 kOe is parallel (squares) and perpendicular to the film plane (triangles); the field H=100 Oe is parallel to the film plane (circles).

Table 2

Experimental data of the PrygSro.MnO; films obtained in the magnetic field directed
parallel to the sample plane: Curie temperature (T¢); coercive field (Hc), value of the
saturation magnetization (M), normalized remanent magnetization (M,/Ms), and
demagnetizing field (4nMs) at 5 K.

Thickness (nm) Tc (K) Hc (Oe) M (up/fu) M, /Mg 47M (kOe)
50 120 765 2.46 0.51 4.9
100 120 618 2.72 0.47 5.4
150 120 574 3 0.435 6
Table 3

Experimental data of the Prg¢Sro4MnO; films obtained in the magnetic field directed
parallel to the sample plane: Curie temperature (T¢); coercive field (Hc), value of the
saturation magnetization (M), normalized remanent magnetization (M,/Ms), and
demagnetizing field (4nM;) at 5 K.

Thickness (nm) Tce (K) He (Oe) M (ug /fu.) M,/Mg 4aM (kOe)
50 250 886 2.54 0.6 5.2
80 250 613 2.87 0.58 5.8
130 250 424 3.24 0.56 6.6

and b) at T=5 K are M4~3 pg/f.u. for Prg gSrp.-MnOsz (150 nm) and
Ms~3.2 pg/fu. for Prg ¢Sro.4MnOz (130 nm). The loop rectangularity
was determined as M,/M, where M,. is the remnant magnetization.
The obtained values are given in Tables 2 and 3.

With the temperature increase, the shape of the magnetization
curves changes and Hc decreases sharply. The examples at 7=90 K are
shown in Fig. 2a and b (squares) for PrggSro-MnOz and

4 T
—0o—T
3 —e—T
2F —m—T
3 1
Ecn 0
= f
2 gu W
{7
-3 [o-e—e-0-®
_4 1 1 1 1 1 1 1 1
-20 -15 10 -5 0 5 10 15 20
H (kOe)

Pro.6Sro.4MnOz films, correspondingly. One can see that the hyster-
esis almost vanishes and the magnetization curve consists of two linear
portions with different slopes in the magnetic field intervals 0—1 kOe
and 1-20 kOe. The shape of the magnetization curves changes begin-
ning with ~25 K. The temperature dependence of coercivity H for the
Pro.6Sro.4MnOz film (130 nm) in the in-plane magnetic field is shown
in the inset in Fig. 3. For all other samples, the analogous picture is
observed.

3.3. X-ray magnetic circular dichroism

As it was mentioned in the introduction, XMCD spectroscopy
allows resolve contributions of different elements into the total
magnetic moment of a substance. In particular, the contribution of
the Pr spins to the total magnetic moment of manganites was discussed
earlier for the Prg ~Cap 3zMnOs [20] and Pr;_,Pb,MnO3 [21] com-
pounds. XMCD spectra at the Mn K- and Pr L, - edges for the studied
PSMO films are shown in Fig. 4. For the both compounds the obtained
XMCD spectra at the Mn K- edge are in good agreement with the
XMCD spectra for La-containing manganites, e.g., in [28]. We found no
literature data on the XMCD spectrum at the Pr L, — edge for Pr-
containing manganites. However, in our case, the observed spectra at
the Pr L, — edge (Fig. 4) are similar to the Ly-edge spectrum of Eu in
EuN [29].

The magnetic field dependences of the XMCD signal and the
samples magnetization measured at 7=90 K are shown in Fig. 5. The
magnetic field dependences of the XMCD signal at the Mn K-edge
(6553 eV) represent a symmetric hysteresis loops with the magnetic

4 T T T T T T
—0—T=5K ﬁl
3t 8- 0
—e—T=5K ffigg'_
—_~ 2 -_._T= |
s 1t i
=0
S 1t ]
2t _
3 lu-m25- ]
™ [0es-0-0-00 (b)
4 L . . . . . . .
-20 15 -10 -5 0 5 10 15 20
H (kOe)

Fig. 2. Hysteresis loops for (a) Prg gSro.2MnO3z and (b) Prg ¢Sro.«MnO3 films (150 and 130 nm in thickness, correspondingly) at T=5 K (circles) and 90 K (squares) in an external
magnetic field parallel (closed symbols) and perpendicular (open symbols) to the film plane. The contribution of the substrate to the magnetization is subtracted.
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Fig. 3. Hysteresis loops for Prg ¢Sro.4MnOs film (50 nm in thickness) in an external
magnetic field parallel to the film plane at different temperatures. Inset: temperature
dependence of Hc for the same sample.
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Fig. 4. XMCD spectra at the Pr L,- and Mn K- edges for the Prg gSro -MnO3 (open

symbols) and Prp.eSro.-MnOz (closed symbols) films. 7=90 K, magnetic field H
=10 kOe.

saturation field, Hg, ~2 kOe and H-~400 Oe for the Pry gSrp.-MnOs
film (Fig. 5a) and Hs~2 kOe and H~~300 Oe for the Pry sSro.4MnOz
film (Fig. 5b). The magnetic field dependences of the XMCD signal at
the Pr Ly-edge (6441 eV) obtained for both PSMO compounds repre-
sent the symmetric curves passing through zero (inserts in Fig. 5),
which involves the linear portion where the signal sharply increases in
relatively low fields and the portion resembling the approach to
saturation. The second portion can be associated with the Van Vleck
paramagnetism of Pr®* ions, which could explain the shape of the
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magnetization curve of the samples at temperatures above 25 K.
Returning to Fig. 5., one can see that the magnetization curves at
T=90 K do not saturate in the applied field up to 20 kOe and the shape
of whole magnetization curves looks like a sum of the XMCD curves for
Mn and Pr edges. The difference between Hc values obtained from the
magnetization and XMCD can be due to the measurement conditions.

4. Discussion

To begin the analysis of the obtained experimental results, we
would like to emphasize some features, specifically, the lower tem-
perature of the magnetic phase transition, T, comparing to the results
for the bulk stoichiometric single crystalline Pro gSro.-MnOs and
Pro.6Sro.4MnO3 samples, the difference between the FC and ZFC
magnetization temperature dependences, hysteresis observed in the
magnetization curves measured in the perpendicular geometry, the
change of shape of the magnetization curves and the sharp H increase
with the temperature decrease, and the XMCD signal dependence at
the Mn K- and Pr L,-edges on magnetic field.

The difference between the FC and ZFC temperature dependences
of magnetization is typical of magnetically inhomogeneous systems,
such as ensembles of superparamagnetic particles [30], nanocrystalline
samples [31], spin glasses [32] and so on. For example, in nanocrystal-
line films, this difference can be related to the random distribution of
the easy magnetization axes of crystallites. As was mentioned above,
the investigated films consist of randomly oriented nanocrystals [23].
Upon cooling the films in a magnetic field, the magnetization direction
in each crystallite is determined by the competition between the
magnetic crystallographic anisotropy energy and Zeeman energy. In
sufficiently strong magnetic fields, the magnetic moments of crystallites
arrange along the field and the FC curve follows the spontaneous
magnetization of a material. Upon cooling in zero fields, the magnetic
moments align along the easy axis of each crystallite and a sample has
no total magnetic moment, or this moment is smaller than that in the
case of the FC mode. When the field is applied during heating, the
magnetic moments of crystallites start adapting to the field direction,
what leads to an increase in the total magnetization of the film.
However, the spontaneous magnetization of the material decreases
with increasing temperature. Thus, the competition between these
processes results in the maximum appearance in the ZFC curve at
temperature T,,,. Generally, T,,, can either coincide with Tj,.,. or be
lower than Ty, Although this picture explains qualitatively the FC and
ZFC temperature behavior of the investigated films magnetization, one
can consider other mechanisms proposed in the current literature.

The similar difference was observed between the FC and ZFC curves
for the Lagp.-Srp.3MnO3 [10,11] and Prg_~Cag.sMnOz [20] epitaxial
films and was attributed by the authors to the spin-glass behavior of the
samples. According to the spin glass theory, the temperature T at

12 —e—pr I_'2 - edge
% 8 |—=—Mn K - edge
g <
E 41 2
2 -8 _.-------n“:

10
H (kOe)

Fig. 5. Field dependences of the XMCD signal at the Pr L- edge (6441 eV) and Mn K- edge (6553 €V) for the Pry gSrp.2MnO3 (open symbols) and Pry_sSro.MnOz (closed symbols)
films. T=90 K, magnetic field H= + 10 kOe. Inserts: the same dependences on the scale. Magnetization curves at 7=90 K are presented for comparison.
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Fig. 6. T,,, vs H*/and H? (insets) for (a) Pro.gSro.»MnOz and (b) Pro.sSro.4MnOs films (150 and 130 nm in thickness, correspondingly). The magnetic field is parallel to the film

plane.

which all frustrated magnetic moments of a system become frozen
depends on magnetic field H according to the power law T =a+bH™.
For the Ising spin system, n=2/3 and the Trshould be linear function of
H?/Z (so called the Almeida-Thouless line [33]). Namely this ratio
between H and Ty was obtained in Ref. [34] for the Lag ~Srg.sMnOz
film. For the Heisenberg spin system, n=2 and the linear dependence of
Ty on H? should be observed. Fig. 6 shows the linear T,, dependence
on H?/3 for the PSMO films of both compositions. At the same time,
T,,, dependence on HZ is clearly of the nonlinear character (insets in
Fig. 6). Thus, one can identify the temperature T,,, as the freezing
temperature Ty of the Ising spin glass which realizes in PSMO films
when cooling them in zero fields from the temperatures exciding Tc.
Note, that A. Oleaga with co-authors investigating critical behavior of
Pro.6Sro.4«MnOz single crystals [35], have obtained the critical ex-
ponents corresponding to the 3D-Ising universality class and under-
lined the necessity of introducing magneto-crystalline anisotropy in the
system to describe adequately its magnetic properties. They stated also
that further studies concerning the magnetism of these systems should
be undertaken in order to find a theoretical explanation for this
anisotropy. Thus, to make unambiguous choice between mechanisms
responsible for the different FC and ZFC thermomagnetic curves, the
additional experiments are necessary which are in progress now.
Now turn to the hysteresis in the perpendicular magnetization
curves and to strong increase of coercivity at low temperatures as both
phenomena seem to be of the same origin. In the case of thin films, the
difference in the magnetization behaviors at two mutually perpendi-
cular external magnetic field orientations is due to the so called shape
anisotropy that makes preferable the parallel films magnetic moment
direction to the film surface. The demagnetizing magnetic field, Hg,
prevents the magnetic moment to turn perpendicularly to the film
plane (the values of the demagnetizing fields are given in Tables 2 and
3). For thin films Hgz=4nM. Thus, the magnetization curves with
hysteresis and magnetic saturation at relatively low magnetic fields
should be observed in the parallel magnetization geometry while
without hysteresis curves with saturation at H=H 4 will take place in
the case of magnetic film having the shape anisotropy only. Deviations
from such behavior are associated with other types of magnetic
anisotropy in a film. Nanocrystalline ferromagnets were investigated
by many authors beginning with the best known work of E.C. Stoner
and E.P. Wohlfarth [36] who showed that the hysteresis loop char-
acteristics, coercivity and remnant magnetization, of heterogeneous
magnetic materials including those consisting of small grains of
different orientations were determined by the grains crystallographic
and shape anisotropy, and stresses. The random orientation of the
anisotropy easy axes of grains (nanocrystals) were the main condition
of the model and the magnetic state of the whole system depended
strongly on the competition between the local magnetic anisotropy and
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exchange energy [37]. For large grains, the magnetization can follow
the easy axes direction in each nanocrystal, and the magnetization
process is determined by the magneto crystalline anisotropy K; of the
crystallites. For very small nanocrystals exchange interaction is domi-
nated making all magnetic moments to be aligned parallel indepen-
dently of the direction of the crystallites easy-axis. Evidently, the higher
is the K; value the larger will be the role of the local anisotropy. In the
case of very large grains or very high K; value, magnetization in each
grain lies along the easy directions closest to the direction of the
applied field and uniformly distributed within a cone with the spatial
semi-vertex angle. After turning off the external field, the magnetic
moments are oriented within this cone providing remnant magnetiza-
tion, i.e., hysteresis. The angle decreases with the grain size or/and K;
decrease. The K; temperature changes can cause different magnetiza-
tion behavior in different temperature intervals.

Basing on the model described, one can associate the low tempera-
ture hysteresis loops observed both in parallel and perpendicular
orientations of an external magnetic field and the sharp temperature
of Hc with the local crystallographic anisotropy of a substance. K.
Steenbeck with co-authors have studied temperature dependence of the
magnetic anisotropy of the Lag ~(Sr, Ca)o.3MnOz epitaxial films
deposited to different substrates [38,39]. They have shown two types
of anisotropies coexisting in films. (1) Biaxial anisotropy with easy axis
(110) which can be described as a cubic crystal anisotropy of high
enough value up to —10™* J/m? at low temperatures; this anisotropy
was nearly independent of the film thickness and the substrate nature,
but depended extremely on the measurement temperature: it increases
more than one order of value when temperature decreases from ~250—
5 K. At that, the rate of the anisotropy increase upon temperature
changed strongly when Sr was changed for Ca. (2) The uniaxial
magnetic anisotropy which, practically, did not depend on tempera-
ture, but depended strongly on the substrate material and was ascribed
to stresses at the boundary film-substrate because of mismatch
between film and substrate crystal parameters. As far as the investi-
gated films were nanocrystalline without any texture, we should take
into account the shape anisotropy rather than the anisotropy associated
with stresses. Thus, the shape anisotropy is responsible for the
difference in the saturation field for the parallel and perpendicular
magnetization (see Fig. 2), and the local crystallographic anisotropy is
responsible for the hysteresis at the perpendicular magnetization and
the low-temperature coercivity increase. If it is true, the Hc tempera-
ture dependence should reflect the temperature dependence of the
crystallography anisotropy.

The low-temperature saturation of the magnetization curves of the
PSMO films and the absence of the magnetic saturation at temperature
above ~25 K are more difficult for the explanation. Effect of Pr ions on
the magnetic properties of manganite can be considered as one of the



Y.E. Samoshkina et al.

reasons of such changes. Since XMCD study of the PSMO samples
reveals Van Vleck susceptibility of Pr®* ions, the absence of the
magnetic saturation in high magnetic fields we interpret as a conse-
quence of the paramagnetic contribution of Pr ions. At that, the low-
temperature saturation of the magnetization curves indicates on the
ordering of Pr spins and their contribution to the total magnetization of
the films.

To estimate the correspondence of the films magnetization value to
that available in literature, comparing of our results seems to be
reasonable with the results obtained by the other authors realizing
magnetization measurements at the close conditions. Temperature
magnetization  dependence  of the bulk  polycrystalline
Pro.6Sro.4MnOz3 samples synthesized by the conventional solid-state
reaction method was obtained in the external magnetic field of 500 Oe
(Fig. 1 in Refs. [40,41]. Magnetic moment at 4.2 K was shown to be
equal to approximately 1.0 pug/f.u. (or 28 emu/g) and to 30 emu/g at
100 K. Analogous measurements were made for the polycrystalline
bulk Pry Sro.4MnOs samples prepared with the same method in Ref.
[42]. Magnetization value at 100 K was obtained to be equal to 0.75 pg/
fu. (or 21 emu/g). For the ceramic samples of Prg gSrg -MnOz
prepared also using the standard solid state reaction method, magnetic
moment in the interval of 4.2-100 K was about 0.65 pg/f.u. (or
18 emu/g) in magnetic field 500 Oe [43]. At the same time, for the
nanometric granular polycrystalline Pry gSrp oMnO3 samples synthe-
sized by chemical pyrophoric reaction process, magnetic moment was
about 1.4 pg/f.u. (or 40 emu/g) in magnetic field 100 Oe [44]. This
overview demonstrates significant differences between the results of
different authors on the samples of the same nominal composition.
Thus, our estimations of the studied films magnetic moment do not
contradict the data available in the current literature. Note that the
data of the magnetic measurements do not allow judging about the role
of Pr ions in the formation of the compound magnetic moment.
According to the neutron diffraction data, the Pr spins in
Pr;_4Ca,MnOj3 (0.2< x<0.3) have a net moment of 0.6 ug below 60 K
[45]. If Pr ions ordering occur indeed in Pr;_,Sr,MnOs3, this phenom-
enon should take place also for all PSMO samples.

The induced magnetic moment in the Pr below 25 K requires a
separate discussion which is beyond the scope of the presented work
and will be published later. Note that the magnetic properties of
compounds containing 3d transition metals and 4f rare-earth metals
have been investigated for a long time [46—49]. Most of the studies in
this field were aimed at clarifying the role of the rare-earth 5d states in
the 3d-4f interaction. It was found that the magnetic ordering in these
compounds is related to the indirect exchange between the spin
polarized 4f orbitals and 5d orbitals, which, in turn, are coupled by
the direct exchange with the spin polarized 3d orbitals of a transition
metal. Some authors mentioned possible coupling between Pr 4f and
Mn 3d spins in studying the magnetic and transport properties of
praseodymium manganites [20,21].

The reasons of the low T¢ values of the samples are currently not
clear. According to the literature, strong enough T changes were
observed for the non-stoichiometric manganites both bulk and thin
films [31,43,50-52]. However, in our case, preliminary analysis of the
studied samples showed that their chemical composition corresponded
to the claimed stoichiometry. It is worth noting that in these samples
the MCD signal was observed at temperatures up to 300 K for
Pro.6Sro.4MnO3 and 170 K for Prg gSrp.MnQOs. This issue requires
further studies, using more sensitive methods, for example, the
magnetic resonance.

5. Conclusions

The PSMO films magnetic properties were studied based on the
static magnetic and X-ray MCD measurements. Comparison of ZFC
and FC magnetization dependences on temperature for the both film
compositions showed a behavior typical of magnetically inhomoge-
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neous media with maximum in the ZFC curve at certain temperature
T,,. The temperature T,, depended on the value of the external
magnetic field applied in the measurement process. The T,,,(H)
dependence followed to the Almeida-Thouless low what allowed
considering the possibility of the spin glass behavior of the samples
subjected to ZFC. Other mechanism associated with the crystallo-
graphic anisotropy was considered too.

The character of the magnetization field dependences changed
drastically with the temperature increase. The hysteresis loops at
T=5 K were observed at two mutually perpendicular orientations of
the external magnetic field relative to the film plane with the saturation
magnetization of 2.46—3.24 pg/f.u. and the coercivity of 424-886 Oe in
dependence on the film thickness. This shape of the low-temperature
loops and a sharp coercivity decrease with increasing temperature are
associated with the high local crystallographic anisotropy in the low
temperature interval and its decrease with the temperature increase.
The change of the shape of the magnetization curves at temperature
above ~25 K was attributed to Van Vleck contribution from Pr®* ions.

The whole set of the results obtained induces one to come to the
conclusion that, contrary to the sufficient difference between magneto-
optic properties of PSMO films with x=0.2 and 0.4 [23], the magnetiza-
tion dependences on temperature and magnetic field of the same films
have more similarities than differences, excluding the difference in the
magnetic transition temperature corresponding to that in the bulk
samples.
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