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Abstract—We have studied the temperature dependences of the magnetic susceptibility and the electron mag-
netic resonance in Pr; _ ,Sr,MnO;/YSZ polycrystalline films (x = 0.2, 0.4). The paramagnetic properties of
samples indicate the presence of short-range-order ferromagnetic correlations above the phase transition
temperature (7). The existence region of such correlations has been considered using the Griffith theory.
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1. INTRODUCTION

The interest in manganites Ln, _ A MnO; (Ln**

stands for a lanthanide and A?* for an alkali-earth ion)
has arisen primarily by the effect of colossal magneto-
resistance (CMR) typical of these materials. In addi-
tion, the phase diagrams of these materials are rich due
to closely interrelated spin, orbital, charge, and lattice
degrees of freedom [1—3]. The competition of differ-
ent types of ordering is responsible for the phase sepa-
ration in manganites and the coexistence of phases
with different magnetic and electronic properties.
Therefore, the explanation of fundamental of the for-
mation of such phases and their dynamic interaction
continues to be an important problem for researchers.

Analysis of magnetic properties of Ln, _ ,A,MnO;
manganites in the range 0.2 < x < 0.4 has shown that
samples contain as a rule two phases, viz., the ferro-
magnetic phase below the phase transition point 7,
and the paramagnetic phase above T, [3]. At the same
time, inhomogeneity of magnetic states in substituted
manganites above their 7, was observed in a large
number of publications (see, for example, [4—6]).
Such a behavior was considered for the first time by
Griffith for randomly diluted Ising ferromagnets, in
which a phase in the form of ferromagnetic clusters in
a paramagnetic matrix is realized above 7, [7]. Later
[8, 9], Griffith’s idea was generalized to any disor-
dered magnetic system, including manganites. The
Griffith theory was used for manganites for the first
time for explaining the experimental data on the
CMR, magnetic susceptibility, and heat capacity,

which were obtained for La,,Ca;;MnO; compound
[10]. It is generally accepted that a Griffith-like phase
plays an important role in the CMR formation [10—
14]. As noted in [15], the classical Griffith phase
should be distinguished from a Griffith-like phase that
is formed in substituted manganites because the value
of the double-exchange energy in such systems for the
Mn**—Mn*" jon pair is not fixed but depends on
external influences.

It is well known that the methods for studying the
magnetic resonance are very sensitive to the presence
of magnetic impurities. In particular, the electron
magnetic resonance (EMR) was used for studying a
large number of compositions of substituted manga-
nites [4, 5], including polycrystalline Prj ¢Sty ,MnO;
samples [6]. We employed the EMR method for inves-
tigating polycrystalline Pr; _ ,Sr,MnO; films (x = 0.2,
0.4) deposited on an yttrium-stabilized zirconium
oxide (YSZ) substrate. Analysis of magnetic properties
of such samples performed in [16] showed that the
value of T, for them is much lower than for single crys-
tals. Such a situation implies the presence of phase
separation in the samples and the possible detection of
ferromagnetic correlations above 7. In addition,
Pr ¢Sty ,MnO;/YSZ and Pr, ¢Sty 4MnO;/YSZ repre-
sent two types of compounds, viz., a ferromagnetic
insulator (x = 0.2) and a ferromagnetic semiconductor
(x = 0.4), this allows to investigate the manganites
physics more extensively.
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2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Pry ¢Sty ,MnO; and Pry(Sry,MnO; films with
thicknesses from 50 to 130 nm were prepared by reac-
tive high-frequency magnetron sputtering in accor-
dance with the facing-target scheme described in [17].
As the working gas, we used the argon—oxygen mix-
ture Ar/O, = 4/1. The residual pressure in the cham-
ber before sputtering was 3 x 10~° Torr and the total
working pressure in the mixture was 3 x 103 Torr.
Stoichiometric PrySry,MnO; and Prj¢Sry,MnO;
targets were obtained by solid-phase synthesis from
Pr,0;, SrO, and MnO, powders. For the substrate, we
used a YSZ(311) single crystal. The substrate tempera-
ture during sputtering was 750°C. The chemical com-
position of the obtained films, which was studied by
Rutherford backward scattering, was in correspon-
dence with the declared stoichiometry. The crystalline
structure of the samples was studied in [18] and
refined for space group Pnma. It was found that the
structural parameters of the films coincide with the
structural data for their bulk analogs [19—22]. The
average size of crystallites for Prj Sr, ,MnOj; is 45 nm
along the b axis and 62 nm along the a and ¢ axes; for
Pr ¢Sty ,MnO;, it is 31 nm along the b axis and 54 nm
along the a and c axes. The texture in the film has not
been revealed.

The magnetic susceptibility was measured using
the MPMS XL-7 EC SQUID magnetometer in the
temperature interval 5—350 K in magnetic fields H
from 100 to 3000 Oe applied in the plane of the sam-
ples. The EMR spectra were recorded on the Bruker E
500 CW spectrometer at frequency ® = 9.2 GHz in the
temperature interval 110—320 K.

3. RESULTS AND DISCUSSION

Figure 1 shows the typical temperature depen-
dences of the magnetic susceptibility and its inverse
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value for two Pry Sty ,MnO,/YSZ and
Pry ¢S1y4MnO;5/YSZ films obtained in a magnetic
field of 100 Oe. The temperature dependence of the
inverse susceptibility shows that the value of 7, for the
films is quite low as compared to their bulk analogs
(Table 1). The value of 7, was determined as the limit-
ing point prior to the growth of 1/y upon an increase
in temperature. It was found that the value of 7, weakly
depends on the film thickness. It is well known that
the magnetic susceptibility of a homogeneous para-
magnetic must obey the Curie—Weiss law, and its
inverse value must change linearly with temperature in
accordance with the equation 1/x = (7 — ©)/C, where
Cis the Curie constant and © is the Curie—Weiss tem-
perature. It can be seen from Fig. 1 that the inverse
susceptibility of the films in the PM region deviates
from this dependence, that indicates a change in the
effective magnetic moment in this region. Using the
linear approximation of a segment of experimental
curve 1/ (T), which is shown in Fig. 1, for each exper-
imental sample, we determined the value of ©; at arbi-
trary points 7}, taken on the curves, we calculated
constant C and effective magnetic moment L., which
are connected by the formula

(Meirlp)” = 3kC/N s, (1)

where kg = 1.38 x 1072 J/K is the Boltzmann con-
stant, U = 9.274 x 1072* J/T is the Bohr magneton,
and N, = 6.022 x 10% mol~! is the Avogadro number.
In calculating constant C, we took into account
molar value with densities of the samples p,—y, =
6.667 g/cm? and p,_,4 = 6.469 g/cm?. The magnetic
parameters calculated for H# = 100 Oe are given in
Table 1. The theoretical value of the effective magnetic
moment in the sample was calculated using the
expression

u = A= 0uZ(Mn™)+ (1 — 0 (Prt) + xp, (Mn*), )

where (Lg(Mn®*) = 4915, U(Mn*") = 3.87ug, and
U Pr**) = 3.58p. The experimental value of 1 g for
Pr; _ ,Sr,MnO,;/YSZ films turned out to be much
higher than the theoretically predicted value (see
Table 1), in which the Van Vleck contribution from the
Pr3* ions was taken into account [16]. An increase in
the magnetic field to 3 kOe gives an even higher value
of U Such a strong discrepancy indicates the pres-
ence of FM inclusions in the investigation temperature
interval.

To identify FM correlations in the samples above T,
and to determine the region of their existence, we
measured the EMR spectra at T > T,, which formed
the basis for constructing the temperature depen-
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dences of the parameters of the resonance lines. Fig-
ure 2 shows typical EMR series of (dP/dH) spectra in
the temperature interval 110—200 K (for x = 0.2) and
200—320 K (for x = 0.4), which contain the PM region
and the region of the FM—PM transition. In the para-
magnetic region, an EMR signal should be described
by a single symmetric Lorentzian line, and the devia-
tion from this shape may indicate the presence of a fer-
romagnetic component. As a rule, two resonance lines
belonging to the FM and PM components are
observed in the paramagnetic region of manganite
crystals near their 7, [5, 23], while polycrystalline
samples exhibit one resonance line with a deviation
from the Lorentzian shape [4, 6]. In the case of poly-
Vol. 125
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crystalline samples, such a behavior may indicate that
the FM and PM resonance lines overlap. In our case,
at T'> T,, we do not observe an individual line that can
be attributed to the FM resonance, thus EMR spectra
cannot be described by a single Lorentzian line. Anal-
ysis of the EMR spectra was carried out using the stan-
dard procedure [4, 6, 24, 25]. The effective g factor was
calculated by the formula g = hv/UgH,., Where A is
the Planck constant, [y is the Bohr magneton, v is the
frequency, and H,. is the resonant magnetic field.
Line width AH was determined as the distance
between the maximum and minimum on the
dP/dH(H) curves. The resonance response intensity
was calculated as I = A*AH?, where A is the amplitude
of the dP/dH signal, which is determined by the dis-
tance between the maximum and the minimum.

As can be seen from Fig. 3a, a sharp increase in the
resonance field by approximately 1.5 times upon a
transition through 7, and a further increase in the tem-
perature is characteristic for the studied films, a
growth H . slowing down at 7= 145 and 280 K, after
which resonance field attains its maximal value H ., =
3248 and 3352 Oe at 7= 170 and 300 K for x = 0.2 and
0.4, respectively. These temperature dependences of
the resonance field correspond to the temperature
dependences of g, value shown in Fig. 3b. It should be
noted that g has a high value (approximately 2.75) in
the vicinity of 7, of the samples, which then decreases
with increasing temperature and becomes close to 2 at
T = 200 and 300 K for x = 0.2 and 0.4, respectively.
These results indicate that the samples exhibit the
“normal” PM behavior only at temperatures much
higher than their T, values.

The anomalous PM behavior is more obvious, on
the basis of the temperature dependence of the reso-
nance line width AH (Fig. 4). As can be seen from the
figure, AH value is not a monotonic function of tem-
perature, and demonstrates a minimum at tempera-
tures 7,,;, = 145 and 295 K for x = 0.2 and 0.4, respec-
tively, which is much higher than the values of 7, for
the films. It should be noted that such a behavior of
AH at T > T, is typical for manganites and was
observed earlier for various compositions [4, 6, 24,
25]. It is known that the resonance line width mainly
depends on the force of interaction between the spins
of magnetic ions and the relaxation mechanism. In the
FM region, the broadening of the resonance line
during cooling is usually attributed to slowdown of
spin fluctuations due to increase of the exchange
interaction. For such systems as manganites, the “nor-
mal” PM region is characterized by line broadening
upon heating, which is explained by the spin—Ilattice
relaxation and the presence of magnetic polarons.
Thus, the observed increase in AH upon cooling in the
interval 7, < T < T, also indicates the coexistence of
the FM and PM regions in the samples.
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Fig. 1. (Color online) Temperature dependences of the
magnetic susceptibility and its inverse value for
Pr; _,Sr,MnO3/YSZ films (d ~ 100 nm), measured
during cooling in magnetic field H = 100 Oe; (squares)
Pr( ¢Sty ,MnOg; (circles) Pry ¢Sty 4MnO3.

The intensity of the resonance signals, which is
presented in Fig. 5 as a function of temperature, is pro-
portional to the magnetic susceptibility of the films.
The temperature dependences of its inverse value are
also shown in Fig. 5, which demonstrates the absence
of a clear linear dependence at temperatures above 7.
If, however, we try to describe the data by a linear
function, the temperature values at which deviations
are observed will be 155 and 295 K forx = 0.2 and 0.4,
respectively, which are close to the T, values.

In a number of publications [4, 5, 10, 25], the pecu-
liarities of the magnetic behavior of substituted man-
ganites above their 7, (nonlinear dependence 1/y(7),
large values of ¢, and asymmetry of the EMR signal)
are treated as features of a Griffith-like phase. It
should be noted in this connection that this phase for
Ln,_ ,A.MnO; can be observed in the temperature
range up to the maximal value of 7, of the system [26].
It is known that the maximal value of 7, ~ 370 K is

Table 1. Experimental data for Pr; _ ,Sr,MnO;/YSZ films
(d ~ 100 nm), obtained in a magnetic field of 100 Oe

x=0.2 x=04

T.,K 115 215

158 [20] polycrystal |300 [21] single crystal

170 [19] polycrystal | 305 [22] polycrystal
0,K 119 246.5
Ty, K 142 275
C, cm® K/mol 157.23 117.33
[The e 11.21 9.68
u;‘;f, Up 5.70 5.30
Tg K 145 295

Vol. 125 No. 6 2017



DETERMINATION OF THE EXISTENCE REGION 1093
dP/dH, arb. units dP/dH, arb. units
40 = —u—200K

—-=—110K

20

dP/dH, arb. units

100

dP/dH, arb. units

—w- 170K 0
20+ i l*rlBOK _100F
2
0
—40r (a) - ___\?_v —200r ()
T 23 4 5 67 0T 45 67
_60 1 1 1 1 1 1 H’ koe 1 1 1 1 1 1 IH’ koe
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 8
H, kOe H, kOe
Fig. 2. (Color online) Temperature dependences of EMR spectra: (a) PrygSry,MnO3;/YSZ (d ~ 100 nm);
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Fig. 3. (Color online) Temperature dependence of (a) magnetic resonance field and (b) effective g factor for
Pr; _ ,Sr,MnO3/YSZ: (squares) Prj gSry ,MnOs3; (circles) Prg ¢Sty 4MnOs.

observed for manganite La, ;St, ;MnO;. According to
the phase diagram [27] and recent magnetic studies
[21, 22], the high value of 7, ~ 305 K in series
Pr, _ ,Sr,MnO; of substituted manganites corresponds
to samples with x = 0.4. However, the presence of FM
correlations was also established for bulk
Pry ¢S1yuMnO; polycrystals in temperature interval
T= 305-330 K [6]. Magnetic measurements show
that in our case, the films have values of 7, lower then
in single crystals (see Table 1). The magnetic reso-
nance data in this case indicate the presence of an FM
signal in the experimental samples above the men-
tioned transition temperature, but not exceeding 7' =
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305 K. Therefore, the observed magnetic behavior of
Pr, _ .Sr,MnO,/YSZ films in the temperature interval
T, < T < T is successfully explained using the Grif-
fith theory that predicts the existence of short-range-
order FM correlations in the PM region. According to
the AH(T) dependence shown in Fig. 5, ferromagnetic
correlations disappear above T7,,, and the system
demonstrates the “normal” PM behavior. As the sam-
ple is cooled below T,,,, regions of the short-range
FM order appearing in the PM region increase upon
cooling and form a long-range FM order after passing
through 7..

No. 6
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Fig. 4. (Color online) Temperature dependences of the
resonance line width for Pry _ ,Sr,MnO3/YSZ: (squares)
Pr( ¢Sty ,MnOj3; (circles) Prg ¢Sty 4MnOs5.

The existence region of a Griffith-like phase in the
studied films was determined proceeding from the
temperature dependence of AH; the Griffith tempera-
ture 7; was found to be equal to 7,;,. It is known that
inhomogeneous PM state with inclusions of magnetic
polarons [12, 28], which can elevate the value of H
and, accordingly, g.;, can be detected in manganites
even above Ty, It should be noted that the boundaries
of this region weakly depend on the thickness of the
films as in the case of 7...

Wide boundaries of the Griffith-like phase were
determined earlier for La,_,(Sr/Ba),MnO; with x
varying from 0.075 to 0.2 above their 7 [5, 23]. It was
assumed that the formation of FM correlations in the
PM region, which is a form of phase separation, is
associated with the parameter of disorder caused by
Sr/Ba ions. In the case of Pr;_ Sr.,MnO,/YSZ films,
the Griffith-like phase is also observed in wide tem-
perature intervals that do not exceed, however, T, of
analogous single crystals. Wide boundaries of this
phase and their shift towards lower temperatures are
obviously due to the displacement of the phase separa-
tion boundaries in the samples. As a rule, phase sepa-
ration is divided into internal and external; the internal
separation is associated with the type of the materials
with a tendency to inhomogeneity, while the external
separation appears due to external perturbations (e.g.,
due to the strain exerted by the substrate on the film)
[29, 30]. The Griffith-like phases observed in manga-
nite single crystals should probably be attributed to
internal phase separation in the material. In the case of
thin films, external strain considerably affect their
physical properties. Taking into account the fact that
Pr, _ ,Sr,MnO;/YSZ films turned out to be polycrys-
talline due to considerable mismatch of the lattices of
the manganite and the film substrate, it can be con-
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cluded that is no strain between the substrate and the
film in the initial sample. We studied -earlier
Lay ;SrysMnO;/YSZ films that also exhibited low
value of T, ~ 300 K [31]. According to electron micros-
copy data, the crystallites in the samples were charac-
terized by a random orientation in the plane and were
superimposed to form several layers; we also observed
moirs and other structural peculiarities. Thus, we can
propose that the observed phase separation in
Pr, _ Sr,MnO,/YSZ films is associated with the strain
emerging between the lattices of crystallites constitut-
ing the samples. This was confirmed by magnetic data
obtained for Prj,Sr,;MnO; films deposited on sap-
phire [32]. Manganite and sapphire also exhibit a con-
siderable mismatch of the crystal lattices, and the
resultant polycrystalline film is characterized by a
lower value of 7, ~ 200 K as compared to the single
crystal with T, approximately equal to 250 K. The
internal phase separation in film materials cannot be
ruled out, but the external separation plays a dominant
role.

It should be noted that considering the presence of
a Griffith-like phase in the samples as the key to the
formation of the CMR, we found that dielectric films
are not an exception. The magnetoresistance effect is
observed in these films also in strong magnetic fields
[33]. In some cases, the dielectric films demonstrate a
metal—insulator transition in magnetic fields on the
order of 50—100 kOe [33, 34].

4. CONCLUSIONS

It can be concluded based on the data on magnetic
susceptibility and electron magnetic resonance that
polycrystalline Pr; _ ,Sr,MnO;/YSZ films (x=0.2,x=
0.4) of thickness 50—130 nm at temperatures above
Vol. 125
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their 7, (115 K and 215 K, respectively) contain a Grif-
fith-like phase in the form of ferromagnetic correla-
tions of the short-range order in the paramagnetic
region. The existence region of this phase has been
determined for each film proceeding from the tem-
perature dependence of the EMR line width and is
limited by temperature T;; equal to 145 K for x = 0.2
and 295 K for x = 0.4. The low value of T, of the films
and, accordingly, wide boundaries of the existence
region of the Griffith-like phase in the samples are due
to a shift of the phase separation boundaries, which is
induced by the strain between the lattices of individual
crystallites constituting the films. The presence of
internal phase separation in the films is not ruled out,
but we emphasize the dominant role of the external
phase separation, which also explains the weak depen-
dence of 7, and the boundaries of the Griffiths-like
phase on the film thickness.
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