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The polycrystalline La,,Sry;Mn, oFe;,_,Zn 0; (x= 0.05, 0.075 and 0.1) have been investigated by means
of electron spin resonance (ESR), magnetic susceptibility, magnetization, and Mdssbauer measurements. Moss-
bauer studies for x = 0.05 indicate that Fe in these compounds is in the trivalent high-spin state. All compounds
exhibits a paramagnetic to ferromagnetic transition at the Curie temperature 7. The Curie temperature T
decreases on increasing Zn content according to 278, 193 and 166 K for x = 0.05, 0.075 and 0.1, respectively.
The existence of a Griffiths like phase is experimentally detected by means of magnetic susceptibility and ESR

measurements and corroborated by theoretical modeling. We also observed a magnetocaloric effect with a
maximum magnetic entropy change (|45}7*|) value occurring close to the Curie temperature T, corresponding
to [AS}] = 2.9, 2.6 and 2.68 J/(kg K) under magnetic field change (4H) of 50 kOe for x = 0.05, 0.075
and 0.1, respectively. The relative cooling power values were found to vary between 0.25 and 0.31 kJ/kg.

1. Introduction

Manganites of the general composition R;_,A,MnO;, with triva-
lent rare-earth R and divalent alkali-earth A ions sharing the A-site
of the perovskite structure, are of high interest for application in
spintronics due to their peculiar thermodynamic and transport proper-
ties [1-8]. In these compounds the strong coupling between electronic
charge, orbital and spin with the crystal lattice gives rise to complex
magnetic phase diagrams comprising e.g. charge- and orbital order,
metal-insulator transitions, colossal magnetoresistance (CMR) effect,
and phase separation [9,10]. Transitions from antiferromagnetic (AFM)
insulating to ferromagnetic (FM) metallic phases mainly result from the
interplay between double-exchange (DE: Mn**-0O* -Mn**) and super-
exchange (SE: Mn?**-0?~-Mn3* or Mn**—0>~—Mn**) interactions [1,11,
12]. But influence from e.g. crystal electric field, Jahn-Teller effect,
and Dzyaloshinskii-Moriya interaction are decisive to understand the
details of the phase diagrams. Additionally, recent researches have in-
dicated that perovskite oxides including mixed-valence manganites can
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be considered as promising candidates for magnetic refrigeration [13-
23], thus opening up new possibilities for their potential applications.
The magnetic refrigeration has attracted much attention due to its
potential impact on energy savings and environmental friendliness
compared with gas compression refrigeration technologies [24,25].
While substitution on the A site keeps the manganese lattice intact,
but partially changes the valence of the manganese ions and influences
the local lattice distortions, co-substitution of other magnetic or non-
magnetic ions on the manganese site introduces disorder. Non magnetic
Zn** changes Mn?* into Mn**, but also locally interrupts the magnetic
structure and hinders electronic transport, because it cannot change its
valency. Magnetic Fe* does not change Mn3* valency, but provides
a larger local moment. Such co-substitution is applied to fine tune
the electronic properties of manganites. For example our recent stud-
ies of the magnetic properties of Lag g3Sry 17,Mng oFe; ;_,Zn, 05 (x=0,
0.05) [26] at the verge of the FM metallic regime, showed that the
compound with concentration x = 0.05 exhibits features characteristic
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Fig. 1. X-ray diffraction patterns of La,,Sr,;MngoFe,,_ . Zn O, ceramic samples at
room temperature for (a) x = 0.05, (b) x =0.075 and (¢) x =0.1.

of a Griffiths-like phase [27-30], i.e. the co-existence of FM clusters and
paramagnetic (PM) phase within a temperature regime 7o < T < Tg
above the onset of FM order at the Curie temperature Tc. But for
x = 0, the onset of magnetic order shifts to lower temperature and
the Griffiths regime is suppressed, i.e. the balance of disorder and AFM
Fe3*-0?~—Mn’* exchange is important.

In this article, we focus on a DE dominated compound with 30% Sr
substitution, i.e. deeply in the FM metallic regime. Again we find char-
acteristics of a  Griffiths phase (GP) in polycrystalline
Lay 7Srg 3sMng gFey _,Zn,0; (x=0.05, 0.075 and 0.1) via dc suscep-
tibility and ESR measurements. In addition we investigate the mag-
netocaloric effect dependent on the Fe:Zn ratio. Fe-57 Mossbauer
spectroscopy is applied for determination of valence and spin state of
the iron ions.

2. Sample preparaton, characterization and experimental meth-
ods

i 3+ g2+ 3+ 4+ 3+ 2. 2—

. Polycrystalhne samples of LaO]SrO.SMn%_anO.Z] +XFe0'l_xZ.nX* 03
with zinc content x = 0.05, 0.075, 0.1 were synthesized by solid-phase
reactions in air using strontium carbonate (SrC03-99.9%), oxides of
lanthanum (La,03-99.9%), manganese (Mn,03-99.9%), iron (Fe,0s-

99.9%), and zinc (Zn0-99.9%) as starting materials. These included
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Table 1

Crystallographic data for La,,Sr, 3MngoFe,_,Zn O; (x=0.05, 0.075, 0.1).
Sample (x) x=0.05 x=0.075 x= 0.1
Space group R3c R3c R3c
a (1“\) 5.5105(1) 5.509(1) 5.5082(1)
¢ (A) 13.3571(3) 13.3535(3) 13.3498(3)
vV (A% 351.259979 350.971973 350.772591
La/Sr (6a)
X 0 0 0
y 0 0 0
z 0.25000 0.25000 0.25000
Mn1/Mn2 (6b)
X 0 0 0
y 0 0 0
Z 0 0 0
Fe/Zn (6b)
X 0 0 0
y 0 0 0
z 0 0 0
O (18e)
X 0.45753 0.45669 0.45543
y 0 0 0
z 0.25000 0.25000 0.25000
Distance Mn—O (A) 1.95557(3) 1.9556(3) 1.95608(3)
Ang. Mn-O-Mn (deg.) 166.2532(0) 165.9846(6) 165.5786(0)

two grinding stages in a ball mill with ethanol addition, followed by
a preliminary heat treatment at 1273 K for 4 h. The final sintering was
performed in air at 1473K for 10 h, and the samples were then cooled
together with the furnace. To ensure stoichiometric oxygen content
(6 = 0), the samples were annealed at 1223 K under an oxygen partial
pressure py, = 10~! Pa for 96 h, based on the conditions outlined in
Ref. [31].

The phase composition and unit cell parameters were determined
via powder X-ray diffraction at room temperature using a Shimadzu
XRD-7000 diffractometer with Cu K, radiation. X-ray diffraction anal-
ysis of the synthesized manganites confirmed that all compounds
were single-phase, with a structure corresponding to the R3¢ space
group. These results of our X-ray investigations are in agreement with
earlier work on Lay,SrysMnOj, Lag,Srg3Mn,_.Fe Os, Lagg,Sr) 33
Mn,_ Fe, O3 (0 < x < 0.15), LaggSry4Mn;_Fe O3 (0 < «x
< 0.3) and LaggSry,Mn,_,Fe, O3 (0 < x < 0.15) polycrystalline
and nanocrystalline powders [7,8,32-40]. The diffraction patterns of
the samples are presented in Fig. 1(a, b, ¢). The unit cell parameters, as
shown in Table 1, were determined and refined using the Maud-v2.94
software package [41,42].

Mossbauer measurements were carried out at several temperatures
between 4.2 K and room temperature (RT) on a conventional constant-
acceleration spectrometer (WissEl) that utilizes a Co-57 source in Rh-
matrix at room temperature. An iron foil of 7 pm thickness was used to
calibrate the spectrometer and the zero velocity is taken as the centroid
of its room temperature Mdssbauer spectrum.

The Mossbauer spectra of Lag ,Srg 3Mng gFeg g5Zng o503 at different
temperatures are shown in Fig. 2. At room temperature (lower frame),
the Mossbauer spectrum consists of a slightly asymmetric doublet with
a distribution of isomer (1.5) and quadrupole shifts (Q.5). In the insets
of Fig. 2 the distribution functions of the Mossbauer parameters are
given. They were restored by processing the experimental spectra
with the SpectrRelax software [43]. At RT the distribution function
of isomer shifts shows the presence of two well defined centers of
iron ions with an area ratio close to 1:5. As it is known, the isomer
shift reflects the density of s-electrons in the iron nucleus, and it is
sensitive to the oxidation state of iron and the coordination number.
The average values of the I.S and QS of Fe nuclei in the studied
sample are found as 0.35 mm/s and 0.19 mm/s, respectively which are
in good agreement with the previously reported Mossbauer data for
Lag g35r,17Mng gFeg g5Zng 9503 and  Lag g1 519, 19Mng gFeg g5Z19,0503
[26,44]. These values of the I.S and Q.S are typical for Fe3+ ions in the
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Fig. 2. Mossbauer spectra of the sample La,,Sr, sMng gFe, o5Zn, o505 at temperatures
4.2K, 120K, and 302K. Insets show the reconstructed distribution functions of isomer
shift (302K) and hyperfine field (4.2K, 120K).

high spin state, (tggeé) [45,46]. Also the hyperfine fields determined at
low temperature are in good agreement with the data reported in the
literature for similar compounds [26,47,48].

The substitution of La by a divalent cation, Sr, results partly in a
change of the Mn valence from 3+ to 4+ [47], so that a part of Mn3* is
transformed into Mn**. Therefore it makes sense to check the presence
of Fe**+ absorption lines in the Méssbauer spectra at room temperature.
The absorption lines Fe**+ ions are located in the region of low velocities
down to —0.25mm/s. As can be seen from the distribution function
for the isomer shift in Fig. 2, in this velocity region, the features due
to Fe** ions are not observed. Probably, the preferable substitution of
Fe3* ions for Mn?* ions is due to the identical ion size of these elements
in the high-spin state. As the temperature decreases, the Mossbauer
spectra change noticeably. As can be seen from Fig. 2 (upper frame),
at temperatures close to 140-120 K, the Mdssbauer spectrum takes the
form of a relaxation spectrum with a wide distribution of hyperfine
magnetic fields up to 300 kOe (and more), and then, in the temperature
range of liquid helium, the Mossbauer spectra are transformed into
magnetic sextets (Fig. 2, upper frame). At a temperature of 4.2K, a
noticeable peak is observed in the distribution of hyperfine fields at
a value of 520kOe and an extended tail towards low fields (inset in
Fig. 2, upper frame).

The temperature dependence of the mean hyperfine field is given
in Fig. 3(a). According to the Mossbauer measurements, magnetic
ordering of the iron ions is achieved at a temperature of 260K for
Lay 7Sty 3sMng gFeq 5Zng g503. The changes observed in the tempera-
ture dependence of the mean quadrupole shift, ¢, also indicate the
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Fig. 3. Temperature dependence of Méossbauer parameters of ’Fe in
Lay ;Srg3Mng gFey 05Zng o505: (@) the average hyperfine magnetic field on the
iron nuclei. (b) the average quadrupole shift, ¢, (c) the average isomer shift, 6. The
red solid line represents the best fitting in Debye approximation.

magnetic ordering of the iron ions (cf. Fig. 3(b)). When an ion is in
the paramagnetic state, the splitting AE; between the lines of the
quadrupole doublet is determined by the product of the electric field
gradient (EFG) ¢ at the nucleus and the nuclear quadrupole moment
0, i.e. AE, ~2e=e>qQ/2. In the case of magnetic ordering of resonant
atoms and the appearance of a hyperfine magnetic field on the nucleus
oriented with respect to the direction of the main axis of the quadrupole
interaction tensor at some angle 6, the quadrupole shift ¢ is determined
by the expression: e=e?qQ-(3cos?6-1)/8. Under a random orientation of
the hyperfine magnetic field directions this angle theta will be different
for different atoms. The sharp decrease of the quadrupole shift observed
in the region of the magnetic ordering temperature is probably due to
the appearance of a hyperfine magnetic field on the nucleus at some
angle to the direction of the EFG and the averaging of the quadrupole
angular factor over all possible values of theta. The temperature de-
pendence of the average isomer shift of iron ions presented in Fig.
3(c), is mainly determined by the second order Doppler effect. Its value
decreases monotonically with increasing temperature. In the figure,
the solid line represents the best fit in the Debye approximation (Op=
432 = 16 K) to the experimental values of the average isomer shift.
Magnetization measurements were performed using a supercon-
ducting quantum interference device (SQUID) magnetometer MPMS5
(Quantum Design) in magnetic fields up to H < 50kOe for the

temperature regime 1.8 < T < 400 K. ESR measurements have been
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Fig. 4. Temperature dependence of dc magnetic susceptibility at H = 1000e in
Lay ,Sry3Mng oFey,_.Zn O; (x=0.05, 0.075, 0.1). Inset: The derivative of magnetic
susceptibility dy(7)/dT as a function of temperature.

performed using a BRUKER EMXplus spectrometer working at X-band
frequency (9.4 GHz) and equipped with a nitrogen gas-flow cryostat.
Due to the lock-in technique with field modulation, the field derivative
of the absorbed microwave power (d P/d H) is recorded as a function
of the externally applied field.

3. Results and discussion
3.1. Magnetization study

Figs. 4 and 5 show the temperature dependence of the magnetic
susceptibility and its inverse for x=0.05, 0.075, and 0.1, respectively.
The Curie temperature T, identified by the minimum of dy/dT in
the y vs T curve (see Insets in Fig. 4), amounts to T-(x = 0.05) =
278K, Te(x = 0.075) = 193K, and Tc(x = 0.1) = 166K, respectively
(cf. Table 2). The effective moments determined from the CW law as
Hepp(x = 0.05) = 4.73 g, pepr(x = 0.075) = 4.88 pp, and pepe(x =
0.1) = 4.354 up are significantly enhanced compared to the theoretical
values of 4.494 s (x = 0.05), 4.421 pg(x = 0.075), and 4.243 pg(x = 0.1),
calculated from the square root of the sum of squared ionic moments
of Mn3* (S = 2), Mn** (S = 3/2), and Fe3* (S = 5/2) weighted by the
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corresponding stoichiometric factors and using the spin-only g-value g
= 2 [49].
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Table 2

Magnetization M at 2K (in ug per formula unit), paramagnetic Curie temper-
ature Oy (K), magnetic ordering temperature T, effective paramagnetic moment
uege(ug/fiun.) and gy, A, values of the scaling parameters in La,,Sr, sMng gFe,;_ Zn O,
(x=0.05, 0.075, 0.1).

X M;(ug/fu) Ocy (K) T (K) Hegr(up/f.0) 8o Ay

x=0.05 3.074 309 278 4.730 0.526 0.030
x=0.075  3.371 276 193 4.887 0.467  0.019
x=0.1 3.044 273 166 4.354 0.595  0.018

Fig. 6 shows the magnetization of all three compounds under con-
sideration as a function of magnetic field at 2K. The magnetization for
x = 0.05, x = 0.075, and x = 0.1 reveals practically no hysteresis and im-
mediately reaches the full saturation value at weak external fields. The
saturation magnetization (M) in all three compounds was obtained
from a linear extrapolation of the high-field data [26,50] down to 1/H
= 0 as illustrated in the inset of Fig. 6 and the values of My(T = 2K)
are deduced to be 3.074 pug, 3.371 ug, and 3.044 ug, respectively.
Assuming all moments aligned parallel (or Fe moments antiparallel to
Mn moments) this has to be compared to the theoretical values 3.5 (3.0)
ug, 3.35 (3.1) pp, and 3.2 py for x = 0.05, 0.075, and 0.1, respectively.
This means that in case of 2.5% Fe content, the magnetic moments of
iron prefer a parallel alignment to the ferromagnetic manganese lattice,
but favor an antiparallel alignment already for 5% Fe.

3.2. Griffiths phase

Regarding the temperature dependence of the inverse susceptibil-
ities depicted in Fig. 5 for different external fields, an anomalous
downward deviation from the linear Curie-Weiss law shows up below
T ~ 364K, i.e. already significantly above T, [26,44]. This deviation
is the larger the lower the external field, but vanishes for high fields.
Such behavior is typical for a Griffiths phase [49,51-57], due to FM
clusters coexisting with the paramagnetic (PM) matrix. While the mag-
netization of the PM matrix increases linearly on increasing magnetic
field H [26,44,51,56,57], the contribution of the FM clusters saturates
already in small fields. Thus, at sufficiently high magnetic field the PM
contribution dominates over the FM one. This observation corroborates
the general tendency for FM cluster formation in the PM phase in these
compounds.

The emergence of the Griffiths phase leads to the new scaling rela-
tion [58] near T, for the magnetization measured as a function of the
reduced temperature difference ¢t = |T — T |/T, and the dimensionless
magnetic field h = ugH kT

Ma.h) _ A A@ | A
St = e [ 57 [ 5257 »

Here, E|(z) = f;" dx e ™/x, where Arg(z) < = is the exponential inte-
gral, and yu is the magnetic moment of individual spins. The function
A(t) specifies the probability p, that a randomly chosen site belongs
to a large cluster of r spins, p, ~ exp[—A()r] [59]. It has the form
A(f) = Ayt*> % with a constant A, and f, is the critical exponent of
the dilute system. According to Ref. [60], the estimation §, = 2 may
be taken, where f is the critical exponent of the order parameter for
the pure ferromagnet, i.e. § ~ 0.36 for the 3D Heisenberg model.
The constant g, is related with the density of Lee-Yang zeros of the
grand partition function [59,61,62]. The analysis of experimental data
for magnetization in manganites and dichalcogenides intercalated by
transition metal ions with the help of the scaling law (Eq. (1)) has
demonstrated its effectiveness to establish the presence of a Griffiths
phase [58,63].

Fig. 7 illustrates a comparison between the theoretically predicted
universal scaling function and the experimental measurements at dif-
ferent magnetic fields. To determine the optimal parameters g, and A,
from Eq. (1), the experimental magnetization for a magnetic field of
1000 Oe is taken as a function of the dimensionless temperature ¢ in
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the paramagnetic region and then these data are fitted using Eq. (1).
Taking into account that this form can be expanded near A = 0 in the
critical region, the following expression becomes more convenient for
fitting

M(; h = —gy exp [—%] Im {exp [1%] E, [1%] } (2)
The parameters obtained from this procedure are presented in Table
2 and are then used without modification to verify the scaling form
for other values of magnetic fields. The parameters g, and A, were
determined with an accuracy of three decimal places.

The scaling function itself can be approximated by [58]

MR o [+M] ~f [M] 3)
u V4 h

which is valid for small 4 and A(z), but for the finite ratio A(t)/h. Here,

f(x) = —goIm [exp (ix/2) E, (ix/2)] . (C))

Apparently, the collapsed data for the magnetization are in line with
those predicted by the Griffiths model.

To further identify the presence of the Griffiths phase, we performed
electron spin resonance measurements on the three compounds. Due
to its sensitivity to the local environment, ESR allows to distinguish
signals from PM and FM regions. Hence, ESR has been already ap-
plied previously to identify the existence of Griffiths phases in several
manganites [26,51,57,64-67].

The typical evolution of the ESR spectra on decreasing temperature
from the PM into the FM state is shown for the sample with Zn
concentration x = 0.075 in Fig. 8. Above T > 360K in the purely
PM regime only a single resonance line shows up. The g value g =
1.96(1), which is found slightly below the spin-only value of 2, is
usually observed for Mn?* in octahedral ligand field. But on decreasing
temperatures, a second peak splits from the main resonance, shifts to
lower fields and gains intensity.

Both peaks coexist down to 200K, indicating the coexistence of two
different magnetic phases. Below T = 200K, both peaks merge into a
single resonance line, which further moves to lower magnetic fields. In
Fig. 8, at T < 200K, one can see that the sample has undergone the PM—
FM phase transition and only the ferromagnetic resonance (FMR) line
remains. Thus one recognizes that the temperature regime of coexisting
ESR signals resembles the GP regime derived from the susceptibility
data.

For the compounds x = 0.05 (from 350 K down to 290K) and x = 0.1
(from 350K down to 180K) we also observed the splitting into two
peaks, indicating the coexistence of two different magnetic phases,
until they merge again into a single ferromagnetic resonance at lower
temperatures T' < T¢.

The full temperature dependences of the resonance fields H,., and
linewidth data, obtained by fitting the ESR signal by the field derivative
of two Lorentzians, are summarized in Fig. 9. The splitting of the
resonance fields in Lay ,Sry 3Mng g Fey;_,Zn O3 (x=0.05, 0.075 and
0.1) is characteristic of the coexistence of magnetic phases. The solid
and open symbols in Fig. 9(a) depict the temperature dependence of the
resonance fields for PM and FM peak, respectively. The position of the
PM peak remains almost unchanged at a magnetic field of H = 3.43kOe
showing only a weak temperature dependence. At about 360K (for
x = 0.1 at slightly higher temperature) the FMR line separates from the
PM one and shifts gradually to lower fields down to about 3kOe, and
further on crossing Ti- where it merges again with the main resonance,
which itself shifts to lower magnetic fields around the magnetic phase
transition. Above the Curie temperature T, the linewidth of the PM
line exhibits a minimum value of 0.2kOe and diverges to lower temper-
ature. To high temperatures the PM linewidth increases approximately
with linear slope indicating relaxation via spin—phonon coupling [68],
whereas linewidth of the FMR slightly increases with temperature and
then decreases on approaching 7. Thus the ESR results support the
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findings of the magnetization measurements, i.e. the formation of FM
clusters in the paramagnetic matrix in a certain temperature range
above T limited by a common upper T characteristic of a Griffiths
phase.

3.3. Magnetocaloric effect

To study the magnetocaloric effect, Fig. 10 shows the isothermal
magnetization plots for x=0.05, 0.075, and 0.1 in the magnetic field
range up to 50 kOe at several temperatures below and above T with
temperature steps AT = 10K. The magnetic entropy change —AS,, can
be calculated by
Mi- M,
AS )y (T, H) ~ Z WAH, )

1
where M,,; and M, are the values of magnetization at T;,;, and T;
respectively, under a magnetic field H; [17,19,69,70].

Based on Eq. (5), we calculated the values of —AS,, of all com-
pounds, and the results are shown in Fig. 11. One can clearly see that
at a certain value of field, |AS,,| reaches a maximum at a temperature
close to Tc. Below 50 kOe, the values of |AS}*| are found to be 2.9,
2.6, and 2.68J/kgK for x = 0.05, 0.075, and 0.1, respectively. Fig.
12a shows the maximum of the absolute value of the magnetic entropy
change |45’ as a function of the change AH (not to be confused with
the ESR linewidth) in the applied magnetic field from 10 to 50 kOe for
all samples. The magnitude of the maximum of the magnetic entropy
changes increases with increasing magnetic field change AH and attains
its highest values near the magnetic phase-transition temperatures (7).

It is know that in addition to |AS,,|, another important parameter
in the practical design of magnetic refrigerants is the relative cooling
power which is usually used to estimate the magnetic cooling efficiency
of a magnetic material [71-73]. Based on the values of |AS),|, the
relative cooling power (RC P) can be defined by

RCP = |AS™| - ATy a1 (6)
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where AT gy, iy, is the full-width at half-maximum of the —AS,, curve
[17,19,74-76]. The magnetic field change dependences of ATy g
and RCP are shown in Fig. 12(b, c), respectively. Accordingly, below
AH= 50 kOe, the values of RCP are found to vary between 0.25 and
0.31kJ/kg. As illustrated in Fig. 12c, there is an almost linear increase
in the RCP values as the change in the applied magnetic field increases
for all compounds with x = 0.075 having the largest RCP values
compared to the other two compounds.

Note, that |AS"%*| values for our compounds are lower than the
|AS77~| values obtained for the compound La, ;Sry sMnO; at 50 kOe,

while the RCP value for our samples is higher [77]. The magnitude
of |AS}7| at the FM Curie temperature (at 50 kOe) and RCP in
Lay ;Sry sMnO; are 4.56 J/(kgK) and 128 J/kg, respectively [77].

Finally, we put our results into the context of existing reports on re-
lated compounds. Previous magnetic studies have shown that poly- and
nano-crystalline samples of La, ¢Srg 4Mn;_ Fe,O; (0 < x < 0.3) [37],
Lag 67519 33Mn;_,Fe O3 (0 < x < 0.15) [39], Lagy;Sry3Mn,_,Fe O;
(005 < x < 02 [36,38,78] and LagSry,Mn,_ Fe O,
(0 < x < 0.15) [40] with rhombohedral crystal structure (space
group R3c) undergo a ferromagnetic phase transition with magnetic
entropy changes and RCP values comparable to our present data,
e.g. Lag ;Srg 3Mn,_,Fe, O; with RCP =250J/kg, |AS}*| = 4.4J/kgK
- x = 0.05; RCP = 168J/kg, [ASY | = 1.3J/kgK - x = 0.2 [79].
It should also be noted that for some nanocrystalline samples of
Lag 7Srg sMn,_,Fe O3 (x = 0.08-0.16), features characteristic of the
Griffiths phase are visible in the temperature dependence of the inverse
magnetic susceptibility [36]. For example, magnetic studies carried out
for the nanocrystalline sample Lag ,Sry 3Mng gsFeq 9503 (Tc = 290K,
|48 | = 2.26 J/kgK at 3T) quite clearly indicate the presence of the
Griffiths phase (T = 345 K) [38]. There is only one article in which
the results of v-ray diffraction analysis indicate that the polycrystalline
sample has an orthorhombic crystal structure (space group Pnma) [80].
Nevertheless, magnetic studies have shown that also this compound
with orthorhombic crystal structure undergoes an FM-PM transition at
Tc = 311K with RCP = 127.9J/kg, [AST*| = 2.13 J/kgK [80].

4. Conclusions

Mossbauer measurements show that in the studied ferromagnetic
perovskite-like manganites, doping with iron ions leads to the replace-
ment of Mn3* ions by Fe3* ions in the high-spin state with the same
ionic radius. It was found that on application of a magnetic field the
maximum value of the magnetic entropy change at the FM-PM transi-
tion increases with Fe content reaching 2.9 J/(kgK) at a magnetic field
change of 50 kOe for x = 0.05. The corresponding RC P values were
found to be 0.258, 0.31 and 0.292 kJ/kg for the samples with x = 0.05,
0.075, and 0.1, respectively. With T-.(x = 0.05) = 278 K, i.e. close
to room temperature, this material is interesting for application in
alternative refrigerator technology.
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The Griffiths phase due to short-range order persists in the tempera-
ture region Tc < T < T;. In this temperature range the inverse magnetic
susceptibility of all compounds under investigation does not follow the
CW law, which is ascribed to the presence of ferromagnetic clusters and
satisfies the Griffiths model: in this respect the magnetization behavior
above T for our compounds was theoretical analyzed using the scaling
law derived from the Lee-Yang zeros distribution theory. This analysis
enabled us to unequivocally identify the Griffiths phase behavior in
all three compounds. Concomitantly, the FMR line coexisting with the
PM ESR signal also corroborates that the GP model is appropriate to
describe the short-range ordered state for x = 0.05, 0.075, and 0.1.
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