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ABSTRACT

Magnetic properties of polycrystalline La, g3Sr, 1,Mng oFe, ;_.Zn O3 (x = 0, x = 0.05) have been investigated by
means of electron spin resonance, magnetic susceptibility, and Mossbauer measurements. Both samples show
a clear ferromagnetic transition. The Curie temperature T decreases on increasing Fe content. Mossbauer
studies indicate that Fe in these compounds is in the trivalent high-spin state. The temperature evolution of the
Mossbauer spectra at low temperatures (7' < T;.) is typical for ferromagnetic clusters with a wide distribution
in size and magnetic correlation length. The inverse susceptibility of all the samples deviates from the Curie—
Weiss law above T, indicating the presence of fluctuations on approaching magnetic order. An anomalous
downturn of the inverse susceptibility for x = 0.05 significantly above 7. and the concomitant observation
of ferromagnetic resonance signals coexisting with the paramagnetic resonance up to approximately room
temperature, is caused by a Griffiths-like behavior. This regime is characterized by the coexistence of
ferromagnetic entities within the globally paramagnetic phase.

1. Introduction The Griffiths theory was originally developed for diluted Ising fer-

romagnetic materials [13]. It was found that a new phase, which

Perovskite manganese oxides, which possess the general chemical
formula R;_,A,MnO3; (R and A denote rare- and alkaline-earth ele-
ments, respectively) have attracted broad research interest due to their
unusual transport and magnetic properties, which are indispensable
for applications in spintronic devices [1-8]. These fascinating proper-
ties including metal-insulator transitions, colossal magnetoresistance
(CMR), and magneto-caloric effects, arise due to strong coupling be-
tween the spin, charge, orbital, and lattice degrees of freedom and
corresponding ordering phenomena [9,10]. Correlation between them
results in significant changes from antiferromagnetic (AFM) to ferro-
magnetic (FM) order and from insulating to metallic behavior. The
coexistence and competition between the double exchange (DE) and
super-exchange (SE) interaction is related to FM and AFM properties
in manganites, respectively [8,11,12]. One of the peculiar phenomena
that can be observed in manganites, is the existence of a Griffiths-
like phase. Numerous studies have shown that the occurrence of a
Griffiths phase (GP) [13] in magnetic systems may have many different
origins [14-19], most of the GP compounds are known to exhibit bulk
FM order.

* Corresponding author.

represents ferromagnetic clusters in a paramagnetic matrix, shows up
in such systems above the Curie temperature. Griffiths showed that the
essential singularity develops in a temperature range Tc(p) < T < Tg,
where p is the disorder parameter due to dilution of ferromagnetic
bonds and T = T-(0) is the new transition temperature corresponding
to the Curie temperature of the undiluted Ising ferromagnet. This
phase regime is usually referred to as the Griffiths phase. An infinite
ferromagnetic cluster is formed in the paramagnetic regime below the
so-called Griffiths temperature 7. This infinite cluster exists down
to the ferromagnetic phase-transition temperature T(p), which due
to dilution of ferromagnetic bonds decreases on increasing disorder
parameter p.

The occurrence of a Griffiths-type phase in manganites is confirmed
by a number of experimental facts, e.g., the detection of a weak
ferromagnetic resonance (FMR) signal above the Curie temperature T
coexisting with the electron paramagnetic resonance signal [20-25]
as well as the appearance of a temperature regime above T with an
atypical behavior for purely FM or paramagnetic phases in the magnetic
susceptibility [26-31].
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Fig. 1. X-ray diffraction patterns of Lagg3Sry;,MngoFe,,_ Zn O; ceramic samples at
room temperature for (a) x =0.05 and (b) x =0.

La;_,AMn;_,Fe O3 (A = Ca, Sr) belongs to a family of hole-
doped mixed-valence manganite perovskites, exhibiting a CMR effect
and magneto-caloric effect [32-34]. The compounds are obtained by
substitution of Fe for Mn in La;_,A,MnO3; (A = Ca, Sr) [33-35]. The
hole doping of manganite perovskites, realized by substitution of a
divalent element for La’>*or by formation of cation vacancies, results
in a fraction of Mn*t ions on the Mn3* sites [8]. The Mn3*t** mixed
valence leads to FM Mn>*-Mn** DE interactions, competing with
AFM Mn**-Mn3* SE interactions [8]. The case of Fe is particularly
interesting because of the large extent to which it can replace Mn
due to similar ionic radii of Fe** and Mn’*. The magnetic investi-
gations of La,_ Sr,Mn,_,Fe O; (with x=0.3 and y=0.15-0.25) and
La;_,Ca,Mn,_,Fe, O3 (with x=0.37 and y=0-0.18) compounds shows
that FM Curie temperature T in both systems decreases with increasing
y [33,35]. Such behavior of transition temperature T is connected with
weakening of the double-exchange FM interaction by Fe doping. In
this article we present X-ray diffraction, magnetization, electron spin
resonance (ESR) and Mdossbauer experiments on polycrystalline samples
of Lag g3S19,17Mng gFeg 052100503 and Lag g3S1g,17Mng gFeg 103. Our
results indicate the important role of magnetic cluster formation both in
the FM ordered and in the paramagnetic phase. Especially in the latter
one, the Griffiths phase can be tuned by the balance of disorder (Zn**)
and AFM interactions (Fe3t).

2. Sample preparation and characterization

7 3+ g2+ 3+ 4+ 3+
Polycrystalline samples of Lagt Sr% Mng%. Mng Fet

Zn2* Og‘ with x = 0 and x = 0.05 were synthesized by traditional

Table 1
Crystallographic data for La, g3Sry 1,MngoFe;_,Zn O; (x=0, x=0.05).

Compound Cryst.str. a ) c (A a () () r ()
x=0.05 R3¢ 5.537 13.3743 920 90 120
x=0 R3c 5.5243 13.3611 90 90 120

ceramic processing, including two grindings in a ball mill with addition
of alcohol and preliminary burning at 1273 K for 4 h. The final sintering
step was performed in air at 1473K for 10h, and the samples were
cooled together with the furnace. In order to provide stoichiometric
oxygen content (§ = 0), the samples were annealed at 1223K and
partial pressure of oxygen in the gas phase py, = 10~! Pa. The choice of
annealing conditions was based on the data of Ref. [36]. Annealing was
carried out for 96 h. Phase composition and unit-cell parameters were
determined by powder X-ray diffraction at room temperature (diffrac-
tometer Shimadzu XRD-7000, Cu K, radiation). The X-ray diffraction
analysis of the synthesized manganites Lag g3St( 17Mng gFeg g5Zng 0503
and La g3Sr( 17Mn, oFe( ; O3 showed that both compounds are single-
phase and the structure of the samples belongs to the proper space
group R3c. The diffraction patterns of the samples are shown in
Fig. 1(a,b). The corresponding unit-cell parameters presented in Ta-
ble 1, were determined and refined using the Maud-v2.94 program
package [37,38].

3. Results and discussion
3.1. Magnetic susceptibility and magnetization

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 temper-
ature regime 1.8 < T < 400 K. Figs. 2 and 3 show the temperature
dependence of magnetic susceptibility and its inverse for the com-
pounds Lag g35r¢ 17Mng gFeg 95210 0503 and Lag g35rq 17Mng gFeg 1 O3.
The Curie temperature T, defined as the one corresponding to the peak
of dy/dT in the y vs T curve (see Insets in Fig. 2 and 3), amounts to
Tc(x = 0.05) = 208K and T(x = 0) = 151K, respectively (Table 2).

The temperature dependence of the inverse susceptibility y~!(T)
measured in different magnetic fields for the compound Lag g3Srg 17
Mng gFe( g5Zng 9503 is shown in the lower frame of Fig. 2. For H =
10kOe at high T, y~!(T) varies linearly with T indicating a Curie—
Weiss (CW) behavior. However, for the measurements done in lower
dc fields (100 and 1000 Oe), y~!(T') shows a downward deviation from
linearity below a temperature T ~ 364 K, significantly above T, which
turns out to be the stronger the smaller the external field and is a typical
signature of a Griffiths phase [22,25-31], where FM clusters coexist in
the PM matrix. As the applied external magnetic field increases, the
extent of deviation in magnetic susceptibility systematically diminishes
until a pure CW behavior is observed. This is related to the fact that
the magnetization of the PM matrix increases linearly with increasing
H [22,25,30], while the contribution of the FM clusters is saturated
already in small fields and, hence, for a sufficiently high field the
PM susceptibility dominates over the weakly correlated FM clusters.
The effective moment determined from the CW law as p; = 5.29 up
is strongly enhanced compared to the theoretical value of 4.62 up
calculated from the square root of the sum of squared ionic moments
of Mn3* (S = 2), Mn** (S = 3/2), and Fe?* (S = 5/2) weighted by the
corresponding stoichiometric factors and using the spin-only g-value
g =2 [31]. This observation corroborates the general tendency for FM
cluster formation in the PM phase in this compound.

Compared to x = 0.05, the y~!(T) curve of the Zn-free compound
x = 0 (Fig. 3) does not exhibit any obvious downturn deviation from the
CW law which could be a signature of a Griffiths phase. Note that the
deviation to higher values from linearity below a certain temperature
above T is due to fluctuations characteristic of usual ferromagnets. The
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Fig. 2. Temperature dependence of dc magnetic susceptibility (upper frame) at H =
1000e and its inverse (lower frame) in LaggySry,,MngoFeyg5Zn;sO; at 100 Oe,
1000 Oe, and 10kOe. The solid line indicates a fit by a Curie-Weiss law. Inset (lower
frame): The derivative of magnetic susceptibility d y(7T)/dT as a function of temperature.

Table 2

Saturation magnetization Mg at 2K (in uz per formula unit), paramagnetic Curie-
Weiss temperature O (K), Curie temperature 7. of magnetic ordering and effective
paramagnetic moment p,¢¢(up/f.u.) in Lag g3Srg1,Mng gFey;_ Zn, O3 (x=0, x=0.05).

Compound Mg (ug/fu) at 2K Ocy (K) Tc (K) Herp (ug/fiu)
x =0.05 3.30 259 208 5.29
x=0 2.72 195 151 5.01

effective moment determined from the CW law as p4; = 5.01 py is only
slightly enhanced compared to the theoretical value of 4.86 ug. Thus,
in the PM phase the tendency for FM cluster formation is significantly
weaker for x = 0 than for x = 0.05.

Note that for a correct evaluation of the susceptibility it is necessary
to estimate diamagnetic and van Vleck contributions and to check, if
they have strong influence on the derived Curie-Weiss temperature
and effective magnetic moment. Using the table given by [39] the
diamagnetic susceptibility is calculated as —65.49 - 10~% emu/mol for
x = 0 and —65.64 - 10~® emu/mol for x = 0.05. Comparable dia-
magnetic susceptibilities as well as the van Vleck susceptibilities were
calculated by J. A. Souza et al. for related manganites [40]. As evident
from that publication, the contributions of van Vleck and diamagnetic
susceptibilities are opposite in sign and practically compensate each
other resulting in a net contribution of about —10~5 emu/mol. This
is three orders of magnitude smaller than the smallest experimental
susceptibility value measured at 400 K and hence has no significant
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Fig. 3. Temperature dependence of dc magnetic susceptibility (upper frame) and its
inverse (lower frame) in Lay g3Sr, 1, Mng oFey ;05 at H = 100 Oe. The solid line indicates
a fit by a Curie-Weiss law. Inset (lower frame): The derivative of magnetic susceptibility
dy(T)/dT as a function of temperature.

influence on the effective magnetic moment determined from the slope
of the inverse susceptibility.

Fig. 4 shows the magnetization of both compounds under consid-
eration as a function of magnetic field at 2K. The magnetization for
x = 0.05 reveals practically no hysteresis and immediately reaches
the full saturation value at weak external fields. For x = 0 one
observes a weak hysteresis and, above 10kOe, the magnetization still
slightly increases on increasing magnetic field. The saturation magne-
tization (M) in both compounds La g3Sr 17Mng gFe( g5Zng o505 and
Lag g3Srp.17Mng gFey ;O3 was obtained from a linear extrapolation of
the high-field data [41] down to 1/H = 0 as illustrated in the left inset
of Fig. 4 and the values of M (T = 2K) are deduced to be 3.30 ug
and 2.72 pug, respectively. The latter value is in reasonable agreement
with the corresponding theoretical magnetization of 2.93 g, assuming
ferromagnetically aligned Mn3* and Mn** spins with the Fe3* spins
oriented antiparallel to the Mn spins and a g value close to g = 2.
However, in the first case it is approximately at the average of parallel
(3.63 up) and antiparallel (3.13 pug) alignment. This indicates that
disorder due to Zn doping induces parallel alignment of a part of the
Fe spins.

3.2. Electron spin resonance
To further identify the presence of the Griffiths phase, we performed

electron spin resonance (ESR) measurements on the Lag g3Sr 17Mng o
Feg g5Zng 0503 and Lag g3Sry 17Mng gFe ;O3 samples. ESR is known
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Fig. 4. Magnetization as a function of external field in Layg3Sry 1, MnygFeg 05Zng 0503 and Lag g3Sry 1, Mng gFey 05 at 2K. Right inset: magnification at low fields. Left inset:
magnetization as function of inverse field to determine the saturation magnetization.

Fig. 5. ESR spectra of Lajg3St),,MngoFe) 05Zn, (503 at temperatures 200 < 7' < 340 K.

as a powerful probe of spin dynamics and magnetic correlation in
magnetic materials on a microscopic level. The signal of ESR is sensitive
to the variation of localized environment of magnetic ions. Due to this
feature, ESR has been also applied to identify the existence of Griffiths
phases in some manganites, previously [20-25].

The ESR measurements have been performed using a BRUKER EMX-
plus 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
(dP/dH) is recorded as a function of the externally applied field. The

observed ESR spectra of Lag g3Srg 17Mng oFe)_,Zn, O are shown in
Figs. 5 and 6 for x = 0.05 and x = 0, respectively.

Fig. 5 depicts a series of ESR spectra in a temperature range from
200 to 340K across the phase transition regime (near and above T.)
for x = 0.05. At T > 320K only a single PM resonance line shows
up corresponding to the paramagnetic state. The g value g = 1.96(1)
slightly below the spin-only value 2 is typical for manganites. But at
lower temperatures, the spectra do not only consist of a PM signal due
to the majority of Mn3* and Mn** spins, but also exhibit an intriguing
FMR signal at lower resonance fields. Compared to PM resonance lines,
the extra peak shows a notable difference which is strongly dependent



Fig. 6. ESR spectra of La,g;Sr,,,MnyoFe, ;053 at temperatures 140 < 7T < 195 K.

on temperature. As shown in the left and right part of Fig. 5, with
the decrease of temperature, the intensity of this peak does not only
increase but also the peak position gradually moves towards lower
field regions. Therefore, from 320K down to 210K, two peaks coexist
indicating that two different magnetic phases coexist in the system. At
T = 200K, both peaks finally merge into a single broad peak, which
further shifts to lower field regions. In Fig. 2, at T < 210K, one
recognizes that the sample has undergone the PM-FM phase transition
and all PM phase completely turns into the FM phase. Consequently, at
T < 210K, there remains only a single FMR peak to be detected. Thus,
the temperature regime of coexisting ESR signals is in fair agreement
with the GP regime derived from the susceptibility data.

For Lag g3Srg17Mng oFey 103 we observed a typical paramagnetic
resonance line with a g-factor of g = 1.96(1) in the temperature range
T > 165K, which is slightly higher than the onset temperature of the
PM-FM transition in y~1(T") (Fig. 3). To lower temperature distortions
of the resonance line show up on crossing T and the signal exhibits the
characteristic shape of FMR in a polycrystal. The FMR shifts to lower
field with decreasing temperature. Thus, the results of both y~!(T’) and
ESR show the normal PM-FM transition for La, g3S1( 17Mng gFeg 1 O3.

The full temperature dependences of the resonance fields H,., and
linewidth data AH are summarized in Fig. 7. The splitting of the
resonance fields in Lay g3Sr( 17Mng gFeq g5Zng o505 is another key pa-
rameter for characterization of the coexistence of magnetic phases.
The two curves in Fig. 7(a) depict the temperature dependence of the
resonance fields for PM and FM peak, respectively. One can see that
the position of the PM peak is almost constant at a magnetic field
of H = 3377 Oe showing only a weak temperature dependence. The
temperature dependence of the FMR field is well described by H,.,
(1-T/Tg)"/? with T = 320K, which is somewhat lower than the value
derived from the susceptibility data. This may be related to the fact that
the precondition for the appearance of a well-defined FMR line is the
formation of plate-like FM clusters, which is not necessarily fulfilled
directly at the onset of the GP. Above the Curie temperature T, the
linewidth AH of the PM line exhibits a minimum value of 233 Oe at
a temperature of 255K, diverges to lower temperature and increases
approximately with linear slope (characteristic for relaxation via spin-
phonon coupling [42]) to higher temperature, whereas AH of the FMR
slightly increases with temperature and then decreases on approaching

Table 3

Average hyperfine parameters of iron nuclei in
Lagg3Sry1,MnggFey,_ Zn O3 (x=0, x=0.05) samples at
room temperature.

Compound IS, mm/s QS, mm/s
x =0.05 0.35(4) 0.17(4)
x=0 0.35(8) 0.15(2)

T;- The temperature dependences of resonance field and linewidth of
the PM peak of Lag g3S1( 17 Mng gFeq ; O3 show a similar behavior above
Tc as illustrated in Fig. 7(b).

Thus the ESR results support the findings of the magnetization
measurements, i.e. for both compounds the typical behavior of the PM
resonance on approaching a FM transition with resonance shift and
line broadening due to enhanced internal demagnetization fields and
critical fluctuations. For x = 0.05 the additional FMR line corroborates
the coexistence of a FM phase in the PM regime. Zn>* substitution
enhances the number of Mn** spins and in turn FM Mn?**-Mn** DE and
at the same time increases disorder. Both effects favor the formation of
a GP.

3.3. Mdssbauer effect study

The Mossbauer measurements were carried out in a wide tempera-
ture range from room temperature to liquid nitrogen and liquid helium
temperatures. The Mdssbauer spectra of Lag g3Sr( 17Mng oFe; |_,Zn, 04
at different temperatures are shown in Figs. 8 and 9 for x = 0.05
and x = 0, respectively. At room temperature, Mossbauer spectra of
the samples under study consist of a slightly asymmetric doublet with
a distribution of isomer (IS) and quadrupole shifts (¢). On the inset
of Fig. 8 the distribution functions of the hyperfine parameters are
given. They were restored by processing the experimental spectra with
the SpectrRelax software [43]. The distribution function of Mossbauer
parameters for the Lag g3Srg 17Mng gFeg g5Zng o503 sample shows the
presence of two well-defined centers of iron ions with an area ratio
close to 1:5 at room temperature.

Mathematical processing of the spectrum of the Lag g3Srj17Mng o
Fey 105 sample also reveals the presence of several centers of iron
ions. Unfortunately, due to the low signal-to-noise ratio of the experi-
mental spectra, the distribution functions of hyperfine parameters are
determined with great uncertainty. This is especially noticeable for
the spectra taken at low temperatures. Note that the lower signal-to-
noise ratio results from the fact that the x = 0 sample was prepared
with natural abundance of 57Fe isotope, while for x = 0.05 we used
57Fe enriched starting material. For this reason, we will not further
consider the features of these distribution functions. We will focus on
the temperature dependence of the average values of the hyperfine
parameters. The values of isomer shift and quadrupole splitting (QS =
2¢) averaged over these centers are shown in Table 3.

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 isomer and
quadrupole shift of Fe nuclei in the studied samples are 0.35 mm/s and
0.15-0.17 mm/s, respectively ( Table 3). These values of the hyperfine
parameters are typical for Fe3* ions in the high-spin state, (t;geﬁ) [44,
45]. The determined hyperfine parameters are in good agreement with
the data reported in the literature for similar compounds [46,47]. The
doping of La by a divalent cation, Sr, results partly in a change of the
Mn valence from 3+ to 4+ [46], so that a part of Mn?* is transformed
into Mn**. In this case, it is reasonable to expect the manifestation of
the presence of Fe*+ ions in the room-temperature Mdssbauer spectra
in the form of absorption features in the region of low and negative
velocities. As can be seen from the distribution function for the isomer
shift in Fig. 8, in this velocity region, the features due to Fe** ions
are not observed. Probably, the preferable substitution of Fe3* ions
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for Mn3* ions is due to the identical ion size of these elements in the
high-spin state.

When the temperature decreases, the Mossbauer spectra change
dramatically, first acquiring the form of relaxation spectra with a wide
distribution of hyperfine magnetic fields up to 300kOe, and then, in
the temperature range of liquid helium, the Mossbauer spectra are
transformed into magnetic sextets (Fig. 8). At a temperature of 5K, a
noticeable peak is observed in the distribution of hyperfine fields at

a value of 520kOe and an extended tail towards low fields (insert in
Fig. 8). The dependencies of the mean hyperfine magnetic field on the
temperature for the studied samples are given in Fig. 10(a). According
to Mossbauer measurements, magnetic ordering of the iron ions is
achieved at a temperature of 180K for Lag g3Sr 17Mng gFeg 05Z1ng 0503
and at a temperature of 160K for Lag g3Srj 17Mng gFeg 1 O5.

The changes observed in the dependence of the mean quadrupole
shift, ¢, on temperature, also indicate the magnetic ordering of iron ions
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(Fig. 10(b)). When an ion is in a paramagnetic state, the splitting be-
tween the lines of the quadrupole doublet is determined by the product
of the electric field gradient at the nucleus and the quadrupole moment
of the nucleus, i.e 4Eg =~ 2e=e2qQ/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, the quadrupole shift is
determined by the expression: e=e2qQ-(3cos?6 — 1)/8, where q denotes
the value of the electric field gradient (EFG), Q is the quadrupole
moment of the nucleus, 0 is the angle between the direction of the EFG
and the hyperfine magnetic field. The sharp jump 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.

The temperature dependencies of the average isomer shift of iron
ions of the studied samples are similar to each other and are mainly de-
termined by the Doppler effect of the second order. Its value decreases
monotonically with increasing temperature. The temperature depen-
dencies of the average isomer shift of iron nuclei in Lag g3Srg 1,Mng o
Feg 05Zng o503 and La g3S1 17,Mnq gFeq 1 O3 are presented in Fig. 10(c).
The solid line in Fig. 10(c) shows a curve that approximates, in the
Debye approximation, the experimental values of the average isomer
shift for the Lag g3Srg17,Mng oFej g5Zng o503 sample. The best fit was
achieved with a Debye temperature Op= 342 + 38 K.

It should be noted that the relaxation-like shape of the Mossbauer
spectra and the specific temperature dependence of the average hy-
perfine field on the iron nuclei, which is unusual for conventional
magnetically ordered materials, suggest that at low temperatures a
complex magnetic correlation is formed in the samples under study.

4. Conclusions

In summary, we have investigated the magnetic behavior of poly-
crystalline samples of Lay g3S1( 17Mng gFeq ;_,Zn, O3 (x = 0, x = 0.05).
All samples show a clear FM-PM transition at T.. The downward de-
viation of PM magnetization data from CW law together with the FMR
line coexisting with the PM ESR signal suggests that the GP model is

appropriate to describe the short-range ordered state for x = 0.05, while
the upward deviation observed for x = 0 is caused by conventional
fluctuations on approaching magnetic order. Mossbauer measurements
show that in the studied perovskite-like manganites, doping with iron
ions leads to the replacement of Mn>* ions by Fe3* ions in the high-
spin state with the same ionic radius. Consequently, Fe ions occupy Mn
sites without significant lattice distortions. However, this tendency can
lead to phase separation and the formation of various magnetic clus-
ters embedded in the paramagnetic matrix. The observed temperature
dependence of the Mossbauer spectra of the compounds under study
is typical of ferromagnetic clusters with a wide size distribution and
magnetic correlation length. The temperature evolution of the spectra
is probably determined by fluctuations of the iron magnetic moments
due to the competition between the thermal energy and the energy of
magnetic correlation.
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