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Abstract

The magnetic resonance measurements show that the mixed two-phase state takes place in the Eug ;Pby 3sMnQOj single
crystal. The coexistence of the magnetic phases is observed in vicinity of the magnetic phase transition, where the
sample exhibits the effect of the CMR. The frequency-field dependencies of the spectra allow to conclude that these
phases are paramagnetic and ferromagnetic ones. Moreover, the study of the frequency dependencies shows the
sensitivity of the mixed-phase state to the external magnetic field. This suggests that the scenario of the phase separation
is realized in this case and the mixed two-phase state is not related to simple chemical inhomogeneity.
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1. Introduction

Manganese oxides with the perovskite structure
of the M ,A;_ MnO; (M=La, Pr, Nd, Eu,...,
A=Ca, Sr, Pb,...) family, widely known as
“manganites”’, have attracted considerable atten-
tion as the system with strongly correlated
electrons. Due to the presence of strong coupling
of the spin, charge and orbital subsystems the
manganites reveal a very rich (x, H, T)-phase
diagram with antiferromagnetic, metallic or in-
sulating ferromagnetic, charge and orbital ordered
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regions [1]. This richness is due to competition
between a variety of the interactions with very
similar energy scales. The energy balance can be so
delicate that question of the ground state of the
system is subtle. Many have suggested that the
ground state in this case can be inhomogeneous.
Presently a variety of experimental studies of
the doped manganites support the existence of
the phase separation picture in the vicinity of the
magnetic ordering temperature. Considerable pro-
gress has been achieved in the theoretical analysis
of the mixed-phase tendencies in these compounds
[2]. However, a full understanding of the phase
separation phenomenon and its role in origin
of the CMR and other interesting effects is
still lacking. This circumstance earnestly requires
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extending the search both of new materials with
the phase separation and new experimental tech-
niques for its investigations.

The phase-separation scenarios discussed at
present for manganites suppose the different
magnetic state of the coexisted phase, so the
electron magnetic resonance method can be an
effective tool for probing the inhomogeneities in
the samples. The magnetic resonance has been
extensively used for studying the doped manga-
nites (for example, [3—6]). The studies mainly are
limited by the paramagnetic region (above the
Curie temperature 7¢). However, the works
carried out by several groups using magnetic
resonance technique in a wide temperature range
show that the magnetic mixed-phase state is
realized in the vicinity of T¢ [7-11]. But the
systematical investigation of the M.A;_,MnO;
crystals near T¢ is lacking. In this work, we used
the magnetic resonance method for probing the
inhomogeneity of the FEuy,PbysMnO; single
crystal.

2. Experimental techniques

The single crystals of Eug-,Pbgi;MnO; were
grown by a method of spontancous crystallization
from solution in a melt. The choice of the Pb
ions was dictated by the peculiarity of the techno-
logy, the mixture of PbO and PbF, was used as
the solvent and at the same time it provided the
plumbum content in the crystals. One of the
reasons as to why we have focused on the Eu-
containing manganite materials is that the ions
reveal mixed valency in oxides (Eu®*, Eu’") and
earlier the combination of the Eu and Pb ions
in the manganite did not occur in the literature.
X-ray analyses confirmed the composition of the
crystals and showed that the samples are single-
phase perovskites. All measurements were carried
out on well-polished plate-like samples of the size
of about 2 x 2 x 0.1 mm®.

The magnetic resonance measurements were
performed with both a conventional cavity per-
turbation technique with microwave frequency
v = 25GHz and with a spectrometer operating in
v =37-80GHz frequency range with a pulsed

external magnetic field of 0-40 kOe. The magneti-
zation data were acquired by SQUID magneto-
meter. The magnetoresistance was measured by
the standard four-probe technique with external
magnetic field up to 12kOe.

3. Experimental results and discussion

Using conventional scheme of the spectrometer
at 25 GHz with field modulation the spectra was
recorded as derivatives of the absorption lines. It
was observed that spectra having smooth shape at
high temperatures reveal a structure in tempera-
ture range from 240 to 140K. Below T'~140K
the structure in the resonance spectra vanished
again. For detailed analysis we integrated the
experimental spectra and applied a fitting proce-
dure by Lorentzian lines. Fig. 1 shows that the
observed spectra could be fitted satisfactorily, only
if we assumed the presence of two lines. The
dashed lines show best results of the two-Lor-
entzian lines analysis for the absorption lines at
various temperatures. At temperatures above
T~240K the absorption line is fitted well by
single-Lorentzian line. When the temperature
decreases further, coexistence of two signals takes
place. At temperatures below 140 K the absorption
line has a strongly asymmetric shape that compli-
cates the analysis. This line asymmetry is caused
by abrupt increasing of the sample conductivity
(Fig. 2a). When a skin depth 0= (p/pyw)'/?
becomes comparable to or smaller than the sample
thickness, the electric and magnetic microwave
components are out of phase in the sample. This
leads to an admixture of a dispersion into
absorption spectra and the line acquires Dyso-
nian-like shape [12,13]. Really, the magnetic
resonance absorption line recorded at 7= 120K
does not exhibit any structure and fits well by
proper combination of the absorptive and dis-
persive part of the single-Lorentzian line.

Our primary interest was the temperature
dependencies of the integrated intensities of two
coexisting lines in the spectra (Fig. 2b). Assuming
that two lines in the spectra are the magnetic
resonance absorption from paramagnetic (PM)
and ferromagnetic (FM) regions in the sample (the
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Fig. 1. Magnetic resonance spectra at various temperatures.
Solid lines are the experimental absorption lines, dashed lines
are the best fitting by two-Lorentzian lines.

confirmation for this will be given below), the line
intensity dependencies illustrate an evolution of
the mixed two-phase state with temperature and
magnetic field. At T~300K the crystal is in
homogeneous PM state and only single PM
absorption line is observed in the spectra. The
intensity of the PM resonance line Ipy follows
reasonably well the temperature dependence of a
paramagnetic susceptibility ypc, which strongly
increases when the temperature approaches T¢
from above. Fig. 3 shows that an inverse suscepti-
bilities 1/ypc and 1/Ipy versus T behave linearly
according to Curie-Weiss low XBEN(T—GCW)
within the temperature range from 300 K to about
235K. A linear extrapolation for both depen-
dencies gives the Curie—Weiss temperature
Ocw ~ 210K, which coincides with 7T determined
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Fig. 2. (a) Temperature dependence of the resistivity p and
magnetic resistance Ap/p(0) (a); Temperature dependencies of
the paramagnetic (PM) and ferromagnetic (FM) line para-
meters (v =25GHz): (b) intensity, (c) resonance field, and
(inset) line width.

from low-field magnetization data in the inset
Fig. 3. The similar temperature dependencies for
the Ipm and ypc clearly indicate that all the Mn
ions contribute to the observed spectra. For
temperatures below 235K the curve for the inverse
susceptibility 1/ypc versus T shows the positive
curvature suggesting spin clustering effects [14]. In
our case the line corresponding to ferromagnetic
resonance absorption in the spectra appears at the
same temperature 7 ~235K, which is above T¢.
As the temperature is lowered further, the
concentration of the FM phase in the sample
increases and apparently T¢ is the temperature
for which a percolation threshold on the
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Fig. 3. Inverse magnetic susceptibility 1/ypc and inverse
intensity of the paramagnetic absorption line 1/Ipy versus
temperature. Insert: the magnetization data for the sample as
function of temperature at H = 50 Oe.

FM/conducting regions takes place. A change of
type of the conductivity at 7T¢ confirms this
assumption (Fig. 2a). Below 7'~ 120K the whole
sample is in the FM state.

Fig. 2b shows the temperature behavior of the
PM and FM line intensities (Ilpy and Ipm,
respectively), which reflects the change of the ratio
of the PM and FM phase volumes in the sample
with temperature. Note, however that it is not only
the phase volumes, which make contribution to
the line intensities. So we concluded above that
Ipym is proportional to ypc and consequently the
following expression can be written:

Ipv~Vem(H, T) - ypm(H, T), (1)

where Vpm(H, T') is the volume of the PM phase.
For the Igy we can assume that

Irm~Vem(H, T) - Mpm(H, T), (2

here, Vem(H,T) and Mgy (H, T) are the volume
and the magnetization of the FM phase, respec-
tively.

Fig. 2c shows the temperature dependencies of
the resonance fields (H™ and H™) and line
widths (AHpy and AHpy) for the FM and PM
lines in the magnetic resonance spectra. We will
not discuss in detail the behavior of these
parameters but only make some remarks. The

different mechanisms describing the observed
great broadening of the AHgy and AHpy below
Tc can be considered and such questions have
been discussed widely in literature. The nature of
the broadening can be determined by the magnetic
inhomogeneity (that is obviously observed), the
quality and shape of the crystals, which determine
the contribution of the demagnetizing field energy
in the Hamiltonian of the system. The essential
effect on the line width can be caused by the
relaxation process related to magnon scattering on
charge carriers. The role of these processes
increases at increasing the conductivity of the
samples. The Jahn-Teller dynamical effect can
cause the broadening of the resonance line too [3].

The shift of the resonance field to lower fields
for absorption line corresponding to the FM phase
H™M is attributed to increasing the magnetization
of the sample. Our samples may be approximated
by infinite plate and so the expression for HfM can
be written as

w *
v (HIMH™ + 4nMiy)'?, 3)

here, w =2mnv is a cyclic frequency, y is a
gyromagnetic ratio, My, is an effective magneti-
zation, which may differ from Mgy due to
influence of the magnetic anisotropy and the
magnetic crystal inhomogeneity. The magnetic
anisotropy of the 3D perovskite-like manganites
is generally small. In our case, studying the
samples of a spherical shape we observed that
one is no more than 1200e¢ at T = 100K. The
magnetic inhomogeneity of the samples results in
the demagnetizing effect. Thus, the internal
magnetic field within sample must be corrected
by a demagnetizing field. But principal values
determining the angular variations of the reso-
nance field cannot be exactly calculated for general
case. At the same time, the results obtained by
Geschwind and Clogston can be used for evalua-
tion [15]. They concluded that the variation of the
internal magnetic field may be in a range up to
27TM1:M.

The PM line shifts to lower field as 7" decreases
from Tc. This can be explained either by the
influence of the demagnetizing fields from the FM
regions or by the change of the g-factor which
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takes place as a result of the Jahn-Teller distor-
tions at T'< T¢. It should be noted that in the case
of Lagy;Pby3;MnO;5 [10], we did not observe the
shift of the resonance field of PM line with the
exception of a small increase of one at 7'~ T¢.

When the inhomogeneous state is observed in
the system, there appear questions concerning the
magnetic and electronic states of the coexisting
phases and origin of the inhomogeneity in the
system. One of the mechanisms leading to the two-
phase magnetic state is simply the chemical
inhomogeneity of the crystals composition. In this
case the regions with different 7¢ occur in the
sample volume, so the PM and FM phases can
coexist in the temperature interval determined by a
dispersion of the transition temperature 7¢. More-
over, two models of the phase separation for the
manganites have been discussed recently. There
are (i) electronic phase separation between phases
with different densities that leads to nanometer
scale coexisting FM/conducting and PM (or
antiferromagnetic)/insulating clusters [16], and
(i1) disorder-induced phase separation on the
FM/conducting and PM/insulating regions with
equal carrier density [17,18]. The coexisting phases
in the latter can be as large as a micrometer in size.

The study of the field-frequency dependencies of
the magnetic resonance spectra is a very powerful
method to determine the magnetic state of the
system and its behavior in the external magnetic
field. At first we have applied this method for the
study of the mixed two-phase state in the
Lagy ,Pby3MnO; single crystal [10]. Fig. 4 shows
the field-frequency dependencies for two observed
lines in the magnetic resonance spectra of the
Eug 7PbgsMn O5 at T'= 205 K. It is expected that
the dependence for FM line will follow expression
(2). Since at T = 205K the sample is far from the
magnetic saturation we must take into considera-
tion the dependence of My, on the temperature.
To fit the experimental data we suppose that
M\ (H) and Mpy(H) do not strongly differ from
each other, and Brillouin function for the Mgy (H)
was used:
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Fig. 4. Frequency-field dependencies of the PM and FM
absorption lines observed in the magnetic resonance spectrum
at 205 K. Dotted lines are extrapolations of experimental points
by the dependencies (3) and (5) (see text). Inset: the ratio of the
intensities of the ferromagnetic and paramagnetic lines
(Iem/Ipm) versus microwave frequency; solid line represent
dependence (Ipm /IpM)* (see text) as function of magnetic field.

here, M, is the saturation magnetization, S =
2(1 — x) + 3x/2 and x = 0.3. The result of fitting is
shown in Fig. 4 by dotted line for Mpmq(H, T) =
0.15at T=205K and H = 0.

For the PM regions the demagnetising effect can
be neglected as the magnetization is small and
expected frequency-field dependency for the PM
resonance line can be described by the expression
w/y = H"™. However, it turned out that the
experimental data are well fitted by the following
equation:

% = H™ + Hyy, ®)
where, the external magnetic field H for the PM
regions is corrected by the effective field Hegy,
which depends on H. The dependence of the Heg
on H has behavior similar to Mgm(H) (see
Eq. (4)), which has been used for approximation
of the frequency-field dependence for FM line.
The value of the Hep amounts to ~15% of
the 4nMp\v(H) value. This suggests such kind of
the mixed-phase picture in the crystal, where the
PM regions are located in the demagnetizing field
from FM regions. Further support for this
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conclusion is the temperature dependence of the
HP™ below Tc (see Fig.2c). With decreasing
temperature, the magnetization and volume of
the FM phase in the sample grow, which leads to
an increase of the demagnetizing field. As a result,
the resonance field HPM shifts to the low fields.

It is interesting to notice that with microwave
frequency (or the magnetic field) increasing the
relative intensity of the FM line Iry increases, on
the contrary, PM line intensity Ipy decreases. This
result is shown in inset of Fig. 4, where the ratio
Irm/Ipm as a function microwave frequency is
plotted. The observed behavior of the Iry /Ipm can
not be explained only by the increase of Mgy(H).
For comparison in inset of Fig. 4 we plotted the
dependence (Ipm/Ipm)* as a function of the H,
here we supposed that Ipy and Igy are expressed
by Egs. (1) and (2) respectively but the volumes of
the PM and FM phases are constants. Moreover,
it was supposed for simplicity that ypy, IS
independent on the H too, thus (Iem/Ipm)* can
be written in the form (Ipy/Ipm)* = CMpym, where
Mgy is the FM magnetization obtained in the
molecular field approximation (Eq. (4)). For pic-
torial view we set the constant C so that
(Iem/Ipm)* coincides with ratio (Ignm/Ipy) Ob-
tained from the experimental spectrum at micro-
wave frequency v = 25 GHz. As seen in inset of
Fig. 4 the (Ipm/Ipm) grows more rapidly with
increasing the magnetic field, than (Iem/Ipm)*.
This observation suggests that the magnetic field
changes the phase state of the sample, as H
increases, the volume of FM phase Vipm(H, T) in
the sample grows but the volume of the PM phase
Vem(H, T) is reduced. This mechanism leads to
observed growth of the ratio (Ipm/Ipm). One can
notice that the above results confirm the picture of
the phase separation in the sample because the
strong effect of the external magnetic field can
hardly be expected in the case when the chemical
inhomogeneity of the sample takes place.

Thus, the magnetic resonance measurements
show that the mixed two-phase state takes place
in the Euy,Pby3;MnO; single crystals. The coex-
istence of PM and FM phases is observed in
vicinity of the magnetic phase transition, where the
sample exhibits the effect of a colossal magnetic
resistance. The main feature of our resonance

investigation is the study of the spectrum para-
meters as function of the microwave irradiation
frequency. This method is found to be a very
powerful technique for the determination of the
magnetic states of the coexisting phases. The
frequency-field dependencies of the spectra allow
to conclude that these phases are PM and FM
ones. Moreover the study of the frequency
dependencies is an effective tool for probing the
sensitivity of the mixed-phase state to the external
magnetic field. We have established that ratio of
FM and PM line intensities increases more rapidly
at increasing H, than the magnetization of the FM
regions in the crystal. The result can be explained
by the growth of the FM phase with the increase of
H. This leads us to the conclusion that the scenario
of the phase separation is realized in this case and
mixed two-phase state is not related to simple
chemical inhomogeneity.

The picture of the FM/conducting and PM/
insulating phase coexistence suggests that the
change of the conductivity type in Eug 7,Pby s MnO3
manifests the percolation-like character. The FM/
conducting regions arise and percolate in the
vicinity of the phase transition. The external
magnetic field causes the growth of the FM/
conducting regions changing the percolation
threshold, as a result the CMR effect is observed.
It is interesting that for this case the paramagnetic-
ferromagnetic phase transition can be a first-order
in character [19]. Really, in our case all experi-
mental temperature dependencies including the
resistivity, magnetization and parameters of the
magnetic resonance spectra have a hysteresis on
cooling and heating.

4. Conclusion

In summary, results shown above provide one
more experimental evidence for inhomogeneities in
the manganites. The sensitivity of the inhomoge-
neous state to applied magnetic field suggests that
one of the phase separation scenarios is realized in
our case. In conclusion, the magnetic resonance
methods including both the conventional techni-
que and the scheme of spectrometer with the
microwave frequency tuning are found to be the
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powerful instruments for probing the magnetic
inhomogeneity in the manganite single crystals.
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