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Abstract—Two phases, paramagnetic and ferromagnetic, were shown by the magnetic resonance method to
coexist below the temperature T in Lag 7Py sMNO; single crystals exhibiting colossal magnetoresistance. The
magnetic resonance spectrawere studied in the frequency range 10-78 GHz. The specific featuresin the behav-
ior of the spectral parameters were observed to be the strongest at the temperatures corresponding to the max-
imum magnetoresistance in the crystals. The concentration ratios of the paramagnetic and ferromagnetic phases
inthe samples were found to be sensitive to variationsin temperature and external magnetic field. Thisbehavior
suggests realization of the electronic phase separation mechanism in the system under study. © 2002 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The interest of researchers in impurity-containing
perovskite manganites stems primarily from the phe-
nomenon of colossal magnetoresistance (CMR). The
CMR phenomenon has application potential. At the
same time, numerous experimental studies have
revealed structural, magnetic, and electronic properties
in manganiteswhich are no less exciting from the phys-
ical standpoint. It was found that the materials of this
family have a very rich phase diagram [1, 2] which
includes regions of the antiferromagnetic, ferromag-
netic nonconducting, and ferromagnetic metallic states,
as well as regions with orbital and charge ordering. In
many cases, these phases are microscopically inhomo-
geneous. This inhomogeneity has been proved experi-
mentally by scanning tunneling microscopy [3], elec-
tron diffraction [4], neutron scattering [5], NMR [6],
optica methods [7], etc. We note that the inhomoge-
neous state manifests itself the strongest in the concen-
tration and temperature ranges wherethe CMR effect is
observed. In addition to the experimental confirmation
of the coexistence of phases in materials of this class,
considerable progress has been reached in theoretical
substantiation of the tendency to phase separation [8].
Thereis, however, still along way to go for the pattern
of these phenomena to be completely understood; this
would require extending the search for materials with
phase separation and for experimental methods of their
investigation.

Because any of the phase separation scenarios pres-
ently discussed [8] assumes the coexisting phases to
reside in different magnetic states, magnetic resonance
could proveto be of use. It isknown that even an insig-
nificant inhomogeneity in magnetic materials notice-

ably affects the magnetic absorption spectra. While
magnetic resonance spectra of manganites have been
studied by various groups of authors [9-11], interest
was mainly focused therein on the paramagnetic (PM)
state. As for the results covering the temperature range
near the magnetic phase transition, they exhibit a con-
siderable scatter and are often interpreted from differ-
ent standpoints.

Our studies of La,;Pb,sMnO; crystals exhibiting
the CMR phenomenon revealed an effect of dc and ac
transport current on conductivity in the microwave fre-
guency range [12, 13]. The character of the response of
this system to an electric current suggests that the
mechanisms of the CMR and of the electric-current
effect have the same nature and can be qualitatively
interpretted in terms of the phase separation model. The
existence of the two-phase paramagnetic—ferromag-
netic state in single-crystal La,-Pb,s;MnO; received
supportive evidence from studies of magnetic reso-
nance spectra[14].

We present here the data obtained in an experimen-

tal  investigation of magnetic resonance in
L&, 7Py sMnO; crystals exhibiting CMR.

2. EXPERIMENTAL

All experimental studies were performed on single-
crystal La; _,Pb,MnO; samples grown by spontaneous
crystallization from a solution in melt. A characteristic
feature of the technology employed was that PbO and
PbF, were used as the solvent while simultaneously
providing the required amount of Pbinthecrystals. The
composition of the batch consisting of La,0O3;, MnO,,
and the solvent was chosen so asto obtain a Pb concen-
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tration of X~ 0.3. The crystalswere grown in aplatinum
crucible. The technological regime chosen permitted
one to grow crystals with an average sizeof 5x5x 5
mm. X-ray diffraction analysis of the single crystals
obtained confirmed that the structure and the lattice
parameters correspond to x ~ 0.3. The samples prepared
for the study were plates measuring 4 x 2 x 0.1 mm
whose face coincided with one of the principal symme-
try planes of the crystal and whose plate surfaces were
polished. The external magnetic field was aways
applied aong the sample plane. The electrical resistiv-
ity p and the magnetoresistance Ap/p, = (p(0) —
p(H)/p(0)) x 100% of the samples were measured by
the standard four-probe method. The magnetic reso-
nance spectrawere measured with a 10-GHz spectrom-
eter operating in the traditional arrangement with rf
modulation of the magnetic field and with a spectrom-
eter with frequency v tunable within the range 24—
80 GHz and with a pulsed magnetic field.

3. RESULTS AND DISCUSSION

The La,,Pb,sMnO; single crystals grown by us had
aferromagnetic (FM) phasetransition temperature T [
360 K. The maximum magnetoresistance in amagnetic
fieldH = 10 kOewas 20% at T ~ 330 K (Fig. 1a).

The main feature in the magnetic resonance spectra
of the crystals under study is the presence of two well-
resolved absorption lines within a broad temperature
interval below the Curie point T.. The temperature
behavior of the absorption line parameters for the fre-
guency v = 10 GHz is shown in Figs. 1b and 1c. We
believe that the line denoted by F is due to resonance
from the crystal regions in the FM state. The F line
appears only below the temperature T... The decreasein
the resonance field H, with decreasing temperature is
associated with anisotropic interactions, namely, with
increasing magnetic crystallographic anisotropy and
shape anisotropy. As the temperature drops below T,
line P observed in the PM state of the sample (T > T)
changes its position only insignificantly and its reso-
nancefield H, does not depend on the sampl e shape and
the orientation of the external magnetic field in the
crystal. The dlight increase in H, in the temperature
range 340-350 K may be associated with a change in
the g factor caused by local |attice distortions. Such dis-
tortions initiated by strong electron—phonon coupling
were observed to exist in anumber of impurity-contain-
ing perovskite manganites near the transition to the FM
state [1]. Figure 2 shows spectra recorded at different
microwave-radiation frequenciesat T = 320 K.

That the P and F lines are due to resonance absorp-
tioninthe PM and FM regions, respectively, is convinc-
ingly argued for by the behavior of their frequency vs.
field relations (inset to Fig. 2). Studies performed on
spherical samples reveal acomparatively low magnetic
crystallographic anisotropy (the effective anisotropy
field does not exceed 100 Oe even at T = 80 K); there-
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Fig. 1. Temperature dependences (a) of the electrical resis-
tivity p and magnetoresistance Ap/pg in a magnetic field
H = 10 kOe and of (b) the resonance field and (c) linewidth
of the ferromagnetic (F) and paramagnetic (P) absorption
lines in the magnetic resonance spectrum (v = 10 GHz).

fore, the frequency vs. field dependences for the
absorption lines of ferromagnetic resonance should be
determined primarily by shape anisotropy. For the
geometry of our experiment (with the external mag-
netic field parallel to the sample plane), one can write

%’ = [H,(H, + 41tM )] ™2, 1)

where w = 2ntvis the circular frequency, y = (gug/h) is
the gyromagnetic ratio, and M; is the effective magne-
tization, which, in the general case, isdifferent fromthe
true value M, because of the crystallographic anisot-
ropy and possible magnetic inhomogeneity of the crys-
tal. For the PM regions, we have asimple relation,

%’ = H,. )
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Fig. 2. Magnetic resonance absorption spectra recorded at
different microwave frequenciesv at T = 320 K. Inset: fre-
quency vs. field plots of the two lines observed in the mag-
netic resonance spectrum at T = 320 K; the solid lineis a
plot of Eq. (1), and dotted lines are linear extrapolations of
therelations.
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Fig. 3. Ferromagnetic-to-paramagnetic absorption line
intensity ratio I¢/I, in the magnetic resonance spectrum
plotted vs. microwave radiation frequency; T = 300 K.

Indeed, the frequency vs. field relations for the two
observed absorption lines in the spectrum are in full
agreement with Egs. (1) and (2) (inset to Fig. 2).
Because the intrinsic magnetic crystallographic anisot-
ropy is small, we succeeded in moving the FM and PM
absorption line resonance fields apart by properly
choosing the sampl e shape and geometry of the experi-
ment, thus permitting reliabl e separate measurement of
the lines to be made. The temperature behavior

PHYSICS OF THE SOLID STATE Vol. 44 No. 7

VOLKOV et al.

ATM 4 (T) derived from the temperature dependences
of the resonance field H,(T) of the ferromagnetic reso-
nance line with due account of Eqg. (1) is almost identi-
cal to that of the magnetization 41iMy(T) found from
static measurements.

In addition to the proof of the existence of a two-
phase paramagneticferromagnetic state, this study
produced another important result; namely, we demon-
strated the possibility of controlling the phase volume
ratio in a sample by means of an external magnetic
field. Thisisillustrated by Fig. 2, which shows that an
increase in the microwave radiation frequency v and,
hence, in the magnitude of the external magnetic field
H brings about an increase in the intensity of the FM
absorption line and a decrease in that of the PM line.
Figure 3 plotsthe FM-to-PM lineintensity ratio I/l as
a function of the microwave radiation frequency at
which the magnetic resonance spectra were measured.
This situation can be considered to be a control of the
phase volume ratio through proper variation of the
external magnetic field. An increase in H gives rise to
an increase in the FM phase volume and a decrease in
the PM phase volume in a sample. One should note,
however, that other factors, for instance, variation of the
magnetization M,, can al so contributeto the intensity of
the ferromagnetic resonance absorption line. However,
the frequency vs. field dependencefor the FM lineisfit-
ted well by Eqg. (1) with aconstant value 41iM 4 = 2 kOe
(seeinset to Fig. 2); hence, the FM regions were mag-
netized to saturation in the magnetic fields for which
the measurements were carried out. We also analyzed
the temperature behavior of the FM and PM absorption
line parameters recorded at different microwave radia-
tion frequencies. We focused our attention on the tem-
perature dependence of the resonance line intensities.
The intensity was calculated as the area under the
absorption curve. Because of a partial overlap of the
spectral lines, we assumed the absorption lines to have
a L orentzian shape. Figure 4 shows temperature depen-
dences of the FM-to-PM line intensity ratio obtained
when measuring magnetic resonance spectra at 10 and
78 GHz. Note the smooth course of the I/I, tempera-
ture dependence, except the region of T ~ 310-350 K,
where peak-shaped features are observed. The higher
the frequency at which the spectra are measured, the
stronger thesefeatures are. Interestingly, the peak in the
/I, temperature dependences lies in the temperature
region where the magnetoresistance Ap/p, isthe largest
(Fig. 1a).

The mechanisms responsible for the formation of
the heterogeneous state and the role played by this state
in the CMR phenomenon are fundamental problemsin
the study of inhomogeneous states in manganites. It is
believed that the complexity of the (x, H, T) phase dia-
gram of these materials results from the spin, charge,
and orbital subsystemsbeing strongly coupled. At some
specific doping levels, the subsystem interaction ener-
gies responsible for the formation of these phases
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become comparable and the inhomogeneous state with
phase separation can be the ground state. The variants
that are mainly discussed in theliterature are asfollows.

(i) Phase separation into regions with different elec-
tron densities. The inhomogeneities typically measure
a few nanometers in this case, i.e., a few lattice con-
stants[15, 16].

(if) An aternative mechanism involves phase sepa-
ration into regions with equal electron concentrations,
i.e., into antiferromagnetic (or PM) regions with local-
ized electrons and FM regions with itinerant carriers
[17]. It is assumed that this phase separation can be
caused by arandom distribution of impurity ionsin the
crystal lattice, which produces a random change in the
magnitude of the exchange integral. This makes the
ordered (homogeneous) state unstablein the vicinity of
the phase transition to the FM state. The clusters form-
ing in this case can reach micron size. In the case of an
inhomogeneous impurity distribution, this scenario
does not reduce to a trivial chemical separation of a
sampleinto phases having, for instance, different Curie
temperatures T.. At the same time, this variant cannot
be disregarded in the more general context of phase
separation in manganites.

The magnetic resonance method used by us here to
study inhomogeneitiesin La, -Pb, sMnO; samplesis of
anintegral character, and, therefore, the problem of the
size of inhomogeneities and of the topol ogy of theinho-
mogeneous state remains open. It is believed that the
first scenario of electronic phase separation operates at
low concentrations X, although estimates [15] do not
exclude the possibility of this mechanism being also
operative at higher concentrations. Nevertheless, phase
separation associated with a random impurity-ion dis-
tribution appears to be a more realistic process for x ~
0.3 compositions; this can be supported experimentally.

Our experimental data suggest an inference of fun-
damental significance, namely, that the heterophase
statein Lay -Pb, sMnO; is sensitive to the strength of an
external magnetic field. This is a persuasive argument
in support of the electronic phase separation mecha-
nism, because the effect of external magnetic field can-
not be expected to be strong in the case of chemical
inhomogeneity. Indeed, in the latter case, the sample
would actually be a multiphase system with a different
T for each phase. Obviously enough, in such asample,
the FM and PM phases should coexist in the vicinity of
the transition from the PM to the FM phase (which is
also observed experimentally in our case), but the T,
point in each region should not depend on the external
magnetic field. Another point of interest is that all the
features in the magnetic resonance spectra of the two-
phase PM—FM system are observed in the region of the
peak in the temperature dependence of magnetoresis-
tance. This suggests arelation between the phase sepa-
ration and the manifestation of the CMR effect in the
materials under study. It is known that the CMR findsa
straightforward interpretation in terms of the percola-
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Fig. 4. Ferromagnetic-to-paramagnetic absorption line
intensity ratio I¢/I;, in the magnetic resonance spectrum

plotted vs. temperature. The relations are presented for the
spectra measured at the microwave frequencies v, =

10 GHz and v, = 78 GHz.

tion mechanism [8]. At the same time, the origin of the
peaksin the temperature dependences of the FM-to-PM
absorption-line intensity ratio I¢/l, in the magnetic res-
onance spectrum remains unclear. If our suggestions
that the main contribution to I¢/1, is from the magneti-
zation M, of the FM phase and from the volumeratio of
the FM and PM phases are correct, one could expect the
relations to be smooth. It can be conjectured that in the
temperature region where the features are observed, the
two-phase state has a complex topology. The energies
governing the ground state of the crystal are apparently
in a delicate balance; this entails, as a consequence, a
high sensitivity to variations in temperature and exter-
nal magnetic field.

4. CONCLUSION

Thus, our experimental study of magnetic resonance
spectra in Lay;PbysMnO; crystals exhibiting CMR
revealed the existence of two magnetic phases below
Te. The analysis of the frequency vs. field dependences
of absorption spectra permitted their identification as
the PM and the FM phase. Studies carried out over a
broad frequency range showed the mixed phase state to
be sensitive to the magnitude of an external magnetic
field. Thisfinding, aswell as the specific featuresin the
behavior of the magnetic resonance parameters
observed in the CMR region, suggests that the mecha-
nism of electronic phase separation is operative in this
system.
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