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The evolution of magnetic and electric properties of the narrow-band manganite Nd,;3Ca;;sMnO; was Q3
studied by the electron-spin resonance (ESR), static magnetic field (dc) and resistivity techniques in the
temperature range of 100-380 K. It was found that below the charge ordering temperature, Tco ~ 212 K,
the compound is a mixture of the charge ordered and charge disordered phases in varying proportions
depending on the temperature. The exchange phase process, when the amount of the charge ordered
phase increases under cooling, while the amount of the charge disordered phase decreases is the most
intense between ~220 K and 180 K. At low temperatures, T < 160 K, the charge ordered to the charge
disordered phase ratio is about 4:1, which is in excellent agreement with previous neutron diffraction
data. Both a sharp decrease of the magnetic susceptibility and a huge resistivity increase are evident of
the weakening of ferromagnetic correlations and suppression of the double exchange interaction across
the charge ordering due to the localization of the charge carriers.

© 2016 Published by Elsevier B.V.

1. Introduction

Among the currently known magnetic materials magnetic
oxides play a special role due to their unique physical properties
and practical application. Mixed valence manganites are widely
studied in the past two decades because of the effect of colossal
magnetoresistance (CMR) [1-3]. Such compounds with a general
formula R; _,M,MnOs (where R and M are a rare earth and a di-
valent elements, respectively), containing two types of ions, Mn3+
and Mn“**, in a ratio which is determined by the concentration of
divalent element x, crystallize in a perovskite structure. Exotic
properties of these compounds are determined by a strong cou-
pling between magnetic, charge and lattice degrees of freedom. It
was found that many of these compounds are single-phase above
room temperature, but they become spontaneously phase sepa-
rated when cooled below this temperature, and represent more or
less dispersed mixture of two or more phases, which differ in
crystal structure, electronic structure, magnetic properties. Phase
separation phenomena play a key role in the physics of this class of
materials [3-6]. Mechanisms of the spontaneous phase separation
are still not fully understood, that does not permit to control the

* Corresponding author.

http://dx.doi.org/10.1016/j.jmmm.2016.03.022
0304-8853/© 2016 Published by Elsevier B.V.

process by means of the external factors, such as temperature,
magnetic field or pressure.

Charge ordering (CO) tightly connected with phase separation
is one of the most interesting phenomena observed in mixed va-
lence manganites. The CO implies the real space ordering of the
Mn3* and Mn** ions which occurs on cooling below a certain
temperature, Tco. As charge plays an important role in the ex-
change coupling in such compounds, the CO is expected to induce
an anomaly in the magnetic behavior of the compound. In a nar-
row band Nd,;Ca;;3sMnO; CMR perovskite the charge ordering
takes place at Tco~212 K [7]. The results of our previous studies are
consistent with its martensitic scenario. Martensitic phase trans-
formations are diffusionless collective phase transitions of the
first-order type leading to the coexistence of high-temperature
and low-temperature phases in a wide temperature range. Such
transformation proceeds via an atomic rearrangement that in-
volves a collective shear displacement. It is accompanied by the
development of the phase segregated state in a wide temperature
range, in which the high temperature crystal phase and the low
temperature one coexist. On cooling, the growing low temperature
phase induces stress (so-called accommodation strains) to other
regions of the same crystallite, preventing them from transfor-
mation. As a result, further cooling is needed for further growth of
the martensitic phase. It is assumed that cooling of
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Nd,/3Ca;;3sMnO; below T leads to a coexistence of the low-
temperature charge-ordered and the residual charge-disordered
phases similar to that reported in Ref. [8]. Further cooling results
in a magnetic phase separation as the charge-ordered domains
become antiferromagnetic, while the residual charge-disordered
phase stabilized by accommodation stresses becomes a ferro-
magnetic one [9]. A series of successive magnetic phase transitions
was found by neutron diffraction study. On cooling,
Nd,;sCa;;3MnO; undergoes two antiferromagnetic transitions at
130 K and 80 K, and a ferromagnetic one at 60 K [10,11]. It leads to
the antiferromagnetic (AFM) - ferromagnetic (FM) phase sepa-
rated state at low temperatures. The exchange bias effect recently
found is evident of the AFM - FM phase separated state as well
[12].

In this work, we report on the electron-spin-resonance (ESR),
static magnetic field (dc) and resistivity studies of Nd;;3Ca;;3sMnOs.
The electron-spin-resonance is a useful tool for studying phase
diagrams of complex magnetic materials both in the paramagnetic
regime (normal ESR) [13-15] and in the mode of magnetic or-
dering (ferromagnetic resonance, FMR) [16,17]. A significant ad-
vantage of the ESR technique is a good sensitivity to both magnetic
and structural inhomogeneity [18,19]. It allows us to study the
magnetic multiphase state, what is not always possible with other
techniques [20]. The present study is aimed to contribute to un-
derstanding of spontaneous phase separation in complex oxides.

2. Experimental details

The Nd,;3Ca;;3sMnO; ceramics were prepared by a standard
solid state reaction technique from the stoichiometric amounts of
the respective oxides [21]. The ESR studies were carried out over
100-380 K using an X-band ELEXSYS E500 EPR spectrometer in
the X- and K-band (f=9.46 GHz and 24.3 GHz, respectively) on the
ceramic and powder samples. The ceramic sample was prepared as
a cylinder with both diameter and height of about 3 mm. The
powder sample was prepared from the ceramic one by grinding. A
characteristic particle size of the powder sample was below
0.1 mm.

Magnetic measurements were made using the Quantum Design
Magnetic Properties Measurement System (MPMS) and a non-
commercial superconducting quantum interference device
(SQUID) magnetometer at various applied magnetic fields up to
50 kOe in the temperature range of 2-300 K. Resistivity mea-
surements were done using a standard four-point technique at a
frequency of 30 Hz in the 100-300 K temperature range.

3. Results

3.1. Dc magnetization and resistivity study: the ferromagnetic cor-
relations across the charge ordering

Temperature dependent M(T) curves for Nd;;3Ca;;3sMnO3; mea-
sured in external magnetic fields of H=0.02-50 kOe demonstrate
a pronounced shoulder in the vicinity of the charge ordering
transformation, Tco~212 K (Inset in Fig. 1). In paramagnetic state
(above Ty~130 K), the temperature dependent inverse dc magnetic
susceptibility curves 1/y measured in all the applied magnetic
fields are seen to coincide both above and below T (Fig. 1). The
external magnetic fields up to 50 kOe do not affect the charge
ordering temperature. The 1/y (T) curves change their slope across
the charge ordering. The paramagnetic Curie temperatures are
defined as ©®;~132 K in the 225-255 K temperature range and 6,
~90K in the 140-195 K range. The positive Curie temperatures
are evident of the ferromagnetic correlations both above and
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Fig. 1. Temperature dependent inverse dc magnetic susceptibility 1/y (T) measured
in different magnetic fields. Inset: temperature dependent dc magnetization M(T)
in different magnetic fields.

below Tco. Decrease of the © value across the charge ordering
implies the weakening of the ferromagnetic correlations, resulting
in a drop of the susceptibility. It is associated with a suppression of
the double exchange interaction due to the localization of the
charge carriers and well agrees with temperature dependent re-
sistivity behavior.

Fig. 2 shows the temperature dependence of resistivity for
Nd;/3Ca;;3MnOs. It can be seen that the resistivity shows a semi-
conductor-like transport behavior, and increases steeply around
Tco~212 K, which is defined as corresponding peak of the re-
sistivity derivative (Inset in Fig. 2). The resistivity changes about
three orders of magnitude when cooling from 300 K to 150 K.
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Fig. 2. Temperature dependence of the resistivity for Nd,;3Ca;;sMnO3; measured at
30 Hz. Inset: the temperature dependence of the derivative of resistivity around
Tco.
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Fig. 3. (a) The ESR spectra for the ceramic and powder Nd,/3Ca;;3MnO3 samples obtained in the X-and K-frequency bands at different temperatures. The resonant lines of the
ceramic sample are shown both for the temperatures above and below T ~ 212 K. (b) Examples of the different fitting of the experimental ESR spectra: the fitting using one
Lorentzian curve (thin solid lines in the upper and lower graphs) and comparison of the fitting using one or two Lorentzian curves (thin solid lines in the middle graph; for
the case of two Lorentzians the fitted curve coincides with the experimental one). The dotted and dash-dotted lines in the middle graph are the two components of the

summary curve.

3.2. ESR spectra

Fig. 3a shows the characteristic curves of the ESR absorption
spectra obtained from the magnetic resonance studies of both the
ceramic and powder Nd,;Ca;;3sMnO; samples in the X-and K-
frequency bands at different temperatures. A single resonance line
with a linewidth of the order of the resonance field value is ob-
served for both samples. The resonance field value corresponds to
the g-factor value g~ 2 [19].

The ESR lines for the ceramic sample are asymmetric relative to
the zero line (horizontal dotted lines in Fig. 3a) in both frequency
bands. The degree and character of the asymmetry are dependent
on temperature. An attentive look at the ESR spectra allows one to
distinguish three temperature ranges with different ESR line
shapes: (1) T> Tco; (2) T< Tco; (3) T~Tco. These features will be
discussed in more detail below. The resonance line for powder
sample is symmetrical over the entire temperature range under
study.

3.3. ESR spectra processing

The observed asymmetry of the ESR lines may be caused by
two reasons: (i) the dispersion effects due to the presence of
conductive regions [13,22], (ii) the existence of two (or more)
phases with different resonant characteristics [20]. The results of
the X-and K-frequency band experiments taken separately cannot
unambiguously suggest which of the options is valid. However, the
comparison of these results with each other and with those ob-
tained for the powder sample allows one to come to a firm con-
clusion that at T> T, the option (i) is valid, while at T < T¢o the
option (ii) is realized (see Section 4 for details).

At the first stage, the Dysonian derivative line is chosen as a
fitting curve for the analysis of the spectra [22]:

p d (A[ AH + a(H — Hyes) AH — a(H + Hyes) ]]

dH ~ dH\"| 4(H = Hes?? + AHZ * 4(H + Hyes? + AH? a

where AH is the half-width of the resonance line, H,, is resonance
field, A is the area under the absorption curve, @ is asymmetry
coefficient, which is the dispersion to the absorption ratio [23,24].
Generally, the second term in Eq. (1) can be neglected, but not in
the case of AH~H,¢ [22].

In the particular cases when the experimental data can be
successfully fitted using the first term in Eq. (1) only, the fit line is
called a modified Lorentzian. In addition, if the line is symmetric
(a=0), it is called a common Lorentzian.

Fig. 3b shows the fitting results (solid lines) of the experimental
ESR spectra using Eq. (1) at several temperatures. At T > T, all the
resonance lines both for X- and K-bands are well described by a
single line (Eq. (1)); a standard deviation A, of the spectra nor-
malized to the height of the first peak is about 10~>. However, at
T < Tco the K-band resonance curve of the ceramic sample ap-
peared to be better described by two lines (Eq. (1)). Central graph
of Fig. 3b compares the results of the fitting of the experimental
ESR spectra at T=125 K with one or two Lorentzian curves. In the
latter case, the A,~107>, which is much less then A,~10—* for
the fitting by a single line. The validity of this two-line approach,
which is initially based on mathematical considerations, will be
substantiated by (i) the results of a rigorous analysis of the ESR
spectra evolution and (ii) broad discussion of the features of the
manifestation of CO phenomena in magnetic and resonance
properties of manganites (see details in Section 4), which will lie
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Table 1
The parameters obtained by magnetometry and ESR techniques.
T, K @ K-emu Ocw®, K Lo AH..(©, kOe esr D, K p, Ohm cm 8¢, mm
' "Oe-g
1 T> 240 0.031 132 2.021 6.3(5.35) 135 ~1 0.5(0.3)
2 150 <T<210 0.042 90 2.026 5.55(4.75) 90 ~1000 16.4(10.2)

firm and unambiguous physical foundation for the above de-
scription of the underlying processes.

Below, the analysis of the results is organized as follows. First
ESR data are analyzed on the assumption that over the entire
temperature range the ESR spectrum consists of a single asym-
metric absorption line. This approach allows selecting the tem-
perature regions with identical ESR spectra characteristics and
determining the ranges of abnormal behavior. Then an attention is
focused on the analysis of the K-band spectra as they proved to be
more informative. It is shown that at T< Tco the single-line ap-
proach encounters a number of difficulties. For this reason, the
spectra at T < Tp are decomposed into two resonance absorption
lines and detailed analysis of the temperature dependent para-
meters of each of these lines is done.

4. Discussion
4.1. X-band ESR spectra for the ceramic Nd;/;3Ca/;sMnO3

X-band ESR spectra of the Nd;3Cai;sMnOs; ceramic sample
have been well fitted by a modified Lorentzian. Fig. 4 shows the
temperature dependences of the resonance field H,.; and line-
width AH obtained from the modified Lorentzian fitting. Both
dependences demonstrate sharp anomalies in the phase trans-
formation temperature region in the vicinity of Tco~212K.
Anomalies of the resonance curves observed below 150K are
evident of the gradual evolution of the resonant properties of the
compound caused by the antiferromagnetic phase transition at Ty
~ 130K [10]. The temperature behavior of the ESR linewidth
provides information about the degree of the inhomogeneity of
the system and a character of its magnetic relaxation [19]. Usually,

ceramics (X-band)
12.10

s (KO€)
g eff

H

12.02

AH (kOe)

0' |
‘f("'l"ll‘..-
S @

200} i

1
L

120 200 280 360
T (K)

Fig. 4. Temperature dependences of the resonant field H,.,(T) and effective g-factor
Zegr (2), linewidth AH(T) (b) and AH-T-4(T) (c). Solid lines represent fits using the
models described in text.

AH Ty
(K emu/g)

in lanthanum-substituted manganites, the ESR linewidth increases
with increasing temperature T > 11T, [25,26] which is associated
with the spin-phonon relaxation [27,28] (here, T, is a temperature
of a magnetic phase transformation). At the same time, the line-
width grows fast in the vicinity of the magnetic phase transition
temperature T (T <T<S11T) [25,29]. A similar behavior has
been observed in the vicinity of the different phase transforma-
tions, such as the ferromagnetic, antiferromagnetic and/or charge-
ordering transitions. In the isotropic case, the linewidth can be
described by the expression [25]:

C

AH(T) T (D) KT +f©)]1, @
where C is a Curie constant, y(T) is magnetic susceptibility, K(T)
and fle) (where €=(T—T.)/T.;) are noncritical and critical con-
tribution to AH(T), respectively. Since the f{£) is essential only near
T.., at other temperatures AH(T) is determined by the temperature
dependent K(T) only. At T»T,, when the spin-spin interaction
predominates, AH(T) is AH,,=const as Ty (T) becomes equal to C
and K(T)=const [27].

In our case, the effective g-factor value, g ~ 2 (Fig. 3a), which is
close to a free electron value, is evident of the weak spin-orbit
interactions and the dominant spin-spin interactions [19]. Then to
fit the experimental data for T»T, the Eq. (2) can be written as:

AH(T) = He,

— A
Ty (D 3)

where yex,(T) is the experimental dependence obtained using the
magnetometry technique.

Using the dependence AH-T-¥(T) we can identify the range of
the non-critical behavior of AH(T) described by Eq. (3) and the
range of the critical changes described by the second term of Eq.
(2). The dependence of AH-T-y(T) (Fig. 4c) obtained from the
experiment shows two non-critical ranges (marked as 1 and 2)
demonstrating linear behavior determined by the Eq. (3), and two
critical regions in the vicinity of the charge ordering and magnetic
ordering, respectively. AH-T-x(T) dependences in the ranges
1 and 2 (Fig. 4c) are well approximated by horizontal lines with
parameters AH. ("~ 6.3 kOe and AH.®~5.6kOe. The Curie
constants C; and C, are calculated from the experimental y(T)
dependences (Fig. 1). All the obtained parameters are summarized
in Table 1. The model AH(T) dependences calculated using Eq. (3)
and the obtained parameters (Table 1) are shown as solid lines in
Fig. 4b. The model dependences both in the ranges 1 and 2 are in a
good agreement with the experimental data (Fig. 4c). It implies
that in these temperature ranges the AH(T) dependence is de-
termined by the relaxation processes only. The parameters AH,.(*
and AH,® characterize the state of the compound in these
temperature ranges [27].

(1) The Curie constants by magnetometry study.

(2) The effective g-factor by X-band ESR study.

(3) The high-temperature linewidth asymptote values in X-band
for ceramics and powder samples, AH,.%™™ and (AHPo"aer
), correspondingly.

(4) The Curie-Weiss temperatures calculated from ESR ;! (T)
dependence (Fig. 7).
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(5) The skin-layer thickness calculated using the experimental p
(T) dependence for X-band and K-band, x pana and (Sx_pand)s
correspondingly.

The critical AH(T) behavior in the vicinity of the phase transi-
tion is determined by the peculiarities of the transition, and de-
pends on the sample and the experimental parameters; in parti-
cularly, on frequency [12]. It should be noted that in the critical
temperature ranges the anomalous increase of the ESR line in-
tensity and the deviation of the y(T) dependence from the Curie-
Weiss law are observed [8,12,30]. The anomalous behavior is
usually explained by the appearance of anti-ferromagnetic corre-
lations when approaching magnetic phase transition temperature
[8]. In our case, there are two anomalous ranges, namely in the
vicinity of Tco~212 K and in the vicinity of Ty~130 K. The ferro-
magnetic correlations found when approaching the charge or-
dering temperature, T, from the high temperature range, are
evident of the enhancement of inhomogeneous state in the stu-
died compound. It agrees well with the increasing of the AH,,
value: AH,.® > AH_ ™. To confirm this suggestion the additional
ESR experiments were carried out in the K-band range for both the
ceramics and the powder samples.

4.2. K-band ESR spectra for the ceramic Nd;3Ca;;sMnOs

As it was discussed in Section 3.3 the possible reasons for the
resonance line asymmetry can be either dispersion effects due to
the presence of conductive regions or the coexistence of several
phases with different magnetic resonant properties. To check
these assumptions the ESR experiments have been carried out in a
higher frequency range of microwave radiation (K-band). The high
frequency experiments enhance a resolution of separate ESR re-
sonance lines |[1]. All the K-band ESR spectra of the
Nd;;3Ca;;3MnO3 ceramics were fitted using both (i) a single line
and (ii) a superposition of two lines approximations by Eq. (1) (see
Section 3.3). Let us discuss the obtained parameters.

Fig. 5 shows the temperature dependent asymmetry parameter
a obtained by single line fitting in X- and K-bands for the
Nd,;5Ca;;3sMnO; ceramic sample. According to the Dyson theory
[6], the a value is inversely proportional to a skin layer thickness &
at a given frequency f. The skin layer thickness is determined by
empirical formula §=503(p/uf)* where y,, is a magnetic per-
meability (for paramagnetic materials y,,, ~ 1), fis a frequency and
p is a resistivity. The average X-band and K-band skin layer

Ceramics

6“ 15} ¢ X-band
- 10
“E’ A K-band L
c 5l (single line)
> PO,
7y
<

O_

130 180 230 280

T (K)

Fig. 5. Temperature dependent asymmetry parameters « obtained by single line
fitting in X- and K-bands for the Nd,/3Ca;;sMnO; ceramic sample.

thicknesses, &x and &, correspondingly, were estimated using the
experimental temperature dependence of the resistivity (Fig. 2). It
was found that in the high temperature range (T> 230 K) 57
~1.02 mm, whereas the ceramic sample characteristic size is
about 3 mm. The 64T appeared to be about one order of magni-
tude less than the low temperature (140 K < T < 200 K) skin layer
thickness, 5x'". Besides, the high temperature Sy is approximately
1.6 times higher than Jk, which leads to the increase of the
asymmetry parameter  with increasing frequency on going from
X- to K-band (Fig. 5). It implies that at T> 230K the line asym-
metry is caused by the skin effect. At the same time the line
asymmetry in the 200 K< T< 230K temperature range is asso-
ciated with the charge ordering phase transition at Tco ~ 212 K.

Thus the estimations indicate that at high temperatures the
resonance lines asymmetry is associated with the skin effect,
while at low temperature it is originated from the phase separated
state of the compound.

Based on the idea of the coexistence of two phases with dif-
ferent magnetic properties below T ~ 212 K in Nd3;3Ca;;3sMnOs,
at T < T¢o the K-band ESR spectra have been fitted by a sum of two
resonance lines, A’ and M, and by a single line A at T > T, (Fig. 6).
The resonance parameters of the two components, A’ and M, ap-
peared to be strongly different. Temperature dependences of the
resonant field H,.(T) are similar for lines A and M, while it is
different for line A’ (Fig. 6a). The M linewidth AH(T) is essentially
larger than the A and A’ linewidth (Fig. 6b). The important point
observed in the temperature dependent relative intensities I(T) of
the lines A’ and M (Fig. 6¢) is that the intensities I of these two
lines redistribute below Tqo. This certainly reflects the exchange
phase process typical of a martensitic phase transformation. Below
the charge ordering temperature the intensity of the M line in-
creases while the intensity of A’ decreases on cooling down to
about 160 K. On further cooling the intensities of both lines remain
constant (Fig. 6). It is known that the ESR line intensity is

Ceramics (K-band)

—~ i a I H |
S 89 Peon o -
= 7 o Adline
2 -line
T 84} ety oo e T ]
R ) : : : X : :
o 0O NI
9 4.2+ oo ¢ : R
T oa o T
q 28 20 % 0:0-0-0-0-0-0-0
)
—~ 1.0 _(c) (%oooo-o-o-o-o-o-o-o 1
- PO |
S o5t 2 * | |
— 2 ax 24 :
OO i 1 " N 1 W 1 N N 1
120 180 240 300

T (K)

Fig. 6. The temperature dependences of the resonance field H,.,(T) (a), linewidth
AH(T) (b) and relative intensity I(T) (c) of the resonance lines (A, A’ and M) for
ceramic Nd;3Ca;3MnOs at K-band frequency. The straight solid line (panel a) is a
guide for eyes.
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proportional to both the magnetic susceptibility and the amount of
the material under study [1]. Then a redistribution of the in-
tensities between A’ and M lines below T, implies the redis-
tribution of the phase fractions which correspond to these signals.
The line M is associated with the charge-ordered phase and the
line A’ is associated with the residual charge-disordered phase
which is an excellent agreement with our previous neutron dif-
fraction study and martensitic nature of the charge ordering
[7,10,11,31,32]. One should note that this conclusion is in good
compliance with the results obtained on other materials exhibiting
complex phase separated state. It was shown that the transition
into charge ordered phase may not lead to dramatic changes in the
resonance field [33,34], but the resonance line of this phase is
usually strongly broadened within the whole range of the phase
existence [33-35]. On the other hand, the appearance of the cor-
relations of a new phase (either charge ordered or ferromagnetic)
within the charge-disordered phase is expected to give rise to
noticeable changes in the resonance field of the latter [36].

At low temperature (T<160 K), the intensities ratio of the A’
and M lines is nearly constant I4.:Iyy~1:4. Since the magnetizations
of both phases are very close, one can expect that the ratio of the
volume fractions of the corresponding phases is near 1:4. This is in
a good agreement with neutron diffraction data which provide
evidence of the coexistence of the charge disordered residual FM
phase and the charge ordered AFM phases in the same ratio at low
temperatures [11]. A broadening of the M line compared to the A
and A’ ones indicates a greater degree of inhomogeneity of the
charge-ordered regions which is associated with the martensitic
non equilibrium mechanism of their formation driven by internal
stresses. The phase redistribution reflects a martensitic kinetics of
the charge ordering which is the most intense in the 220-160 K
temperature range. The charge ordered phase predominates below
160 K, thus determining the properties of the compound; in par-
ticular, a reduction of its magnetic susceptibility (see Fig. 1).

4.3. ESR spectra for the powder Nd/3Ca;;3MnO3

In order to eliminate the influence of the skin effect on the ESR
spectra, a powder sample was studied both in the X- and K-bands.
All the obtained ESR spectra are symmetrical in the whole tem-
perature range of 110 < T < 300 K that indicates that the role of the
skin effect has become negligible. The experimental spectra were
approximated by a single common Lorentzian line (Section 3.3).
The temperature dependent resonance field, linewidth and spectra
intensity obtained for the powder sample in the K-band are shown
in Figs. 7a, b and 8, respectively. The obtained resonance field

T
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Fig. 7. Temperature dependent (a) resonance field H,.s, (b) linewidth AH and the
AH-T-y obtained in the K-band for powder sample. The diamond symbols (panel
(a)) represent H,.s(T) of the resonance M line for the ceramic sample. The dotted
lines (panel (b)) are linear fits for the non-critical regions Eq. (3).
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Fig. 8. Temperature dependent normalized ESR intensity I"™(T) for powder (K-
band) and ceramic (X-band) samples. The inset shows the dependences I~ '(T) and
x~ UT). The solid lines are linear fits.

values for the powder and ceramic Nd,3Ca;;3MnO3 samples are in
excellent agreement (Fig. 7a). Both the powder sample and cera-
mic samples demonstrate anomalies of the linewidth AH(T) and
the line intensity I(T) dependences evident of the phase transition
in the vicinity of Tco. The temperature dependence of AH-T-y is
characterized by non-critical and critical regions similar to those
discussed earlier for the ceramic sample (Section 4.1). These facts
imply that Nd,;3Ca;;3MnOs undergoes the charge ordering phase
transition in the vicinity of Tco~ 212 K regardless of ceramic or
powder (d < 0.1 mm) formes.

All the ESR spectra for the powder sample are symmetrical
which does not imply a superposition of two different signals. It
has been found that the powder K-band resonance line cannot be
uniquely fitted by a sum of two lines as it was done for the cera-
mics. At the same time, the temperature dependence of the in-
tensity, I(T), for the powder sample differs from the one for the
ceramic sample: it is less abrupt in the charge ordered state
(Fig. 8). Furthermore, the temperature dependent inverse intensity
I~Y(T) corresponds well to the temperature dependent inverse dc
magnetic susceptibility ¥ ~!(T) at T> 150 K (Fig. 8, inset). The cri-
tical temperatures O.s{") ~ 135 K and 6,,(® ~ 90 K, obtained from
the ESR dependences I~ !(T) are in excellent agreement with the
paramagnetic Curie temperatures ©&;~132K and @,~90K ob-
tained by the magnetometry technique. The difference in the ESR
spectra for the ceramic and powder samples is associated with the
different level of their internal stresses. The charge ordering phase
transition is a fundamental property of Nd;3Ca;;3MnOs, it takes
place in near Tcp ~ 212 K both for the ceramic or powder samples.
It leads to the abrupt weakening of the ferromagnetic correlations
on cooling across T due to the localization of the charge carriers
and a suppression of the double exchange interaction.

5. Conclusions

In summary, we have studied the temperature behavior of
Nd,/3Ca;;3MnO; across the charge ordering transition using the
electron-spin resonance, static magnetic field and resistivity
techniques. All the characteristics obtained, the ESR parameters,
magnetic susceptibility and resistivity, demonstrate clear
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anomalies evident of the charge ordering phase transition near T¢o

~ 212 K. The electron spin resonance study has revealed that be-
low the charge ordering temperature the compound is a mixture
of two phases, which are present in different proportions below
Tco. The phase fraction of the charge ordered phase increases on
cooling between ~220 K and 160 K, while the phase fraction of the
charge disordered phase decreases. At low temperatures
(T<160K) the charge ordered to the charge disordered phase
ratio is about 4:1, which is in excellent agreement with our pre-
vious neutron diffraction results. The exchange phase process re-
vealed reflects the martensitic nature and Kinetics of the charge
ordering in Ndy;3Ca;;3sMnOs. The temperature dependent reverse
dc susceptibility shows a clear stepwise behavior which is evident
of the weakening of the ferromagnetic correlations and suppres-
sion of the double exchange interaction across the charge ordering
due to the localization of the charge carriers. It agrees with the
temperature dependent resistivity behavior.
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