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It is widely accepted that there is Griffiths phase (GP) present
in the paramagnetic phase in doped manganites. We studied
the effect of quenched disorder on the region of GP in con-
nection with the temperature dependence of the line width
(AH) of the electron paramagnetic resonance (EPR) in
Lay ¢7.0.Nd,,Cag33_,Sr,MnO;3 (x=0, 0.1, 0.15, 0.2 and 0.25).
With this approach it is found that AH(T), the minimum in

1 Introduction In the 1950s Zener [1] developed the
double exchange mechanism (DEX) to correlate the ferro-
magnetic ground state and the electronic transport proper-
ties of the perovskite manganites Ln, ,A MnO; (Ln = La*",
Nd*, etc. and A = Sr*', Ca*', etc.). In the 1990s the colos-
sal magnetoresistance (CMR) in the vicinity of the ferro-
magnetic metal to paramagnetic insulator transition tem-
perature (7¢) of the pervoskite manganites was observed
and has been a central topic of research in the field of con-
densed matter physics [2]. However, it is found that DEX
alone is insufficient to elucidate the complicated properties
of the CMR. Additional effects, e.g. lattice distortion,
phase separation and intrinsic inhomogeneity, are reported
to play additional important roles in these materials [3].
Recently mixed phase tendencies (formation of spin
clusters) in CMR systems have been widely accepted
to be the emerging picture to unravel the CMR mecha-
nism(s) [4]. Intrinsic inhomogeneity was determined in
(Lay 4Eu6)o,PbosMnO; single crystals by means of elec-
tron paramagnetic resonance (EPR) [5]. It was observed
that at a temperature (7* = T,,;,) well above T, ferromag-
netic clusters appear which in turn produce magnetic fluc-
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the line width (AHy,;,) and Ty, are reproduced. With increas-
ing values of the quenched disorder the values of AH,,;, are
found to increase. A numerical relation that correlates the
temperature range in which GP exists and the cation size dis-
order is obtained and found to be in agreement with some re-
ported data.
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tuations. These results are in line with those reported for
La,_Sr,MnO; [6] where it was reported that there is a
novel triangular phase regime which is characterized by
the existence of ferromagnetic entities in paramagnetic
phase far above T.. The nature of this phase could be in-
terpreted in terms of a Griffiths singularity arising due to
the presence of quenched disorder (QD) in the orthorhom-
bic phase of these types of materials. Griffiths [7] showed
that the essential singularities would develop in a tempera-
ture range T.(P) < T < T, where P is the disorder param-
eter and Tj is the new transition temperature scale corre-
sponding to 7 [1]. The phase in this temperature range is
termed the ‘Griffiths phase’ which is characterized by a
random distribution of dilute magnetic entities and slow
spin dynamics [8]. In manganites the QD is caused by the
random distribution of the ions in the pervoskite A-site in
Ln, AMnO; (Ln=La*, Nd*, etc. and A =Sr*, Ca®,
etc.). The magnitude of the QD can be evaluated by the
variance of the ionic radii of the cations Ln and A respec-
tively. The QD has a role in smearing out the first-order
transition between competing phases which induces inho-
mogeneities inherent to CMR. Among the techniques used
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to determine the spin clustering and inhomogeneity is
EPR, which is a very sensitive tool for investigating the
interaction of magnetic origin and spin correlations.
From the EPR line width (AH(T)), it is possible to find
clues to the coupling strength, spin relaxation and suscep-
tibility. Oseroff et al. [9] have shown that CMR man-
ganites produce unusual linear AH(T) above T and pre-
sented evidence of spin clustering in the paramagnetic
phase. The linear AH(T) and minimum in AH(T) just
above T are unclear and the conventional models are
questioned.

Recently, by constructing a relation between suscepti-
bility and relaxation time of spin using the Langavin equa-
tion, without inclusion of the effect of spin clustering, Hu
[10] was able to produce qualitatively a theoretical AH(T)
with a minimum at a temperature 7* just above 7.. The
temperature dependence of AH(T) has been reproduced
qualitatively, but the values of AH(T) were found to be
five times larger than those reported experimentally.

The temperature dependence of AH(T) is usually re-
lated to the magnetic susceptibility and longitudinal and
transverse relaxation times of the system under study.
From an analysis of experimental data Causa et al. [11]
correlated the magnetic susceptibility with AH(T) as
2 (C(T — 6)/T), where C is the Curie constant and @ is the
Curie—Weiss constant. Those authors achieved good re-
sults in the temperature range far above 7. In CMR man-
ganites the values of C are reported to be large and y' de-
viates near 7 [12]. The latter observation has been related
to formation of Griffiths phase in the neighbourhood of 7.
This enhanced magnetic susceptibility was not taken into
consideration in the model of Hu [10].

In this paper, we present an analysis of the experi-
mental data for the temperature dependence of the EPR
line width for the compounds La,, , Nd, Ca,4; Sr,MnO,
(x=0.0, 0.1, 0.15, 0.2 and 0.25) in which QD is created in
the A-site. We propose that the formation of Griffiths
phase due to QD is an important factor for interpreting the
unusual line width broadening.
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2 Experimental Polycrystalline samples were pre-
pared following the conventional ceramic route and char-
acterized by X-ray powder diffraction (XRD) using a Phil-
ips X-Pro (Cu K_,) diffractometer. The details of the sam-
ple preparations and magnetization measurements by
means of SQUID are given in [13]. The magnetic suscep-
tibility above room temperature was measured using an
EG and G vibrating sample magnetometer up to 700 K at
500 Oe. The EPR measurements were obtained from 80 K
up to 575 K using a Varian spectrometer operating in the
X-band at 9.5 GHz. The samples were cut and ground to a
spherical shape of diameter not more than 1 mm.

3 Results and discussion The Rietveld refinement
of the XRD data showed that all the samples are single
phase and their crystal structure is orthorhombic with
space group Pnma. The inverse of the high-temperature
magnetic susceptibility for a selected sample is shown in
Fig. 1a while the inverse of the magnetic moment meas-
ured by SQUID is shown in Fig. 1b. On approaching 7
from above, there is a downturn in (7 near T,. The val-
ues of the Curie constant obtained from the straight line are
in the range 6—10 emu K mol™ Oe™ which are large com-
pared to theory, and generally this is related to the forma-
tion and presence of spin clusters up to temperatures well
above T [9].

The EPR spectra of the samples showed single lines
with Lorentzian line shape:

2 —_—
Y=Yma‘( %F (H Hr)Z 2
U+ (H-H,)]

(1

where H is the applied magnetic field, H, the resonance
field, Y., the maximum intensity and 7/ the half width at

max

full maximum. The peak-to-peak line width AH(T) is de-

termined from AH = (2/ V3 ) I". The line width of the EPR
signal AH(T) was plotted versus temperature, as shown in
Fig. 2. As the temperature decreases AH(T') shows a linear
decrease down to approximately 400 K then increases rap-
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Figure 1 a) Inverse of the magnetic susceptibility as a function of temperature for the sample La,,,Nd, ,Ca, ,Sr,,MnO;; the solid line
is the fit for magnetic susceptibility in Griffiths phase. b) Inverse magnetic moment of the same sample shows a kink around 300 K.
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idly near 7. after a minimum at 7,;,. Similar trends were
reported previously [5, 11, 14].

Interpretation and discussion of the variation of the
EPR line width of manganites would be incomplete with-
out understanding of the effect and the nature of the spin
clustering on the magnetic susceptibility and the longitudi-
nal and transverse relaxation times in the paramagnetic
phase of manganites. Attempts were made [11, 14] to elu-
cidate the variation of the EPR line width of these materi-
als in connection with the magnetic ordering near 7. Yaun
et al. [14] by considering the formation of Griffiths phase
gave an explanation of the variation of AH(T) in the range
from 7 up to T,,;, by fitting their experimental data using
the following equation:

AH =a+bf(T). 2)
Here f(T) is the volume fraction of the ferromagnetic clus-
ters which is assumed to vary as the magnetization and is
approximated as

f03=m=b(§%1m:h)

(©)
where B, is the Brillouin function. Equation (2) was seen to
be valid in a very limited range as the Griffiths phase does
not occur at very high temperature.

In Eq. (2) the effect on the spin correlation caused by
DEX interaction is not considered. The effect of DEX on
the EPR line width was examined theoretically by Hu [10],
within constrains of Schwinger bosons where he made a
rigorous derivation, from fundamental formalism, of the
EPR line width in DEX systems. He calculated the trans-
verse relaxation time above 7. and was able to reproduce
the minima AH,;, and the upturn below T, was found to

be intrinsic. The cause of the upturn is related to diver-
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gence of the function In (1 —z) defined in the following

equation:

2 2 2 2

G'+F (S x/2j (T) ni-2. @
ks Tt &, T.

where G and F are constants. At low temperature this
equation reduces to

AHoc—ln(T—lj.
TC

Nevertheless, the calculated AH,,;, is large compared with
the reported experimental values.

Recent experimental studies [15] have proved the si-
multaneous presence of longitudinal (7)) and transverse
(T,) relaxation times near 7. Far above 7. and the critical
region the relaxation times are equal (7, = T;) due to fast
fluctuations of internal fields. Near 7. a breakdown of this
equality was measured and found to take place in the range
from T, up to approximately (7. + 100) K. In this range
the values of 7, are found to be smaller by 2 to 3 order of
magnitude than 7, [20] as a result of the divergence of y
near the Curie temperature due to formation of spin clus-
ters and Griffiths phase.

Atsarkin et al. [15] showed that a best fit for the data of
the relaxation time 7, was obtained if it was left to vary as
[(T/T,) — 1]1°°. 1t is now possible to deduce from these ob-
servations and the calculations of Hu that there is more
than one mechanism responsible for the broadening of the
EPR line width starting from the Curie temperature. By
combining Hu’s model with the findings of Atsarkin et al.
we may write the temperature dependence of the EPR line
width as follows:

AH =4 T+B(T—1) —Cln(T—lj.
TC TC TC
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Table 1 The fitting parameters obtained using Eq. (6).

x A a B C T.K) T, (K) AT(K)
000 -864 050 13.14 230 265 312 47
0.10 -8.78 049 1340 231 281 336 55
0.15 —8.99 049 13.80 246 289 348 59
020 -8.78 049 13.62 230 290 358 68
025 -886 050 13.80 237 296 372 76

The first term on the right-hand side is the line width due
to the transverse relaxation time at high temperature; the
second is the line width due to the longitudinal relaxation
time near 7; and the third is the line width due to trans-
verse relaxation near 7. Here 4, B, C and « are fitting pa-
rameters.

Fitting of Eq. (6) is found to be in good agreement with
our data for the present samples, where the upturn below
AH,;, and T, were reproduced. The results of the fittings
are shown is Fig. 2. The fitting parameters are given in
Table 1. It is worth mentioning here that attempts were
made to fit the data without including the term

B(T_lj ,

TC

but they failed to reproduce quantitatively the observed
line width. Interestingly enough, all the fitting parameters,
except T, are almost equal. The value of the exponent «
almost equals 0.5 in all the samples reproducing its value
obtained by Atsarkin et al. This is consistent with the fact
that all the samples have the same mixed valence state of
Mn*/Mn**. Thus the variation of in T, may be directly re-
lated to the effect of the QD on T.. The Griffiths phase re-
gion, T. < T< T,;, = T, is seen to expand as o* increases
which is shown in the linear plots of AT =T — T versus
&, as depicted in Fig. 3. The linear relation is of the form

AT =mo* +A=1.5%x10°c" + 44.85. (7)
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Figure 3 Temperature difference AT =T, — T, as a function of

the cation size disorder. The straight line is the linear fit given by
Eq. (7).
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A value of AT = 44.85 at o = 0 may be due to the con-
straints imposed in the model of Hu, in addition to other
lattice distortions, e.g. the Jahn—Teller effect. Thus with
knowing the Curie temperature and the QD parameter of
any manganite the temperature at which Griffiths phase
sets in can be estimated using Eq. (7). Variation of T,
is reported by Ulyanov et al. [16] in La,,Ca,; BaMnO,
for x=0, 0.15 and 0.3 and by Yuan etal. [14] in
(La,_,Y,)ysCap33Mn0O; at x=0. T, values shown in the
curves of Ulyanov et al. are slightly different from the es-
timated values of AT using Eq. (7) but the data of Yuan
agree when x = 0.

4 Conclusions EPR experiments were performed on
Lay¢;,,Nd,Cagys;  Sr,MnO; (x =0, 0.1, 0.15, 0.2 and 0.25)
manganites. Inclusion of quenched disorder expressed by
the cation size mismatch in the analysis of the EPR data is
found to be essential, where the formation of spin clusters
is related to the unusual line width broadening near the fer-
romagnetic transition temperature. With this approach it is
found that AH(T'), the minimum in the line width (AH,;,)
and T, are reproduced throughout the studied temperature
range in the paramagnetic phase. A numerical relation to
estimate the temperature region in which Griffiths phase
exists has been obtained and found to be in agreement with
reported data. Further work on the effect of concentration
at different valence states is required to verify and refine

Eq. (7).
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