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We report the magnetic properties of slightly electron-doped Sm1−xCaxMnO3 �0.80�x�0.92�. The Griffiths
phase behavior in the inverse magnetic susceptibility was observed for x�0.85. The thermomagnetic irrevers-
ibility found in all samples could be explained according to the influence of martensitic strain on the magne-
tization behavior under various cooling histories. In the modified phase diagram, the low-field thermomagnetic
irreversibility line passes through the region of Griffiths phase, indicating that the Griffiths phase is correlated
with the accommodation strain. Our result indicates that the strain field, in addition to quenched disorders, may
be an alternative approach to understand the observed Griffiths phase. Besides, the Griffiths phase itself is
suggested to be insufficient for the appearance of colossal magnetoresistance effect in the present system.
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I. INTRODUCTION

Perovskite manganites have attracted considerable atten-
tion since the discovery of the colossal magnetoresistance
�CMR� effect.1 Understanding the mechanism of the CMR
effect is very important both theoretically and practically.2

Recently, the phase separation, typically involving ferromag-
netic �FM� metallic and antiferromagnetic �AFM� charge and
orbital ordered insulating domains, has been confirmed to be
intrinsic and crucial to comprehend the CMR effect and the
related properties in manganites.3 Usually, the phase coexist-
ence in nanometer and/or micrometer scale has been believed
to originate from various reasons, such as disorder by chemi-
cal doping and the random field.3 An alternative mechanism
for the phase separation and the related issues was proposed
without explicit disorder, which shows that both nanometer-
and micrometer-scale multiphase coexistences are self-
organized and caused by the presence of an intrinsic elastic
energy landscape �strain field�.4 Accordingly, recent experi-
ments accumulated to emphasize the important roles of the
accommodation strain in determining the unique properties
of manganites, such as phase separation, glassy state, metal-
insulator transition, percolation behavior, magnetic field his-
tory dependent magnetization and steps in magnetization,
and resistivity.5,6

The Griffiths phase was first proposed by Griffiths7 to
explain the effects of the quenched randomness on the mag-
netization of a dilute Ising ferromagnet. The Griffiths phase
means the existence of short-range ordering of FM clusters
in a paramagnetic �PM� matrix when TC�T�TG. Here, TG
is the characteristic temperature at which the FM clusters
begin to nucleate, while TC represents for the FM Curie tem-
perature. The seeds for FM clusters to nucleate are usually

considered to be the quenched disorders which can be en-
hanced by the competition between the phases.8 The Griffiths
phase behavior has been widely observed in various systems,
including heavy Fermi materials,9 spin glass systems,10 hole-
doped perovskite manganites,11–14 and layered manganites.15

However, the Griffiths phase behavior was rarely reported in
the electron-doped manganites.16,17 Moreover, there is a de-
bate lunched recently on whether the Griffiths phase is al-
ways a precursor to CMR in manganites or not.11,13,15

Here, we report the observation of Griffiths phase via
magnetization measurement in the electron-doped mangan-
ites Sm1−xCaxMnO3 with x�0.85. The thermomagnetic irre-
versibility �TMI� behavior was also observed in all samples
with 0.80�x�0.92, which indicates the existence of accom-
modation strain. A modified phase diagram was established,
in which the TMI line locates well in the region of Griffiths
phase when x�0.85. Our result suggests that the origin of
Griffiths phase is probably associated with the accommoda-
tion strain. From this phase diagram, it is also suggested that
the Griffiths phase is not always accompanied by a CMR
effect in the electron-doped manganites.

II. EXPERIMENT

The polycrystalline Sm1−xCaxMnO3 �0.80�x�0.92�
samples were synthesized from the stoichiometric mixture of
the predried Sm2O3, CaCO3, and MnO2 powders by solid-
state reaction method with the similar heat treatment as re-
ported in Ref. 18. The x-ray powder diffraction �XRD� pat-
terns at various temperatures were recorded by D8 Advance
diffractometer with a Lynxeye detector using Cu K� radia-
tion. The analysis of the crystal structure by Rietveld refine-
ment using FULLPROF program was performed. Magnetiza-
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tion measurements were carried out with superconducting
quantum interference device magnetometer �MPMS, Quan-
tum Design�. The temperature dependent magnetization
M�T� in the temperature range 10 K�T�250 K under 10
Oe and 50 kOe and field dependent magnetization M�H� at
10 K up to 50 kOe were measured in the zero-field-cooled
�ZFC� and field-cooled �FC� conditions. If not specially em-
phasized, “FC” in this article means applying a certain exter-
nal field to the samples at room temperature and then cooling
to the low temperatures under the same field.

III. RESULTS AND DISCUSSION

A. Griffiths phase

Figure 1 shows M�T� �10�T�300 K� measured at both
10 Oe and 50 kOe for Sm1−xCaxMnO3 �0.80�x�0.92� un-
der both ZFC and FC modes. In Fig. 1�a�, the peaks in
ZFC-M�T� curves for x�0.85 correspond to the C-type
AFM �C-AFM� transition temperature TN�C�. Above x
=0.85, the FC-M�T� curves take on a shape of FM behavior,
thus, TC can be determined as the reflection point of
dM�T� /dT. In this composition range, the FM transition has
been testified to be accompanied by a G-type AFM �G-AFM�
transition, namely, TC�TN�G�.19 As a result, TN�C� de-
creases from 152 K for x=0.80 to 120 K for x=0.85. For
samples with x�0.85, TC �TN�G� equals to �110 K. It
should be noted that TC ��115 K� obtained by dM�T� /dT
for x=0.85 means the onset of a short-range FM order, not

that of a long-range one, as will be demonstrated in the fol-
lowing text.

The inverse dc susceptibility 1 /��T� deduced from
ZFC-M�T� at 10 Oe was plotted in Figs. 2�a� and 2�b�. For
all samples, the high-temperature curve follows the Curie–
Weiss law, i.e., 1 /��T� is linearly dependent on the tempera-
ture. The curve for sample x=0.80 displays a broaden peak at
130 K, which is relevant to the C-AFM correlations below
TN�C�. The relative peak is very weak in x=0.83 curve. In
contrast, for x�0.85, all 1 /��T� curves exhibit a Griffiths
phaselike downturn below a certain temperature. The onset
of this downturn is denoted as TG �i.e., the temperature
where 1 /��T� deviates from the Curie–Weiss behavior� be-
low which the FM clusters emerge in the PM matrix, as is
described in a Griffiths phase system.20 The determined TG
for samples with x�0.85 decreases slightly with an increas-
ing x.

In order to get a further insight into this kind of abnormal
behavior of inverse susceptibility for x�0.85, the measure-
ment of field dependent dc magnetic susceptibility ��T� in
ZFC mode was performed. As an example, Fig. 2�c� shows
the result for x=0.90. It is apparent that increasing applied
field gradually suppresses the downturn behavior in 1 /��T�
curve. Eventually, as shown in the inset of Fig. 2�c�, 1 /��T�
measured at 50 kOe reveals a typical Curie–Weiss behavior
above TC. The 1 /��T� for x=0.90 at both 10 Oe and 50 kOe
were redrawn in Fig. 2�d� in the log-log form. There exists a
noticeable singularity between the Griffiths and high-
temperature PM phases in 10 Oe curve. The data in the Grif-
fiths phase was tentatively fitted using the expression �−1

0 50 100 150 200 250

0

1

2

0.00

0.05

0.10

0.15

5

10

15

20

25

0 50 100 150 200 250

10

20

30

40

10 Oe

0.88ZFC
0.88FC
0.90ZFC
0.90FC
0.92ZFC
0.92FC

T (K)

M
(e
m
u/
g)

50 kOe

0.80ZFC
0.80FC
0.83ZFC
0.83FC
0.85ZFC
0.85FC

M
(e
m
u/
g)

0.80ZFC
0.80FC
0.83ZFC
0.83FC
0.85ZFC
0.85FC

M
(e
m
u/
g)

(b)

0.88ZFC
0.88FC
0.90ZFC
0.90FC
0.92ZFC
0.92FC

M
(e
m
u/
g)

T (K)

(a)

FIG. 1. �Color online� M�T� curves measured at �a� H=10 Oe and �b� 50 kOe.
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� �T−TC�1−�, where � is the magnetic susceptibility
exponent.9 The estimated exponent � is about 0.85, which is
in good agreement with the expected range 0���1.9 This
singularity, however, is smeared out in the 50 kOe curve. In
the sense of Griffiths phase, the suppression of this kind of
singularity under external field is due to the hindering of the
small FM signal by increasing the background PM signal
and/or the saturation of the FM component with increasing
external field.20 As a result, the abnormal downturn behavior
in 1 /��T� curves for x�0.85 could be ascribed to the exis-
tence of Griffiths phase.

B. Thermomagnetic irreversibility

A significant divergence between ZFC- and FC-M�T�
curves under 10 Oe at low temperatures can be found in Fig.
1�a� for all samples, indicating a TMI behavior. The tempera-
ture where ZFC- and ZFC-M�T� departs from each other is
defined as the irreversibility temperature Tirr which is nearly
constant ��126 K� at 10 Oe for all samples. At 50 kOe,
however, Tirr is strongly decreased and the ZFC-M�T� coin-
cides well with FC-M�T� for x�0.90.

The TMI behavior is generally related to a spin glass or a
cluster glass.21 Fundamentally, the cluster glass can be re-
garded as a type of spin glass.4,22 Here, we will not distin-
guish one from other in details. Here, Tirr at 10 Oe is remark-

ably above TC for x�0.85. This is unlike the case of a
conventional cluster glass or spin glass, in which low-field
Tirr is well below or just below TC.22 The absolute and rela-
tive differences between FC-M�10 K� and ZFC-M�10 K�
�i.e., MFC−MZFC and �MFC−MZFC� /MZFC, respectively� un-
der both 50 kOe and 10 Oe are plotted in Fig. 3. One can see
that MFC−MZFC for middle Ca composition is much larger at
50 kOe than at 10 Oe �Fig. 3�a��. In contrast, as shown in
Fig. 3�b�, �MFC−MZFC� /MZFC at 50 kOe is lower than that at
10 Oe in the whole composition range studied.

A significant difference between FC and ZFC modes was
also found in M�H� for x=0.85 as shown in Fig. 4�a�. Similar
phenomenon exists in sample with x=0.88 �not shown here�
but disappears in other samples, e.g., x=0.92 as shown in
Fig. 4�a� as a comparison. This result is consistent with Ref.
19. In Ref. 19, the authors attributed this behavior to an
increase in FM fraction after field cooling from room tem-
perature. Here, what we would like to emphasize is that the
value of MFC−MZFC in M�H� under 50 kOe is strongly de-
pendent on the temperature T�, from which the magnetic
field is applied and the sample is cooled down to lower tem-
peratures under this field. The case of x=0.88 is displayed in
Fig. 4�b�. A sudden reduction in MFC−MZFC is found at T�

�100 K, which is close to its phase transition temperature,
namely TC ��TN�G��. When T� is larger than 100 K, MFC
−MZFC modestly increases with increasing T�.
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The cooperation of structural and magnetic phase transi-
tions would play a key role in determining the properties in
present system. For the extensively studied composition x
=0.85, it changes from an orthorhombic �Pnma� PM state at
high temperatures to a phase separated system below TC, i.e.,
orthorhombic G-AFM plus monoclinic �P21/m� C-AFM. Si-
multaneously, FM clusters are embedded in the G-AFM
matrix.18,19 In the monoclinic phase, the MnO6 octahedra are
strongly distorted, namely, elongated along the FM rows of
the C-AFM structure. Since the new monoclinic phase is
more distorted than its parent orthorhombic phase, the strain
along the grain boundaries of remained orthorhombic phase
would be accommodated below the structure transition tem-
perature as observed in a martensitic phase transition.23–27

With the decreasing temperature, the accommodation
strain will grow, resulting in the establishment of the
thermal-elastic equilibrium between the parent phase and the
martensite phase. Such a strain may lead to the energy bar-
riers that inhibit further growth of coexisting FM or AFM
component and stabilize the large-scale phase separation. In
fact, a twinning microstructure, which is frequently observed
after a martensitic phase transition,28 has been detected in
samples with x=0.85 and 0.90 at low temperatures.29

In terms of accommodation strain, the decrease in MFC
−MZFC in M�H� with decreasing T� can be attributable to the
increasing strength of the strain accommodation with lower-
ing temperature, which hinders the expansion of the ortho-
rhombic phase in low temperature, hence, the increase in the
FM fraction. Thus, the lower the T� is, the more difficult for
the FM fraction to increase and to survive at low tempera-
tures. Above the phase transition temperature, the strain even
if exists should be very weak. Moreover, the FM clusters at

high temperature clusters indicated by the Griffiths phase
behavior would align to the direction of the field and/or grow
in size under the external field. It is beneficial to the enhance-
ment of FM fraction and its survival at lower temperatures.
So the value of MFC−MZFC is considerably high and nearly
independent of T� when T� is above the phase transition tem-
perature.

As shown in Fig. 4�c� we can see that the monoclinic
phase fraction fM obtained from the refinement of XRD data
is neglectably low for x�0.90 at 80 K, while suddenly in-
creases to x=0.88 and shows a tendency to be saturated with
further decreasing x. This evolution of fM with x will be
helpful to understand the composition dependent TMI behav-
ior of M�T� as summarized in Fig. 3.

Figure 4�d� displays the Arrott plots for x=0.85, 0.88, and
0.92. For x=0.85, the linear extrapolation of high-field por-
tion of the Arrott plot to H /M =0 yields a negative intercept
on M2 axis, indicating the absence of spontaneous magneti-
zation and long-range FM ordering. In contrast, for x=0.88
and 0.92, the Arrott plot indicates the existence of long-range
FM correlation because of a positive intercept on M2 axis. At
the side of x=0.8, the orthorhombic phase is surrounded by
the dominant C-AFM phase, so that the movement and
growth of FM clusters will be strongly hindered by its sur-
roundings via the strain accommodation. Furthermore, the
Griffiths phase is weak or absent in them. All these indicate
a very small FM fraction added into the sample after the
process of field cooling under H=50 kOe. Therefore, MFC
−MZFC is weak on x=0.80 side, as shown in Fig. 3�a�.

On the other side, i.e., in x=0.92, the orthorhombic phase
is dominant, in accordance with a long-range FM back-
ground. Keeping in mind that the additional orthorhombic
FM fraction after FC process originates from the monoclinic
phase which is nearly absent on the side of 0.92, field cool-
ing from high temperature will produce a very small amount
of FM fraction, hence, a small value of MFC−MZFC. In
samples with middle Ca content such as x=0.85 and 0.88,
below TN �C�, a subtle balance between the orthorhombic
FM and monoclinic C-AFM domains comes into being with
a weak energy barrier of the accommodated strain. So upon
an external field as high as 50 kOe, this kind of balance will
be broken in favor of enhancing FM fraction.

As a result, MFC−MZFC is relatively larger in the middle
composition range, as shown in Fig. 3�a�. As to the case of
the low magnetic field as 10 Oe, because the transition from
monoclinic phase to orthorhombic phase after FC process
should be negligible,18,19 small values of MFC−MZFC could
be expected. However, for x�0.90, the MFC−MZFC value of
10 Oe is a little higher than that of 50 kOe. It is not surpris-
ing for a material with a long-range FM ordering because
both FC and ZFC magnetizations are saturated under 50
kOe, giving rise to a small difference between them, and
accordingly, to a suppressed Tirr. Also, due to the trend of
magnetization toward saturation at 50 kOe, the correspond-
ing value of �MFC−MZFC� /MZFC is much less than at 10 Oe,
as shown in Fig. 3�b�.

C. Phase diagram

Figure 5 shows a modified phase diagram for
Sm1−xCaxMnO3 �0.80�x�0.92� according to the character-
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istic temperatures mentioned above. As to Tirr, only those at
10 Oe are plotted because the intrinsic properties such as the
accommodation strain will be obscured under a high mag-
netic field such as 50 kOe. Two distinct features can be found
in Fig. 5. One is a rectanglelike region of the Griffiths phase
for x�0.85 as emphasized by the red hatched zone, which is
quite different from the triangle-shape region of Griffiths
phase in hole-doped manganite La1−xSrxMnO3 and
La1−xBaxMnO3.12,14 Another is an irreversibility line �formed
by Tirr� in the whole composition range, which drills through
the region of Griffiths phase.

On x�0.85 side of the phase diagram, the TMI line may
be a hint of certain correlations between low-temperature
glassy state and high-temperature “cluster” state, namely,
Griffiths phase. As we discussed above, the TMI behavior
suggests the existence of the strain accommodation at low
temperatures in the present system. So the irreversibility line
across over the region of Griffiths phase in Fig. 5 reflects that
the effect of strain extends to the temperatures above TC.
This behavior is reminiscent of the precursor embryonic
fluctuations above the martensitic transition temperature ob-
served in other martensites.30

It suggests that the Griffiths phase in present system is
correlated with the strain field, possibly in its initial state. On
the other side of the phase diagram with x�0.83, the TMI

line is below the TN�C� line. So the existence of possible
Griffiths phase will be overcasted by the overwhelming
C-AFM correlations, as shown in Fig. 2�a�, though the TMI
line may imply the onset of nucleation of FM clusters. It is
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similar to what we observed in La0.15−xY−xCa0.85MnO3, i.e.,
the Griffiths phase occurs only in samples with a well re-
duced TN�C�.16 This kind of correlation between the Griffiths
and C-AFM phases can be readily understood in that the
latter corresponds to the monoclinic crystal structure, which
is more distorted than orthorhombic one, consequently harm-
ful to the nucleation of FM clusters, thus, to the emergence
of Griffiths phase.

Generally, in hole-doped �bilayered� manganites, the Grif-
fiths phase can be understood in terms of the intrinsic inho-
mogeneity induced by the quenched disorders.12,15 Because
of the similar ionic size of Ca2+ and Sm3+, and the feature of
slightly doping, the present system should belong to the type
of weakly disordered manganites.31 In the weakly disordered
system, the accommodation strain rather than the quenched
disorder is considered to be responsible for the intrinsic in-
homogeneity or phase separation.4 Moreover, the glassy state
in weakly distorted manganites has been argued not to be a
canonical “spin glass” in which the quenched disorder is nec-
essary, but to be a structure glass in which the accommoda-
tion strain is a key element.21 Therefore, it implies that in the
present system, the strain field might account for the elec-
tronic phase separation in a well-extended temperature range,
namely, the Griffiths phase above TC, as well as the glassy
behavior at the low temperatures. Even so, it is too arbitrary
to ascribe the Griffiths phase to the accommodation strain
since the contribution from quenched disorders cannot be
thoroughly excluded at present. Consequently, more efforts
from both experimental and theoretical sides are desired in
order to clarify the nature and the origin of Griffiths phase in
the electron-doped manganites.

As displayed in Fig. 5, the CMR effect happens in a quite
localized region near x=0.85 �black hatched zone�, while the
Griffiths phase behavior exists in a well extended composi-
tion range, namely, 0.85�x�0.92. Despite the fact that
CMR occurs on the boundary of the region of the Griffiths
phase, it is clear that Griffiths phase only is insufficient to
expect the emergence of CMR.

IV. CONCLUSION

The magnetic properties of slightly electron-doped
Sm1−xCaxMnO3 �0.80�x�0.92� have been investigated. A
distinct character of the Griffiths phase was found in inverse
magnetic susceptibility for x�0.85 above Curie temperature.
TMI observed in all samples is suggested to correspond to
the accommodated strain arising from martensitelike phase
transition. The low-field TMI line passes through the region
of the Griffiths phase in the modified phase diagram. This
result links the Griffiths phase with the strain field, probably
indicating an alternative approach of understanding the Grif-
fiths phase in the electron-doped manganites. In addition, as
indicated by the phase diagram, the Griffiths phase is not
necessary to be tied with the CMR in the electron-doped
manganites.
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