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A summary of analyses of critical behavior in both the ac susceptibility and dc magnetization in single
crystal Pr1−xCaxMnO3 �x=0.27, and 0.29� is presented supplemented by magnetotransport data. The magnetic
data indicate that both single crystals exhibit a continuous/second-order paramagnetic to ferromagnetic phase
transition but with marginally different critical exponents. Estimates of the latter for the x=0.27 sample yield
�=4.81�0.02, �=1.36�0.02, and �=0.36�0.02 �consistent with both the predictions for the nearest-
neighbor three-dimensional-Heisenberg model and with those reported for its double exchange-dominated
metallic counterparts� with TC=127�0.5 K; whereas at x=0.29, �=4.62�0.05, �=1.38�0.01, and �
=0.37�0.02 with TC=114�0.5 K. The absence of metallicity—and by inference, the suppression of charge
fluctuations—does not, therefore, appear to influence the universality class of the transition. No evidence for a
Griffiths-type phase was found in either specimen. These single crystals also display comparable values of the
acoustic spin-wave stiffness D�70 meV Å2 well below that found in the charge-ordered field-induced me-
tallic regime of the same system. These samples remain insulators below ferromagnetic ordering temperature
TC in fields up to 90 kOe; they display nonabiabatic small polaron mediated transport behavior in the para-
magnetic regime in zero field characterized by activation energies comparable to those reported previously for
a range of doped perovskites.

DOI: 10.1103/PhysRevB.78.144409 PACS number�s�: 75.40.Cx, 75.47.Lx

I. INTRODUCTION

Explanations of the wide-ranging behavior of transition-
metal oxides—encompassing high-TC superconductivity,1

colossal magnetoresistance �CMR� �Refs. 2–5�, and, more
recently, multiferroic response6,7—continue to present funda-
mental challenges. In Mn3+ /Mn4+ mixed-valent manganites
in particular, the coupling between charge, spin, orbital, and
lattice degrees of freedom is not only in competition but is
also characterized by energy scales of comparable magnitude
resulting in nearly degenerate ground states displaying
marked different ordered features—orbital, magnetic, dielec-
tric, etc.—whose emergence can be controlled by doping,
temperature, and other external stimuli. These mixed-valent
manganites are characterized by a general formula
�A3+�1−x�B2+�x�Mn4+�1−x�Mn3+�x�O2−�3: A being a trivalent
rare-earth ion �i.e., Pr, La, Nd, and so on� and B a divalent
alkaline-earth cation �i.e., Ca, Ba, Sr, and so on� with x rep-
resenting the doping level. Changes in x modulate the va-
lence state of the Mn ions to maintain charge neutrality. The
accompanying mismatch in the ionic size of ions occupying
the “A” site leads to a distortion in the crystal structure fre-
quently characterized by the Goldschmitt “tolerance factor”
tf.

2–5,8 With different doping levels and varying ionic substi-
tutions, the crystal structure transforms from being initially
nearly cubic perovskite �tf �1� through rhombohedral �0.96
� tf �1� and then to an orthorhombic �tf �0.96�
structure;2–5,8 this is accompanied by reductions in the Mn-
O-Mn bond angle below the “ideal” 180°, thus reducing the
charge-transfer integral and correspondingly the charge
mobility.2–5,8

In Pr1−xCaxMnO3 compound, while complications result
for the presence of a Pr moment, this mismatch in the cat-

ionic size is minimized generating a pronounced orthorhom-
bic distortion which favors the occurrence of charge local-
ization; Pr1−xCaxMnO3, unlike many of its counterparts
doped with nonmagnetic rare-earth ions, thus exhibits insu-
lating behavior over an extended temperature range and all
doping level in zero field.2–5,9–14 Nevertheless, in all such
materials, disorder plays a pivotal role reflecting the occur-
rence of nearly degenerate �and hence competing� ground
states of very different character. In particular, disorder
drives first-order/discontinuous transitions toward second-
order/continuous in these systems; Pr1−xCaxMnO3, as dis-
cussed below, exhibits both types of transition with changing
compositions x and disorder underlies spontaneous electronic
phase separation �PS�: a central component in some theories
of CMR.3,4 Given the insulating ground-state characteristics
of Pr1−xCaxMnO3, PS scenarios are most frequently dis-
cussed in this system in relation to the metal-insulator phase
transition accompanying the onset of a charge-ordered state
specifically in the higher hole doping range x�0.3.3,4,9–14

The simplest representation of PS envisages “domains” with
antiferromagnetic �AFM� or insulating and ferromagnetic
�FM� or metallic characteristics with the latter being en-
hanced by applied fields �the conjugate field for ferromag-
netism�; hence CMR. As a corollary, the exchange bond dis-
tribution describing the �magnetic� coupling between spins
contains contributions of either sign; however, even when PS
does not predominate, the presence of FM Mn3+-Mn4+

double exchange �DE� �Ref. 2� and AFM
Mn3+ /Mn4+-O-Mn3+ /Mn4+ superexchange �SE� �Ref. 15� re-
sults in a comparable exchange bond distribution. If this �as-
sumed Gaussian� distribution is treated in mean field,16 fer-
romagnetism emerges when the ratio of the first to second
moment of the distribution �1 �i.e., the ratio of the mean
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value to the width�; however, the precise value for this ratio
determines the extent of the FM asymptotic critical regime:17

a point returned later. The onset of charge order would also
play a role in this context. As the relevant interactions in this
system are short range, charge ordering would likely result in
more bimodal—rather than Gaussian—exchange bond distri-
bution between Mn spins. As bimodal distributions have
been investigated far less extensively than their Gaussian
counterparts,18 the composition of the present samples was
chosen �guided by the boundaries delineated most recently
by the electric-field-gradient �EFG� measurements of Lopes
et al.19� to specifically avoid possible complications arising
from charge ordering; this compositional choice was con-
firmed by measurements of the acoustic spin-wave stiffness
discussed later.

Pr1−xCaxMnO3 is also unusual in that the application of
magnetic fields,9,10 x-ray irradiation,11 high electric field,12 or
laser radiation14 have reportedly induced “unconventional”
responses making this system one of the more interesting
perovskite manganites.

While at x=0.3 the observation of marked hysteresis in
both the magnetization M�T ,H� and the magnetoresistance
��T ,H� has led to the associated phase transitions being clas-
sified as first order reflecting the importance of AFM
interactions,9,10 for x�0.3 FM coupling dominates; never-
theless insulating behavior persists even in high magnetic
fields. Previous studies of magnetization and ac susceptibil-
ity in this doping range were aimed primarily at establishing
the relation between ordering or Curie temperatures and dop-
ing levels,14,20 thus the universality group describing such
ordering—best found from single-crystals samples—has not
been widely studied. The focus of this paper is to address this
deficiency and attempt to resolve the interesting question of
whether the lack of metallicity in this system influences mag-
netic critical behavior. Specifically, in the conventional DE
picture, the onset of metallicity is linked with the establish-
ment of an infinite �percolating� pathway of DE metallic
bonds—the same bonds that establish an infinite FM
“backbone”—so that the emergence of metallicity and ferro-
magnetism are essentially coincident. This is clearly not the
situation encountered in Pr-doped systems; indeed, the insu-
lating ground-state characteristics of the specimens investi-
gated means that any influences of dynamic Mn3+ /Mn4+

charge fluctuation are curtailed in them.

II. EXPERIMENTAL DETAILS

The two Pr1−xCaxMnO3 single crystals used in the present
study, with nominal composition x=0.27 and 0.29, were
grown using a floating zone technique.21 They were of high
structural quality displaying a mosaicity of less than 1°. A
Quantum Design model 6000 physical property measure-
ment system �PPMS� magnetometer or susceptometer was
used to measure the ac susceptibility 	�H ,T� �at 1 kHz with
a 1 Oe rms driving field� and the magnetization M�H ,T� at
various temperatures T and fields H; the latter being applied
along the largest of the approximately �4
1
1� mm3

sample dimensions to minimize demagnetization effects.
Prior to measuring at any given temperature, the sample was

demagnetized by warming to 300 K—well above the order-
ing temperature—and then cooling to a predetermined
measuring temperature in zero field. The demagnetization
factors �ND� were calculated initially by treating the speci-
mens as an ellipsoids with principal axes equal to the sample
dimensions and evaluating the corresponding elliptic inte-
grals yielding ND=46�1 g Oe /emu for x=0.27 and ND
=35�1 g Oe /emu for x=0.29 �based on the theoretical
densities�. Magnetoresistance data were acquired with a
model 7000 AC transport controller utilizing a conventional
four-probe technique with an excitation current of 0.01 mA
at 499 Hz supplemented by dc resistivity measurements be-
tween 77 and 280 K using a Keithley 224 programmable
constant current source and a Keithley 182 digital voltmeter.
Contacts to samples with typical dimensions given above
were made by compressing indium “pads” over gold current/
voltage wires embedded in grooves ground in the samples
with a diamond wire saw.

III. RESULTS AND DISCUSSIONS

A. dc magnetization—general features

Figure 1�a� reproduces a series of magnetic isotherms
typical of both samples measured here in the vicinity of the
ordering temperature �127 K� of the x=0.27 sample and at 10
K, the latter typifying those in the liquid-helium range; here
the x=0.27 specimen displays a small hysteresis �HC
=228 Oe� �evident in the insert in this figure� increasing
slightly �HC=260 Oe� at x=0.29. The response summarized
in this figure indicates the absence of a first-order transition
at these compositions: an assertion confirmed by the positive
slope of all Arrott plots �M /Hi vs Hi

2� isotherms22,23 shown
in Fig. 1�b�. Nevertheless the coercive field HC found in this
system far exceeds that reported in single crystals of both its
Ca �x=0.27, HC=4 Oe� �Ref. 24� and Ba �x=0.27, HC
=6 Oe� �Ref. 25� counterparts at comparable doping levels:
a result likely linked to the presence of moments at the Pr
sites.

At x=0.27, the saturation magnetization Msat�T=10 K�
=102.3�0.2 emu /g=3.97�0.03 �B /Mn estimated by ex-
trapolation of M vs Hi

−1 plot�s� �for 50 kOe�H�90 kOe�
is some 6% larger than the spin-only Mn3+ /Mn4+ moment of
3.73 �B calculated using the nominal composition indicating
a contribution from Pr3+ ions of at least �0.25 �B �a result
consistent with that found from neutron-scattering measure-
ments on a Pr0.75Ca0.25MnO3 single crystal14�. By contrast
that found at x=0.29 �Msat�T=10 K�=96.5�0.2 emu /g
=3.71�0.03 �B� is close to the calculated for a spin-only
Mn moment �3.71 �B� consistent with the absence of a con-
tribution from Pr3+ ions. The latter reflects the trend of a
decreasing extrapolated moment with increasing x, a trend
much more marked above x=0.3,9,10 likely reflecting an in-
creasingly important role played by AFM coupling;9,10,20 a
point returned to below.

Figures 1�c� and 1�d� ��x=0.27� and �x=0.29�� reproduce
the temperature dependence of the magnetization measured
on warming following zero-field cooling �ZFC� and field
cooling �FC� in H=1 kOe; these data exhibit a history de-
pendence with a bifurcation between ZFC and FC branches
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at Tirr�126 and 117 K, respectively,26 indicating the onset of
irreversibility below the ordering temperature. The generic

explanation for such behavior is that it reflects the presence
of a corrugated free-energy landscape,27 which—in the spe-
cific case of the manganites—likely originates from their in-
trinsic inhomogeneity, viz., their inhomogeneous mixed-
valent Mn3+ /Mn4+ structures, enhanced here by the rapid
increase of AFM interactions as x approaches 0.3.9,10 In this
context it is important to recall that such bifurcation reflects
nothing more than the emergence of dissipative processes
and, recent simulations show, is suppressed by the applica-
tion of fields in excess of the coercive field;27 links between
the occurrence of such bifurcation and the onset of PS can
thus only be made currently using qualitative arguments es-
pecially given the paucity of data exhibiting bifurcation in
CMR La1−xCaxMnO3 and La1−xBaxMnO3 systems in
which—in some models of CMR—PS should be prevalent.

B. ac susceptibility—critical behavior

As Fig. 1�b� demonstrates, mean-field exponents fail to
linearize Arrott plots near TC and thus do not provide an
appropriate description of the paramagnetic-ferromagnetic
�PM-FM� transition in these systems. Figure 2 reproduces
the zero-field ac susceptibility for the x=0.27 doped speci-
men �Figs. 2�a� and 2�b�� being the real and imaginary com-
ponents, respectively. These data again typify both samples
and enable two initial estimates to be made. First, the maxi-
mum susceptibility occurring at T=128 K �x=0.27� �at T
=116 K at x=0.29� often referred as the Hopkinson/
principal maximum28–32 provides an experimental estimate
for the demagnetization factor of ND=1 /	max
=52.2 g Oe /emu �x=0.27� �ND=1 /	max=1 /0.02774

FIG. 1. �Color online� �a� A series of magnetic isotherms col-
lected in increasing field at 120 K, 122 to 134 K in 1 K steps, and
136 to 140 K in 2 K steps: inset; hysteresis loop measurements at
10 K �−5 kOe�H�5 kOe� yielding HC=228 Oe. �b� Arrott
plots—Hi /M vs M2—of the data in �a�. �c� Magnetization �mea-
sured on warming� vs temperature following ZFC and FC at H
=1 kOe for x=0.27. �d� as in �c� for x=0.29.

FIG. 2. �Color online� �a� The in-phase zero-field ac susceptibil-
ity for x=0.27 measured on warming following ZFC; the
Hopkinson/principal maximum is evident at 128 K. Inset: the in-
verse ac susceptibility displaying no characteristic Griffiths-type
phase downturn. �b� The imaginary component of ac susceptibility.
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=36.2 g Oe /emu at x=0.29� �values unexpectedly close to
theoretical estimates given the nonellipsoidal sample shape�
and used subsequently to make demagnetization corrections.
Second, the inflection point in ac susceptibility yields pre-
liminary estimates of ordering temperatures, viz., TC
=125 K at x=0.27, and 117 K at x=0.29. The imaginary
component at x=0.27 �Fig. 2�b�� peaks at T=127 K �at 119
K at x=0.29� close to TC and the Hopkinson/principal maxi-
mum confirming the onset of irreversible magnetization pro-
cesses in the ordered phase.

The temperature dependence of the ac susceptibility mea-
sured in various superimposed static biasing fields is shown
in Fig. 3�a� for the x=0.27 sample; data again typical of both
specimens. With the applied-field-induced suppression of the
Hopkinson maximum, the latter displays a series of peaks
which increase in temperature but decrease in amplitude as
the static applied field is increased: an unequivocal signature
of a continuous/second-order transition.28,29,31–34 Standard
scaling theory predicts that the locus and amplitude of
these peaks are governed by a set of power-laws

predictions28,29,31–33 as the following demonstrates with the
reduced magnetization written in the usual form, viz.,

m�h,t� = �t��F�� h

�t��+�	 , �1�

where t= �T−TC� /TC and h�Hi /TC �where the internal field
Hi=Ha−NDM, in the usual notation�, the susceptibility
becomes—assuming the validity of the Widom equality—�
+�=��,34

	�h,t� =
�m

�h
= �t�−� · G�� h

�t��+�	 = h1−1/� · H�� h

�t��+�	 ,

�2�

G��x� being the derivative of the �unknown� scaling function
F��x� with respect to its argument. Three power-law depen-
dences follow directly from this equation,28,29,31–33 viz., for
the critical peak amplitude on field �Eq. �3��, for the �re-
duced� peak temperature on field �Eq. �4��, and for the peak
amplitude on �reduced� temperature �Eq. �5��,

	�Hi,tm� � Hi
1/�−1 �3�

tm = �Tm − TC�/TC � Hi
1/��+�� �4�

	m � tm
−�. �5�

Here the reduced peak temperature tm= �Tm−TC� /TC deter-
mines the location of the “crossover” line—the locus of the
susceptibility maxima—above which the response is ther-
mally dominated as opposed to being field dominated below
it.28–33

The evolution with applied field and temperature of the
peak structure evident in Fig. 3�a� provides confirmatory evi-
dence of the continuous nature of the accompanying phase
transition supporting the conclusion drawn from Arrott plots.
However, the detailed analysis of this peak structure in terms
of scaling law predictions reveals slight differences at two
doping levels.

x=0.27

Figures 3�b�–3�e� summarize the analysis of these ac sus-
ceptibility data for x=0.27 in terms of scaling law predic-
tions �Eqs. �3�–�5��. Figure 3�b� reproduces the correspond-
ing critical peak amplitude �corrected for background and
demagnetizing effects� against the internal field on a double-
logarithmic scale confirming the power-law dependence of
Eq. �3� with the slope of this plot yielding �=4.78�0.02 �an
estimate clearly independent of any choice for TC�. The latter
represents a distinct advantage over conventional
magnetization-based approaches for which the determination
of the ordering temperature is a prerequisite prior to extract-
ing estimates for � from data taken along the critical iso-
therm. Tests of the remaining power laws, however, require
an estimate for TC; this is done initially as shown in Fig.
3�c�, viz., by plotting the measured peak temperatures Tm
against the internal field Hi

0.57 �i.e., assuming and following
the estimate for �, the applicability of Heisenberg model ex-
ponents, viz. ��+��−1=0.57 �Ref. 35��, and extrapolating to

FIG. 3. �Color online� �a� 	�H ,T� for x=0.27 �corrected for
background and demagnetizing effects� measured on warming fol-
lowing ZFC in fixed static fields of 5 kOe �top� to 9 kOe �bottom�
in 200 Oe steps. �b� Double-logarithmic plot testing the power-law
prediction of Eq. �3�, viz., log�	m� vs log�Hi�, the slope yielding
�=4.78�0.02. �c� Estimate of critical temperature TC

=127�0.5 K from extrapolation of the susceptibility peak tem-
peratures �Tm� against �Hi

0.57�. Double-logarithmic plots testing the
remaining power-law predictions �Eqs. �4� and �5��. �d� The reduced
peak temperature �tm� against the internal field �Hi�, viz., log�tm� vs
log�Hi�, yielding �+�=1.76�0.02. �e� The peak susceptibilities
�	m� against reduced temperature �tm�, viz., log�	m� vs log�tm�,
yielding �=1.37�0.02 and hence �=0.37�0.02.
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Hi=0 yielding TC=127�0.5 K. This estimate is then used
to construct the double-logarithmic plots shown in Figs. 3�d�
and 3�e�, i.e., of the reduced temperature tm against the in-
ternal field �Eq. �4�� and of the peak amplitude against the
reduced temperature tm �Eq. �5��. Typically, small adjust-
ments to TC are then made until a consistent set of plots are
established; this proved unnecessary in the present case, with
the slopes of the latter two figures yielding �=0.36�0.03
and �=1.37�0.02 with the same TC.

A final test of the applicability of three-dimensional �3D�-
Heisenberg model exponents35 to this system is provided in
Fig. 4 using ac susceptibility data from Fig. 3�a�. Scaling
theory in the form summarized in Eq. �2� predicts that such
data, when normalized to its peak value �	�h ,Tm��, should
fall on a universal curve when plotted against the argument
�h / t��+��� of the scaling function �actually, its inverse
t /h1/��+��, which maintains the peak structure29,36�. In combi-
nation, the above shows that these estimates for �, �, and �
agree, within experimental uncertainty, with 3D-Heisenberg
model predictions ��=1.387, �=0.365, and �=4.783 �Ref.
35�� and satisfy the Widom equality �=���−1�.34

C. dc magnetization—critical behavior

For the continuous PM-FM transition, the scaling law
equation of state �Eq. �1�� leads to the following well-
established power-law predictions for the �reduced� sponta-
neous magnetization MS�T�=MS�H=0,T�,28–31,34,37,38

MS�T� = MS�0��1 −
T

TC
	�

; m�0,t� � B�t���T � TC� ,

�6�

the initial susceptibility �	i�T�= ��M /�H�H=0�

	i�T� = 	0� T

TC
− 1	−�

; 	i�t� =
�m

�h
� Ct−��T � TC� .

�7�

While along the critical isotherm �T=TC and t=0�,

M�H,T = TC� = M0H1/�; m�h,0� � Eh1/�. �8�

These equations form the basis of independent estimates for
ordering temperature TC and the critical exponents �, �, and

� through the detailed self-consistent analysis of magnetic
isotherms.30,32 Based on an Arrott-Noakes equation of
state,22,23 these data were replotted in the form �Hi /M�1/1.387

versus M1/0.365 shown in Fig. 5�a�. The latter yields a series
of parallel straight lines confirming the applicability of 3D-
Heisenberg model exponents and an estimated ordering tem-
perature of TC=127�0.5 K from the isotherm passing
through the origin.

The self-consistency of this determination is re-enforced
in Figs. 5�b�–5�d� through the use of Eqs. �6�–�8�. A double-
logarithmic plot �Fig. 5�b�� of data along the critical isotherm
M�TC=127 K,H� verifies the power-law prediction, and, for
4 kOe�H�90 kOe, yields the equation of state critical
exponent �=4.81�0.02, which is again very close to the
3D-Heisenberg model prediction. The latter, incidentally,
indicates—albeit indirectly—the absence of a Griffiths-type
phase �GP� �frequently characterized by large �
values31,33,39–41� in the system; a point returned to below.
Additionally, examination of the behavior of isotherms near
TC also reveals that they approach the expected shearing
curve limited behavior:28–30 the maximum slope of which
yields a final estimate of the demagnetization factor ND
=50�1 g Oe /emu comparable with those given earlier.

The order-parameter exponent � can be derived from the
spontaneous magnetization MS �the abscissa in Fig. 5�a��
when plotted as a function of reduced temperature t= �T
−TC� /TC; insert Fig. 5�c�. Figure 5�d� displays the tempera-
ture dependence of the inverse initial susceptibility 1 /	i �the

FIG. 4. �Color online� Scaling plot for the isokaps in Fig. 3�a�
for x=0.27.

FIG. 5. �Color online� �a� Modified Arrot plots for x=0.27 using
3D-Heisenberg model exponents for a selection of magnetic iso-
therms from Fig. 1�b�. �b� Double log plot of M vs Hi along critical
isotherm, viz., log�M� vs log�Hi�, TC=127 K, yielding �
=4.78�0.03 for 4 kOe�H�90 kOe. �c� The spontaneous mag-
netization MS�T� plotted against temperature: Inset; MS vs reduced
temperature t on a double-logarithmic scale, viz., log�MS� vs log�t�,
the slope of the straight-line drawn yielding �=0.36�0.02. �d� The
inverse initial susceptibility 1 /	i plotted against temperature: inset;
1 /	i vs reduced temperature t on a double-logarithmic scale, viz.,
log�1 /	i� vs log�t�, the slope of the straight-line drawn yields �
=1.36�0.02.
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ordinates in Fig. 5�a��, replotted against reduced temperature
in the corresponding insert. These inserts confirm the power-
law predictions �Eqs. �6� and �7��, and the associated slopes
yield exponents values of �=0.36�0.02 and �
=1.36�0.02, respectively. These estimates are again very
close to Heisenberg model predictions.35 A final assessment
of scaling behavior both above and below TC=127 K using
the above-listed exponent estimates based on Eq. �1� is car-
ried out in Fig. 6; the latter demonstrates good data collapse.

x=0.29

Figures 7�a�–7�e� summarize the corresponding analysis
of the field-dependent ac susceptibility data at x=0.29 yield-
ing �=4.62�0.05, �=1.38�0.01, and �=0.37�0.02 with
TC=114�0.5 K. The first of these is slightly lower than
Heisenberg model predictions, while the latter two are not.
The field-dependent ac susceptibility data collapse, using
these exponent values, is reproduced in Fig. 8. The magne-
tization data for this sample are, however, slightly more com-
plex. Figure 9�a� demonstrates that modified Arrott plots us-
ing near-Heisenberg model exponents exhibit slight
curvature unlike the situation encountered at x=0.27. Never-
theless, with TC=114�0.5 K found from extrapolating low-
field data in Fig. 9�a�, not only is the equation of state expo-
nent �deduced over a comparable field range along the
critical isotherm to that utilized at the lower composition�
consistent with that found from the ac susceptibility analysis,
viz., �=4.6�0.1 �Fig. 9�b��, but scaling of the magnetization
data over a comparable range of field and reduced tempera-
ture is also achieved �Fig. 9�c�� with the same value for �
=4.6 and �=0.36.

Both the curvature and the �slightly� depressed � value
mentioned above are qualitatively consistent with the in-
creasing presence of AFM interactions as x increases. The
presence of the latter constitutes disorder—specifically dis-
order in the exchange bond distribution—which, by broad-
ening the �assumed� Gaussian exchange bond distribution,
can lead to reduced values for the effective exponent ��.17 It

should also be conceded that the composition of this sample
places it close to the boundary for charge ordering; the pre-
cursor effects of which may play some role in this context,
although such effects have yet to be addressed in any detail
experimentally or theoretically. The disorder discussed above
is not, however, effective in nucleating a GP-type feature in
either specimen. The “normal”—as opposed to substantially
enhanced—� values indirectly support this assertion as men-
tioned earlier, while the temperature dependence of the in-
verse �zero-field� susceptibility �shown in the insert in Fig.
2�a� for x=0.27� confirms it directly by not displaying the
downturn characteristic of large cluster/correlated volume
formation within such a phase �GP characteristics can dis-
play a marked sensitivity to applied field,31,33,39,40 thus the
use of the zero-field response �i.e., using only in an ac driv-

FIG. 6. �Color online� Conventional scaling plot for x=0.27
�Eq. �1�� on a double-logarithmic scale using the critical exponents
and TC listed above, viz., log�M / t�� vs log�Hi / t���. The upper
branch corresponds to data below TC and the lower branch to data
above TC.

FIG. 7. �Color online� �a� 	�H ,T� for x=0.29 �corrected for
background and demagnetizing effects� measured on warming fol-
lowing ZFC in fixed static fields of 5 kOe �top� to 8 kOe �bottom�
in 200 Oe steps. �b� Double-logarithmic plot testing the power-law
prediction of Eq. �3�, viz., log�	m� vs log�Hi�, the slope yielding
�=4.62�0.05. �c� Estimate of critical temperature TC

=114�0.5 K from extrapolation of the susceptibility peak tem-
peratures �Tm� against �Hi

0.57�. Double-logarithmic plots testing the
remaining power-law predictions �Eqs. �4� and �5��. �d� The reduced
peak temperature �tm� against the internal field �Hi�, viz., log�tm� vs
log�Hi�, yielding �+�=1.69�0.02. �e� The peak susceptibilities
�	m� against reduced temperature �tm�, viz., log�	m� vs log�tm�,
yielding �=1.37�0.02 and hence �=0.36�0.02.
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ing field of 1 Oe rms� provides the more appropriate
measure41�. Another feature linked with the occurrence of a
GP has been an anomalous variation in the behavior of the
acoustic spin-wave stiffness D.33,42 To investigate the latter
in the present samples, measurements of the magnetization
that have been carried out in 2 K steps up to approximately
half the ordering temperature �TC /2� and estimates made of
the spontaneous magnetization �MS�T�� using extrapolations
based on a modified Arrott-Noakes equation of state.22,23

These estimates are reproduced in Fig. 10�a� from which the
following conclusions can be drawn. First, the spontaneous
magnetization �MS�T�� at zero temperature is estimated to be
MS�0�=91.9�0.2 emu /g=3.57�0.02 �B at x=0.27 and
MS�0�=88.2�0.2 emu /g=3.39�0.02 �B at x=0.29: both
of which are smaller than the respective theoretical spin-only
moment values of MS�0�=3.73 and 3.71 �B. The latter in-
dicates a small degree of noncollinearity in moments—
possibly the Pr moment—in both samples.10 In the absence
of detailed microscopic measurements, however, a rough es-
timate of the average degree of noncollinearity can be found
using 
=cos−1�MS�0� /Msat�=17° and 24°, respectively, for
x=0.27 and 0.29.43 Second, these data have been fit to the
Bloch T3/2 law;44,45 such a temperature dependence origi-
nates from the assumption of gapless acoustic spin-wave ex-
citations described in the usual notation by the dispersion
relation ��ac=Dq2 and leads to the following well-known
expression for the temperature dependence of MS�T�,25,44,45

viz.:

Ms�T�
MS�0�

= 1 −
1

NS
� kBT

4�D�T�	
3/2

��3

2
	 . �9�

Here ��3 /2� is the Riemann zeta function and D the acoustic
spin-wave stiffness. A least-square fitting of Eq. �9� to the
data yield D�0�=70�1 meV Å2 �x=0.27� and D�0�
=75�2 meV Å2 �x=0.29� values close to that estimated
from neutron-scattering data on a Pr0.75Ca0.25MnO3 single
crystal �D�0�=60 meV Å2�.14 As reported previously, these
latter values for D are comparable to those found in the
ground state of other FM insulating manganites, such as
La0.8Ca0.2MnO3,33,42 and indeed in the ZFC charge-ordered
insulating ground state of this same system.46 In contrast, in

the field-induced FM metallic state of this system, D is en-
hanced by close to a factor of 3 reaching values approaching
150 meV Å2 in both single crystal Pr0.7Ca0.3MnO3 �Ref. 47�
and polycrystalline Pr0.6Ca0.4MnO3.46 This marked change in
D with composition and field summarized in Fig. 10�b� dem-
onstrates that D can monitor the occurrence of charge order-

FIG. 8. �Color online� Scaling plot for the isokaps in Fig. 7�a�
for x=0.29.

FIG. 9. �Color online� �a� Modified Arrot plots for x=0.29 using
3D-Heisenberg model exponents in the temperatures of 110 K to
125 K in 1 K steps. �b� The critical isotherm TC=114 K replotted
on double-logarithmic scale, viz., log�M� vs log�Hi�, estimation
from the data 4 kOe�H�90 kOe incorporating Eq. �8� yielding a
value of �=4.6�0.1. �c� Conventional scaling plot—Eq. �1�—
replotted on a double-logarithmic scale �log�M / t�� vs log�Hi / t����
using the critical exponents and TC listed above.
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ing in a comparably striking manner to that shown by recent
studies of the EFG in this system.19

IV. TRANSPORT PROPERTIES

For completeness, the transport behavior of these samples
was also investigated. In the strictest sense of charge order-
ing, no hopping contribution to the conductivity would oc-
cur; at least in the conventional DE scenario where uncorre-
lated hopping via a single intermediate oxygen atom alone is
considered. The present specimens lie outside such a regime.
Figures 11�a� and 11�b� ��x=0.27� and �x=0.29�� confirm
that below the charge-ordered regime �x�0.3� of this sys-
tem, available fields are unable to melt the FM insulating
ground state;9,10 conversely the retention of insulating char-
acteristics in high-applied fields provided indirect evidence
against the occurrence of charge ordering. The continuous
semiconductorlike increase in the samples resistance with
decreasing temperature precluded measurements being car-
ried out below 90 K. Nevertheless, the emergence of a small
cusp near T=125 K �x=0.27�, the previously determined or-

dering temperature for H=0 indicates that magnetic ordering
influences the conduction process �albeit not nearly as dra-
matically as in “conventional” DE systems�; an assertion
confirmed by the associated magnetoresistance �insert in

FIG. 10. �Color online� �a� The low-temperature-reduced spon-
taneous magnetization MS�T� /MS�0� plotted against T3/2. �b� The
evolution of the acoustic spin-wave stiffness of D�0� as a function
of doping level �x� in Pr1−xCaxMnO3 compounds.

FIG. 11. �Color online� �a� Resistivity for x=0.27 in zero field
�top�; 90 kOe �bottom� measured on warming following ZFC: Insert
is the magnetoresistance ���0�−��H�� /��0� exhibiting a peak at TC.
�b� as in �a� for x=0.29. �c� Data �x=0.27� fits to the linearized
forms of Eq. �10� for simple thermal excitation �c1�, adiabatic SPH
model �c2�, and nondiabatic SPH model �c3�.
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Figs. 11�a� and 11�b��. The behavior of the resistivity in the
PM insulating phase �d� /dT�0� above TC in many doped
Mn perovskites has been fitted to a modified Arrhenius law
of the form48–50

��T� = �0T� exp�Ea/kBT� , �10�

where Ea is an activation energy while the exponent � can
assume values of 0, 1, or 3/2 depending on the physical
model invoked �i.e., zero for simple thermally activated hop-
ping, one for adiabatic, and 3/2 for nonadiabatic small po-
laron hopping �SPH� �Refs. 48–50��. The prefactor �0 in-
cludes a factor x�1−x� �x being the doping level� to account
for site-occupation effects.48,49 For the present single crys-
tals, the nonadiabatic SPH model ��=3 /2� provides the most
convincing fit to available data in the high-temperature re-
gime. Such fits shown in Fig. 11�c� using the linearized form
of Eq. �10� yield Ea=155.4 meV for the zero-field data at
x=0.27, which is very close to the corresponding estimate of
Ea=158.1 meV at x=0.29 �and hence not reproduced here�.
These estimates for Ea agree with the overall range of those
obtained from zero-field data on a range of manganites.48,49

V. SUMMARY AND CONCLUSIONS

Detailed analysis of field- and temperature-dependent ac
susceptibility and magnetization data in single crystal
Pr1−xCaxMnO3 �x=0.27, and 0.29� reveals near-Heisenberg
model exponents, so that the lack of metallicity and the sup-

pression of charge fluctuations in them do not appear to in-
fluence the universality class of the FM-PM transition. In-
deed, these exponent values agree with the predictions for
the universality class of the DE model in the absence of
significant anisotropy effects.51,52 Specifically for x=0.27, �
=4.81�0.02, �=1.36�0.02, and �=0.36�0.02 �consistent
with the predictions for the nearest-neighbor 3D Heisenberg
model� with TC=127�0.5 K; whereas at x=0.29 the expo-
nents are marginally different, with �=4.62�0.05, �
=1.38�0.01, �=0.37�0.02, and TC=114�0.5 K. Qualita-
tively, these small changes likely reflect the rising impor-
tance of AFM interactions with increasing x as the charge-
ordered state is approached: an influence that is difficult to
assess quantitatively. No evidence for a GP was found in
either specimen. These single crystals also display compa-
rable values of the acoustic spin-wave stiffness D
�70 meV Å2, well below that found in the charge-ordered
field-induced metallic regime of the same system. These
samples remain insulators below FM ordering temperature
TC in fields up to 90 kOe; they display nonabiabatic SPH-
mediated transport behavior in the PM regime in zero field
characterized by activation energies comparable to those re-
ported for a range of doped perovskites.
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