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The critical properties of orthorhombic Prj¢Sro4sMnO; single crystals were investigated by a series of
static magnetization measurements along the three different crystallographic axes as well as by specific heat
measurements. A careful range-of-fitting-analysis of the magnetization and susceptibility data obtained from
the modified Arrott plots shows that PryeSro4MnO; has a very narrow critical regime. Nevertheless, the
system belongs to the three-dimensional (3D) Heisenberg universality class with short-range exchange. The
critical exponents obey Widom scaling and are in excellent agreement with the single scaling equation of state
M(H,€) = |e|? f(H/|e|®*); with f, for T > T. and f_ for T < T.. A detailed analysis of the specific heat
that account for all relevant contributions allows us to extract and analyze the contribution related to the magnetic
phase transition. The specific heat indicates the presence of a linear electronic term at low temperatures and a
prominent contribution from crystal field excitations of Pr. A comparison with data from literature for PrtMnO;

shows that a Pr-Mn magnetic exchange is responsible for a sizable shift in the lowest lying excitation.

DOLI: 10.1103/PhysRevB.84.184422

I. INTRODUCTION

Colossal magnetoresistive (CMR) oxides of the manganite
family with the generic formula R;_, A,MnO3 (R = rare earth
ion, A = alkaline earth or equivalent ion) possess a complex
phase diagram that often includes charge order (CO)/orbital
order (OO), metal-insulator (MI) transitions, and various mag-
netic phases tunable as a function of composition, magnetic
field and/or temperature.' The physical properties of these
materials strongly depend on subtle structural distortions. The
composition Prg ¢Srg4MnQO3, which forms the subject of this
paper, has been reported to constitute a ferromagnet with a
Curie temperature T¢ ~ 297 K.* Pry ¢Sro4MnO; also under-
goes a structural phase transition from a high-temperature
orthorhombic Pnma to a low-temperature monoclinic 12/a
space group which was reported to take place at Ty, ~ 100 K.
Powder neutron diffraction studies report structural phase
separation below Ty.> Furthermore, the magnetization curves
(M-H) measured below the structural transition temperature
are found to be anomalous: The virgin curve stays outside
the subsequent M-H hysteresis loops® thereby suggesting
that the structural phase separation has a profound influence
on the magnetic properties. Optical conductivity data’ on
Pro.¢Srp4MnO; in applied magnetic field deviate from the
expected universal scaling. In particular, a nearly linear |M|
dependence of the magneto-optical conductivity in the critical
regime indicates strong ferromagnetic spin fluctuations of
Mn above T¢.” The irreversible magnetization processes
related to the structural phase separation and the anomalous
behavior of the magneto-optical conductivity motivated us to
investigate some basic physical properties of Prg¢Srg4MnO3
single crystals in order to unambiguously distinguish between
conventional and unconventional properties of this essentially
metallic and ferromagnetic mixed-valent manganite. The main
focus is the nature of the paramagnetic (PM)-ferromagnetic
(FM) transition. Hence we present a scaling analysis of static
magnetization data supplemented by a detailed analysis of
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the specific heat C, within the temperature range 2-350 K,
that covers both the PM-FM transition and the structural
transitions.

The critical nature of manganites near a PM-FM phase
transition have been the subject of many studies.®>> Different
experimental techniques have been used in these investigations
to obtain the critical exponent 8 of the spontaneous magne-
tization. The values of the exponent from these reports were
found in a range from 0.3 to 0.5 which covers the mean-field
value (8 = 0.5) as well as the values corresponding to the
three-dimensional (3D) isotropic Heisenberg (8 = 0.365) and
the 3D Ising (8 = 0.325) universality classes. In addition to
the above variety of continuous phase transitions, first-order
nature of the PM-FM transition was found in in the case
of LaMnO3 143 and Lag ;Cag3MnQ3.%° The first-order phase
transition has been recently found in the phase diagrams
generated by large-scale Monte Carlo simulations within
the two-orbital model Hamiltonian.?” This suggests that the
PM-FM transitions in manganites display different properties
varying from continuous transitions due to short-range ex-
change to first-order transitions.

Although our preliminary investigations® of the resistivity
at the paramagnetic-ferromagnetic (PM-FM) transition in
Pro.¢Srp4MnO; already suggested that the critical exponents
most probably belong to the class of conventional isotropic
ferromagnets, a clear-cut evidence from the magnetization
data was missing. Therefore, we here report a detailed analysis
of magnetization. The results reveal that the modified Arrott
plots provide straight lines for a range of exponents B and
y (see definition below), including those belonging to both
the three-dimensional (3D) Heisenberg as well as 3D Ising
universality classes. These observations suggested a possible
role of anisotropy affecting the asymptotic critical properties.
Furthermore, a very recent investigation?® of critical behavior
in polycrystalline Prys5Sr94sMnO3 by Fan ef al. using the
field dependence of magnetic entropy change reports expo-
nents close to the mean-field values. In their method, only two
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of the critical exponents, magnetic entropy change n, and that
of the magnetic isotherm §, were experimentally determined.
From these values of n and §, values of the interrelated 8 and
y were numerically computed. However, for a more stringent
test, it is required to independently obtain at least three of the
exponents. Moreover, in the polycrystalline samples, the effect
of anisotropy is averaged out and thus concealing some of the
physics we are interested in. In order to clarify these issues, we
performed additional magnetization measurements along all
three orthorhombic crystallographic axes of our single crystal
in the critical regime. All our measurements indicate that
even though the magnetic properties of this material are fairly
complex, it can be classified as a conventional ferromagnetic
metal. Furthermore, we show that the magnetic anisotropy is
not strong enough to reveal the expected crossover toward
the scaling of the 3D Ising universality class. The analysis
of the critical properties is supplemented by investigations
of the specific heat in the temperature range 2-350 K which
evidences metallic and ferromagnetic properties. In addition
to that, an appreciable contributions from excitations of the
crystalline electric field (CEF) split levels of the Pr3* ions are
observed, which allows us to estimate for the Pr-Mn magnetic
exchange in this system.

II. METHODS

A. Experiments

The samples used in the present study were single crystals
of Pry ¢Sro4MnO; grown by the optical floating zone method.
The crystals were prepared from high purity precursors
PrgO;1, SrCO; and MnO,. The single-crystalline quality of
the samples was confirmed by Laue photography, and the
chemical composition was ascertained by inductively coupled
plasma atomic emission spectroscopy using a Perkin Elmer
Optima 2000 spectrometer. The phase purity of the crystals
was verified by powder x-ray diffraction (XRD) with Cu
Ka radiation on pulverized pieces from these crystals. A
cuboidal sample of dimension 2 x 2 x 2 mm?® was extracted
from the boule, oriented, and used in further experiments. The
field cooled (FC) and zero-field cooled (ZFC) magnetization
protocols, and the magnetization isotherms for the critical
analysis in the temperature range 290-311 K in steps of 0.5 K
(and, where required, 0.25 K) were measured using a SQUID
(Quantum Design) magnetometer. Specific heat was measured
by means of a commercial physical property measurement
system (Quantum Design).

B. Critical analysis

According to the scaling hypothesis, the critical properties
of a magnetic system that undergoes a continuous phase
transition can be characterized by a set of interrelated critical
exponents o, B, y, and 8.° Here « is the specific heat
(Cp) exponent, and the exponents B and y are derived
from spontaneous magnetization (M) below the transition
temperature 7 and initial susceptibility (xo) above T,
respectively. The exponent § describes the behavior of the
magnetization M in an applied field H at T¢. Thus, the singular

PHYSICAL REVIEW B 84, 184422 (2011)
components of the physical properties depend on the reduced
temperature € = (T — T¢)/ T¢ as follows:

C, ~ A*le|™. (D

Here A" is critical amplitude for T > Tc and A~ is the
corresponding one for T < T¢:

My(T) ~ Myle|®, € <0 (H — 0). 2)
xo(T)™' ~ (ho/Mo)e”, € > 0. 3)
M~ DH'Y? €=0, 4)

where My, ho/ My, and D are critical amplitudes.
The magnetic equation of state in the critical region is given
by

M(H,e) = |e|f fu(H/|e|P), o)

where fi for T > T¢ and f_ for T < T¢ are regular analytic
functions. Thus, two universal curves are expected from
Eqg. (5), one for temperatures above 7¢ and another one for
temperatures below T¢. The experimental verification of the
existence of these two universal curves are usually taken as a
stringent test for proper scaling.

III. RESULTS

A. Crystal structure

The Rietveld method®® as implemented in the Fullprof
code’! was used for the refinement of the powder XRD data.

The experimentally observed diffraction intensities Iops
along with the calculated intensities (refinement) I.,., their
difference Iops — Icale, and the Bragg positions are presented
in Fig. 1. The crystal structure was refined within the Pnma
space group with the lattice parameters a = 5.4859(1) A, b =
7.6790(1) A, and ¢ = 5.4443(9) A. The lattice parameters are
consistent with the crystal structure of Prg Sty 4MnOj3 reported
earlier from x ray as well as neutron powder diffraction.*>-32

B. Magnetization

The static magnetization curves of PrgeSrp4MnO3; mea-
sured in a zero-field cooled and field cooled state in an
applied magnetic field of 100 Oe parallel to crystallographic
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FIG. 1. (Color online) The powder x-ray diffractogram of
Pr 6Sro4MnO; showing the observed, calculated, and difference
intensities along with the Bragg positions.
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FIG. 2. (Color online) The temperature dependence of dc mag-
netization measured in a zero-field cooled (ZFC) and field cooled
(FC) state in a magnetic field of 100 Oe applied parallel to the
crystallographic a axis. T¢ and Ty, mark the ferromagnetic and
structural transitions, respectively.

a axis are presented in Fig. 2. Two transitions are evident:
a high-temperature transition at 7¢ ~ 300 K which signals
the ferromagnetic transition, and a second one, which marks
the structural transition at Ty, ~ 65 K from the orthorhombic
Pnma to the monoclinic 72/a space group.’ The critical
properties of Prg¢Sro4MnO; were analyzed from the static
magnetization data. First we discuss the analysis of the
magnetization data measured along the crystallographic a
axis. The M-H isotherms are presented in Fig. 3. The inset
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FIG. 3. (Color  online)  Magnetization  isotherms  for

Pro6S104MnO; along the crystallographic a axis from 0 up to
5 T in the temperature range 290-311 K covering 7¢. Only selected
data are shown for clarity. The inset displays Arrott plots in the same
range of magnetic field and temperature.

PHYSICAL REVIEW B 84, 184422 (2011)

T T

T T
150 200

y T
0 50 100
(Heff/M)1/1'33 (Oe g/emu)1/1 .33

FIG. 4. (Color online) Modified Arrott plot for Prj¢Sry4MnO;
with optimized trial values of 8 = 0.38 and y = 1.33. The isotherm
at T = 301 K passing through the origin gives an estimate for the
Curie temperature 7¢.

presents Arrott plots M 2 vs Heg/M, where H. is the effective
magnetic field after correcting for demagnetization effects.
Obviously the Arrott plots in the present case are highly
nonlinear and, hence, do not obey the mean-field theory of
phase transitions, that is, for § = 0.5 and y = 1. Therefore,
modified Arrott plots were constructed in which M'/# was
plotted against (H.z/M)'/”. For the trial values 8 = 0.38
and y = 1.33 an excellent plot was obtained: It can clearly
be seen from Fig. 4 that the curves within this modified
Arrott plots exhibit remarkably linear behavior at all measured
temperatures with the straight line at 7 = 301 K passing very
close through the origin. We note that a linear behavior in
the modified Arrott plots was also observed with the trial
values of 8 = 0.32 and y = 1.24, yet the former values gave
a better quality of the linear fits. Therefore, the linear plots
in Fig. 4 with the trial values of § =0.38 and y = 1.33
were extrapolated to the abscissa and the ordinate to obtain
the values of spontaneous magnetization M,(7',0) and inverse
susceptibility y, ! respectively. The resulting data of M(T',0)
and x,' as a function of temperature are summarized in
Fig. 5. A power-law fit to this plot following Eq. (2) yields
the values of 8 = 0.365(4) and T = 301.3(2) K. A similar
analysis of the inverse susceptibility following Eq. (3) gives
the values y = 1.309(3) and T = 301.2(2) K. These values of
B and y are close to our starting values. The critical exponent
8 = 4.648(4) was obtained directly from the critical isotherm
at 301 K following Eq. (4) (Fig. 6). On the other hand, the
Widom scaling equation®** predicts

5=1+y/p. ©)

Using the values of 8 and y obtained from the fits, we get
8 = 4.586 from Eq. (6) which is very close to the directly
determined value from the critical isotherm and thus supports
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FIG. 5. Spontaneous magnetization (left) and initial susceptibil-
ity (right) vs temperature of Pry¢Sro4MnOj; as obtained from our
modified Arrott plot. The solid lines represent power-law fits, as
explained in the text.

the scaling. In order to verify whether the data obey the
magnetic equation of state [Eq. (5)] we plot M|e|™# as
a function of Hl|e|~#+") in Fig. 7. A double-logarithmic
plot of the same data is presented in the inset. All data in
the temperature range 295 < T < 308, corresponding to a
reduced temperature interval |e| < 0.025, collapse perfectly
into two universal curves, one for T < Tc and another for
T > Tc. Thus, the obtained critical exponents agree well
with the prediction of the scaling hypothesis. The experimen-
tally determined values of the exponents 8 = 0.365(4), y =
1.309(3), and § = 4.6483(4) are close to the expected critical
exponents for the Heisenberg universality class, By = 0.368,
vy = 1.396, and 8§ = 4.783.% But on a closer look, the value
of the exponent y appears to be quite low compared to the
theoretical yg. This prompted us to conduct a similar analysis
of the magnetization data along the crystallographic » and ¢
axes. Again, from the modified Arrott plots (similar to the
one presented in Fig. 4) M and x, ! values were extracted.
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FIG. 6. (Color online) M along a axis in dependence on H.g
plotted for 7' = 301 K. The straight line is the linear fit following
Eq. (4). Here H is replaced by H to account for demagnetization
effects.
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FIG. 7. (Color online) Scaling plots following the magnetic
equation of state for Pry ¢Sry4MnO3. Measurements were done with
magnetic field along a axis. Clearly two universal curves above and
below T, are obtained. The inset plots the same data in a double
logarithmic presentation.

These data are plotted in Fig. 8. A power-law fit according to
the Eq. (2) to the magnetization data yielded 7¢ = 300.30(4)
K and B8 = 0.344(4) for b axis and T¢ = 302.10(2) K and
B = 0.364(3) for c axis. The values of the exponent 8 were
found to be insensitive to the temperature range of fitting, but
those of the exponent y did depend on the range of fitting.
Stable values of the exponents were obtained for x, ! data
along the b and c axis for the range 5.32 x 1074 < |e] €0.012
and 1.6 x 1073 < |e] <0.016, respectively. From a power-law
fit to Eq. (3) we obtained T, = 300.2(2) K; y = 1.34(7) for
b axis and T, = 302.0(2) K; y = 1.34(9) for ¢ axis. These
values also satisfy the scaling equation of state. There is an
obvious anisotropy of the critical temperatures determined
along different directions. This effect is expected owing to an
anisotropy of the magnetic system, which may be associated,
for example, to the rare-earth magnetism of Pr in this system.
Our scaling analysis, by extrapolating from high fields,
determines the properties of critical fluctuations for the leading
couplings in the magnetic system and suppresses the secondary
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FIG. 8. (Color online) Spontaneous magnetization (left) and
initial susceptibility (right) vs temperature of Prj¢Sro4MnO;5 along
the crystallographic b and ¢ axes. The solid lines represent power-law
fits, as explained in the text. The horizontal arrows close to the x axis
indicate the T range used for the fit above T..
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effects of anisotropies or dipolar couplings. A determination
of the crossover behavior, for example, toward the expected
behavior of a 3D Ising system was inconclusive, which is also
expected as there is a clear hierarchy of magnetic couplings
with the exchange being much larger than any magnetic
anisotropic couplings. Thus, anisotropy effects are only seen in
the nonuniversal values of the critical temperatures, according
to our scaling analysis. The observation of this anisotropy,
however, indicates that scaling analysis using measurements
in zero, or low, fields may lead to substantial artifacts as
they may display fluctuation properties in the crossover
regimes toward anisotropic couplings without reaching an
asymptotic or effective scaling behavior. The phase separation
below 65 K due to the first-order structural transition does
not affect the ferromagnetic transition at high temperature.
The results show that the magnetization can be effectively
used as an order parameter for the high temperature phase
transition. Thus, our analysis demonstrates that the present
system Pry¢Srp4MnO;3 displays a conventional continuous
PM-FM phase transition and can nicely be compared to
the one in Nd ¢Pbg4MnOs'* or Pr;_,Pb,MnO;'7 within the
class of mixed-valent ferromagnetic manganites, as well as
to Ni.*® Our results can be generalized to the manganite
systems that have high ferromagnetic transition temperatures
and are far away from a charge-ordered antiferromagnetic
phase. Theoretical work on the manganites has focused on
the formation of nanoscale inhomogeneities, caused by the
formation of correlated magnetic polarons, and electronic
phase separation in order to explain the colossal effects
in transport.> At a continuous magnetic ordering transition,
universality guarantees that the critical properties should only
depend on the order parameter symmetry, dimensionality,
and range of interactions independent of microscopic details.
The existence of magnetic polaronic entities introduces an
additional microscopic length scale, but it is not expected to
influence the critical properties. Therefore, the finding of a
continuous phase transition in Pry ¢Srg 4MnO; does not per se
contradict microscopic models involving correlated magnetic
polarons. However, couplings of the magnetic subsystem
to other fluctuating modes under the influence of disorder
may cause another type of magnetic ordering transitions. For
example, Monte Carlo simulations performed for realistic
models of manganites?’” predict short-range correlations
among polarons in the paramagnetic state, but also the
occurrence of first-order phase transitions in the pure case
without quenched disorder. These models®*”*’ are mainly
focused on the manganites close to a bicritical point in the
temperature-composition phase diagram. Such systems could
display unconventional types of continuous magnetic ordering
transitions if the magnetic order is a secondary order parameter
driven by a structural or orbital ordering. In particular, strong
quenched disorder could lead to a rounded continuous phase
transition ruled by a universality class for disordered systems
with a different kind of order-parameter symmetry. Theoreti-
cally, corresponding finite-temperature critical properties have
not been investigated in detail yet for the manganites. However,
the finding of a continuous and conventional magnetic ordering
transition in Prg ¢Sro4MnO;3 with relatively high T ~ 300 K
shows that this system is far from such a behavior at a bicritical
point.38

PHYSICAL REVIEW B 84, 184422 (2011)

C. Specific heat

The specific heat of Pry ¢Sryp 4MnOj is presented in Fig. 9(a)
(black open squares). The PM-FM transition is obvious in the
specific heat as a peak around 300 K. The structural transition
is discernible as a small step at T, =~ 68.5 K [Fig. 9(b)]. Our
single crystal data are broadly comparable to specific heat data
in the temperature range from 2 to 300 K for polycrystalline
Prj ¢Sro.4MnO3 material presented by Lees et al.** Although
the anomaly associated with the structural transition in their
data appears as a broad shoulder between 75 and 100 K with
a maximum at about 88 K, the magnetic transition seems to
take place above 300 K in these data. These deviations may be
due to slight differences in stoichiometry as well as due to the
differences in the properties between polycrystalline materials
and single crystals, as observed, for example, also in specific
heat data for different samples of Pry.63Cag 3yMnO;3.4

We now analyze the specific heat data for our single
crystal by considering all possible contributions that are
known to occur in rare-earth-based mixed-valent manganites.
These are contributions from the lattice (Clu), electronic
contributions due to the metallic character of Prg ¢Srg4MnO;
(Ce1), magnetic contributions (Cpag), Schottky-like anomalies
from the CEF levels of the Pr’* (Cy), and magnetic hyperfine-
field excitations of the Mn nuclei (Chyp):

Cp = Claq + Ce1 + Cmag +Cs+ Chyp- (7)

(@ Cp

FIG. 9. (Color online) (a) The specific heat of PryeSro,MnO3
plotted along with the relevant fit lines pertaining to the model
described in the text. The different contributions to the lattice part
are also plotted separately. (b) The same data set at low temperatures.
In the inset, for clarity in an enlarged scale the contributions from the
Ce1, Chyp, and Cy,, are presented.
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The magnetic contributions stemming essentially from the
ferromagnetic order of the Mn subsystem may be split into
a low-temperature part due to spin waves in the ferromagnetic
state and an excess contribution due to the magnetic ordering
near Tc,

Cmag = Csw + Cexc. (8)

In these considerations, contributions from a separate ordering
of magnetic moments on the Pr sublattice are neglected,
because there is no evidence of Pr contributing to the ordered
magnetic moment at 7¢. Moreover, it is assumed that the
structural transition is a first-order transition so that any related
anomalies in the specific heat are é-like and confined to a
narrow temperature region around T,

Obviously, it is not possible to derive the numerous parame-
ters of the specific heat model Eq. (7) from the measured data in
a straightforward fitting exercise. Furthermore, it turns out that
major contributions overlap over most of the temperature range
such that there is no satisfactory way to separate them out.
Instead, we model the specific heat by including circumstantial
information to fix certain contributions. This will allow us
to derive estimates for the remaining contributions in the
temperature range outside of the anomaly associated to the
magnetic ordering at T¢.

At low temperatures the electronic contribution Cgj, and the
spin-wave contribution Cgy,

Ca=nT, 9)
Csw = B3p T?, (10

due to ferromagnetic order dominate. Generally, it is difficult to
separate these two similar power laws even for common metal-
lic ferromagnets. Moreover, we find that the Schottky-like
anomaly from the lowest CEF level appreciably contributes
already above 8 K. This precludes a quantitative distinction
between C and Cs,,. At lowest temperatures, between 2 and
3 K, a nuclear hyperfine field contribution Chyy,

Chyp = @2/ T? (11

is discernible, in agreement with earlier studies on mixed-
valent manganites.>>*> This contribution is related to the
magnetic influence of the electronic Mn spins on the 3Mn
nuclei. In our model, we adopt o_, >~ 9 mJ K/mol obtained
by Woodfield et al.** for La;_,Sr,MnO3 with 0.0 < x < 0.3
under the assumption that the hyperfine fields at the Mn-
nuclear sites are similar in both metallic and ferromagnetic
materials La;_,Sr,MnO5 and Pr;_,Sr,MnOs.

Similarly, we fix the spin wave contribution Cj, by data
from other studies. From inelastic neutron scattering, the spin-
wave dispersion and the stiffness Dy, have been determined
for Pry 625510 375Mn0O3.*3* These data show that the low-lying
spin waves are well described by the dispersion of a simple
cubic ferromagnet, with nearest-neighbor coupling and a negli-
gible spin-wave gap. Hence, we fix the spin-wave contribution
to the specific heat [Eq. (10)] by the appropriate expres-
sion for a simple cubic ferromagnet with nearest-neighbor
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exchange®
R Vcell kB 312 *© x5/2€x
B3/2 = > 2 dx
4 Dy, o (e*—1)

3/2
_ 445803 % Veen (ks
472 Dg,

~ 0.60 mJ/(mol K>/2), (12)

where R is the ideal gas constant, V. = 57.34 A3 the
volume per formula unit, and kg is Boltzmann constant.
The spin-wave stiffness was taken from Refs. 43 and 44 as
Dy = 165 meV A% = 1915 kg K A2

All relevant contributions for the low temperature range
result in

CP(T)za_z/T2+B3/2T3/2+)/1T+B3T3, (13)

where the first two contributions have already been accounted
for. The parameters y; and Bz for the remaining electronic
and the leading-order lattice contribution, respectively, are
determined by plotting C,(T)/T —a_y/T> — B3,y T'/?
versus T2 (Fig. 10). For the temperature range 2 < T < 8 K,
a linear fit gives y; = 1.8(4) mJ/(mol K?) and B; = 2.1(1)
mJ/(mol K*). The parameter y; corresponds to a density
of states at the Fermi level, N(ep) = 3y, /(n?kg?) = 1.3 x
10?2 eV~! em™3, which is a reasonable value similar to the
one reported for La;_,Sr,MnO;,*> and in fair agreement
with band structure calculations for La;_,Ca,MnQO5.*¢
Alternatively, we attempted to fit the low temperature specific
heat data directly to Eq. (13), with four parameters. These
fits were not proper and failed to provide any reliable values
because of their correlations.

For higher temperatures the Schottky-like anomalies due
to CEF levels and the lattice contribution dominate the
specific heat. The presence of CEF level excitations within
the thermally activated energy range is well established in
Pr-based perovskites from inelastic neutron scattering studies
on PrGaO;*" and PrNiO;.*® Specific heat data for PrGaOs
corroborate the presence of CEF level excitations.* It should
be noted in this respect that specific heat data of doped Pr-based
manganites Pr;_,Ca,MnO3,*>" Pr,_ .Ca,(Mn,A)Os3,>' or
Pr;_,Sr,MnO3,%3! did not exhibit any sign of peak-like
anomalies. Moreover, these previously reported data were

0074 © dp/T' o ]
0.06 1= linear fit P 1
) - a4 .
x (C-C_, - Chyp)/T o2
__0.05- o -
C | 3}3{5
S 0.04- 2 i
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= ' 4 g X
o ?
O 0.024 ﬁx E
4 o
0.01 —ﬁ E
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T (K%

FIG. 10. (Color online) C,/T vs T? plot and linear fit for the
estimation of electronic and lattice terms y; and Bs.
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TABLE I Crystal field level excitations Af.o) (in K) for PrMnOs; from Ref. 41, levels for i > 3 are used as fixed input in the fitting of specific

heat data.
i 0 1 2 3 4 5 6 7 8
A (K) 0 17 75 148 188 377 435 731 1023

analyzed without taking into account effects from CEF level
excitations.>**%3! In contrast, a detailed investigation of the
specific heat in external magnetic fields for the mixed-valent,
ferromagnetic, and insulating manganite Pry sCap,MnOj3 sug-
gests the presence of a Schottky-like contribution at low
temperatures.”” In undoped antiferromagnetic PrMnOs3, spe-
cific heat data reveal a clear Schottky-like peak anomaly at
about 8-9 K.3** This peak shifts to higher temperatures in
magnetic fields.>* From infrared transmission studies, Jandl
et al *! determined low-lying energy levels at 13 and 120 cm ™!
and derived a set of crystal-field parameters for PrMnO;
to calculate a full set of levels for the ®H, ground-state
multiplet in the range between 19 and 1000 K. These results
are essentially consistent with the analysis of specific heat
data in magnetic field by Cheng et al.>* They also suggest
that a molecular field of exchange origin H leads to a
strong upward shift of the lowest excited CEF levels in Pr.
In our model, the CEF level excitations are included by
evaluating the specific heat from the partition sum Zg =
Y ;exp[—A;/T],i=0,...,8 that is attributed to the nine
levels A; of the Pr 3H, ground-state multiplet split by the
crystal electric field. This gives a Schottky-like contribution to
the partially occupied rare-earth sublattice,

_ (1=x)R [[ZiA7exp(—A;/T)
-T2 Zs

%A exp(=A;/T) T
_|: Zs ] ’

Cs

(14)

In the fit we only use the first excitation energies of the two
excited levels (i = 1, 2) as fit parameters, and fix the remaining
levels AEO), i =3,...,8, at the energy differences of the levels
determined from the crystal field parametrization for PrtMnO3
by Jandl et al.,*' as listed in Table 1. The exact values of
the higher levels are not important, as they only provide a
relatively small and very broad background to the fit. In our
model, the higher levels were only introduced for conceptual
and quantitative consistency.

The lattice contribution is described by a weighted sum of
Debye and Einstein mode contributions,

Clatt(T) =Cp + Cg,

T 3 0p/T n4 el
0.1 =3Rr|3 — —d
Obeml=Skr{ S (%) /0 (er— 17

(1 —w) exp (G(EI)/T) (O(El)>2

[exp (6/7) 1] \ T

T
Ne (k) ®\2
exp (0 /T 0
+Z Wi—1 (k)E/ ) 2 (%) }>,
; [exp (65"/T) — 1]
(15)

+(1—w1)){

where r is the number of atoms per formula unit. The
free fitting parameters are the Debye temperature 6p, the
Einstein mode temperatures 0% and the respective weights
wp, wg. The lattice model has to be refined in order to
consider the structural transition at Ty, = 68.5 K. We assume
that the acoustic, that is, elastic lattice phonons are most
affected by the structural transition and that the influence
of the structural transition on all other contributions to the
specific heat are negligible. Therefore, two different Debye
temperatures 657 and 647 are used for the fit in the two
temperature ranges T < Ty, and T > Ty, respectively. The
other parameters, including the weights in Eq. (15), are kept
as unique fitting parameters and adjusted globally in the
whole temperature range considered. For the final fit, data
from the temperature ranges 2 < 7 < 185K and 345 < T <
355 K have been chosen, thus excluding a wide range of
data around T¢. Checks on the range of fitting show that
within these limits fits are stable. Only two Einstein modes
Ng =2 suffice to represent the optical phonons; attempts
to use more Einstein modes do not lead to improved fits.
The data and the fit are shown in Fig. 9, and the derived
parameters are collected in Table II. The model reproduce
the overall data rather well. It is satisfactory that the weight
of the Debye-like elastic contributions yields wp ~ 0.2,
which appears to be a good estimate for acoustic phonon
contributions in the perovskite structure. The determined
Debye temperatures 0p = 504 and 656 K are much larger
than values around 300 K often reported for perovskite
manganites.**2>36 Reasons for this discrepancy are obvious:
the present model is based on (i) a composite phonon density
of states including low-lying Einstein modes. Hence there is
no reason to expect similar values for the Debye temperatures.
(i1) The fit includes high temperature data while low Debye
temperatures are usually obtained from fits to low temperature
data.

The most prominent result of our fit procedure is the
presence of a sizable contribution Cg from the CEF level ex-
citations. It is not possible to fit more than the first two excited
CEF levels A; and A, and retain a stable fit. These two levels
are shifted to higher temperatures compared to the Schottky-
like peak observed in antiferromagnetic PrMnQj3.73-* In fact,
Cs dominates the specific heat for temperatures 10 < 7 <
30 K, but the contributions are concealed by the simulta-
neous rise of the lattice specific heat Cjy [Fig. 9(b)]. A
comparison to the specific heat data for Lag 7Srg3MnO3 from
Ref. 42, as a related metallic and ferromagnetic manganite
without electronic contributions from rare-earth ions, indeed
shows that our experimental data are significantly enhanced
already at 10 K. The shifted value for the first excited
CEF level A, from our fits (Table II) as compared to the
level for PrMnO5; from Ref. 41 in Table I can be used to
estimate the molecular field at the Pr site, which is described
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TABLE II. Parameters for the specific heat model of Eq. (7) for the global fit to experimental data excluding the temperature range
185 < T < 345, as shown in Fig. 9. Parameters with an asterisk * have been fixed prior to the fit, crystal field levels A;,i > 3 are fixed to

values listed in Table 1. See text for details.

Wp wy 05T OHT 6y 6y A A, ar, 2 B3,
) ) (K) (K) (K) (K) (K) (K) (mJ K/mol) [mJ/(K* mol)] [mJ /(K> mol)]
0.21 0.56 504 656 214 526 79 128 9 1.8 0.6
by ferromagnetic mixed-valent manganites.>*>7- If there is no

Ar = {(AY) + Rperr (Ho + DR} (16)
Here it is assumed that the molecular exchange field Hex
is zero in the antiferromagnetic PrMnOs. Setting the ex-
ternal field H = 0, the shift yields Hex =35 T for pesr =
1.33 up (determined from specific heat data>*) or H =
27 T for peg =2.1 up (as derived from magnetization
data).>> Even though this procedure has to be considered
a crude estimate, the values appear to be of the correct
order of magnitude. Clearly, they assert a sizable mag-
netic Pr-Mn exchange in this ferromagnetic and metallic
system.

The excess specific heat Cex.(T') was obtained from the
difference between the experimental data and the fit [cf.
Fig. 9(a)] and associated with the magnetic ordering transition
is plotted for data around 7¢ = 301 K in Fig. 11(a). The
cusp-like feature should obey the power law of Eq. (1),
assuming a continuous phase transition. A fit is possible by
considering a constant background term for the nonsingular
part of C,. Determination of the critical exponent o by fitting
all parameters in Eq. (1) proved to be instable or produced
an exponent close to zero with large uncertainties, depending
on the chosen temperature range. Therefore, the exponent was
fixed to the expected value for isotropic conventional magnets
belonging to the Heisenberg universality class, « = —0.133.
Onmitting the data in the rounded peak region (300 < 7 < 302
K), a reasonable fit could be performed and is stable in the
temperature range from 290 to 308 K that corresponds to a
reduced temperature range of |e| < 0.06. The critical tem-
perature is determined as 7¢ = 302.1 & 0.1. The amplitude
ratio [cf. with respect to Eq. (1)] AT/A™ = 1.504 £ 0.015 is
in rather good agreement with the expected universal ratio
for Heisenberg-like isotropic magnets A* /A~ = 1.56.% This
result is in close agreement with an estimate from the anomaly
in the temperature derivative of the resistivity dp/dT using
the Fisher-Langer relation.®

From the total excess entropy Cexc(T') the entropy change
associated with the magnetic transition has been determined
by Sexc(T) = fTTO[CeXC(T/)/T’ 1dT’ (with Ty =185 K) as
shown in Fig. 11(b). At 350 K above the transition, Sexc =
3.16 J/(mol K). The additional magnetic contribution due to
the spin waves is 2.8 J/(mol K) at 350 K, with the B3/, value
from Table II. The sum of both magnetic entropy contributions,
Smag = Ssw + Sexe = 5.97 J/(mol K), is only about one half
of the expected entropy change 12.639 J/(mol K) for a
mixed-valent system with S} =3/2 and §, =2 electronic
spins of the Mn ions. This deficiency in discernible magnetic
entropy is a common result that has been observed for various

persistence of some magnetic short-range order well above
Tc (i.e., the transition is complete at 350 K) then the missing
entropy has to be associated with a structural or electronic
contribution, for example, a sizable fraction of the lattice
specific heat should rely on the magnetic order. However,
there is no indication in our data for such an explanation to
apply. The most appealing assertion of the missing entropy was
proposed by Ramirez et al. who argue that the localization of
the itinerant electrons through the metal-insulator transition
near T¢ counterbalances the gain of entropy acquired by
the transition into the paramagnetic state.’’ The existence
of correlated magnetic polarons is one possible picture that
would be consistent with such an electronic mechanism,”
providing a finite magnetic correlation length. Within this

40 T T T T T T T T
O Cexc
3071 — critical fit

Cexc (J/mOl K)

T T T
280 290 300 310

T (K)

25_ T T T T T T T T T T T 4

20] —0—C__ — .
X 15] o
g 12¢
S 10 3
~ (@]
2 | &
© 5 %)
(@]

0@ 1o

100 150 200 250 300 350
T (K)

FIG. 11. (Color online) (a) Magnetic specific heat Ce, the solid
line is the corresponding power-law fit explained in the text. (b)
The excess specific heat at the magnetic transition and the estimated
entropy.
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picture, measured magnetic entropy data allow us to estimate
the size of polaronic entities without any recourse of the
microscopic mechanism for their formation by using the
assumption that a polaron occupies P sites and has a net
moment that is essentially independent of temperature through
the ordering transition. The magnetic entropy at the ordering
transition of these polarons can be estimated as
Sie(P) = RGcIn2[S1 + (P — DS}

mag
+(1 —xP)In2 S, + 1))
for1 < P < 1/x, (17)

S (P) = (R/P)In{2[xS1 + (1 — x)S)] + 1}
for P > 1/x. (18)

The first case [Eq. (17)] describes a dilute limit of polarons
where one hole is delocalized over a few sites. At higher
densities P > 1/x, larger polarons form a dense assembly
filling the whole volume of the material. This is the second case
[Eq. (18)] assuming an average spin and local charge neutrality
of these larger entities. The measured strong reduction of the
entropy, Smag/ S,(]ii)g(P = 1) = 4.7, at the magnetic ordering
means that the system has to be described by the entropy
for a dense system of polarons S with average size of
P = 3.7 sites (x = 0.4). This truly microscopic length scale
of the magnetic correlations is consistent with the observed
universality of a conventional magnetic phase transition in
Pry.6Sr9.4MnO; but also with a polaronic mechanism for the
CMR behavior.

PHYSICAL REVIEW B 84, 184422 (2011)

IV. CONCLUSIONS

The ferromagnetic manganite Pry¢Sro4MnO; with T, ~
301 K is shown from critical analysis of static magnetization
data to behave as a conventional magnetic systems belonging to
the 3D Heisenberg universality class. The magnetic anisotropy
is not strong enough to drive the system to the 3D Ising
universality class, although it influences the scaling analysis.
Excellent scaling was achieved for this magnetically complex
material such that it can be regarded as a prototype for
anisotropic effects in scaling analysis. This metallic system
also displays a corresponding critical behavior in resistivity®
and in the specific heat. The critical analysis of the latter
confirms the conventional nature of the magnetic transition
in this system. The analysis of the specific heat reveals
the presence of a small electronic term associated with the
free carriers in the metallic state at low temperatures. At
intermediate temperatures, a Schottky-like contribution due
to the Pr’* is demonstrated. This contribution in Pr-based
metallic mixed-valence systems has not been observed so far,
because it is shifted by a Pr-Mn exchange field if compared to
the pure PrMnOj antiferromagnet.
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