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The critical behavior of Pr;_,Ca,MnO;5 samples with x =0.25, 0.27, and 0.29 has been investigated.
Detailed analyses of magnetic-field dependences of magnetization at temperatures around the
paramagnetic-ferromagnetic transition, M(H, T), reveal that the samples undergo a second-order mag-
netic phase transition. The Arrott plot method predicts the values of critical parameters to be
Tc =~ 118K, =0.351*0.003, y=1.372£0.002, and 6=4.90 = 0.02 for x=0.25; Tc ~ 116K,
£=0.362*0.002, y=1.132*=0.004, and 06=4.09*0.03 for x=027; and T ~110K,
p=0.521 = 0.002, y =0.912 = 0.005, and § =2.71 = 0.02 for x = 0.29. The values of § =0.351 (for
x=10.25) and § =0.362 (for x =0.27) are close to the value § = 0.365 expected for the 3D Heisenberg
model, proving an existence of short-range ferromagnetic interactions in these samples. A slight
increase in Ca-doping content (x =0.29) leads to the shift of the f§ value (=0.521) towards that of the
mean-field theory (with §=0.5) characteristic of long-range ferromagnetic interactions. The samples
also exhibit a magnetocaloric effect: around T¢ of Pr;_,Ca,MnO; compounds, magnetic-entropy
change reaches the maximum values of about 5.0, 4.1, and 2.5] kg71 K~ ! for x=0.25,0.27, and 0.29,
respectively, under an applied-field change of 50 kOe. Magnetic-field dependences of the maximum
magnetic-entropy change (AS..) obey a power law |AS...(H)| « H", where exponent values
n=10.68-0.74 are close to those obtained from the theoretical relation n =1+ (f — 1)/(f + 7). © 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914537]

The discovery of a colossal magnetoresistance and mag-
netocaloric (MC) effects in hole-doped perovskite-type man-
ganites of R;_ A’ MnOs (where R and A’ are rare-earth and
alkaline-earth metals, respectively) has generated significant
interest in the solid-state physics community.' The substitution
of A’ for R in these materials adds Mn*" ions, pre-existing
Mn’" ions. This modifies the structural characterization and
magnetic interactions of manganites. Among the studied
hole-doped manganites, Pr;_,Ca,MnO; compounds are most
promising because their electrical and magnetic properties at
temperatures below the ferromagnetic-paramagnetic (FM-PM)
phase transition (T, the Curie temperature) associated with
double-exchange (DE) interactions between Mn>" and Mn*"
ions are intriguing and sensitive to the variation of Ca content
(¥).> For example, in the doping range x=0.3-0.5,
Pr;_Ca,MnO;3; compounds exhibit the charge-ordered anti-
FM behavior, while the compounds with 0 < x < 0.3 are a FM
insulator. These features are quite different from lanthanum-
manganite-based compounds, in which the FM phase is
accompanied with metal-like behaviors.”

Pr;_Ca,MnO; compounds also demonstrate non-trivial
magnetic interactions. For example, the field- and temperature-
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dependent AC susceptibility and magnetization for Pr;_,
Ca,MnOj; single crystals with x=0.27 and 0.29, exhibit
nearly Heisenberg model exponents.* Polycrystalline Pry_,
Ca,MnO; samples revealed coexistence of anti-FM/FM
and spin-glass behaviors at low Ca-doping concentrations
(x:O.O—O.Z).3 The samples with higher Ca concentrations
(e.g., x=0.3-0.5) exhibit the charge-ordered state.
Particularly, in the range of x =0.2-0.3, the samples demon-
strate a non-monotonic change of T, with the maximum
value of T achieved for x =0.25.2

To further understand magnetic interactions in these
compounds, we prepared polycrystalline Pr;_,Ca,MnO;
samples with x =0.25, 0.27, and 0.29, and studied their criti-
cal behavior. FM interactions of the first two samples fall
into the 3D-Heisenberg universality class, while those of the
third (x=0.29) fall into the universality class of the mean-
field theory. Additionally, the MC effect of these compounds
is also taken into account.

Three polycrystalline samples Pr;_,Ca,MnO; with
x=0.25, 0.27, and 0.29 were prepared from high-purity pow-
ders of PrgO;;, CaCO;3;, and MnO (3N) using conventional
solid-state reaction. The powders combined with stoichio-
metric quantities were mixed, ground carefully, and then
pre-annealed at 1100°C for 24 h. After pre-annealing, the
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mixtures were re-ground, pressed into pellets, and sintered in
air at 1300°C for 48h. An X-ray diffractometer (Brucker
AXS, D8 Discover) was used to check the crystal structure of
the final products. Room-temperature X-ray diffraction pat-
terns revealed the samples exhibiting a single phase in an
orthorhombic structure (space group: Pbnm). Magnetization
measurements versus temperature and magnetic field were per-
formed on a superconducting quantum interference device
(SQUID) working at temperatures ranging from 5 to 350 K.

To study the influence of Ca doping on the magnetic
properties of Pr;_Ca,MnOj3;, we measured temperature
dependences of zero-field-cooled (ZFC) and field-cooled
(FC) magnetizations, Mzgcrc(T), for an applied field
H=1000e. The results shown in Fig. 1 indicate that with
increasing temperature, Mygc first increases and then reaches
its maximum value (where magnetic energy of anisotropic
fields generated from FM clusters/domains is equal to that of
the external field H = 100 Oe). Increasing temperature above
110K (for x=0.25 and 0.27) and 90K (for x =0.29) rapidly
reduces M gc values due to the FM-PM phase transition, in
which the Mn®"-Mn*" FM coupling is weakened by thermal
activation energy. The T values determined from the min-
ima of dM(T)/dT versus T curves (see the insets of Fig. 1) are
about 124K, 118K, and 110K for x=0.25, 0.27, and 0.29,
respectively. It appears that T¢ slightly shifts towards lower
temperatures when the Ca concentration in Pr;_,Ca,MnO;
increases. This is because the substitution of Ca®" for Pr’™
introduces more Mn*" ions, which enhance Mn*"-Mn*"
anti-FM interactions besides pre-existing Mn>"-Mn>" anti-
FM ones. The reinforcement of anti-FM interactions weak-
ens Mn>*-Mn** FM interactions, and thus decreases the
phase-transition temperature Tc.>™* Specifically, the Myrc
and Mgc branches bifurcated at 7= 118, 112, and 100K for
x=0.25, 0.27, and 0.29, respectively. At T=S5K, this devia-
tion is about 10emu/g, which gradually decreases at higher
temperatures. This might be due to the existence of an aniso-
tropic field generated by FM clusters. Magnetic moments of
the Mn ions could be frozen in the directions favored ener-
getically by their local anisotropy field or by an external
field. It has also been suggested that this feature is related to
the coexistence of FM and anti-FM phases and magnetic
frustration existing in the samples.®

The present study focuses on the critical behavior of the Pr;.
xCa,MnO;3 samples. Figure 2 shows the M(H) curves, and Arrott
plots7 (M? versus H/M) at temperatures around the T values.

o x=025 0

FIG. 1. Mzgc/rc(T) curves for Pr;_Ca,MnO; with x =0.25, 0.27, and 0.29
in the field H =100 Oe.
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The M(H) curves are typical for ferromagnets. Magnetization
increases quickly at low-magnetic fields, and then increases
slowly at fields H > 10 kOe. However, no saturation magnetiza-
tion is achieved for all the M(H) curves, even though high fields
(up to 50 kOe) are used. This might be due to the existence of
magnetic inhomogeneity or short-range FM order. Such the
behaviors were also observed for Pry;Cag;MnOs.

The Arrott plots in Figs. 2(b), 2(d), 2(f) exhibit nonlin-
ear M*-H/M parts in the low-field region, which are driven in
two opposite directions due to the FM-PM phase separation.
The inverse Arrott plots (H/M versus M* curves, not show
here) have positive slopes. This assures that the samples
undergo a second-order magnetic phase transition (SOPT),
according to Banerjee’s criteria.” For a ferromagnet with the
SOPT, temperature dependences of the spontaneous magnet-
ization (M), inverse initial susceptibility (o™ "), and critical
isotherm at T = T (M) obey asymptotic relations’

M(T) = Mo(—2), &<0, (1)
%0 (T) = (ho/Mo)e’, &> 0, )
M =DH'? ¢=0, 3)

where ¢ = (T — T¢)/T¢ is the reduced temperature, M, ho/M,
and D are the critical amplitudes. f3, y, and ¢ are the critical
exponents associated with M, 3, ', and M, respectively. The
exponents f§ and y quantify the growth of ordered moments at
T <Tc and the divergence of the magnetic susceptibility at
T>Tc, respectively.lo We used Egs. (1) and (2), and the
static-scaling equation of state (H/M)"" = ae + bM"* (where a
and b are temperature-dependent parameters) to determine val-
ues of f and y (this approach is known as the modified Arrott
plots).” According to this method, correct values of § and 7
results in the M"* versus (H/M)l/7 curves that are straight
and parallel to each other in the vicinity of T¢. The My(T)
and ){0_1(7) data are determined from the intersections of
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FIG. 2. M(H) curves and Arrott plots (M? versus H/M) for Pr;_,Ca,MnO;3
with (a) and (b) x=0.25; (¢) and (d) x =0.27; and (e) and (f) x =0.29.



17D122-3 Ho et al.

linear extrapolations at high-magnetic fields with the M"# and
(H/M)"" axes, respectively. Thus determined My(T) and y,~ '(T)
data are then fitted to Egs. (1) and (2), respectively, to improve
the estimates of f3, 9, and T. New values of these critical pa-
rameters are subsequently re-used in next modified Arrott plots.
This process is repeated until the 5, y, and T¢ values converge
to stable ones. This procedure yields Tc ~ 118K, f=0.351
*£0.003, and y=1.372+0.002 for x=0.25; Tc~116K,
f=0.362£0.002, and y=1.132 = 0.004 for x=0.27; and
Tc=~ 110K, f=0.521=%=0.002, and y=0.912=*0.005 for
x=0.29. The results of the best fitting are shown in Fig. 3.

The critical exponent ¢ is determined by fitting the criti-
cal isotherm M at the critical temperature Tc to Eq. (3). Its
values are 4.90 = 0.02, 4.09 = 0.03, and 2.71 £ 0.02 for the
samples with x=0.25, 0.27, and 0.29, respectively. These
values are close to those obtained by using the Widom scal-
ing relation 0 =1+ 9/f (4.91, 4.12, and 2.76 for x=0.25,
0.27, and 0.29, respectively).

The scaling law'! stipulates that M(H, T) data in the
vicinity of Tc obey the scaling expression M(H, &) = |¢|/f.
(H/|¢|P*7), where f, and f are analytic functions associated
with temperatures above and below T, respectively. This
equation implies that with correct f§ and 7y values, the M/|8|B
versus H/|e| ™ data fall into two universal branches, one
for temperatures T > Tc and the other for T< T¢. Figure 4
shows that the M(H, T) data for all samples, plotted in linear
and logarithmic scales, fall into two universal curves for
T <Tcand T > T¢. This demonstrates that the obtained criti-
cal values are reliable and support the scaling hypothesis. It
should be noticed that both the modified Arrott plots method
and the scaling law work well for high-magnetic fields
(H>10kOe). Their performance deteriorates in low-field
regions because of the rearrangement of magnetic domains
and uncertainty in the calculation of demagnetization factor.'?

The critical values determined from our Pr;_,Ca MnO;
samples, theoretical models,13 ‘1% and similar materials are listed
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FIG. 3. M(T) and XO’I(T) data fitted to Eqgs. (1) and (2), respectively, for
tPr; _,Ca,MnOj3 with (a) x=0.25, (b) x=0.27, and (c) x=0.29.

J. Appl. Phys. 117, 17D122 (2015)

(a) « <
>
210 T<T, et :" »
9]
’.’ * T<T et :::::;X‘
100 LS e
140} il EEEAS
R .\'
70 L T>TC E ) T>T
10 10° 10° 10’
0 . H/|e\“*_"
0 5 10 15
»>
240} (0) b e
. ). : . *
L0 T<T . ", o*
5 P | TSI e wat
£ 160} N I
—— 1 o
S sl g BT 20
10" 0 10°
3 . e
0 3 6 9
400} (c) <3
< 227
vy >
300 viee”
T<T:}v -m""";"’
200 T
."‘bT
100
3 3 3
. 10 10py 10

H/le/™ (10° Oe)

FIG. 4. Scaling performances of M/|g|” versus H/|¢|"* in the linear scale at tem-

peratures T < T and T > T¢ for Pr;_,Ca,MnO; with (a) x=0.25, (b) x=0.27,
and (c) x = 0.29. The insets plot the same data in the logarithmic scale.

in Table I. The critical exponent values for the x=0.25 and
0.27 samples are close to those expected for the 3D-Heisenberg
model. Meanwhile, those for x=0.29 are close to the mean-
field theory. Similar behavior was found in some compounds
studied previously, such as Pr;_,Ca,MnO3z compounds with
x=0.27 and 0.29, and Pro77Pbg»3MnO5.*'> This demonstrates
the presence of a short-range FM order in the x = 0.25 and 0.27
samples, and a long-range FM order in the x = 0.29 sample.

In addition to the critical behavior of the Pr;_,Ca,MnQO;
samples, we also analyzed their MC effect by studying
magnetic-entropy change (AS,,) as a function of temperature
and magnetic field. With ferromagnets undergoing the
SOPT, AS,, can be calculated from the Maxwell relation as'®

H

AS, (T, H) — J <2L¥>Hdﬂ, )

where H is the applied field. According to Eq. (4), the magni-
tude of AS,, depends not only on the magnitude of the magnet-
ization M, but also on (OM/OT)y. Since (OM/OT)y is related to
magnetic ordering transition, a sharp change in the M(T) curve
at the FM-PM phase transition leads to a large AS,, value.'”
Figure 5(a) shows the |AS,(T)| curves for the Pr;_,Ca,MnO;
samples in an applied-field interval AH = 50 kOe. A maximum
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TABLE I. Comparison of critical exponents of our Pr;_,Ca,MnO; compounds with different theoretical models, as well as other materials (MAP = modified

Arrott plot and KF = Kouvel-Fisher method).

Material Technique Tc (K) y 1 References
Mean field Theory 1.0 3.0 13

3D Heisenberg Theory 0.365 1.386 4.8 13

3D Ising Theory 0.325 1.241 4.82 13
Tricritical mean field Theory 1.0 5.0 14
Prj 75Ca5sMnO3 MAP 118 0.351 £0.003 1.372 £ 0.002 4.90 = 0.02 This work
Pro73Cap27Mn0O; MAP 116 0.362 = 0.002 1.132 = 0.004 4.09 = 0.03 This work
Pro71Cap20MnO; MAP 110 0.521 £0.002 0.912 £ 0.005 2.71+0.02 This work
PI'()_73C30»27M1’103 MAP 127 0.36 1.36 4.81 4
Pro71Cap20MnO; MAP 114 0.37 1.38 4.62 4
Pry.77Pbo23MnO; KF 167 0.344 1.352 4.69 15

Lag sPby,MnO; MAP 291 0.499 1.241 3.49 19
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magnetic-entropy change (|ASy.x|) occurs around Tc of the
Pr;_,Ca,MnOj; samples. The magnitudes of |AS,,.x| are about
5.0, 4.1, and 257 kg 'K ™' for x=0.25, 0.27, and 0.29,
respectively. Similar to the T variation, an increase in Ca-
doping concentration reduces the magnitude of |AS,,|.

Figure 5(b) shows that the dependence of |AS..| on
magnetic field H can be described by a power law |AS;.«]
o H", where 7 is a magnetic-ordering parameter.'® The n val-
ues are about 0.68, 0.71, and 0.74 for the x=0.25, 0.27, and
0.29 samples, respectively. These values are close to those
(n=0.61, 0.60, and 0.66 for x=0.25, 0.27, and 0.29, respec-
tively) calculated from the relation n =1+ (f — 1)/(f + y) pro-
posed by Franco et al.'® Accounting for the full-width-at-half
maximum of the |AS,(T)| curve (denoted as 0Tgwiny) allows
one to calculate the relative cooling power (RCP) from the
relation  RCP = |ASpax| X 6Tpwim.' . For AH=50 kOe,
O0TrwrMm Values are about 67, 71, and 85 K, leading to the RCP
values of about 335, 290, and 215 Jkgf1 for x=0.25, 0.27,
and 0.29, respectively. These RCP values are comparable to
those determined from some perovskite manganites.'”'®

The critical behavior and MC effect of Pr;_,Ca,MnQO;
(x=0.25, 0.27, and 0.29) are investigated. With the values
of critical parameters obtained by using the modified Arrott
plot, the M(H, T) point data fall into two universal branches
characterized by temperatures below and above Tc. The
critical-exponent values of the Pr;_,Ca,MnO; samples with
x=0.25 and 0.27 are consistent with predictions of a
nearest-neighbor 3D-Heisenberg model for short-range FM
interactions. The critical-exponent values of the x=0.29
sample are close to those predicted by the mean-field theory

H (kOe)

for long-range FM interactions. Around T¢, field dependen-
ces of |ASyax| can be described by a power law |AS, .|
o H". The n values (n=0.68-0.74) obtained from the
power-law fitting are close to those (n=0.61, 0.60, and
0.66) calculated from the theoretical relation n =1+ (f — 1)/
(B+7y). Under an applied-field change of AH =50kOe,
|AS,ax| is approximately 5.0, 4.1, and 2.5 kg~ ' K™', corre-
sponding to RCP values of about 335, 290, and 215 J.kg ™"
for the x=0.25, 0.27, and 0.29 samples, respectively.
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