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Phase coexistence and magnetocaloric effect in Las;g ,Pr,CazsMnO3 (y=0.275)
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The magnetocaloric effect (MCE) was measured to probe the nature of phase coexistence of structurally
different ferromagnetic metallic (FMM) and charge-ordered insulating phases in Las/_,PryCaz;sMnOs5 (y
=0.275) single crystals. The MCE peaks with both positive and negative values are observed in the vicinity of
the multiple-phase transitions in the system. Strain associated with the phase coexistence has been known to
stabilize a strain-glass state as well as a strain-liquid state. The large MCE is observed in the “dynamic” strain
liquid state, while it is relatively small in the “frozen” strain-glass state. The MCE data reveal that the sharp
increase in the magnetization below the Curie temperature in the strain-liquid region is attributed to the
enhancement of the FM domain regions that are already present in the material. MCE is also shown to be a
useful method to probe the subtle balance of coexisting phases in mixed-phase manganites.
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I. INTRODUCTION

Mixed-phase manganites of R,_,M MnO; (R=La, Pr, Nd,
and Sm and M=Sr, Ca, Ba, and Pb) exhibit rich variety in
terms of coexisting and competing magnetic and electronic
phases.!?> Of particular interest is the charge-ordered insulat-
ing (COI) phase that coexists and strongly competes with the
ferromagnetic metallic (FMM) phase and is unstable under
various perturbations such as carrier doping, strain, magnetic
field, electric field, and current.>~'7 CO occurs in a material
when the long-range Coulomb interaction, among the carri-
ers, overcomes their kinetic energy.> CO has been widely
observed in manganites possessing narrow one-electron
bandwidth (W), such as Pr;_,Ca,MnO; (0.3=x=0.5) and
Nd,_,Ca,MnO; (0.4=x=0.5) compounds.*> In these com-
pounds, the double-exchange interaction is suppressed and
hence the pseudotetragonal CO phase has a comparable free
energy to the pseudocubic FM phase, leading to an intrinsic
phase separation.! However, the physical origin of the phase
separation in some of the mixed-phase manganites such as
Lasjg_,Pr,CazsMnO; (LPCMO) is not fully understood in
part due to the complex nature of the system.®~!7 LPCMO is
a mixture of LasgCazsMnO; (y=0) and Prs3CaszsMnO;
(y=5/8) exhibiting low-temperature FMM and COI ground
states, respectively. In this system, the substitution of smaller
Pr ions for larger La ions reduces W, thus leading to mi-
crometer scale phase separation with multiple phases coex-
isting in the material.®7 It has been argued that in the pres-
ence of quenched disorder induced by the ions of different
radii, the similarity of the free energies lead to the coexist-
ence of the competing FMM and COI phases.'® If this is the
case, the phase separation should be static because the phase
boundaries are pinned by the disorder sites. However, experi-
mental studies have revealed that these phase boundaries are
not fully pinned in LPCMO (Refs. 6, 8, 10, 11, 15, and 16)
and hence the inherent coexistence of the FMM and COI
phases at the micron length scale is inconsistent with the
notion of a charge-segregation type of phase separation.’>!?
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It has been suggested that the different crystal structures of
the FMM and COI phases generate long-range strain inter-
actions leading to an intrinsic variation in elastic energy
landscape, which in turn leads to phase separation (PS) into
the strain-liquid and strain-glass regimes.®'>!3 It has also
been suggested that phase separated regions strongly interact
with each other via martensitic accommodation strain which
leads to a cooperative freezing of the combined charge/spin/
strain degrees of freedom.!"'® As a result, LPCMO under-
goes a transition from the strain-liquid state to the strain-
glass state. Since the strain-liquid state shows large
fluctuations in resistivity®!! and can easily be transformed
into a metallic state by applying an external electric field,' it
is considered as a “dynamic” PS. In contrast, effect of elec-
tric field is negligible on the frozen strain-glass state thus
classifying it as a “static” PS.!> A notable feature is that
unlike the case of a canonical spin-glass phase, in the strain-
glass phase the FMM volume fraction of LPCMO varies
remarkably, contributing to the magnetic relaxation as the
glass transition is crossed.!®!3 Despite a number of previous
works,”!112 the effect of magnetic field on the strain-liquid
and strain-glass states has not been studied in detail. Another
emerging issue, still under debate, is the underlying origin of
the sharp increase in the magnetization below the Curie tem-
perature (T¢) in the strain-liquid region. Two different
mechanisms have been proposed for interpreting this
observation.®!121517 In the first scenario, it is proposed that
with lowering temperature, the COI state is spontaneously
destabilized to the FMM phase giving rise to a coexistence
of these two phases, and the sharp increase of the magneti-
zation below T is due to the melting of the COI state.!!"1?
This is similar to the case of charge-ordered R ;SrysMnOs
(R=La, Pr, and Nd) manganites."*?* In the second scenario,
it has been suggested that the increase in magnetization oc-
curs via the growth of FMM domain regions that are already
present in the material even in zero magnetic field.®!>:17

To shed light on these important unresolved issues, it is
essential to employ experimental methods that allow detailed
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FIG. 1. (Color online) Temperature dependence of ZFC and FC
magnetization taken at uogH=10 mT for LPCMO.

investigations of the temperature and magnetic field re-
sponses of the different phases. In this study, we introduce
magnetocaloric effect (MCE) experiments as being ideally
suited for this purpose. While MCE is generally considered
in the community as an “applied” measurement tool to char-
acterize magnetic refrigerant materials,”! we demonstrate
that it is actually a very useful probe of magnetic transitions
and ground-state magnetic properties in mixed-valent man-
ganites like the Las/s_,Pr,Cas,sMnO; (y=0.275) system.

II. RESULTS AND DISCUSSION

Single crystals of Lasg_ Pr,CazsMnO; (y=0.275)
samples (LPCMO) were grown in an optical floating-zone
furnace.”!” X-ray diffraction confirmed the phase purity of
the crystals. Magnetic and magnetocaloric measurements
were performed using a physical property measurement sys-
tem from Quantum Design in the temperature range of 5-300
K at applied fields up to 7 T.

Figure 1 shows the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization curves taken at 10 mT applied
field with the data recorded while warming up. It is observed
that the LPCMO system undergoes multiple magnetic transi-
tions. A peak at Tco~205 K is due to the COI transition, !
and a shoulder at a lower temperature of about 175 K arises
from antiferromagnetic (AFM) ordering.'> As T is further
decreased, the magnetization sharply increases and an FMM
transition is observed at 7o ~90 K on warming (~75 K on
cooling). A drop in magnetization is observed at T,~ 30 K,
below which the system enters the frozen strain-glass state
from the dynamic strain-liquid state.''~'31® It has been
shown that 7, is actually the re-entrant COI transition
temperature.“’F6 These multiple features will be probed and
analyzed using MCE experiments, as discussed below.

To evaluate the MCE of a magnetic material, the
magnetic-entropy change (AS),) is often calculated from a
family of isothermal M-H curves using the Maxwell

relation,21
ASy = ,U«()f ) ( 9T ) dH (1)
" 0 H ,

where M is the magnetization, H is the magnetic field, and T
is the temperature. From Eq. (1), we note that AS,,(T) is
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directly related to the first derivative of magnetization with
respect to temperature (dM/dT) and so the MCE is expected
to be inherently more sensitive for probing magnetic transi-
tions than conventional magnetization and resistivity mea-
surements. Importantly, the sign of AS,,, which is deter-
mined by the slope change of the dM/dT curve, can allow
probing the magnetic transitions further to better understand
the nature of the different phases in a material with a rich and
complex H-T magnetic phase diagram.?”>* Following the
convention in MCE analysis, the value of —AS), is positive
for materials exhibiting an FM transition, because of the
fully magnetically ordered configuration with the application
of an external magnetic field.?!>> The negative values of
—AS), are associated with AFM ordering in systems due to
orientational disorder of the magnetic sublattice antiparallel
to the applied magnetic field.?>?¢ Recently, von Ranke et
al.”’ have theoretically investigated the implications of posi-
tive and negative MCEs in antiferromagnetic and ferromag-
netic spin configurations.

It has been noted that the influence of magnetic irrevers-
ibility (e.g., large field hysteresis) on the estimation of the
MCE [i.e., the peak magnitude of AS,,(7)] from the isother-
mal M-H curves using Maxwell equation could result in am-
biguous values for some first-order magnetic transition
materials?®=3! if the M-H measurements are not conducted in
an equilibrium regime.?? In the equilibrium regime, the M-H
curves measured with increasing and decreasing magnetic
fields should coincide with each other (i.e., zero or negligible
field hysteresis), and the validation of Maxwell equation for
calculating the magnetic-entropy change has been
established.>? For the case of LPCMO, we recall that large
magnetic irreversibility appears to occur just below T¢q, due
to the coexistence of the FMM and COI phases. Therefore,
we measured the M-H curves using the following measure-
ment protocol to eliminate any influence from the hysteresis.
Before conducting any M-H measurements at temperatures
below T, the sample was cooled in zero magnetic field
from above To. At each temperature, the magnetization was
measured as the magnetic field was continuously swept from
0 to 6 T (labeled the virgin M-H curve); then from 6 T to 0
(labeled the return M-H curve); and finally from O to 6 T
(labeled the second M-H curve). The M-H data were taken
first at 300 K and subsequently at lower temperatures follow-
ing the same measurement protocol. Figure 2 shows the M-H
data at selected temperatures with the “virgin,” “return,” and
“second” curves labeled. These data clearly indicate large
field hysteresis in LPCMO. It is worth noting that for
T>75 K, a reversible magnetization is observed as the ap-
plied magnetic field is cycled (i.e., the second M-H curves
coincide with the virgin M-H curves). However, for
T<75 K the second M-H curves do not coincide with the
virgin M-H curves but coincide with the return M-H curves
below 65 K. The same state is observed as the applied mag-
netic field is continued to be cycled up and down further.

To capture these intriguing features from the perspective
of MCE, we have calculated the magnetic-entropy change
from the M-H curves taken after completing one cycle of
applied field (i.e., the second M-H curves). This helps avoid
the hysteresis problem in calculating the magnetic-entropy
change of LPCMO using Eq. (1). Figure 3 shows the tem-
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FIG. 2. (Color online) The M-H curves for some selected tem-
peratures (a) T=75 K, (b) T=70 K, (c) T=65 K, and (d)
T=25 K. The arrows indicate the way in which the virgin, return,
and second magnetization curves were measured.

perature dependence of —AS,, for the magnetic field change
of 1.5 T and 6 T, respectively. As expected, —AS,,(T) curves
exhibit peaks around T, T¢, and T,,. The positive values of
—AS,; around T and the negative values of —AS,, around
Tco and T, (at low applied fields, AuoH <2 T) are consis-
tent with the LPCMO undergoing the ferromagnetic, charge
ordering and re-entrant charge-ordering transitions, respec-
tively. We recall that in charge-ordered R sStysMnOj
(R=Pr and Nd) systems,?®*! the COI phase is the low-
temperature phase and the FMM phase is the high-
temperature phase. In that case, entropy is smaller in the COI
phase than in the FMM phase, so the application of a mag-
netic field lowers the transition temperature and leads to the
negative value of —AS,;. However, the opposite situation is
observed for LPCMO, which exhibits the FMM and COI
states as the ground and high-temperature states, respec-
tively. Since entropy is smaller in the FMM phase than in the
COI phase, the positive value of —AS,, is obtained at the T¢.
Such a difference in sign of —AS,, distinguishes the ground-
state magnetic properties of LPCMO from those of the
R 551y sMnO; (R=Pr and Nd) systems.?63!
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FIG. 3. (Color online) Temperature dependence of magnetic-
entropy change (—=AS,,) for LPCMO for the magnetic field change
of 1.5 T and 6 T, respectively.
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It is noted in Fig. 3 that the —AS), has the largest variation
at T~75 K (in the dynamic SP state), while it is compara-
tively very small at temperatures ~7, (in the frozen SP
state). This indicates that the strain-liquid state is strongly
affected by an applied magnetic field, whereas the strain-
glass state is relatively magnetic field independent. This may
also be reconciled with the analogous observation that an
electric field significantly affects the dynamic PS state but
has a negligible effect on the frozen PS state.!” Our finding
also points to the important fact that for 7<< T, the dynamics
of the AFM to FM transition is kinetically arrested and as a
result, in zero applied magnetic field, the material cannot
fully reach its preferred ground state which is
ferromagnetic.’3 In the strain-liquid region, the large varia-
tion of —AS,, (Fig. 3) is attributed to the suppression of
dynamic fluctuations (dynamic phase separation) in magnetic
fields. The largest value of —AS,, at ~75 K is likely the
result of the strongest dynamic fluctuation and coincides
with the drop in electrical resistivity that occurs at this
temperature.'"!? The large variation of —AS,, in the dynamic
PS region (Fig. 3) can also be correlated with the strong
increase in the magnetization below T (Fig. 1). The shape of
—AS,/(T) curves observed at T for LPCMO is quite similar
to that observed for RCo, (R=Dy, Ho, and Er) systems,*
which showed a sharp jump in —AS,, around the magnetic-
ordering temperature, with a good agreement between the
experimental data and theoretical calculations. Nevertheless,
we would like to clarify about the presence of a AS,, spike in
some mixed-phase materials such as Lay-Pr,;Fe;; sSi; 5,%
where paramagnetic and ferromagnetic phases coexist in the
vicinity of the Curie temperature. In those cases, the field-
induced metamagnetic transition takes place in the paramag-
netic phase and so the low-field magnetization change does
not contribute to the AS,;.3° However, the case is different
for LPCMO, where the contribution to the AS,, results from
the low-field magnetization change in the ferromagnetic
phase and the high-field magnetization change related to the
fact that the field-induced metamagnetic transition takes
place in the antiferromagnetic phase. In addition, the M-H
curves on our system have been measured for LPCMO in the
equilibrium regime. Therefore, the spike feature in AS;, is
ruled out in this case and as a cautionary note, one has to be
careful with the MCE experimentation and analysis of
mixed-phase materials.

To clarify if the strong increase in the magnetization be-
low T is attributed to the destabilization of the COI
phase!™'? or due to the enhancement of pre-existing FMM
domains in the material,!>!7 we plot in Fig. 4 the magnetic
field dependencies of the maximum magnetic-entropy
change (-AS}™) and the magnetization (M) at 75 K. It is
observed in Fig. 4(a) that the —AS}™ increases rapidly and
quite linearly with increasing H up to 2.6 T and then remains
almost constant for H>2.6 T. This dependence of
—AS}™(H) can be correlated with the M(H) dependence. We
note that at 75 K the COI and FMM phases coexist and both
of them are magnetic field dependent. The change in the
FMM phase can be achieved at a lower magnetic field while
a higher magnetic field is needed to change the COI phase.
As extracted from the M-H curve [Fig. 4(b)], Hg;=1.5 T is
a critical magnetic field at which the COI phase starts to
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FIG. 4. (Color online) (a) Magnetic field dependence of maxi-
mum magnetic-entropy change (—AS}™) for LPCMO at 75 K; (b)
the magnetic hysteresis loop M(H) at 75 K. Hg;=1.5 T—the criti-
cal magnetic field at which the COI phase starts to convert into the
FMM phase; Hg,=2.6 T—the critical magnetic field at which the
COI phase converts fully into the FMM phase. The coexistence of
the COI and FMM phases is below Hg;=2.6 T.

convert into the FMM phase while Hg,=2.6 T is a critical
magnetic field at which the COI phase converts fully into the
FMM phase. Therefore it can be concluded that for
H<Hg, the —AS}™ results solely from the variation of the
magnetization in the FMM phase, since the applied
magnetic field has a negligible effect on the COI phase. For
Hg <H<Hsg,, however, the COI phase converts into the
FMM phase thus also contributing to —ASy*™*. For H> Hg,,
the constancy of —AS}™ can be attributed to the complete
conversion of the COI phase into the FMM phase. According
to this, it is quite natural to infer, at first glance, that the
sharp increase of the magnetization below T for LPCMO is
due to the destabilization of the COI phase,'!"!? similar to the
cases reported in the charge-ordered R sSrysMnO; (R=Pr
and Nd) manganites.m31 However, we note that a critical
magnetic field needed to fully convert COI into FMM is
often very high for charge-ordered manganites [for example,
at ~75 K, Hg,~ 12 T for La;_,Ca,MnO; (x=0.5) (Ref. 17)
and Hg,~8-17 T for Pr;_,CaMnO; (0.3=x=0.5)
(Ref. 4)]. For the case of LPCMO, the volume fraction of the
COI phase at 75 K is large ~69% (determined from the M-H
curve in Fig. 4(b) using the same method employed in Ref.
8) and the application of a magnetic field ~2.6 T is unlikely
to be strong enough to convert COI fully into FMM. This can
also be reconciled with the fact that at 75 K the —ASy™
resulting from the variation of the magnetization in the FM
phase (~6.49 J/kg K) is about twice larger than that result-
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FIG. 5. (Color online) (a) Magnetic field dependence of maxi-
mum magnetic-entropy change (-AS}™) for LPCMO at 205 K; (b)
the magnetic hysteresis loop M(H) measured at 205 K.
Hc=2.2 T—the critical magnetic field at which the COI phase
starts to convert into the FMM phase; Hcr=3.1 T—the critical
magnetic field at which the half of the COI phase converts to the
FMM phase; H-3=3.9 T—the critical magnetic field at which the
COI phase converts fully into the FMM phase. COI=charge-order
insulator; FMM =ferromagnetic metal; the mixed phase range (both
the COI and FMM phases coexist) is between Hc; and Hcs.

ing from the COI—FMM conversion (~2.44 J/kg K).
These findings clearly suggest that the sharp increase in the
magnetization below 7 in LPCMO cannot be due to the
destabilization of the COI phase!’'? but instead can
be attributed to the enhancement of the pre-existing FMM
domain regions.®!%1>17 The hysteresis appearing below
Hg,~2.6 T is the result of the coexistence of the COI and
FMM phases, whereas the application of higher fields
(H>2.6 T) completely suppresses the COI phase and as a
result the FMM phase with no hysteresis is observed at these
magnetic fields.

Finally, we note that the subtle balance between the com-
peting COI and FMM phases in LPCMO is readily affected
by applied magnetic field, and study of such a balance can be
of great importance in elucidating the physical origin of
magnetic/electric field-induced “colossal” effects.®!3-35-39
Here, we show that the change in magnitude and sign of
—AS,, can be an indicator of the intricate balance between
the COI and FMM phases as seen in the change in sign of
—ASy™ at 205 K (~T¢o) as the applied magnetic field is
increased. As shown in Fig. 5(a), the —AS}™ is negative and
first increases in magnitude with increasing H up to
Hc1~22 T and then decreases and reaches zero at
Hc,~3.1 T. For H> Hc,, it is positive and increases gradu-
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ally with increasing H up to Hc3~3.9 T and finally in-
creases rapidly for H> Hc;. Here H-=2.2 T is a critical
magnetic field at which the COI phase starts to convert into
the FMM phase, Hc,=3.1 T is a critical magnetic field at
which the half of the COI phase converts into the FMM
phase, and H-3=3.9 T is a critical magnetic field at which
the COI phase converts fully into the FMM phase.

The magnetic field dependence of —AS};™ can be inter-
preted as follows. For H<H(, the applied magnetic field is
not strong enough to convert the COI phase into the FMM
phase, so the negative —AS,, and its increase with H result
from the contribution of the COI phase. However, for
Hc<H<Hq¢,, the positive contribution to —AS,, from the
FMM phase becomes significant because the COI phase is
partially converted into the FMM phase. Since the contribu-
tion from the FMM phase is opposite to that from the COI
phase, the sum of the two components lead to a decrease in
magnitude of the negative —AS,, with H in the range
Hci<H<He,. In other words, both the COI and FMM
phases coexist but the COI phase is dominant over the FMM
phase, since the sign of —AS), is negative. At H~ Hc,, the
positive and negative contributions to —AS,, from the COI
and FMM phases are equal or compensated and so —AS,,
crosses zero. For Hor <H<Hcs, the COI phase is largely
converted into the FMM phase which now dominates over
the COI phase leading to a positive —AS,,. For H> H;, the
COI phase is fully converted into the FMM phase leading to
a rapid increase in magnitude of positive —AS,,. The values
of Hcy, Hes, and Hy coincide with the critical magnetic
fields determined from the M-H curve [see Fig. 5(b)]. The
hysteresis seen in the M-H curve between Hc; and Hcs
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[Figs. 2(b) and 5(b)] is fully consistent with the coexistence
of the COI and FMM phases as already revealed by the MCE
data [Fig. 5(a)]. These results provide important understand-
ing of the physical origin of the magnetic/electric field-
induced “colossal” effects, including colossal magnetoresis-
tance and large magnetocaloric effects in mixed-phased
manganites, 384041

In summary, systematic magnetocaloric measurements on
Las;g_,Pr,CazsMnO; (y=0.275) single crystals have re-
vealed further insights into the complex multiple-phase tran-
sitions. The system is ferromagnetic at low temperature and
becomes charge ordered at high temperature. The dynamic
strain-liquid phase is strongly affected by an applied mag-
netic field, whereas the frozen strain-glass phase is nearly
magnetic field independent. The origin of the large MCE in
the strain-liquid region arises from the suppression of dy-
namic fluctuations in magnetic fields. The MCE data clarify
better that the sharp increase in the magnetization below T
may not be due to the destabilization of the COI phase to the
FMM phase, but favors the idea of the growth of pre-existing
FMM domain regions. Overall, MCE is shown to be a very
useful probe of the magnetic transitions and ground-state
magnetic properties of mixed-phase systems.
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