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Eu 5gSr) 4oMnO5 is found to own a wide variety of magnetic structures, and two subsequent
magnetic transitions, a PM-AFM (paramagnetic-antiferromagnetic) transition followed by an
AFM-FM (ferromagnetic) transition, are observed under proper magnetic field. It is found that the
thermal response of heat capacity to the AFM-FM transition is negligibly small when this transition
is well below the PM-AFM transition, and grows rapidly as the Curie temperature sweeps through
the broad PM-AFM transition under the driving of magnetic field. This result indicates that the
magnetic anomaly in heat capacity comes exclusively from the PM-FM transition, and the
field-induced AFM-FM transition has essentially no thermal effects. A qualitative explanation for
this result has been given based on the mean field theory. © 2005 American Institute of Physics.

[DOL: 10.1063/1.2125127]

Manganites have received much attention in the last de-
cade because of their dramatic behaviors arising from the
strong coupling among spin, charge, and orbital degrees of
freedom.'™ It has been well known that the ferromagnetic
(FM) to paramagnetic (PM) transition in the manganites al-
ways takes place accompanied by a metal to insulator tran-
sition, and the modification of magnetic field to the former
produces a magnetoresistance effect.

In fact, in addition to resistivity, a thermal response to
the magnetic transition is also expected due to the variation
of exchange energy, and it can result in the excessive heat
capacity of the form CxMdM/dT, where M is magnetiza-
tion. This implies that any changes in magnetic order should
have a thermal signature.4 Magnetic contribution to heat ca-
pacity has indeed been observed in manganese oxides, and
the typical entropy change due to the FM transition is
~1.6 J/mol K as observed in the optimally hole-doped man-
ganites such as Laj;Cay3MnO5 and La0_7Sr0,3MnO3.5

Exceptions are found in the manganite that experiences
phase separation. It has been reported that there are two mag-
netic transitions, respectively at ~100 and ~220 K, in
phase-separated La,_x_y(Pr,Nd)XCayMnO3.6 It is surprising
that no visible thermal anomalies were detected for the phase
transition at ~100 K. As a qualitative explanation,
Kiryukhin and collaborators suggested the percolation nature
of this transition.” This explanation is obviously not enough
to justify this phenomenon, and many researchers revisited
this problem in recent years. As an alternative, Raychaudhuri
et al. studied the heat capacity of a single crystal
Pry¢3Cag37MnOs, and declared the occurrence of thermal
anomaly associated with a field-induced magnetic transition
at ~80 K.} Hardy et al. subsequently found, without expla-
nation, that doping minor Ga into the Mn sites of
Pry 5Cay sMnOj5 can arouse the magnetic contribution to heat
capacity.
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In spite of the intensive studies, it is still not very clear
why and when the thermal abnormal will appear, which is a
problem concerning a thorough understanding of the mag-
netic transition in various circumstances such as phase-
separated or other magnetic backgrounds. We noticed that
Euy 5¢S1) 4oMnO;5 exhibited complex, yet field-sensitive,
magnetic structures.'® It is therefore an idealized sample for
relevant studies.

The polycrystalline sample Eug 55Sr)4,MnO; (ESMO)
has been prepared by the solid-state-reaction method. The
well-mixed stoichiometric mixture of Eu,0O;, SrCO; and
MnCO; was first calcined at 1000 °C for 24 h then at
1250 °C for 48 h in air, with an intermediate grinding. The
product thus obtained was reground, palletized, and sintered
at 1350 °C for another 36 h then furnace cooled to room
temperature. The Rietveld refinement (space group Pbnm) of
the x-ray diffraction spectrum, collected at the ambient tem-
perature by a Rigaku x-ray diffractometer with a rotating
anode, indicated that the sample is single phase of the ortho-
rhombic structure with the lattice parameters of
a=5.4320 A, b=5.4273 A and ¢=7.6583 A.

Magnetization and resistivity measurements were per-
formed on a superconducting quantum interference device
magnetometer (MPMS-7), and the calorimetric measurement
was conducted by a Physical Property Measurement System
(PPMS-14H). All the data were collected in the warming
process after zero-field cooling the sample to predetermined
temperatures.

Figure 1 shows the temperature-dependent magnetiza-
tion of ESMO measured under different magnetic fields. The
sample is PM above ~100 K and antiferromagnetic (AFM)
below ~90 K, as will be seen below, under low fields. The
magnetic structure of ESMO is rather sensitive to external
field, and a field of 1.5 T can effectively drive the system
from the AFM state into the FM state. In this case a PM-
AFM and an AFM-FM transition take place in sequence with
decreasing temperature. When the applied field exceeds 4 T,
the AFM phase is completely suppressed and system remains
FM down to the lowest temperature. It should be noted that a
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FIG. 1. Temperature-dependent magnetization of EugsgSrg4MnO;
measured under different magnetic fields (top panel), and the corresponding
resistivity (bottom panel). Inset plot shows the variation of magnetization
(T=45 K) and Curie temperature with magnetic field. White squares denote
the 7. determined by heat capacity. Solid lines are guides for the eye.

field of 1.5 T almost causes a full magnetic saturation. A
simple calculation indicated that the magnetization is
~3.3 up/Mn for H=1.5 T, while the theoretical value is
3.58 up/Mn if only the magnetic moment of Mn ions is
accounted for. In contrast, the Curie temperature (7,), de-
fined by the maximum of |dM/dT|, displays a significantly
upward shift under magnetic fields. It is ~75 K for
H=0.8 T and ~107 K for H=5 T (inset plot in the top panel
of Fig. 1). The resistivity of ESMO is also presented in
Fig. 1 as a function of temperature, and an excellent
magnetic-resistive correspondence is observed as for the
typical manganites. These results are similar to those
observed by Sundaresan, Maignan, and Reveau in the com-
pound of the same formula.'’

Figure 2 presents the heat capacity (C,,) of ESMO mea-
sured under selected magnetic fields. The heat capacity ex-
hibits a rapid increase with temperature. A visible step-like
anomaly appears at ~95 K without magnetic field, which is
a sign of AFM transition. It is surprising that there is no
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FIG. 2. Temperature-dependent heat capacity of Eug s53St( 4, MnOz; measured
under selected magnetic fields. Inset plot is a close view of the heat capacity
around 7. Hatched area marks the magnetic entropy change due to the FM
transition. Solid lines are guides for the eye.
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FIG. 3. Definition of the Néel temperature and the ending point for the AFM
transition based on the data of heat capacity (top panel) and the magnetic
entropy change as a function of Curie temperature (bottom panel). Dashed
curve is the smooth background determined by a polynomial fitting. Solid
lines are guides for the eye. Hatched area marks the temperature region for
the AFM transition.

thermal response to the magnetic transition when the applied
field is below 2.5 T, though both the magnetic and resistive
measurements confirm the occurrence of FM transition.
Thermal anomaly emerges when H>2.5 T, increases rapidly
with applied field, and reaches a saturation for H>4 T (inset
plot in Fig. 2).

A careful analysis shows that the heat capacity data re-
corded under H=2 T and 5 T, respectively, coincide with
each other pretty well between 15 and 75 K, which confirms
the FM structure of ESMO under the field of 2 T. The mag-
netic data in Fig. 1 indicate that the FM transition is rather
sharp. This means that the absence of thermal response for
H<2.5T cannot be due to a smooth entropy release for a
broad FM transition. It may have the same origin as that
observed in La,_,_,(Pr,Nd),Ca,MnOs or Pr;_,Ca MnO;.

Based on the calorimetric data, the system experiences
an AFM transition near ~95 K. As shown by the top panel
of Fig. 3, this transition proceeds in a finite temperature
range due to the presence of inhomogeneity probably asso-
ciated with grain boundaries, and the step-like anomaly in
the C,/T-T curve is actually an expansion of the A-shaped
transition. We define the concavity in the C,/T-T curve as
the onset of the AFM transition (Ty) and the maximum, after
subtracting the smooth background, as the ending of this
transition (7). According to Fig. 1, the first identifiable Cu-
rie temperature is ~75 K. It is well below Tx. However, T,
sweeps through the AFM transition region with increasing
field if Ty is independent of magnetic field, which is a rea-
sonable assumption for the manganites. We noticed that the
thermal anomaly appears only when 7y>7.>Tg. A more
quantitative description is given in the bottom panel of
Fig. 3, in which the magnetic entropy change, calculated
based on AS=[,;AC/TdT, is illustrated as a function of the
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Curie temperature, where AC is the magnetic contribution
obtained by subtracting the lattice contribution (determined
by fitting the background to a polynomial) from the total heat
capacity, AT is the temperature span of the magnetic transi-
tion. It demonstrates that the thermal response emerges when
T, exceeds Tg, grows drastically as T, sweeps from T to Ty,
and saturates at ~1.2 J/mol K for T.> Ty. The saturated AS
value agrees with that observed in Laj;Cay;MnO; fairly
well (~1.6 J/mol K), which indicates that ESMO behaves
like an ordinary manganite above Ty.

In the case T.<Tp the system experiences a PM-AFM
and an AFM-FM transition in sequence on cooling, whereas
there is only one PM-FM transition for 7,.>Ty. This sug-
gests that the thermal response to magnetic ordering always
occurs accompanying the PM-FM transition, and the mag-
netic contribution of the AFM-FM transition to heat capacity
is ignorable. This analysis is consistent with the observation
that the rapid increase of AS takes place only between T and
Ty. It is possible that the AFM and PM phases coexist in this
temperature range, and the volume fraction of the latter, thus
the contribution of the PM-FM transition increases as 7" ap-
proaches T. There will be only the PM phase above Ty. As
a result, the drastic increase of AS stops.

In fact, magnetic internal energy exists no matter
whether the system is at the AFM or the FM state. It has
been well established that the exchange energy has the form
g \M?, where M is the magnetization of the system and A
the magnetic coupling between magnetic ions. A direct cal-
culation shows that the contribution of the AFM-FM transi-
tion to heat capacity will be AC=(\pM e
—NemMpy2)df1dT, where f is the volume fraction of the FM
phase. (NopM yp°—ApmMpy) is the difference of the ex-
change energy in the AFM and the FM states. It must be
smaller than 2Mpy; noting the fact that a field of 2 T can
stabilize the FM state effectively. This actually implies that
AC/C<2Mgpy/ )\FMMFM2 <1/40, where the inequality
ANemvM ey > 80 T has been used considering the fact that the
Curie temperature of ESMO is ~80 K under a field of 2 T.
That is, the change in heat capacity due to an AFM-FM
transition will only be one fortieth of that of a PM-FM tran-
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sition. This may be the reason for the absence of thermal
response to an AFM-FM transition.

In a similar picture we can understand the experi-
ment results obtained for Pr;_CaMnO; and
La;_,_y(Pr,Nd),CaMnO;.  For  Pry4;Cay3;MnO;  the
PM-AFM and AFM-FM transitions take place, respectively,
at ~170 and 100 K.® Similarly, the FM transition is ~80 K
below the AFM-PM transition for La,_,_,(Pr,Nd),Ca,MnOs;.
These mean that the FM transition in these compounds is
actually an AFM-FM transition, which explains the absence
of thermal anomaly in heat capacity. However, if the long
range AFM order is partially destroyed by, for example, ele-
ment doping, the field-induced phase transition will be an
incomplete AFM-FM transition, and entropy changes could
occur. This was demonstrated by the work of Hardy et al. for
Pry sCag sMng 5Gag 0s0s.”
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