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Specific heat studies of the phase transitions in multiferroic Sr1−uBauMn1−yTiyO3 system
(0 � u � 0.65, 0 � y � 0.1)
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Specific heat studies of the Sr1−uBauMn1−yTiyO3 system polycrystalline samples performed by the relax-
ation and DSC methods over the temperature range 2–450 K are reported. Anomalies accompanying the
antiferromagnetic-paramagnetic and ferroelectric-paraelectric phase transitions were measured. The system
studied is a promising multiferroic material of the first type, in which a strong coupling between the magnetic
and electric systems, related probably to the fact that the same Mn4+ ions are responsible for the two orderings,
appears. Analysis of the specific heat anomaly at the magnetic transition was done using the advanced theory
of the continuous transitions, in which the presence of higher order terms in the free energy is considered, and
the parameters of the critical behavior of the system were estimated. The shape of this anomaly suggests that
arguably, despite earlier predictions, the transition loses the continuous character and becomes the first-order
process for the Ti-containing samples. For majority of the compositions, the anomaly accompanying the
first-order high-temperature ferroelectric transition was found to be smeared and not well pronounced, which
was tentatively ascribed to a wide temperature range of coexistence of the para- and ferroelectric phases and a
small difference between entropies of both phases.

DOI: 10.1103/hn32-kxms

I. INTRODUCTION

By definition [1], “multiferroics” are materials which
display several coexisting long-range orderings, often of mag-
netic and dielectric nature. Usually one distinguishes [2,3] the
first type or “proper” multiferroics, in which the long-range
orderings appearing at separated temperatures are weakly
coupled or fairly independent of each other, and the second
type or “improper” ones, in which the orderings are strongly
coupled or even the appearance of a one ordering is induced by
the appearance of the second one, as, for example, in TbMnO3

[4–6]. The latter multiferroics, especially magnetoelectrics,
have attracted great interest among researchers because they
could find numerous applications, including electrically con-
trolled magnetic memories, electric amplifiers of magnons,
magnetic field sensors, writing/reading heads of hard drives,
and others [7].

Presumably, the group of ABO3 oxides having a crystalline
structure of a slightly deformed perovskite (where A = alka-
line or rare earth ion or a set of such ions and B = transition
metal ion or a set of such ions), among which there are more
than 100 compositions showing magnetic orderings and a
similar number of compositions showing a ferroelectric order-
ing, should be promising set for obtaining many second-type
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multiferroic compounds. However, there are only a few known
multiferroic compositions of this group. It is believed that the
scarceness is due to the crystalline structure of these materials,
in which each B ion is located inside octahedral coordination
made of six oxygen ions. In the ideal perovskite structure, the
B-O6 octahedra are relatively rigid and densely packed com-
plexes, forming a simple corner-shared cubic lattice, whereas
the A ions locate in free space between the octahedral com-
plexes. In many materials, due to misfit of the atomic radii
of the A, B, and O2− ions, small deformations and rotations
of the B-O6 complexes are observed, which lower the crystal
symmetry from the cubic Pm3m one of the ideal perovskite
to a tetragonal, rhombohedral, or orthorhombic one; however,
the general integrity of the perovskite-based network remains
unchanged.

Calculations described in [8], based on the density func-
tional theory, showed that it is energetically favorable for the
B ion with the empty d shell to shift from the center of the
oxygen octahedron towards one of the apical oxygen ions (or
towards three oxygen ions) and to form a strong covalent bond
with this particular oxygen (or oxygens) at the expense of
weakening the bonds with other oxygens. In such a case, only
the bonding state of lower energy is occupied. This process
breaks the inversion symmetry of the distribution of positive
and negative ionic charges and results in the appearance of a
nonzero spontaneous electric polarization and, in some cases,
in the appearance of the ferroelectric ordering. On the other
hand, if B is a “magnetic” ion, i.e., if it has at least one electron
on the d shell, the antibonding state of higher energy also is
occupied, which results in reducing the energy gain related
to the shift of the B ion from the oxygen octahedron center.
Apart from this factor, if the B ion has a few electrons on the d
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shell, the exchange interactions between them, preferring the
parallel orientation of their spins and being the physical basis
for the first Hund’s rule (thus called “the Hund’s coupling”),
must be taken into account. As the result (illustrated in Fig. 2
of Ref. [8]), the shift of such a B ion from the center of the
oxygen octahedron becomes inconvenient energetically. Thus,
the inversion symmetry is preserved and the material displays
no spontaneous dielectric polarization. However, some kinds
of a magnetic ordering can appear in such compounds.

In this context, researchers intensively seek for methods
of overcoming this incapability and obtaining the multiferroic
perovskites. For example, the following methods were de-
scribed in the literature [8]: (i) partial replacement of magnetic
B ions with nonmagnetic ones, which resulted in discovering
the PbFe0.5Nb0.5O3 multiferroic; (ii) relating magnetic prop-
erties to the B sublattice and the ferroelectic properties to
the A sublattice occupied by ions having, like Bi, a so-called
lone pair of s electrons, which is the origin of multifer-
roic properties of intensively studied BiFeO3 and BiMnO3

compounds; and (iii) synthesizing materials, like TbMnO3

[4–6], in which, mainly due to the Dzyaloshinskii-Moriya
interactions [9], an incommensurate noncentrosymmetric spi-
ral magnetic structure and, simultaneously, displacements of
magnetic and oxygen ions from their “normal” symmetric
positions, producing nonzero electric polarization, appear.
However, it was found that, with the exception of the third
group, in all such materials, the magnetic and electric order
parameters are coupled rather weakly.

The new method of obtaining multiferroic perovskites pro-
posed in Ref. [10] was based on the idea that (i) much stronger
magnetoelectric coupling could be achieved if the same ions
were responsible for the electric and magnetic orderings and
(ii) stretching the oxygen octahedra by the chemical tensile
stress produced by replacement of small A ions with larger
ones could result in producing more free space around the
magnetic ions, e.g., Mn4+, located within the octahedra, and
in making the displacement of the magnetic ions from the
centers of the octahedra energetically favorable, which would
lead to the appearance of the spontaneous polarization. This
idea was verified for the Sr1−uBauMnO3 system [10,11], by
replacing the smaller Sr2+ ions with the larger Ba2+ ones.
It was found that for u � 0.45 the structural transition to the
ferroelectric phase appears at high temperatures, TC ∼ 400 K,
and then, on lowering temperature, at TN ∼ 200 K, the phase
transition to the antiferromagnetic phase of the type G takes
place, and, thus, the multiferroic state is gained. Unfortu-
nately, it turned out that the system is not the ideal one,
because it shows too high electric conductivity, which pro-
hibits a direct measurement of the spontaneous polarization,
and the structural deformation resulting in the spontaneous
polarization decreases significantly at the point of magnetic
transition. Nevertheless, this reduction of deformation proves
the existence of a desired strong coupling between the mag-
netic and electric orderings, which makes the Sr1−uBauMnO3

system a good initial composition for further investigations.
The continued studies of the Sr1−uBauMnO3 system estab-
lished the synthesis procedures allowing for increasing the
limits of Ba substitution and the partial replacement of Mn
with Ti, which resulted in stronger ferroelectric deformation
and higher TC [12]. Detailed studies of homogeneity and mag-

netic properties of the obtained compositions were reported in
Ref. [12]. The recent studies of the local atomic and magnetic
structures using x-ray and neutron pair distribution function
analysis, polarized neutron scattering, and muon spin relax-
ation techniques showed presence of the nanoscale tetragonal
distortions in the paraelectric phase and the short-range anti-
ferromagnetic correlations in the paramagnetic state over the
wide temperature ranges [13].

The present studies were aimed at a closer analysis of
antiferromagnetic and ferroelectric phase transitions appear-
ing in the (Sr,Ba)(Mn,Ti)O3 compounds and of the critical
behavior near the antiferromagnetic transition. Specifically,
we wanted to verify the suggestion made in Ref. [12] that the
substitution of Mn with Ti does not change the second-order
character of the magnetic transition. Since it is known [12]
that at the magnetic transition point the structural deformation
responsible for the spontaneous electric polarization decreases
substantially, it is obvious that this transition also influences
the lengths and angles of the Mn-O-Mn bonds, and conse-
quently, the strength of exchange interactions. As was shown
in Ref. [14], such an effect, when sufficiently strong, can
change the order of the transition from the second to the first
one.

Since the magnetic ordering appearing at the low-
temperature transition to the multiferroic state has the anti-
ferromagnetic character and the high-temperature ferroelctric-
paraelectric phase transition weakly influences magnetic
properties of the system, magnetic measurements are not ap-
propriate for studying these transitions. As an alternative, the
measurements of specific heat are more suitable and informa-
tive. Moreover, the sign and value of the specific heat critical
exponent α depend strongly on the character of magnetic
structure of the system studied [15]. Thus, the specific heat
measurements were chosen as the main experimental method
of the present studies, and detailed measurements of this
parameter for a series of (Sr,Ba)(Mn,Ti)O3 compositions as
well as the detailed analysis of the shape of the specific heat
anomalies accompanying the antiferromagnetic phase transi-
tions were performed.

II. EXPERIMENT

The almost single-phase polycrystalline Sr1−uBau

Mn1−yTiyO3 samples with u = 0–0.65 and y = 0.0–0.1
were synthesized from stoichiometric mixtures of BaCO3

(99.9% pure), SrCO3 (99.99%), MnO2 (99.95%), and TiO2

(99.99%) with methods described in detail in Refs. [11] and
[12]. In short, the synthesis of the perovskite compounds
studied here is a difficult task involving repeated firing under
increasingly reducing conditions at high temperatures to
achieve the required chemical compositions surviving beyond
ordinary solubility limits by removing the hexagonal second
phases of the similar compositions, which normally form
in the oxygen containing atmospheres. The procedure is
followed by the oxidation of the oxygen-deficient perovskites
to the full oxygen content at lower temperatures without
decomposition; however, it could lead in some cases to the
presence of small amounts of second phases and the chemical
compositional inhomogeneities.
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For the present specific heat measurements, the following
compositions were chosen: y = 0 and u = 0, 0.43, and 0.45;
y = 0.02 and u = 0.5; y = 0.06 and u = 0.45, 0.5, 0.55, 0.6,
and 0.65; and y = 0.1 and u = 0.5.

Two methods of specific heat measurement were used. For
the temperature range 2 � T � 400 K, the studies were done
with the relaxation method using the specific heat (HC) option
of the PPMS system (made by Quantum Design). The mea-
surements were performed for zero and several fixed values
of the external magnetic field, B, up to 9 T. Typically, in the
vicinity of phase transitions and below 15 K, the experimental
points were measured every 0.2 or 0.5 K, whereas outside
these regions, every 1, 2, or 3 K. To maintain the readability
of all figures presented below, only the limited numbers of
experimental points are denoted with the symbols. The high
accuracy (to 2%) of the determined absolute values of the
specific heat for T smaller than ∼250 K is the main advantage
of this method. Above ∼250 K the heat transfer between
the calorimeter and the environment via radiation increases
substantially (it is proportional to T 4) and dominates the other
mechanisms (convection and conduction), which results in
increased noise and deterioration of the accuracy of the deter-
mined absolute specific heat values to ca. 5%. Moreover, the
inherent property of the relaxation method, i.e., the necessity
of applying the measuring heat pulses increasing the sample
temperature by ca. 2% of T , results in rounding the specific
heat maxima accompanying phase transitions and makes this
technique not optimally suited for determining the critical
exponent α.

Thus, for measurements in the temperature range 100 <

T < 450 K, the differential scanning calorimetry system
(DSC; made by TA Instruments) was used. The DSC method,
in which changes of heat capacity are measured during the
temperature sweep with a fixed speed (usually from 1 to
10 K/min), is very precise and effective in detecting all
anomalies of the specific heat, usually those related to phase
transitions. However, it does not allow one to determine accu-
rately the absolute specific heat values.

In this context, by combining the two methods mentioned
above we were able to study both the magnetic phase tran-
sition appearing in the range 130 < T < 230 K and the
ferroelectric transition appearing in the range ∼350 < T
< ∼ 400 K. Furthermore, using the fact that the temperature
ranges of applicability of the two measuring systems over-
lapped within the range ∼100 < T < ∼ 350 K we were able
to shift the absolute specific heat values reported by the DSC
system to the values determined by the relaxation method
and thus to determine more reliably the absolute specific heat
values for the high-temperature range T > 300 K.

Additionally, magnetization measurements were per-
formed to verify the accuracy of the measured transition tem-
peratures using the vibrating sample magnetometer (VSM)
option of the PPMS system.

III. RESULTS

Specific heat, C, measured as a function of temperature in
zero magnetic field for all compositions studied is presented
in Fig. 1. One can easily notice that the most pronounced
anomaly accompanies the phase transition, which was

FIG. 1. Specific heat of the Sr1−uBauMn1−yTiyO3 compositions
as a function of temperature. Curves measured with the PPMS are
denoted by symbols and plotted in dark yellow, orange, blue, and
green, for y = 0, 0.02, 0.06, and 0.10, respectively. On each PPMS
curve, there are superimposed (i) the smooth background, mimicked
with Eq. (1), plotted with the dashed black line and (ii) the depen-
dence measured with the DSC method, plotted with the solid red
line. In the legend, at the symbols denoting the PPMS data, the u
content, and, in parentheses, the value by which all curves for this
composition are shifted along the vertical axis are given. At each
DSC curve the heating rate at which it was registered, in K/min, and
the value in J/(mole K) by which the DSC curve was shifted with
respect to the PPMS data to get the more reliable absolute specific
heat values are given in parentheses.

identified earlier [10–12] as the transition from the paramag-
netic to the antiferromagnetic phase of type G. It was found
that replacement of both Sr with Ba and Mn with Ti lowers
the Néel temperature, TN , from 228 K for the pure SrMnO3

to 135 K for the Sr0.35Ba0.65Mn0.94Ti0.06O3 composition; see
Fig. 2 and Table II below. In all cases, the specific heat
anomaly is wide, smeared over the temperature range of 110–
220 K depending on the composition. We attribute the smear-
ing to small inhomogeneities of the chemical composition of
particular samples and to small deviations of the actual
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FIG. 2. Néel temperatures of the Sr1−uBauMn1−yTiyO3 system,
TN , as a function of u. The arrow indicates a hypothetical composi-
tion to which the system evolves with increasing u. Full and empty
symbols denote, respectively, the temperature corresponding to max-
imum of the specific heat anomaly and the data from magnetization
measurements.

oxygen stoichiometry from the value “3,” which could appear
due to, mentioned above, technological difficulties in synthe-
sizing these compositions.

In order to assess the usefulness of the studied system for
potential applications, we verified whether a desired strong
influence of the external magnetic field on the magnetic or-
dering appears in it. Usually, in the case of antiferromagnetic
transitions, the uniform external magnetic field lowers the
transition temperature and sharpens the specific heat anomaly
that it accompanies. However, the specific heat measurements
performed for the (Sr,Ba)(Mn,Ti)O3 system for several fixed
values of the magnetic field, B, up to 9 T showed that the influ-
ence of the magnetic field on the antiferromagnetic transition
is always negligible, even for B = 9 T. As an example, this
effect is illustrated in Fig. 3, where the specific heat of the
u = 0.6 and y = 0.06 composition measured as a function of
temperature for several fixed B values is presented. This is
rather a surprising effect because the molecular field for the
studied system, roughly estimated based on the TN value, is on
the order of 35–60 T and the external field of 9 T constitutes its
noticeable fraction. We presume that the influence of B on the
transition seems to be negligible because of the large widths
of the anomalies related to the antiferromagnetic transition. In
this context, the studied system is not especially promising for
applications.

Unlike the anomalies at the antiferromagnetic transitions,
the specific heat anomalies at the ferroelectric transitions are,
practically, invisible in the PPMS data and are smeared and
not well pronounced in the DSC results (Fig. 1). We attribute
this to the fact that these transitions are of the first order and,
as the x-ray studies showed [12], the temperature range of
coexistence of para- and ferroelectric phases is relatively wide
(∼60 K), which smears the specific heat anomaly related to
the ferroelectric transition. Moreover, we assume tentatively
that the difference between the entropies of both phases can be

FIG. 3. Temperature dependence of the specific heat, C, of
Sr0.4Ba0.6Mn0.94Ti0.06O3 in the presence of an external magnetic
field, B. To maintain legibility, only selected measured points are
indicated by symbols, and the curves are shifted along the vertical
axis by the values given in parentheses.

rather small, which would result in small height of the specific
heat anomaly.

IV. ANALYSIS

To investigate the anomalies accompanying the antifer-
romagnetic phase transition it was necessary to extract the
largest contribution to the measured specific heat, i.e., the
noncritical smooth background, composed of the phonon and
magnon contributions. Since in the case of weakly anisotropic
antiferromagnetic materials, the dispersion relation for the
magnons has the same functional form as for the phonons
(ω ∼ k), the magnon and phonon contributions to specific heat
depend on temperature in the same way, and separating them
is not trivial. Thus, to mimic the effective smooth contribution
to the specific heat we used the following, frequently applied
expression [16,17], consisting of a mixture of the Debye and
Einstein models:

Cs(T ) =
[

3nDkBNA

(1 − αDT )

(
T

θD

)3 ∫ θD/T

0

t4et

(et − 1)2
dt

+ kBNA

(1 − αE T )

nO∑
i=1

ni

(
θi

T

)2 eθi/T

(eθi/T − 1)2

]
. (1)

The first term of (1) describes the contribution arising from
the nD branches approximated by the Debye model with the
Debye temperature θD, and the second term represents the
contribution arising from the nO optical branches described
by the Einstein model. The Einstein temperature θi and the
number ni of modes are ascribed to each of the nO optical
branches. The effect of lattice expansion can be considered
in the way proposed in Ref. [18], i.e., by introducing the
factor 1/(1 − αiT ) for each branch. In the present analysis we
introduced a simplification, consisting in considering only two
αi coefficients, namely, the one for the Debye branches, αD,
and the other one, αE , for the Einstein branches. Satisfactory
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TABLE I. Fitting parameters used for modeling the smooth specific heat background of Sr1−uBauMn1−yTiyO3 compositions.

Sample θD αD αE θ1 n1 θ2 n2

u y (K) (1/K) (1/K) (K) (K)

0.5 0.1 231.7 9.8 ×10−4 −9.2 × 10−4 256 3 514 11

0.65 0.06 223 −2.8 × 10−3 1.6×10−4 268 5 581 8
0.6 0.06 294.6 1.05×10−3 −8.79 × 10−4 177.7 2 447.3 10

0.55 0.06 247 −11.4 × 10−3 −8 × 10−5 205.2 3 446.4 11
0.5 0.06 253 −4.15 × 10−3 3.14×10−4 191 2 430 10

0.45 0.06 230.7 −4 × 10−3 −5.5 × 10−4 277 5 550 11

0.5 0.02 260 1.14×10−3 −6.5 × 10−4 208.9 2 474.3 10

0.45 0 242 −3.9 × 10−4 −5.16 × 10−4 265 4 554 11
0.43 0 260 9×10−4 −5.06 × 10−3 267.3 5 612 23

0 0 267 −4.8 × 10−3 1.9×10−5 246.9 4 534.3 10

approximation of the smooth specific heat background for
each composition has been obtained by taking nD = 3 and
nO = 2, and treating θD, ni, θi, αD, and αE as the fitted
parameters. The modeled smooth backgrounds for all the
compositions studied are plotted in Fig. 1 with the dashed
lines. The values of fitted parameters for which the best de-
scriptions of the backgrounds were achieved are collected in
Table I. Since the lattice specific heat is the value summarizing
contributions of all phonon modes it is weakly sensitive to par-
ticularities of the phonon spectrum. Thus, the fitted parameter
values have the meaning of mathematical parameters only,
and their relation to the real physical parameters is qualitative
only. For example, we can assume that the Debye temperature
of the compositions studied is of the order of 250 ± 50 K.
Thus, uncertainty of the particular fitted parameters was not
estimated. The specific heat anomalies, CM (T ), related to the
magnetic phase transition were derived by subtracting the
modeled smooth backgrounds from the measured temperature
dependences of the specific heat (see Fig. 4). As mentioned
above, these anomalies are smeared over the wide temperature
ranges, and thus, they could not be analyzed in frames of the
basic theory of critical phenomena, in which one assumes that
the critical behavior given by a single power function appears
when the parameter τ = (T − TN )/TN takes the values |τ | �
10−3. Apart from the wide temperature spread of the anoma-
lies, analysis of their real shape within the critical range |τ | �
10−3 was, in practice, impossible because they were measured
by means of the relaxation method. As discussed previously,
in this method, during the measurement process a measuring
heating pulse, increasing the sample temperature by the value
of the order of 2% of the actual T value, is applied. Thus, the
specific heat value assigned to the T + (2%T/2) temperature
is, in fact, the value averaged over the temperature range from
T to T + 2%T , which results in “rounding” the anomalies
measured for |τ | � 10−3.

Therefore, following Refs. [15,19,20], it was assumed that
for the compositions studied, the more advanced theory of
critical phenomena, taking into account the presence of higher
order terms in τ in the expression for the free energy, essential
for |τ | � 10−3, must be applied. According to this theory, the
critical behavior of the specific heat can be represented in the

form

CM (T ) = B

α

[∣∣∣∣ T

TN
− 1

∣∣∣∣
−α

− 1

][
1 + E

∣∣∣∣ T

TN
− 1

∣∣∣∣
x]

+ D, (2)

which differs from the classical one by the presence of the
term in the second parentheses.

In fact, some authors, e.g., [20,21], instead of modeling
the smooth regular background, e.g., using Eq. (1), prefer
to take it into account by adding to Eq. (2) a linear term of
the form D1 + FT , with D1 and F being constant values.
However, we believe that for the anomalies smeared over such
a large temperature range as in the present case, modeling the
smooth background by (1) is more appropriate than a linear
approximation.

We verified that for the system studied the best description
of the experimental anomalies with (2) is achieved for the
exponent x = 0.44, and this value was used in the further
analysis. This result is consistent with earlier papers (e.g.,
[22]), presenting similar analysis, which showed that for all
real physical systems studied until now, the best description
can be achieved by taking the value x � 0.5 ± 0.2.

The preliminary calculations showed that for describing
the maximum appearing at the Néel temperature for all the
compositions, the negative value of the exponent α must
be chosen, which is reasonable, because negative α values
are predicted also in some theoretical models. For example,
the α = −0.08 ± 0.04 value is predicted theoretically for the
Heisenberg model [23]. It is important to note that for the
negative α values, specific heat does not diverge but shows a
finite maximum at the transition point, and hence, the CM (T )
function must be continuous at TN . Thus, if we denote the
parameters of the function (2) with the superscript “−” for
τ < 0, i.e., for T < TN , and with the superscript “+” for
τ > 0, i.e., for T > TN , the continuity requirement leads to
the relation

D+ = D− + B+ − B−

α
. (3)

Next, we treated α, B−, B+, E−, E+, D−, and TN as fitted
parameters and matched the dependence (2) to the experi-
mental data for a rather wide temperature range around the
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FIG. 4. Specific heat anomalies related to the antiferromagnetic phase transition appearing in the Sr1−uBauMn1−yTiyO3 compositions,
determined based on the PPMS data. On each experimental dependence, denoted with the same symbols as in Fig. 1, the fitted theoretical
critical dependence (2), taking into account higher order terms, plotted with the thick red solid line, as well as the fitted Lorentz function, plotted
with the thin black dashed line, are superimposed. Above each experimental curve, the u and y values, as well as the value, in parentheses, by
which this curve was shifted along the vertical axis to maintain readability, are given.

phase transition, chosen judiciously for each composition. It
should be mentioned that our trials to exclude the α param-
eter from the fitting process and to keep its value close to
the values determined theoretically for most popular models
(Ising, Heisenberg) did not give satisfactory results, and we
were forced to treat α as the free, fitted parameter. During
the analysis of the main magnetic phase, when choosing the
temperature range for fitting, we considered the width of the
anomaly and the necessity of minimizing the influence of
a small amount of a parasitic phase, visible near 120 K as
a small maximum on the low-temperature side of the spe-
cific heat anomaly for majority of the compositions. As it
is shown in Fig. 4 with the thick solid lines, the shape of
the specific heat anomaly related to the magnetic phase tran-
sition can be reproduced very well with Eq. (2) for all the
compositions.

The values of the fitted parameters giving the best descrip-
tion of the experimental data are given in Table II. Uncertainty
of each of these parameters was estimated by keeping all
other parameters fixed and varying the investigated parameter
up to the value for which a noticeable change of the fitted
curve was observed. For completeness, the D+ parameter, not
fitted but calculated according to Eq. (3), is also given in
the table. To differentiate the fitted TN value from the value
determined experimentally as the temperature at which the

specific heat anomaly reaches maximum and given in the
last column of the table, the superscript “cr” was added to
the former. Since in this analysis the seven parameters were
fitted, the α values given in Table II cannot be treated as the
real, accurately determined values of the critical exponent.
In fact, the performed analysis allows us only to draw the
conclusion that the α parameter is negative for the considered
system.

Figure 4 shows that for the Ti-free compositions (y = 0)
the anomaly related to the antiferromagnetic transition is
asymmetric and λ-shaped, which is typical of the second-
order transitions, whereas with partial replacement of the Mn
ions with Ti ions, the anomaly becomes more symmetric as is
observed in the case of the first-order transitions. To demon-
strate this effect, we fitted the Lorentz function,

L(T ) = L0w
2

4
(
T − T L

N

)2 + w2
, (4)

to the experimental data for the same temperature ranges as
that used for fitting by Eq. (2). The fitted Lorentz functions are
plotted in Fig. 4 using thin dashed lines, and the fitting param-
eters L0, w, and T L

N are given in Table II. Like in the case of
matching with Eq. (2), the uncertainty of each of the fitted pa-
rameters was estimated by keeping all other parameters fixed
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TABLE II. Parameters of the theoretical function (2) and the Lorentz function (4) for which the best fit to the experimental specific heat
anomalies related to the antiferromagnetic transition for the Sr1−uBauMn1−yTiyO3 compositions was achieved.

Sample α B− B+ E− E+ D− D+ T cr
N L0 w T L

N TN

u y [J/(mole K)] [J/(mole K)] (K) ( J
mole K ) (K) (K) (K)

0.5 0.1 −0.311(1) 9.68(2) 17(1) 1.64(2) 2.07(2) −22.87(2) −46(3) 168.9(2) 6.5(1) 28(1) 170.2(5) 170.2(5)
0.65 0.06 −0.76(1) 13.4(1) 13.4(2) −0.003(3) −0.22(4) −7.36(6) −7.4(5) 135.9(5) 8.80(5) 50.8(1) 132.5(1) 135.2(5)

0.8(1) 3.7(4) 118.1(1)
0.6 0.06 −0.574(1) 21.07(2) 26.1(5) 0.54(1) 0.53(1) −27.24(2) −36.0(9) 147.7(2) 9.17(5) 27.8(8) 146.6(5) 147.7(5)
0.55 0.06 −0.645(3) 16.43(5) 17.4(4) 0.35(1) 0.22(2) −18.12(6) −19.7(8) 163.7(5) 6.97(5) 30.7(7) 161.4(4) 163.3(5)
0.5 0.06 −1.25(1) 24.2(2) 9.1(2) −0.49(2) −1.82(3) −11.4(2) 0.68(62) 161.0(8) 6.0(1) 33.6(9) 159.4(9) 160.5(5)
0.45 0.06 −0.80(1) 21.9(2) 5.4(1) −0.27(2) −3.48(5) −15.5(2) 5.1(9) 186.8(5) 9.3(2) 34(2) 184(1) 186.0(5)
0.5 0.02 −0.90(5) 11.3(5) 11.9(2) −2.92(5) −3.08(5) 5.4(2) 4.7(9) 177.0(5) 13.4(2) 29(2) 175.7(6) 177.1(5)
0.45 0 −0.76(3) 15.7(3) 25.4(6) −1.14(3) −0.87(3) −3.5(2) −16(2) 193.7(5) 12.6(5) 31(2) 190(1) 193.5(5)
0.43 0 −0.66(1) 19.9(2) 26.0(8) −0.48(4) −0.56(3) −13.4(2) −23(2) 199.6(5) 12.7(5) 28(2) 196(1) 199.7(5)
0 0 −0.305(5) 9.83(7) 6.39(5) 0.23(5) −1.86(4) −9.7(1) 1.6(7) 228.0(5) 14.0(5) 39(2) 224(1) 228.1(5)

and varying the investigated parameter up to the value for
which a noticeable change of the fitted curve was observed.
Since for the sample with composition u = 0.65, y = 0.06 the
additional maximum related to small content of an unknown
parasitic phase was located very close to the main maximum
on its low-temperature side, this composition was treated in a
different way, i.e., the experimental maximum was described
as a sum of two Lorentz functions, the first, which approxi-
mated the main anomaly, and the second, which estimated the
parasitic anomaly. This approach reproduced quite well the
shape of the combined anomaly, and the fitted parameters of
the two Lorentz functions are given in Table II.

We noticed that for many Ti-containing compositions, the
Lorentz function describes the specific heat anomaly nearly
as well as the curve calculated with Eq. (2). To evaluate this
observation quantitatively, we considered an average square
of residuals per one point, defined by the formula

σ 2
f = 1

N

N∑
i=1

[
yex

i − f
(
xex

i

)]2
, (5)

where f denotes the investigated theoretical function and the
summation extends over all N experimental points (xex

i , yex
i )

for which the fitting was performed. This value has been
calculated by taking as f the CM (T ) function given by (2)
and by taking as f the Lorentz function (4). Next, we plotted
the difference between σ 2

L and σ 2
CM

normalized to σ 2
CM

as
a function of the composition, identified by the parameter
10y + u, in Fig. 5. Clearly, with an increase in the Ti con-
tent the specific heat anomaly becomes more symmetric as
is expected for the case of a first-order transition. In fact, with
exception of the composition u = 0.5, y = 0.06, for which the
Lorentz function describes the anomaly better, for all other
compositions the description by Eq. (2) is better. However,
in our opinion, it is not related to the real physical effect but
to the fact that the fits of Eq. (2) were done with the larger
number of free parameters.

Tentatively, the observed change of the shape of the spe-
cific heat anomaly can be elucidated by two scenarios.

According to the first one (in our opinion less probable), it
can be ascribed to the disorder frozen below the ferroelectric
transition and to the appearance of a Griffiths phase above

the magnetic transition. Indeed, the presence of the Griffiths
phase was reported for several families of manganites [24] of
a general composition AMnO3; however, it was always related
to a certain competition between different phases or interac-
tions of different character. For example, in the idealized view,
in the manganites of the type (La3+, Sr2+)(Mn3+, Mn4+)O2-

3
[25], the 2+ and 3+ ions distributed randomly over the
sublattice A cause that we have Jahn-Teller active Mn3+

and Jahn-Teller inactive Mn4+ ions distributed randomly
over the Mn sublattice. Thus, the Mn subsystem is built
of Jahn-Teller distorted and nondistorted Mn-O6 octahedra,
and if the neighboring Mn ions are of different valence,
the ferromagnetic double exchange interaction between them
dominates, whereas if the neighboring Mn ions are of the same
valence, the antiferromagnetic superexchange interactions be-
tween them dominate. As the result, above the magnetic
transition temperature, the Griffiths phase built of ferromag-
netically and antiferromagnetically correlated microregions
as well as paramagnetic microregions can exist in the
sample.

FIG. 5. Difference between average square of residuals cor-
responding to the Lorentz function and the critical behavior of
Eq. (2) fittings as a function of composition. The arrow indicates
the hypothetical composition to which the compositions studied
evolve.
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Similarly, in the other class of manganites, to which, for
example, (Eu3+, R3+)Mn3+O2−

3 compounds (R denotes a rare
earth ion) belong, the Griffiths phase can exist [26]. In this
class, the A sublattice is formed by isovalent 3+ ions, which
means that all Mn ions remain in the 3+, Jahn-Teller ac-
tive state. However, the Mn3+ ions have on their partially
filled 3d shell four electrons, three of which occupy the
t2g states, whereas the fourth electron has for its disposal
two orbitals, theoretically, of the eg type. Actually, denota-
tions eg and t2g refer to orbitals that form in the octahedral
environment. However, due to the Jahn-Teller effect, the oc-
tahedral environment of the Mn ion deforms, and a few
different forms of the deformation are equivalent energeti-
cally. Thus, instead of the two pure eg orbitals we have two
different linear combinations of them for each form of the
Jahn-Teller deformation. The eg-type orbital of lower energy,
occupied by the fourth electron, is elongated along differ-
ent axis for different type of the deformation. As the result,
denoting different types of the deformation by subscripts “I”
and “II,” if the bonding between two neighboring Mn ions
has a form Mn3+

I -O2−-Mn3+
II , the superexchange interaction

between them has, usually, the ferromagnetic character [27],
whereas if the bonding between two neighboring Mn ions has
a Mn3+

I -O2−-Mn3+
I or Mn3+

II -O2−-Mn3+
II form, the superex-

change interactions between them have the antiferromagnetic
character. Thus, in such materials, above the magnetic tran-
sition temperature, regions with dominating ferromagnetic
correlations can neighbor on regions with dominating antifer-
romagnetic correlations and the Griffiths phase can be formed.

The case of compositions studied in the present paper
is different. Their A sublattice is formed by 2+ ions only
(Sr2+ and Ba2+); thus, the Mn sublattice is made of the
Jahn-Teller inactive Mn4+ ions only. As the result, all suerex-
change interactions along the paths Mn4+-O2−-Mn4+ are
antiferroamgnetic, and no competition with ferromagnetic in-
teractions appears. As the only origin of appearance of the
Griffiths phase, the dilution of the tetragonal network of the
Mn4+ magnetic ions with nonmagnetic Ti4+ ions could be
indicated. Such a diluted network was a subject of the fun-
damental Griffiths work [28], in which the phenomenon of
correlated clusters embedded in the nonordered medium was
considered. However, this phenomenon appears usually, when
the dilution level is close to the percolation threshold. For the
case of a simple cubic lattice of magnetic ions the percolation
threshold appears at ∼0.31 occupied sites [29]. Assuming that
the threshold for the simple tetragonal lattice existing in our
compounds is not substantially different, we can state that our
system, which has not fewer than 0.9 occupied magnetic sites
(the highest level of Ti substitution in our samples is 0.1), is
too dense to show properties of rare lattice. Thus, we realize
that the observed change of the shape of specific heat anomaly
rather should not be ascribed to the frozen disorder or to the
Griffiths phase.

In our opinion, the other scenario, related to the mecha-
nism analyzed in Ref. [14] is more appropriate. The authors
of Ref. [14] considered a classical ferromagnetic system,
showing the second-order transition between the paramag-
netic and ferromagnetic phases at TC , within the molecular
field approximation. They showed that if in such a system,
the exchange integral, usually assumed to be constant, is a

function of temperature (or indirectly, if it is a function of
volume being a function of temperature), then the tempera-
ture dependence of the order parameter will be steeper than
that given by a classical critical relation (T − TC )−β , and
eventually, for sufficiently strong temperature dependence of
the exchange integral, characterized by a parameter η, the
transition becomes the first-order transition, at which a jump
of the order parameter from a certain small value to zero takes
place. (It can be mentioned that such first-order transitions,
for which an order parameter can be defined, which decreases
on approaching the transition, then shows a jump to zero
at the transition point, and then its short-range correlations
can be observed above the transition point, are sometimes
called the first-order transitions close to the second-order
ones. If the short-range fluctuations of the order parameter
above the transition can be neglected, such transitions can be
considered theoretically within the molecular field approxi-
mation or in frames of the Landau model by adding the term
proportional to the third power of the order parameter to the
expansion of the thermodynamic potential [24].)

Considering the above mechanism in the context of
the (Sr,Ba)(Mn,Ti)O3 system, showing the antiferromag-
netic transition, we see that it was evidenced experimentally
[10–13] that the ferroelectric, tetragonal distortion of the crys-
tal lattice decreases with lowering temperature and changes
substantially on approaching the Néel temperature. Taking
into account that the decrease in distortion is correlated with
the decrease of the displacement of the Mn ions from the
central position within the Mn-O6 octahedra, this decrease
is inevitably related to changes of the Mn-O bond lengths
and Mn-O-Mn bond angles. As was shown, e.g., in [30],
changes in these parameters influence strongly the value of
the superexchange constants. Thus, formally, the basic as-
sumption of the model [14] is fulfilled; however, it is not
clear whether the change in the superexchange constants is
sufficiently strong to change the order of the transition. At the
same time, the literature data on the temperature dependence
of the antiferromagnetic order parameter are equivocal. For
example, in Fig. 11(b) of Ref. [13], presenting the temperature
dependence of muon fast relaxation time, being proportional
to the antiferromagnetic order parameter, we can notice much
steeper dependence with a possible jump to zero for the com-
position containing 0.05 Ti in comparison with the Ti-free
composition, which supplies the argument in favor of the
scenario considered. Also the temperature dependence of the
average magnetic moment of the Mn4+ ion for the compound
containing 0.07 Ti, determined from the neutron diffraction
data and presented in the inset to Fig. 2(a) of Ref. [12],
does not follow the classical critical dependence and does
not exclude the presence of a small jump of the magnetic
order parameter to zero, which also does not contradict the
considered interpretation. On the other hand, Fig. S3 from
the supplementary material of Ref. [12], presents temperature
dependence of the integrated intensity of the (1/2 1/2 1/2)
neutron magnetic reflection for the composition containing
0.07 Ti, which seems to follow the classical critical depen-
dence; however, the low-temperature part of this dependence
shows rather unphysical lowering of this intensity, and the
temperature scale of the figure does not emphasize the behav-
ior within a narrow critical range. Moreover, the technological
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difficulties in preparing the Ti-containing compositions, men-
tioned above, can result in small inhomogeneities of the
chemical composition of some samples. Based on these facts,
we can state that it is difficult to notice a small jump in
the antiferromagnetic order parameter in its experimental
studies.

However, in the case of the first-order transition, the jump
in the order parameter is inevitably accompanied by a jump
in entropy, S, which is responsible for the effect of the latent
heat. Thus, taking into account that the Dirac δ function is
the derivative of the step, i.e., Heaviside, function, the spe-
cific heat, which is proportional to the derivative of entropy,
C = T (dS/dT ), should be the quantity much more sensitive
to the presence of a step change in entropy, showing a huge,
symmetric anomaly at the first-order transition point. Since in
the real systems, the first-order transition can be accompanied
by thermal hysteresis (this effect was not observed in the
studied system), and it can go through the state of coexistence
of both phases, the real anomaly is usually wider and rounded
in comparison with the δ function, thus we approximated its
shape with the Lorentz function. As was mentioned above,
with increase of the Ti content, the specific heat anomaly at
the magnetic transition becomes more symmetric and better
described by the Lorentz function. This suggests that, in spite
of the earlier suggestions [12,13], the antiferromagnetic tran-
sition in the (Sr,Ba)(Mn,Ti)O3 system changes its character
from the second- to the first-order one with increase in the
Ti content. However, in order to make a decisive statement,
it would be necessary to formulate the Bean-Rodbell model
[14] and to define a parameter analogous to η for the case of
the antiferromagnetic material, as well as to calculate, whether
the temperature changes of the superexchange integrals are
sufficiently strong to induce the change of the phase transition
order.

V. CONCLUSIONS

Our specific heat studies of the (Sr,Ba)(Mn,Ti)O3 com-
pounds showed that the anomalies accompanying the antifer-
romagnetic transition are spread over the wide temperature
range of 160 ± 50 K. Thus, under the assumption that this is
the second-order transition, the critical behavior of the specific
heat must be analyzed in frames of the more advanced theory
than usually, i.e., within theory taking into account higher
order terms in expansion of the free energy. Parameters of
such critical behavior were determined. However, it was ob-
served that with the increase of Ti content, the specific heat
anomalies change their λ shape by becoming more symmet-
ric and can be approximated by the Lorentz function, which
suggests that, in spite of the earlier predictions [12,13], the
transition changes its character from the second-order to the
first-order one.

It was shown by the DSC studies that the ferroelectric
phase transition [11,12] appearing, in dependence on the
composition, within the range 350–400 K is accompanied,
for a majority of the compositions, by a smeared and not
well-pronounced anomaly in the temperature dependence of
specific heat. We attribute this fact tentatively to the wide tem-
perature hysteresis of this transition [11,12] and presence of
the nanoscale tetragonal distortions in the paraelectric phase
[13], which causes the transition to go through the phase
coexistence state over a large temperature interval. Moreover,
a small difference between entropies of the para- and ferro-
electric phases can deteriorate the visibility of the specific heat
anomaly.
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