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Abstract. The Pri_,Ca;MnOs3 system exhibits a ferromagnetic insulating state for the composition range
r < 0.25. A metallic ferromagnetic state is never realized because of the low hole concentration and the
very small averaged A-site cation radius. In the present study, the nature of the magnetic excitations at
low temperature has been investigated by specific heat measurements on a Pro.gCag.2MnO3 single crystal.
The decrease of the specific heat under magnetic field is qualitatively consistent with a suppression of
ferromagnetic spin waves in a magnetic field. However, at low temperature, the qualitative agreement with
the ferromagnetic spin waves picture is poor. It appears that the large reduction of the specific heat due
to the spin waves is compensated by a Schottky-like contribution possibly arising from a Zeeman splitting

of the ground state multiplet of the Pr** ions.

PACS. 65.40.Ba Heat capacity — 75.50.-y Studies of specific magnetic materials — 75.30.Ds Spin waves

Hole-doped perovskite manganese oxides R;_,AE,MnOs3
(R and AE, being trivalent rare-earth and divalent ions,
respectively) are associated with a wide variety of elec-
tronic and magnetic properties depending on the value of
x and the averaged A-site cation radius, (ra) [1]. These
materials have recently been the subject of intense studies
due to intriguing phenomena such as charge/orbital or-
dering (CO) [2] or colossal magnetoresistance (CMR) [3].
The latter is usually interpreted by means of the double-
exchange interaction (DE) theory [4]. Although the DE
mechanism cannot account alone for the temperature de-
pendence of the resistivity — recent theoretical works have
claimed that additional interactions, such as strong dy-
namical Jahn-Teller based electron-lattice coupling are
necessary to explain the magnitude of the resistivity drop
associated with the onset of ferromagnetism [5] — such
a scenario gives an interesting qualitative interpretation
of coupled ferromagnetic ordering and metallicity. Within
such a framework, the ferromagnetic (FM) ordering is re-
lated to a large electronic itinerancy i.e. metallic behavior.

Among the hole-doped perovskite manganese oxides,
the Pri_,Ca,MnO3 system (PCMO) is of great inter-
est [6-12]. For 0.3 < z < 0.8, charge ordering of Mn3*and
Mn?*t (CO) is found and an antiferromagnetic (AFM)
ordering can be observed with Néel temperature rang-
ing from 100 K to 170 K for = 0.8 and 0.3, respec-
tively. A metallic state is never realized under zero field
for this composition range except upon application of pres-
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sure [13], light [14], high current [15] and magnetic field.
For x < 0.25, a ferromagnetic insulator (FMI) state is
always observed. Indeed, a ferromagnetic metallic state
(FMM) can never be realized because of the low hole con-
centration and the small averaged A-site cation radius,
(ra) [10-12,16-19] which result in a decrease of the mag-
nitude of W and, consequently, in a reduction of the effec-
tiveness of the DE interaction, mostly responsible for the
absence of the FMM state.

We have performed a calorimetric study of the FMI
Prg.gCagoMnOgz. The aim of this paper is to answer to
the following question: What is the nature of the magnetic
contribution in the FMI state? We expect the analysis of
the low temperature specific heat data (C) to provide ac-
curate values of lattice, electronic and magnetic compo-
nents in the FM state. According to both insulating and
ferromagnetic behaviors reported for this compound, one
might expect the determination of the relevant contribu-
tions to C to be rather simple. However, as often reported
in the literature, we have found that an analysis based on
a single set of zero field data cannot yield unambiguous
results. Thus, investigation of the magnetic field induced
specific heat change appears to be an essential tool.

In this paper, we focus on the reduction of the specific
heat under magnetic field. In order to shed further light
on whether this reduction of specific heat can be totally
ascribed to a FMSW term, we have collected and analysed
specific heat data in different magnetic fields. There is a
clear decrease of the signal that is consistent with a sup-
pression of the FMSW in a magnetic field. Through a scal-
ing approach, a quantitative agreement is found with the
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FMSW theory for high temperature whereas the agree-
ment is poor at lower temperature. Besides, a modelling of
the temperature and field dependence of the low temper-
ature magnetization within the sole FMSW picture is also
mainly unsuccessful. To fully describe the low temperature
specific heat, we suggest that an additional Schottky-like
contribution might be considered. Finally, the change of
specific heat under magnetic field has finally been mod-
elled by a large reduction of specific heat due to FMSW
that is compensated by an increase in C' due to Zeeman
splitting of the Pr37 ions.

Using the floating-zone method with a feeding rod of
nominal composition Pry gCag.oMnQOs, a several-cm-long
single crystal was grown in a mirror furnace. Two samples
were cut out of the central part of this crystal, one of them
for resistivity measurements and the other for magneti-
zation and specific heat measurements. X-ray diffraction
and electron diffraction studies, which were performed on
pieces coming from the same part of the crystal, attested
that the samples are single phased, and well crystallized.
The cell is orthorhombic with a Pnma space group, in
agreement with previously reported structural data. The
energy dispersive spectroscopy analyses confirm that the
composition is homogeneous and close to the nominal
one, in the limit of the accuracy of the technique. The
electron diffraction characterization was also carried out
versus temperature, from room temperature to 92 K. The
reconstruction of the reciprocal space showed that the cell
parameters and symmetry remain unchanged in the whole
domain of temperature and, more especially, no extra re-
flections have been detected. This electron diffraction ob-
servation, coupled with lattice imaging, shows that, in our
sample there is no charge ordering effect, even at short
range distances. All X-ray and electron diffraction ob-
servations agree with previous published results for com-
pounds of the same system [20].

Specific heat measurements were carried out by using
the two-7 relaxation method, at temperatures from 2.2 to
300 K and under magnetic fields up to 9 T. The back-
ground signal, including the exact amount of Apiezon N
used to paste the sample on the platform, was recorded in
a first run, and it was then subtracted from the total heat
capacity. The absence of any significant field dependence
of this background signal was carefully checked in the low
temperature range (2.2-15 K).

Resistivity measurements were performed by the stan-
dard four-probes technique, at temperatures from 5 to
300 K, and fields up to 9 T. Magnetization measurements
were recorded by using a superconducting quantum in-
terference device magnetometer, at temperatures from 5
to 300 K, and fields limited to 5 T. The ac susceptibil-
ity was measured in zero dc field with an alternating field
hac =1 Oe for various frequencies.

The temperature dependence of the specific heat (C),
the ac susceptibility (x) and the resistivity (p), up to
300 K and under zero field, are shown in Figure 1 for
our PrggCag2MnQOs3; crystal. The data are shown up to
high temperature to characterize the overall behaviour
of this compound. In all the measurements, the tem-
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Fig. 1. Temperature dependence of (a) the specific heat di-
vided by temperature C/T under zero field; (b) the real part
of ac susceptibility x’ (hac = 1 Oe; 1000 Hz); (c) the normal-
ized resistivity under zero field.

perature dependence is dominated by a salient feature
at the paramagnetic-ferromagnetic (PM-FM) transition,
T. ~ 135 K. The transition in C/T vs. T, corresponding
to the onset of the FM ordering, is evidenced as a sharp
asymmetric anomaly (Fig. 1a). Figure 1b shows the tem-
perature dependence of the real part of the susceptibility,
X (hac =1 Oe, 1000 Hz). The rise in x (T') at a tempera-
ture around 135 K, associated with the onset of the FM or-
dering is followed, on lowering the temperature, by a broad
shoulder. One observes a continuous decrease of x (T)
down to 50 K where a trend to saturation occurs. The zero
field temperature dependence of the resistivity (Fig. 1lc)
does not show any temperature-induced I-M transition.
However, a slight change in the slope takes place at the
same temperature as the other features described above.
Isothermal M vs. H curve measured at 5 K (Fig. 2), shows
that magnetization first increases up to 2.5 tesla where the
saturation value (4.3 pp/f.u.) is reached. This is higher
than the expected magnetic moment from Mn spins con-
tributions taking into account the relative concentration
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Fig. 2. Field dependence of the magnetization at 5 K.

of Mn3T and Mn?* in the compound (3.8 up/f.u.). This
feature is often reported in the PCMO systems and is gen-
erally attributed to an additional ferromagnetic moment
arising from the FM ordering of the Pr spins with respect
to the Mn spins [14,21].

As a first step, we examine how informations concern-
ing the relevant contributions to C can be extracted from
zero field data. In this paper, we confine the analysis to
the data above 4 K for which the hyperfine term, related
to splitting induced by large local magnetic fields at the
Pr and Mn nuclear spins, is assumed to be negligible. Var-
ious contributions are usually considered for the specific
heat in this low temperature range. First, a phononic term
arising from lattice vibrations has to be included. At low
temperature, i.e. T < 10 K, this contribution can fairly
be approximated by a ST term (a T term may be added
when an analysis is carried out up to higher tempera-
ture). Although no carriers contribution to C' is expected
for PrggCagoMnQOgz — this contribution has the form of
a linear temperature term, 47, where v is proportional
to the density of states at the Fermi level — many insu-
lator systems show the appearance of such a linear term
in the specific heat due to spin disorder [6,22]. If the gap
is assumed to be zero then the magnetic term associated
with the FMSW excitations under zero field is 67°%/2 with
§ = 0.113Ra3(%2)3/2 where a is the lattice parameter of
the elementary perovskite cell and R, the ideal gas con-
stant. The assumption of a zero spin gap is supported by
numerous experimental evidences [23,25].

In this section, we have attempted to model the zero
field low temperature data (4 K-10 K) assuming that
the total specific heat might be comprised of the 3 above
terms. The fitting procedure including the 3 terms all to-
gether does not converge at all if 3, § and ~ are left as
free parameters. This procedure yields unphysical values
for 6 and 7 depending on the temperature range investi-
gated; thus, as a first step, we have considered only the
FMSW contribution (673/2) beside the lattice term. Our
result matches numerous reports where fitting using the
8T3/2 term makes a very small contribution to specific
heat (6 = 2 mJ/K5/2mol) [6,8,23,24]. However, the ob-
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Fig. 3. C vs. T curves under various fields, recorded in the
FCW mode [0 T (0); 3T (0); 5T (A); 7T (v); 9T (0)].
Inset displays specific heat values at 10 K as a function of the
magnetic field.

servation of a magnetic contribution to the specific heat of
the FM phase of the doped manganite has generated con-
flicting results and the question of whether a set of zero
field data is sufficient to observe a magnetic contribution
was often raised.

A fitting of equally good quality can be obtained if one
includes a sole linear term beside the lattice contribution.
As pointed out above, including such a linear contribution
is not senseless in our ferromagnetic insulator. Neverthe-
less, the linear coefficient v is found to be 4 mJ/K? mol
and such a small value is not consistent with values usually
associated with spin disorder [6,22]. It must be pointed
out that, in both cases, the fittings are achieved with (3
parameters significantly larger than those usually associ-
ated with lattice contributions in hole-dope manganites
(fp < 250 K). However, although a softening of the lat-
tice in the insulating phase has already been reported in
many papers [8,26-28], this can not explain this very low
Debye temperature.

As reported in previous work [8,21-24,26,27], we were
unable to obtain reliable results concerning a FMSW con-
tribution and/or a linear term characterizing the disor-
der using a standard fitting procedure for zero field data.
Indeed, it is obvious that the present low temperature
specific heat measurements without field cannot allow us
to determine a unique set of values for the contributions
presumably involved in the analysis. Thus, we expect the
study of the change of specific heat under magnetic field
to shed light on the nature of the contributions that occur
at low temperatures.

The curves for 0, 3, 5, 7 and 9 tesla are shown in Fig-
ure 3. These data were registered upon warming the sam-
ple which was previously cooled under field (FCW mode).
Measurements were also carried out with cooling under
zero field (ZFC mode) and no significant change was ob-
served. A decrease of the specific heat is observed under
magnetic field; this feature is more obvious in the inset
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Fig. 4. % vs. & for different temperatures and fields. The
solid line is the theoretical scaling function G (£ )given in the
text. Several symbols stand for the quantities under different

magnetic fields.

of Figure 3 where the field dependence of the specific
heat is directly measured at 10 K after zero field cool-
ing. Such a decrease of the specific heat under magnetic
field is at first sight consistent with thermodynamic expec-
tations for a ferromagnet (g—fl =< 0). The results obtained
for Prg gCag.oMnQOs3 are in qualitative agreement with the
suppression of the thermal excitations of the FMSW in
the presence of a field induced gap. However, it is essen-
tial to check if the specific heat decrease under magnetic
field is in quantitative agreement with the FMSW theory.

Under magnetic field, in the FM state, the magnetic
term is expressed in the following way:

3/2
CFMSW(H, T) = Ra3 (kB—T) F <£)

D T
where
H 1 T x2e” gusH
F|l=|=— — d 1
(T) A2 / o — 12V ke (1)
gup H
kT

In this expression, the FMSW excitation at zero field
is assumed to show no gap and F' (0) = 0.113.
Hence, ACFMSW = CFMSW(OaT) — CFMSW(Ha T) is

written in the form:

T 3/2
AOFMSW = 0.113Ra3 <k%>

keT\>? [ H H
— Rad [ ZB— Fl=)=73/72 =
re ()R (7) =m0 (7)

with
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Fig. 5. ACqata = Cdata(0,T) — Caata(H,T) at 13 K as a func-
tion of magnetic field. The solid line is the calculated FMSW
contribution.

To avoid any experimental problem arising from the
choice of a fitting procedure, the scaling approach seems
to be the most promising way to emphasize the FMSW
contribution. According to the above expression, AC}@%
only depends on %; this could provide us a direct test
for the reliability of the standard FMSW model. If all
the magnetic specific heat arises from the field induced
suppression of the FMSW, the plot Aj(:;d/z“‘ vs. % should
show the same trend for data recorded for different tem-
peratures and under various magnetic fields. Figure 4 il-
lustrates that, at low temperature (highest values of %),
ACqata = Caata(T,0) — Cyata(T, H) cannot be fully de-
scribed by considering a magnetic contribution arising
from the sole FMSW. However, while T is increased (for
lower % values), a superimposition of the data is ob-
served suggesting that the description in term of FMSW
becomes to be relevant. The solid line in Figure 4 corre-
sponds to the calculated G ( %) scaling function consider-

ing D ~ 15 + 3 meV A2. Considering this latter value of
the FMSW stiffness, the reduction of the specific heat as a
function of the applied field is also compared to the predic-
tion of the FMSW theory in Figure 5 for a temperature
of 13 K (O < % < 0.69). The value of the FMSW stiff-
ness might seem very small compared to the ones derived
through neutron scattering experiments for other mangan-
ites [29-31]. However, as emphasized by Roy et al. [21], the
very soft SW in Prg.gCag.oMnQOg3 appears to be a general
feature of the low doped region of the PCMO. These au-
thors invoke a drastic effect of the ferromagnetic moment
associated with the Pr ions.

Before going further, a modelling of the H- and
T-dependence of the magnetization within the FMSW
framework could support the above observation. The
“Bloch T3/2 law”, in which the presence of the field
has been properly taken into account using the stan-
dard FMSW picture, has been tested. According to the
procedure proposed by Smolyaninova et al. [32], the low
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Fig. 6. The solid line indicates the expected field dependence
of the exponent within the FMSW picture. The black squares
are from data. Insert: Magnetization vs. temperature for H =
3 T. The line is the best fit to the power law (see text).

temperature magnetization follows the form:
M(0,H) — M(T, H) = (const.) x T (4)

where M (0, H) is the extrapolation of M (T, H) back to
T =0. M(0, H) for fields 3, 4 and 5 tesla agrees with the
saturation value (= 4.3up/f.u.) derived from isothermal
M vs. H measured at 5 K. The power law fits rather
well the measured low temperature magnetization (within
the range 5 K-15 K) with o = 2.7, 3.4 and 3.35 for 3, 4
and 5 tesla, respectively. Using the standard SW picture,
the magnetization per unit volume at low temperature is
given:

kT \>/?
MO, H) = M) = g0 (125

X f3/2lgus (H — NM) /kgT]  (5)

o)
where fp (y) = > e7™¥/n? and NM is the demagnetiza-
=1

n=
tion field (0.4 tesla). Over the investigated range of tem-
perature, the above relation can be well approximated by
a power law (see inset Fig. 6). In Figure 6, the field depen-
dence of « expected from the FMSW picture is compared
to the values derived from the data. As seen in Figure 6,
there exists a large discrepancy which indicates that the
low temperature magnetization does not show the behav-
ior expected for a simple spin wave picture.

Let us now turn back to the specific heat data. As
shown before, for the very low temperature range, the
change in the specific heat does not follow the temper-
ature and magnetic field dependences of the sole FMSW.
Indeed, it is obvious that the magnitude of the ACqata
is not important enough to be described in such a way:
there exists in the very low temperature range an excess
of specific heat under magnetic field. Hence, we speculate
that other contributions could also change under magnetic
field. Using the calculated contribution of the FMSW at
low temperature, we can obtain the field and temperature
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Fig. 7. ACexcess vs. T for fields 3, 5 and 9 tesla. Solid curves:
fits to a two-level Schottky function. The inset shows the re-
sulting energy splitting as a function of the applied magnetic
field.

dependence of this excess specific heat:
ACexcess = Acdata - ACFMSW (6)

Results are illustrated in Figure 7. Bell-shaped curves
are obtained with maxima slightly shifted to higher tem-
perature as the field increases; the magnitude of the excess
specific heat is also observed to increase with increasing
fields. Such a behavior has a Schottky-like appearance and
we speculate that this magnetic Schottky anomaly occurs
due to the Zeeman splitting of the crystal field ground
state multiplet of the Pr®" ions [33] under magnetic field.
Clearly, a true two-level system exists for spin QL ions only;
for spins J # %, specific heat should be generalized to the
multilevel Schottky function on the basis of the Langevin
theory. However, a simplified two-levels system, where the
effective moment of the Pr*™ in the ground state is u
and A, the size of the two levels system, should be a
rather good approximation for the observed effect in spe-
cific heat. A is expressed in the form: A = 2p (Hipy + H)
where Hiy is the internal field at the Pr3t site and H,
the applied magnetic field.

Hence, we have fitted the data (ACexcess) t0 a two-level
Schottky function:

ACsen (T, H) = Csen(T, H) — Csen (T, H = 0)  (7)
where

exp (A/kpT)
(14 exp (A/kgT))?

A 2
Csen(T, H) = nsen R <kBT> (8)

where ngep, is a coefficient taking into account the number
of Schottky centers and the levels degeneracy. Fits for 3, 5
and 9 tesla, shown as solid curves in Figure 7, are in rather
good agreement with the experimental data. The result-
ing energy splitting (inset Fig. 7) give Hiyy = 22 tesla
and correspond to a magnetic moment of approximately
0.3up. This value is similar to 0.5up, estimated at low
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temperature from magnetization measurements and neu-
tron scattering experiments [14] and 0.8up from high field
magnetization [34]. Thus, the large reduction of specific
heat under magnetic field is partially compensated by a
Schottky-like contribution arising from the ground state
level splitting of the rare earth element. The level splitting
derived from the specific heat data is in rough agreement
with the one estimated from high field magnetization in
Pr0‘7Ca0‘3Mn03 (5 Kfor H=6 T) [34]

The fact that the temperature dependence of the mag-
netization does not follow the prediction of the FMSW
theory may be linked to the occurence of a Schottky term
in the specific heat measurements. Moreover, knowing the
excess and spin wave contribution it is then possible to
determine the phonon background which can be used as a
reliable test for our description. This yields a Debye tem-
perature p ~ 325 K which is typical of values already
reported for the PCMO system |[8].

There have already been reports of specific heat data
in related materials in which Schottky like anomalies due
to Zeeman splitting of the rare earth state is clearly seen.
However, we address here the subtle role of two interact-
ing spin systems (Pr and Mn ones) on the low tempera-
ture specific heat of a hole doped manganite. We spec-
ulate that the effect is the following: the Pr moments
experience an effective molecular field produced by the
Mn moments (Hiy) and a concomitant modification of
the specific heat (ACexcess) is obtained due to the molec-
ular field induced splitting of the crystal field ground state
multiplet of the Prit .

In conclusion, low temperature specific heat measure-
ments have been carried out on the ferromagnetic in-
sulator PrggCagoMnO3. Measurements of the specific
heat under magnetic field have allowed us to obtain re-
liable informations on the nature of the magnetic exci-
tations involved in the low temperature thermodynamic
of Prg.sCap.oMnO3. We have shown that an analysis in
terms of ferromagnetic spin waves is not sufficient for de-
scribing the entire magnetic contribution to specific heat.
An additional contribution of Schottky-like nature, prob-
ably arising from the interaction of the Mn and Pr spin
systems has to be included.
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