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Abstract. The reported specific heat C(T) data of the perovskite manganites La;—,Ca;MnOg, with
xz = 0.1, 0.2 and 0.33, is theoretically investigated in the temperature domain 4 < T < 10 K. Calcu-
lations of C'(T') have been made within the two component scheme: one is the Fermionic and the other is
Bosonic (phonon or magnon) contribution. Lattice specific heat is well estimated from the Debye model
and Debye temperature for Ca doped lanthanum manganites is obtained following an overlap repulsive po-
tential. Fermionic component as the electronic specific heat coefficient is deduced using the band structure
calculations for ferromagnetic metallic phase. Later on, for x = 0.1, following double exchange mechanism
the role of magnons is assessed towards specific heat and find that at much low temperatures (7' < 10 K),
specific heat increases and show almost T°/? dependence on the temperature. We note that, the lattice
specific heat is smaller for x = 0.1 when compared to that of magnon specific heat below 10 K. For z = 0.2,
i.e., in the ferromagnetic metallic phase the magnon contribution is larger with the electron contribution
while the reverse is true for x = 0.33. It is further noticed that in the ferromagnetic metallic phase, elec-
tronic specific heat is small in comparison to the lattice specific heat in low temperature domain. The
present investigations allow us to believe that electron correlations are essential to enhanced density of
state over simple Fermi liquid approximation in the metallic phase of La;—;Ca;MnOs3 (z = 0.2, 0.33). The

present numerical analysis of specific heat shows similar results as those revealed from experiments.

PACS. 65.40.Ba Heat capacity — 72.80.Ga Transition-metal compounds — 74.25.Kc¢ Phonons —

75.50.Cc Other ferromagnetic metals and alloys

1 Introduction

Doped manganese oxides R;_,A,MnO3 (R** = La, Pr,
Nd; A?* = Ca, Sr, Ba) belong to a class of highly corre-
lated electronic systems with a strong interplay between
electronic and magnetic order and are widely focused
from last one decade or so. One of the most eye-catching
properties of the manganites is the influence of a mag-
netic transition on the electronic conduction. Jonker and
Van Santen [1] discovered in 1950 that the resistance be-
low the magnetic ordering, the Curie temperature (7t),
exhibits a positive thermal coefficient, indicating metallic-
like behaviour and a negative gradient above T.. This
simultaneous occurrence of ferromagnetism and metallic
conduction is qualitatively explained with Zener’s idea of
double exchange (DE), where the presence of the Mn3+-
Mn**+ mixed valence ions is responsible for both ferromag-
netic coupling and charge transport [2]. Quite generally
the antiferromagnetism in the doped manganites is asso-
ciated with the superexchange coupling of the localized
electron spins. Despite such remarkable DE interaction
involving the transfer of the electron between neighbor-
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ing Mn ions through the O2~, it is stressed that an ad-
ditional electron-phonon interaction must be invoked to
reduce the electron kinetic energy at the metal-insulator
(MI) transition [3] and have pronounced effect on trans-
port properties.

We note that in the above-mentioned approaches [1-3],
the importance of the Coulomb correlations have not been
stressed, however these are believed to be one of the im-
portant key factors to control the transport properties in
manganites [4]. Apart from this, the electron correlation
in the degenerate orbitals has been pointed out long back
by Goodenough [5] and Kanamori [6], it seem to be im-
possible to uncover the origin of the Colossal Magnetore-
sistance (CMR) effect without correct description of mag-
netic properties. All these phenomena are considered as
relevant to unique electronic and magnetic structures of
the perovskite-type manganites in which mutual coupling
among the charge, spin, orbital and lattice degrees of free-
dom is of substantial importance and much attention has
been paid in recent past.

Lattice and spin excitations have tremendous impact
on transport properties in manganites. Dai et al. [7]
have indicated the significant role of lattice excitations
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in the measurement of the neutron cross section for co-
herent elastic scattering. Kim and coworkers [8] have re-
ported the phonon infrared (IR) spectra of polycrystalline
Lag.7Cag.3sMnOj3 sample and found shifts in frequencies of
the transverse optic (TO) phonons across the MI transi-
tion for bending and stretching modes, which is compara-
ble with predictions of DE interaction and lattice polaron
model. This implies that the role of electron-phonon inter-
actions is significant in the DE mechanism in the material
under consideration.

Quite generally, the existence of strong electron cor-
relations is believed to influence the magnetic ordering
and the magnetic excitation spectrum. The spin dynam-
ics can provide crucial information for determining the
itineracy of the system, as well as the importance of the
electron correlations. Ole$ and Feiner [9] argued that the
spin dynamics evolves with doping concentration x, in
particularly the orbital fluctuations play a prominent role
as the undoped antiferromagnetic insulating state is ap-
proached. In passing, we refer to the neutron scatter-
ing studies of the spin dynamics in the metallic ferro-
magnetic state of La;_,A;MnOj3 in the optimally doped
regime with  ~ 0.3 for A = Pb [10]. The results essen-
tially point to the standard spin dynamics of a conven-
tional metallic ferromagnet. We may quote to the work
of Lynn and coworkers [11] who have used inelastic neu-
tron scattering to probe the spin wave dispersion for poly-
crystalline Lag g7Cag.33MnO3 and document a spin stiff-
ness that does not vanish at 7. (D(0) = 170 meV A2
D(250) = 80 meV A?). In addition, these researchers ob-
serve a central peak with a width broader than the spin
wave peaks in intensity-energy scans at spin wave vector of
about 0.07 A. Other spin waves excitation studies in man-
ganite perovskites have revealed similar feature [12,13].

Heat capacity measurements are understood to be
an instructive probe in describing the low temperature
properties of the materials. Among various manganites,
hole doped La;_,Ca,MnOgs system are widely analysed
experimentally, due to different electronic and magnetic
structure with carrier density. Ramirez et al. [14] have
measured the specific heat in this system from room tem-
perature down to 50 K. They subtract the lattice con-
tribution and investigate charge and magnetic ordering
behaviour for a wide range of doping concentrations with
xz = 0.1 to 0.9. It appears that in the absence of long-
range ferromagnetic order, i.e., in para or antiferromag-
netic phase below a characteristic temperature Tco, where
the charges freeze in a lattice of Mn3* and Mn** ions,
charge ordering (CO) state occurs. However, the metallic
state can be obtained on melting the charge ordered state
by application of external magnetic field. It is further em-
phasized that the simultaneous occurrence of electron and
lattice ordering implies extremely strong electron-phonon
coupling.

Later on, Smolyaninova et al. [15] have reported the
low temperature specific heat of Pr;_,Ca,MnOs with and
without external magnetic field. They found an anoma-
lous excess specific heat C’ of nonmagnetic origin in the
CO state and it appears even in ferromagnetic metallic
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state, obtained on applied magnetic field, which implies
coexistence of metallic and CO regions in the presence of
induced magnetic field. In continuation, the specific heat
of the doped manganites with divalent Ba and Sr substi-
tution at the trivalent La site have also been reported, in
the low temperature regime, for a particular doping con-
centration [16]. The concept of magnetic polaron has been
introduced in the manganites to explain the transport and
magnetic properties.

We may refer to the work of Okuda et al., who have
investigated the critical behaviour of the metal-insulator
transition by low-temperature resistivity and specific heat
measurement of single crystals of Laj_,Sr,MnOs [17].
The key points figured are: the change Debye tempera-
ture (0p) indicates an anomalous softening of the lattice
or increase in cubic power of T in the specific heat occurs
with the decrease of z (0.1 < z < 0.3). The reduction
of specific heat on the application of magnetic field is at-
tributed to the suppression of the thermal excitation of the
spin wave. While to that, the reduction of Debye tempera-
ture (fp) with decreasing Sr content is ascribe as existing
dynamic Jahn-Teller (or electron-lattice interaction) dis-
tortion.

Woodfield et al. [18] in the heat capacity measurements
of Laj_,Sr,MnOj (ranges from 0.1 to 0.3 and 7' < 10 K)
manganites have noticed an upturn in specific heat, which
points to the presence of Schottky type anomalies arising
from the interaction of rare earth ions with crystalline
field. Furthermore, experimentally it is well established
that a T2 characteristic of specific heat for LaMnOs which
moves to disappear in the Sr-doped manganites. Also, hy-
perfine contribution in specific heat studies in manganite
perovskites, subsisting by the large local magnetic field
at the Mn nucleus due to electrons in unfilled shells has
revealed similar features [19,20]. These studies demon-
strate that the depending upon the doping concentration,
electronic and magnetic structure, constrained the role of
magnon contribution in specific heat. These heat capac-
ity measurements [17-20] have motivated us to perform a
systematic study on manganites.

Subsequently, Ghivelder et al. [21] have reported the
heat capacity of La;_,Ca,;Mn Os for x = 0.1, 0.33
and 0.62 in the temperature range 4 < T < 10 K and
found that for samples having the ferromagnetic insulat-
ing or antiferromagnetic ordering exhibits spin wave sig-
nature in specific heat data. Salient features of the re-
ported specific heat measurements includes a linear term
(vT) at low temperatures for = 0.33. The contribu-
tion to electronic term (y7T') was extracted from the to-
tal heat capacity and is argued that this contribution is
mainly due to the electronic heat capacity and empha-
sized that the specific heat can be resolved into a ~T
contribution with a finite value of v and a lattice contri-
bution. Hamilton and coworkers [22] have emphasized the
absence of magnon contribution for ferromagnetic samples
in metallic regime, as might be expected from the excita-
tion of ferromagnetic spin waves. It is further stressed that
the number of mass-enhancement mechanisms may be en-
visaged, like lattice polarons related to the dynamical JT
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effect or Coulomb-interaction effects in connection with
Sommerfield constant (7).

On the theoretical side the explanation of specific heat
behaviour for a wide doping concentration range has,
therefore, been of considerable interest. The motivation is
two fold: a) to reveal the importance of the Coulomb cor-
relations which is significant in controlling the transport
properties in manganites and b) to understand the role
of magnons as well electron-phonon in specific heat of the
ferromagnetic metal or insulator. It is indeed essential to
find out if these novel materials get their metal to insula-
tor transition from an extremely strong interaction within
the double-exchange mechanism and electron-lattice in-
teraction or if any entirely new excitation has to be in-
voked. The specific heat measurement in La;_,Ca,MnOg
has been thoroughly investigated for the ceramics sample
so far, and we believe that the importance of the nearest-
neighbour interactions as well as correlation among the
charge carriers to explain the low temperature specific
heat needs detailed investigations.

No systematic theoretical efforts addressing the issues
of Coulomb correlations, spinwave impact and lattice con-
tribution as well the competition among these process
have been made so far, and in the present investigation,
we attempt to understand them and retrace the reported
specific heat behaviour. We begin with the assumptions
and motivate them by simple physical arguments before
taking up the details of numerical results obtained. The
idea we have in mind is to focus attention on the subsist-
ing mass-enhancement mechanisms in the ferromagnetic
metallic regime. We employ the density of states as de-
duced from electronic energy band structure calculations
and free electron approach in order to estimate the elec-
tronic specific heat for metallic region. In the case of man-
ganites, separation of spin wave contribution from the lat-
tice effect is difficult without an accurately estimation of
Debye temperature. Also, it is worth to seek the possi-
ble role of phonons and magnons in the low temperature
specific heat of manganites that has immediate important
meanings to reveal the phenomenon of colossal magnetore-
sistance.

The present investigations are structured as follows.
In Section 2, we introduce the model and sketch the for-
malism applied. As a first step, we estimate the Debye
temperature following the inverse-power overlap repul-
sion for nearest-neighbour interactions in an ionic solid.
We follow the Debye method to estimate the specific
heat contributions of phonons and magnons. Developing
this scheme for phonons, electrons and magnons specific
heat, we have computed the low temperature specific heat
of La;_,Ca,MnO3 manganites for doping concentration
x =0.1, 0.2 and 0.33. In Section 3, we return to a discus-
sion of results obtained by way of heat capacity curves.
The final part of the paper is devoted to conclusions ob-
tained and is summarised in Section 4. The purpose of
what follows is to improve our understanding of Coulomb
correlations, spinwave impact and lattice contribution in
Ca doped manganites. We believed that detailed informa-
tion on physical parameters in correlated electron system,
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as manganites can be understood by low temperature spe-
cific heat behaviour.

2 The model

We start by giving a brief description of the
La;_,Ca,;MnO3 manganites. LaMnOQOj is best character-
ized and the most studied of the manganites. In the DE
framework, the overlapping of the manganese and oxygen
orbitals depends on the geometric arrangement of the ions.
The bandwidth of the conduction band is primarily deter-
mined by the overlapping of the manganese and oxygen.
The larger the overlap, the wider the band. For a given
distance between the manganese and oxygen ions the over-
lap is largest when the Mn-O-Mn bond angle is 180°. Such
structure, in which a manganese and six oxygen ions form
regular octahedra (as shown in Fig. 1). But if lanthanum
is replaced with a smaller ion, the octahedra buckle and
the bond angle becomes smaller. The DE interaction con-
sists of the transfer of the electron between neighbouring
Mn ions through the O?~. The Mn** ions have three d
electrons, with t3, symmetry, which are localized at the
Mn sites. Along with these to4 electrons, the Mn3t ions
have a fourth electron, an e, electron, which is not lo-
calized and can be transferred between adjacent Mn ions
through the path Mn-O-Mn. Because of the strong onsite
Hund’s coupling, at a Mn site the to4 and e electrons have
parallel spins. When the e, electrons moves from one Mn
site to another Mn site, it preserves its spin direction and
couples with the corresponding ty4 electrons, leads to an
effective ferromagnetic interaction between neighbouring
Mn spins. Henceforth, bond distances play a crucial role
in governing the properties of manganites. We begin with
the lattice contribution towards specific heat.

2.1 Lattice specific heat

The acoustic mode frequency, shall be estimated in an

ionic model using a value of effective ion charge Ze = —2e.

The Coulomb interactions among the adjacent ions in

an ionic crystal in terms of inverse-power overlap repul-
sion as [23]

L J

D(r) = —(Ze)?* |- — =, 1

1) =-zo? |1 - L] )

f being the repulsion force parameter between the ion

cores. The elastic force constant k is conveniently de-

rived from @(r) at the equilibrium inter-ionic distance g

1()11()Wi| g
- 5)7,,2 ro - 7,,3 :

Here, s is the index number of the overlap repulsive po-
tential. Then we use, acoustic mass M’ = (2M; + M_)
[Mn (O) is symbolised by My (M_)], k* = 2k for each
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Oxygen
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Fig. 1. Schematic diagram showing the regular octahedra.

directional oscillation mode to get the acoustic phonon
frequency as

2K*
0=\ 3
(s—1)1
(2o 57 3)

Quite generally, the specific heat is dominated by quan-
tized lattice vibrations (phonons) and is well estimated
by conventional Debye theory. As phonons are bosons
and waves of all frequencies in the range 0 < w < wp,
(where wy, is the maximum phonon frequency) could prop-
agate through crystal. The internal energy of the crystal
when the maximum energy of the phonons in the crystal
x = hw/kpT, is [24]

. OD/T
T\? x? d 4
0

Op
The specific heat from lattice contribution is obtained by
temperature derivative as

73
Cpn = ONFp <—)
0p

9D/T 4
/ S (5)
) (er —1)

with 6p as the Debye temperature and N is the number of
atoms in a unit cell. We shall now switch to the estimation
of electronic contribution.

2.2 Electronic specific heat

The temperature derivative of the internal energy yields
the specific heat and is [24]

2

Ca = kN (Ep) T =T (6)
where N(EF) is the density of state at Fermi level and ~
denotes the Sommerfield constant. It is evident from equa-
tion (6) that the electronic specific heat is influenced by
the effective mass of the carriers as well by the carrier
concentration, which are associated with density of states.
Electron correlation effects are well known to be impor-
tant for the transition-metal oxides and the importance
of renormalization in mass due to electron-phonon inter-
action [25] and electron correlations for the perovskites is
assessed in the later section.
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2.3 Spin wave specific heat

Magnons obey Bose statistics and allow us for the calcu-
lation of the low-temperature thermal properties of mag-
netic materials. Only long-wavelength spin waves are ex-
cited at low temperatures and the dispersion relation for
magnons in a spin system:

w(k) = A+ Dggk®. (7)

Here, the spin wave excitation at zero field is assumed and
Dgg (or D) is the spin-stiffness, which is a linear combi-
nation of the exchange integrals. A being the anisotropy
spin wave gap.

The internal energy of unit volume due to magnon
spin wave in thermal equilibrium at temperature T is
given by [26]

x m

kT (kT \*? [ 232
Umag = 4—7‘_2 <%) /7(11’, (8)

where x = [A+ D k?]/kpT. The specific heat is usually
obtained by temperature derivative for long-wavelength
spin waves, which are the dominant excitations at low
temperatures, as

kB kBT 3/2 7 1’5/2€x
Crag = —5 ——dx. 9
g 47.‘.2 (Dstiﬁ> (ex o 1)2 € ( )
A

kp

Henceforth, the total contribution to specific heat is

Ctot = Cph + Cel + Cmag (10)

where, first term on the right side Cpy, is the phonon con-
tribution and varies as 81 [T < 0p/10], the coefficient 3
is related to the Debye Temperature 6p. Second term Cy;
is the fermionic contribution 4T, the linear coefficient ()
can be related to the density of states at the Fermi sur-
face. Last term, Ci,qq4 is associated with ferromagnetic
spin wave excitations and vary as 67°/2 in the low tem-
perature regime (<10 K). Terms with higher powers of T'
than T are anharmonic corrections to the lattice contri-
bution and are ignored for the sake of simplicity in the
present studies.

Having discussed the heat capacity contributions
by phonons, electrons and magnons, we shall now es-
timate and compute numerically the specific heat of
La;_,Ca,;MnO3 manganites. Obtained results along with
discussion are presented in the following section.

3 Discussion and analysis of results

Any discussion of the manganites necessitates knowledge
of the crystal structure, and this is particularly true of
the calculations reviewed here. Special attention is paid
in this approach to address the concept of electron corre-
lations and mass renormalization effects on the heat ca-
pacity behavior. We begin with the discussion of phonon
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behaviour of specific heat. There can be orthorhombic,
rhombohedral and cubic phases in entire range of dop-
ing both as a function of temperature and as a function
of concentration. While calculating the Debye tempera-
ture, we take s = 9—11 and the in-plane Mn-O distance
ro = 1.954 {1.94, 1.96} A [27] {[27], 28]}, for z = 0.1 {0.2,
0.33}, yielding x = 13.4 {15.1, 15.2} x 10* gms—2 due
to the fact that the chemical pressure induces different
bond length with composition. It is useful to point out
that for correlated electron systems as cuprates, the in-
dex number of the repulsive potential has been reported
to be s = 10 [29]. With these parameters, the Debye
frequency is estimated as 33.4 meV (387 K), 35.3 meV
(410 K) and 35.5 meV (412 K), and is essential for esti-
mation of the phonon contribution in specific heat for the
samples = = 0.1, 0.2 and 0.33, respectively.

The Debye temperature (6p) 387 K, 410 K and 412 K,
yields 8 = 0.168, 0.141 and 0.139 mJK *mol~! for
z = 0.1, £ = 0.2 and 0.33, respectively. It is noticed
that 0p increases substantially from the paramagnetic in-
sulator (0.1) to ferromagnetic metallic phase (0.33). The
calculated values of the Debye temperature and lattice
term are consistent with the specific heat measurements
(p = 368 K for x = 0.1) of La;_,Ca,MnOs mangan-
ite [21]. However, we do not claim the process to be rig-
orous, but a consistent agreement following overlap repul-
sion is obtained on Debye temperature as those revealed
from specific heat data. Usually, the Debye temperature
is a function of temperature and varies from technique to
technique. Values of the Debye temperature also vary from
sample to sample with an average value and standard de-
viation of 0p = 6p+15 K. With the above-deduced values
of p, the change in 6 p with z indicates that a reduction of
T3-term in the specific heat occurs with the elevated val-
ues of z (0.1 to 0.33). To explain the variation of p with
the Ca substitution, we attempt to analyze our results
in the framework of DE interaction with electron-lattice
interaction. The change of the Mn-O distance induced by
substitution of the La site by Ca increases 6 p. Henceforth,
the x dependence of 6p in La;_,Ca,MnOg3 suggests that
increased hole doping drives the system effectively toward
the weak electron-phonon coupling region.

So far, we have only discussed the phonon and elec-
tron contribution to heat capacity. Yet the heat capacity
measurements shall be used to probe the magnetic exci-
tations in magnetic systems and we complete our numer-
ical analysis by understanding the magnon contribution
to the specific heat. For x = 0.1, the material is ferro-
magnetic at low temperatures and displays insulating be-
havior at all temperatures [30]. The spin wave stiffness
coefficient is evaluated following D = 2JSa?, where S
(average value of the spin) and J (magnetic exchange cou-
pling parameter) are directly related as S = (4 — xz)/2
and J = T.kp/4S(S + 1) [10], to get D = 39.3 meV A2
and the magnon contribution § = 5.6 mJ K—5/2 mol~! for
x = 0.1. Here, the lattice parameter a is 3.87 A and T, be-
ing the Curie temperature and is about 180 K. With the
above-deduced model parameters, the specific heat due
to both magnons and phonons is plotted with tempera-

C(mJK 'mol™")

Fig. 2. Variation of specific heat with temperature. Solid cir-
cles are experimental data taken from Ghivelder et al. 1998.

ture for x = 0.1 in Figure 2. At much low temperatures
(T < 10 K), specific heat increases and show almost 7%/
dependence on the temperature and is attributed to the
magnon participation for specific heat.

Furthermore, the lattice specific heat follows a conven-
tional T2 characteristic and is noticed from the curve that
the specific heat from lattice contribution is less to that
of magnon specific heat in the temperature domain under
consideration. Both the contributions are clubbed and the
resultant is plotted along with the experimental [21] data
in same figure. We find similar results of heat capacity as
those revealed from experiments. The consistency is at-
tributed to the proper estimation of Debye temperature
from an inverse power overlap repulsion as well other free
parameters (spin wave stiffness, average value of the spin
and magnetic exchange coupling parameter). It is worth
to point out that § remains unchanged for low tempera-
tures (<10 K), while to that it varies exponentially with
temperature for ' > 10 K as evident from equation (10).
Henceforth, a T contribution from the lattice and a 73/2
contribution from the spin wave motion yield the con-
sistent interpretation of specific heat in the present cal-
culations for ferromagnetic insulator. We may record the
fact that Ghivelder et al. [21] obtained a better agree-
ment of the theoretically estimated lattice and magnon
specific heat with that of reported data. The consistency
arose from the fact that the authors have estimated 6p
from the heat capacity data, while to that in the present
model calculations, fp is obtained for an overlap repulsive
potential.

To gain an additional insight in to the observed metal-
lic behaviour in the low temperature domain, it is worth
to address the possible role of mass renormalization of
carriers due to differed values of v obtained from electron
energy band structure calculation and specific heat mea-
surements. For x = 0.33, the manganite has ferromagnetic
ordering and shows the signature of magnons in inelas-
tic neutron scattering data [11]. Perhaps the dilemma in
determining the magnetic specific heat of manganites is
that it represents the spin-wave stiffness and anisotropy
related with spin-wave gap. The stiffness is proportional
to T, and S, where T, is the Curie temperate and S being
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the average value of the spin, whereas, anisotropy gap has
been determined from neutron-scattering results and is
about 0.04 meV for Lag ¢7Cag.33MnO3 [11]. A small value
of gap in these materials would be sufficient to add a FM
spin wave contribution. Henceforth, the specific heat due
to magnons is also of importance in the metallic state of
La;_,Ca,MnOs.

We deduce the stiffness coefficient D as
115 meV A% and the spin wave contribution & of
about 1.15 mJ K=%/2 mol~! for z = 0.2. In the following
calculations, we have used a = 3.9 A and T, of about 250.
Furthermore, we use D = 170 meV A2 from inelastic
neutron scattering [11] to get § = 0.62 mJ K~°/2 mol~!
for + = 0.33. By above intrinsic fashion followed by
these composition the experimental data can be fit-
ted qualitatively by Debye temperature of 410 K and
412 K, which yields 8 = 0.141 mJK “*mol~! and
8 = 0.139 mJK *mol~! for z = 0.2 and 0.33, respec-
tively. It is worth to point out that the 6p[=391 (430) K]
is obtained at z = 0.2 (0.33) [22]([21]). In the present
calculations, index number of the repulsive potential is a
free parameter and we obtained a larger value of 0p as
compared to reported data in the ferromagnetic metallic
phase.

We shall now address the importance of the Coulomb
correlations, which is of importance in revealing the trans-
port properties in manganites. Using density of state
at the Fermi surface N(Ep) = 5 x 10?3 eV~! mol~!
from the electron energy band structure calculations [31]
at x = 0.33 for both a ferromagnetic cubic perovskite
and a ferromagnetic Pnma structure, we find v =
1.96 mJ K2 mol~!. On the other hand, enhanced ey,
(=4.7 mJ K2 mol™!) is extracted from the low tem-
perature specific heat data [21]. It is instructive to men-
tion that the band structure studies does not incorporate
the Coulomb correlations and electron phonon interac-
tion. Difference in v, and 7., necessarily points to the
importance of mass renormalization of carriers and in-
deed significant in manganites. Infact, the effective charge
carrier mass is sensitive to the nature of interaction in
Fermi liquid description. However, in the CMR materials
the electron-electron interactions are apparently impor-
tant as e4 electrons also interact with each other via the
Coulomb repulsion. Precisely, the enhancement of the
due to electron correlations in manganites is, therefore,
necessarily to be incorporated.

The importance of renormalization in mass due to elec-
tron correlations and electron-phonon interaction for the
perovskites is evaluated following

Joxp. _ m_* (11)
b Me

On the other hand, if we incorporate the electron-phonon
coupling, the electronic specific heat coefficient will take

the following form:

2,

7= TREN (Bp) (1+ ). (12)
A being the electron-phonon coupling strength and is char-
acteristic of a Jahn-Teller material. Naturally, the elec-
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tronic specific heat constant is directly proportional to
the density of states of the electron at the Fermi level.
It is worth to stress that the understanding of the elec-
tronic specific heat coefficient (y) is quite relevant as it is
a direct measurement of fundamental property of metallic
materials. While estimating effective mass, following equa-
tion (11), we find v = 2.4+, and is either due to Coulomb
correlations or electron-phonon/magnon interaction for
x = 0.33. Similar enhancement in ~ is reported earlier
and is mainly from correlation effects in the La;_,Sr, TiO3
system, undergo to metallic by Sr doping [32].

The Coulomb correlations effect for mass renormal-
ization is important in metal oxides. We may refer to
an earlier work of Synder et al. [33], who have re-
ported the quadratic temperature dependent resistivity
of Lag.¢7Cag.33(Sro.33)MnO3, which points to electron-
electron interaction. Furthermore, the non-linearity in the
temperature-dependent resistivity behaviour is attributed
to electron-electron scattering. The resistivity behaviour
follows power temperature dependence over a low tem-
perature domain and a better argument is observed using
a T2 term, which, it is argued, is evidence of electron-
electron scattering. Accordingly, electron-electron scat-
tering has been predicted from a magnetic material
with a low-carrier density (5.65 x 10%! ¢cm=3) for the
Lag.7Cag33sMnOs3 system. The carrier density is compa-
rable to those for other perovskite oxide [16]. It worth to
point out that, using the Fermi-liquid relation: N(Er) =
3n/2Ep, we find an upper bound on the Fermi energy of
about 0.6 eV. In principle the electron-electron scattering
is proportional to (1/Er)? and hence small Fermi energy
enhances the electron-electron scattering [34].

Apart from Coulomb correlations, mass renormal-
ization is also made possible due to electron-phonon
interaction in manganites. Indeed, the charge carriers
interact with each other and with distortions of the sur-
rounding lattice, i.e., with phonons. We believe that the
electron-phonon strength, A, is not involved in mass renor-
malization of carrier in order to enhanced ~ for such a
low temperature domain. The idea we have in mind is
that the electron-phonon coupling localizes the conduction
band electrons, as polarons become stronger well above to
the transition temperature. Furthermore, nature of po-
laron changes across T, and a crossover from a polaronic
regime to a Fermi liquid like regime, in which the electron-
phonon interaction is insufficient to localize the electrons
when T tends to zero [3]. This result suggests that the
mass renormalization due to electron-phonon interactions
is not of overwhelming importance in the metallic state
of Laj_,Ca,MnO3 (z = 0.2 and 0.33). It is thus inferred
that the Coulomb correlations have a pronounced effect,
which was not considered in the band structure calcula-
tion to deduce the electronic specific heat coefficient v in
the metallic state.

Besides, the Coulomb correlations and the electron-
phonon interaction, another possibility for the carrier
mass renormalization arose due to the presence of spin
waves in the metallic system, and is caused by spin wave
scattering at low temperature. It is worth referring to an
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Fig. 3. Variation of specific heat with temperature. Solid cir-
cles are experimental data taken Hamilton et al. (1996).

earlier work of Fulde and Jensen [35], who have argued
that electron mass is also enhanced by interaction with
spin wave in manganites. From the band structure cal-
culations, it is widely believed that at low temperatures
Lag.67Cag.33sMnOg3 is half-metallic [31]. This necessarily
points to the fact that the conduction is limited to a single
Mn spin up channel of majority carriers. However, the Mn
spin down channels are localized, henceforth, the normal
emission and absorption of spin waves at finite tempera-
tures are forbidden. As a result there are no conducting
state at low energy to scatter into spin flip. It is worth to
stress that the low-temperature spin wave scattering for
the up-spin channel is mainly due to phonons, or to spin
conserving electron-electron processes.

Due to unavailability of band structure data for N(Er)
at x = 0.2, we have employed the free electron estimation
with similar enhancement in order to calculate the elec-
tronic specific heat coefficient v (=2.16 mJ K~2 mol™1).
However, we can not use available N(Er) for © = 0.33
because of the fact that the T, is different and in the
double exchange (DE) model, T, is proportional to the
effective transfer integral ¢ for electrons hopping between
Mn ions. Furthermore, the density of states at the Fermi
energy, N(EF), is inversely proportional to ¢ within the
tight binding approximation.

Figures 3 and 4, show the results of temperature de-
pendence of specific heat for z = 0.2 and 0.33. The contri-
butions of phonon, electron and magnon to specific heat
are shown separately along with the total specific heat. It
is inferred from the plots that, in the low temperature do-
main phonons play significant role, electronic specific heat
varies linearly with temperature and less to phononic com-
ponent. It is noteworthy to comment that, in manganites,
the electron contribution to the specific heat can at best
be seen only at very low temperature due to its small mag-
nitude when a comparison is made with phonon contribu-
tion. It is further noticed from Figures 3 and 4 that in the
ferromagnetic metallic state i.e., for z = 0.2, the magnon
contribution is larger with the electron contribution while
the reverse is true for x = 0.33.
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MnO,
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Fig. 4. Variation of specific heat with temperature Solid circles
are experimental data taken from Ghivelder et al. (1998).

The observed increase of v with « from =z = 0.1
to x = 0.33 demonstrates strong electron correlations
in manganites and is in accord with tendency that the
large Coulomb interaction U suppresses the double oc-
cupancies of e, electrons. Furthermore, z-induced reduc-
tion of magnon specific heat can therefore be explained
in terms of Ca doping dependence of magnon stiffness
constant (D). The change in D indicates that a soften-
ing of the spin or decrease of T°/2-term in the specific
heat occurs with the increase of = (0.1 < 0.33). It is
worth to argue that one of the possible accounts for this
z-dependent change of D is to assign this to the existence
of Coulomb correlations down to low or zero temperature.
In fact, the strong correlations in an over doped region
points to metallic characteristic. However, in the region
of £ = 0.1-0.33 the correlation effects among the carriers
is enhanced by hole motion as gradual release of kinetic
energy when the hole concentration increases and accord-
ingly the magnon contribution may be much reduced as
observed. The present numerical calculations strongly sup-
port the idea of Oles and Feiner [9] who argue that the
spin wave stiffness coefficient is isotropic and increases
with hole doping in the ferromagnetic metallic phase of
manganites following t-j model. They emphasized that
the gradual release of the kinetic energy in a correlated
system when the carrier concentration increases and no-
ticed that this is possible only when the local correlations
between e4 electrons are invoked.

4 Conclusion

The heat capacity, i.e., specific heat (C) behaviour is be-
lieved to be an instructive probe of understanding the role
of phonons, electronic and spin wave excitations in man-
ganites. In order to simulate the actual situation occur-
ring in the temperature dependent behaviour of specific
heat in manganites, we have outlined the theory and anal-
ysed the available experimental data by assuming three
channels to heat capacity: phonon, electron and magnon.
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We follow Debye model within harmonic approximation
in low temperature regime and used Debye temperature
following the inverse-power overlap repulsion for nearest-
neighbour interaction. While computing specific heat we
use spin wave stiffness, average value of the spin and mag-
netic exchange coupling as free parameters. Developing
this scheme, the present investigation deals with a quan-
titative description of temperature dependent behaviour
of specific heat in manganites. In the present study, we
employ more realistic values of physical parameters de-
termined from the available experimental and theoretical
data.

The proposed analysis reveals an independent estima-
tion of lattice specific heat within the harmonic approxi-
mation by proper utilisation of the Mn-O distance. With
the above-deduced values of 6p, the change in 0p with x
indicates that a reduction of the lattice stiffness or increase
of T3-term in the specific heat occurs with the decrease
of (0.1 <z < 0.33). To explain the variation of p with
the Ca substitution we attempt to analyse our results in
the framework of DE interaction with electron-lattice in-
teraction. Partial substitution of Ca at the La site in the
parent compound changes the bond length and hence leads
in an increase in fp. Thus, the Ca doping dependence
of Op suggests that hole doping drives the system effec-
tively toward the weak electron-phonon coupling strength.
Values of p from the present calculation are comparable
as those revealed from heat capacity data. For z = 0.1,
specific heat increases and show almost 73/2 dependence
on the temperature and are attributed to spin wave con-
tribution. We found that a simple analysis head of the
specific heat into a T contribution from the lattice and
a T3/2 contribution from the spin wave excitation yields
the correct interpretation of ferromagnetic insulator. Al-
though the contribution of spin wave excitations at the
doping concentration z = 0.1 is larger in comparison to
lattice specific heat, a consistent explanation of the exper-
imental data demands the presence of both components.

The appropriateness of the present analysis depends on
the understanding of band-structure estimation of density
of state. Fermionic component as the electronic specific
heat coefficient is deduced following the density of state
from electronic energy band-structure calculation and free
electron estimations. We have incorporated the Coulomb
correlations and electron-phonon coupling strength while
estimating the electronic specific heat coefficient v and
we believe that both of these have important implication
in describing the electronic channel to the heat capac-
ity in doped manganites. The electron scattering rate at
low temperature is inversely proportional to Fermi energy
(Er ~ 0.6 €V) and value of E is low in doped manganites
as compared to conventional metals, which implies that
Coulomb correlations may dominate over other excitations
(lattice and spin wave) in the low temperature domain
(T < 10 K). In passing, we appeal that mass enhance-
ment in the electronic channel may consistently retrace
the experimental results for the specific heat at low tem-
perature (mass of carriers is enhanced by a factor of 2.4
to that of bare mass of electron). It is inferred from the
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above analysis that, in the low temperature domain, elec-
tronic specific heat varies linearly with temperature and
phononic term has pronounced effects in the ferromagnetic
metallic phase. Furthermore, the magnon specific heat in
the ferromagnetic metallic state of Ca doped manganites
have relevance due to negligible anisotropy gap as revealed
from neutron scattering data. It is noticed that for x = 0.2,
i.e., in the ferromagnetic metallic phase the magnon con-
tribution is larger with the electron contribution while the
reverse is true for x = 0.33. These findings express that
the large Coulomb interaction U suppresses the double
occupancies of e, electrons and enhanced electronic spe-
cific heat, while the decrease of T3/2-term with Ca doping
concentration.

To an end, the retraces of the heat capacity exper-
imental curve in La-Ca-MnOsj is attributed to the as-
sumption that the phonons in the temperature domain
5 < T <10 K are thermally mobile in the ferromagnetic
metallic phase of manganites and are usually the major
component of specific heat. As fp is about 350-450 K in
manganites, the Debye model with T' < 0p/10 is mean-
ingful at low temperatures. The fermionic contribution to
the specific heat can at best be seen only at very low tem-
perature due to its small magnitude when a comparison
is made with phonon contribution. The electronic specific
heat allows us to analyse the metallic behaviour in the
composition ranging from 0.2 to 0.33 and mass enhance-
ment due to Coulomb correlations have significant impli-
cations. We note that the present model calculation also
points to the importance of spin wave excitations explic-
itly in the ferromagnetic insulator phase where the spin
wave component is dominating over the lattice specific
heat. In continuation, the spin wave excitations are also
important in the ferromagnetic metallic phase in view of
inelastic neutron scattering results. We believe that the
proper incorporation of the realistic physical parameters
based on experimental observation will lead to a clear
picture of the low temperature transport properties in
manganites.

Conclusively, we have made an attempt to analyse
the reported heat capacity behavior in doped mangan-
ites based on three component model. The scheme opted
in the present study is so natural that it extracts only
the essential contributions to describe the heat capacity
behavior. We should emphasize that in order to carry
out a complete and consistent comparison between theory
and experiment, it is therefore necessary to include the
effects brought about by electron correlations and mass
renormalizations by electron-phonon interaction and spin
wave effects in magnetic systems as doped manganites.
Although we have provided a simple explanation of these
effects, there is a clear need for good theoretical under-
standing of the heat capacity behavior in manganites.
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