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Low-Temperature Specific Heat ofLa12xSrxMnO31d
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The specific heat of the perovskite manganite La12xSrxMnO31d was measured in the doping regime
x ­ 0.0 to 0.3 where at low temperatures the material changes from a layered antiferromag
insulator to a ferromagnetic metal. A term in the specific heat,C ~ T 2, is found in LaMnO3 that is
attributable to spin excitations in a layered antiferromagnet. Ferromagnetic samples have the ex
specific heat termC ~ T 3y2 due to ferromagnetic spin waves. The exchange coupling (J), electronic
linear term (g), Debye temperature (uD), and the local field at the Mn site (Hhyp) are extracted from the
specific heat as functions of Sr doping. [S0031-9007(97)02950-5]

PACS numbers: 75.40.Cx, 71.30.+h, 72.80.Ga, 75.30.Ds
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The perovskite manganites exhibit many interest
properties associated with the connection between ch
transport and magnetic structure [1]. Most work f
cuses on the magnetoresistive properties that are most
nounced in thex ­ 0.3 compounds offREg12xII xMnO31d

where RE is a lanthanide and II is a divalent cation [2]. T
goal of this study is different in that the metal-insulat
transition as a function of temperature and applied fi
will be ignored and, instead, the nature of the transition
a function ofx at low temperatures was studied.

To examine how the low-temperature metallic pha
evolves with doping from the parent compound, in th
case LaMnO3 doped with Sr, high-precision specific
heat measurements were performed on samples scre
by resistivity and dc magnetization measurements. T
specific heat has been previously measured for a ra
of dopingsx but only for T $ 50 K in La12xCaxMnO3

[3]. The specific heat of the doped manganites h
been measured for fixedx where the divalent cation ha
been varied (Ca, Sr, and Ba) [4] and for samples
Ca-dopedx ­ 0.2 [5] and x ­ 0.33 [6]. With doping,
La12xSrxMnO31d demonstrates marked changes in bo
its low-energy magnetic and electronic excitations as w
as the behavior of the lattice. By fitting the specific he
data at low temperatures the evolution of the magne
exchange coupling (J), electronic linear term (g), Debye
temperature (uD), and local magnetic field at the Mn sit
(Hhyp) can be extracted as functions of doping.

Samples for this study were prepared using a stand
grind and fire method. Pure powders of La2O3, SrO, and
MnO were stoichiometrically mixed, pressed into a pell
and fired in air at1300 ±C for 20 hours. The pellets wer
then air quenched, reground, and refired under ident
conditions three additional times. The final pellets we
12.5 or 10 mm in diameter having masses of 2–3
with nominal Sr concentrations of 0.00, 0.10, 0.20, a
0.30. All measurements for each Sr concentration w
performed on samples from the same firing run.

Two screening tests were performed on each sam
electrical resistivity and dc magnetization. Forx ­ 0.1
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the sample has a small local maximum in the resist
ity at 235 K with an overall resistivity that increases ex
ponentially with decreasing temperature (insulating). F
x ­ 0.2 and 0.3, the resistivity passes through a peak
a temperatureTp (320 and 370 K for 0.2 and 0.3, respec
tively) with activated behavior above and metallic con
duction belowTp . The Curie temperaturesTC extracted
from magnetization data were 145, 250, and 310 K f
the 0.0, 0.1, and 0.2 samples, respectively. Compared
magnetization measurements on La12xSrxMnO31d single
crystals [7], ourx ­ 0.1 sample appears to have exce
oxygen ofd ø 0.02 to yield an elevated Curie tempera
ture. We were unable to measureTC for the 0.3 sample
due to the large value.

Specific-heat measurements were performed from
to 200 K in zero magnetic field. A semiadiabatic tech
nique [8] was used to measure the specific heat from
to 20 K having a precision of60.1% and an accuracy
typically better than 0.5% as compared to accepted val
[9]. Above 20 K, an isothermal technique was used [1
having a precision of60.1% and an accuracy better tha
0.25% below 100 K but increasing to 1.5% at 200 K [11
Details on the specific-heat apparatus and the results
copper are described elsewhere [12].

The results of the specific-heat measurements be
10 K are shown in Fig. 1 plotted asCyT versusT with
T on a log scale in order to expand the low-temperatu
region. The first obvious feature is a low-temperatu
upturn present in all samples indicative of a Mn-hyperfin
contribution to the specific heat (Chyp). This term is
caused by the large local magnetic field at the Mn nucle
(Hhyp) due to electrons in unfilled shells.Chyp can be
adequately represented byA22yT2 and the coefficient
converted to a local field (Hhyp) at the Mn nucleus [13].
When the data are plotted asCyT versusT with T on a
linear scale (see inset to Fig. 1), thex ­ 0.0 data show
a conspicuous linear dependence above 1.5 K stron
suggesting aT 2 temperature dependence to the speci
heat; however, for thex ­ 0.1, 0.2, and 0.3 data, no such
T 2 dependence seems obvious. To isolate this term,
© 1997 The American Physical Society 3201
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FIG. 1. The low-temperature specific heat forx ­ 0.0, 0.1,
0.2, and 0.3 fromT ­ 0.5 to 10 K plotted on a linear-log scal
asCyT vs T . The lines are the best fits to the data as listed
Table I. The inset shows the same data on a linear-linear sc

were performed on each set of data to the equation

C ­ Cmag 1 Celec 1 Clat 1 Chyp , (1)

whereCmag is the spin-wave contribution to the specifi
heat varying asB3y2T3y2 or B2T2, Celec is the electronic
contributiongT , Clat is the lattice contributionB3T 3 1

B5T 5, andChyp is described above.
Shown in Table I are the results and %rms deviatio

of the most relevant fits performed on the data. The fi
fit for each sample is considered to be the best fit for t
sample. The other fits demonstrate the effects of add
or removing terms in Eq. (1) with their resultant chan
in %rms deviation. The use of theB5T 5 term in the
lattice contribution is required to adequately fit each d
set below 10 K. Narrowing the fitting region from eithe
the low- or high-temperature side does not significan
change the parameters except to eliminate the need fo
B5T 5 term. The lines through each data set in Fig. 1 w
generated using the best fits in Table I.
ts

3202
TABLE I. Summary of fitting results to the data in Fig. 1. The definition of the coefficien
are given in the text. The units are mJymole Kn11 wheren is the subscript of the coefficient.
The asterisk denotes the best fit.

x A22 g B3y2 B2 B3 3 102 B5 3 104 % rms

0.0* 8.0340 · · · · · · 3.8003 7.0610 21.6792 1.00
0.0 6.8872 4.9406 · · · · · · 72.129 235.217 6.22
0.0 7.5352 · · · 4.1606 · · · 50.515 221.000 3.58
0.1* 9.2035 · · · 3.7024 · · · 11.693 3.9655 0.51
0.1 9.1534 0.292 35 3.4727 · · · 12.722 3.3373 0.47
0.1 8.4419 4.6551 · · · · · · 28.719 26.6046 2.89
0.2* 9.2977 3.3386 1.1802 · · · 9.6989 4.4033 0.36
0.2 9.9110 · · · 3.7516 · · · 21.3083 10.952 2.40
0.2 9.0338 4.8505 · · · · · · 14.894 1.2557 1.14
0.3* 8.6913 3.2873 0.95672 · · · 8.3828 3.9763 0.41
0.3 8.4647 4.5291 · · · · · · 12.493 1.5227 1.07
0.3 9.3234 · · · 3.4492 · · · 21.9837 10.038 2.62
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le.

s
st
at
ng
e

ta

ly
the
re

From the fitting results, it is clear that for thex ­ 0.0
sample there is aT 2 contribution to the specific heat which
disappears in the Sr-doped samples. LaMnO3 is a type-
A antiferromagnet (ferromagnetic layers antiferromagnet
cally coupled) [14]. Inelastic neutron scattering on othe
layered antiferromagnets (e.g., NiO and MnO) find bot
linear and quadratic dispersion relations depending on t
orientation being probed within the magnetic Brillouin
zone [15]. Therefore, we propose the following disper
sion relation for the long-wavelength spin excitations:

v ­ Drk2
r 1 Dz jkz j , (2)

where kr ­
p

k2
x 1 k2

y and Dr and Dz are the spin-
wave stiffness coefficients for the planar ferromagnetic an
linear antiferromagnetic excitations, respectively. Thi
dispersion relation yields the low-temperature magnet
contribution to the specific heat per unit volume,

Cmag ­
3kB

4p3DrDz

∑Z `

0
dx

Z `

0
dy

x 1 y
ex1y 2 1

∏
skBT d2,

(3)
offering a plausible candidate for the observedT 2 contri-
bution in thex ­ 0.0 sample [16]. From the experimen-
tal value ofB2 and Eq. (3) the spin-wave stiffness produc
DrDz ­ 55 smeVd2 Å3. The presence of theT3y2 term
and the disappearance of theT2 in the x ­ 0.1, 0.2, and
0.3 samples indicates that type-A antiferromagnetic order
has been replaced by ferromagnetic order.

The other contribution toC of interest isCelec. From
Table I, it is clear that for thex ­ 0.0 and 0.1 samples
no linear term is necessary in the fitting expression co
firming the resistivity measurements that these sampl
are insulators. For thex ­ 0.2 and 0.3 samples, the lin-
ear terms are necessary and are roughly the same
3.3 mJyK2 mole. A linear term for La0.7Sr0.3MnO3 has
been reported elsewhere [4] and is significantly larger
6.0 mJyK2 mole; however, their data extend to only 2 K
andChyp andCmag were not included. Fitting thex ­ 0.3
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data reported here under similar conditions yields a lin
term of approximately6 mJyK2 mole.

The behavior ofg suggests a metal-insulator transitio
betweenx ­ 0.1 and 0.2 with the surprise that upo
further doping tox ­ 0.3 there is no increase ing.
The linear term in the specific heat of a metal c
be related to the density of states at the Fermi surf
NsEFd: g ­ p2k2

BNsEFdy3. Usingg ­ 3.3 mJyK2 mole
yields a NsEFd ­ 2.4 3 1022yeV cm3 which compares
favorably to the value NsEFd ­ 1.4 3 1022yeV cm3

determined from band-structure calculations
La0.67Ca0.33MnO3 [17]. This result suggests that the ma
enhancement due to interactions is not of overwhelm
importance in the metallic state of La12xSrxMnO3.

Photoemission spectroscopy purports that the Fermi
ergy lies in the conduction band with increasing density
states towards higher energy [18]. If true, the Fermi s
face is electron-like and samples should be considere
electron-doped SrMnO3 with a carrier concentrationn of
s1 2 xd per unit cell (to yieldn ­ 1.2 3 1022 cm23 for
x ­ 0.3). Using the free-electron gas relationNsEFd ­
3ny2EF yields an upper bound on the Fermi energy
700 meV. The available phase space for electron-elec
scattering is proportional toskBTyEFd2 so that a small
Fermi energy enhances this scattering channel over ot
but the interaction strength isnot necessarily stronger tha
systems with large Fermi energies [19].EF ­ 700 meV
is a low value compared to common metals and i
plies that electron-electron scattering may dominate o
other scattering mechanisms. The resistivity of thex ­
0.2 and 0.3 samples showsr ­ r0 1 AT2 behavior for
T # 200 K as previously reported for La12xSrxMnO3 [7].
This indicates a strong component of electron-elect
scattering via phonons or spin excitations as might be
pected from a magnetic material with a low-carrier dens
(small Fermi energy).

Shown in Fig. 2 are the relevant fitting parameters
Table I converted toJ, g, uD, and Hhyp plotted versus
x. For the dopingsx ­ 0.1, 0.2, and 0.3 the magnetic
exchange couplingJ is determined using the standa
formula for spin excitations in a simple cubic ferromagn
[20]. The increase inJ tracks the increase of the Cur
temperatureTC. For thex ­ 0.2 sample (TC ­ 320 K)
the J ­ 1.9 meV. This value can be compared toJ ø
1 meV found in La0.8Ca0.2MnO3 with the majority of
the difference attributable to the lower Curie temperat
(TC ­ 208 K for x ­ 0.2) [5]. One should also note tha
J in this Letter is extracted from the low-temperatu
specific heat, whereasJ in Ref. [5] was taken from the
change in entropy as determined from the anomaly in
specific heat near the Curie temperature.

For the x ­ 0.3 sample (TC ø 375 K) the
J ­ 2.3 meV which compares favorably toJ ­ 2.4 meV
in La0.7Pb0.3MnO3 (TC ­ 355 K) determined via neutron
scattering [21]. The spin-wave stiffness coefficient cor
sponding toJ ­ 2.3 meV is D ­ 130 meV Å2 using the
relation D ­ 2JSa2 with the lattice constanta ­ 3.9 Å
ar
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FIG. 2. Plots of the parametersJ, g, uD, and Hhyp versus
doping x as extracted from fitting the data in Fig. 1. The
x ­ 0.0 sample is not included in the plot ofJ since the
coupling is not ferromagnetic.

and S ­ s4 2 xdy2 for x ­ 0.3. This value is in rough
agreement with the more direct measurements via inel
tic neutron scattering ofD ­ 188 meV Å2 measured at
27 K in La0.7Sr0.3MnO3 [22] and D ­ 170 meV Å2 at
zero temperature in La0.67Ca0.33MnO3 [23]. No need was
found for a spin-wave energy gap in the fitting results
Table I for any sample even to the lowest temperatur
(T $ 0.5 K) consistent with a soft magnetic material (in
agreement with ferromagnetic resonance studies [24]).

With Sr doping the lattice softens as indicated by th
decreasinguD in Fig. 2. After going through a minimum
near the metal-insulator transition (x . 0.2), uD increases
with the Sr concentration. The softening of the lattice se
here in the specific heat betweenx ­ 0.1 and 0.2 seems
closely related to the magnetic field-induced structur
distortions observed in La0.825Sr0.175MnO3 [25]. The mag-
nitude of uD reported here is significantly lower than
that reported for La0.8Ca0.2MnO3 whereuD ­ 528 K, but,
again, this value was extracted from data at higher tempe
tures (T $ 100 K) fit directly to the Debye function [5].

The local magnetic field at the Mn sites can be dete
mined from the nuclear Schottky anomaly for two reason
The first is that the on-site moment of the electrons is lar
due to the Hund’s rule alignment of spins. This push
the nuclear Schottky anomaly up to attainable tempe
tures. The second reason is the useful coincidence t
the most prevalent isotope of oxygen (16O with a 99.96%
3203
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abundance) hasno nuclear moment [26]. Although the
eg 2 sp conduction band is composed of hybridized M
3d (eg) and O 2p (sp) orbitals, the nuclear Schottky anom
aly will only respond to changes on the Mn sites. Th
provides a means for determining where the doped ca
ers are residing.

Initially, Hhyp increases as the Sr dopingx increases.
Since Sr introduces holes into theeg 2 sp band of
LaMnO3, an increasingHhyp means that the holes mus
be going to the oxygen sites with electrons being push
onto the Mn sites. Holes on the oxygen sites mean th
the magnetic moment isnot solely on the Mn sites. This
trend continues through the metal-insulator transitio
to x ­ 0.2. For the x ­ 0.3 sample Hhyp decreases
implying that holes are finally doped onto Mn sites
These properties identify LaMnO3 as having significant
charge-transfer insulating character [27]. These resu
can be compared to photoemission spectroscopy (PE
on La12xSrxMnO31d where the ground state was foun
to have a very mixed character of oxygenp and Mn d
orbitals [18]. The change of the ground state charac
measured in PES with doping is consistent with th
doped holes going to the oxygen sites as indicated in o
measurements.

In conclusion, the low-temperature specific heat
La12xSrxMnO31d reveals that thex ­ 0.3 metallic com-
pound is a low-carrier density metal with conventiona
ferromagnetic spin waves. The extracted magnet
exchange coupling (J) and spin-wave stiffness coefficien
(D) are in rough agreement with inelastic neutro
scattering results. The Debye temperature is found
be lower than previously measured for the perovsk
manganites and can vary by 20% with doping of hole
that preferentially reside on the oxygen sites.
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