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Measurements of the magnetic susceptibility  and electrical resistivity  are reported in the temperature
range 300–900 K for La1−xSrxMnO3, with x = 0, 0.13, 0.20, 0.25, 0.35, and 0.45, and for CaMnO3. The main
focus of this work is to develop a better understanding of the Curie-Weiss paramagnetism and the temperatureindependent contributions to the magnetic susceptibility due to Pauli 共 Pauli兲 and Van Vleck paramagnetism.
Measurements of the electrical resistivity in the same temperature range were conducted to learn about the
electrical conduction mechanisms, and whether or not charge carriers are present which might contribute to
 Pauli.
DOI: 10.1103/PhysRevB.76.024407

PACS number共s兲: 75.47.Lx, 71.30.⫹h, 75.50.Ee, 75.47.Gk

I. INTRODUCTION

Perovskite manganese oxides have been studied extensively in the last 12 years because they exhibit an unusually
large magnetoresistance as well as charge and magnetic ordering. These effects are believed to arise due to strong coupling among the charge, lattice, and spin 共magnetic兲 degrees
of freedom. It is well known that the magnetic susceptibility
is anomalous1 in the region near the ferromagnetic transition
temperature Tc. This has led to difficulties in studying the
critical behavior associated with the magnetic transition.2 In
addition, most studies of manganese oxides have focused on
phenomena occurring below 400 K where magnetic and
electronic transitions such as colossal magnetoresistance occur. Orbital order-disorder and structural phase transitions
are known to exist at higher temperatures.3 Moreover,
magnetic-susceptibility measurements above 400 K are
scarce in the literature.4–6 With magnetic transition temperatures in some of these compounds above 300 K, it is difficult
with the available data to learn about the variety of terms
contributing to the paramagnetic susceptibility and the nature
of the precursors of long-range-ordered states at low T. In
this paper, measurements of magnetic susceptibility and
electrical resistivity are presented in the temperature range
300–900 K. Contributions to paramagnetic susceptibility
originating from localized ions and itinerant carriers are discussed for antiferromagnetic 共AFM兲 CaMnO3 and LaMnO3
and ferromagnetic 共FM兲 Sr-doped LaMnO3.
II. EXPERIMENT

Two polycrystalline samples of nominal composition
LaMnO3 were prepared using standard solid-state reaction.
For one sample 共LaMnO3.02兲, all reactions were conducted
under Ar atmosphere. The second sample 共LaMnO3.04兲 was
reacted in air followed by a final reaction in a flow of Ar and
a mixture of reduction gas of H2 / N2 共3% H2兲. Sr-doped
samples of La1−xSrxMnO3 with x = 0.13, 0.20, 0.25, 0.35, and
0.45 and CaMnO3 were also prepared using standard solidstate reaction in air. X-ray powder diffraction confirmed the
single-phase nature for all samples. Four-probe electrical re1098-0121/2007/76共2兲/024407共6兲

sistivity was measured in flowing Ar gas using a homemade
apparatus with a platinum thermometer mounted close to the
sample; silver epoxy was used to make contacts to the specimens. Magnetization measurements from room temperature
to 900 K were performed using a vibrating-sample magnetometer from Quantum Design at high vacuum. Data were collected on warming to the highest temperature followed by
cooling to check for changes in magnetic susceptibility associated with loss of oxygen or irreversible structural changes.
The average Mn oxidation state was determined by iodometric titration. The titration procedure was repeated at least
three times for each sample; the resulting values and
uncertainties7 are listed in Table I.
III. ELECTRICAL RESISTIVITY

Although the main focus of this work is the magnetic
susceptibility above 300 K in perovskite manganese oxides,
during the course of this work it became apparent that measurements of the electrical resistivity in the same temperature
range would assist in understanding the various contributions
to the magnetic susceptibility.
Figure 1 shows the electrical resistivity for CaMnO2.97.
The measurement was performed warming the sample to
850 K 关curve 共1兲 in Fig. 1兴 followed by cooling and warming
again in a flow of Ar. Magnetic susceptibility of this same
sample was measured 共see Fig. 1兲 to 900 K prior to the
resistivity measurement; heating to 900 K caused the oxygen
content to change from 3.00 to 2.97. A first-order
semiconductor-metallic-like transition with robust hysteresis
takes place at TS, the orthorhombic to rhombohedral structural phase transition.3 Reversibility of 共T兲 in subsequent
runs indicates that the metallic state in the rhombohedral
phase is not related to changes in the Mn oxidation state. It is
interesting that the coexistence of orthorhombic and rhombohedral phases extends over a very large temperature interval, ⌬T = 80 K, as observed in both magnetic 共see below兲 and
resistivity data. The charge carriers in CaMnO3 are known to
be large polarons, in contrast to small polarons in the holedoped manganese oxides.8 This point is illustrated in the inset of Fig. 1 where inspection reveals that the small-polaron
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TABLE I. Values of Mn4+ concentration, TC or TN, effective magnetic moment pef f , VV, and 兩core兩.

Sample
LaMnO3.02
LaMnO3.04
x = 0.13
x = 0.20
x = 0.25
x = 0.35
x = 0.45
CaMnO2.97

Mn+4

TC,N
共K兲


共K兲

pef f
共  B兲

VVa

兩core兩b

0.040共3兲
0.069共6兲
0.171共8兲
0.217共9兲
0.275共6兲
0.336共6兲
0.466共3兲
0.947共7兲

139
133
270
323
350
367
355
124

63/ 168b
80/ 180
359
384
399
404
382
−499/ −239

5.30共4兲 / 5.34共4兲b
5.51共4兲 / 5.26共4兲
4.70共3兲
4.66共3兲
4.65共3兲
4.59共3兲
4.62共3兲
4.39共4兲 / 4.03共3兲

0.55共5兲
0.55共5兲
0.54共5兲
0.53共5兲
0.52共5兲
0.51共5兲
0.49共5兲
0.41共5兲

0.66
0.66
0.65
0.64
0.64
0.63
0.63
0.59

Magnetic susceptibilities are in units of 10−4 emu/ mol Oe.
TJT or TS.

a

bBelow/above

hopping model, ln共 / T兲 = ln共A兲 + E P / kBT 共E P is the polaron
hopping energy兲, is not satisfied. The slight oxygen deficiency creates electron-doped carriers through the introduction of Mn3+ ions. The decrease in resistivity above TS is
probably associated with the reduction of the lattice distortion 共orthorhombic strain兲 across TS. This change in crystal
structure probably reduces the energy gap. As a result, above
TS the available thermal energy is sufficient to excite the
charge carriers to the conduction band, or to impurity states
within the band gap, leading to a metalliclike temperature
dependence of 共T兲.
Although electrical resistivity at high temperature for
LaMnO3 has been reported in the literature,6,9 we measured
our sample for additional characterization. The electrical resistivity was reported to be temperature independent6 above
the Jahn-Teller orbital order disorder transition TJT, a behavior suggested to result from charge transport by vibronic
carriers.6 Optical conductivity measurements10 reveal a gap

FIG. 1. Electrical resistivity as a function of temperature for
CaMnO2.97. The measurements were done warming to 850 K 关curve
labeled 共1兲兴 followed by cooling 共2兲 and warming 共3兲 again. The
inset displays ln共 / T兲 versus 1000/ T 共warming curve兲 illustrating
that the resistivity does not obey the small-polaron model.

in the electronic structure of LaMnO3 below TJT which
closes above. Band-structure calculations also reveal this
gap.11 The closing of a gap and the addition of itinerant
charge carriers might lead to a Pauli paramagnetic contribution above TJT.
Figure 2 shows the electrical resistivity for LaMnO3.02.
The measurement was performed on warming the sample to
890 K followed by cooling in constant Ar flow. A sharp decrease in the electrical resistivity occurs at the Jahn-Teller
orbital order-disorder transition TJT = 718 K 共warming
curve兲. The cooling curve shifts to slightly lower temperature
共TJT = 710 K兲, which is associated with the first-order
nature12 of the transition but may also be affected by a slight
loss of oxygen. It is interesting that the hysteresis near TJT is
far less pronounced than in CaMnO2.97.
The electrical resistivity of hole-doped manganites follows the polaron hopping model, ln共 / T兲 = ln共A兲 + E P / kBT,
where E P is the polaron hopping energy, kB is the Boltzmann
constant, and the prefactor A ⬇ kB / e2a2Pn Pop, with e the
charge of the carrier, a p the polaron hopping distance, n p the

FIG. 2. Electrical resistivity as a function of temperature for
LaMnO3.02 warming and cooling. The inset shows ln共 / T兲 versus
1000/ T 共only the cooling curve兲 describing the small-polaron
model.
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carrier density, and op the optical phonon frequency.13,14
The inset of Fig. 2 indicates that 共T兲 is very well described
by the polaron model above and below TJT. Our observation
that the polaron hopping energy is identical, E P = 0.29共1兲 and
0.28共1兲 eV, above and below TJT is consistent with a prior
report9 on La0.95Sr0.05MnO3 which has a Mn4+ concentration
similar to the 4% of our sample. In addition, our value TJT
= 718 is lower than stoichiometric6,9 LaMnO3, which is also
consistent with the depression of TJT with increased Mn4+
concentration.9 The prefactor A is about 20 times smaller
above TJT. This is probably a result of a larger hopping distance a p due to the reduced number of Jahn-Teller distorted
sites15 and perhaps an increase in the carrier density; phonon
frequencies do not change significantly16 at TJT, so op is
assumed constant. A key point is that rather than free charge
carriers as in a metal, they are polaronic in nature. This will
have importance in our analysis of the magnetic susceptibility.
IV. MAGNETIC SUSCEPTIBILITY

At high temperatures, the magnetic susceptibility of localized noninteracting magnetic ions along with charge carriers
can be written as

共T兲 =

C
+ core + VV +  Pauli .
T−

共1兲

The first term is the Curie-Weiss contribution, where C and 
are the Curie and Weiss constants, respectively. The Curie
constant is C = Np2ef f B2 / 3kB, where N is the density of magnetic ions, kB is the Boltzmann constant, and B is the Bohr
magneton. The effective magnetic moment, neglecting spinorbital coupling, can be obtained using pef f
= g冑xS1共S1 + 1兲 + 共1 − x兲S2共S2 + 1兲, where g = 2 is the Landé g
factor and S1 = 3 / 2 and S2 = 2 for Mn+4 and Mn+3,
respectively.
The temperature-independent contribution core is associated with diamagnetism of filled electronic shells of the core
ions. The values for our specimens, calculated using a published tabulation,17 are given in Table I. These were added to
our data prior to further analysis, since core ⬍ 0. Van Vleck
共VV兲 susceptibility VV originates from transitions between
ground-state and excited orbitals in ions with partially filled
electronic shells. It is also temperature independent. An expression derived by Lines18 for Ni, which has a cubic crystal
field structure similar to Mn, is given by VV = 8NB2 / ⌬,
where ⌬ is the energy gap between the ground-state 共t2g兲 and
excited 共eg兲 levels. Octahedral crystal-field splitting decreases with increasing Mn-O distance; typical values for
Mn4+, Mn3+, and Mn2+ containing oxides are 2.5, 1.8, and
1 eV, respectively.19,20 Using this equation and ⌬ = 2.5
共1.8兲 eV for CaMnO3 共LaMnO3兲, one obtains VV = 0.56
⫻ 10−4 共0.41⫻ 10−4兲 emu/ mol Oe.23 Using the appropriate
ratio of Mn3+ to Mn4+, the values provided in Table I are
estimated for each of the measured samples; these values
were subtracted from our measurement data prior to further
analysis.
With the presence of charge carriers, a Pauli paramagnetic
contribution should result. It is given by  Pauli =  P

FIG. 3. 共a兲 Magnetic susceptibility and 共b兲 its inverse as a function of temperature for LaMnO3.04 and LaMnO3.02.

共1 − 1T2兲, where  P = 共1 / 2兲g2B2 N共EF兲. N共EF兲 is the density
of states at the Fermi energy EF and 1 = 2 / 12共kB / EF兲2. The
term quadratic in T is often neglected, but it might become
significant at high temperatures. It arises from the secondorder Sommerfeld expansion of the chemical potential.21 The
diamagnetic Landau contribution for metals is typically
−1 / 3 Pauli. If the effective mass of the carriers is enhanced,
for example, through coupling with the lattice, this contribution can be neglected. The possibility of a  Pauli term in our
samples will be discussed below.
Stoichiometric LaMnO3 contains Mn3+ magnetic ions that
order with an A-type antiferromagnetic structure.22 The values of TN for our LaMnO3.02 and LaMnO3.04 samples are
shown in Table I. They are in good agreement with the expected values.24 Figure 3共a兲 displays the magneticsusceptibility data as a function of temperature for these
samples. Both exhibit a Jahn-Teller phase transition where
orbitally ordered eg orbitals become disordered6,15,25 above
TJT = 710 K for LaMnO3.02. With an increase in oxygen content, TJT is shifted to lower temperature.5,6 Our LaMnO3.04
sample exhibits TJT = 557 K. This transition is clearly visible
in Fig. 3共a兲. Simultaneous to the distinct change in the magnetic susceptibility at TJT, a dramatic decrease of the electrical resistivity takes place; however, it is polaroniclike above
and below TJT. As a result, we do not expect a Pauli paramagnetic term 共which is associated with free charge carriers兲. The expected effective paramagnetic moment is pef f
= 4.86 and 4.83 B for LaMnO3.02 and LaMnO3.04, respectively. Our results indicate that pef f is higher 共7 – 10 % 兲 than
expected for spin-only localized moments, indicating that another contribution to 共T兲 exists.
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Another observation suggesting the lack of a  Pauli term
comes from considering the temperature dependence of .
The addition of a positive temperature-independent contribution, such as  Pauli, adds curvature to −1, but also increases
the effective magnetic moment. Thus, the enhancement of
pef f could, in principle, arise from Pauli paramagnetism.
However, pef f is essentially the same above and below TJT
for LaMnO3.02 and smaller above TJT than below for
LaMnO3.04. Thus, even though a dramatic change in the itinerant nature of the charge carriers occurs above TJT, our
magnetic-susceptibility data rule out the appearance of a discernible Pauli susceptibility. This observation leads to the
possibility that charge disproportion 共2Mn3+ = Mn2+ + Mn4+兲
takes place above TJT, as suggested by Zhou and
Goodenough.6 This mechanism would imply that the polarons are less localized and the average effective paramagnetic moment should be the same, above and below TJT.
To further study the susceptibility magnitude, the Weiss
constants  are obtained for each sample 共see Table I兲. While
the Curie constant is the same below and above TJT for
LaMnO3.02, the Weiss constant changes from 63 to 168 K
above TJT. The Weiss constants for LaMnO3.04 are 80.0 K
below TJT and 180 K above. Thus, even though the samples
have almost the same susceptibility magnitude above TJT,
slightly different Weiss constants indicate that the differing
Mn3+ / Mn4+ ratios influence the microscopic magnetic interaction above and below TJT. The positive value of  obtained
below TJT is related to the presence of FM interaction in the
ab plane and AFM along the c axis.22 The differences in the
magnetic susceptibility for LaMnO3.04 and LaMnO3.02 can be
understood in the following manner. Below TJT, the larger 
of LaMnO3.04 enhances . This is caused by an increase in
FM correlations below TJT that also lead to the slightly larger
pef f . Above TJT, both specimens have the same  and pef f
values as a result of charge disproportionation.6
CaMnO3 orders antiferromagnetically with G-type antiferromagnetic structure.22,26 Figure 4 shows magnetic susceptibility from 320 to 900 K. The measurement was performed increasing the temperature from room temperature to
900 K followed by cooling to 320 K and warming again to
900 K. At 600 K, there is loss of oxygen, as observed in the
data 关first run labeled 共1兲兴, and an irreversible character of
the curves 共first and second runs兲. When increasing the temperature 共third run兲, the data follow the cooling curve and the
transition is reversible as observed in Fig. 4. After these runs,
the sample was titrated to obtain the average Mn oxidation
state. The Mn4+ concentration was 0.947共7兲, resulting in
CaMnO2.97. Magnetic susceptibility measured on a second
sample reproduced the results. Electrical resistivity measurements on this second sample are shown in Fig. 1. Figure 4共b兲
shows a deviation of experimental data from the Curie-Weiss
behavior at T ⬃ 400 K. We believe that this is due to the
presence of a secondary magnetic phase associated with oxygen defects. For example, CaMnO2.5 shows an antiferromagnetic transition around TN ⬃ 350 K.27
At high temperatures, a structural phase transition TS
= 750 K, from orthorhombic to pseudocubic rhombohedral,
takes place for CaMnO2.97. It is interesting to note that the
hysteresis associated with that transition is large, reaching
⌬T = 80 K. Clearly, this structural transition is first order in

FIG. 4. 共a兲 Magnetic susceptibility and 共b兲 its inverse as a function of temperature for CaMnO2.97.

nature. The expected effective paramagnetic moment for
CaMnO2.97 is pef f = 3.93 B, which is smaller than observed
in Fig. 4. As in our LaMnO3 samples, the enhanced pef f
suggests that another contribution should be subtracted from
the data. It is important to note that above TS, the effective
magnetic moment is smaller than below 共by 8.2%兲 in a very
similar fashion to that observed in LaMnO3.04 which decreases by 4.5%. This similarity suggests that the average
lattice structure plays a role in both CaMnO2.97 and
LaMnO3.04, since the samples have higher crystallographic
symmetry above TS and TJT. Although pef f is larger than
expected, the electrical resistivity is indicative of a behavior
typical for doped semiconductors with a small carrier concentration. For this reason, we assume that  Pauli is negligible.
The magnetic susceptibility for five hole-doped samples
of La1−xSrxMnO3 共x = 0.13, 0.20, 0.25, 0.35, and 0.45兲 is
shown in Fig. 5. Data were collected on warming to the
highest temperature followed by cooling to check for
changes in magnetic susceptibility associated with loss of
oxygen; none were observed except for x = 0.35 where a
small amount of hysteresis 共⌬T = 8 K, in the temperature
range 550–780 K兲 was observed. Magnetic-susceptibility
measurements at high temperatures 共up to 800 K兲 for some
similar compositions have been reported30 共x 艋 0.20兲, but our
measurements and analysis extend the composition range
and temperature range 共by 100 K兲 and consider contributions
from diamagnetism, Van Vleck paramagnetism, and Pauli
paramagnetism.
Figure 6 shows −1 versus T for four of the La1−xSrxMnO3
specimens after subtraction of the temperature-independent
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FIG. 5. Magnetic susceptibility as a function of temperature for
the doped samples with x = 0.13, 0.20, 0.25, 0.45, 0.35, and 0.45.
The data of LaMnO3 and CaMnO3 are also included for
comparison.

terms 共core and VV兲. The hole-doped samples show  values
that are larger than those of CaMnO2.97 and LaMnO3.02. This
is related to the magnitude of the Weiss temperatures  共see
below兲. The curves are not linear over the whole paramagnetic temperature range, revealing that the Curie-Weiss term
in Eq. 共1兲 cannot fully account for the behavior of −1 versus
T. A departure from linear behavior clearly sets in below
600 K. This is in agreement with a prior report28 on x
= 0.33 and may be associated with short-range magnetic order due to the formation of magnetic polarons.29 The Weiss
temperature for each sample is shown in Table I. The values
are larger than the Curie temperature, indicating strong ferromagnetic correlations. Both the presence of short-range order and high values of  are sufficient to understand the
higher value of 共T兲 observed in the Sr-doped samples relative to CaMnO2.97, LaMnO3.02, and LaMnO3.04. The effective
magnetic moments 共pef f 兲 are obtained by fitting the data in
the temperature range 700–900 K. The values of pef f for
samples with x = 0.13– 0.35 are in good agreement with the
expected values for a spin-only system as shown by the solid
line in the lower inset of Fig. 6. However, the sample with
x = 0.45 exhibits a larger than expected pef f .
In order to estimate the temperature-independent contribution, clearly pronounced for x = 0.45, the Curie constant is
constrained to yield the effective magnetic moment expected
for this Mn4+ / Mn3+ ratio. This is valid given the strong
Hund’s coupling of the eg electron in Mn3+. Using the ratio
Mn3+ / Mn4+ 共see Table I兲, a constant of 2.2
⫻ 10−4 emu/ mol Oe is subtracted out to obtain the expected
value of pef f = 4.45 B for x = 0.45. We attribute this contribution to Pauli paramagnetism. Using this value, a density of
states N共EF兲 = 2.0⫻ 1024 eV−1 mol−1 is obtained. This value
is in agreement with that obtained through heat-capacity
measurements.32,33 In addition, we have measured heat capacity at low temperature on this sample 共not shown兲. If one
assumes that the linear term in the heat capacity arises entirely from the presence of charge carriers, one can calculate

FIG. 6. −1 versus T for Sr-doped samples with nominal concentrations of x = 0.13, 0.20, 0.25, and 0.45. The upper inset shows
the warming and cooling curves of −1 for x = 0.20 and 0.45. The
lower inset shows the obtained effective magnetic moment for the
doped samples and the solid line indicates the expected values.

N共EF兲 = 1.1⫻ 1024 eV−1 mol−1. This value is close to that obtained from the  measurements. Thus, we believe that it is
reasonable that the x = 0.45 sample exhibits a Pauli paramagnetic term, while the samples with x 艋 0.35 do not. This difference arises from the change from insulating to lowresistivity metallic behavior at x ⬎ 0.25 due to increased
carrier concentration.31
V. CONCLUSIONS

In summary, measurements of magnetic susceptibility and
electrical resistivity are reported in the temperature range
300–900 K. Electrical resistivity suggests that LaMnO3.02 is
polaronic in nature above and below TJT in agreement with
共T兲, while in CaMnO2.97 the small-polaron model is not
satisfied. Above TS, CaMnO2.97 shows a metalliclike behavior, probably due to thermal excitation of charge carriers;
however, no Pauli contribution is observed in 共T兲 after correcting for diamagnetic and Van Vleck contributions. The
Sr-doped specimens, with the exception of x = 0.45, show no
Pauli paramagnetism as well. In the case of x = 0.45, an appreciable temperature-independent contribution is observed.
This is attributed to Pauli paramagnetism associated with the
observed metallic electrical behavior. The Sr-doped specimens reveal curvature in −1 below 600 K that is likely associated with the formation of short-range magnetic order
共polarons兲.
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