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Evolution of the magnetic ground state in the electron-doped antiferromagnet CaMnO3
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~Received 14 March 2003; published 7 July 2003!

Measurements of the specific heat on the system CaxMnO3 (x<0.10) are reported. Particular attention is
paid to the effect that doping the parent compound with electrons by substitution of La for Ca has on the
magnetic ground state. The high- (T.40 K! temperature data reveal that doping decreasesTN from 122 K for
the undoped sample to 103 K forx50.10. The low temperature (T,20 K! heat-capacity data are consistent
with phase separation. The undoped sample displays a finite density of states and typical antiferromagnetic
behavior. The addition of electrons in thex<0.03 samples creates local ferromagnetism as evidenced by a
decreased internal field and the need to add a ferromagnetic component to the heat-capacity data forx
50.03. Further substitution enhances the ferromagnetism as evidenced by the formation of a long-range
ferromagnetic component to the undoped antiferromagnetic structure. The results are consistent with a scenario
involving the formation of isolated ferromagnetic droplets for smallx that start to overlap forx'0.06 giving
rise to long range ferromagnetism coexisting with antiferromagnetism.

DOI: 10.1103/PhysRevB.68.014403 PACS number~s!: 75.30.Kz, 65.40.2b, 65.20.1w, 75.60.2d
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I. INTRODUCTION

Electronic phase segregation in transition-metal ox
systems has become an important topic in condensed-m
physics.1–5 Systems which exhibit colossal magnetores
tance~CMR!, high-temperature superconductivity, and oth
compounds such as the nickelates,6 phase segregate int
electron-rich and electron-poor regions. These phase se
gated regions are known to order and form a stripe phase5 or
the atomic orbitals of the transition-metal ions themselv7

sometimes order. Theoretical descriptions of the large m
netoresistance observed in CMR oxides is currently focu
on numerous approaches, but the phase-segregation sce
where charge inhomogeneous regions compete w
ferromagnetism,1–3 is currently receiving a great deal of a
tention. In this picture, the application of magnetic field,
decreasing the temperature, alters the ratio of these p
segregated regions thereby affecting the electrical condu
ity. In the case of high-temperature superconductors, the
sible relation between the stripe phase and superconduct
is under debate, but some believe that the stripes are cr
to the formation of a superconducting ground state in
cuprates.8,9

Some recent studies on Ca12xRxMnO3 revealed that dop-
ing with a trivalent ionR31 (R5La, Pr, Sm, Gd, Eu, Ho, o
Bi! leads to the formation of a small ferromagnetic~FM!
moment.10–13 This effect was subsequently investigated
greater detail14 where the FM moment at 5 KMsat(5 K) was
found to display two distinct regimes for La dopingsx
,0.08. In the range 0<x<0.02, the doped electrons appe
to remain essentially localized on Mn sites leading to i
lated Mn31 ions which coexist with the majority Mn41 ions.
This leads to a ferromagnetic moment, shown through a p
nomenological model, consistent with the existence of lo
ferrimagnetism. That is, each doped electron creates on
cal ferrimagnetic site. Doping in the range 0.03<x<0.07
0163-1829/2003/68~1!/014403~5!/$20.00 68 0144
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leads to improved electrical conductivity and a FM mome
which has a strongerx dependence. The observed momen
consistent with the existence of local ferromagnetic regio
This picture of local ferromagnetic regions coexisting with
an antiferromagnetic~AFM! background is supported by re
cent NMR experiments,15 theoretical treatments,16 and neu-
tron powder-diffraction experiments.17,18 Neutron powder
diffraction has revealed that the region 0<x<0.07 indeed
contains a mixture ofG-type antiferromagnetism and ferro
magnetism which forx50.06 appears to have a long-rang
component. A sample ofx50.02 reveals, through small
angle neutron scattering~SANS!, ferromagnetic clusters o
diameter 10 Å; these clusters overlap at largerx values lead-
ing to long-range ferromagnetism atx50.06.17 Concentra-
tions ofx.0.7 lead to formation of theC-type antiferromag-
netic phase which coexists over a wide temperature
concentration range with theG-type phase (0.07<x,0.2).18

These results suggest that the Ca12xRxMnO3 system is ideal
for the study of electronic/magnetic phase segregation in
low doping limit where FM phase segregated regions be
their nucleation within an AFM host. The present work i
volves heat capacity studies of some of these systems.

II. EXPERIMENTAL DETAILS

The specimens were synthesized under identical co
tions to minimize variations attributable to chemic
defects.19 Stoichiometric quantities of~99.99% purity or bet-
ter! CaCO3, La2O3, and MnO2 were weighed and mixed in
an agate mortar for 7 min followed by reaction for 20 h
1100 °C. The specimens were reground for 5 min, reacted
20 h at 1150 °C, reground for 5 min, reacted for 20 h
1250 °C, reground for 5 min, reacted for 46 h at 1300 °
reground for 5 min, pressed into pellets, reacted for 17 h
1300 °C, and cooled at 0.4 °C/min to 30 °C. Powder x-r
diffraction revealed no secondary phases and iodometric
©2003 The American Physical Society03-1
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tration, to measure the average Mn valence, indicates
oxygen content of all specimens falls within the range 3
60.01. Magnetic measurements were conducted with a
perconducting quantum interference device magnetom
Heat-capacity measurements, using a standard thermal r
ation method, were performed on a Quantum Design PP
system equipped with a superconducting magnet capab
generating a 90-kOe magnetic field.

III. RESULTS AND DISCUSSION

A. Magnetization

Magnetization as a function of temperatureM (T) at 2
kOe is displayed for three of the Ca12xLaxMnO3 specimens
of this study in Fig. 1. Thex50 sample, CaMnO3, exhibits
an antiferromagnetic transition atTN5131 K. A weak ferro-
magnetic component is evident in the data, which is gen
ally attributed to canting of the AFM moments, althoug
recent work14 suggests that it arises from a small defect co
centration. Substitution of La for Ca enhances the satura
moment in a systematic fashion as described previously.14 M
versus magnetic fieldH data at 5 K are displayed in the ins
of Fig. 1, illustrating a typical ferromagnetic response. T
saturation moment at 5 K can be extracted from the data
the inset by drawing straight lines through the two line
portions of the curves; the intersection point of these line
defined asMsat(5 K).14 As mentioned above,Msat was
shown to possess a systematic dependence onx consistent
with the formation of isolated FM regions for small dopin
that cross over to AFM order with a long-range FM comp
nent. This behavior in Ref. 14 revealed that beyondx
50.08 AFM C-type regions began to nucleate, which is co
sistent with simple statistical arguments.20 These results are
consistent with the scenario of small ferromagnetic clus
appearing at low concentrations (0,x<0.3) that begin to
overlap into long-range ferromagnetism at higher dopingx
'0.06) and to a coexistence ofG- andC-type AFM with a
long-range FM component forx.0.08.

FIG. 1. MagnetizationM versus temperature in an applied fie
of 2 kOe for Ca12xLaxMnO3 specimens. In the insetM versus
magnetic fieldH at 5 K is displayed.
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B. Low-temperature specific heat

The low-temperature specific-heat measurements w
performed over the temperature range with no applied m
netic field. The total specific heat can be written as

Cp5Celec1Cmag1Chyp1Clat , ~1!

whereCelec is the electronic contribution,Cmag is from the
Mn magnetic moments,Chyp is from the nuclear moment o
55Mn, andClat is due to the lattice. The electronic contribu
tion is given bygT, whereg is the Sommerfield coefficien
which is related to the density of electronic states at
Fermi energy.Chyp is given byA/T2 whereA is related to
the internal hyperfine magnetic field by the relation21

A5
R

3 S I 11

I D S mHhyp

kB
D 2

, ~2!

where I is the nuclear moment~5/2 for 55Mn), m is the
nuclear magnetic moment~3.45 nuclear magnetons for Mn!,
andHhyp is the internal field strength at the Mn site.Clat is
estimated by the approximationClat5b3lT

3. The Debye
temperatureQD is given by

QD5S 1.9443106 r

b3l
D 1/3

, ~3!

whereb3l is in mJ/mol K4 andr is the number of atoms pe
unit cell. Due to the small variation in chemical compositio
in the measured samples, it was assumed thatb3l , and there-
fore QD , are the same for all three samples~this assumption
seems valid when looking at the results of Leeset al. who
found a variation inQD of less than 1.5% over a much large
range of substitutions21 and our own finding thatQD from
our high-temperature data is 650610 for all five samples!.
Like other reports,21,22 we added aT5 term to adequately fit
the lattice heat-capacity data.Cmag is estimated as( bnTn

where the value of the exponentn corresponds to the type o
magnetic excitation (n53 for AFM, n53/2 for FM, n52
for a possible long-wavelength spin excitation22!. For AFM
and FM excitations with a nonzero gap, the heat-capa
coefficients are related to the spin-wave stiffnessD by the
relation bn5ckB(kBT/D)n where c is a constant that de
pends on the lattice type.21 One plausible scenario leading t
a T2 term is the existence of a long-wavelength spin-wa
excitation with a planar FM component of stiffnessDr and a
linear componentDz with bn}(DrDz)

21.22

The low-temperature measurements are shown in Fig
For x50, the data can be fit well using Eq.~1! as seen by the
solid line. Since the sample is known to haveG-type AFM
order ~each Mn magnetic moment is aligned antiparallel
its neighbor!,23 it is expected thatbmag5b3mT3. Since the
lattice term is also proportional toT3, the totalT3 term b3
will be b3l1b3m , and it is impossible to separate the ma
netic and lattice components, without prior knowledge of t
QD , from the low-temperature data. However, since t
high-temperature values ofQD are all similar, any variation
we find inb3 should be mostly due tob3m . The parameters
which give the best fits to the data are shown in Table
From the fit parameters, we can arrive at the following co
3-2
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EVOLUTION OF THE MAGNETIC GROUND STATE IN . . . PHYSICAL REVIEW B68, 014403 ~2003!
clusions. The value ofb5 does not vary much from sample t
sample, which gives us confidence that our fitting parame
are not skewed by the addition of this term. There exist
nonzero electronic termg indicative of a finite value of the
density of states at the Fermi level, consistent with th
mopower measurements.12 Since the data can be fit to a form
bnTn leads to the conclusion that there is not a gap in
spin-wave excitation which often requires an activated te
to describe the heat capacity. The hyperfine term for the
doped sample corresponds to an internal field of 279 k
which is;30% less than found for LaMnO,22 but a factor of
2.6 smaller than determined for Pr0.6Ca0.4MnO3.21

The lines in Fig. 1 are fits to the data using Eq.~1! with
the values forn which give the best fits to the data. The

FIG. 2. Measured specific heat as a function of temperature
Ca12xLaxMnO3. The lines are fits described in text with the re
evant fitting parameters summarized in Table I. Subsequent cu
were offset for clarity. The inset shows the internal magnetic fi
Hhyp at the Mn site as deduced from the nuclear contribution to
heat capacity.

TABLE I. Summary of the fitting parameters to the data in F
2. Definitions of the various coefficients are given in the text. T
units are kOe forHhyp , mJ/mol K2 for g, and mJ/mol Kn21 where
n is the subscript of the coefficient. The number in parenthese
the statistical uncertainty in the last digit from the least-squa
fitting procedure.

x Hhyp g 103b3 105b5 b3/2 b2

0 279~1! 1.38~3! 2.09~2! 5.64~4!

0.01 271~3! 2.44~5! 3.26~5! 5.06~9!

0.03 265~2! 1.46~9! 4.47~7! 4.94~9! 1.17~6!

0.06 274~2! 1.98~8! 3.29~2! 6.95~9! 0.76~2!

0.10 279~2! 2.76~9! 5.89~6! 8.17~7! 0.35~2!
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parameters are summarized in Table I. The introduction
the electron dopants leads to an increase ing as one would
expect. Forx50.01 adding ann53/2 or n52 component
does not significantly improve the fit. Rather only an i
crease in the AF termb3 ~note that a larger value ofb3

relative to the undoped sample corresponds to a smaller s
wave stiffness! and a decreaseHhyp are found. Forx
50.03, we find that there is a need to add a FM (n53/2)
term in addition to a larger AFM (n53) term relative to the
x50 value to fit the data. The value ofHhyp5265 kOe is
reduced relative to the undoped sample. One scenario
would lead to a reduced internal magnetic field would be
the doped electrons to reside on a Mn site with a spin a
parallel to the original spin, and larger in magnitude. Th
would change the local environment around the doped
ion to FM while reducing the average AFM magnetic m
ment~and thusHhyp) and would lead to a local distortion o
FM polaron. This scenario would lead to a linear decreas
Hhyp as x increases. This is exactly what is observed
small values ofx in the inset to Fig. 2, where the line repre
sentsHhyp decreasing 1.6% per percent of La substitutio
The fact thatHhyp changes faster thanx is consistent with the
moments antiparallel to the original spin moments be
larger in magnitude.

These results are in agreement with magnetization m
surements which were also interpreted in terms of the form
tion of local FM regions~FM polarons!14 and SANS mea-
surements that show small ferromagnetic droplets.17 In this
scenario, one would envision the weakening of the AF
spin-density wave and the formation of FM excitation
which is exactly the result of the current measuremen
These results agree with the strong weakening in the A
interaction recently deduced from Raman scattering
electron paramagnetic resonance studies.24

As doping is increased above 0.03 we see a definite cr
over in all of the heat-capacity data. Forx50.06, the data
can no longer be fit by a simple FM term, and in fact then
53/2 component is no longer observed~fitting with a 3/2
term yields a negative value forg). Now an AFM (n53)
term plus a spin-density wave (n52) term are needed. Th
magnitude of the AFM term decreases and the hyperfine t
increases and is nearly the same as the undoped value.
leads to the conclusion that the nature of the magnetic e
tations has changed and that there might no longer be l
FM polarons. As mentioned, theT2 term can be indicative of
a long-wavelength excitation with both FM and AFM com
ponents. These results are in excellent agreement with
finding of isolated ferromagnetic droplets in anx50.02
sample which merge into a long range ferromagnetic com
nent for x50.06.17 This is consistent with a recen
calculation16 predicting a phase transition from the FM p
laron state to a long-range FM state at a doping ofx
.0.045 and experimental findings that there is a crosso
from the magnetoelastic polaron to spin-canted phase aro
x50.06.25 Even higher concentrations (x50.10) are again
best fit with a FM n53/2 term and a largern53 term.
This is consistent with neutron-scattering results t
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show the coexistence ofC- and G-type AF order at this
concentration18 and magnetization measurements that sho
ferromagnetic moment.

C. High-temperature specific heat

For the high-temperature data,Cmag is the contribution
associated with the magnetic ordering transitions aroundTN .
The high-temperature measurements ofCmag/T are shown
in Fig. 3. In this temperature rangeChyp is negligible. The
background lattice contribution was estimated by fitting
measured Debye temperatures above and below the mag

FIG. 3. Measured magnetic heat capacityCmag as a function of
temperatureT in zero applied field~solid lines! and a 90-kOe mag-
netic field ~dashed lines!.
01440
a

e
etic

transitions with a polynomial. After subtracting this contr
bution, we are left withCmag. For CaMnO3 a magnetic tran-
sition is seen atTN5122 independent of the applied ma
netic field. Doping electrons lowersTN as seen in Fig. 4~a!.
In zero field, the decrease inTN is linear followed by a more
rapid drop forx.0.3. In a 90-kOe field, the magnetic orde
ing temperature obeys a nearly linear relationship withx. In
a similar manner to CaMnO3, thex50.01 and 0.03 sample
do not show a variation inTN as the magnetic field is in
creased. This is to be expected askBTN@mBH and the ap-
plied field should not alter the antiferromagnetic orderi
temperature. This is not the case for thex50.06 andx
50.10 samples whereTN steadily increase in applied field
This increase could be related to an enhancement of the
neutron diffraction peak intensity observed in rece
experiments,18 where atx50.12 FM peak intensity was see
to increase at the expense ofG-type AFM peak intensity in
applied magnetic field. In other words, a long-range fer
magnetic component to the magnetic structure appears t
present forx50.06 andx50.10 due to the large enhance
ment of the magnetic ordering temperature in an app

FIG. 4. Parameters obtained from the data shown in Fig
Solid squares correspond to the zero-field data, while open cir
correspond to data taken in a 90-kOe applied magnetic field.~a! The
magnetic ordering temperature.~b! The peak value of the magneti
heat capacityDCmag. ~c! Change in magnetic entropyDSmag,
found by integratingCmag/T as a function ofT.
3-4
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EVOLUTION OF THE MAGNETIC GROUND STATE IN . . . PHYSICAL REVIEW B68, 014403 ~2003!
field. The jump in the magnetic heat capacityDCmag at TN is
shown in Fig. 4~b!. The value for the undoped sample is
good agreement with the work of Moritomoet al.26 As x
increases,DCmag decreases, in sharp contrast to Moritom
et al.26 In a 90-kOe field, the value ofDCmag is nearly inde-
pendent ofx. To obtain the change in entropy associated w
the magnetic transitionDSmag we have integratedCmag/T
versusT and the results are shown in Fig. 4~c!. Since it is
difficult to accurately estimate the lattice contribution to t
heat capacity, the absolute values ofDSmag have a reason
able amount of uncertainty. However, changes inDSmag
should be much more reliable since the lattice contribut
was estimated in a systematic manner. For all values ox
there appears to be little field dependence toDSmag. For x
50 an entropy of;1.77 which corresponds to is found. Th
value is much smaller than the value one would expect fr
Ising spins (R ln 2) or spin-3/2 Heisenberg spins (R ln 4) per-
haps due to domain formation. The magnetic entropy app
to decrease in a nearly linear fashion in a manner simila
the magnetic ordering temperature.
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IV. CONCLUSION

We have performed measurements of the specific hea
the system Ca12xLaxMnO3 (x<0.10) to complement previ-
ous magnetization results. The high- (T.40 K! temperature
data show that doping decreases the value ofTN from 122 K
for the undoped sample to 103 K forx50.10. The low-
temperature (T,20 K! heat-capacity data are consistent w
phase separation. The undoped (x50) sample displays AFM
order and has a finite density of states. When a small amo
of holes (x<0.03) are doped into the sample, local ferr
magnetism is introduced into the system. Further substitu
to x50.06 leads to long-range ferromagnetism as eviden
by the formation of a long-range spin-density wave. The
results clearly show the utility of a thermodynamic measu
ment ~heat capacity! in understanding the evolution of mag
netic properties in electron doped CaMnO3; namely for
small dopings small ferromagnetic droplets form which up
further doping overlap and lead to long-range ferromagn
order coexisting with antiferromagnetic order.
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