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The perovskite manganites CaMn1-xWxO3 are studied up to the solubility limit by using transmission
electron microscopy, X-ray powder diffraction, and magnetic and transport measurements. The phase
diagram shows three compositional regions at low temperatures. Asx increases, (i) regularPnmaperovskite
structure and G-type antiferromagnetism (AFM) combined with a weak ferromagnetic (FM) component,
(ii) strongly distorted monoclinicP21/m structure and C-type AFM associated with orbital ordering, and
(iii) strongly distortedPnmastructure, associated with charge and orbital ordering and AFM arrangement,
are observed. Our measurements demonstrate that each W6+ ion creates two extra electron carriers in the
Mn4+ matrix and appears as a defect in the Mn sublattice. This B-site disorder, together with the lower
itinerancy of the doped carriers, make favorable conditions for orbital and/or charge ordering at unusually
high critical temperatures (up to 380 K).

Introduction

CaMnO3 crystallizes in a ABO3 perovskite structure with
an orthorhombic distortion due to the tilting of the MnO6

octahedra (Pnmaspace group with the unit cellx2ap × 2ap

× x2ap, ap referring to the ideal perovskite). On cooling
below room temperature, it undergoes a magnetic transition
around 120 K to a G-type antiferromagnetic (AFM) state,
where each Mn spin is surrounded by six AFM coupled
neighbors.1-5 By a heterovalent substitution on the Ca or
Mn sites, a small amount of Mn3+ in the Mn4+matrix is
created, which drastically changes the behavior of the
compounds. In most studies, it is achieved by Ln3+ for Ca2+

substitution, according to Ca1-x
2+ Lnx

3+Mn1-x
4+ Mnx

3+O3.6-17 But

it can also be done by substituting Mn by cations of valence
higher than+4, such as CaMn1-2x

4+ Mnx
3+Mx

5+O3 (with M )
Nb, Ta, or V)18-20 or CaMn1-3x

4+ Mn2x
3+Mx

6+O3 (for M ) Mo
or W).21-24

Studies of some Ca1-x
2+ Lnx

3+Mn1-x
4+ Mnx

3+O3 compounds
have shown a systematic evolution of the behaviors versus
x. For low Mn3+ levels, up to about 10%, the paramagnetic
(PM) state of the room-temperature (RT) phase is trans-
formed at about 110 K into a complex magnetic state, which
may be attributed either to a spin canting in the G-type AFM
phase or to a segregation of ferromagnetic (FM) regions in
the AFM matrix. Several studies have shown that the second
description is the more probable.8,11,12,13This kind of phase
separation is also in accordance with the original idea of
Goodenough that the doped eg electrons are confined to a
restricted space because of the electric field effect of
randomly distributed A cations.2 For higher Mn3+ contents,
an orthorhombic to monoclinic transition is observed at low
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temperature, which corresponds to the setting of the C-type
AFM,1,2,4,10,12,13which can be described as an AFM coupling
of FM chains. The MnO6 octahedra are elongated along these
chains, expressing the orbital ordering (OO). A further
increase in the eg electron density tends to occur in charge-
and orbital-ordered (CO/OO) Mn3+/Mn4+ structures, associ-
ated with a more complex parquetlike AFM order.17,25,26

Similar trends are observed for the Mn-site-substituted
series (successively G-type AFM with a small FM compo-
nent, C-type AFM, and charge-ordered AFM states appear
with the increase in Mn3+ content), but there are some
important distinctions. In the previous case of the A-site
substitution, the doped electrons tend to migrate over
equivalent Mn sites in the vicinity of the A-site substituant.
On the other hand, the A-sublattice remains intact in the Mn-
site-substituted manganites, and the heterovalent substituants
in Mn-sites represent static pointlike defects, i.e., scattering
centers for the charge delocalization. It may be favorable
for electron localization phenomena, and indeed, previous
reports on the CaMn1-xMoxO3 system demonstrated the onset
of CO/OO phases at unusually high temperatures, around
RT.21,23 To go further in details in the understanding of
parameters governing the behavior in Mn-site-substituted
systems, we have undertaken a comprehensive investigation
of the analogous CaMn1-xWxO3 series. By combining
structural characterizations (X-ray diffraction and electron
microscopy versus temperature) and magnetic and transport
measurements (magnetization, susceptiblity, resistivity, ther-
moelectric power), we present a new magnetic and structural
phase diagram, showing that the charge and/or orbital
ordering develops at unusually high temperatures (.RT).

Experimental Section

The synthesis of the CaMn1-xWxO3 samples with 0< x e 0.20
has been previously described.18 The samples were prepared by
solid-state reaction at 1500°C in air, starting from stoichiometric
mixtures of CaO, MnO2, and WO3.

All the samples were characterized by X-ray powder diffraction
at room temperature. The patterns were obtained using a Xpert
Philips diffractometer (Cu KR). The temperature-dependent struc-
tural characterization over the range 300-450 K was also realized
for thex ) 0.10 and 0.15 compositions using a X-ray diffractometer
Bruker D8 (Cu KR, energy-dispersive SOL-X detector) equipped
with a MRI TC wide range temperature chamber. Two scans were
measured for each temperature and the measured intensities were
compared in order to check the thermal stability and reproducibility
of the sample structure. All X-ray diffraction patterns were analyzed
using the Rietveld profile analyzing method with help of FULL-
PROF program package.27

Specimens for transmission electron microscopy (TEM) observa-
tions were prepared crushing the crystallites in ethanol. A drop of
the suspension is deposited and dried onto a carbon-coated copper
grid. The TEM study was performed in 200 kV JEOL 2010 FEG
and JEOL 2010 transmission electron microscopes fitted with
double-tilt liquid-nitrogen-cooled sample holders (tilt( 30°). The

cationic composition of the materials was confirmed by energy-
dispersive X-ray analysis (EDX) using EDAX and OXFORD EDX
spectrometers coupled with the microscopes.

The magnetic susceptibility measurements in the temperature
range 5-400 K were generally performed in applied field of 1.45
T on zero-field-cooled (ZFC) and field-cooled (FC) samples. In
selected cases, magnetization curves up to 5 T were taken at low
temperatures. All these DC magnetic experiments were performed
using a SQUID magnetometer. In addition, high-temperature
susceptibility was measured up to 800 K using a pendulum
magnetometer in an applied field of 1.8 T.

The thermoelectric power (TEP) and electrical resistivity mea-
surements were carried out using a homemade system within the
temperature range 15-850 K. The four-point steady-state method
with separated sensors and power contacts was applied, the details
of both low-temperature (15-320 K) and high-temperature (300-
850 K) measurements were reported previously.28

Results

Structural Study. X-ray Characterization.The room-
temperature X-ray patterns show that the samples are single
phased with a distorted perovskite structure forx < 0.20.
For higher W contents (x g 0.2), scheelite CaWO429 and/or
double perovskite Ca2MnWO6

30 appear as impurities, inde-
pendently of the synthesis process.

The evolution of the room-temperature lattice parameters
versus x is reported in Figure 1. The unit-cell volume
increases with increasing tungsten content, but it is attributed
to the formation of larger Mn3+ ions in the Mn4+ sites rather
than to the ionic size of W6+.31 Forx varying from 0 to 0.07,
the X-ray patterns are refined in thePnmaspace group with
unit-cell parametersa ≈ apx2, b ≈ 2ap, andc ≈ apx2. The
orthorhombic distortion characteristic for this O type per-
ovskite structure (a > b/x2 ≈ c) reflects the octahedral tilt
that increases withx. ThePnmasymmetry is preserved down
to the lowest temperature except for thex ) 0.07 sample,
which undergoes a transition to a monoclinic phase at around
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Figure 1. Evolution of the room-temperature lattice parameters (lefty-axis)
and cell volume (righty-axis and dotted line) vs the W-content (x),
determined from X-ray powder diffraction. The space groups used for
refining the data are given in the picture. In the inset, some structural
parameters (a, b, c, andâ) obtained by refining (in theP21/m space group)
X-ray data acquired at 100 K are plotted for 3 compositions.
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180 K. The compoundsx ) 0.10 and 0.12 exhibit the same
kind of monoclinic distortion existing already at RT. The
patterns are refined in theP21/m space group with cell
parametersa, b, c of values similar to those of the
orthorhombicPnmaregion, but with a monoclinic angleâ
significantly deviating from 90°. This deformation makes
one of the [101] diagonals elongated, whereas the second
one is shortened, leading the ferrodistortive arrangement of
elongated MnO6 octahedra, typical for OO in the C-type
AFM manganites.8 The compounds withx ) 0.15 and 0.20
(even if small peaks of impurity appear for the latter
composition) are also characterized by thePnmacell (as for
the smallx values) but with a pronounced contraction of the
b parameter relative to thea andc parameters. This kind of
lattice deformation reflects the antiferrodistortive arrangement
of elongated Mn3+O6 octahedra in theac plane, which is
typical for CO/OO manganites.32

The X-ray diffraction measurements thus allow us to
distinguish three structural regions versusx - regularPnma,
strongly distortedP21/m, and strongly distorted CO phase
with Pnmasubcell. Nevertheless, the boundaries between
the three zones vary with temperature.

In Figure 2, the evolution of the lattice parameters versus
temperature is reported forx ) 0.10. A biphasic region is
visible between∼300 and 330 K, corresponding to thePnma

to P21/m transition. The evolution of the lattice parameters
vs T reported in Figure 3 forx ) 0.15 is rather continuous
through the CO/OO transition.

The succession of the orthorhombic, monoclinic, and CO
phases (versusx) is analogous to that reported for other
Mn4+-rich manganites obtained by A- or B-site substitution.
The orthorhombic to monoclinic distortion is associated with
orbital polarization of eg electron density that becomes
cooperative because of long-range elastic interactions. Con-
sequently, the orbital ordering is not sensitive to the disorder
induced by W-for-Mn substitution. Moreover, the transition
temperatures are higher than those in the A-site-substituted
compounds. On the other hand, the charge ordering with
essentially antiferrodistortive arrangement of local MnO6

distortions is driven by interactions between nearest and next-
nearest neighbors, and its occurrence in samples with high
concentration of W and thus of defects in the Mn sublattice
remains puzzling. To investigate these W-based manganites
in more detail, we have performed an electron microscopy
study.

Electron Microscopy Study.The existence of three struc-
tural regions is also shown by electron diffraction (ED). For
the smallerx values (0e x e 0.05), the ED confirms the
Pnmaspace group at RT and that no structural transition is
observed at low temperature (92 K, as shown Figure 4).

In the intermediate part of the phase diagram for 0.07e
x e 0.12, aPnmasymmetry is observed at high temperature,
whereas a structural transition (toP21/m) is systematically
observed with decreasing temperature. The [010] ED pattern
recorded at room temperature for thex ) 0.1 compound
(Figure 5a) shows the typical splitting of the spots due to
the twinning phenomena occurring as soon as the monoclinic
P21/m symmetry appears. The associated dark-field image
(Figure 5b) shows the twinning domains belowTOO, the
image of the same area recorded at 400 K (i.e., aboveTOO)
is given in insert.

In the third part (for largerx), the ED patterns recorded
belowTCO present extra satellites appearing around the main
Bragg spots attributed to thePnmaspace group. The satellites
point to a structural modulation that is associated with CO/
OO. Figure 6a illustrates this feature, with the [010] ED
pattern recorded at room temperature for thex ) 0.14

(32) Radaelli, P. G.; Cox, D. E.; Marezio, M.; Cheong, S. W.Phys. ReV.
B 1997, 55, 3015.

Figure 2. Upper panel: Temperature dependence of the unit-cell parameters
(a, b, andc) vs temperature forx ) 0.10; the evolution ofâ is given in the
inset. Lower panel: Corresponding cell-volume evolution and phase ratio
in inset.

Figure 3. Temperature dependence of the cell volume (Pnma) for x )
0.15; in inset, corresponding cell parameters vsT.
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compound. The modulation vector is parallel to theab* axis
and possesses an incommensurate value of the modulation,
qb = 0.23ab*. On this ED pattern, the weak satellites apparently
observed along thecb* direction are in fact due to the presence
of twinned domains disoriented to one another by 90° in
the crystals. In images b and c in Figure 6, the [010] images
recorded at room temperature present a modulation of the
contrast with a periodicity in good agreement with theqb
vector deduced from the ED observations. In that part of
the phase diagram, the experiments show that the CO de-
velops at relatively highTCO (>RT), for example, the evo-
lution of the modulation value versus temperature is pre-
sented in Figure 6d. At low-temperature, it remains stable
and close to 0.23. The observation of aPnmasubcell with
extra spots at= 0.23a* by electron diffraction is in agreement
with the refining of the RT X-ray pattern in aPnmasubcell.
For thex ) 0.14, 0.15, and 0.16 samples, the electron dif-
fraction observations lead to a similar∼0.23 value at 92 K.

All these structural phenomena are quite similar to those
observed for the Mo substituted calcium manganese series
in the same range ofx values.21

Magnetic Properties.The G-type AFM ground state of
CaMnO3 is associated with a weak ferromagnetism due to

theDzyaloshinskii-Moriyainteractionsoroxygennonstoichiometry.1-5

As shown in Figure 7, the observed magnetization in an
applied magnetic field of 1.45 T at 4 K is about 0.04µB per
Mn. As x is slowly increased in CaMn1-xWxO3, the magne-
tization value increases, reaches a maximum around 0.4µB

for x ) 0.04, and then drops to a value smaller than that of
CaMnO3 (Figure 7). Ferromagnetism in these compounds is
explained by the fact that the substitution with W introduces
mobile electrons into the eg band, so that the interactions of
these carriers via t2g spins induce ferromagnetic coupling.
Even if the magnetization is recalculated per Mn atom and
not for the formula unit (Mn+ W) as shown in Figure 7,
the maximal observed moment is smaller than the one of
about 1.0µB reported for the electron-doped manganites
Ca1-xLnxMnO3 for a similar Mn3+/Mn4+ ratio (around 0.08-
0.10).6 For these compounds, the low-temperature magnetic
state was described as FM clusters in a G-type AFM matrix.
The small value of the magnetization indicates that the FM
interactions are weaker in these Mn-substituted manganites,
in connection with the d0 configuration of W6+, which limits
the double exchange (DE) in the Mn sublattice.

For x g 0.07, no spontaneous FM moment is detected in
the magnetization measurements. The magnetic susceptibility
curves in Figure 8 show two distinct anomalies, also
observable by the thermoelectric power measurements
presented below. Forx ) 0.10 and 0.12, the anomaly at high
temperature corresponds to the monoclinic transition, whereas
the anomaly at lower temperature (around 170 K) is related
to the ordering of the C-type AFM (see the neutron
diffraction study on analogous compound CaMn0.9Mo0.1O3

22).
These compounds thus remain in the paramagnetic state on
cooling below the orbital-ordering temperature untilTN,
which does not vary (around 170 K), whereasTOO varies
from 320 K for x ) 0.10 to 370 K forx ) 0.12. It is
remarkable that this OO state develops at unusually high
temperature, significantly larger than the maximum observed
in the Ca1-xPrxMnO3 and Ca1-xSmxMnO3 systems, where
orbital ordering is coupled with the onset of C-type AFM
order,TOO ≈ TN ≈ 140 K. For thex ) 0.07 sample, it is not
so clear on the susceptibility curve, but two anomalies can
be also detected, meaning that structural and magnetic orders
remain decoupled.

Figure 4. [010] Typical Pnmaelectron diffraction pattern recorded for
the smallerx values of the CaMn1-xWxO3 series (in this casex ) 0.04 and
92K). h00, h ) 2n + 1 and 00l,l ) 2n + 1 are highlighted by double
diffraction phenomena.

Figure 5. CaMn0.90W0.10O3 (a) [010] electron diffraction pattern recorded at RT. The white lines drawn on the ED pattern show the splitting of the spots
correlated to the establishment of the monoclinicP21/m structure belowTOO. (b) [010] image recorded at RT. The parallel domains associated with the
appearance of the monoclinic distortion are clearly observed. In insert, on the same part of the crystal, the parallel domains have totally disappeared at 400
K (i.e., aboveTOO), and the structure presents aPnmasymmetry.
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For the x ) 0.15 sample, presented in Figure 8, the
anomalies at high- and low-temperature reflect the charge/
orbital ordering and the onset of magnetic order, respectively,
TCO ≈ 380 K andTN ≈ 120 K.

Transport Properties. The temperature dependence of the
electrical resistivity and thermopower of the CaMn1-xWxO3

series is shown in Figures 9-11. In Figure 9, the measure-
ments forx ) 0.02, 0.04, and 0.07 are compared with our
earlier data on A-site-substituted manganites (CaMnO3,

Ca0.975Pr0.025MnO3, Ca0.95Sm0.05MnO3, and Ca0.90Sm0.10-
MnO3

33,34). It is seen that the electron doping, which induces
a decrease in the RT resistivity, quickly changes the
semiconducting character of CaMnO3. In the case of Ca0.975-
Pr0.025MnO3, for instance, the resistivity value decreases
slightly with decreasing temperature down to about 150 K
in a metalliclike manner and finally turns up because of
localization in AFM region at lower temperatures. In the
same way, the RT value of the thermopower drops from

Figure 6. CaMn0.86W0.14O3 (a) ED pattern recorded at room temperature characteristic of the charge-ordered state observed in the third part of the phase
diagram. The satellites characteristic of the incommensurate structure are systematically observed around the main spots of the ED pattern. Theq value is
close to 0.23. The weak satellites appearing alongc* are due to ED pattern superposition of 90° oriented domains. (b) Lattice image associated with Figure
6a showing stripes attesting that the modulation is well-established in quite large zones of the crystal at room temperature. The periodicity of the contrast
is in good agreement with theq value deduced from ED. (c) Enlargement of (b); on this HREM, image one can note that the structure of the stripes is not
so regular. The incommensurate aspect of the modulation has to be connected with the local variations of the contrast. (d) Evolution of the amplitude of the
modulation vector vsT (temperature increasing from 92 to 400 K); inset ED patterns recorded above room temperature are presented to show the disappearance
of the satellites atTCO.
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about-800µV/K (for CaMnO3) to -200µV/K (for Ca0.975-
Pr0.025MnO3). For the latter, the thermoelectric power exhibits
a linear (metallic) dependence versus temperature and a
marked localization is observed atTN ) 115 K, which reflects
the AFM matrix properties. Similar trends are observed for
Ca0.95Sm0.05MnO3, whereas Ca0.90Sm0.10MnO3 shows a clear
decrease in both the electrical resistivity and thermopower
below 115 K, pointing to an electric percolation of the more
conducting FM regions formed in the AFM matrix. Concern-
ing the CaMn1-xWxO3 system, there is also a systematic
decrease of resistivity and thermopower at RT fromx ) 0.02
to x ) 0.07. However, the resistivity values are about 1 order
of magnitude higher and the metalliclike decrease in resistiv-
ity is not achieved for samplesx ) 0.02 and 0.04 despite
the relatively large eg electron doping of 4 and 8%,
respectively. Bothx ) 0.02 and 0.04 samples show a
localization below 115 K associated with AFM ordering and
segregation of the non-percolating FM regions detected by
magnetic measurements, as mentioned above. The samplex

) 0.07 exhibits a more marked localization at 180 K, both
in resistivity and thermopower, that is attributed to the onset
of the ferrodistortive orbital ordering, prerequisite for the
C-type magnetic order.

The transport data of samplesx ) 0.07, 0.10, and 0.12
are summarized in Figure 10, where Ca0.80Sm0.20MnO3 data
are added for comparison.34 Above TOO, the linear metalli-
clike temperature dependence of both resistivity and ther-
mopower is observed. A negative sign and decreasing slope
(dS/dT) of thermopower withx point to an increasing
concentration of electronlike charge carriers. Onset of orbital
order is accompanied with localization in resistivity and
thermopower. For the samplesx ) 0.07 and 0.10, there is a
marked upturn of the thermopower at low temperatures,
followed by a sign change from negative toward positive
values. The positive value of the thermopower at the lowest
temperatures points to a holelike character of charge carriers
in the conducting FM chains of the C-type AFM phase.22

The measurements of the samplex ) 0.15 are presented
in Figure 11. The increased resistivity and the change from
a metallic to a semiconducting character at high temperatures
reflect the Mn-sublattice defects induced by the high content
of W. The thermopower is temperature independent and close
to -50 µV/K. Localization due to charge ordering occurs at
TCO ≈ 380 K, which corresponds well with the susceptibility

(33) Savosta, M. M.; Nova´k, P.; Maryško, M.; Jirák, Z.; Hejtmánek, J.;
Englich, J.; Kohout, J.; Martin, C.; Raveau, B.Phys. ReV. B 2000,
62, 9532.

(34) Hejtmanek, J.; Jira´k, Z.; Maryško, M.; Martin, C.; Maignan, A.;
Hervieu, M.; Raveau, B.Phys. ReV. B 1999, 60, 14057.

Figure 7. Magnetic moment vs temperature, measured on zero-field-cooled
samples withx ) 0, 0.02, 0.04, 0.05, and 0.07 on heating in 1.45 T,TC is
shown by a vertical arrow forx ) 0.04.

Figure 8. CaMn1-xWxO3: Magnetic susceptibility vs temperature, deduced
from magnetization measured in 1.45 T and zfc mode. Thex values are
given in the graph;TN andTOO are indicated with vertical arrows for thex
) 0.10 sample.

Figure 9. Temperature dependence of electrical resistivity (up) and
thermopower (down) for CaMn1-xWxO3 with x ) 0.02, 0.04, and 0.07
compared with CaMnO3, Ca0.975Pr0.025MnO3, Ca0.95Sm0.05MnO3, and
Ca0.90Sm0.10MnO3.
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change in Figure 8. Down to the lowest measurable tem-
peratures, the thermopower remains negative and its absolute
value increases markedly belowTN. This behavior points to
an enhanced localization of the electronlike charge carriers
and is clearly distinguishable from the holelike conduction
characterizing the FM chains of the C-type phase.

Discussion and CaMn1-xWxO3 Phase Diagram. The
(T,x) structural and magnetic phase diagram of the
CaMn1-xWxO3 system is drawn in Figure 12 (for 0e x e
0.16) by using the results of transmission electron micro-
scopy, X-ray powder diffraction, and magnetic and transport
measurements. Because of the lack of neutron diffraction
data, the low-temperature magnetic structures are determined
by comparison of the structural and physical properties of
this W-system with the results obtained for the analogous
Mo series, for which neutron diffraction data are available.
Gradually increasingx, three compositional regions can be
distinguished. For smallx, the structure remainsPnma, and
at low temperatures, a transition from a PM to a AFM state
with a small FM component is observed at about 110 K,
whateverx. The intermediate region extends roughly from
x = 0.07 to x = 0.12. With decreasing temperature, a
structural transition fromPnmato P21/m is first observed,
corresponding to the setting of the orbital ordering. Below
this temperature, a magnetic transition from PM to AFM

(C-type) appears. The structural transition temperature
increases strongly withx and exceeds room temperature for
higherx values, whereasTN increases only slightly, keeping
the magnetic ordering temperature close to 150 K. The third
region (x g 0.13) is the domain of charge- and orbital-ordered
phases. The charge ordering originates well above RT and
is associated with a structural modulation characterized by
the wave vectorqb = 0.23ab*. The AFM order sets in at much
lower temperature. It bears strong similarity to that reported
for the A-site-substituted systems Ca0.75Pr0.25MnO3

26 or Ca0.75-
La0.25MnO3

35 with 1:3 Mn3+:Mn4+ order and a modulation
vectorqb ) 0.25ab*. Both transition temperaturesTCO andTN

decrease slightly whenx increases.

Figure 10. Temperature dependence of electrical resistivity (up) and
thermopower (down) for CaMn1-xWxO3 with x ) 0.07, 0.10, and 0.12,
compared with Sm0.2Ca0.8MnO3 (as a reference for the C-type AFM
behavior).

Figure 11. Temperature dependence of electrical resistivity (up) and
thermopower (down) for CaMn0.85W0.15O3.

Figure 12. (T,x) structural and magnetic phase diagram of the CaMn1-xWxO3

series. The space groups are given (PnmaandP21/m), and CO stands for
charge ordering; PM, AFM, and FM are for para-, antiferro-, and
ferromagnetism, respectively.
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The observed phase diagram shows a strong analogy to
that previously reported for related system with another
hexavalent substitution, CaMn1-xMoxO3.22 In both series,
each W6+ or Mo6+ ion creates two electrons in the Mn
sublattice, so that the electron-doping rate is faster with this
substitution than in CaMnO3 substituted on B-sites by
pentavalent cations (like Nb, Ta, or V). There is neither
A-site structural disorder nor A-site magnetic contribution
associated with magnetically active lanthanide, but the W
or Mo cations induce defects that affect the transfer of eg

electrons in the Mn sublattice. The ferromagnetic double-
exchange interactions, linked with “shared” eg electron
between two neighboring Mn (via O), are largely reduced,
which is manifested by lower electric conductivity compared
to A-site-substituted CaMnO3 at the same electron doping.
Even if the metallic character is retained forx ) 0.04, the
maximum observed moment of 0.4µB is about twice smaller
than for Ca0.92Sm0.08MnO3. It is worth mentioning that a
similar effect is observed for the Nb5+- or Ta5+-substituted
CaMnO3.18 In these pentavalent systems, an even more
drastic reduction of the double exchange takes place, and in
particular, the maximal bulk magnetization reaches only 0.2
µB for 6% of substitution. This suggests that the mobility of
eg electrons is more strongly influenced by the quantity of
defects than by their formal valence. The concomitant
decrease of eg electron mobility and conservation of metal-
licity suggest that the charge defects are effectively screened
by electrons at the eg band bottom,36 only the itinerant
electrons at Fermi level become “heavier” and more scat-
tered.

An interpretation of these data can be proposed by using
the description of the temperature dependence of the
thermoelectric power for electron-doped manganites intro-
duced by some of us.37 The model applies to eg electrons on
a cubic lattice, interacting via oxygen. For the sake of
comparing different systems, we set the energy difference
between the eg and p levels to a common and generally
accepted value, namely 2 eV. As a result, we are left with
two free parameters:tzz which represents the effective Mn-O
hopping amplitude, andE0, which stands for the ratioL12/
L11. Typical values for the resulting bandwidth W, which
follow from tzz, are close to 0.5 eV (W≈ 0.43 eV for
CaMn0.86Mo0.04O3

37), whereasE0 ≈ -10 meV (E0 ≈ -16
meV for CaMn0.86Mo0.04O3). Let us stress that good agree-
ment between the theoretical curve and experimental data is
only achieved in a narrow range of parameters. The result
of this analysis is presented in Figure 13. We start with
CaMn0.96W0.04O3, first assuming that the charge carrier
density n is the nominal one,n ) 0.08. In this case, a good
agreement with the experimental data is obtained forW )
0.40 eV andE0 ) -12 meV. These values are compatible
with the ones previously reported.37 Nevertheless, using the
same W value to analyze thex ) 0.02 sample yields only a
poor agreement, even though one expects that both samples

should be characterized by the same W. We therefore
reanalyzed both samples by allowing the carrier density to
slightly deviate from the nominal value. We indeed obtained
a significantly better agreement to thex ) 0.04 sample for
n ) 0.106 andW ) 0.33 eV, and forn ) 0.074 andW )
0.33 eV to thex ) 0.02 sample. This question of the actual
carrier density will be discussed later. Having obtained a
consistent parameter set, we can compare it to the case of
substituting with Mo. In that case, the same analysis yields
W ) 0.43 eV, which is larger than in the W-substituted
sample. We therefore deduce that the W6+ ions more
effectively scatter the eg electrons than the Mo6+ ions. As a
result, we expect that ordering temperatures will be higher
for the W-substituted samples, which is indeed compatible
with the resistivity and magnetic measurement presented
above.

This model is valid in the case of small doping, whenS
varies linearly at highT (x e 0.12). For largerx (x ) 0.15),
the thermopower tends to a weakly temperature-dependent
value aboveTOO. This value is very similar to that observed
in Ca0.65Sm0.35MnO3 (measured, however, only up to 300
K, so the high-temperature behavior is not exactly known),34

in which the Mn valency is equal to 3.65. Empirically, we
find a good agreement between a simple configurational
entropy term (Heikes formula) and charge-carrier concentra-
tion presumed from chemical formula, i.e.,-53µV/K for x
) 0.15.38 In Ca1-xLaxMnO3 (0.4 e x e 0.9), i.e., for the
A-site-substituted system, it has been, however, argued that
Svaries as 1/T at high temperatures and tends to a constant
value close to-19µV/K, independently ofx.39 This constant
was intuitively linked to spin entropy of Mn3+/Mn4+

background. In CaMn0.85W0.15O3, this behavior is not repro-
duced and the Seebeck coefficient can be simply explained
considering only the doping term of the Heikes formula, such
as if any additional entropy, including that of spin back-
ground, remains quenched up to high temperatures. We note
that the explanation of the thermoelectric power is still a(35) Pissas, M.; Margiolaki, I.; Prassides, K.; Suard, E.Phys. ReV. B 2005,

72, 064426.
(36) Ziman, J. M.;Principles of the Theory of Solids; Cambridge University

Press: Cambridge, U.K., 1964; p 131.
(37) Frésard, R.; He´bert, S.; Maignan, A.; Pi, L.; HejtmanekPhys. Lett. A

2002, 303, 223.

(38) Chaikin, P. M.; Beni, G.Phys. ReV. B 1976, 13, 647.
(39) Palstra, T. T. M.; Ramirez, A. P.; Cheong, S. W.; Zegarski, B. R.;

Schiffer, P.; Zaanen, J.Phys. ReV. B 1997, 56, 5104.

Figure 13. Thermopower of CaMn0.96W0.04O3 (circles) and CaMn0.98W0.02O3

(diamonds). Theoretical calculations forn ) 0.08,W ) 0.4 eV,E0 ) -12
meV (dotted line),n ) 0.106,W ) 0.33 eV,E0 ) -14 meV (full line);
and forn ) 0.074,W ) 0.33 eV,E0 ) -11 meV (dashed line).
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matter of controversy; nonetheless, a possible discrepancy
between proposed explanations for Ca1-xLaxMnO3 and
CaMn0.85W0.15O3 (Ca0.65Sm0.35MnO3) can just lie in a more
localized carrier because of higher distortion (due to Sm-
for-Ca substitution) or strong perturbation of conducting
MnO6 network (due to W-for-Mn substitution).

An interesting finding in the region of C-type AFM phases
of the CaMn1-xWxO3 system is the exceptionally high orbital
order temperature, reachingTOO = 370 K for x ) 0.12.
Because the itinerancy of electrons is reduced in the present
system, the stabilization of the ferrodistortive OO cannot
originate from the eg electron delocalization in the FM chains
of the C-type phase. Instead, it should be related to the
formation of static Mn3+O6 distortions and their interactions
via homogeneous strain field, i.e., to the cooperative Jahn-
Teller effect.

The reasons for exceptionally high critical temperature for
charge order in the third compositional region are also not
yet clear. The presence of W in the Mn sublattice disturbs a
regular Mn3+/Mn4+ ordering, but on the other hand, the
electron delocalization is largely suppressed up to high
temperatures, which may be favorable for highTCO. The
origin of particularly high structural transition temperatures
is thus probably the same for both orbital and charge
ordering. The ionic size of W6+ (0.60 Å), intermediate
between 0.53 and 0.64 Å for Mn4+ and Mn3+ respectively,
probably minimizes the local strain because of the size
mismatch.40 Moreover, the electronic configuration d0 mini-
mizes the magnetic disorder on the Mn sublattice and there
are no magnetic interactions with the A-sublattice. A link
could be done with the Mn4+-rich Ruddlesden-Poppern )
1 phases, where highTCO values are also observed because
of the weaker interactions between the next-nearest Mn (in
connection with the 2D character of the structure).41,42

Considering that the Mo6+ ions possess the same inactive
d0 electronic configuration and have a size (0.59 Å) similar
to that of W6+, it is not clear why the transition temperatures
TOO andTCO are significantly higher in the W-based systems.
As a tentative explanation, we speculate that the different
electronegativity as well as the∆G(T) Ellingham diagram
dealing with W and Mo could be parameters to take into
account. In fact, W and Mo do not behave in a similar way
in such oxides, as shown by the existence of the double
perovskite Ca2MnWO6,30 whereas no information (to the best
of our knowledge) is reported about Ca2MnMoO6. That could
be probably connected with the easier stabilization of Mo+5

(than W+5) as demonstrated in Ca2FeMoO6.43 A Mo+5/Mo+6

mixed valence could thus be less efficient at inducing
localization than W+6.

Another interesting aspect of the charge ordering is the
sameq value observed at low temperatures for a whole range
of x in both the Mo- and W-based manganites. The cationic
composition and the oxygen content were checked for thex
) 0.14 sample, for which a 0.23 value of the modulation

vector is observed. These characterizations do not refer to
any shift in the Mn valence due to an oxygen or cationic
nonstoichiometry, and the incommensurate ordered structure
should be attributed to a pinning of the modulation vector
at the particular valueqb = 0.23ab*. It is clear that further
investigations are needed to understand the phenomena
involved in these systems. In fact, a very small variation in
the actual composition (in the limit of the error, whatever
the characterization type) will induce small shifts in the Mn
valence, which could explain the open questions previously
mentioned about theq values or the TEP parameters. In these
compounds, parameters such as oxygen content and Mn/W
and Ca/(Mn + W) ratios can all vary simultaneously.
Because of the stronger localization of the carrier in this
system, in connection with the static repartition of the foreign
elements on the Mn sublattice, the actual distribution of the
cations may play a role in the observed properties. Moreover,
short-range cationic ordering could also play a role, in
agreement with the observation of double perovskites forx
g 0.2. Another point in favor of a possible importance of
the cationic distribution is the fact that as soon as the CO/
OO appears (that is in small area of thex = 0.12 sample),
the typical valueqb = 0.23ab* is observed, which is close to
the expected valueqb = 0.24ab*; the difference between
observed and theoretical values then increases withx. It is
likely that there is a kind of threshold (around 10%) upon
the B-sublattice, as there is one at a similar value on the
A-site framework, for which the nature of the interactions
change.

To provide a better description of these compounds, it is
necessary to know in detail and with a high accuracy the
crystal structure (interatomic distances, tilting of the octa-
hedra, etc.). Consequently, a neutron diffraction study versus
temperature of CaMn0.86Mo0.14O3 and CaMn0.86W0.14O3 is
under way.

Conclusion

A structural and magnetic phase diagram is proposed for
the CaMn1-xWxO3 system (0e x e 0.16) that shows a
similar succession of three phases with different ground
states, as in the Mn4+-rich side of the Ca1-xLnxMnO3 series.
Three compositional regions of different ground states can
be distinguished and, by comparison with the Mo series,
associated with G-type AFM with a weak FM component,
C-type AFM associated with orbital ordering, and Mn3+/
Mn4+ charge and orbital ordered AFM arrangement. This
study demonstrates lower itinerancy of doped electrons in
the high-temperature region, which is favorable for stabiliza-
tion of OO in the C-type region and CO/OO for higherx
values. Tungsten ions induce a large amount of Mn3+ in the
matrix, but also a strong localization by impurity scattering,
suppressing double exchange. Such a situation is favorable
for orbital and/or charge ordering at high temperatures,
around 380 K.
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