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As trivalent Nd3+ and divalent Ca2+ ions have virtually the same ionic size, NdxCa2−xFeMoO6 is a quasi-
ideal material to explore electron-doping effects in double perovskites. We report here a study of its structural,
magnetic, and transport properties. We show that although steric effects are absent and the symmetry of the
structure is preserved upon Nd doping, the Curie temperature of these oxides rises at a rate of 1.8s3dK/ %Nd.
We argue that this is a genuine band-filling effect that takes place in a rigid electronic-band system. On the
basis of these observations we critically revise some assumptions in currently available models of ferromag-
netic coupling in double perovskites.
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I. INTRODUCTION

The double perovskites(DP) A2BB8O6 are being inten-
sively investigated nowadays due to the finding of ferromag-
netic and metallic behavior in Sr2FeMoO6 (SFMO).1 Indeed
SFMO has a Curie temperature of above 400 K and it has
been predicted to be a half-metallic ferromagnet;1 thus it is
an almost ideal candidate to be used in magnetoelectronics as
it overcomes the severe temperature limitations of the man-
ganese perovskites. In the ideal Sr2FeMoO6 structure, the
SrFesModO3 perovskite building-blocks form a NaCl-
superlattice in such a way that the Fe-FesMo-Mod distance is
doubled with respect to elementary perovskite unit cell. The
magnetic structure of this oxide was originally1 described as
resulting from an antiferromagnetic coupling between Fe-d5

ions sFe3+d electrons and Mo-4d1 electrons, in a
ferrimagnetic-like structure. However, recent reports indicat-
ing that the dominant magnetic interaction in the system is
ferromagnetic2,3 and that magnetic moment at Mo ions is
small 4,5 have forced to review the picture. In fact, the ob-
servation of a substantial low-field magnetoresistance1 and
that electrical resistivity appears to be correlated with the
Curie temperature6 suggested that charge carriers have a
dominant role in the magnetic coupling. Therefore, it was
assumed that the localizedspin-upelectrons of the 3d5sFe3+d
configuration are antiferromagnetically coupled via intra-
atomic Hund coupling to an itinerantspin-down electron
shared by hybridized 3dsFed-4dsMod orbitals. It follows that
this picture bears some resemblance to the double-exchange
model used to describe the ferromagnetic coupling in man-
ganites. However, we note that the Mo ions, having an elec-
tronic configuration 4ds1-dd, are very weakly magnetic and
the distance between the magnetic ionssFed is of about
0.7 nm. We recall that in the ferromagnetic manganites the
Mn-Mn distance is,0.35 nm, that is about a half of the
Fe-Fe distance in DP’s. In spite of this, the Curie temperature

in DP’s is higher than in manganites. This simple observation
indicates that the nature of the ferromagnetic coupling in DP
shall differ in some essential aspects from that of mangan-
ites.

Tovar et al.3 proposed that the ferromagnetic coupling is
mediated by the itinerant carriers(electrons) at the Fermi
level much as in the conventional Ruderman–Kittel-
Kasauya-Yosida(RKKY ) itinerant ferromagnets or in the di-
luted magnetic semiconductors.7 From that picture, a natural
suggestion to increase the Curie temperature emerged and it
was proposed that increasing the carrier density may lead to
a change of the density of states at the Fermi level, and a
concomitant change of the Curie temperature.3 Electron dop-
ing has been achieved by substituting trivalent ions(La3+ or
Nd3+) for divalent Sr2+ or Ba2+ ions in Sr2-xsLa,NddxFeMoO6

(Refs. 8–13) or Ba2-xLaxFeMoO6.
14 Using a variety of tech-

niques, including low-field magnetic susceptibility,8,14 Arrot
plots15 and neutron powder diffraction,9,12,13 it has been
shown that the Curie temperature of SFMO is increased
when the carrier density increases. Moreover, photoemission
experiments on Sr2-xLaxFeMo6 have provided evidence of
the enhancement of the density of states at the Fermi level
upon La substitution.16 Nuclear magnetic resonance17 or
Mössbauer spectroscopy10 have been used to show that La
or Nd substitution indeed produces a carrier injection mainly
at the 4dsMod states. It may be useful to recall that electron
doping has also been attempted in other DP’s having a me-
tallic sublattice not formed by sFe,Mod, such as
Sr2CrWO6.

18 The results reported so far are disappointing, in
the sense that the Curie temperature of Sr2-xLaxCrWO6 does
not increase upon La doping.18

Starting from a double-exchange-like model, Milliset
al.19 have used the dynamical mean field method to estimate
the Curie temperatures of several DP’s such as Sr2FeMoO6
and Ca2FeReO6. However the approximations/assumptions
of the model appear to be not appropriate as Sr2FeMoO6 is
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predicted to be nonferromagnetic and the Curie temperature
of the Re-oxide is found to be of only 1/5 of the experimen-
tal value. More successful have been the approaches of
Alonso 20 and Sarma21 as a ferromagnetic ground state is
found for SFMO. The effect of electron doping has also been
addressed theoretically. However, again the predictions
sharply disagree with the experiments described above. In-
deed, Millis 19 and Alonso20 have argued that in a double-
exchange scenario and in absence of antisites[misplaced
FesMod ions at MosFed sites], the Curie temperature should
decrease if the carrier concentration is increased.

These theoretical models assume that doping occurs in a
rigid-band system; that is the inter-site Fe-O-Mo hopping
integrals are not modified by the doping process. However, it
is clear that this assumption is quite unrealistic in the experi-
ments reported so far. Indeed, in A2-xLxFeMoO6 (A=Sr or
Ba; L=La or Nd) the ionic sizes of Sr2+ or Ba2+ ions (1.26
and 1.42 Å, respectively) substantially differ from the sub-
stituting ions(La3+ and Nd3+, with 1.16 and 1.109 Å, respec-
tively) and consequently the atomic substitution shall trigger
a rotation ofsFe,ModO6 octahedra. This rotation bends the
mean Fe-O-Mo bond angle, and even lowers the crystal
symmetry,8,11–13modifying the hopping-integrals and conse-
quently the bandwidth. To what extent this is the ultimate
reason for the disagreement between experiments and theo-
retical predictions remains to be elucidated and this is the
purpose of the present manuscript. To avoid steric modifica-
tions of the Fe-O-Mo bond topology upon lanthanide substi-
tution we have synthesized Ca2-xNdxFeMoO6: as the ionic
radius of Nd3+ s1.109 Åd is almost coincident with that of
Ca2+ s1.12 Åd we do not expect substantial bond modifica-
tions upon Nd substitution. Indeed, we will show that, in
contrast to previously reported substitution schemes,8,11–13

the symmetry of the crystal lattice is kept constant upon Nd
doping. It follows that Ca2-xNdxFeMoO6 is aquasi-idealma-
terial to compare doping effects with theoretical predictions.

We will report here a detailed characterization of these
oxides with a special emphasis and cautions on the determi-
nation of the Curie temperature as a function of the
Nd-doping. Moreover, due to the similar sizes of Nd3+ and
Ca2+ ions, the structural disorder created by the substitution
is expected to be very much reduced and indeed, the mag-
netic transition -either in magnetization or neutron powder
diffraction experiments- are sharper than in previoussLaSrd
or sLaNdd studies. We will show, for the first time, that elec-
tron doping in Ca-based double perovskites promotes a sub-
stantial increase of the Curie temperaturesTCd. Moreover, we
will show from 95,97Mo nuclear magnetic resonance(NMR)
that e-doping strongly enhances Mo magnetic moment al-
lowing one to conclude that dopped electrons are accommo-
dated in the spin polarized 4d-Mo orbitals. These findings
definitely settle that carrier doping in Sr2FeMoO6 raisesTC
and that discrepancies with theoretical modes probably go
deeper than the rigid-band approximation. As discussed in
the last part of this paper, these observations provide serious
constrains to microscopic models.

II. EXPERIMENTAL

Ceramic samples of NdxCa2-xFeMoO6, with x=0, 0.2, 0.4,
0.6, and 0.8, were synthesized by standard solid-state reac-

tions. CaCO3, Nd2O3, Fe2O3, and MoO3 were mixed in ap-
propriate ratios and fired twice in air at 900°C. After that,
the obtained powders were pressed into small pellets and a
final treatment was done at 1250°C in reducing Ar-H2 atmo-
sphere. Finally, samples were slowly cooled down to room
temperature. All samples resulted single phase, with only
small tracess,1%d of CaMoO4 for x=0.4 and 0.8. The
structural characterization was done by means of x-ray pow-
der diffraction (XRPD, Siemens D-5000 diffractometer,
Cu ka1,a2 radiation). Additionally, neutron powder diffraction
(NPD) studies were performed at the Institute Laue-
Langevin(ILL, Grenoble) at the D1Bsl=2.52 Åd diffracto-
meter from room temperature(RT) to well aboveTC. Ri-
etveld refinements of diffraction data were done using
FULLPROF software.22 XRPD and NPD data collected at RT
have been jointly refined in order to determine the changes
of the structural parameters upon doping.

Magnetic characterization was performed by using a
Quantum-Design SQUID magnetometer(2–300 K, up to
5.5 T). Magnetic measurements above room temperature
were made by using a vibrating sample magnetometer
(VSM). The magnetotransport properties have been mea-
sured in a PPMS system from Quantum Design.

Microscopic characterization of charge and spin distribu-
tion around Mo has been carried out using NMR technique.
95,97Mo NMR experiments have been performed at 4.2 K in
zero magnetic field using a coherent, phase sensitive spin
echo spectrometer. The NMR spectra have been recorded
every 1 MHz in the frequency range 20–140 MHz and cor-
rected for the intrinsic enhancement factor which was experi-
mentally determined at each frequency point from the power
dependence of signal intensity.

III. RESULTS AND DISCUSSION

A. XRPD and NPD results

The diffraction patterns corresponding to
NdxCa2-xFeMoO6 (NCFMO) samples were successfully re-
fined on the monoclinicP21/n space group(SG) as was pre-
viously reported for Ca2FeMoO6 samples.23 It is well estab-
lished that the structure of perovskites ABO3 is determined
by the tolerance factort. The evaluation oft for the
NdxCa2-xFeMoO6 (x=0 to x=0.8) series shows that it does
not vary appreciably(from 0.869 to 0.871). Therefore, the
observed conservation of crystalline symmetry outcomes as a
natural result when considering the similar ionic radii be-
tween Nd3+ and Ca2+, which leads to a nearly invariant tol-
erance factor in the studied doping range.

Structural details obtained from the joint Rietveld refine-
ment of XRPD and NPD data are listed in Table I. Figure 1
diplays lattice parameters and cell volume(normalized to
that ofx=0) obtained as a function ofx. A monotonic expan-
sion of both the cell parameters and cell volume is observed
upon increasing the Nd-substitution. As this expansion can-
not be attributed to steric effects, it has to be interpreted as a
genuine signature of the effective doping of antibonding
states on the Fe-Mo sublattice, which produces an enlarge-
ment insFe,Mod-O bond distances.12 It is very instructive to
compare the cell expansion observed in the NCFMO case
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with the corresponding data[included in Fig. 1(b)] obtained
for other electron doped DP’s(LSFMO 12 and NSFMO11): It
can be appreciated that the expansion of unit cell volume is
stronger in NCFMO than in LSFMO12 and NSFMO.11 This

difference can be understood when taking into account the
fact that RCa<RNd,RLa,RSr; it follows that the volume
contraction upon La or Nd substitution in Sr2-xAxFeMoO6
(A=La, Nd) competes with the cell expansion due to elec-
tron injection, thus reducing the rate at which the unit cell
volume expands. Therefore, the NCFMO series presented in
this paper permits to fully appreciate the structural effect
(cell expansion) produced by band filling on Fe-Mo double
perovskites, without the concomitant existence of structural
distortions that may mask the influence of electron injection
on the properties of the material. The volume expansion
(about 2% forx=0.6) is close to what should be expected
from the sFe,Mod-O bond expansion coefficient(Dd/d
<0.5% for x=0.5).12 Notice that this variation sDd
<0.01 Åd is smaller than the error bars in Table I.

Values printed in Table I show no appreciable variations
of Fe-O-Mo bond angle upon doping. With this result we can
asses that the change of this angle along the series, if any, is
below the error bars(about 1°) and that it is much smaller
than in other series(about 6° in LaxSr2-xFeMoO6 between
x=0 andx=0.6).12 The electronic bandwidthsWd is given by
W< fsud /d3.5 24 where fsud is some function of the bond
angle andd its length. Therefore, beingfsud constant, the
bond expansion shall produce a relative change ofW of only
DW/W<2%, thus justifying that our electronic system can
be viewed as a rigid one.

In the ideal double perovskite,B/B8 ions order in a rock-
salt-like structure. However, it is usually found that FesMod
ions get misplaced in MosFed sites. That is what is called an
“antisite” (AS). In our convention, a perfectly orderedB/B8
sublattice presents 0% of AS, while 50% of AS means a
completely disordered one(that is, eachB/B8 position can
be randomly occupied by an Fe or Mo ion). Figure 1(c)
shows the concentration of antisites, as determined from
XRPD Rietveld refinements, for the NCFMO series(semi-
open circles). It is clear that AS increases with doping, as
was also found for LSFMO12 (solid circles) and NSFMO11

(open circles) electron-doped samples. However, we shall
point out that the antisites concentration all along the
NCFMO series is systematically lower than that found in the
case of LSFMO and NSFMO series, as can be seen in
Fig. 1(c).

TABLE I. Structural parameters and reability factors obtained from the joint refinement of XRPD and
NPD data at room temperature.

Sample x=0 x=0.2 x=0.4 x=0.6 x=0.8

Space Group P 21/n P 21/n P 21/n P 21/n P 21/n

asÅd 5.4124(5) 5.4293(6) 5.4334(4) 5.4447(4) 5.4545(4)

bsÅd 5.5226(5) 5.5434(6) 5.5511(4) 5.5645(4) 5.5779(4)

csÅd 7.7045(8) 7.7296(8) 7.7370(8) 7.7543(8) 7.7694(8)

VsÅ3d 230.3(1) 232.7(1) 233.4(1) 235.0(1) 236.4(1)

ASs%d 6(2) 12(3) 14(3) 26(5) 32(6)

kdsFe,Mod-OlsÅd 1.99(2) 1.99(3) 1.99(3) 2.00(5) 2.01(6)

kuFe,O-Mols°d 153(1) 153(1) 153(1) 153(2) 152(2)

RBsXRPDd 3.7 8.9 4.3 4.8 4.2

RBsNPDd 3.2 3.1 3.1 3.7 4.6

x2 6.3 5.2 6.9 8.2 8.3

FIG. 1. (a) Evolution of the lattice parameters upon dopingsxd,
for the NdxCa2-xFeMoO6 series, as determined from XRPD.(b)
Dependence of the cell volume withx, for the following series:
NdxCa2-xFeMoO6 (solid triangles), LaxSr2-xFeMoO6 (open tri-
angles) (Ref. 8) and NdxSr2-xFeMoO6 (semi-open triangles) (Ref.
11). (c) Behavior of antisite concentration as a function of doping
for NdxCa2-xFeMoO6 (semi-open circles), LaxSr2-xFeMoO6 (solid
circles) (Ref. 8) and NdxSr2-xFeMoO6 (open circles) (Ref. 11)
series.
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From NPD data we have obtained the temperature evolu-
tion of cell parameters from RT to well aboveTC. Figure 2
shows this evolution forx=0 andx=0.8 as case examples.
Data have been successfully refined usingP21/n SG above
and below TC. It follows that in NCFMO there is not any
structural transition associated to the onset of the ferromag-
netic state. This observation is at difference with Sr2FeMoO6
compound, presenting a structural transition from cubic
F m 3 m to I 4/m at TC.

B. NMR results

In a previous report on95,97Mo NMR investigations in
Sr2FeMoO6 we have shown that Mo bears its own magnetic
moment and that this moment is the only source of hyperfine
field on Mo; due to thed character of the conduction band
there is no transferred field mechanism and thus the magnetic
moments of the neighbour atoms do not contribute to hyper-
fine field.17 Therefore, the NMR frequency is a direct mea-
sure of a magnetic moment on Mo, on grounds of the basic
NMR relation:

n = gH = gA m,

wheren is the NMR frequency,g is the nuclear gyromag-
netic ratio of Mo, A is the hyperfine interaction constant, and
m is the magnetic moment of Mo ions. Consequently, Mo
NMR frequency is a very sensitive probe of spin polarized
charge around the Mo atom and can be used to monitor
changes of spin and the related variation of the electric
charge located in the 4d orbitals of Mo; even though the
exact value of Mo magnetic momentm cannot be extracted
from these data due to the obscurity of the Mo hyperfine
interaction constant A(see the discussion in Ref. 17).

The 95,97Mo NMR spectrum recorded at 4.2 K from pris-
tine Ca2FeMoO6 (CFMO) [Fig. 3(a)—bottom panel) closely
resembles that reported for the isoelectronic compound
Sr2FeMoO6 (SFMO).17 The main NMR line at 63 MHz in
case of CFMO corresponds to the Mo hyperfine field value
of 22.5 T, which is about 6% less than the corresponding
value in case of SFMO, indicating a proportionally smaller
Mo magnetic moment and a smaller electric charge accumu-
lated in the Mo orbitals. The low frequency structure in the
Mo spectrum is similar to that observed in case of SFMO. A
detailed NMR study carried out on a number of SFMO
samples with a varying content of Fe-Mo anitisites(AS) has
shown that this structure is totally insensitive to the amount
of AS and thus it does not represent Mo atoms with the
perturbed Fe-Mo environment,17 but it could be a signature
of the charge instability proposed by Alonso and Sarma.20,21

The effect of substitution of divalent Ca with trivalent Nd
in NdxCa2-xFeMoO6 on the NMR spectra is presented in Fig.
3(a) for x=0.2, 0.4, 0.6. While the principal spectrum char-
acteristics, i.e., the main resonance line and the low fre-
quency tail are preserved for all concentrations, two effects
are clearly visible: The entire NMR spectrum is shifted to-
wards higher frequencies and the lines become broader lead-
ing to a loss of resolution on the low frequency side. The
position of the main NMR line, determined from a fit of a
symmetric gaussian to the experimental intensity is plotted in
Fig. 3(b). A linear increase of resonance frequency with in-
creasing Nd concentration with a slope of 58.2 MHz per Nd
atom is evident. That means that by replacing one Ca2+ with

FIG. 2. Temperature evolution of lattice parameters ofx=0 and
x=0.8 compounds. Vertical lines are drawn atTC (dashed line cor-
responds tox=0.8 and dot-dashed line tox=0).

FIG. 3. (a) 95,97Mo NMR spectra recorded at 4.2 K from
NdxCa2-xFeMoO6 ceramics, 0øxø0.6. (b) 95,97Mo NMR frequen-
cies of the main linesnd as a function of the Nd contentsxd in
NdxCa2-xFeMoO6.
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Nd3+ ion, the hyperfine field on Mo is increased by about
92%. Since the magnetic moment of Mo is the only source of
hyperfine field, this implies that the magnetic moment of Mo
is almost doubled by replacing one Ca2+ with Nd3+. In view
of the invariance of the electronic structure resulting from
the lack of steric effects, the observed increase of the mag-
netic moment has to be regarded as the filling of Mo-4d
spin-down subband.

It is interesting to compare the observed effect of Nd3+

substitution in CFMO to a similar influence of La3+ doping
in SFMO, which we have reported earlier.17 One can readily
notice that the increase of NMR frequency(58.2 MHz/Nd) is
slightly higher in case of Nd3+ substitution in CFMO com-
pared to La3+ doping in SFMO(49.5 MHz/La). This may be
related to the fact that in case of LSFMO system some steric
effects cannot be excluded which would lead to a smaller
effective field for the same concentration of the trivalent ion
(La, Nd, respectively).

C. Magnetic properties

The determination ofTC is a key experimental issue, as
noted in Ref. 18, and it was done by using different methods.

(i) From magnetization versus temperature MsTd measure-
ments(using a VSM apparatus, under a 1 kOe field) TC was
extracted from the extrapolation of the magnetization in the
transition region to the region of zero magnetization[Fig.
4(b)]. (ii ) Curie temperatures were also extracted from Arrot
plots constructed from isothermal field-dependent magneti-
zation measurements[data for some representative tempera-
tures and samples are included in Figs. 4(c) and 4(d)]. (iii )
Finally, Curie temperatures were also determined from neu-
tron powder diffraction data, by following the evolution of
the intensity of the(101)-(011) doublet[Fig. 4(a)], which is
basically of magnetic origin. We shall stress that data in Figs.
4(a) and 4(b) clearly show that the onset of ferromagnetism
of the NCFMO samples is shifted to higher temperatures as
Nd concentration increases, irrespectively on the experimen-
tal tool used to determine it.

In Fig. 5 we collect the values ofTC extracted from data
in Figs. 4(a)–4(d). Data in Fig. 5 indicate a robust rising of
TC upon doping, independently of the particular way it is
obtained. Assuming a linear dependence ofTC on x we ob-
tain dTC/dx ratios of about 1.9 K/ %NdsMsTdd,
2.1 K/ %NdsNPDd and 1.6 K/ %Nd(Arrot plots). Data in
Fig. 4 also reveals that the magnetic transition broadens

FIG. 4. (a) Evolution of the intensity of the
(101)-(011) doublet with the temperature, as de-
termined from NPD, for selected samples of
the NdxCa2-xFeMoO6 series. The zero is indicated
by dashed lines, and has been shifted up when
necessary, for sake of clarity.(b) Magnetization
s1 kOed as a function of the temperature for
NdxCa2-xFeMoO6 samples. (c) and (d)
Isothermal field-dependent magnetization mea-
surements(Arrot plots), for Ca2FeMoO6 and
Nd0.6Ca1.4FeMoO6, respectively. Curves showing
the change of inflection(indicating thus the Curie
temperature) are signaled in filled symbols.
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slightly when increasing the doping level; this observation
can be better appreciated by determining the full width at
half maximum(FWHM) of the first derivative of MsTd data
as shown Fig. 5(inset). The broadening of the MsTd transi-
tions accounts for the observation of different dTC/dx values
when distinct techniques and criteria are used. Finally, we
shall stress that the observed increase of the Curie tempera-
ture upon Nd-substitution can not be attributed to the pro-
gressive increase of AS upon doping, as it has been experi-
mentally shown that the Curie temperature of Sr2FeMoO6
does not appreciably rise(or even lowers) when increasing
the disorder up to 35% of AS.15

Figure 6(a) shows the magnetization versus field measure-
ments (at 10 K) for NCFMO series(solid symbols). This
figure clearly shows that, under doping, the magnetization of

the samples decreases. In addition, a differential susceptibil-
ity, manifested by the linear increase of magnetization with
the magnetic field, progressively develops. As discussed in
detail in Ref. 11, a similar behavior was observed in
Sr2-xNdxFeMoO6 and it was argued that the high field sus-
ceptibility is dominated by he paramagnetic contribution of
Nd3+ ions. The magnetization associated to thesFeMod sub-
lattice in NCFMO can be deduced after appropriate subtrac-
tion of the Nd-ions contribution as explained in Ref. 11. The
corrected saturation magnetizationssMSd obtained after dis-
counting the paramagnetic Nd3+ contribution, are shown in
Fig. 6(b) (solid symbols). The decrease of the saturation
magnetization is well described by the simple model8

MS
CsAS,xd=4s1-2ASdm·B-xs1-2ASdm·B where the first term

accounts for the lowering of magnetic moment due to the
existence of antisite disorder, and the second term corre-
sponds to the reduction of magnetization due to the injection
of electrons—by doping—on the “spin down” band. The cal-
culated MS

CsAS,xd values are also shown in Fig. 4(b) (open
symbols). The agreement between the experimental and the
estimated saturation magnetizations is remarkably good. It is
worth mentioning that the main contribution to the reduction
of MS

C comes from the presence of AS.

D. Transport properties

The evolution of resistivity with temperature of NCFMO
samples is shown in Fig. 7(main panel). A metallic-like
behavior is observed for the pristine compound until about
50 K, where the temperature dependence flattens and an up-
turn is visible at lower temperatures. Data in Fig. 5 indicate
that upon doping, the low-temperature insulating-like behav-
ior becomes somewhat more important. It thus follows that
Nd-doping induces a moderate detriment of metallicity of the
samples. As investigated samples are ceramics the contribu-
tion of grain boundaries to the measured resistivity cannot be
avoided; however, the monotonic dependence of the normal-
ized resistivity on Nd contents(Fig. 7) suggests that it can be
of intrinsic origin; it could be argued that the presence of
Fe-Mo disorder(antisites) can be at the origin of the weak-
ening of the metallic transport channel. As show in Fig. 7

FIG. 5. (Main Panel) Curie temperatures as a function of doping
sxd, for the NdxCa2-xFeMoO6 series.(Inset) FWHM corresponding
to the first derivative of MsTd data, for the NdxCa2-xFeMoO6 series.

FIG. 6. (a) Magnetization as a function of field, for different
NdxCa2-xFeMoO6 samples. Data was taken at 10 K. Dotted lines
show the corrected magnetization after subtracting the contribution
of paramagnetic Nd3+ ions. (b) Evolution of the corrected experi-
mental saturation magnetization(Ms

c, solid circles), as well as the
estimated value[MssAS,xd, as defined in the text] upon doping.

FIG. 7. (Main panel) Normalized resistivity as a function of
temperature, for the NdxCa2-xFeMoO6 series.(Inset) Magnetoresis-
tance as a function of the magnetic field for selected samples. Data
were taken at 10 K.
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(inset), the magnetoresistance(MR) (at 10 K) is gradually
suppressed by the Nd doping.

A similar trend of resistivity and magnetoresistance upon
La or Nd doping has been recently reported in LSFMO and
NSFMO.8,11 Sarmaet al.25 have suggested that antisites in
double perovskites may suppress the half-metallic character.
Due to the fact that all electron-doped samples display a
higher concentration of antisities, our results appear to be
compatible with Sarma’s suggestion.

IV. SUMMARY AND CONCLUSIONS

After presenting this overview of all results, we turn now
back and focus our attention on the behavior ofTC of
NCFMO series and its implications. We point out that we
have observed a robust increase ofTC upon electronic doping
and we have evidenced the carrier injection into Mo states by
the increase of Mo hyperfine field. Moreover, the enhance-
ment ofTC occurs in a system in which the electronic doping
is achieved while steric effects are minimized, and the crystal
symmetry is preserved upon atomicsNdd substitution.

It is remarkable that the rate dTC/dx we have determined
for the Ca-substituted NCFMOf1.8s3dK/ %Ndg is quite
similar, although slightly larger, than those reported for
Sr-substituted NSFMO seriess1.6 K/ %Ndd 11 or LSFMO
series s1.3 K/ %Lad.8 Moreover, the rate of Mo NMR
frequency dn /dx correlates with the above tendency
(58.2 MHz/Nd in CFMO and 49.5 MHz/La in SFMO). This
observation excludes that steric effects and the eventual
change of symmetry(from I4/m to P21/m) being relevant for
the observed enhancement ofTC. We also note that the close
similarity of dTC/dx is at first sight, surprising and it could
not have been anticipated on the basis of the model by Tovar
et al.3 Indeed, it predicts that the strength of the ferromag-
netic coupling is determined by the density of statessDsEdd
at the Fermi edge.3 Therefore, unless the density of states
close to the Fermi level or, more precisely, its variation upon
band filling, are very similar in both Ca2FeMoO6 and
Sr2FeMoO6 compounds, then substantially different values
of dTC/dx could be expected. The remarkable similarity of
the experimental values of dTC/dx thus indicates that differ-
ences in the density of states induced by the different alka-
lines (Sr, Ca) cannot be very significant. In agreement with
this finding, Szotecet al.26 have recently computed the elec-
tronic structure of ferromagnetic A2FeMoO6 and they have
found that the density of states around the Fermi edge is very
similar for both alkaline ions. Earlier calculations of the elec-
tronic band structure,27 indicating critical differences be-
tween DsEd of Sr and Ca DP’s do not fit with the present
results.

We thus conclude that our experimental data provide de-
finitive evidence that the rise ofTC induced by trivalent ions
substituting divalent ones, in double perovskites is essen-

tially a band filling effect and structural modifications,
namely bond bending, have a minor role.

Finally, we would like to recall that, as mentioned in the
introduction, attempts to predict theoretically a rise inTC
upon electron doping have failed.19,20 These models assume
that doping occurs in a rigid-band system. As this require-
ment is almost perfectly fulfilled in the present
NdxCa2-xFeMoO6 series, the reason(s) for the dramatic dis-
crepancy between theory and experiments shall be found
elsewhere. J.L. Alonsoet al.20 argued that the microscopic
reason for the predicted lowering ofTC is that in the models
elaborated so far, the doping carriers occupy both(spin-up
and spin-down) states. Therefore, one may speculate that
suppression of electron filling of the wrong spin channel
(spin-up) could be a way to circumvent the difficulty. A pos-
sible way to induce this effect could be the introduction of
substantial electron correlations in the 4dsMod states, push-
ing up the energy of the spin-up 4dsMod states.28

After submission of the manuscript we became aware that
the oxides Ba1+xSr1-3xLa2xFeMoO6 has been recently
prepared.29 In this series the averaged ionic size of the spe-
cies occupying the large cage of the perovskite unit, is kept
constant and thus, to some extent, that series resembles the
Ca2-xNdxFeMoO6 one reported here. We note, however, that
due to the substantial differences in ionic radii of the Ba, Sr,
and La ions, their ionic size variance is substantially larger
and it changes along the series. From this point of view, the
difference with our series is remarkable because in the
Ca2-xNdxFeMoO6 case not only the ionic size of the lan-
thanide is constant but also its variance is kept constant and
virtually zero. In spite of this, and in agreement with our
results, the Curie temperature has been found to increase at
rate of about,1.32 K/La% with electron doping.

Summarizing, we have reported a detailed study of the
structural, magnetic and transport properties of
NdxCa2-xFeMoO6. We have shown that although steric ef-
fects are absent and the symmetry of the structure is pre-
served upon Nd doping, the Curie temperature of these ox-
ides rises at a rate of 1.8s3dK/ %Nd. We have argued that
this is a genuine band-filling effect that takes place in a rigid
band system, and we have critically revised some assump-
tions in currently available models of ferromagnetic coupling
in double perovskites.
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