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Electron doping effects in conducting Sr2FeMoO6
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Effects of the electron doping on the magnetic and electronic properties have been investigated in the
conducting double perovskite Sr2FeMoO6. Judging from the enhanced momentmMo at the Mo site, the doped
electrons are considered to occupy mainly the down-spin Mo4d band. Filling dependence of the saturation
magnetizationM s, the spin-wave stiffness coefficientDs and theg coefficient are discussed on the basis of a
LDA1U band calculation. We further discuss possible origins for the magnetism.
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I. INTRODUCTION

The carrier doping by chemical substitution is a power
tool for investigation of strongly correlated electron system
especially the perovskitelike 3d and 4d transition-metal ox-
ides. Most of the 3d transition-metal oxides with intege
filling, e.g., LaMnO3 and LaCoO3, are insulating due to the
strong on-site Coulomb repulsionU. With substitution of the
divalent Sr21 ions for the trivalent La31 ion, however,
these compounds become ferromagnetic metal due to
double exchange mechanism.1 Even in the 4d-electron sys-
tems with reducedU value, notable physical properties ha
been reported.

Recently, ordered double-perovskite molybdenu
oxides2–6 A2MMoO6 (A is a rare-earth metal andM is a 3d
transition metal! begin to attract current interest of materi
scientists in the applicational point of view. Actually, Kob
yashiet al.7 and Kimet al.8 reported room-temperature ma
netoresistance in Sr2FeMoO6 due to the intergrain
tunneling.9 Among the double-perovskite molybdenum o
ides, Sr2FeMoO6 is most extensively studied, because hi
quality single crystals can be obtained by the floating-zo
method.10–12 Sr2FeMoO6 is ferrimagnetic and metallic with
critical temperatureTc'400 K. On the basis of a local
density approximation~LDA ! band calculation,7 the conduc-
tion band is dominated by the Mo4d level, while
Fe3d-electrons behave as local spins. The investigation
the double-perovskite molybdenum oxides, however, is o
at the starting point. We should clarify the interrelation b
tween the local spins and the conductive 4d electrons to
understand the physics~and to optimize the functionality! of
the system.

In this paper, we have investigated the electron dop
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effects on the magnetic and electronic properties in the c
ducting double perovskite (Sr22xLax)FeMoO6. By means of
the neutron powder-diffraction measurements, we have
termined the respective magnetic moments, i.e.,mFe and
mMo , of (Sr22xLax)FeMoO6. The enhancement of themMo
value with doping indicates that the doped electrons occ
mainly the Mo4d↓ band. With increase of the doping levelx,
the saturated magnetizationM s, and spin-wave stiffness co
efficient Ds decrease, while theg coefficient~electron con-
tribution in the specific heat! increases. We observed a se
ous discrepancy between the rigid band model and
experimental results at larger-x region, even though this pic
ture qualitatively reproduces the overallx dependence of
M s, a, andg. The discrepancy is ascribed to the mixing
the Fe3d↓ state into the conduction band. On the basis of
above arguments, we will discuss possible origins for
magnetism of the conducting double-perovskite molyb
num oxides.

II. EXPERIMENT

A. Crystal growth

A series of crystals, (Sr22xLax)FeMoO6, were melt
grown by the floating-zone furnace.11 A stoichiometric mix-
ture of commercial SrCO3, La2O3, Fe2O3, Mo, and MoO3
was well ground, and pressed into a rod with a size
5 mmf3100 mm and sintered at 1200 °C for 2 h in a flow
of Ar gas. The crystal is grown at a feeding speed
;20 mm in an Ar atmosphere. Black and shiny crysta
typically 4 –5 mm in diameter and;20 mm in length,
were obtained. The neutron-diffraction experiment has
vealed that thus obtained crystals are single domain.
actual chemical composition of the melt grow
14 224 ©2000 The American Physical Society
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TABLE I. Lattice constants and relative length of the Fe-O bond (dFe-O/dFe-Fe) of (Sr22xLax)FeMoO6 at
300 K. The crystal symmetry is tetragonal (I4/mmm; Z52).

x a (Å) dFe-O/dFe-Fe c (Å) dFe-O/dFe-Fe Rwp ~%! RI ~%!

0.00 5.5711~2! 0.244~1! 7.8996~4! 0.238~3! 2.77 7.89
0.10 5.5714~1! 0.246~2! 7.9087~3! 0.244~4! 2.63 7.05
0.20 5.5729~1! 0.243~3! 7.9071~2! 0.245~5! 3.09 5.85
0.30 5.5751~2! 0.241~3! 7.9078~3! 0.241~6! 3.50 4.45
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the
(Sr1.7La0.3)FeMoO6 crystal was determined by the indu
tively coupled plasma~ICP! method, and is almost the sam
as the ideal values; Sr:La:Fe:Mo51.692 ~1.7: prepared
value!:0.316~0.3!:1.024~1.0!:0.972~1.0!.

B. Sample characterization

In order to characterize thus obtained crystals, synch
tron radiation x-ray powder experiments were carried ou
SPring-8 BL02B2 to obtain the powder patterns with go
counting statistics and high angular resolution. The inner
gion of the crystal ingot was crushed into a fine powder a
were sealed in a 0.2 mmf quartz capillary. Precipitation
method was adopted13 in order to get a fine powder, whic
gives a homogeneous intensity distribution in a Deb
Scherrer powder ring. The wavelength of the incident x
was'0.5 Å, and exposure time was for 5 –10 min.

The crystal symmetry at room temperature (<Tc) is te-
tragonal (I4/mmm; Z52). We have analyzed thus obtaine
x-ray patterns with RIETAN-97b program,14 and listed the
lattice parameters in Table I. We found no impurity peaks
the x-ray patterns. The final refinements are satisfactory
which Rwp and RI ~reliable factor based on the integrate
intensity! are fairly reduced (Rwp52.7–3.5 %, RI
54.5–7.9 %). We further have estimated the mixing ratis
of the B site with putting a virtual atom (12s)Fe31

1sMo51 @sFe311(12s)Mo51# at @0,0,0# ~@0,0,1/2#!. Thes
value is nearly independent ofx except for x50.3: s
516(1)% at x50.0,15(1)% at 0.1, 14~1!% at 0.2, and
21~2!% at 0.3.

C. Resistivity

For four-probe resistivity measurements, the sample
cut into a rectangular shape, typically of 23131 mm3, and
electrical contacts were made with a heat-treatment-type
ver paint. Heat treatment has been done in a flow of
Figure 1 shows temperature variation of resistivityr of
(Sr22xLax)FeMoO6. Overall feature of ther-T2 curve of the
doped crystals is essentially the same as that of the pa
Sr2FeMoO6 ~thick curve!. The resistivity well scalesT2 in
the temperature range from;50 to;350 K. Such aT2 law
has been ascribed to the electron-electron scattering or
one-magnon scattering.11,15

III. RESULTS AND DISCUSSION

A. Doping effects on the magnetic structure

Figure 2 shows the magnetization curve
(Sr22xLax)FeMoO6 measured at 10 K. TheM value of
Sr2FeMoO6 rapidly increases with an external field, and th
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saturates atM s '3.3mB per an Fe site. The magnitude ofM s
systematically decreases with increase ofx, and becomes
'2.4mB at x50.3. Here, we should be careful on the effec
of the B-site disorder, which suppresses the absolute ma
tude of M s.10 Since the mixing ratios is nearlyx indepen-
dent, however, the doping-induced suppression of the
magnetization is intrinsic. To determine the critical tempe
tureTc for the magnetic transition, we further have measu
temperature variation of the ac susceptibility.16 In the inset of
Fig. 3, we plottedTc againstx. Tc is nearly independent ofx,
and is'400 K.

In order to determine the magnetic moments for the
spective sites, i.e.,mFe andmMo , we have measured neutro
powder-diffraction patterns of Sr2FeMoO6 and
(Sr1.7La0.3)FeMoO6 with the Kinken powder diffractomete
for high efficiency and high-resolution measuremen
HERMES, installed at the JRR-3M reactor in Japan Atom
Energy Research Institute, Tokai, Japan.17 Neutrons with
wavelength 1.819 Å were obtained by the~331! reflection
of Ge monochromater, and 128-B-Sample-188 collimation.
Melt-grown crystal ingots (;5 g) were crushed into a fine
powder and were sealed in a vanadium capsule with hel
gas, and mounted at the cold head of the closed-cycle He
refrigerator.

Figure 3 shows neutron powder patterns of~a!
Sr2FeMoO6 and ~b! (Sr1.7La0.3)FeMoO6 at 15 K (<Tc).
Magnitudes of the respective moments are determined by

FIG. 1. Temperature variation of resistivityr of
(Sr22xLax)FeMoO6. Note that residual resistivityr0 was sub-
tracted. Inset shows ther-T curve of Sr2FeMoO6 . Tc is the critical
temperature for the magnetic transition.



n
ed
n
a

ideal

w-

g. 4
at

the

us

e

-

spe-
d
in-

14 226 PRB 62Y. MORITOMO et al.
Rietveld fitting (RIETAN-97b, Ref. 14!, in which we as-
sume a collinear magnetic structure with spin direction alo
c.18 Several impurity peaks, which are inevitably introduc
from the skin region of the crystal ingot, were observed a
were removed from the pattern. The obtained moments
mFe54.2(2)mB and mMo520.5(2)mB at x50.0, andmFe

FIG. 2. Magnetization curve at 10 K of (Sr22xLax)FeMoO6.
The inset shows doping dependence of the critical temperaturTc

for the magnetic transition.

FIG. 3. Neutron powder profile of~a! Sr2FeMoO6 and ~b!
(Sr1.7La0.3)2FeMoO6 at 15 K. Crystal structures of both the com
pounds are tetragonal (I4/mmm; Z52). Solid curve is the results
of the Rietveld refinement.
g

d
re

53.8(2)mB and mMo520.8(2)mB at x50.3. At x50.0,
both the moments are suppressed as compared with the
values (5.0mB and 21.0mB for the Fe31 and Mo51 ions,
respectively!. This is partly due to the disorder of theB-site
ions. With increase ofx, absolute magnitude ofmMo in-
creases from20.5(2)mB at x50.0 to 20.8(2)mB at x
50.3. This enhancement ofmMo indicates that the doped
electrons occupy mainly the Mo4d↓ band, consistently with
the LDA band calculation7 as well as the LDA1U calcula-
tion ~vide infra!.

B. Doping dependence of physical properties

The electron doping has significant effects on the lo
temperature specific heatC. The temperature variation ofC
was measured by the relaxation method, and plotted in Fi
againstT2. In the magnetic compound, the total specific he
is composed of three parts, namely, contribution from
conduction electrons, the spin waves, and the phonons:

C5gT1aT3/21bT3. ~1!

The solid curves in Fig. 4 are the best-fitted results. Th
obtained parameters, that is,a and g, are plotted in Fig. 5

FIG. 4. Temperature dependence of the low-temperature
cific heatC of (Sr22xLax)FeMoO6. Solid curves are the best fitte
results taking into account of contributions from electrons, sp
waves and phonons:C5gT1aT3/21bT3.

FIG. 5. Filling dependence of~a! saturation magnetizationM s,
~b! a ~spin-wave!, and ~c! g ~electron! coefficients in the low-
temperature specific heat of (Sr22xLax)FeMoO6. Broken curves are
results of a model calculation~see text!.
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againstx. The parameters of Sr2FeMoO6 are nearly consis-
tent with the values reported by Tomiokaet al.10 The ther-
mal effective mass meff @[g/g free; where g free
(55.9 mJ/K2 mol) is for the free electrons per Mo site# is
estimated to be'1.7. Such an enhancement ofmeff is per-
haps ascribed to the electron-correlation effect. Incidenta
the magnitude ofb (}Q23; whereQ is the Debye tempera
ture! slightly decreases from'0.56 mJ/K4 mol at x50.0 to
'0.53 mJ/K4 mol at x50.3.

The contribution of the spin waves is expressed as

a50.113kB~kB /Ds!
3/2, ~2!

wherekB andDs are the Boltzmann constant and the effe
tive spin stiffness coefficient for the acoustic branch, resp
tively. With use ofa(50.8 meV Å5/2) at x50.0, Ds is es-
timated to be'140 meV Å2. Taking into account of the
ferrimagnetic structure,Ds is further expressed as

Ds54uJua2SFeSMo /~SFe2SMo!, ~3!

whereJ and Si are the exchange coupling between the
and Mo spins, and the spin quantum number (5m i /2) at the
i site, respectively.a (53.95 Å) is the averaged lattic
constant.

Here, let us argue the electron doping effects on the m
netic and electronic properties, i.e.,M s, a, andg, in terms
of the rigid Mo4d↓ band. We summarized in Fig. 5x depen-
dence of~a! M s, ~b! a, and~c! g. The broken curve in Fig
5~a! is the calculated magnetization, with assuming the
creasing mMo @52(1.01x)mB# and the constantmFe
(514.3mB). We further have calculated thea value using
Eqs.~2! and~3!. Magnitude ofJ(526.4 meV) is so deter-
mined that theDs value atx50.0 becomes 140 meV Å2.
On the other hand, increase of theg coefficient is qualita-
tively reproduced by the free-electron picture, i.e.,g}n1/3

5(11x)1/3 @see a broken curve in Fig. 5~c!#. Thus the rigid-
band picture qualitatively reproduces the overallx-dependent
feature ofM s, a, and g. We, however, observe a seriou
deviation of the experimental data from the calculation
larger-x region.

C. Comparison with the band calculation

Now, let us examine the electronic structure of par
Sr2FeMoO6. We show in Fig. 6 the density of state~DOS!
for the up- and down-spin state of Sr2FeMoO6. We have
calculated the electronic structure with the full-potential l
earized augmented plane-wave~FLAPW! method19 within
the LDA1U scheme20,21 with the effectiveU parameters of
2.0 eV for Fe and 1.0 eV for Mo. The actual tetragon
lattice parameters at 300 K were used~see Table I!. The
plane-wave cutoff energies are 12 Ry for the wave functi
and 48 Ry for the potential and the charge density. We h
performed the self-consistent calculation with 39k points in
the irreducible Brillouin zone for the tetragonal lattice, whi
correspond to 19k points for the fcc lattice. The calculate
M s(53.99mB) and g('4.9 mJ/mol K2) are nearly consis-
tent with the experimental results (M s53.3mB and g
510.0 mJ/mol K2). The generic feature is consistent wi
the calculation done by Kobayashiet al.,7 who assumed the
fcc lattice (dFe2O/dFe2Fe[1/4). One may notice very sma
y,
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but finite DOS atEF even for the up-spin state. The parti
DOS of the Fe3d state is significantly affected by the oxyge
position between the Mo and Fe ions, because the sho
Fe-O bond enhances the Fe3d(t2g)-O2p hybridization.

As seen in Fig. 6~b!, the down-spin conduction band ne
EF is dominated by the Mo4d↓(t2g↓) state, but has a consid
erable amount of the Fe3d↓(t2g↓) components. This is be
cause the Mo4d↓(t2g↓), Fe3d↓(t2g↓), and O2p↓ states can
be hybridized via thep bonding, and can gain the kineti
energy with forming a wide conduction band.@Contrary to
the down-spin band, mixing of the Mo4d↑(t2g↑) and
Fe3d↑(eg↑) states is prohibited due to the different symm
try.# The mixing of the Fe3d↓ state can explain the deviatio
of the experimental data from the simple model shown
Fig. 5. In addition, the mixing is consistent with the su
pressedmFe andmMo .

D. Possible origins for the magnetic transition

Finally, let us discuss possible origins for the magneti
of Sr2FeMoO6. Historically, the ferrimagnetism of this sys
tem has been understood in terms of antiferromagnetic
perexchange interaction between the Mo51(d1) spin and
Fe31(d5) spins.3–5 However, Moritomoet al.6 have indi-
cated a strong interrelation between the conductivitys300K at
room temperature andTc in Sr2MMoO6 (M5Cr, Mn, Fe,
and Co!. This implies that the conduction electrons media
the exchange interaction between the local Fe31 spins. In
addition, the picture of the local Mo51 spins contradicts the
reducedmMo value of Sr2FeMoO6 @see Fig. 3~a!#.

As discussed in the previous subsection, the conduc
electrons have a considerable amount of the Fe3d↓ compo-
nent. Then, the carriers can mediate the exchange intera
between the local Fe31(d5) spins via the double exchang
mechanism.1 Consistently, a characteristic cusp structure
observed at'Tc in the r-T curve of Sr2FeMoO6 ~see the

FIG. 6. Density of state~DOS! of Sr2FeMoO6. The electronic
structure was calculated with the full-potential linearized au
mented plane-wave~FLAPW! method within the LDA1U scheme
with the effectiveU parameter of 2.0 eV for Fe and 1.0 eV for Mo
Actual tetragonal lattice parameters at 300 K were used.
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inset of Fig. 1!, indicating interrelation between resistivit
and magnetic ordering. The same mechanism is applic
for Sr2FeReO6 (Tc>400 K), whose band structure7 is simi-
lar to that of Sr2FeMoO6. Note that the exchange couplin
between the local Fe31(d5) spins and the carriers isantifer-
romagnetic. Then, the strong hybridization between t
Mo4d↓(t2g↓) and Fe3d↓(t2g↓) states causes negative sp
polarization of the Mo4d electrons.

Quite recently, Kanamori and Terakura22 has proposed an
alternative model for the magnetism of Sr2FeMoO6. If the
Fe31 spins are ferromagnetically ordered, the hybridizat
between the Fe3d and Mo4d states pushes up~down! the
Mo4d↑ (Mo4d↓) states located between the Fe3d↑ and
Fe3d↓ levels. Then, the electrons nearEF transfer from the
Mo4d↑ state to the Mo4d↓ state. Resultant kinetic energ
gain stabilizes the ferromagnetic state, as compared with
antiferromagnetic~or the paramagnetic! states.

In the latter two pictures, the magnetic moment at the
site is merely induced by the Fe magnetic moment thro
the hybridization between the Fe3d and Mo4d states. In this
sense, the present system isnot ferrimagnetic but ferromag
netic. Our experimental results are consistent with these
tures.
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IV. SUMMARY

We have investigated the electron doping effects on
magnetic and electronic properties in the conducting dou
perovskite molybdenum oxides (Sr22xLax)FeMoO6. The
LDA1U band calculation indicates that the down-spin co
duction band nearEF has a considerable amount of th
Fe3d↓(t2g↓) component, reflecting the strong hybridizatio
between the Fe3d and Mo4d states. This is consistent wit
thex dependence of the magnetic and electronic propertie
well as the suppressedmFe andmMo To clarify the significant
role of the Mo4d-Fe3d hybridization on the magnetism
spectroscopic investigations are indispensable.
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