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Spin-orbital ordering and mesoscopic phase separation in the double perovskite Ca2FeReO6
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Neutron powder diffraction measurements on Ca2FeReO6 reveal that this double perovskite orders ferrimag-
netically and shows anomalous lattice parameter behavior belowTC5521 K. Below;300 K and;160 K we
observe that the high-T monoclinic crystal structure separates into two and three monoclinic phases, respec-
tively. A magnetic field suppresses the additional phases at lowT in favor of the highest-T phase. These
manifestations of the orbital degree of freedom of Re 5d electrons indicate that these electrons are strongly
correlated and the title compound is a Mott insulator, with competing spin-orbitally ordered states.

DOI: 10.1103/PhysRevB.66.064409 PACS number~s!: 75.30.Gw, 61.12.Ld, 64.75.1g, 75.25.1z
e
ys

s
e
cu
k-
a

s
p

nd
in
s,
n
-

or

s

e
e
th
in

f t

e

ing

re.

he
ound
or-

ce-
in
c-

dif-
ing

nd
ns
-

ties

10–
car-

-

g-

.
ere

of

r-
,

I. INTRODUCTION

Novel phenomena caused by electrons localized in deg
erate orbital states have been the central issue in the ph
of transition-metal oxides for the last few years. Foreg or-
bital systems, the degeneracy under cubic crystalline field
often removed by large Jahn-Teller distortions of the oxyg
octahedra. The physics of electrons localized in partly oc
pied t2g orbitals is quite different, due to the relative wea
ness of the Jahn-Teller coupling, higher degeneracy, and
ditional symmetry oft2g orbitals. In addition, these electron
may show unquenched orbital magnetic moments, and s
orbit coupling usually plays an important role.

The double-perovskite compoundsA2Fe(Mo,Re)O6 (A
5Ca, Sr, or Ba! have recently attracted much scientific a
technological interest after the discovery of large tunnel
magnetoresistance at room temperature in most case1–6

which has been ascribed to half-metallic electronic ba
structures.1,2,7–11An intriguing exception is the insulating be
havior found in the compound Ca2FeReO6 ~CFRO!,3 reveal-
ing that the~Fe,Re!-based double perovskites are at the b
der of a metal-insulator transition.4 Mössbauer studies in
CFRO indicate the presence of Fe31 ions;4 thus the oxidation
state of Re ions is expected to be 51, with two electrons in
the 5d t2g orbitals. In order to search for possible manife
tations of the Ret2g orbital degree of freedom12 in this insu-
lating compound, the nuclear and magnetic structures w
investigated by neutron powder diffraction. A number of r
markable observations were made, to be described in
paper: ~i! mesoscopic phase separations, with coexist
monoclinic crystal structures below;300 K and large
changes in the phase proportions belowTs;160 K; ~ii !
magnetic-field~H! control of the volume fractions in the
phase-separated state at 100 K, with a suppression o
additional phases observed below;300 K for an applied
field of a few tesla;~iii ! a ferrimagnetic arrangement of F
and Re magnetic moments belowTC5521 K, with strong
evidence for distinct moment directions for the compet
phases;~iv! anomalous lattice parameter behavior belowTC ;
and ~v! a new Bragg peak belowTs , which is forbidden by
0163-1829/2002/66~6!/064409~5!/$20.00 66 0644
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the symmetry considered to model the nuclear structu
These results indicate that the Re51 t2g

2 electrons are local-
ized on an atomic scale and CFRO is a Mott insulator. T
mesoscopic phase separations observed for this comp
are ascribed to a competition between distinct spin and
bitally ordered insulating states.

II. EXPERIMENTAL DETAILS

The preparation procedures and characterization of the
ramic pellets of CFRO used in this work are described
Refs. 3 and 4. The high-resolution neutron powder diffra
tion measurements were performed on the BT-1 powder
fractometer at NIST Center for Neutron Research, us
monochromatic beams withl51.5402(1) Å, 1.5903(1) Å,
and 2.0783(1) Å, produced by Cu(311), Si(531), a
Ge(311) monochromators, respectively. Typical collimatio
were 158, 208, and 78 arc before and after the monochro
mator, and before detectors, respectively. The intensi
were measured in steps of 0.05° in the 2u range 3° –168°.
Data were collected at various temperatures in the range
650 K. Crystal and magnetic structure refinements were
ried out using the programGSAS.13 The nuclear scattering
amplitudes are 0.490, 0.954, 0.920, and 0.581 (310214m)
for Ca, Fe, Re, and O, respectively.13 T-dependent measure
ments were performed on warming the sample.

III. RESULTS AND ANALYSIS

Above;520 K, we found that this compound is nonma
netic and exhibits monoclinic structure withP21 /n symme-
try and the unit cell size'A2ap3A2ap32ap andb'90°,14

where ap is the unit-cell size of the primitive perovskite
Initial structural parameters used in the refinement w
taken from Ref. 4. A minor Fe3O4 impurity (0.6% weight
fraction! was identified. Due to the small phase fraction
this impurity phase, a simplified cubic spinel unit cell~space
group Fd3m) was used in the refinements at allT, despite
the well-known Verwey transition to a monoclinic supe
structure below;120 K.15–19 Concerning the main phase
the refined occupancies are 0.93(2), 0.96~2!, 1, and 0.98~2!
©2002 The American Physical Society09-1
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for Ca, Fe, Re, and O, respectively. Quoted errors in
manuscript are statistical and represent one standard d
tion. Due to the similar neutron scattering lengths of Fe a
Re, the degree of Fe and Re ionic ordering in our sample
not estimated by neutron diffraction. Previous x-ray diffra
tion studies2,4 indicated that the Fe/Re double-perovskite s
tem has a strong tendency for ionic ordering (;95% for our
sample4!.

Phase separations were observed for CFRO. Figure~a!
shows the (040) nuclear reflection for 250 K<T<550 K.
Gaussian solid lines fitting the higher-d-spacing side of the
peak are also displayed. At 550 K, the good fit indicate
single peak, within our resolution. Below;500 K, however,
a residual intensity which increases with decreasingT is ob-
served on the lower-d-spacing side, suggesting the presen
of a second peak. Below;300 K, we were able to obtain
stable refinements including a second monoclinic phas
the model, which improved significantly the overall fit to th
observed intensities. This phase is referred to as M2.20 As
shown in Fig. 1~b!, the intensity on the lower-d-spacing side
of the ~040! reflection increases sharply, and this reflecti

FIG. 1. ~a!,~b! Crosses:T-dependence of the neutron powd
diffraction of Ca2FeReO6 around the~040! Bragg reflection, at
250K<T<550 K ~a! and 125 K<T<200 K ~b!. The solid lines in
~a! are Gaussian curves. The lines in~b! illustrate a three-Gaussia
fit for the scattering atT5125 K. ~c!,~d! Crosses: selected portio
of the neutron powder profile of Ca2FeReO6 at T5200 K ~c! and
T5125 K ~d!. The solid lines indicate the calculated profiles usi
two ~c! and three~d! distinct monoclinic phases as the structu
model ~see text!. The differences between experimental and cal
lated profiles are given as solid lines in the bottom of the figur
Short vertical lines correspond to Bragg peak positions for M1
M2 ~c! and M1, M2, and SP~d!.
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becomes three peaks belowTs;160 K. A three-Gaussian fi
at 125 K is illustrated~lines!. In the final refinements below
Ts , excellent fits were obtained by using three monoclin
phases~M1, M2, and SP!, with slightly different lattice pa-
rameters. At 540 K, in the single-phase regime~besides the
Fe3O4 impurity phase!, the coefficients describing the Brag
peak linewidths indicate a lattice strain of 0.22(1)% full
width at half maximum~FWHM! for CFRO. Below 300 K,
where phase separations were clearly observed, such co
cients had to be constrained to be the same for the coexis
CFRO phases, in order to avoid large correlations betw
the fitting parameters. Under this constraint, an average
tice strain of 0.35(2)% FWHM was inferred for the coexist
ing CFRO phases at 100 K, larger than the strain for
single CFRO phase at 540 K. No particle size broaden
was observed at 100 K, within our resolution, indicating th
the M1 and M2 domains are larger than;1000 Å. Figures
1~c! and 1~d! show a portion of the observed and calculat
intensities for models with two phases~200 K! and three
phases~125 K!, respectively.

Figure 2~a! shows the M1, M2, and SP phase fractions
theT interval in which multiphase Rietveld refinements we
performed (<300 K). Above 300 K, a small fraction of M2
(&5%) may be still present@see Fig. 1~a!#. The M2 fraction
remains nearly constant at;12% between;300 K andTs ,
rapidly develops to;55% belowTs , and then remains con
stant again below;100 K. The SP fraction develops up t
;5% belowTs .

Figure 2~b! shows theH dependence of the M1, M2, an
SP fractions. The magnetic field was applied using a su
conducting vertical-field magnet after zero-field~ZF! cooling
the sample to 78 K, followed by a ZF warming to 100 K. Th
profiles were analyzed under the same structural model
scribed above. Only high-angle data with negligible ma
netic contributions were used in the refinement of the nuc
structure under appliedH. The magnetic field suppresses th

l
-
.
d

FIG. 2. ~a! T dependence of the relative fractions of coexisti
phases M1, M2, and SP for Ca2FeReO6. ~b! Magnetic-field depen-
dence of the relative fractions of M1, M2, and SP at 100 K. T
dashed lines are guides to the eyes.~c! T dependence of the lattice
parametersa, b, andc, monoclinic angleb, and unit cell volumeV
of M1 ~solid circles!, and M2~open circles!. Error bars are smaller
than the symbol sizes.
9-2
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M2 fraction, from 55% to 22%, as the field increases to 7
The original phase fractions are fully restored after the
lease ofH.

Magnetic intensities superposed on the nuclear Br
peaks were observed at low angles below;520 K. Figure
3~a! shows the sum of the integrated intensities of the (01
(101), and (101̄) reflections as a function ofT, indicating
that the magnetic ordering occurs below 521 K (TC), in rea-
sonable agreement withTC;540 K obtained by magnetiza
tion measurements.21,22AboveTs , a ferrimagnetic model for
the Fe and Re moments (MFe andMRe, respectively! lying
in the ac plane gives a good fit to the observed data. T
angle between the moments and thea axis is w555(2)°,
obtained at 400 K, and remains constant within two stand
errors forTs,T,TC . As shown in Fig. 3~b!, the ratio of the
(011) and (101)1(101̄) intensities remains constant abo
Ts , agreeing with the conclusion that the spin direction do
not change in thisT range. BelowTs , this ratio decreased
sharply@see also Fig. 3~c!#, indicating a change in the ave
age spin structure, and then remained constant be
;100 K. This behavior is clearly related to the phase se
ration. The constant moment direction (m̂) aboveTs allows
us to assume thatm̂(M1) does not change withT. We then
modeled the magnetic structure belowTs , keepingm̂(M1)
fixed and allowingm̂(M2)Þm̂(M1), and found thatm̂(M2)
is nearly parallel (65°) to theb axis. The sharp changes i
the relative intensities of the magnetic peaks between 10
and Ts are due to the changes of the M1 and M2 pha
proportions@see Fig. 2~a!#. The moments were constrained
be the same for M1, M2, and SP in the final refinemen

FIG. 3. ~a! T dependence of the sum of intensities of the~011!,

~101!, and (101̄) Bragg peaks for Ca2FeReO6, normalized at 10 K.
The solid line is a fit to a power law, givingTC5521(2) K, and a
critical exponentb50.34(2). ~b! T dependence of the ratio of th

intensity of the~011! reflection and the sum of the~101! and (101̄)
~unresolved! Bragg reflections.~c! The data atT5100 K ~solid
squares!, T5200 K ~open circles!, andT5550 K ~open triangles!.
~d! T dependence of the intensity of the peak at the~001! position.
The inset shows the data at 10 K, subtracted from 300 K, an
Gaussian fit.
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yielding MFe53.42(7)mB and MRe51.02(7)mB at 10 K,
pointing in opposite directions. These values agree reas
ably well with (3.76–4.29)mB and (1.07–1.33)mB for Fe
and Re, respectively, predicted by band structure calculat
for this compound.9

The T dependence of the lattice parameters for M1 a
M2 is shown in Fig. 2~c!. For M1, thea andc axes decrease
smoothly asT decreases, while theb axis shows a negative
thermal expansion forT&520 K'TC , crossing over to con-
ventional behavior aboveTC . This effect was not observe
in the metallic isostructural compound Ca2FeMoO6.23,24 Ac-
cording to our refinements, the monoclinic angleb(M1) is
very close to 90° above;300 K and shows inflection point
at ;300 K andTs . This result suggests that the crystal stru
ture of M1 is distorted by the phase separation. The unit-
volume decreases smoothly for decreasingT and does not
indicate any metal-insulator transition for this compoun
Compared to M1, M2 has shorterb, longera andc, smaller
b, and slightly smallerV. The application of a magnetic field
H<7 T at 100 K is responsible for a slight (&0.01 Å) de-
crease of theb axes, increase of thea and c axes, and no
significant changes inb andV for both M1 and M2.

The average bond distances between the transition m
~M! and oxygen ions in theMO6 octahedra are 2.02 Å an
1.95 Å at room temperature for the two independent crys
lographicM sites in theP21 /n symmetry. Based on consid
erations of the ionic radius, the bond distance of 2.02
would favor either Fe31 or Re41 ions, and that of 1.95 Å
would favor either Re51 or Fe41; because the neutron sca
tering lengths of Fe and Re are similar, we cannot iden
the M sites directly from the refinement. Since a Mo¨ssbauer
spectrum on this sample4 is consistent with Fe31, we con-
clude that the largestM ion corresponds to Fe31, while the
smallestM ion is Re51. The differences of Fe-O distance
are very small@from 2.010(4) Å to 2.033(3) Å#, as well as
of Re-O distances@from 1.945(4) Å to 1.954(3) Å#. Also,
the O-M -O angles are very close to 90° (61°), indicating a
very small distortion for theMO6 octahedra. Bond-valenc
calculations25 using the refined Fe-O distances give a valen
of 12.94 for Fe. The changes in theM -O bond distances
with T and between M1 and M2 are very small, within thr
standard errors, showing that M1 and M2 cannot be ea
discerned on the basis of the Fe and Re oxidation states
anomalous changes in the bond distances caused by
phase separation could be observed in our experiment.

In order to search for weak Bragg reflections, comp
mentary measurements were taken on the BT-2 triple-a
spectrometer at NIST withl52.359 Å and relaxed collima-
tions, providing much stronger signal than the hig
resolution measurements. The inset of Fig. 3~d! shows the
energy-integrated neutron scattering at highd spacings, at 10
K subtracted from 300 K. We observed a weak peak ad
57.62(3) Å close to the~001! position for CFRO. The inte-
grated intensity is as weak as;0.1% of the strongest nuclea
Bragg peak, 1.2(2)% of the sum of the (011)1(101)
1(101̄) magnetic intensities at 10 K, and;5% of the prin-
cipal Bragg peaks of the Fe3O4 impurity phase. An attemp
to determine the nuclear or magnetic nature of this peak

a
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rectly by polarization analysis was unsuccessful, since
neutron beam was depolarized by the sample. This p
likely originates from M2, given the clear correlation of i
intensity with the M2 phase fraction@see Figs. 2~a! and
3~d!#. On the other hand, the crystal structure of the Fe3O4
impurity phase is distorted from cubic symmetry with c
parametera* to a monoclinicA2a* 3A2a* 32a* supercell
with Cc space group symmetry below;120 K.15–19 Thus,
~1,0,1/2! and~0,1,1/2! superstructure Bragg peaks~cubic no-
tation! from Fe3O4 might be expected below 120 K, atd
57.504(3) Å using the refineda* for our impurity phase or
at d57.514 44(3) Å andd57.496 97(3) Å using the ex
tended monoclinic cell and lattice parameters reported
Ref. 19. However, the differences between thed spacing for
the forbidden Bragg peak observed for CFRO and the
pected positions for the superstructure reflections for Fe3O4
are statistically significant~about four standard deviations!.
Second, the intensities of the strongest Fe3O4 superlattice
peaks are typically&1% of those of the principal peaks.19

Since Fe3O4 superlattice peaks with wave vectors~1,0,1/2!
and ~0,1,1/2! were found to be particularly weak,18 these
reflections are expected to much weaker than the obse
peak atd57.62(3) Å and lowT for our sample. We also
note that significant intensities were observed for this p
between 120 K and 150 K, therefore above the Verwey tr
sition for Fe3O4. We conclude that this peak cannot be a
cribed to the impurity phase and it is due to CFRO. There
thus two possible origins of this peak:~i! a nuclear reflection
related to a symmetry reduction, since this peak is forbid
by P21 /n symmetry. However, we were not able to mode
lower symmetry to refine the structure of either M1 or M
since the intensities of the peak at (001) position and
other forbidden reflections are too weak to be detected
high-resolution measurements.~ii ! An antiferromagnetic
canting in the Re and/or Fe magnetic sublattices, with
propagation vector along one particular Fe-Re-Fe bind
direction.

In order to search for spin excitations in CFRO at roo
temperature, inelastic neutron scattering measurements
performed close to the~000! reciprocal lattice point, using
the BT-9 triple-axis spectrometer at NIST. Details of t
method are given in Ref. 26. The incident energy was cho
to be 13.5 meV, and collimations of 108-108-108-108 FWHM
were used. No excitations were detected within our exp
mental range. We note that the accessible window in ene
momentum space is very limited around the~000! Bragg
point, and the nonobservation of spin excitations is indicat
of a gap larger than;0.5 meV in the spin-wave dispertio
or, alternatively, a spin stiffness constant larger th
;200 meV Å2 at room temperature.

IV. DISCUSSION

The anomalous expansion of theb-lattice parameter for
decreasingT below TC @see Fig. 2~c!# clearly suggests a
simultaneous spin and orbital-ordering transition, which c
be ascribed to a significant spin-orbit coupling oft2g elec-
trons with unquenched orbital magnetic moments. We
tribute this to the Re51 orbital degree of freedom, since high
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spin Fe31 ions are not orbitally active.
Phase separations occur in our CFRO sample below ro

temperature, indicating a close competition between dist
physical states with similar free energies over a largeT in-
terval. The delicate energetic balance between these sta
demonstrated by the decisive influence of a magnetic field
the order of a few tesla on the phase fractions at 100
Considering such a close competition, it is clear that eve
slight degree of chemical disorder and inhomogeneity m
stabilize the phase-separated state against a more con
tional first-order transition at a definite temperature. Bel
;160 K (Ts), three coexisting phases were detected~M1,
M2, and SP!. The SP fraction is small at allT and may be a
strain phase which underlies the coexistence of M1 and M
Concerning the main phases, their fractions being tuned
an applied magnetic field at 100 K shows that M1 and M
have distinct magnetic structures. A simple collinear fer
magnetic model was sufficient to obtain a satisfactory refi
ment of our high-resolution data belowTC , with different
moment orientations for M1 and M2 belowTs . On the other
hand, high-intensity measurements reveal a weak peak be
Ts at the~001! position, which intensity correlates with th
M2 fraction, indicating a noncollinear magnetic structure
alternatively, a symmetry reduction for M2. Both possibi
ties suggest that M2 represents an orbitally ordered patter
the Re51 t2g electrons which is distinct from the orbitall
ordered structure of M1.

Extensive research has shown that mesoscopic p
separation plays a key role in the colossal magnetoresist
effect observed for a number of manganite compoun
where insulating and metallic coexisting phases may
tuned by applied magnetic fields.27 Although CFRO is also
close to a metal-insulator transition,4 the resistivity of this
compound shows monotonic insulating behavior below ro
temperature~Ref. 3!; therefore, neither M1 nor M2 seems t
be metallic. In fact, our results suggest that the orbital deg
of freedom, characteristic of a Mott insulating state, is ma
fested for both phases, implying that the Re 5d electrons are
strongly correlated. Recent theoretical investigations
Sr2Fe(Re,Mo)O6 double-perovskite systems support an e
hanced effective intra-atomic exchange strength at the M
Re site (I e f f), due to hybridization with the Fe 3d
electrons.7,8 The possibility of a negative effective Coulom
interaction strengthUe f f5U2I e f f due to the enhancedI e f f
was proposed for Sr2FeMoO6.7 For monoclinic CFRO, the
Re t2g–Fet2g hybridization is reduced due to the significa
bending of the Fe-O-Re angle;9 therefore, smaller values o
I e f f may be expected. This fact, coupled with the possi
largerU for the Re than for the Mo electrons, may lead to
relatively largeUe f f for the Re site in CFRO, which may
partly account for the Mott insulating state inferred from o
experimental data.
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