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Metal-insulator transition of ferromagnetic ordered double perovskites: „Sr1ÀyCay…2FeReO6
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Temperature- and composition-control metal-insulator~M-I ! transitions have been investigated for ordered
double perovskites, (Sr12yCay)2FeReO6 . Ca2FeReO6 (y51) shows the thermally induced M-I transition
associated with the lattice-structural transition around 150 K. The alloyed system undergoes the M-I transition
in the almost fully spin-polarized ground state aroundy50.4 with minimal enhancement of the electronic
specific-heat coefficient but with a large energy-scale (;1 eV) change of the optical conductivity spectrum.
These results indicate the importance of electron correlation, in particular the orbital correlation of Ret2g

electrons, for the ferromagnetic M-I transition.
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I. INTRODUCTION

In ordered double perovskites denoted asA2B8B9O6 (A
being an alkaline-earth or rare-earth ion!, the transition-metal
sites~perovskiteB sites! are occupied alternately by differen
cationsB8 andB9. Among them,A2FeMO6 (A5Ca, Sr, Ba;
M5Mo, Re! are known to form conducting ferromagnets,
which Fe31 (3d5,S55/2) and Mo51 (4d1,S51/2) @or Re51

(5d2,S51)# couple antiferromagnetically. Pioneering stu
ies of these materials were done in the 1960s.1–3 More lately,
it was shown by the first-principles band calculation4,5 that
the conduction band around the Fermi energy in Sr2FeMoO6

(Sr2FeReO6) is occupied solely by the Mo51 4d (Re515d)
t2g down-spin electrons hybridized with the Fe31 3d t2g

down-spin state, leading to a half-metallic~single-spin! char-
acter. It has also been demonstrated4–6 that the polycrystal-
line ceramics of these oxides show a large, low-field mag
toresistance even at room temperature that can be ascrib
the tunneling-type magnetoresistance occurring at the g
boundaries. The phenomena must reflect the high-spin p
ization of conduction electrons characteristic of the ha
metal as well as the inherently high magnetic transition te
perature (Tc) in the range of 400–450 K.1,2 Thus, the family
of half-metallic double perovskites has been attract
growing interest also in light of potential spin-electronic m
terials.

Among this family, Ba2FeReO6,3 Ba2FeMoO6,7 and
Ca2FeMoO6 ~Ref. 8! show ferromagnetic and metallic cha
acteristics as do Sr2FeMoO6 and Sr2FeReO6. On the other
hand, Ca2FeReO6 is rather unique: it has been known to be
ferromagnetic but also an insulating oxide with very hi
Tc5538 K.9 The crystal symmetry is known a
monoclinic,10 which does not differ from that of metallic
Ca2FeMoO6.8 The Fe-O-Mo and Fe-O-Re angles in tho
Ca-based compounds with a relatively small tolerance fa
are also comparable, about 152° and 156°, respectively8,10

although the respective angles are appreciably smaller
in the Sr-based analogs, Sr2FeMoO6 and Sr2FeReO6, with a
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nearly straight Fe-O-Mo~Re! bond. It is well known for per-
ovskites of transition-metal oxides11 that such a bond-angle
distortion reduces the effectived-electron hopping~super-
transfer! energy or the one-electron bandwidth via the
duced hybridization between transition-metald and oxygenp
states. In fact, the variation of the bond angle with t
change ofA-site ionic size occasionally causes drastic el
tronic changes,11 such as the bandwidth-control Mott trans
tion and the colossal magnetoresistance. Thus, the lattice
fect induced by Ca substitution as well as the change
electronic configuration between Mo and Re appears to
responsible for the metal-insulator~M-I ! phenomena in the
family of the ordered double perovskites.

In this paper, we investigate magnetic, electronic, therm
and structural properties for theA-site solid solutions of or-
dered double perovskites, (Sr12yCay)2FeReO6, to reveal
composition-controlled as well as thermally induced M
transitions. The M-I transition at the ground state may oc
via the change of the bandwidth, while keeping the full sp
polarization of the conduction electrons; that is, from a ha
metal to a ferromagnetic~or ferrimagnetic! insulator with
full moment, where the orbital degree of freedom shou
play an important role in the M-I transition as the only re
evant degree of freedom.12 This class of the M-I transition is
intriguing, though, to our best knowledge, it has never be
investigated in detail, also from the viewpoint of spi
electronic functionality.

II. EXPERIMENT

Polycrystalline samples of (Sr12yCay)2FeReO6 (0<y
<1) were prepared by solid-state reaction. The mixture
SrO, CaO, Fe2O3, Re2O7, and Re was weighted to a pre
scribed molar ratio and fired at 1173 K for 3 h in evacuated
sealed silica tubes. Then, the samples were pelletized,
sintered at 1373 K for 3 h in evacuated sealed silica tube
The composition of synthesized polycrystals was confirm
to be stoichiometric (Sr:Ca:Fe:Re5222y:2y:1:1) by in-
duction coupled plasma spectroscopy analysis. The cry
©2002 The American Physical Society04-1
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structure was checked by powder x-ray diffraction. The cr
tal symmetry at room temperature was tetragonalI4/mmm
(y,0.5) and orthorhombicPmm2 (y.0.5). Figure 1~a!
shows the lattice constants of (Sr12yCay)2FeReO6. At 0.3
,y,0.5, the length ofc0 /A2 is almost the same as that
a0, indicating nearly cubic symmetry. The Rietveld refin
ment also indicated that the degree of ordering of Fe and
on theB sites was more than 95% in all the samples. As
the end (y51) compound Ca2FeReO6, neutron powder-
diffraction data were also collected at various temperatu
to obtain the precise structural properties.13

Magnetization was measured with a commercial sup
conducting quantum interference device magnetometer.
ac susceptibility up to 550 K was also measured to evalu
the ferromagnetic transition temperatureTc by a resistance
bridge. Resistivity was measured with a standard dc fo
probe technique. The specific heat was measured by th
laxation method down to 0.5 K. We measured reflectiv
spectra@R(v)# for (Sr12yCay)2FeReO6. R(v) spectra were
measured using a Fourier-transform-type interferometer
0.01–0.8 eV and a grating-type monochromator for 0.6–
eV. For the measurement above 5 eV, we made use of
chrotron radiation at the Ultraviolet Synchrotron Orbital R
diation Facility, Institute for Molecular Science. The tem
perature~T! dependence of the spectra was measured f
0.01 to 3.0 eV and extrapolated by the room-tempera
data above 3 eV. The optical conductivity spectra@s(v)#
were obtained by a Kramers-Kronig analysis ofR(v).

FIG. 1. The y dependence of~a! lattice constants,~b! mag-
netization ~M! at a field of 5 T, ~c! the electronic specific-hea
coefficient g, and ~d! the electronic phase diagram o
(Sr12yCay)2FeReO6. PM, FM, and FI in~c! stands for paramag
netic metal, ferromagnetic metal, and ferromagnetic~or ferrimag-
netic! insulator, respectively. Solid lines and dashed lines
merely guides to the eyes.
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III. RESULTS AND DISCUSSION

A. Phase diagram of„Sr1ÀyCay…2FeReO6

Figure 2 shows theT dependence of resistivity (r) for
(Sr12yCay)2FeReO6. While r is about 1022 V cm at room
temperature for all the samples, the Ca content~y! affects the
T dependence ofr dramatically. Fory<0.3 the compounds
show a metallic or semimetallic behavior down to the low
temperature. Fory>0.4, r increases with decreasing tem
perature below 150 K. The variation of theT dependence of
r with y is more clearly discerned ind(log10r)/d(1/T)-T
curves as shown in the inset to Fig. 2. Fory<0.3 the curves
show no anomaly, but fory>0.4 they have peaks at 100
150 K, indicating an electronic change around this peak te
perature (T* ).

Figure 1~d! shows the electronic phase diagram
(Sr12yCay)2FeReO6. Although dr/dT,0, we assigned the
high-T phase aboveT* as metallic, based on the relative
high conductivity as well as the spectral shape ofs(v) that
is not gapped~see below!. The observedTc increases mono-
tonically from 400 K to 525 K with increasingy. At room
temperature, all the samples are in a ferromagnetic met
state, while the ferromagnetic insulating state emerges
y>0.4 below 150 K. The M-I transition temperature is te
tatively defined as the peak temperature of t
d(log10r)/d(1/T)-T curve that coincides with the structura
transition temperature in the case ofy51, as shown later. At
the compositional phase boundary aroundy50.4 between
the ferromagnetic metallic and the ferromagnetic insulat
phases, the coercive force at low temperatures increases
the saturation magnetization decreases, also implyin
change in the electronic state. However, the ground-s
magnetization is 2.0–2.8mB /f.u., indicating the almost full
spin polarization or moment irrespective ofy at the ground
state@Fig. 1~b!#.

B. Specific heat

The low-temperature specific heat~C! was measured
to evaluate the electronic specific-heat coefficient~g!.

e

FIG. 2. The temperature~T! profiles of resistivity ~r! of
(Sr12yCay)2FeReO6 (0<y<1). The inset shows theT dependence
of d(log10r)/d(1/T).
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Figure 3 shows the low-temperature specific heat
(Sr12yCay)2FeReO6 plotted as (C2Cs)/T versus T2. As
shown in the inset, the Schottky components (Cs) caused by
the Re nuclear moments are dominant at low temperat
~,3 K! in all the compounds that are proportional to 1/T2.
Coefficients of the 1/T2 term are 0.122–0.155 JK/mol, i
accord with that reported for Ca2FeReO6 (y51) in a previ-
ous work.9 The value linearly increases with the increase
y, indicating the increase of inner field applied on Re atom
The g values were evaluated from the (C2Cs)/T values
extrapolated to 0 K at 0 T,because a magnetic field of 6
was confirmed not to affect the low-temperature specific h
significantly.14,15 The obtained electronic specific-heat coe
ficient ~g! is shown in Fig. 1~c!. The g value for y50 is
about 18 mJ/K2 mol, and the density of state at the Ferm
level, N(EF), is estimated to be 4.631024 (eV21 mol21) by
using the relation thatg51/3p2kB

2N(EF), which is twice as
large as the local-density approximation calculation res
@2.131024(eV21 mol21)#.5 As the M-I phase boundary i
approached with the increase ofy, the g value slightly in-
creases and becomes about 22 mJ/K2mol aroundy50.3.
With the increase ofy above 0.4, theg value steeply de-
creases in accord with the M-I transition, signaling the s
den shrink of the Fermi surface perhaps due to the corr
tion of the Ret2g orbital as discussed below. Such a behav
is similar to that observed in the filling-control M-I transitio
in the low-doped region of half-metallic manganites,15 al-
thoughg in the insulating ground state remains finite in t
present compound. The increase of theg value implies the
mass-renormalization effect as observed in the vicinity of
Mott transition,11 but the absence of remarkable enhan
ment may come from the absence of the spin fluctuation
to the nearly full spin polarization.15

C. Optical conductivity

To clarify the electronic-structural change upon the M
transition for (Sr12yCay)2FeReO6, theT andy dependencies

FIG. 3. The low-temperature specific heat
(Sr12yCay)2FeReO6 (0<y<1) plotted as (C2Cs)/T versusT2.
Here, Cs stands for the Schottky component caused by the
nuclear moments. The inset shows the raw data of specific
plotted asC/T versusT2. Dashed lines are merely guides to th
eyes.
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of the optical conductivity spectrums(v) have been inves-
tigated. Figure 4 shows theT dependence ofs(v) for y
50, 0.75, and 1. The spectra are not gapped and con
Drude components below 0.1 eV above 150 K. Fory50,
s(v) above 0.1 eV scarcely changes with the decreaseT
down to 10 K. Fory50.75 and 1, by contrast, the Drud
component disappears and the gap structure appears b
150 K, indicating the occurrence of the M-I transition wi
the variation of the temperature. The gap formation with
decrease ofT accompanies the appreciable change of
optical conductivity spectrum over 1 eV. The spectral weig
is transferred from low to high energy through the isosbe
~equal-absorption! point as indicated by vertical arrows i
Fig. 4. Such a large-energy-scale change in the course o
M-I transition is characteristic of the Mott transition in th
strongly correlated electron system, ensuring that the pre
half-metallic oxide is also on the verge of the Mo
transition.16 The isosbestic point is observed to gradually d
crease with the decrease ofy, 0.37 eV and 0.16 eV fory
51 and 0.75, respectively. This suggests that the optical
gradually disappears with the decrease ofy toward the
ground-state M-I transition point (y.0.4).

D. T dependence of charge dynamics in Ca2FeReO6

We summarize in Fig. 5 theT dependence of@Fig. 5~a!#
lattice constants,@Fig. 5~b!# spectral-weight loss during th
gap formation,@Fig. 5~c!# magnetization, and@Fig. 5~d!# re-
sistivity for Ca2FeReO6 (y51) that shows the typical M-I
transition with the variation ofT. The low-energy spectra
weight of s(v) @Fig. 4, upper#, that measures the kineti
energy of conduction electrons, is transferred to the hi
energy side above the isosbestic point in the course of
M-I transition. To estimate the transferred weight, we ha
calculated the effective number of electrons (Neff), which is
defined as

Neff~v!5
m0

pe2N
E

0

vc
s~v!dv.

e
at

FIG. 4. Optical conductivity spectra of (Sr12yCay)2FeReO6 at
various temperatures~10–300 K! for y50.0, 0.75, and 1.0.
4-3



in

i-
in
g
re
0
12
r

on

t
e-
an
he

a
t

ing
en-

ral

e
tes
.

g
-
an
en,
and

e
hat

in

si-
m

e

-

ed
pa-
to

with

n-
us-

Ja-
be-
ce
t-

s
s.

H. KATO et al. PHYSICAL REVIEW B 65 144404
Here, m0 is the free-electron mass andN the number of
B-site ion pairs~Fe and Re! per unit volume. The cutoff
energy (\vc) adopted for the estimate is the isosbestic po
0.37 eV. The transferred spectral weightDNeff in the course
of the M-I transition is represented asDNeff(T)5Neff(T)
2Neff (T510 K). Lattice constants were obtained by R
etveld analysis of neutron powder diffraction. As shown
Fig. 5~a!, b changes from 90° to 90.2° at 140 K, indicatin
that the transition from orthorhombic to monoclinic structu
takes place. The monoclinic phase is not observed at 16
while the nearly orthorhombic phase disappears below
K. This means that two phases coexist only in the tempe
ture range of 120–160 K, typical of the first-order transiti
in the presence of some disorder. TheNeff also starts to de-
crease at 140 K, corresponding to the peak temperature in
d(log10r)/d(1/T) plot. In the corresponding temperature r
gion, thermal hysteresis is observed for magnetization
resistivity, which also reflects the first-order nature of t
M-I transition in Ca2FeReO6.

It is worth noting that in spite of the existence of the cle
optical gap theg value (T-linear component in specific hea!
remains finite even in Ca2FeReO6. Note that this cannot be

FIG. 5. The temperature~T! dependence of~a! lattice constants,
~b! spectral-weight change below 0.37 eV (DNeff) due to the
charge-gap formation,~c! magnetization~M! at a field of 1 T, and
~d! resistivity (r) for Ca2FeReO6. The inset in~d! shows a magni-
fication of ther-T curve at 100–150 K, in which resistivity show
a hysteresis. Solid lines in~a! and~b! are merely guides to the eye
14440
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ascribed to the coexistence of the metallic and insulat
phases at low temperature, as is evident from the aforem
tioned neutron-diffraction study on the lattice-structu
change. According to the Mo¨ssbauer measurements,10 the va-
lence states of Fe and Re are high-spin Fe31 and Re51,
respectively, and the Re51 5d t2g

2 states are triply degenerat
~or equivalently, at2g hole can have three degenerate sta
dxy , dyz , anddzx!, retaining the orbital degree of freedom
The correlation of the Ret2g orbital is likely to cause the
thermally induced M-I transition, which may be a drivin
force of the nearly orthorhombic to monoclinic lattice
structural transition as well. Furthermore, Re atoms form
fcc lattice in the ordered double perovskite structure. Th
the nearest-neighboring Re atoms make a tetragon,
hence the orbital ordering of Re51 t2g electrons is likely to
be frustrated. The finiteg value in the insulating phase (y
50.4–1.0) may be interpreted as the glass state of the R51

t2g orbital in analogy to the conventional spin-glass state t
may give rise to the residualT-linear form of specific heat in
spite of the charge-gapped state as observed.

IV. SUMMARY

In summary, we have investigated the M-I phenomena
the ordered double perovskites (Sr12yCay)2FeReO6 with
controlled one-electron bandwidth. Throughout the compo
tion, the compound is metallic and ferromagnetic at roo
temperature with highTc of 400–525 K, but it undergoes th
M-I transition with decreasing temperature fory>0.4. The
Ca substitution~y! dramatically affects the electronic struc
ture, and the M-I transition occurs aroundy50.4 at the
ground state while keeping the almost fully spin-polariz
state. The ground-state M-I transition, that is not accom
nied by appreciable mass renormalization, is likely related
the correlation of the Ret2g orbital. The insulating ground
state in the Ca-rich side is perhaps described as the Ret2g
orbital ordered state or its glass-state analog associated
the monoclinic lattice distortion.
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