Chemistry

¢ Article

[norganic

Inorg. Chem. 2009, 48, 8489-8492 8489
DOI: 10.1021/ic901128k

Intermetallic Charge Transfer in A-Site-Ordered Double Perovskite BiCusFe;04,
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An A-site-ordered double perovskite BiCusFe,O4, was synthesized at high-pressure and high-temperature conditions.
Similar to the isostructural LaCusFe4O15, the temperature-induced intermetallic charge transfer between the A’-site Cu
and the B-site Fe ions occurs but at higher temperature (428 K) than LaCusFe40+5 (393 K) does. This charge transfer
causes an isostructural phase transition with volume contraction by 0.6% as well as semiconductor-to-metal and
antiferromagnetism-to-paramagnetism transitions. Although the Bi cation at the A site does not take part in the charge
transfer, it appears to enhance the charge-transfer temperature by stabilizing the square-planar coordinated Cu®*.

1. Introduction

A-site-ordered AA’3B4O,, double perovskites often crys-
tallize with an Im3 cubic lattice in which the A- and A’-site
cations are ordered at the originally 12-fold-coordinated A
site in a simple ABO; perovskite as shown in Figure 1. The
materials with this special ordered structure display lots of
intriguing physical properties such as high permittivity,
colossal magnetoresistance, and both positive and negative
magnetodielectricity.' > The A’ site in AA’3B40,5 can acco-
mmodate transition-metal ions such as Cu® " unlike the A site
in the simple ABOj; perovskite. Because of the presence of
transition-metal ions at the A’ site, the ordered AA’;B4O,
perovskites provide opportunities to study interactions bet-
ween the transition-metal ions at the A’ site and the B site.

A very rare intermetallic charge transfer (CT) between
A’-site Cu ions and B-site Fe ions was recently found in an
A-site-ordered perovskite LaCusFe 0,5, which was prepared
under high pressure and temperature.” The unusually high
valence states of Cu® " at the square-coordinated A’ site and
of Fe** at the octahedrally coordinated B site compete
with each other in the compound, and a temperature change
induces the CT. Moreover, the CT accompanies antiferro-
magnetic and metal-to-insulator first-ordered isostructural
transitions with a large volume contraction. When the A-site
Laisreplaced by an aliovalent Ca in the compound, however,
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a completely different charge transition, that is, charge dis-
proportionation, takes place in CaCuszFe O, along with
structural and ferrimagnetic transitions.” In this compound,
the instability of the unusually high oxidation state of Fe*™ is
resolved by the charge disproportionation from Fe*" to Fe?
and Fe’* ordered in the rock-salt manner (CaCu3Fe4+4012—>
CaCusFe® " ,Fe’ *,015). Therefore, the valence change of
A-site ions leads to essentially different charge states and
physical properties in the ACus;Fe; O, family, though the
A-site replacement here only corresponds to one-fourth sub-
stitution of the A site in a simple ABOj3 perovskite.

It is thus interesting to examine what happens when the La
ions in LaCusFe O, are replaced by isovalent Bi ions.
Another interesting point in this substitution is whether the
Biions can also be involved in the CT, since Bi is potentially
capable of undergoing a CT as found in the intermetallic CT
between Bi and Ni in BiNiOj;, where the charge-dispropor-
tionated Bi’ " sBi’ " sNi* " O5 transforms into a charge-
uniform Bi* " Ni* " O; at about 4 GPa.?

2. Experimental Section

BiCuzFe 04, was prepared using Bi>O3, CuO, and Fe,O3
(all >99.9% pure) as starting materials with a mol ratio of
1:6:4. Appropriate KClO4 was added as an oxidizing agent.
These fine mixed reagents were treated at 10 GPaand 1373 K
for 1 h using a cubic-anvil-type high-pressure apparatus. The
residual KCI and a small amount of unreacted starting
materials were washed out using a dilute acid solution.

Phase identification and crystal structure analysis of the
resultant sample were carried out by high-resolution synchro-
tron X-ray diffraction (SXRD) at the beamline BL0O2B2 in
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Figure 1. Crystal structure of the A-site-ordered BiCu3Fe O15.
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Figure 2. SXRD pattern of BiCu;Fe O, at 300 K and the Rietveld
refinement profile. The observed (circle), calculated (line), and difference
(bottom line) patterns are shown. Bragg reflections are indicated by tick
marks. Diffractions from a small amount of impurities are excluded.

SPring-8. A large Debye—Scherrer camera with an imaging
plate detector was used. The powder sample was put into a
glass capillary tube with an inner diameter of 0.2 mm and was
rotated during the measurements. The wavelength used was
0.77785 A. The SXRD data were collected at 300, 350, 375,
400,420,440, 460,and 480 K ina 20 range from 1 to 75° with a
0.01° resolution. The GSAS Rietveld software was used to
refine the structural parameters.”

The electrical resistance of the sample was measured using
a conventional method during heating at 0.5 K/min. Mag-
netic susceptibility was measured with a superconducting
quantum interference device magnetometer (Quantum De-
sign, MPMS-2) at temperatures from 2 to 500 K. The applied
magnetic filed was 0.1 T.

3. Results and Discussion

The as-made black product included a BiCusFe4 O, phase,
as well as a small amount of unreacted Fe,O3 impurity. As
shown in Figure 2, the SXRD pattern at 300 K can be well
fitted with a cubic Im3 space group, revealing the A-site-
ordered perovskite structure of BiCusFe4O1,, in which the Bi
and Cu cations are ordered with a ratio of 1:3 in the A site of a
simple ABO; perovskite. The refined structural parameters
are listed in Table 1. The Bi cations are coordinated with 120
atoms with the identical Bi—O distance, whereas the Cu
cations form square-planar coordinated CuQOy units because
of the significant tilting of FeO4 octahedra. Bond valence sum
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Table 1. Refined Structural Parameters of BiCusFe Oy, at 300 K from the
Rietveld Analysis of SXRD Data“®

atom site X y z Usso (100 % Az)
Bi 2a 0 0 0 3.73(5)

Cu 6b 0 1/2 1/2 1.09(5)

Fe 8¢ 1/4 1/4 1/4 0.09(4)

o 24g 0.3187(8) 0.1742(5) 0 1.0

“Space group: Im3; Lattice parameter: a="7.43322(8) A; Bond angle:
ZFe—0O—Fe=135.5(2)°; R, =4.63%; R, =3.28%.
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Figure 3. SXRD patterns of BiCu;Fe4O4, obtained at various tempera-
tures. The peak marked with an asterisk originates from Fe,O3 impurity.

(BVS) calculations'®!! showed that the valences of both Cu
and Fe ions were very close to + 3.0. The calculations gave a
valence of + 2.4 for Bi, but this should be due to an under-
bonded condition in Bi—O, which is usually seen in undis-
torted BiO;, polyhedra.'? Such a condition is also consistent
with the large thermal factor of Bi as shown in Table 1. Thus,
the charge combination in the compound at 300 K should be
BiCu®*3Fe* " 4,05, which is the same as that found in the
low-temperature phase of LaCuzF ¢401,.% It is noted that in
the present compound we see no structural distortion from
the cubic symmetry though many of the perovskites contain-
ing Bi at the A site have distorted crystal structures.

As shown in Figure 3, the high-temperature SXRD pat-
terns clearly show an unusual shift of the peak position
between 420 and 440 K, but the absence of any symmetrical
change indicates that this change is an isostructural phase
transition. We refined the crystal structure at each tempera-
ture from the SXRD data, and the temperature dependence
of Cu—0 and Fe—O bond lengths are presented in Figure 4a.
Corresponding to the isostructural phase transition, the Cu—O
distance significantly increases with increasing temperature,
whereas the Fe—O bond length decreases. As shown in
Figure 4b, the valences of both Cu and Fe ions obtained
from the BVS calculations were close to +3.0 below the
transition, whereas the BVS values of Cu and Fe ions
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Figure 4. Temperature dependences of (a) Cu—O and Fe—O bond
lengths and (b) BVS values for Bi, Cu, and Fe.

respectively change to about +2.2 and +3.4 above the
transition. The valence state of the Biion, on the other hand,
does not change significantly in the whole temperature range
we measured. This implies that the charge formula changes to
BiCu?*;Fe*”* ,0,, above the transition, gust like that of the
high-temperature phase in LaCu3Fe 0.

The above structural results clearly show that BiCus.
Fe,O;, undergoes an intermetallic CT between the A’-site
Cu and the B-site Fe ions, similar to that occurred in
LaCusFe401,, and that the A-site Bi ions are not involved
in the CT. This CT accompanies a notable change in unit cell
volume by about 0.6% as shown in Figure 5a, suggesting the
first-order feature of the transition. The decrease of the Fe—O
bond length in the transition is responsible for the volume
contraction with increasing temperature.

This intermetallic CT also causes significant changes in
both transport and magnetic properties. As shown in
Figure 5b of the temperature dependence of electrical resis-
tance, the low-temperature BiCu® " JFe* 7,0, phase shows a
semiconducting behavior whereas the high-temperature
BiCu®*;Fe*”",0,, phase exhibits a metallic one. The
intermetallic CT between the A’-site Cu and B-site Fe cations
produces a mixed valence state in Fe, leading to the metallic
property above the transition. This change in electronic
structure can be viewed as a doping into the B-site Fe ions,
but the doping in the present compound is essentially
different from the conventional chemical doping by substitu-
tions.

As shown in Figure Sc, the magnetic susceptibility in-
creases when BiCu;Fe 04, changes from the low-tempera-
ture semiconducting phase to the high-temperature metallic
phase. The transition temperature determined from the
temperature derivative of the susceptibility is 428 K. The
change in magnetic susceptibility is quite similar to that
observed in the intermetallic CT in LaCuzFe4O,,. There-
fore, by analogy with LaCusFe 015, the low-temperature

Inorganic Chemistry, Vol. 48, No. 17,2009 8491

412 T T T T

411k 2 = i

Cell volume (A%)
by
o

-
409} "

10} 1

R(T) / R(473 K)

(b)
0.4L— : : :

0.036 -

0.032 -

% (emu / mol)

0.028| wmemmemeREEE

300 350 400 450 500
Temperature (K)

Figure 5. Temperature dependence of (a) unit cell volume, (b) normal-
ized resistance, and (c) magnetic susceptibility y.

semiconducting phase of BiCu;Fe 0, is most probably in an
antiferromagnetic ordered state, and the CT-induced mag-
netic change should be of an antiferromagnetism-to-para-
magnetism transition.

It should be noted that the isovalent A-site substitution
increases the transition temperature of the Cu—Fe interme-
tallic CT from 393 K in LaCusFe 045, to 428 K in BiCus.
Fe404,. Thisisin sharp contrast to the change in the magnetic
transition temperature in an isostructural system, in which
the similar Bi substitution for La results in the slight decrease
of ferrimagnetic transition temperature from 361 K in
LaCu;Mn,0y, to 350 K in BiCusMn,0;5.'*"* The ferrimag-
netic orderings in these two ordered perovskites with Mn at
the B sites are caused by the antiferromagnetic couplings
between the A’-site Cu and B-sitt Mn spins. Thus, the
isovalent A-site ions with comparable ionic sizes'> do not
affect the magnetic interactions considerably. In the present
Fe-containing compounds, however, the A-site Bi ions
clearly affect the intermetallic CT transition temperature
though they do not take part in the CT. The Bi ions at the
A site in BiCuzFe 0,5 seem to stabilize the A’-site ground
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state of Cu®" in the square-planar coordination, so the
transition temperature of the intermetallic CT increases
compared to that in LaCu;Fe;O15. Since 6s and 6p orbitals
in Bi often hybridize with 2p orbitals in O in oxides, the
stabilization of Cu®" may be mediated through the orbital
hybridization in Bi—O—Cu bonds.

In conclusion, a new A-site-ordered BiCusFe,Oq5 perov-
skite was prepared and was found to exhibit a temperature-
induced Cu—Fe intermetallic CT similar to that found in
LaCusFe O1,. This CT is associated with significant transi-
tions in crystal structure, electrical, and magnetic properties.
The A-site Bi cation itself does not take part in the CT, but it

Long et al.

stabilizes the A’-site square-coordinated Cu®" and thereby
increases the temperature at which the CT occurs.
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