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’ INTRODUCTION

Pyrochlore structure, represented by the general formula
A2B2O7 or A2O0

3B2O6, can accommodate a wide range of
different chemical constituents and structural defects, which
makes functional properties of pyrochlores versatile and inter-
esting for technological such as applications microwave device
technologies, radioactive waste materials, photocatalysis, ther-
mistors, varistors, gas sensors, switching elements and resistors,
etc.1�4 A popular member from this group of materials is
(Bi1.5Zn0.5)(Nb1.5Zn0.5)O6O0, which exhibits a high dielectric
constant. It remains paraelectric down to lowest temperatures5,6

and it was reported that the good dielectric properties are also
retained for the thin films.7

Interesting magnetic properties such as long-range antiferro-
magnetic/ferromagnetic ordering and short-range ordering, such
as spin-glass, spin ice and spin liquid type of ordering, were well-
studied in rare-earth-based pyrochlores.8 Recently Bi�Fe�Nb-
O9 and Bi�Co�Nb�O10 pyrochlores were reported to exhibit
paramagnetic behavior with antiferromagnetic interactions at
cryogenic temperatures. Antiferromagnetic interactions were
also suggested for Bi2Pt1.5Fe0.5O7 and Bi2NbFeO7 pyro-
chlores;11 however, no evidence of long-range antiferromagnet-
ism was provided for Bi2Pt1.5Fe0.5O7. Later detailed studies9 on
Bi2O3: Fe2O3: Nb2O5 system showed that Bi2NbFeO7 is a three-
phase mixture instead of a single-phase pyrochlore. Both of the
above materials contain Bi3þ and Fe3þ ions similar to the widely
studied BiFeO3 perovskite with simultaneous existence of ferroic
properties (multiferroic). Antiferromagnetism in BiFeO3 is due

to Fe3þ super exchange interactions and ferroelectricity is due to
lone pair of Bi3þ ion.12 It is reported that partial covalency of Fe
3d and O 2p orbitals is another factor that contributes to
induction of ferroelectricity in BiFeO3.

13 Ferroelectricity is rare
in pyrochlore materials but recently it was confirmed for
Cd2Nb2O7 by Weller et al.14 with Rietveld refinement of high
resolution neutron diffraction data. They reported that below
180 K temperature Cd2Nb2O7 pyrochlore undergoes a structural
transition from the room temperature cubic Fd3m to the low-
temperature tetragonal I4m2 symmetry.

The ideal structural arrangement of the pyrochlore with Fd3m
cubic symmetry consists of A and B atoms that occupy 16d (0.5,
0.5, 0.5) and 16c (0, 0, 0) special positions, respectively, whereas
O and O0 atoms occupy nonequivalent crystallographic sites 48f
(x, 0.125, 0.125) and 8b (0.375, 0.375, 0.375), respectively. In the
pyrochlore structure, A2O0 chains weakly interact with the more
rigid B2O6 network. Therefore, cation and/or anion vacancies in
the A2O0 network of defect pyrochlores do not significantly
reduce the stability of the lattice. Displacive disorder in the A2O0
is observed in rare-earth-based pyrochlores such as La2Zr2O7

15

but it is also often encountered in Bi-based pyrochlores9,10,16

where it is attributed to the stereochemically active lone electron
pair of Bi3þ ion.17,18 Studies of the local structure of Bi�Zn/
Fe�Nb�O pyrochlores by Krayzman et al.19 revealed that the
displacement directions of the A-site ions are determined by

Received: January 27, 2011
Revised: March 29, 2011

ABSTRACT: The synthesized (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 is characterized with so
far the highest Fe content among pyrochlores. Consequently, it exhibits a strong spin-glass
magnetic transition at around 20 K. The dielectric relaxation in the same temperature
range originates from multiwall hopping of the displaced ions on A and O0 sites. The
displacement was confirmed with the structural analysis of the pyrochlore using Rietveld
refinement on joint neutron and X-ray diffraction data. At room temperature, the
pyrochlore exhibits a cubic Fd3m symmetry (a = 10.38804 (13) Å) with Fe3þ ions
sharing A and B structural sites. The refined results indicate on a displacive disorder with
A-site positioned at 96g and O0 positioned at 32e. The lattice vibrational analysis using
Raman spectra is in agreement with the displacive disorder of the pyrochlore.

KEYWORDS: Bi-pyrochlore, displacive disorder, Raman spectra, dielectric relaxation, spin glass



2620 dx.doi.org/10.1021/cm200281z |Chem. Mater. 2011, 23, 2619–2625

Chemistry of Materials ARTICLE

nature of A-site cations and the local B-site configurations.
Avdeev et al.20 noted that the off-centering of the A-site cations
can also occur when the A-site is occupied by small transition-
metal ions, because the A-site cavity is too big for them to
maintain the ideal central position. This was further supported by
the recent study on Ca�Ti�(Nb,Ta)�O pyrochlores.21 These
pyrochlores exhibited a substantial displacive disorder without
presence of lone electron pairs but with smaller Ti4þ ions on the
A-site. Vanderah et al.22 reported that a pyrochlore structure
can accommodate up to 25% of small B cations on its A-site by
the displacive disorder. Because large A cations and small
B cations are electronically dissimilar, electric and magnetic
properties can be modeled by mixing them in A2O0 network.
Because of misplacement of the smaller B-site ions onto the
A-site and displacement of the A-site and O0 ions from their ideal
positions, these pyrochlores are termed as misplacive displaced
pyrochlores.

In the quest for the new magnetic pyrochlores with potential
magnetoelectric coupling, magnetoresistance or dilute magnetic
semiconductor characteristics we have focused on the
Bi2O3�Fe2O3�TeO3 system to explore pyrochlores with the
highly polarizable Bi3þ cation and the magnetic Fe3þ cation in
combination with Te6þ cation. Because of its high valence state,
Te6þ facilitates accommodation of a high Fe3þ content into the
pyrochlore, which is expected to result in a spin ordering. Within
this study, we have discovered a new pyrochlore composition
with spin-glass transtion. We report on its synthesis, structure
characterization, Raman spectra analysis, and dielectric and
magnetic properties.

’EXPERIMENTAL SECTION

Pyrochlore samples were prepared by the solid state reaction method
using initial reagents Bi2O3 (Alfa Aesar, 99.975%), TeO2 (Alfa Aesar,
99.99%) and Fe2O3 (Alfa Aesar, 99.945%). Stoichiometric powders
were mixed in an agate mortar with ethanol for 30 min. Pelletized
powders were heated in two steps in oxygen atmosphere, first at 530 �C
for 5 h and subsequently at 840 �C for 5 h with intermediate grinding.
Sintering of uniaxial pressed pellets was carried out in air at 880 �C for
3 h. The samples were mirror polished on one side for Raman
spectroscopy.
X-ray diffraction data were collected using PANalytical X’pert pro

MPD in Bragg�Brentano geometry with X’Celerator detector. The
collection conditions were CuKR-radiation, 40 kV 40 mA, 0.025� step

scan, 0.5� divergence slit and 0.02 rad incident and receiving soller slits.
Time-of-flight neutron diffraction (ND) data was collected on theHIPD
instrument at the Lujan Neutron Scattering Center at Los Alamos
National Laboratory at temperatures between 4 and 300 K. 8 g of
powder were loaded in vanadium sample cans for the measurement. A
Rietveld refinement of the room temperature data was performed jointly
on 6 banks of neutron data and X-ray data set using the GSAS suite with
EXPGUI.23,24

Raman measurements were taken using a Renishaw RM-2000 CCD
spectrometer equipped with a 514 nm laser together with a 514 nm edge
filter and an additional cutoff of 30 cm�1

filter for allowance of low wave
numbers. Spectra were obtained using a 50� long working distance
objective, which allowed the laser to be focused on to the samples surface
to a spot size of approximately < 2 μm. The Raman spectra were
analyzed using FOCUS software.25 The Raman spectrum was divided
with Bose�Einstein thermal factor26 and then least-squares fitted using
sum of Lorentzian curves. For low temperature dielectric measurements,
pellets were silver coated on both sides and mounted in the closed-cycle
cryocooler. The data was collected from 1 kHz to 1 MHz using a high
precision LCR meter (Agilent E4980A). Magnetic moments of the
powder samples in the 2�300 K range were measured using super-
conducting quantum interference device (Quantum Design, MPMS,
USA).
X-ray and Neutron Diffraction Analysis. During the investiga-

tion of Bi2O3�Fe2O3�TeO3 system, a pyrochlore phase that has never
been reported earlier was synthesized. The nominal molar oxide ratio of
the synthesized pyrochlore was Bi2O3:Fe2O3:TeO3 = 1.0:0.936:0.751.
Although X-ray only data indicated on single-phase composition,
neutron diffraction showed the existence of a very small R-Fe2O3

impurity (∼1.88 ( 0.04 wt %) that was accounted for in the joint
refinements. This impurity should not affect our analysis of the magnetic
properties of the matrix phase because below the Morin spin-reorienta-
tion transition at around 263 K, the R-Fe2O3 does not show any
magnetic transition that can be interfering with the observed low-
temperature susceptibility curves of the pyrochlore phase.

Except the (442) reflection, observed in the X-ray powder pattern at
2θ = 52.789�, all other reflections are allowed in an ideal undistorted
pyrochlore structure with the cubic Fd3m symmetry. The presence of
the (442) reflection can be rationalized by a displacement of the A-site
atom from its ideal (0.5, 0.5, 0.5) position of 16d, to a lower-symmetry
position.16,27 Similar to refinements on a number of other reported
misplaced displacive pyrochlores9,10,16,20 a model with displaced A ion
was selected to refine the XRD and ND patterns of the new pyrochlore
and during the refinement smaller Fe3þ was allowed to occupy A site
position. Refinement with Bi/Fe at 96 g and O0 ion at 8b position

Table 1. 300 K Refinement Results of Two Models Described in the Text: O0 on 8b and 32e sitea

atom x y z site occ. Uiso(Å
2)

Bi/Fe 0.47280(20) 0.51403(20) 0.51403(20) 96g 0.155(3)/0.014(3) 0.02274(25)

0.47240(20) 0.51366(22) 0.51366(22) 96g 0.158(2)/

0.012(3)

0.02281(26)

Fe/

Te

0 0 0 16c 0.707(2)/0.293(2) 0.00545(8)

0 0 0 16c 0.708(2)/

0.292(2)

0.00542(8)

O 0.322394(21) 0.125 0.125 48f 1.0 0.01330(8)

0.322691(21) 0.125 0.125 48f 1.0 0.01329(8)

O0 0.375 0.375 0.375 8b 0.964(3) 0.04818(37)

0.3848(5) 0.3848(5) 0.3848(5) 32e 0.240(1) 0.037(1)
aModel with O0 ion sitting on 32e site is in bold letters. Standard deviations in parentheses are described only for the refined parameters. Lattice constant
obtained is 10.38807(13) Å/10.38804(13) Å.
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resulted χ2 = 15.29 and Rwp = 0.0251 with O0 thermal parameter of 0.46
Å2. In the next step, O0 ion was refined with 32e position, which resulted
in χ2 = 15.36 and Rwp = 0.0252 with decreased O0 thermal parameter of
0.37 Å2. The model with O0 ion at 32e position slightly increased
discrepancy factors but improved thermal parameter of O0. Any other
choice of displacement of O0 ion in Fd3m symmetry worsened the
refinement. The final refinement results are presented in Table 1.

The misplacement of smaller B-site ions to the A site in the bismuth
pyrochlores is expected to result in a displacement of O0 ion to achieve
chemically reasonable bond distances.16,28 The correlation of O0 ion
displacement and A-site occupancy of smaller ions (e.g., Fe, Co and Zn)
has already been observed.9,10,22 The present refinement result with O0

ion at 32e site shows that∼6% of the A-sites is occupied by Fe3þ and O0

is displaced by 0.18 Å. As it is shown in the Table 2 these perfectly
corresponds to the values and trends observed for other similar bismuth
pyrochlores. In addition, the neutron diffraction refinement on

Bi2Ti2O7, where there is no misplacement of B-site ion to A-site,
indicated that O0 ion occupies mixture of 32e and 8b positions29 with
only about 3% at 32e position. Recent in depth local structure studies on
Bi2Ti2O7 showed that the O0 ion position distribution is densely
centered on the ideal 8b position.18 This supports the observed
correlation that in the absence of the misplacement, i.e., smaller B-site
ion on A-site, O0 ion sits on the ideal position (8b) in the pyrochlores
structure.

In the previous work, the model describing displacement along (111)
direction (i.e., 32e position for O0) was finally chosen for Bi�Zn�Nb-O
pyrochlore based on the crystal chemistry requirements despite con-
vergence of neutron refinement with all other choices of O0 ion in Fd3m
symmetry.30 All these results corroborate that the model with O0 ion at
32e position correctly describes these pyrochlore. Based on the refine-
ment and considering the stoichiometric constrains for pyrochlores the
formula of this pyrochlore can be, within the analytical error bars from
Table 1, written as (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 (hereafter BFT).
The diffraction and refined profiles are shown in Figure 1.

The results of the refinement show that the (Fe/Te)O6 octahedra are
nearly regular with metal oxygen bond lengths of 1.98560(8) Å and
O�Fe/Te-O angles deviated by 4 from 90�. The bond valence sum for
Fe/Te atoms at 16c site using the occupancy factors in Table 1 is 3.76 v.
u., which agrees well with the bond valence sum of 3.87 v.u., calculated
using formal valences of ions. The structure of the displaced pyrochlore
is presented in Figure 2.
Raman Spectra. According to a factor group analysis, there are 6

Raman active modes (A1gþ Egþ 4F2g), 7 F1u infrared-active modes and
1 F1u acoustic mode for a cubic Fd3m pyrochlore with an ideal setting
(i.e., without any displacement of A and O0 from their ideal sites).31 In
this ideal setting of the pyrochlore, the Raman modes are only due to

Table 2. List of Displacements for A and O0 Ions and Percentage of B Site Ions on a Site in Misplaced-Displacive Pyrochloresa

pyrochlore displacement of A site ion (Å) displacement of O0 ion (Å) percentage (%) of B-site ion on A-site

(Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 0.35 0.18 6 (Fe)

Bi�Fe�Nb�O12 0.43 0.22 9.5 (Fe)

Bi�Zn�Nb�O29 0.39 0.34 16 (Zn)

Bi�Co�Nb�O13 0.34 0.45 22 (Co)

Ca�Ti�Nb�O20 0.7b 0.48 24.5(Ti)
a Ion type in the last column is given in parentheses. In all the cases, O0 ion was displaced to 32e position. b In Ca�Ti�Nb-O, only Ti4þ occupying A site
is displaced by 0.7 Å.

Figure 1. (a) 300 K Rietveld XRD refinement fit and (b) the fit of 153�
bank 1 neutron TOF spectra of (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87. Ob-
served (þ marks), calculated (solid line) and difference (below)
patterns are shown. Tick marks at (a) and bottom (b) are for the
pyrochlore, middle (b) the nuclear structure of Fe2O3 impurity, and top
(b) the magnetic structure of Fe2O3 impurity.

Figure 2. Crystal structure of the displacive disordered (Bi1.88Fe0.12)-
(Fe1.42Te0.58)O6.87 pyrochlore projected close to (110) direction. The
corner-connected octahedra represent (Fe1.42Te0.58)O6 substructure.
The toroids of flat ellipsoids represent six equivalent 96g A-site
(Bi1.88Fe0.12) and black ellipsoids represent O0 atoms at 32e site.
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B2O6 sublattice dynamics whereas in the displaced pyrochlore structures
the relaxation of the selection rules can result in appearance of more
Raman modes, including some infrared vibrational modes.26

The Raman modes of the BFT pyrochlore, which are presented in
Figure 3, can be separated into three different groups (30�225 cm�1,
230�425 cm�1, and 450�800 cm�1). A visual inspection of spectra
reveal that more than 6 number of modes are present and some modes
are overlapped, unlike well-resolved modes seen in rare-earth-based
pyrochlores.32,33 To resolve the spectra into modes, least-squares fitting
with sum of the Lorentzian curves is carried out. A good fit was obtained
with 13 curves (Figure 3). The parameters obtained from the fit
(wavenumber of the mode (ν), integrated intensity (I) and full width
half maxima (fwhm)) are presented in Table 3. The Raman mode
assignment of the BFT pyrochlore is carried out by comparing the wave
numbers of modes with the modes reported in literature for different
disordered bismuth pyrochlores.26,34

In the low-wavenumber range of 30�225 cm�1, the BFT modes,
observed at 68 and 177 cm�1, were assigned to F1u infrared vibrations
(O0�A�O0 bend and A�BO6 stretch) that appear in the Raman
spectrum due to the relaxation of selection rules by displacements of
Bi and O0 ions from their ideal sites. These modes have been observed at
73�76 and 148�180 cm�1 for bismuth pyrochlores from ref 26. In the
present analysis, availability of the low-wavenumber Raman data (down
to 30 cm�1) enabled us to identify a mode at 54 cm�1. This low
wavenumber mode has also been seen in the infrared spectra of bismuth
pyrochlores34 (41�56 cm�1), hence it was assigned as an F1umode. The

modes observed at 93 and 222 cm�1 do not match with literature,
therefore they were not assigned to any vibrations. These low-wave-
number modes, which are absent in pyrochlores with an ideal arrange-
ment of atoms,35,36 are consistently seen in bismuth27,37�39 and rare-
earth pyrochlores,40 with displaced A-site ions indicating their associa-
tion with the ion displacement.

In the mid-wavenumber range, the lowest mode was observed at
249 cm�1 and, according to ref 22, identified as F2g. The two well-
resolvedmodes at 287 and 337 cm�1 were assigned to Eg and F2gmodes,
respectively. The low-intensity mode at 398 cm�1 is most probably
another F2g mode, as it close to what have been observed for Bi2Ti2O7.

The modes in the high wavenumber range of 450�800 cm�1 are
mostly due to the vibrations of the BO6 octahedral with 501 cm

�1 mode
assigned as A1g and 611 cm

�1 as the F2g. The 611 cm
�1 mode may also

be affected by the infrared F1u mode (B�O stretch) previously observed
between 599 and 642 cm�1.41 The modes above 625 cm�1 are generally
treated as overtones in the bismuth pyrochlores but the 739 cm�1 mode
may also be attributed to the highest F2g mode, as in ref 22.

In summary, the high number of modes in the Raman spectra of the
BFT pyrochlore cannot be assigned to a cubic pyrochlore with an ideal
ion setting. These modes appear as a result of the relaxation of selection
rules cause by lowering of the cell symmetry due to the displacive
disorder. This supports our diffraction studies and selection of the 32e
structural model for the BFT pyrochlore.
Dielectric Studies. Room-temperature dielectric constant of the BFT

pyrochlore is 45 at 1MHzand it is lowcompared tootherBi-basedpyrochlores
with d0 ions such as Nb5þ and Ta5þ but similar to the dielectric constant
of pyrochlore material with d10 cations, i.e., (Bi1.5Zn0.5)(Zn1.5Sb0.5)O7. The
reported dielectric constant at 1 MHz for (Bi1.5Zn0.5)(Zn1.5Nb0.5)O7,
(Bi1.5Zn0.5)(Zn1.5Ta0.5)O7 and (Bi1.5Zn0.5)(Zn1.5Sb0.5)O7 pyrochlores are
150, 76 and 32, respectively.41 The study of Melot et al.42 showed that the
dielectric constant depends on the d0 /d10 nature of the cation. The
gradual decrease in the dielectric constant with decrease in d0/d10 metal
ion ratio was also reported for (Bi1.5Zn0.5)(Zn0.5�x/3SnxNb1.5�2x/3)O7

pyrochlores43 and La(Mg0.5Ti0.5�xSnx)O3 perovskites.
44

The frequency and temperature dependence of dielectric constant
and dissipation (tanδ) of the BFT pyrochlore samples are presented in
Figure 4. The observed dielectric characteristics closely correspond to
the characteristics of dielectric relaxations observed for other displacive
pyrochlores.6,39,45 The dissipation that occurs at cryogenic temperature
is broad and frequency dispersive. Its peak position (Tmtanδ) increases
from 92 to 125 K and the peaks broaden with the increase in frequencies
(1 kHz-1 MHz) resembling an relaxor-like mechanism. From Figure 4
we can also see an increase in tanδ above 225 K, which ismore significant

Figure 3. Sum of Lorentzian curves fit of the Raman spectra. Experi-
mentally measured spectra (blue), fitted curve (red), baseline (broken
line), and Raman modes (green) from the fit are shown. Unassigned
modes are indicated by arrow marks.

Table 3. Tentative Assignment and Fitting Parameters Obtained from Sum of Lorentzians for (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87,
Frequencies Calculated for Bi2Ti2O7, Modes and Assignment Reported for Bismuth Pyrochlores

frequency (cm�1) integrated intensity (a.u.) fwhm (cm�1) Bi2Ti2O7: ref 22 mode: (cm�1) Bi-pyrochlore: ref 22 mode: (cm�1) tentative assignment

54 178 9.39 F1u
68 149 21.3 F1u: 86 F1u: 73�77 F1u
93 125 39.8 unassigned

177 45 76.9 F1u: 142 F1u: 148�180 F1u
222 113 42.9 unassigned

249 72 48.1 F2g: 262 F2g: 208�256 F2g
287 115 50.7 Eg: 281 Eg þ F2g: 297�346 Eg
337 68 80.5 F2g
398 27 47.6 F2g: 395 F g: 419�434 F2g
502 139 74.3 A1g: 535 A1g: 511�540 A1g

611 199 68.2 F2g: 537 F2g: 599�624 F2g þ (F1u?)

698 127 59.8 unassigned

738 148 38.4 F2g: 711 unassigned
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for low frequencies and typical for system with a high concentration of
charge carriers, i.e., increased conductivity.

If we assume for the displaced ions in this disordered system an
independent and uniform hopping mechanism, in which the charges
hop independently over a charge barrier with no correlation between
the dipole entities, the thermodynamics of the relaxation time and
activation energy of the hopping can be expressed by Arrhenius
expression;

τ ¼ τ0expðEa=kBTÞ ð1Þ
where τ0 is the pre-exponential term, Ea the activation energy for
hopping between adjoining potential minima, and kb the Boltzmann
constant. The Arrhenius plot of ln(τ) = ln(ω�1) followed a linear
variation with the 1000/ Tmtanδ resulted in the activation energy of
200 meV and the relaxation time of 7 � 10�16 s. The Ea and
relaxation time are close to values typical for ion hopping. Because of
very broad relaxation peak our system is most probably a more
complex than one singular Debye relaxation. We can assume that a
contribution of dipole fluctuation originating from the multiwall
hopping of displaced Fe3þ, Bi3þ and O0 ions is dominating the
relaxation.39,46 Because the freezing temperature of the relaxation is
close to zero the difference between applying Arrhenius or Vogel-
Fulcher expression is not so significant that we can judge on
collective nature of the fluctuation. In addition, it is important to
refer to Liu et al.47 suggestion of a possible tetrahedral edge rotation
as a additional contribution to the dipole moment, which they claim
for (Bi1.67Ni0.25)(Ni0.5Nb1.5)O7. However, based on our Raman

analysis that indicates the high displacive disorder, we assume the
ion hopping to be the main contributor.
Magnetic Studies. Magnetic properties of the pyrochlores were

measured at various magnetic fields using zero-field cooled (ZFC) and
field-cooled (FC) conditions. Magnetic susceptibility, χ, and inverse
magnetic susceptibility, 1/χ, of BFT, measured in low magnetic field of
50 Oe, are shown in Figure 5. The χ (T) dependence shows a cusp at T
≈ 20 K which, during the early stages of this work, was assigned to the
antiferromagnetic (AFM) type of the phase transition. This preliminary
assignment, however, was not confirmed by the neutron diffraction
measurements both above and below 20 K that provided no evidence for
the long-range magnetic order in the BFT pyrochlore. Any magnetic
interaction must be very short-range, as diffuse magnetic scattering is
also absent. Also specific heat measurements reveal no peak or notice-
able anomalies around T = 20 K that may be associated with the
magnetic entropy related to the formation of the long-range FM or AFM
order further supporting the notion that the material is a spin glass
system (Figure 6). Subsequent magnetic measurements reveal colossal
broadening and red-shift of the χ (T) cusp in stronger magnetic fields
(Figure 7). These phenomena are typically observed in the spin-glass
systems.48 In addition, it was noticed that magnetic moment below 20 K
shows significant time dependence suggesting a very slow spin dynamics
in agreement with the general features of the spin glass systems.49

Extrapolation of the linear 1/χ (T) dependence in Figure 5 to 1/χ = 0
yields a negative Weiss temperature ofΘW =�659 K indicating that the
short-range AFM superexchange interactions in the studied compounds
are quite strong. In the reported literature, antiferromagnetic-type
interaction in Bi-based pyrochlores, such as Bi1.72Fe1.06Nb1.13O7, was
also evidenced by the negative intercepts of inverse susceptibility with
ΘW values as low as �278 K.9

As revealed in Figure 5, above T≈ 250 K the 1/χ data can be fit to the
Curie�Weiss law,

χ ¼ NAp2μB
2

3kBðT �ΘWÞ ð2Þ

whereNA is the Avogadro number, p is the effective magnetic moment in
Bohrmagnetons (μB), kB is the Boltzmann constant, andT is the absolute
temperature. The fit of the 1/χ data gives Fe3þ effectivemagneticmoment
of∼5 μB. This is somewhat lower than the noninteracting free Fe

3þ value
of 5.9μB. A strong deviation from the linear Curie�Weiss behavior (eq 2)

Figure 5. Temperature dependence of zero-field-cooled (open circles)
and field-cooled (solid circles) molar magnetic susceptibility of the
(Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87. Also shown is inverse magnetic sus-
ceptibility measured in magnetic field of 50 Oe.

Figure 4. Temperature dependence of (a) permittivity and (b) di-
electric loss (tan δ) of (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 at frequencies of
1, 5, 10, 50, 100, and 500 kHz and 1 MHz (left to right). The dispersion
of the permittivity with frequency, observed for 500 kHz and 1 MHz, is
an artifact due to impedance of the measurement fixture in the
cryocooler.
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observed below T ≈ 250 K may point on to the presence of the weaker
ferromagnetic-type interactions presumably stemming from the next
nearest neighbor Fe3þ�Fe3þ spin coupling. This situation is different
from the rare-earth magnetic pyrochlores,8 where strong localization of
electrons on the rare earth ions satisfies the noninteracting spin picture
above the temperature of the long-range magnetic ordering.

We have also analyzed magnetoelectric properties of this pyrochlore
at cryogenic temperatures. Although we have not seen any noticeable

magnetic field dependence of the dielectric properties, we have noticed a
gradual change in slope in the permittivity at around 19K (Figure 8). The
magnitude of the slope change is frequency dependent. At the moment,
it is not clear whether this anomaly is connected with the spin-glass
transition, Tg, that occurs at almost the same temperature.

’CONCLUSIONS

We have synthesized a new member of Bi-pyrochlore family with
the highest percentage of Fe3þ ion, (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87.
Observation of the (442) reflection in the X-ray and neutron
powder diffraction pattern indicates that the pyrochlore
crystallizes with displaced atomic A-sites similar to other
Bi-based misplaced-displacive pyrochlores. A structure refine-
ment of the X-ray and neutron diffraction data reveal that the
A-site is displaced to 96g and O0 site is displaced to 32e in cubic
Fd3m symmetry. The refinement results indicate that ∼6% of
the Fe3þ is misplaced on the A-site. The Raman spectrum was
modeled with 13 Lorentzian peaks and a possible assignment of
modes based on the literature data was carried out. The higher
number of Ramanmodes together with the presence of the low-
wavenumber modes confirm the displacive nature of the
(Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87. The dielectric characteriza-
tion shows on a frequency diffusive and dispersive dielectric
relaxation at around 120 K that originates in multiwall hopping
of displaced ions. Room temperature dielectric constant of
(Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 is 45 at 1MHz. The increasing
permittivity and dielectric losses, observed above 225 K,
indicate on increased conductivity of the pyrochlore at room
temperature. At 20 K, the pyrochlore develops a strong spin
interactions resulting in spin-glass phase transition.
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Figure 7. Temperature dependence of zero-field-cooled magnetic mo-
ment of the (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87 taken in various magnetic
fields.

Figure 8. Permittivity at cryogenic temperatures showing frequency
dependent slope change at around 19 K, which coincides with spin-glass
transition temperature. The gray arrow indicates the increase in mea-
surement frequency from 1 kHz to 1 MHz. The cooling rate during
measurement was 1 K/min.

Figure 6. (a) Specific heat of the (Bi1.88Fe0.12)(Fe1.42Te0.58)O6.87

sample. The data do not show any anomaly around 20 K that can be
attributed to the onset of the long-range AFM or FM magnetic order.
This corresponds to (b) insignificant difference (line at bottom)
between neutron diffraction data collected at 4 and 22 K.
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