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Infrared study of the phonon modes in bismuth pyrochlores

Minghan Chen and D. B. Tanner
Department of Physics, University of Florida, Gainesville, Florida 32611, USA

Juan C. Nino
Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611, USA
(Received 5 January 2005; revised manuscript received 16 May 2005; published 19 August 2005)

The temperature dependence of the reflectance of the cubic bismuth pyrochlores Bis»ZnTas,07,
Biz;»MgNbs,04, Biz;;MgTas,04, and Bis;nZng o,Nb; 5049, (BZN) has been investigated by infrared spectros-
copy. Spectra were collected from 30 to 3300 cm™! between 50 and 300 K, and the optical constants were
estimated by Kramers-Kronig analysis and classical dispersion theory. In addition, BZN was studied by tera-
hertz techniques to lower frequencies. Infrared-active phonon modes have been assigned to specific bending
and stretching vibrational modes. A previously unassigned infrared mode at ~850 cm™! is discussed. A split-
ting of the B-O stretching phonon modes and O-B-O bending modes is assigned to mixed-cation occupancy.
The temperature dependence of the phonon frequencies and the damping coefficients are consistent with a
decrease of both lattice constant and orientational disorder at low temperatures.

DOI: 10.1103/PhysRevB.72.054303

I. INTRODUCTION

Pyrochlores typically have a nominal composition
A,B,05 and adopt a cubic structure with space group Fd3m.
The crystal structure can be described as consisting of inter-
penetrating networks of BOg octahedra and A,O’ chains.!
The pyrochlore structure allows for a broad range of atomic
substitutions at the A, B, and O sites; therefore, pyrochlore
compounds exhibit a wide variety of very interesting physi-
cal properties. Recently, bismuth-based pyrochlore com-
pounds have demonstrated excellent properties for use in ca-
pacitor and high-frequency filter applications: low loss, high
permittivity, and good temperature stability.> Golovschikova
et al.’® and Jeanne et al.* first investigated bismuth-based py-
rochlore materials for dielectric applications in the early
1970s. Detailed studies by Levin et al.’ determined the sto-
ichiometry of single-phase cubic bismuth zinc niobate to be
Bi3;»Zng 9oNb; 5069, (BZN) in the pyrochlore structure
(A,B,040") with partial Zn occupancy of both A and B sites.
In addition, displacements from the ideal crystallographic
positions were identified for both A and O’ ions. The A-site
cations were found to be randomly displaced from the ideal
eightfold-coordinated positions along the six (112) direc-
tions, perpendicular to the O'-A-O' links. The O’ ions were
found to be randomly displaced along the (110) directions. It
will be shown that this displacement disorder is required to
explain the observed infrared vibrational spectra. Based on
crystal chemical considerations, Withers et al.® determined a
range of bond lengths for the A-O’ links. Their data indi-
cated that the length of the longer A-O’ bond is 2.351 A
while the shorter A-O’ bond length is 1.961 A. The experi-
ment and subsequent Monte Carlo simulation results did pro-
vide a good representation of the local short-range order and
associated structural relaxation in the A,O’ substructure.

Because vibrational spectroscopy can provide unique in-
formation about materials, including phonon modes, the
presence of impurities or defects, ordering and the orienta-
tion of dipoles, infrared spectra studies of these materials is
of great interest. Infrared spectra of pyrochlores were re-
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ported by Brisse and Knop.” The vibrational modes of stan-
nate pyrochlores were identified, site occupancy was dis-
cussed, and trends were analyzed. Later, McCauley8 studied
the general characteristic of infrared absorption in the pyro-
chlore structure. Factor group analysis was employed, vibra-
tional modes were classified, and infrared-active lattice
modes were assigned to specific bending and stretching
modes. More recently, Kamba et al.® measured the reflec-
tance of BZN material and Nino et al.'® assigned each
infrared-active mode to a bending or a stretching mode.
However, to date, only the spectra of BZN have been re-
ported despite the large number of bismuth-based pyrochlore
compounds studied in the last decades. There have been nei-
ther studies of the phonon modes in other bismuth pyro-
chlores nor detailed investigations of the temperature depen-
dence of the infrared absorption in
pyrochlores. Here we report temperature-dependent reflectiv-
ity measurement for four cubic pyrochlore ceramics
Biy,ZnTaz,0;  (BZT),  BizMgNb;y0;  (BMN),
Bi3/2MgTa3/ZO7 (BMT), and BZN.

II. EXPERIMENTAL PROCEDURES

Disk-shaped samples with a diameter of 10 mm and
thickness of 2 mm were prepared by conventional solid-state
powder processing techniques. A detailed description of the
process can be found elsewhere.!! Temperature-dependent
reflectivity was obtained using a Fourier transform spectrom-
eter (Bruker IFS 113v) in conjunction with a liquid-helium-
cooled Si bolometer (over 30-700 cm™!) and a room-
temperature DTGS detector (over 650-3300 cm™'). The
reflection stage provided an angle of incidence of about 15°
for the light. Temperatures between 50 and 300 K were ob-
tained in a Hanson flow cryostat with polyethylene (far in-
frared) or KBr windows (midinfrared). Temperature-
dependent terahertz transmission spectra of BZN were
measured with a Teraview TPI Spectra 1000 spectrometer
and a Hanson flow cryostat with polyethylene windows.

©2005 The American Physical Society
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FIG. 1. (Color online) The reflectance of (a) BZT, (b) BMN, (c)
BMT, and (d) BZN.

III. RESULTS AND ANALYSIS
A. Reflectance spectra

The temperature-dependent reflectance of BZT, BMN,
BMT, and BZN between 30 and 1500 cm™' is shown in Fig.
1. The reflectance is not shown above 1500 cm™! because it
is flat at these frequencies, approaching the value given by
the high-frequency permittivity &.. Strong structure due to
the vibrational modes is seen over much of the range. The
low-frequency reflectance is very large, consistent with the
large static dielectric constant observed in these materials.
The reflectivity spectra do not change significantly with tem-
perature, which implies that there is no phase transition
within the temperature range investigated. This is in agree-
ment with earlier infrared measurements of BZN.'? There is
a slight increase in the maxima of the vibrational features at
lower temperatures.

B. Kramers-Kronig analysis

The real and imaginary parts of the dielectric constant in
the infrared range can be estimated from the reflectance R(w)
via Kramers-Kronig analysis.!? In calculating the Kramers-
Kronig integral, we extrapolated the reflectance as constant
at low frequencies, appropriate for an insulator. At high fre-
quencies we also took the reflectance to be constant up to
very high frequencies (10000000 cm™!,12000 eV) and
then used free-carrier behavior R ~ w™ above that. Figures 2
and 3 show, respectively, the temperature dependence of the
real and imaginary parts of the dielectric function for BZT,
BMN, BMT, and BZN. The imaginary part shows a number
of peaks due to phonon modes and becomes very small
above ~800 cm™!. The real part is quite large (50-60) at low
frequencies, shows derivativelike features in the vibrational

PHYSICAL REVIEW B 72, 054303 (2005)

Photon Energy (meV)
10 100

T A 3K (a)]

90
70
50
30
10

-10

-30 f——+———++]

70

so&

30
10
-10

I
L]
I

@
N
—

L
ﬁ

70
50
30
10
-10
-30
70
50
30
10
-10
-30

/‘ylll.ll

100 , 1000
Frequency (cm™')

FIG. 2. (Color online) The real part of the dielectric function
(g') of (a) BZT, (b) BMN, (c) BMT, and (d) BZN.

region, and falls to a high frequency value of about 5.

C. Terahertz spectra

Terahertz transmission spectra of BZN were measured at
both room temperature and cryogenic temperature between
3 cm™ and 60 cm™'. The absorption coefficient was esti-
mated from the transmittance and combined with the infrared
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FIG. 3. (Color online) The imaginary part of the dielectric func-
tion (¢") of (a) BZT, (b) BMN, (c) BMT, and (d) BZN.
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FIG. 4. (Color online) The (a) absorption coefficient and (b)
conductivity of BZN at room temperature and at cryogenic
temperature.

Kramers-Kronig results to give the absorption coefficient
spectra shown in Fig. 4(a) over 3—1500 cm™!. Figure 4(b)
shows another optical function, the optical conductivity
o(w). At low frequencies, the optical conductivity de-
creases, consistent with the small dielectric loss in these ma-
terials.

D. Oscillator-model fits

The complex dielectric function &'(w) in the infrared
range can also be obtained by fitting the reflectance R(w)
using a model dielectric function that consists of the sum of
several damped oscillators plus a high-frequency permittivity
€., originating from the electronic polarization:

n

2
8*(w)=8;h+8x=2 5 Aszlwl. + €,
i=1 W; — @ — jWY;
where w;, y;, and Ag; denote, respectively, the eigenfrequen-
cies, damping coefficient, and contribution to the dielectric
permittivity from the ith polar phonon mode and s*h is the
phonon contribution to the complex dielectric function. The
infrared reflectivity spectra and the oscillator fit for BMN
measured at room temperature and cryogenic temperature are
shown in Fig. 5. The oscillator fits for the other samples are
of similar quality. Tables I-IV show the fitting parameters for
the reflectance spectra.

IV. DISCUSSION
A. Infrared-active modes

We now turn to assignments of the vibrational features.
Factor group analysis of the ideal pyrochlore structure
yields?
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FIG. 5. (Color online) Measured and calculated reflectivity of
BMN at (a) 300 K and (b) 50 K.

['=3A,,+3E,+ A (R) + E,(R) + 4F,,(R) + 8F,,(IR)
+4F,, +2F,.

Only seven F, infrared-active modes are infrared allowed.
(One F;, mode is an acoustic mode.) However, since as de-
scribed below, in BZN the atoms in the A sites are displaced
from their ideal crystallographic position and occupy one of
six equivalent possible positions, and each O’ atom is also
displaced among 12 possible positions,” the factor group
analysis of BZN yields the following phonon modes at the
center of the Brillouin zone® (assuming some occupancy of
all the sites simultaneously, which gives the largest estimate
of the expected mode numbers):

['=2A,,+6A;5,+2A,, +8E,+ 5A,,(R) + TE,(R)
+ 13Fy,(R) + 15F,,(IR) + 11F;, + 10F .

The modified irreducible representation was calculated with
the refined atomic positions for BZN after Levin er al.’ It is
important to note that the overall symmetry of the BZN py-
rochlore remains as Fd3m. However, as the neutron diffrac-
tion experiments show, the A and O’ sites are displaced from
their ideal pyrochlore positions (16d and 8b, respectively) to
off-center ones (96g and 96g, respectively). While these dis-
placements affect the local symmetry of the atoms and lead
to mode splitting due to cation and anion partitioning, the
overall unit cell symmetry is kept; i.e., the structure remains
a pyrochlore Fd3m. Further details are provided in Levin et
al.’ In modified irreducible representation, 14 F,, modes are
infrared active. (One F, is an acoustic mode). Ten oscilla-
tors are required to fit the infrared reflectivity spectra for
BMN and BZN [in agreement with previous work on BZN
Ref. 9] and nine modes are needed for BZT and for BMT.
Furthermore, similarities in the spectra also suggest possible
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TABLE 1. Parameters from the dispersion analysis of the phonon modes in the infrared spectra of BZT pyrochlore at 300 and 50 K. An

asterisk (*) indicates mode splitting.

300 K BZT 50 K
Resonant Oscillator Damping Resonant Oscillator Damping
frequency strength coefficient Mode frequency strength coefficient
Mode o (cm™) Ae v (em™) assignment w, (cm™) Ag, v (em™) Mode
w, 52 15.1 47 (0'-A-0") 50 16.1 43 w,
Bend”
Wy 86 2.1 29 (0'-A-0) 90 29 29 w;
Bend
g 145 13.3 32 (0-A-0) 144 14.8 24 wg
Bend
ws 192 6.0 68 (A-BOg) 191 9.2 73 ws
Stretch
Wy 268 3.6 62 (0-B-0) 268 3.8 46 Wy
Bend
w3 303 4.7 47 (A-0) 303 5.1 38 w3
Stretch
o5 499 1.2 81 (A-O") 496 1.3 72 )
Stretch
o) 570 0.78 64 (B-0) 571 0.86 53 o)
Stretch”
on 639 0.12 40 (B-0O) 640 0.12 30 on
Stretch
€s 5.24 5.67
€ 47.0 54.2
(Sum)

analogous A-site cation and O’-anion displacements to those
observed in BZN.>%? Assignments of the phonon (lattice)
modes are presented in Tables I-IV, following the classifica-
tion of McCauley® and Nino et al.'” Modes identified with an
asterisk (*) show a splitting that is inconsistent with the ideal
pyrochlore structure, as discussed in more detail below.

B. Mode at 850 cm™!

Both BMN and BZN exhibit a phonon mode around
850 cm™!, identified as wz* in Tables II and IV. This feature
is seen as a weak structure near the reflectance minimum in
Figs. 1(b) and 1(d). In contrast, in the spectra of BMT and
BZT this feature is not observed. The room-temperature fits,
reported in Tables II and IV, place the a);* mode in BMN and
BZN at very similar frequencies (850 cm™). This w, mode
shows no significant difference in resonant frequency, oscil-
lator strength (Ag), or damping coefficient () as tempera-
ture changes between room temperature and cryogenic tem-
perature. The oscillator strength of this mode (w, ) is the
smallest among all the lattice modes of both BZN and BMN.
McCauley® measured the infrared absorption spectra of sev-
eral pyrochlore-structure materials. The data showed a num-
ber of very weak absorption bands in the 800—1100-cm™!
region, leading to the suggestion that this lattice mode is an
indication of an additional structural complexity As stated
before, Withers e al.® indicated the bond-length difference
for the A-O’ bond in the A,O’ substructure. Their data show

the longer bond length is 2.351 A and the shorter bond
length is 1.961 A, about a 20% difference. Hector and
Wiggin'4 showed that the displacements of both the O’ anion
and the A-site cation must be cooperative within domains
and this may lead to one A-O’ bond being shortened and the
other being lengthened. According to this picture, the vibra-
tion of the shorter A-O’ bond may correspond to the phonon
mode around 850 cm™! and the vibration of the longer bond
may lead to a phonon mode around 483 cm™!.

It has been recently proposed that the disorder of A and
O’ ions is due to static displacements in all pyrochlores in
which the A cation has active lone pairs.'> And it has been
noted'®!” that in some pyrochlores the lone pair character of
Bi** is reduced by mixing of the Bi 65 electron pairs and the
d orbitals (of B-site cations). Since Ta has lower electrone-
gativity than Nb, it can be expected that the Bi** 65 electron
and d orbital (from the B-site atom) mixing is stronger in
BZT and BMT than that in BZN and BMN. This suggests
that in BMT and BZT, the displacement from the symmetri-
cal position of the A-site cation and the O’ anions is not as
large as in BZN and BMN. In this way, in BMT and BZT, the
distinction between the long and short A-O' bonds disap-
pears or it is greatly reduced and, as a consequence, the w;*
mode is no longer clearly observed.

Furthermore, the phonon mode w, (483 cm™' in BMN and
482 cm™! in BZN), which corresponds to the vibration of the
longer A-O’ bond, shifts to higher frequencies (495 cm™! in
BMT and 499 cm™! in BZT). At the same time, the @, mode
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TABLE II. Parameters from the dispersion analysis of the phonon modes in the infrared spectra of BMN pyrochlore at 300 and 50 K. An
asterisk (*) indicates mode splitting. A double asterisk (#*) indicates the split A-O’ mode described in the present work.

300 K BMN 50 K
Resonant Oscillator Damping Resonant Oscillator Damping
frequency strength coefficient Mode frequency strength coefficient
Mode o (cm™) Ae v (em™) assignment w, (cm™) Ag, v (em™) Mode
w, 41 12.4 31 (0'-A-0") 42 21.6 40 w,
Bend”
w7 83 19.1 94 (0’-A-0') 108 18.5 126 w7
Bend
ws 178 15.2 84 (0-4-0) 173 16.0 73 w
Bend
ws 211 3.7 79 (A-BOyg) 208 4.6 75 ws
Stretch
Wy 291 2.0 95 (0-B-0) 292 2.3 90 Wy
Bend
w3 367 3.6 79 (A-0) 368 39 73 w3
Stretch
) 483 0.82 68 (A-O") 477 0.69 48 W)
Stretch
o) 556 0.89 108 (B-0) 548 0.84 99 o)
Stretch”
o 599 0.35 97 (B-0) 595 0.40 91 o
Stretch
o, 850 0.01 34 (A-0") 851 0.01 33 o,
Stretch
o 5.44 5.52
g 58.0 68.9
(Sum)
would shift to lower frequencies in both BMT and BZT; 5 477N(Ze)2
however, due to its low oscillator strength, the w:* mode wp= T’
cannot be detected in the infrared spectrum when it is close
to the w; mode. where , is the plasma frequency, Ae is the oscillator

C. Mode splittings

Not counting the w:* mode, BZT, BMN and BZN have in
total nine observed infrared modes whereas BMT shows
eleven oscillator modes. This difference suggests some addi-
tional effects in BMT. The splitting in principle could be due
to force-constant or mass effects. Table V shows the mass
ratio (the ratio of the mass of the heavier B-site ions divided
by the mass of the lighter B-site ions) of the B-site ions for
all the compounds investigated. Ta’* has the largest mass of
all the B-site ions whereas Mg>* is the lightest of all the
B-site ions. The significant mass difference in BMT leads to
a splitting of the B-O stretching mode and O-B-O bending
mode that is large enough to separate the single normal mode
into two distinct modes. If we assume that wi (259 cm™)
and w, (295 cm™') are the O-B-O bending modes in BMT,
corresponding to the vibration frequency of Ta’* and Mg?*,
respectively, the mass-difference-induced phonon-mode
splitting can be explained as follows. We write

w,= VAew,

strength, w is the reduced mass of the ions, and (Ze) is the
charge of the ions. From the above equations,

(Ze)?

b
Asw

M oC
so that the reduced mass ratio becomes

ﬂ _ 52/(A8Ta w%a) —318
MMg 22/(A8Mg wﬁ,[g)

In the octahedral structure, the reduced mass can be calcu-
lated directly:

_ mTa(6mO)
KTa mra + 6m0 ’
_ mMg(6mO)
MMg - >
myg + 6mg

where mq,, my,, and mq are the mass of Ta>*, Mg?*, and
0%, respectively, making the reduced mass ratio be
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TABLE III. Parameters from the dispersion analysis of the phonon modes in the infrared spectra of BMT pyrochlore at 300 and 50 K.

An asterisk (*) indicates mode splitting.

300 K BMT 50 K
Resonant Oscillator Damping Resonant Oscillator Damping
frequency strength coefficient Mode frequency strength coefficient
Mode o (cm™) Ae v (em™) assignment w, (cm™) Ag, v (em™) Mode
w, 56 18.8 60 (0'-A-0") 54 18.0 53 w,
Bend”
Wy 108 4.7 62 (0'-A-0) 110 6.4 54 w;
Bend
wg 149 32 35 (0-A-0) 145 3.6 27 wg
Bend
ws 178 10.8 71 (A-BOy) 177 12.1 64 ws
Stretch
w, 259 3.9 81 (0-B-0) 262 5.0 80 w,
Bend
wy 295 1.5 50 (O-B-0) 299 1.4 42 Wy
Bend
3 336 3.0 79 (4-0) 337 3.1 74 3
Stretch
w, 495 0.73 64 (A-0") 492 0.77 55 w,
Stretch
o) 536 0.36 54 (B-0) 534 0.37 47 o,
Stretch”
o) 578 0.60 65 (B-0) 577 0.64 55 o,
Stretch”
N 642 0.11 47 (B-0) 644 0.11 36 |
Stretch
€ 4.98 5.18
€ 47.8 515
(Sum)
MTa Analysis of the B-O stretching mode in BMT requires
— =3.23. it ; ;
it additional considerations. BMT shows only three B-O
g

This result is in agreement with the reduced mass ratio esti-
mated from the oscillator strength. Using this simple spring
model, the ratio of the bond strength between different B-site
ions can be calculated:

Ko w’u= Ko/ Knig = wzz/J,Ta/wi,uMg =2.49.

This result is reasonable. Comparing the radius of the B-site
ions (sixfold coordinated), one sees that Mg2+ and Zn** have
similar radii (0.72 and 0.74 A, respectively) whereas Ta’* is
smaller (0.64 A).'¢ The smaller radius of Ta®>* will result in a
shorter bond distance and higher bond strength. Thus Ky, is
larger than Ky;,. In BMN, the material which has the second
largest mass ratio, the width of B-O stretching mode and O
-B-0O bending mode is rather broad. The large y values may
indicate the contribution by several phonon modes, modes
which are too close to appear as individual features in the
infrared spectra. In both BZT and BZN, the mass difference
at the B site is smaller than that of the BMN; correspond-
ingly, the width of O-B-O and B-O modes is smaller than
that of BMN.

stretching modes instead of the four modes that are expected
from mode splitting due to the mass difference. Figure 6
shows this situation. One begins with a single B-O stretching
mode. The first splitting is due to partial occupancy as well
as to the local distortion of the [BOg] octahedra. The second
splitting is due to the mass difference. The two phonon
modes which have the central frequencies (midway between
536 and 642 cm™!) are very close to each other and are not
separated in the spectrum. Thus the spectrum of BMT only
shows a single mode at 578 cm™! with a slightly larger
damping coefficient (65 cm™') than the damping of the other
two modes (54 and 47 cm™, respectively).

D. Low-frequency behavior

The reflectance rises slowly below 100 cm™' (Fig. 1). As
made clear by the result of our terahertz transmission mea-
surements (Fig. 4), as well as from the fits to the reflectance,
there is a broad vibrational absorption in the range between
~10 and ~100 cm™'. This has been studied in some detail
for BZN by Kamba er al.® At lower frequencies, the optical
conductivity decreases to a very small value. These samples
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TABLE IV. Parameters from the dispersion analysis of the phonon modes in the infrared spectra of BZN pyrochlore at 300 and 50 K. An
asterisk (*) indicates mode splitting. A double asterisk (#*) indicates the split A-O’ mode described in the present work.

300 K BZN 50 K
Resonant Oscillator Damping Resonant Oscillator Damping
frequency strength coefficient Mode frequency strength coefficient
Mode o (cm™) Ae v (em™) assignment w, (cm™) Ag, v (em™) Mode
w, 45 30.8 46 (0'-A-0") 42 48.8 50 w,
Bend”
7 81 10.0 48 (0’-A-0') 38 12.8 57 w;
Bend
W 142 163 41 (0-A-0) 142 18.9 34 wg
Bend
ws 178 10.9 84 (A-BOg) 181 10.2 76 ws
Stretch
Wy 259 2.3 86 (0-B-0) 263 2.8 82 Wy
Bend
w3 340 49 96 (A-0) 341 53 88 w3
Stretch
o5 482 0.84 73 (A-O") 480 0.87 62 )
Stretch
o, 551 0.88 90 (B-0) 550 0.84 74 o,
Stretch”
) 624 0.08 64 (B-0O) 615 0.13 59 on
Stretch
o, 850 0.01 38 (A-0") 849 0.02 38 o,
Stretch
£ 5.24 5.50
€ 77.0 100.7
(Sum)

are insulators; there is no free-carrier contribution to the con-
ductivity in the measured frequency range. Our estimates of
the phonon contribution to the static dielectric constant are in
Tables I-1V. Including the high-frequency electronic contri-
bution of around 5, the low-frequency dielectric constants of
our samples are between 52 and 106.

E. Temperature effects

In BZT, the w; mode shifts to higher frequencies at low
temperature. In BMN, frequency of w; increases signifi-
cantly at low temperatures. In BZN, w; and w, shift signifi-
cantly to higher frequencies. In BMT, there is also an in-

/_ @(642em ™) y=47cm’!
B-O stretch

mode ©"(578cm™) y=65cm™

@ (536em ) y=54cm!

mass-difference-
induced splitting

FIG. 6. The splitting of the B-O stretching mode in BMT.

crease of the phonon frequency for the w, mode at low
temperatures. Figure 7 shows these processes. These phe-
nomena are due to the decrease of the lattice constant on
cooling and are consistent with x-ray and neutron diffraction
measurements of BZN.?

The w?, |, Wy, and wg modes in BMN and the w; mode
in BZN behave differently, shifting to lower frequencies with
decreasing temperature. The same is observed in BMT for
the wg phonon mode. This behavior probably indicates a
more complicated situation controlling these phonon modes.
Other phonon modes in these samples do not show signifi-
cant changes in frequencies at low temperatures.

The widths of phonon modes w;, w}k, Wy, W3, Wy, wz, and
wg, decrease with decreasing temperature for all of the
samples. The broadening of the phonon mode can be ac-
counted for by structural disorder, orientational disorder, and
anharmonicity. Because the widths of these modes are tem-
perature dependent, orientational disorder may play a very
important role. Orientational disorder was also found in ti-

TABLE V. The mass ratio of the B-site ions in different
pyrochlores.

Materials BMT BMN BZT BZN

Mass ratio 7.444 3.823 2.767 1.421
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FIG. 7. (Color online) Temperature dependence of the phonon
mode frequencies in BZT, BMN, BMT, and BZN.

tanate pyrochlore materials'® and in bismuth oxide and its
derivatives'® using Raman spectroscopy. The widths of the
0-B-O (w4) and the B-O (wT and ;) modes can be ex-
plained by the orientational disorder in the BOg octahedra.
The width of the A-O the A-O’ stretching modes may be due
to the randomization of the orientation of the nonbonding
lone pair orbital of Bi** on the A site. This conclusion is in
agreement with other experiments.! .

The variation of the widths for O’-A-O’ modes (w, and
w7) is not easy to understand. For BMN and BZN, the widths
of the a)7 and w; modes i increase as temperature is reduced.
In BMT, the widths of w; and w, decrease as the temperature
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is reduced. In BZT, the widths of w; decrease while the
width of the w; mode does not change at cryogenic tempera-
tures. The bending of O’-A-O’ bonds, which leads to the
separation of the positive- and negative-charge center, cre-
ates the dipoles in these materials. The displacement of
A-site cations and O’ anions might increase the orientation
disorder of these dipoles. With the present data, there are no
discernible trends in the widths of the w; and w; modes;
consequently, additional spectroscopy in the THz region is
needed. Finally, the width of the A-BOg¢ (ws) stretching mode
depends on both the orientation of the non-bonding lone pair
of A-site Bi** and the orientation of the BO4 octahedra, and
therefore its analysis is not trivial. While the width of ws
increases in BZT as the temperature decreases, in BMN,
BMT, and BZN it decreases.

V. CONCLUSIONS

Dispersion analyses of the infrared reflectance of BZT,
BMN, BMT, and BZN show behavior of the phonon modes
which confirms the A-site-cation and O’-anion displacement.
The assignment of the w, mode indicates the existence of a
complex structure induced by the displacement which is in-
fluenced by the mixing of Bi** 6s electron with d orbital in
the B-site ions. The splitting of phonon modes due to cation
mass difference is also found in our data. The temperature
dependence of resonant frequencies and damping coeffi-
cients confirms the decreasing of both the lattice constant
and provides further confirmation of the orientational dipolar
disorder in the bismuth pyrochlores.
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