PHYSICAL REVIEW B

VOLUME 21, NUMBER 3

1 FEBRUARY 1980

Light-scattering studies of soft external lattice modes in metallic Na, WO,

E. J. Flynn*
The James Franck Institute and The Department of Physics, The University of Chicago, Chicago. lllinois 60637
(Received 4 October 1978; revised manuscript received 30 May 1979)

Soft vibrational excitations associated with successive structural phase transitions in metallic
Na,WO; with 0.5 < x <1 have been studied over the temperature range 3 < 7 <500 K. The
Raman spectra were recorded in the low-frequency region 150 > w > 10 cem~! using an iodine
filter for the attenuation of parasitically scattered light. Transition temperatures determined in
the Raman measurements agree quantitatively with the results of other investigations in which
the phase transitions in Na, WO; were also detected, especially the x-ray work of Clarke who

proposed a unique sequence of octahedral tilt structures for the four distinct phases in Na,WOj3.

A comparison of the group-theoretical selection rules for Raman scattering with the tempera-
ture-dependent light-scattering data serves not only to confirm the space-group assignments due
to Clarke, but also provides evidence of the rigidity of the WOg units, a physical property that
dominates the thermodynamic, structural, and vibrational properties of Na, WO;.

I. INTRODUCTION

The sodium-tungsten bronzes constitute one
member of a class of solid solutions M,WO; in which
the solute ions M (usually alkali metal) occupy
"voids" or "tunnels" within a network of corner-linked
WO octahedra.!’2 Most remarkable is the ability of
the tungsten-oxide host to crystallize in various lat-
tice configurations (cubic, tetragonal I, tetragonal II,
hexagonal, etc.), depending on the concentration x
and the size of the interstitial ions. Some of the
known alkali-tungsten bronzes are given in Table 1.

The concentration-dependent electrical, optical, and
structural properties of the tungsten bronzes have
stimulated considerable research effort, especially in
the case of Na,WO;, which can be prepared over al-

TABLE 1. Alkali-tungsten-bronze crystal structure vs con-
centration.
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most the entire concentration range 0 < x < 1.}

The tetragonal II—tetragonal I phase boundary at
x =0.22 is the threshold for metallic conductivity in
these materials, while the x =0.5 phase boundary ad-
joins the tetragonal-1 superconductors and the normal
metals of the high-concentration regime 0.5 <x <1,
the so-called "cubic" sodium-tungsten bronzes which
have long been known to be closely related in struc-
ture to the simple cubic ABO; perovskite com-
pounds.*~®

This paper is concerned primarily with inelastic
light scattering studies of metallic, pseudoperovskite
Na,WO;. The experimental work described here
constitutes the first light scattering investigation of
"cubic" Na,WO3;, among several reported in the litera-
ture,®® in which the serious technical difficulties
posed by Raman spectroscopy of these metals have
been properly and successfully addressed. Further-
more, the microscopic, dynamical information provid-
ed by Raman spectroscopy is complementary to the
results of transport,'®~1 optical,®7 x-ray,'* neutron,*
and NMR!'*!* measurements which have been carried
out on "cubic" Na,WOQj3; over the past 20 years. In
particular, single crystals belonging to this subclass of
Na,WO; have been shown, via the temperature
dependence and symmetry properties of Raman ac-
tive soft modes in Na,WO; reported by Flynn, Solin,
and Shanks,'® and the x-ray work of Clarke,'” to un-
dergo a unique sequence of soft-mode induced
displacive structural phase transitions that bears a
special, canonical relationship to similar structural se-
quences exhibited by insulating 4B0; perovskites in
which the atomic displacements correspond to rota-
tions of the BOg octahedral units.!® Usually these
octahedral tilt distortions involve a rotation angle ¢
that is small (¢ =5°) (Ref. 18): Thus the BOg oc-
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FIG. 1. ABOj perovskite primitive cell.

tahedra remain approximately undistorted, or regular,
to first order in .

Motions of the rigid BOg unit, shown in Fig. 1, in-
volve only displacements of the oxygen atoms from
equilibrium. Relative to the origin (chosen at atom
B) O, Oz, and O occupy the positions T; =%ﬁ‘,,
i =1,2,3 where the @; are the primitive translations of
the perovskite lattice. Hence, a rotation of the oc-
tahedron about e, will impart to atom O¢; the dis-
placement U;,

_Ji=§0sz?i . (1)

These displacements can be accommodated in the lat-
tice of rigid BOg octahedra only by the simultaneous
rotation of adjacent octahedra. The rigid tilt config-
urations most frequently encountered in perovskites
are the "positive" and "negative" tilts,'? illustrated in
Fig. 2, where alternate octahedra along the tilt axis
are rotated in the same or opposite sense, respective-
ly. Here the displacement ﬁ',(T) of the oxygen atom
whose initial position is T;(T),

T(T) =T, +ha\+La,+17; , 2
(11,13,15 integers) is given by

T(T) = (-1, | 3)
for the positive tilt, or by

(M =(=n"

for the negative tilt. Any combination of negative
and positive tilts about ey, e,, and e, can be imposed
simultaneously on the perovskite structure. In the
notation of Glazer,'® each of the 23 distinct rigid tilt
structures is denoted by a symbol such as a~b%~. In
this example, unequal negative tilts about e, and e,,
and no tilt about e, are implied.

iy
Mg,

(4)

"NEGATIVE TILT" "POSITIVE TILT"

FIG. 2. "Negative" and "positive" tilts about ¢,, where
corner-linked octahedra along the tilt axis are rotated by the
same angle, but in the opposite sense and in the same sense,
respectively.

The long-range electrostatic interactions which ac-
count for the displacive phase transitions exhibited by
dozens of ceramic perovskites!® are screened by the
conduction electrons in the case of metallic Na,WOs;.

"Consequently, the collective ionic displacements and

soft-mode behavior in Na,WO; are somewhat
anomalous, inasmuch as the forces to be associated
with these phenomena are less evident. Historically,
special interest in "cubic" Na,WOj; has stemmed from
the dubbing of these materials as "ferroelectric met-
als," a term coined by Anderson and Blount® in
proposing a description of the structural phase transi-
tions in the A4-15 superconductors V3Si and Nb3Sn
that occur just above their superconducting transition
temperatures. The information conveyed by the term
"ferroelectric" in this context is twofold. First, the
displacive phase transition exhibited by the "fer-
roelectric metal" is second order; it follows that the
order parameter of the transition is a set of atomic
displacements having the symmetry of a Raman ac-
tive optic lattice vibration in the ordered phase (i.e.,
below the transition temperature Ty). Second, the
ordered phase is structurally equivalent to a ferroelec-
tric: A polar phase for 7' < Ty results from an optic-
phonon instability, or soft mode, in analogy with fer-
roelectric transitions such as the cubic (O}) to tetra-
gonal (C{,) transition in the perovskite BaTiO;.%!
The soft mode in such cases belongs to §'=0, there-
by preserving the number of atoms per unit cell.
Soft-mode behavior associated with the cubic to
tetragonal transition in Nb3Sn or V3Si has never been
observed.!” However Na,WOj has been considered
to be a possible "ferroelectric metal" by virtue of its
pseudoperovskite structure, closely related to that of
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BaTiO;, and the presence of a high-temperature
structural phase transition, the existence of which
had been established by a number of experimental
techniques prior to the recent observation of soft
modes in Na,WOj; via Raman scattering.”?> The key
results from three such experiments are discussed in
the following paragraph.

The work of Ingold and DeVries’ actually provided
evidence of two phase transitions in Na,WOj single
crystals, from an optically isotropic, cubic structural
phase to a tetragonal phase, characterized by optical
birefringence, involving a very slight distortion of the
cubic structure. Experimentally the cubic and tetrag-
onal phases were distinguished by the appearance in
polarized reflectance, within a finite-temperature in-
terval (7,,Ty), of light and dark "fringes" corre-
sponding to twinned single-crystal tetragonal
domains. Adjacent domains were evidently twinned
along (110) planes. The optical anisotropy of the
crystal surfaces thus observed was contrasted with the
uniformly dark field of view, characteristic of the cu-
bic, isotropic phase, obtained by heating the crystals
above Ty or cooling below 7;. Furthermore the
upper and lower transition temperatures were x
dependent. Next, Inaba and Naito!? reported a
concentration-dependent specific-heat anamoly in
Na,WOj; indicative of a second-order phase transi-
tion; the observed transition temperatures were in
agreement with the upper transition temperatures
Ty(x) given by Ingold and DeVries. Finally, the
temperature dependence of the quadrupole coupling
constant (QCC) for Na?’ reported by Bonera et al.'*
indicated the vanishing of quadrupole-interaction in-
duced fine structure in magnetic resonance at and
above the high-temperature phase transition at
T = Ty(x). In the case of a "positive" or "negative"
octahedral tilt, respectively, the quadrupole moment
of the nucleus 4 in AB03 couples to the rotation-
angle order parameter linearly (QCC proportional to
¢) or quadratically (QCC proportional to ¢?). There-
fore, according to Borsa,?’ the mean-field behavior
¢ « (Ty — T2 can be inferred from the observed
temperature dependence of the QCC [« (Ty — 172
if one assumes that a single "positive" octahedral tilt
is acquired in Na,WQOj; at a second-order displacive
phase transition. The corresponding one-tilt structure
is denoted by @%a%c* in the notation of Glazer.

The NQR results for Na,WO; can be compared to
. similar measurements carried out on KMnF;,2 for
example, in which the second-order cubic (2% to
tetragonal (a¢%a%c™) transition at temperature T, en-
tails a single "negative" tilt, so that, for K,3° the QCC
is proportional to (7o — 7).

The above described experimental account of the
phase transitions in the supposed "ferroelectric metal"
Na,WO,;, is deficient in several ways. First, the na-
ture of the low-temperature phase transition in
Na,WQO;, characterized by the vanishing of optical

birefringence below the temperature 7 = 7, has not
been addressed. Evidently the low-temperature tran-
sition, observed in the reflectivity experiment of In-
gold and DeVries,” has either been ignored or
remained undetected in other investigations, includ-
ing the specific-heat and NQR experiments men-
tioned above, as well as x-ray and neutron® crystal-
lography, and electrical'! and thermal'? conductivity
measurements which have been reported in the time
between the work of Ingold and DeVries and the re-
cent light scattering experiments of Flynn er al., '
and the x-ray work of Clarke.!” Second, the twinning
of tetragonal domains along (110) planes reported by
Ingold and DeVries is not compatible with the one-tilt
tetragonal structure proposed by Borsa. The cubic
(a%%a°% to tetragonal (a%a%c*) high-temperature
transition implied by the NQR data would be charac-
terized by adjoining tetragonal domains corresponding
to independent choices of the "positive" tilt axis, i.e.,
a%a’c*, a*a®, and ¢*a%° regions twinned along
(100), (010), and (001) domain walls. Finally, these

- experiments and others addressed to the structural

and dynamical properties of "cubic" Na,WOj; offer no
conclusion regarding the status of sodium-tungsten
bronze as a "ferroelectric metal." The NQR results
do not constitute a structural determination, while
past x-ray and neutron crystallographic work, carried
out prior to Clarke’s measurements, has been unsuc-
cessful. In addition, Raman spectra of "cubic"
Na,WO; reported by Scott et al. are spurious.® These
spectra were attributed by Salje® to vibrational
features in compounds of sodium and tungsten
derived in thermal decomposition of Na,WO;.

The Raman scattering experiments of Flynn
et al.,'® have shown for the first time the existence of
a soft optic mode in metallic Na,WQj3 associated with
a high-temperautre phase transition at 7 = Ty (x),
i.e., the transition temperatures reported by Ingold
and DeVries. The soft-mode frequency w,(7) ap-
proximately obeyed w,(T) « (T, — T)'2. The
temperature-dependent Raman data indicated further
the presence of two additional low-temperature struc-
tural transitions in Na,WOj3;, characterized by the
emergence at the transition temperature 7 = Ty, (x)
of a second Raman active mode whose temperature-
dependent frequency w;(7) exhibited a step-wise
discontinuity at the lower transition temperature
T (x) < Ty <Ty.

These Raman scattering results were confirmed by
Clarke,'” who carried out the first definitive x-ray
studies on the "cubic" sodium-tungsten bronzes. The
transition temperatures Ty, Ty, and T, occur at
phase boundaries that define a structural sequence in
Na,WO; with 0.6 < x <0.94. The results of these
x-ray measurements, together with the results of the
above described reflectivity, specific heat, NQR, and
Raman measurements are shown in the phase di-
agram in Fig. 3. The transition temperatures deter-
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FIG. 3. Phase diagram for Na, WOj3: O, this work; @,
Clarke (Ref. 17) (x ray); O, Ingold and DeVries (Ref. 7)
(polarized reflectance); A, Bonera ef al. (Ref. 14) (NQR);
+, Inaba and Naito (Ref. 10) (specific heat).

mined by different techniques are in good agreement.
Note in particular that the tetragonal-tetragonal phase
boundary was detected only in the light scattering and
x-ray experiments. The analysis of Weissenberg and
Debye-Scherrer x-ray photographs by Clarke provided
unambiguously (i) the crystal class, (ii) the Bravais
lattice type, and (iii) the independent lattice parame-
ters a,, by, and c, (the three smallest W—W dis-
tances), in each of the four phases of Na,WOj; with
x =0.6: simple cubic (Zo=1, a,=b,=c,; T=Ty),
simple tetragonal (Zo=2, a,= by, Tu <T< Ty);
body-centered tetragonal (Zo=4, a,#b,=c¢,

T, < T< Ty); body-centered cubic (Z,=4,
ay=b,=c,; T < T.). Here Z, is the number of for-
mula units per primitive cell. Clarke proposed that
the WOg units remain regular or undistorted in spite
of the structural phase transformations. This as-
sumption, added to the above crystallographic infor-
mation, implies for Na,WO; a unique sequence of
positive-tilt structures a°a%°, a%a%*, a®b*b*, atata*
which has not been previously observed in any other
perovskitelike compound. Nevertheless this structur-
al sequence has been anticipated theoretically from
thermodynamic and group theoretical considerations.
In the context of the Landau theory of crystallo-
graphic phase transitions,?*=28 the three "positive" tilts
in Na,WOj3 occur sequentially with decreasing tem-
perature via re-orientation of the vector-order param-
eter whose components are proportional to the ampli-
tudes of the three equivalent lattice distortions which
transform as the BZ (Brillouin zone) boundary
representation M3,

Although the octahedral-tilt model of Na,WOj; has
been convincingly inferred from the x-ray results, it
is to be emphasized that direct evidence for the regu-
larity of the WQOg4 octahedra—the assumption that is
central to this model—is not provided by the x-ray
data, inasmuch as the displacements of the oxygen
atoms relative to their positions in the perovskite

structure could not be measured, due to the weak
scattering power of oxygen relative to tungsten.
However, the regularity of the octahedra can be
correlated with the rigidity of the WOy units, a physi-
cal property that is clearly manifested in the vibra-
tional spectra recorded in Raman scattering. It will
be shown below that the Raman active soft modes,
consisting of coupled rigid rotations of the WQOg oc-
tahedra about the orthogonal axes ey, ¢,, and ¢,, are
intimately related to the sequence of octahedral-tilt
structural phases. The link between the structural
and dynamical information yielded by x-ray diffrac-
tion and by light scattering, respectively, is provided
by the Landau theory.

Light scattering from metals and other materials
that are opaque to visible light is technically difficult,
but growing in importance. For this reason the ex-
perimental techniques employed in Raman spectros-
copy of Na,WO; will be described in some detail in
Sec. II. In Sec. III, the temperature-dependent Ra-
man spectra of Na,WOj3 will be presented. The con-
sistency between the octahedral-tilt space-group as-
signments for the four phases of Na,WO; and the
observed Raman spectra will be established in Sec. IV
as a consequence of the selection rules for vibrational
Raman scattering that are deduced from these space
groups. Furthermore, the soft Raman active external
lattice modes of the WOg4 octahedra will be explicitly
represented in terms of the eigenvectors of the
"positive"-tilt or M-point distortions of the perovskite
structure. Section V will be devoted to concluding
remarks.

II. EXPERIMENTAL TECHNIQUES
A. Sample preparation

Large single crystals of Na,WOj3; with x =0.5 were
grown by electrolysis of the melt,? prepared from a
charge of reagent grade Na,WO, and WO;. Low
current densities ( ~2 mA/cm?), uniformity of the
melt temperature, and good temperature control
(+2°C over several days) are imporant factors con-
tributing to optimal growth conditions. Single-crystal
nucleation and growth could be achieved by seeding
or by drawing the cathode wire slightly up into its
sheath. Without such precautions, intergrown clus-
ters of small crystals usually form.

The x values were determined to an accuracy
+0.01 by atomic absorption spectroscopy. For this
purpose Na,WO; was decomposed by fusion with
spectral grade Li,CO; (low-Na content). The x deter-
mination was repeated at least once for each batch of
crystals to insure consistency of the results. In good
agreement with the results of Shanks,? the final value
of x could be estimated closely from the starting
Na,WO, mol.%.
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It is worthwhile to comment on the growth habit
and cleavage properties of the single crystals, ob-
served in the present study as a function of sodium
concentration. A crystal for which x =0.5 is deep
violet in color and grows—under proper conditions—
as a perfect dodecahedron, i.e., a cubic crystal exhi-
biting only (110) faces. Increasing x causes (100)
faces to develop. Thus, the forms ({110}) and
({100}) coexist up to x ~0.55 (red-purple in color)
which exhibits (100) faces only. Samples with
x > 0.55 grow in the shape of cubes. Empirically we
find that the change in growth habit of Na,WO;
below x =0.6 coincides with changes in the intrinsic
properties of the crystals, as evidenced by the ab-
sence of a tetragonal phase at any temperature in the
sample with x =0.52.2° Furthermore, the cubic crys-
tals can be cleaved with a razor blade along (100)
cleavage planes, but the ease with which they can be
cleaved, as well as the smoothness of the cleaved
surfaces, decreases as x is decreased. For x < 0.6 the
crystals do not cleave at all.

B. Measurements

Raman spectra of Na,WOj single crystals were
recorded in the Brewster angle backscatter geometry.
Initially, spectra were excited with both A\g=5145 A
and A\g=4880 A Ar* laser lines. A double holo-
graphic grating scanning monochromator, GaAs pho-
totube RCA 310344, and photon counting electronics
were employed. These have been described in detail
elsewhere.?® Spectra were typically recorded with a
spectral slit width of 8 cm™. Because our samples
were metallic, the pseudobackscattering configura-
tions HH and HV approximated true backscatter
geometry, i.e., HH =Zz(yy)zand VH =ZzZ(xy)z. H
and V denote polarization directions parallel (H) and
perpendicular (V) to the scattering plane; here the
polarization configuration is specified by -the standard
x;(x;x) x; notation.’!

For measurements at cryogenic temperatures, sam-
ples were bonded to an OFHC copper block with
silver epoxy (Emmerson and Cummings Eccobond
58-C) and mounted in the optical sample chamber of
a liquid-He throttling Dewar. The temperature of the
block was read with a calibrated silicon diode, and
temperature control was provided by means of a
small heater winding to which current was fed by a
standard bridge circuit. At high temperatures
(300—600 K) samples were held by a gentle suction
to a tiny hole drilled in the base of a hollow alumi-
num cylinder. This technique avoided the outgasing
and curing problems posed by high-temperature ce-
ments. The cylinder was wound with heating wire
and mounted in a glass optical cell that was continu-
ally flushed with He gas. Chromel-alumel thermo-
couple junctions in contact with the sample and wind-
ing were used for temperature measurement and con-

trol, respectively. Temperatures were controlled to
+0.1°C.

Raman spectroscopy of metals is technically diffi-
cult because the interaction of visible light with a
metal whose conductivity is o is usually confined to
the classical skin depth at the frequency w of the
laser excitation. For a good conductor, 8 =¢
x (2mow) ™'/ below the plasma edge (in Cu, §=100
A at Ay=5000 A). However, as noted by Scott
et al.,? the free-electron density, n, in sodium-
tungsten bronzes is such that the plasma frequency
w, = (47ne?/m™)"* is found in the visible, resulting
in a sharp decrease in the reflectivity R and an order
of magnitude increase in penetration depth for visible
light near w,. Here m” is the electron effective mass.
Figure 4 shows the behavior of the normal reflec-
tance R in the visible, as observed independently by
Scott,® Lynch,® Fujeida,® and others. These authors
observed that the x dependence of the curve R—
upshift in the position of E(R y;,) with increasing
x—accounts for the dramatic color variation of
sodium-tungsten bronze crystals from violet
(x=0.5) to red (x =0.6) to orange (x =0.7) to gold
(x =0.8). Using the optical data for x =0.65 report-
ed by Lynch et al., a calculation of the absorption
coefficient a =2k w/c at E(R iy) =2.3 eV yields a
value of a=6 x10* cm™'. Here k =ImN, where N is
the complex dielectric constant.

Clearly this increased penetration near w, is impor-
tant for light scattering. The Na concentration
dependence of the reflectivity and penetration depth

100 ,
80—
60

40+

REFLECTIVITY (%)

E(eV)

FIG. 4. Reflectivity for Na,_sWO3 (normal incidence).
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implies that Raman scattering will be enhanced in
Na,WO; crystals in which the reflectivity minimum is
"concentration tuned" to the laser frequency. In fact,
we found that Raman intensities decreased by an or-
der of magnitude with decreasing concentration over
the range 0.94 > x > 0.52 in measurements per-
formed with a fixed laser line, Ag=5145 A.

These results suggest the use of a laser source tun-
able in the visible for the sake of maximizing the Ra-
man signal by maximizing the interaction volume of
the radiation and sample. However, in spite of the
metallic conductivity and opacity of these materials to
visible light, the most serious experimental limitation
was not the absolute Raman scattering intensity, but
rather the masking of the Raman signal by intense
parasitic scattering. Unshifted scattered light reflect-
ed into the monochromator by imperfections of the
sample surface, referred to as parasitic scattering,
gives rise to a stray light signal and apparent broaden-
ing of the laser line that inhibits the ability of the
monochromator to resolve spectral features in the
low-frequency region (w < 200 cm™). This problem
is universally encountered in Raman and Brillouin
spectroscopy of opaque materials, but is especially de-
trimental in a light scattering study of second-order
phase transitions where Raman active soft-mode
features emerge near Aw =0.

Removal of surface imperfections by chemical or
mechanical polishing often suffices to overcome the
problem of parasitic scattering. In the present case
however, the vibrational spectra of Na,WO; were ob-
served to be extraordinarily sensitive to surface
preparation. It was found that surfaces of optical
quality in Na,WOj; single crystals could be obtained
only at the expense of loss of reproducibility of the
Raman data. While no procedure for etching or elec-
tropolishing Na,WOj; could be found that produced a
smooth surface—a manifestation of the high degree
of inertness of these materials—mechanical polishing
with 50 A alumina powder seriously and irreversibly
damaged the surface layers: the strains induced
could only partially be removed by annealing.

In lieu of polishing the sample surface, the unshift-
ed scattered light can be attenuated relative to the
inelastically scattered component by inserting an
iodine filter’? in the collection optics. The iodine
filter consists of a cylindrical glass cell containing
crystals of iodine. The vapor pressure of the iodine
inside the cell can be changed by heating the cell.
With an intracavity etalon, an Argon ion laser can be
tuned to a single longitudinal mode near 5145 A that
is resonantly absorbed by the iodine vapor. There-
fore elastically scattered light within the 700-MHz
bandwidth of the iodine absorption that would other-
wise enter the monochromator is selectively filtered
out by the iodine cell. In the present experiments,
Raman data were obtained from (100) cleaved
single-crystal platelets of Na,WQ3 having surfaces of

RAMAN INTENSITY

| I T (N N NN N |
150 100 50 O 50 100 150

RAMAN SHIFT cm’)

FIG. 5. Raman spectra for x =0.94 recorded (a) with and
(b) without the iodine filter. Note that the low-frequency
feature at @ =40 cm™! cannot be discerned in spectrum (b).

poor optical quality, but which were taken to be un-
strained as evidenced by the reproducibility of the
Raman spectra with respect to temperature cycling.
The iodine filter was kept at the relatively high tem-
perature of about 80° C. At this temperature, the
optical density of the cell away from resonance in-
curred ~—50% loss of Raman signal, but reduced the
parasitic component by a factor of ~10°. Conse-
quently, spectra could be recorded in the low-
frequency region down to wave number shifts as low
as 4 cm~!. The effect of the iodine cell is illustrated
dramatically by the spectra of Fig. 5, wherein the Ra-
man spectra for x =0.94, recorded at room tempera-
ture with and without the iodine cell, are shown to-
gether for comparison. The Raman line at w =40
cm™! is clearly resolved in the spectrum recorded
with the iodine filter, Fig. 5(a), while in Fig. 5(b),
the presence of the low-frequency mode cannot be
discerned.

III. EXPERIMENTAL RESULTS

Some of the Raman spectra to be reported in this
section have appeared in a previous publication.'6
However, these data will be reproduced here as part
of a more complete presentation of the light scatter-
ing data for Na,WO;. In the present section, the ex-



21 LIGHT-SCATTERING STUDIES OF SOFT EXTERNAL LATTICE . . . 1111

perimental evidence provided by Raman spectroscopy
for the sequence of structural phase transitions in
Na,WO;, which occur at the transition temperatures
Ty(x), Ty(x), and T, (x) will be presented, while
the selection rules for first-order Raman scattering in
Na,WO;, whereby the observed Raman bands and
their polarization properties can be correlated with
the proposed structural assignments for the four
phases of Na,WQOj3, will be established in Sec. IV.
For a given value of x in the concentration range
0.62 = x =<0.94 the Raman spectrum of Na,WO;, at
temperatures T < Ty (x), consists of two discrete,
Raman-active soft modes, superposed on an inelastic
scattering continuum, which emerge successively with
decreasing temperature as the sample temperature
crosses the phase boundaries at 7= Ty(x) and
T =Ty (x) from above. The upper transition tem-
perature Ty (x) has been detected in the x-ray data of
Clarke by a splitting of the lattice parameters a,, b,,
¢, as the temperature is decreased below 7 =Ty,
such that

a,=b,=c,, T>Ty ,

a,,=b,,<c,,, T < TU

INTENSITY

RAMAN

1 | 1 |
100 75 50 25 0

RAMAN SHIFT (cm )

FIG. 6. Raman spectra for x =0.94 as 7 =Ty, is ap-
proached from below. Note that the single, polarized Ra-
man band w, (T) is severely damped 30 K below the transi-
tion temperature Ty, =483 K. The apparent structure in the
spectrum with 7 =453 K, i.e., the "dip" at @ ~ 80 em™L s
due to absorption by the iodine filter.

This splitting was shown to be continuous at 7 = Ty,
and therefore attributable to a second-order structural
transition. In the corresponding temperature range,
the Raman spectra in Fig. 6 show for x =0.94 the
evolution of a single Raman-active soft mode which
shifts monotonically to higher energy as the tempera-
ture is decreased below 7 =Ty (x =0.94) =483 K.
Using the iodine cell technique we were prepared to
record the behavior of the soft mode in the low-
frequency region; however, Fig. 6 also shows the
severe overdamping of the soft mode as the high-
temperature transition is approached from below,
whereby the soft-mode intensity diminished to zero
well in advance of the transition temperature at finite
energy. Thus for T = Ty —20 K only background
scattering could be observed. The presence of the
Raman-active soft mode for 7 < Ty is characteristic
of a second-order displacive transition, in accord with
Clarke’s measurements and in analogy with ferroelec-
tric soft-mode phase transitions.!” At a lower tem-
perature T = T),(x =0.94) =393 K, the proposed
first-order phase transition a%%*—a%*b*, evi-
denced in x-ray data'’ by a discontinuous splitting of
the lattice parameters such that

l]p=bp<('p, T>TM ,
a,,<b,,=c,,, T<TM )

was found to coincide with the abrupt emergence of a

second Raman-active soft mode at low frequency
1

w =35 cm™, as can be seen in Fig. 7 wherein Raman

RAMAN INTENSITY

1 1 1 1
100 75 50 25 0

RAMAN SHIFT (erm')

FIG. 7. Raman spectra for x =0.94 with 7}, +20 K
> T > Ty, —20 K. Note the emergence of the low-
frequency soft mode w;(T) at T =T),.
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spectra recorded in the temperature interval (73 — 20
K, Ty +20 K) document the appearance of the new
mode. Thus, for 7 < Ty, the Raman spectrum of
Na,WO; with x =0.94 exhibits two Raman-active
soft modes that shift to higher frequency as the tem-
perature is decreased. To the high-frequency
member and low-frequency member of the soft-mode
pair we will ascribe the temperature-dependent fre-
quency w,(7T) and w;(7), respectively. The Raman
spectra that appear in Fig. 8 span the temperature
range 3 < T <500 K. For T < T}, =343 K, the two
soft modes are present in the Raman spectra, and it
is evident that w,(7) and w,;(7) increase as the tem-
perature is lowered from room temperature down to

X=0.94 T>T
X2
0]
4|3 K
X2
T< TU
.0
T<T,
=] 333k M
0p]
=
Ll x2
= o
<
224K
=
s
= x2
> 0
128K
x|
(0]
3K Z(yy)z
x|

O—T— T T T T 1
150 100 50 O

RAMAN SHIFT (cm)

FIG. 8. Spectra for x =0.94 than span the temperature
range 3 < T <500 K. Discrete Raman bands are absent for
T =500 K. The "dips" in the continuum are due to absorp-
tion by the iodine filter.
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FIG. 9. Plot of w,(7) and w,(T) for x =0.94,

3 < T<500K.

3 K. However, in Fig. 9 a detailed plot of w,(7) and
w;(T) for 3 < T <500 K shows the occurrence of a
stepwise discontinuity Aw, (T =T,) =4 cm™! at the
temperature 7 =7, (x =0.94) =343 K, which coin-
cides with the proposed first-order transition
a®b*b*—a*ata*t where

ay<by=c,, T>T, ,
(Ip=bp=('p, T<TL

Furthermore the upper curve w,(7), while apparent-
ly continuous across the first-order transition tem-
peratures 7, and T, exhibits at each of these tem-
peratures a definite "kink" or discontinuity of slope.

The low-temperature Raman spectra in Fig. 10 for
x =0.94, 0.81, 0.72, and 0.62 exhibit for each value
of x a soft-mode pair w,(7) and w,( 7). Evidently
each member of the soft-mode pair is shifted to
lower frequency as the sodium concentration is de-
creased. In addition, the Raman bands w,(7) and
w;(T) are polarized, with typical depolarization ratios
p =0.05. Representative depolarization data for
x =0.94 and T =50 K are shown in Fig. 11. For all x
values studied and for all temperatures 7 < Ty(x),
only diagonally polarized Raman modes could be
detected.

It is to be emphasized that for each sodium-

' tungsten bronze sample studied with x in the range

0.6 < x <1, the soft-mode pair w,(7) and w,(7T)
was observed to evolve as a function of decreasing
temperature exactly in the manner described above
for x =0.94, except that the values of Ty, Ty, and
T, depend on x.

In concluding the presentation of the Raman
scattering results for Na,WO; with 0.6 < x <1, it is
important to recall that the Raman-active soft modes
are superposed on an inelastic continuum. The back-
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FIG. 10. Low-temperature Raman spectra of "cubic"
Na,WO; with 0.6 < x <1, recorded with the iodine filter.
The abscissa is linear in wavelength rather than in wave
number.

ground scattering is real, as opposed to a stray light
signal. This point is verified in Fig. 12 in which the
low-temperature spectrum for the sample with

x =0.81 exhibits no anti-Stokes scattering. While no
discrete Raman lines are observed in the Raman
spectrum of Na,WOj; at temperatures 7 > Ty(x), the

RAMAN INTENSITY

0 | | L

50 100 50 0

RAMAN SHIFT

FIG. 11. Typical depolarization data. The Raman bands
w, (T) and w,;(7) (at high and low frequency, respectively)
were strongly polarized at all temperatures. Here p =0.07
for both bands.

x =0.8l
T=5.2K

zlyy+xy)z

RAMAN INTENSITY

S

150 100 50 0 50 100 150
RAMAN SHIFT (em ")

FIG. 12. Low-temperature spectrum for v =0.81. Note
that the background or continuum scattering is absent in the
anti-Stokes spectrum.

background scattering is present and grows in intensi-
ty as the temperature of the sample is raised.

IV. DISCUSSION
A. Raman-scattering selection rules

The lattice-dynamical information provided by Ra-
man scattering is obtained to a first approximation by
enumerating the Raman-active lattice vibrations of
the crystal being studied. The group-theoretical
selection rules for Raman scattering in a crystalline
material are based on the harmonic description of the
lattice vibrations,?*~3* with the added condition that
only the long-wavelength vibrations belonging to
k =0 (i.e., modes at the Brillouin-zone center) can
appear in the first-order Raman spectrum. For a per-
fect crystal the condition that first-order Raman
scattering occurs only at the zone center is a conse-
quence of wave vector conservation, i.e.,

K=K, +K, . )

Here E,- and Es are the incident and scattered photon
wave vectors, and k, is the wave vector of the pho-
non that is created (destroyed) in the Stokes (anti-
Stokes) scattering process. Breakdown of the k =0
selection rule can be observed in Raman scattering
from amorphous solids®’ or in scattering from micro-
crystallites whose linear dimensions L are much
smaller than the wavelength of the incident light,
such that the uncertainty in the phonon wave vector
Ak, obeys?®

LAk, ~1

Although the K =0 rule is exact only in the case of
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an infinite, perfectly ordered crystal, in which the
phonon coherence range is infinite, this rule remains
an excellent approximation in Raman scattering from
crystals of finite size which contain roughly a number
of primitive cells N > 102 or 10°. However, in the
case of crystals with random defects or vacancies, as
is the case in the solid solution Na,WO;, disorder-
induced breakdown of wave vector conservation may
or may not be observed in practice. The effect of
chemical disorder, or disorder due to defects can best
be evaluated in a structure in which Raman scattering
is first-order forbidden (in the absence of vacancies
or defects), such as the NaCl structure or the undis-
torted ABO; perovskite structure wherein every atom
occupies a center of inversion symmetry. In the case
of the transition-metal carbide TiC,, which has the
NaCl structure, Klein er al.,® have shown that the
carbon vacancies in samples with x =0.8, 0.9, 0.97
give rise to a nonzero polarizability derivative
(9p/0u) 4= for certain motions of the atoms near the
vacancy site, thereby inducing first-order Raman
scattering that is roughly proportional to the one-
phonon density of states. The Raman spectra in TiC,
consist of several broad features attributable to a con-
volution of contributions to the one-phonon scatter-
ing from accoustic (low-energy) and optic (high-
energy) phonons of wave vector k, where K ranges
over the entire Brillouin zone. In contrast, the Ra-
man spectra of the solid solutions Na,WOj3 exhibit
discrete one-phonon excitations which can be ac-
counted for without invoking arguments pertaining to
disorder-induced scattering. Neglecting the non-
stoichiometry of Na,WOj3;, one can understand im-
mediately the absence of the discrete Raman lines for
T > Ty(x), consistent with the ideal perovskite
structure of the high-temperature phase. Likewise,
as will be shown below, a consideration of the aver-
age structure, i.e., that of the WO; host lattice, suf-
fices to explain the soft vibrational excitations which
arise in each of the three distinct phases that obtain
for T < Ty(x). The continuum background, on the
other hand, cannot be associated with phonons, pri-
marily because the background intensity increased
much more rapidly with rising temperature than did
the first-order soft-mode Raman lines which must
exhibit Stokes intensities proportional to n +1.
Furthermore, the continuum spectrum exhibited by
unpolished samples of Na,WO; was flat and feature-
less, extending in frequency out to ~ 4000 cm™".

The temperature dependence, the featureless profile
and the frequency range of the continuum scattering
are not characteristic of a one- or two-phonon density
of states. Interband electronic scattering is the most
likely source of the background.

Considering the absence of identifiable disorder-
induced scattering in the Raman spectra of unpol-
ished samples, the most significant manifestation of
the chemical disorder in Na,WQj; appears to be a

broadening of Raman lines due to spatial variation of
the sodium concentration. The incident light in ef-
fect samples all possible microscopic configurations of
randomly distributed sodium ions in the material;
therefore, an observed Raman band constitutes a
convolution or ensemble average of scattering contri-
butions from these configurations, in which the force
constants and frequencies associated with the
Raman-active vibration vary with the local value of x.
In Fig. 13 the width of the Raman-active soft mode
w,(T) at 10 K has been plotted as a function of x.
While these bands exhibit overall a systematic
broadening with decreased sodium concentration,

a dip in the curve I' (FWHM) vs x occurs near

x =0.75. This result suggests the possibility of order-
ing of the sodium atoms in the concentration range
near x =0.75, whereby the microscopic homogeneity
associated with the ordering gives rise to a narrowing
of the Raman lines.

It has been assumed above that the light scattering
spectra are characteristic of the bulk material;
although not obvious, this seems to be true on
several counts. Firstly, the transition temperatures
for the phase transitions of the bulk determined by
x-ray diffraction and by light scattering, respectively,
were in good agreement, especially for the sharply
defined first-order transitions at the temperatures
Ty (x) and T, (x). Secondly, at fixed temperature
the Raman shifts »,(7) and w,(T) did not depend

o
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FIG. 13. FWHM vs x for the Raman band w, (T =10 K).
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on the laser frequency, i.e., the laser penetration
depth. Thus, it was established that the surface re-
gion in which the x value is significantly lower than
that of the bulk does not contribute appreciably to
the Raman spectra; the sodium-depleted layer is
probably shallow compared to the laser penetration
depth. Indeed, Auger studies of Na,WO3 samples—
including anodized samples—have indicated a con-
centration profile in which the x value reaches that of
the bulk within a few hundred angstroms of the sur-
face.* '

The interpretation of the Raman spectra will be
based on the following determination of the kK =0 vi-
brations of the proposed rigid-tilt structures of
Na,WQO;. At the same time, the validity of these
structural assignments will be subject to a comparison
of the predicted Raman activity in each phase with
the experimental results. In the following, Py
denotes the point group of the wave vector k=0; R
is a symmetry operation that belongs to Py, G, C Py
is the site group of a particular equivalent set of
atomic sites; ¢ and o label irreducible representations
of Py and G, respectively; D?(R) is the polar vector
representation. Confining our attention to a particu-
lar equivalent set of » atoms in the primitive cell, let
u; . denote a unit displacement of atom /in the direc-

tion a=x,y,z. The transformation from the 3 basis
vectors u; , which generates the mechanical represen-
tation of Py, to symmetry vectors b°" (kK =0), yields
a reduction of the mechanical representation on the
crystal point group Py: The symmetry vector B
(kK =0) belongs to the rth repetition of the IR (ir-
reducible representation) ¢ of dimension l, this IR
having occurred a number of times ng. If /4 > 1, the
index / labels the several basis vectors for the irredu-
cible representation ¢. Via the correlation method,*!
the numbers n4 can be determined

Neg=,dgoNy 6)
Here the numbers a4, and 1, arise from the reduc-
tion of ¢ and DP(R) on the site group G,

X*(R) = 3, a4,x°(R) @)

and
Tr D?(R) = 3 nox(R) . (8)

The total number of lattice vibrations that trans-
form as the species ¢ is the sum of contributions n4
from each of the several sets of equivalent atoms in
the primitive cell. In Table II, the k =0 vibrations

TABLE II. Symmetry species of k =0 lattice vibrations in Na,WO; otahedral tilt structures.

I. T>Ty a%%°0}), Zy=1:
(a) 1 W,Oh; (b) 3 O, D4h
T(K=0,0,) =3F, +Fy,

II. TM <T< TU (1000(‘+(D45;,), ZO=2:
(a) 2 W,Cyp; (b) 20, Cap; (c) 40, Cy, (C3")

T(—E=0,D4h) =A1g(a,a +a,, az) +Blg(axx——ayy) + Ay

+ Byglay) + Eg(ay, ay,) +24,, +34,, + By, +6E,
Ul 7, <T < Ty a®*b*(DY), Zo=4:
() 4 W,C4(C3'); ()40, Cy, (C3'); (n) 80,C(ay)
T(K=0,D41) =3415(az; +ayy, o) +24 5, +2Bo ()

+3B1g(a, — ayy) H4E(ay, ay) 241, +542,

+3B,, +4B,, +8E,

IV. T<T, ata*ta*™(T}), Zy=4:
() 4W,Cy; (g) 120, G

T(§=0,Th) =24, (o +ayy +az) +2E, (o + ayy — 20, Qe = Qyy)

+4F,(ayy, ay,, ) +24, +2E, +8F,
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are enumerated for each of the rigid tilt structures in
Na,WOj; proposed by Clarke. The numbers n4 were
calculated using the site group information that is
given explicitly in Table II by Wyckoff notation for
the site, the corresponding Schoenflies symbol for
the site group and the number of W or O atoms in
each equivalent set.*? These site group assignments
were deduced by imposing on the ideal perovskite
structure the "positive" tilt lattice distortions a%a’c™,
a®b*b*, and ata*a*t. Projection drawings of the rigid
tilt crystal structures thus obtained are found in Fig.
14. Finally, in Table II the polarizability components
are given in parentheses next to the irreducible
representations of Py which they generate.’®

The group-theoretical selection rules which have
been deduced from the proposed rigid tilt space-
group assignments a%a%° (0}), aa’c* (D3,),
a%%* (D{]), ata*a*t (T}) are completely con-
sistent with the experimental observations in Raman
scattering with respect to the number and polarization
properties of the Raman lines. We recall that the two

() O W(z=1/2)

® 0fz=)
(b){

(a) O W(z=1/2)
(o) © Ofz=1)

O 0@=l/2) (¢) O 0f(z=1/2)

0 O wx=1/4)

(h) © 0(x=l/2)

@ () Wiz=14)

® 0(z=i/2)

O Oflabove x=1/4) (g){ O Ofabove z=1/4)
(n {

@® O(below x=1/4) ® O(below z=1/4)

FIG. 14. Projections of the rigid tilt structures of
Na,WO;. The heavy lines are the boundaries of the small-
est unit cell with edges that are orthogonal. For ¢%%4° and
a%a%¢* this unit cell is primitive. For ¢®»*b+ and atata™
it is not primitive.

discrete Raman bands labeled w,(7) and w,(T) were
found to be strongly polarized. The bands w,(7)
and w,(7) can be accounted for among the zone
center vibrations of the low-temperature cubic phase
a*a*a™ (T < T;) that have Raman tensors with di-
agonal elements. These are

240(a tayy +ay,) +2E,(ap + Ay =200, Oy = Qyy)

Similarly, in the temperature range 7, < T < Ty, the
presence of the polarized Raman bands w,(7) and
w,(T) is consistent with the group-theoretical predic-
tions in Table II, where the polarized modes

3/4,g(o:zZ +ay,, Ay ) +3Blg(azz —ayy)

comprise 6 of the 12 Raman active vibrations of the
two-tilt, tetragonal phase a®6*h*. The band w,(7) is
absent at temperatures above the a®6*b+-a% ¢+

transition. However the two polarized vibrations
ArgQa +ayy, ) + Big(o —ay,)

of the one-tilt structure a%a%* allow for the presence
of the single, strongly polarized soft mode w,(7) that
is observed in the temperature interval Ty, < T < Ty.
No Raman-active modes should appear in the ideal
perovskite structure a’a®a®; indeed, the Raman spec-
trum of Na,WO; recorded when 7 > T has been
characterized by the absence of discrete, first-order
vibrational features.

The consistency between our experimental data
and the selection rules in Table II demonstrated
abaove is the extent to which Raman spectroscopy
serves as a test of the validity of the rigid tilt space-
group assignments in Na,WQO3;. However, it is at first
disturbing that many more Raman-active modes were
predicted than were observed. Because one-phonon
Raman lines seem to be absent outside of the low-
frequency region 0 < w < 150 cm™! it can be conclud-
ed that the external lattice modes w,(7) and w,(7T)
exhibit Raman scattering efficiencies that must dom-
inate by a factor of ~10? or greater the scattering due
to higher-frequency excitations that, in fact, could
not be resolved from the background continuum.

The key to understanding these results lies in the
relationship between the soft lattice vibrations and
the structural phase transitions encountered here.

B. Application of the Landau theory

The further interpretation of the Raman data
depends first on the assumption that the proposed
space-group assignments for Na,WOQOj; are correct, and
second, on the observation that each of the rigid tilt
space groups D3, (a’a’ %), DI (a®b*b*), and
T7(a*a*a™ is a subgroup of the space group O} of
the ideal perovskite structure. The significance of
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this latter observation derives from the phenomeno-
logical Landau theory of crystallographic phase transi-
tions. It follows from the relations DJ, C O},

D}] c O}, and T C O}, and additional criteria of the
Landau theory which govern the mutual compatabili-
ty of space groups which may be realized above and
below the critical temperature 7y in a second-order
structural phase transition, that each of the following
crystallographic transformations may proceed via a
second-order displacive phase transition

a()aOaO _,aoao(.+ ,

ot )]

a%a’a®*—a*atat .

a®a%a®—a%

Conversely Di] & D3, and TP ¢ DJj, whereby
aa%ct—a’b*bt —atatat are first-order transitions.
The order parameter in any second-order displacive
transition is a set of atomic displacements that
transform according to the identity representation of
the ordered phase; for T < Ty these displacements
are proportional to the eigenvector displacements of a
Raman-active lattice vibration. Ordinarily this lattice
vibration is the symmetric soft mode whose frequen-
cy approximately obeys

w(Alg)oc(TU-T)m . (10)

However, if the order parameter displacements are
associated with the simultaneous softening and con-
densation of two or more degenerate vibrations of the
high-temperature phase, then more than one soft
mode may emerge in the Raman spectrum for

T < Ty. A simple model of the phase transition in-
corporates a free-energy function F that depends on
two independent degrees of freedom v and v

F=a(u?+v?) —b(uv) +colu* +0*) , (11)
where
a=ao(T—TU); b=b0(T—T(/) s dg,bg,co>0 .

When T < Ty, F(u =ug, v=1g) is an absolute
minimum for

ug=vy= {[(2ag— bo) /4col (Ty — T}/ (12)

provided by < ay, while the curvature of the function
F is proportional to the square of the frequency of
oscillations about the minimum. Let w, and w;
denote the frequencies of oscillations corresponding
to the initial small displacements (ug+ €, vo +€) and
(ug+e€,vg—e€), respectively. Then
w1=2[(2/lﬂ)(00—b0/2)(ru*T)]l/z s ( )
13
w2=2[(2/m)(ao—b0)(TU— T)]l/2 »

where m is the mode mass. Adapting this model to a
structural phase transition, we let ¢; and ¢, (corre-

sponding to « and v) be the net-time average of the
atomic displacements U, (#) proportional to the de-
generate eigenvectors b ;( k) and b,(k;), respec-
tively

c.=<;ﬁ',(r)-B'I(E',)>av . (14)

¢, is defined similarly. Here the index /ranges over
all atoms in the primitive cell and the eigenvectors
b,(k,) and b,(K,) are linear combinations of sym-
metry vectors of the same type. Then

cimym 0, T>Ty , (15)
Pm2V e (Ty =TIV, T<Ty, ¢>0 .

The phase transition is described by a vector order
parameter whose components are the amplitudes ¢,
and c¢;. In fulfillment of the Landau criteria for the
second-order phase transition, l—(] and T(} belong to
the star of the wave vector K such that the group of
the wave vector, G(F), subduces the identity
representation of G, the space group of the ordered
phase.** As a consequence, the reduction of the vec-
tor space

{6, (k). ba(k3)} (16)

on the point group Py (for T < Ty) will yield the

—A —
eigenvector b '¥(k =0) of the completely symmetric
soft mode. However, another IR ¢ that is not the
identity will also occur. The reduction of the vector

space (16) consists of finding the new eigenvectors
—A —
b '€ and b®. These are

an

where the new lattice vibrations 4, and ¢ exhibit
the soft-mode behavior

w(Ad) =o' (Ty =T,

18
w(¢p)=w"(Ty—=T)" . (18)

By inspection of Eq. (13), we expect 0’ < w’. We
note also that the relation w(A4,,) > w(¢), for the
respective "in phase" and "out of phase" vibrations
Ay, and ¢, follows in analogy with Davydov splitting
in the vibrational spectrum of two identical, interact-
ing oscillators.

The above described simultaneous softening of de-
generate lattice vibrations is realized in Na,WQ;. In
particular, let b;( k), b,(k,), and b3(k3)
represent positive octahedral tilt displacements about
X, ¥, and z, respectively, where E,, Ez, and E;
comprise the star of the BZ boundary point M. The
l_)'i(fi) generate the zone boundary representation
M;. Then the soft-mode species for a rigid tilt phase
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that is described by some combination of nonzero
parameters ¢y, ¢, and c3; will be subduced by the
manifold

{e1b1(K1),e2b2( ko) c3b3(K3)) . (19)

For the case ¢;=c;=c3 (a*a*a™), the reduction of
this space is the following:

b lg(E=0)=-ﬁ[E|( 1)+52(E2)+Eg( E;)] >
b"'(E=0)=—J%[E3<E3>+eB‘,<E,>+ezsz(k‘z)1 ,
5% (K 0)—\—}3—["3(“3”625,(?,)+e’52(iz)}

(20)
where e=exp(2#i/3), and
o(,1) =0(e,2) <wldy)

The "extra" soft mode ¢ is doubly degenerate.
Although the rigid tilts a®a°c*, a®b*b*, and a*ta*a*
occur sequentially in Na,WQO;, it is now evident that
each phase exhibits in its vibrational Raman spec-
trum the symmetric soft mode A, and, for a®6*h*
and ato*a®, an "extra" soft mode ¢. It can be easily
verified that the eigenvectors b [Eq. (17)] and
(5*',8%%) [Eq. (20)] generate the irreducible
representations B, and E, of the respective crystal
point groups D4, and T, appropriate to a®°»*b* and
atata™. These results have been summarized in
Table 111, and in Fig. 15 where the Raman data have
been represented schematically. The upper curve
,(T) has been associated with the symmetric soft
mode A, while the lower curve w,(7T) (solid line) is
a plot of the temperature dependence of the "extra"
soft mocde. The dotted curves were not observed,
rather, these curves indicated the temperature depen-
dence for the soft modes that would be measured if
the "possible second-order transitions"

a%%a®—a®*b* and a®aa®—a*a*a* could be by

ddd abb ad’c’ agaa’
w,(Ag) l
wylAjg)
N
AN
N wu(A|q)
wy (Eg) \\\w((Blg) \‘\ w(Azg,[=M)
] N
"~ \ N \\
<A N
\ A
N \
T Tv Tu

FIG. 15. Schematic representation of the temperature-
dependent Raman data. The first-order phase transitions at
T'=T, and T =T, entail a "re-orientation" of the vector or-
der parameter. At T =T, the curve w; is discontinuous.

some.means induced to proceed directly, without be-
ing interrupted by the sequence of phase transitions
that otherwise intervenes. The symmetry assign-
ments for the Raman-active soft modes will now be
examined in further detail.

The results in Table III predict both the number
and polarization properties of the soft Raman-active
external modes of the WQOyg octahedra, observed in
Na,WO;. In a single-domain crystal, in the phase
a®b*b* (T, < T < Ty) the Raman lines
Aoy, +ayy, o) and Bip(a,, — ayy,) would be iden-
tifiable on the basis of polarization characteristics.
Both of these modes are polarized, but By, should
vanish in the scattering configuration z (xx)z, if the
tetragonal axis is parallel to the direction e,, as can be
seen from the Raman tensors

b 00 000
Ag: [0 a Of; B {0 —c O
00 a 0 0 ¢

However, in the Raman measurements the laser

TABLE IIl. Symmetry of K =0 soft modes. The soft-mode species are subduced by the mani-
fold of degenerate lattice vibrations of the perovskite structure that transform as M.

Phase Order parameter Reduction of the space
15, (K1), 25, (k) 35 (K3) }
o (a®a%"%) cy=c¢y=c3=0

D3, (%)
Dy (a®b*b ")

¢y =0¢;=0,c3#0
¢;1=0,c,=c3#0

T3 (atata™®) ) =cy=c3#0

Alg(a”“ tay,, a,,)

Ayg(ay, tay,, ay)
+Bip (e, —ay,)

Aoy, +ay, +ay,)
+Eg (g +ay, —2a,,, ay — ay,)
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beam was focused on the sample to a line image with
approximate area 0.1 mm x 1 mm. Because of the
presence of twinned tetragonal domains whose di-
mensions were smaller than the area of the focused
spot, the orientation of the tetragonal axis relative to
the laser polarization was not definite. As a conse-
quence, the Raman lines w,(4,) and w,(B,,) ap-
peared in both of the diagonal scattering configura-
tions Z(xx)z and z( yy)z hence the two polarized
modes could not be distinguished in practice. In the
cubic phase atata*® with T < T, the vibrations
Ag(oyy +ayy + ) and

Eg(ay +ay, =20, oy —ayy)

have the Raman tensors

a 0 0]
Ag: 10 a 0f ;
00 a
1b00 1bOO
Egf —=10b 0}, —={0 =60
\/600—2b ﬁOOO

The laser polarization in these Raman experiments
was always parallel to one of the (100) edges of the
cubic crystals. Therefore, in agreement with the ex-
perimental observations for 7 < T, the results in
Table III imply that the Raman lines w,(4,) and
w;(E,) should be (i) polarized and (ii) indistinguish-
able from each other on the basis of polarization
properties, in the geometry used for these measure-
ments. Finally, in the one tilt phase a%a%c*, the
mode w,(A4,) is the single, completely symmetric
soft mode observed in the Raman spectra for
Ty < T < Ty which could be observed only in the di-
agonal polarization configurations.

In Fig. 16, the eigenvector displacements for the
K =0 soft modes for the octahedral-tilt structures in
Na,WOj; are indicated by arrows; in each phase the

vibrational eigenvector HA 12 corresponds also to the
static displacements which comprise the rigid tilt lat-
tice distortion. The soft-mode eigenvectors have
been written out explicitly in Table IV. Note that the
motion associated with one member of the E; pair
(for a*ta*a*) is given by

—E, 1, L
Reb ¢ (k =0)e %= b;(k;) cosw?

+51(E1)cos[mt —%w]

+52(Ez)cos[mt —%wl .Q@n

Accordingly, each oxygen atom orbits its equilibrium
position in an ellipse with major to minor axis ratio

%=[(1 —cos—i—%r)/(l +COS%1T)]”2=\/§ .
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FIG. 16. Eigenvector displacements for the soft modes in
Na, WO;.

All of the k =0 vibrations of Na,WO; were listed
in Table II. It is interesting that the eigenvector dis-
placements of each of the k =0 optic normal
modes—excluding the soft modes A, in a’a’c*, 4,
+ By, in a®b*b*, and Ay, + E; in atatat—will
serve to deform the WOQOg octahedral units. As an ex-
ample, the displacements for the Raman-active mode

I_)’Blg(?=0) of the structure a%a’c* are indicated in
Fig. 17. The resistance to distortion of the octahedral
units in Na,WO3; not only constrains the possible
displacive transitions accessible to the crystal starting
from the high-temperature perovskite structure, but
also results in an apparent reduction in the number
of vibrational degrees of freedom of the lattice. In
effect the rigidity of the WOg octahedra must
separate the vibrational spectrum into high- and low-
frequency bands which correspond, respectively, to
W-O stretching modes which deform the octahedra,
and the soft, external mode or rigid rotations of the
WOg units. In addition, the soft vibrations might be

. expected to exhibit relatively large Raman scattering
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TABLE IV. Eigenvector displacements of. the soft modes. It suffices to specify the displace-
ments of the oxygen atoms Og}), O(,), and O3 in the perovskite primitive cell; the symbol u; ,
denotes a unit displacement of atom O, in the direction e,, a=x,y,z.

Na, WO; soft-mode eigenvectors

a%%"° b % (K =3K,+3K,) =u1,(a,/2)d—uy,(,/2) b
a%a%* B (K =0) =uy,(a,/2) b —uze(6,/2)
a%+b* 58K =0) = (uyy — u1,) (ay/2) b — unx (by/2) b + usx(cy/2) b
57K =0) = (upy +u1,.) (ay/2) 6 — 5 (b,/2) b — s 0 (c,/2) &
a*a*at BEK=0) = (uyy—u1,)(ay/2) b+ (uyy — 1) (6,/2) &
+ sy —u3,) (6/2)
RelB5° (K =0) ] = uy, coswt — uy, cos(wt —47/3)1(a,/2) ¢

+uy, cos(wt —2m/3) —u, ,coswr 1(6,/2)

+u3 cos(wt —4m/3) —us, cos(wt —27/3)1(c,/2) ¢

cross sections compared to the "hard", internal vibra- and (ii) the relaxed bonding configuration associated
tions at higher frequency, due to (i) the large soft- with the soft-mode displacements. It was emphasized
mode displacement amplitude* earlier that no Raman bands were resolved from the

background continuum scattering outside the low-
frequency region 0 <w < 150 cm™ in the Raman
spectra reported here. However, the vibrations of
pure single crystal WO3 shown in Fig. 18 are clearly
a%q® ¢t (Djh) grouped into high- and low-frequency regions,
representing the internal and external modes of the
rigid WOg units, while comparable scattering efficien-
cies are exhibited by the internal and external vibra-
tions. Evidently the inferred reduced scattering effi-
ciencies for the WOg internal vibrations in Na,WO; is
intimately related to the presence of the conduction
electrons and to the topological disorder. While the

2
(“sof!) ~ wl;ard ~10" or 102
<uhard> Wsoft

-
SINGLE CRYSTAL W03 300°K
256471 A blec)o
5
E
(%2
I
g clbbla JAU
3 o
=4
=
s
800 600 %60 200
B |
| _ RAMAN SHIFT (cm)
b (k=0) ‘
FIG. 18. Raman spectra of single crystal WO;. The mon-
FIG. 17. Eigenvector displacements that deform the WOq oclinic axis is denoted by 4. These spectra were recorded

octahedra in the phase a%%™. with 10-mW krypton laser radiation at \y=6471 A
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rigid tilts involve no motion of the Na* ions, the
internal modes may be strongly coupled to the Na‘t
degrees of freedom, resulting in the dissipation of the
vibrational energy, the loss of long-range coherence
of the phonons, and over-all broadening and reduced
intensity of the Raman bands.

A qualitative picture of the phase transitions in
Na,WOQs; is the following. If a uniform decrease in
the W-W distances occurs, as by lowering the tem-
perature, the rigid WOg4 octahedra will accommodate
the lattice distortion by the correlated rigid tilts which
minimize the deformation of the WOg units. As the
lattice contracts the order parameter (i.e., the tilt an-
gle) and therefore the soft-mode frequencies must
increase. This behavior is clearly exhibited by w,(T)
and «,;(7) in Fig. 9; however, when the contraction
of the lattice reaches its low-temperature limit, w,(7)
and w;(T) become independent of temperature.
Therefore each sodium-tungsten bronze sample can
be characterized by the constant, low-temperature
value of w,(10 < T < 50 K), to be denoted by
w.(x). Figure 19 shows the linear dependence of w?
on x for 0.6 < x < 1. Noting that w2(x =0.52) devi-
ates from the straight line, we recall from Sec. II the
fact that the purple sodium-tungsten bronzes
0.5 < x < 0.6 differ from crystals in the concentra-
tion range 0.6 < x < 1 in their growth habit and in
the difficulty with which they are cleaved. In fact,
the sample Na,.95,WOj3 possesses a cubic structure at
all temperatures,?’ although no octahedral tilt struc-
ture has been assigned. At 7' =10 K the purple
bronze exhibits two Raman bands which are not
present at room temperature; possibly, the second-
order transition a*tata®— a%%° occurs at 300 K or
below.

! T T T
<« 3F -
e 2
O
N
I(_D - —
N o
3 gi -
8 l I | 1
0.5 0.6 0.7 0.8 09 IO

FIG. 19. Plot of the temperature-independent low-
temperature value of w,(T) vs x.

V. CONCLUSION

The Raman scattering data presented here have
been shown to be consistent with the rigid tilt space-
group assignments for the four distinct structural
phases of Na,WOj3; with 0.6 < x <1 inasmuch as the
observed Raman bands and their polarization proper-
ties can be accounted for among the k =0 Raman-
active lattice vibrations of the rigid tilt structures
a%%°, a%°c*, a®*b*, and a*tata* proposed by
Clarke. But the assumption that the WOg¢ octahedral
units in Na,WO; remain regular regardless of the
structural phase transitions, an assumption that is
central to the interpretaion of the x-ray data of
Clarke, has been correlated with experimental evi-
dence for the rigidity of the octahedral units provided
by the light scattering studies reported here. In fact,
the resistance to distortion of the corner-linked oc-
tahedra in Na,WOj; is a fundamental physical charac-
teristic that governs the thermodynamic, structural,
and lattice-dynamical properties of these materials.
While the phase transition temperatures
Ty(x), Ty(x), and T, (x) could be determined both
from the Raman data and from x-ray data, the mutu-
ally complementary structural and dynamical infor-
mation have provided for the first time an elucidation
of the structural phases that occur in Na,WOs;.
Although rigid tilt structures are frequently encoun-
tered among ceramic perovskites, the successive "pos-
itive" tilts exhibited by the metallic crystals Na,WQO;
are unique. In the context of the Landau theory, the
rigid tilt structures of Na,WQj; are derived from the
ideal perovskite structure by one of the simplest pos-
sible sequences of structural phase transitions that in-
volves the participation of a multicomponent order
parameter? belonging to a single irreducible represen-
tation of the space group O4. Furthermore, the vec-
tor order parameter {c;,c,,c3} subduces one or more
irreducible representations of the corresponding rigid
tilt space group at k =0. These irreducible represen-
tations coincide with the symmetries of the observed
Raman-active soft modes in Na,WOj;, whose eigen-
vectors are linear combinations of the "positive" tilt
lattice distortions. _ '

It should be noted that the high-temperature
second-order phase transition in Na,WOQj, involves a
doubling of the primitive cell, and the space group
D3, of the resulting structure is not polar. Therefore
the designation "ferroelectric metal" is inappropriate
for Na,WO;. However, as pointed out by Clarke,!’
the successive re-orientation of the vector order
parameter as the temperature is decreased, (0,0, 0},
{0,0,c5}, {0,c2,c3), {c1,c2,¢3) constitutes a structural
analogy to the sequence of ferroelectric transitions in
BaTiO; in which the vector order parameter—i.e., the
polarization—is directed alternately along the axes
(0,0,1), (0,1,1), and (1,1,1) of the pseudocubic cell.

As discussed earlier with reference to the phase di-
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agram for Na,WO; in Fig. 3, the upper and lower
phase transitions which occur at the temperatures
Ty(x) and T, (x), had been detected also in reflec-
tivity, specific heat and NQR measurements. Howev-
er the tetragonal-tetragonal (a®b*b*-a%%*) phase
boundary at 7 = T),(x) was observed apparently only
in the x-ray and light scattering experiments. In re-
trospect, the existence of the tetragonal-tetragonal
phase boundary might have been anticipated, in view
of the reflectivity and NQR results, inasmuch as the
twinning of tetragonal domains in Na,WO; along
(110) planes at temperatures 7 > T;, as observed in
polarized reflectance from Na,WO; single-crystals
surfaces, cannot be reconciled with the rigid tilt struc-
ture a%a’* proposed by Borsa in order to account for
the NQR data at temperatures 7 < Ty. Furthermore
it is surprising that the phase transition at 7 = T,(x)
was not observed in both the reflectance and the
NQR experiments. Not only does the first-order
tetragonal-tetragonal transition a®b*b*-a%°% ™ entail
a change in the domain structure of the Na,WO;
crystal, but a discontinuous change in the quadrupole
coupling constant for Na?® can be expected at the
first-order transition temperatures 7 = T, (x) and

T =Ty (x), due to the rearrangement of the 12 sodi-
um nearest neighbors, associated with the structural
transitions, and due to the changing contribution to
the rms electric field at the Na?? site that is attribut-
able to the soft-mode fluctuations. In addition to the
NQR and reflectance experiments, the results of opti-
cal, neutron, and transport measurements carried out
prior to the Raman and x-ray work discussed here
warrant reexamination in view of the present under-
standing of the structure and phase transitions in
Na,WO;.

An extension of the present work must, first of all,
address the polarization properties of the Raman-
active soft modes in "cubic" Na,WOj;, especially in
the two-tilt tetragonal phase a®h*b* where the 4,

and B,z modes should be unambiguously identifiable
from their polarization characteristics, provided a suf-
ficiently large tetragonal single domain can be
prepared and properly oriented. A large single
domain might be obtained by applying mechanical
stress to the samples, while the orientation of the
domains can be simultaneously observed in polarized
reflectance. In addition, the application of stress or
hydrostatic pressure to crystals of Na,WO; would ex-
tend the phase diagram in Fig. 3, possibly resulting in
the observation of new rigid tilt structures in
Na,WOs;, or a rearrangement of the structural se-
quence exhibited in the absence of externally applied
pressure or stress. Future light scattering studies of
the sodium-tungsten bronzes at lower concentrations
0 < x < 0.5 will be motiviated by the interesting elec-
tronic properties, such as superconductivity and the
metal-nonmetal transition at x =0.2, and the possibil-
ity of structural transitions in the tetragonal I and
tetragonal II phases. In light scattering studies of
other alkali tungsten bronzes, as well as the amor-
phous electrochromic tungsten oxide and tungsten
bronze thin films, a host of interrelated physical and
structural properties that are intrinsically interesting
and also of possible technological significance will, no
doubt, be encountered.
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