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Raman spectra of several metallic tungsten bronzes have been obtained. Cubic Naj gWO;3 ex~

hibits three weak features in the 200—400-cm ™!

spectrum of 11 features.

region which arie correlated with WO3 spectra;
hexagonal Rby, 3WO; displays a single broad feature at 655 cm

; tetragonal Naj 9gWOj; has a rich

The presence of a low-energy plasma edge in the bronzes, especially

of Nag 9sWO;, is responsible for the strong signals obtained; in most metals the reflectivity lim-
its Raman scattering to a tiny surface layer for laser frequencies below the uv plasma edge.
The plasma frequencies for samples used in the present work are determined by reflectivity

measurements on single crystals.

I. INTRODUCTION AND EXPERIMENTAL

The tungsten bronzes are a class of high temper-
ature superconductors® of general formula M,WOj,
where M is an alkali metal and x<1. The most ex-
tensively studied member of this group is Na,WOs,
which exhibits metallic behavior for x> 0.2 and
displays several different crystallographic phases.
Recently, Dickens and Whittingham have published
a review? on the general characteristics of tungsten
bronzes and their isomorphs.

While many anomalous characteristics of tung-
sten bronzes have been analyzed experimentally
thus far (extremely anisotropic electrical conduc-
tivity, ® high superconducting temperatures which
vary radically with alkali concentration,  thermal
expansion discontinuities, ® and twinning, ¢ etc. ),
the only optical studies reported have been reflec-
tivity measurements on pellets.” Hall measure-
ments® demonstrated that each sodium ion in
Na,WO; contributes approximately one free elec-
tron; the optical data are compatible with that idea
and show that the plasma edge shifts in a monotonic
way with alkali ion concentration. In the present
work, reflectivity measurements on single crystals
having 0.28< x< 0.61 have been made and establish
the plasma edge as ~5000-7000 A for such concen-
trations. This variation results in strikingly dif-
ferent appearances for the samples; all are brightly
colored metallic crystals, but they vary in color
from deep blue to orange. While this color change
is aesthetically interesting, it is also physically
important. Most Raman measurements on metals
yield very small cross sections owing to the high
reflectivity and low penetration depth of visible
light. This is due to the presence of the plasma
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edge in the uv. If one were able to use incident
laser light at frequencies above the plasma edge,
cross sections would be much larger. In

Nag 2sWO;, Rby 3WO;, and Na, (WO;3; we are able to
do just that.

The experimental Na,WO; samples used in the
present work were grown by electrolysis of a fused
melt of tungsten trioxide and sodium carbonate in
an argon atmosphere at ~ 800 °C. The x=0.61 sam-
ples were orange masses of interpenetrating cubes,
each cubic crystallite having mean dimension of
about 2 mm. The x=0.28 samples were aggregates
of thin blue needles, individually ~ 0.1x0.1x3 mm.
The Rby 3,WO; samples were hexagonal, ~ 1 mm per'
side, and prepared as the sodium bronzes with the
replacement of Na,WO, by Rb,WO, in the melt.

The samples were cleaned in boiling water to re-

. move residual WOz and Na,WO, (or Rb,WO,) prior

to recording of the Raman spectra.

Spectra of each sample were obtained with a
backscattermg geometrv with ~ 400 mW of either
4880-A or 5145-A argon ion excitation; the beam
was focused onto a single crystal face in each case.
Each sample was studied with each laser excitation
frequency in order to insure that the observed fea-
tures were not luminescence. Detection was by
means of a Spex 1400 double monochromator, a
cooled EMI-6256 photomultiplier, and a Keithley
610B electrometer.

Typcial spectra from a cubic Na, WO; sample
are shown in Fig. 1, where comparison is made
with pure WO3;. This comparison is useful, de-
spite several phase transitions in WOjg, in that the
strong features shown at about 290 and 340 cm™!
persist through four of the phases, and hence may
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be regarded as typical of the WO, distorted perov-
skite lattice. The Na, ,WO; spectra shown are
weak; they were recorded with 18-sec time con-
stants and 300-um slit widths.

By comparison, the Na, ,sWOj; spectra shown in
Fig. 2 are extremely strong. We believe that this
strength is due primarily to the tetragonal struc-
ture, as discussed in Sec. II, since the plasma
frequency in both cubic and tetragonal samples was
below that of the laser used. Some resonant en-
hancement may also be operative in the tetragonal
samples, since the deep blue color of these sam-
ples is nearly the same as that of the 4880-A
laser; the stronger scattering with 4880-A excita-
tion compared to that at 5145 Ais compatible with
that idea.

Figure 3 illustrates the reflectivity spectrum of
two samples: tetragonal Na, »3WO, and cubic
Na, ¢WO; crystals. This figure shows the reflec-
tivity over a region of the visible spectra extending
through the reflection minimum resulting when the
dielectric contribution of the free carriers just can-
cels that of the lattice. These results were obtained
using standard reflection measurement apparatus
comprised of a 3-m Bausch and Lomb spectro-
meter with tungsten lamp as a source, and a EG&G
silicon detector. Wavelength resolution is approx-
imately 16 A. Aluminum coated spherical mirrors
were used to focus the light onto the sample and to
collect the reflected light. In addition, a flat alumi-
num coated mirror was placed in the sample position
to provide a reference signal. No attempt has been
made to correct for the variation in the reflectivity
of the aluminum over the wavelength range used,
but the variation is expected to be small.

We have taken the reflectivity at the longest
wavelength measured (\,,,) equal to unity, and the
remaining points are referred to the reflectivity
at that wavelength. Absolute reflectivity at any
wavelength would be difficult to determine, es-
pecially for the samples used, since it requires
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FIG. 1. Raman spectra of Na, 4 WO; and pure WO; at

300 °K (unpolarized).
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FIG. 2. Raman spectrum of Naj,;sWO3 at 300 °K, using
4880-A excitation. The spectrum shown is unpolarized.
No polarization discrimination was possible for scatter-
ing from the polycrystalline sample. An identical spec-
trum was obtained with 5145-4 excitation. Argon emis-
sion lines have wavelengths marked over them.

knowledge of the area of the sample scattering
light into the collection optics, as well as the in-
cident light intensity.

For the purpose of evaluating the data we have
computed a theoretical reflection spectra for a
sample assumed to have a short-wavelength re-
fractive index K=3.4, and a free-electron collision
frequency v =+ w,, where w, is the free-electron
plasma frequency w,=e%/mK? These values pro-
vide reasonable agreement to the trends in the data.
The theoretical curve is generated using

R=[ (= 1P+x*]1 /[ (w+1P+x%] 5

with ¢ and y related in the usual way to the lattice
index and with the free-carrier contribution calcu-
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FIG. 3. Reflectivity of cubic and tetragonal Na,WO;
single crystals, illustrating well-defined dips at the
plasma frequency .
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lated using the Drude theory. For the lattice index
chosen we find that the reflection minimum x,,
occurs when A/X,=0.95, where now 1, is the vacuum
wavelength corresponding to the free-carrier plas-
ma frequency. Since both y and x can be expressed
in terms of normalized frequency A/),, and the di-
mensionless constant v/w,, a single curve can de-
scribe the reflectivity for all crystals having the
same short-wavelength index and relative electron
collision frequency.

There are a number of factors which influence
the accuracy of these results. First, we have ne-
glected any dispersion in the lattice contribution to
the index over the range of our measurements; this
dispersion would contribute additional wavelength
variation of the reflectivity. In addition, we have
taken the same value of short-wavelength index for
both samples although it might well vary with the
concentration of sodium. Finally, since the mea-
surements were not continued very far into the in-
frared, there is the possibility that the peak re-
flectivity might be as much as 10—15% higher than
that measured at the longest wavelength shown.
Such a possibility would not effect the wavelength
for minimum reflection measurement, but would
tend to reduce the indicated short-wavelength re-
flection, thereby reducing the calculated index and
make A\, more nearly equal to A,. Since we have
used a value of A, =0.95 A, the maximum error,
due to overestimation of K, in determining 2, is
only 5%.

Although we would naively expect the Raman
scattering to be greatest for W~ w,, as deter-
mined from the influence of reflectivity R(w) on
penetration depth, we have experimentally found
Raman intensity to be greater (with laser wave-
length at 4880A) in samples with ,=68404 than
in those with 2, = 5500A. This difference may re-
late to free-carrier absorption, resonant enhance-
ment factors not related to plasma effects, and
other structural parameters discussed below, since
the samples having different plasma frequencies
also had different lattice structure. It seems
likely from a qualitative standpoint that the much
greater Raman cross sections in Nag ,sWO; and
Rbg,3WO; compared with those in Nay ¢WO; can be
attributed primarily to the differing crystal struc-
tures, rather than to the different plasma frequen-
cies with the plasma playing only a small role for
laser wavelength A >),. Further studies in the fu-
ture on cubic Nay 4WO; will help confirm that judge-
ment.

II. PHONON ANALYSIS AND DISCUSSION

Previous Raman studies of metals® have been re-
stricted to simple diatomic lattices in which there
was no need for complex analysis of the spectra.
By comparison, the Nag, ,WO; spectrum summa-
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rized in Table I and Fig. 2 is quite complex.

The strong scattering in the region 700—1000
cm™! is analogous to that observed in other crys-
tals with tungsten-oxygen bonds. Pure WO, has
its W-O stretching modes at 717 and 808 cm™*, 0
The higher frequencies in Na,WO; (813 and 928 cm™!
for the strong modes) are compatible with a simple
physical picture in which the filling of empty Na
sites makes the lattice more rigid. We note that
phonons in insulating tungstates of form MWO,
usually have greatest Raman cross sections!! in the
700—1000-cm™! region, like WO,;. In this respect,
high-frequency W-O stretching modes are rather
independent of the specific bonding arrangement in
the lattice. Their strong Raman spectra reflects
the fact that oxygen ions are extremely polarizable.

The low-frequency spectra (<400cm-!) in
Na,WO; are almost impossible to assign in terms
of simple models and symmetry coordinates in
these nonstoichiometric compounds.

It is possible to make some comments regarding
the broad mode at 592cm-! in Nag ,sWO;. In other
perovskites, such as SrTiO; and KTaOj;, the high-
est-frequency transverse optical phonon also lies
in the 550-cm ~! region. This is a frequency re-
gion from which modes are conspicuously absent in
M**WO, lattices, !! and hence it appears to be as-
sociated with the perovskite structure per se. To
some extent, therefore, it may be describable in
terms of Cowley’s shell-model-determined eigen-
vectors.!? The large linewidth of this mode is not
understood at present. It may be that the deviation
from stoichiometric distribution of Na ions in the
lattice contributes to the linewidth of some modes
more than others (we recall that glasses such as
silica and germania usually exhibit both broad and
narrow Raman features); however, there is noth-
ing in Cowley’s model'® which leads us to believe
that the highest TO in the ABO, perovskite lattice

TABLE I. Optical-mode frequencies in Naj ,WO;3(cm™).
(vs, s, m, w characterize scattering intensities as very
strong, strong, medium, or weak.)

Nay,2sWOs3

961 (vs)
936 (s)

880 (s)
831 (vs)
757 (m)
592 (s, broad)

421 (w)

373 (w)
333 (w)
294 (w)
248 (w)
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FIG. 4. Polarized a@,, (x in plane of surface) spectrum

of Rb0'30W03 at 300 °K.

should involve the A atoms in any special way. An
alternative approach to the linewidth of this mode

is to consider the model'® of Mills et al. for odd-
parity mode scattering in metals. This model pre-
dicts a linewidth which is large for very dispersive
modes, which could be the case for Naj ;sWO;; how-
ever, the line shape for such scattering is pre-
dicted to be very asymmetric, ** which is clearly
not the case in Fig. 2.

The anomalous mode at 592 cm=! in Nay ,s WO,
becomes especially interesting when we view the
spectrum of hexagonal Rby sWO; in Fig. 4, This
spectrum consists of a single feature which is
broad and centered at 655cm-1. We interpret this
mode as the analog of the 592-cm-! feature in
Nay 23WO;. We cannot explain the absence of other
sharper features in the spectrum. The only explan-
ation we can suggest is qualitative. In the undis-
torted, cubic perovskite lattice, there is no first-
order Raman spectrum. The weak scattering in
‘cubic Nay,¢WO; arises from the relaxed translation-
al symmetry due to sodium vacancies. In contrast,
the strong scattering in tetragonal Nag, ;sWO; arises
primarily from the tetragonal lattice distortion,
which greatly increases the size of the unit cell and
the number of Raman modes, even assuming per-
fect stoichiometry.! (This helps explain the modes
in the 700—1000-cm-! region which are absent in
the Nay gWO; cubic sample.) The hexagonal
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Rb,.sWO; unit cell (z =6) is substantially smaller
than the tetragonal, which partially explains the
absence of Raman features. It is also possible that
the sharp lines in the Nay, ,sWO; spectra arise from
nonmetallic Na,WOj; (v <0. 2) regions at the surface.
Further studies on samples with different surface
treatments (polish, etch) should clarify the origin
of these sharp lines.

III. SUMMARY

In summary, we have presented Raman data on
the only complex metals examined thus far. We
have attributed strong scattering to the measured
presence of the plasma edge at wavelengths longer
than that of the laser used as excitation source. We
qualitatively interpret the large number of modes
in Nay,sWO; as due to the much larger unit cell in
the tetragonal bronzes, as compared to cubic
Na,WO; or hexagonal Rb, sWO;. We observe anom-
alously broad features at ~600 cm™ in both tetra-
gonal and hexagonal bronzes.

While this work is admittedly preliminary, it
does represent the only Raman study of complex
metals, and we hope it will stimulate other experi-
mental and theoretical investigations.

Since members of this class of crystals super-
conduct as high?® as 6.5 °K, the obvious extension
of the present study is Raman scattering near and
below T.,.

Note added in manuscvipt. After this work was
submitted, G. H. Taylor! reported reflectivity
data for samples of Na,WO; with x~ 0. 6 in agree-
ment with our results.
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The longitudinal magnetostriction of group-VIII transition metals and alloys was measured
with a capacitance dilatometer at 4.2 °K in fields up to 100 kOe. The resultant values of the
logarithmic volume dependence of the magnetic susceptibility, 81lnx/d1nV, are Ru, —4.8;

Rh, 9.6; Pd, —3.4; Ir, 22; Pt, —15; Rhyglrg, 15; RhsoPdg, 8; Ir,Pdsg, 14; Pdg;Ptgs, —4;
and PdgPtg;, —24. Pd, Pt, and their alloys have a negative magnetostriction, which indicates
a negative volume dependence of the Coulomb interaction responsible for the exchange enhance-
ment of their spin susceptibility. Rh, Ir, and their alloys with each other and with Pd have a
positive magnetostriction, and the resultant large volume dependence of the susceptibility,
particularly that of Ir, is difficult to understand. Float-zoned samples of Rh and Ir exhibit
oscillatory de Haas—van Alphen magnetostriction at 4.2 °K,

I. INTRODUCTION

In this paper we describe longitudinal magneto-
striction measurements on several group-VIII metals
and alloys. The experimental procedure was de-
scribed in a previous paper, ! where we reported
similar measurements on group-IV, -V, and -VI
transition metals. The magnetostriction provides
a measure of the volume dependence of the magnetic
susceptibility, which in Pd and Pt is dominated by
the exchange-enhanced Pauli paramagnetism. In
these metals and their alloys the magnetostriction
is negative, which indicates a negative volume de-
pendence of the Coulomb interaction. In Rh and Ir
and their alloys with each other and with Pd, the
volume dependence of the susceptibility is large and
positive. The very large value for Ir is particularly
difficult to understand. Pure samples of Rh and Ir
exhibited oscillatory de Haas—van Alphen magneto-
striction, which we describe briefly pending a
thorough study of the effect in these metals.

II. EXPERIMENTAL

The experimental techniques for measuring the
magnetostriction were described in Ref. 1. The
samples are described in Table I. Because traces

of Fe can affect the low-temperature susceptibility
of several of these metals to a marked degree, we
give the Fe content when it is available.

The magnetostriction of the group-VIII metals up
to 100 kOe at a temperature 4.2 °K is shown in
Figs. 1 and 2. The samples RhA and IrA were
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FIG. 1. Magnetostriction of Ru, Rh, and Ir:

A, Ru; O, Rh; O, Ir.



