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critical point is not precluded. But this needs
other evidence. In this regard, theoretical in-
vestigations along the line presented here with
use of a more realistic Hamiltonian is most de-
sired. In fact, preliminary results are rather
encouraging and will be reported elsewhere.
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FIG. B. Calulated ln(C2/C&) vs inc. The straight line
is a linear fit.

simple Hamiltonian, 6 can indeed deviate greatly
from the mean-field value. Therefore, a meas-
ured 6 (even if it is close to tricritical exponent)
that disagrees with the mean-field value does not
constitute a conclusive verification that the nem-
atic-isotropic transition is not an ordinary criti-
cal point. It only says that the mean-field ap-
proximation is not good enough in describing this
transition. Of course, the possibility of a tri-
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Neutron scattering measurements on sirgle crystals of hexagonal tungsten bronzes
~p pg WO3 reveal low-frequency, relatively dispersionless phonon branches which can
be associated with the vibrations of the meta1 atoms M in the large open chan~els they
occupy in the crystal structure. An analysis based on Eliashberg theory shows that
the strong dependence of the superconducting transition temperature on the species M
arises from these special phonons.

The possibility that the superconducting transi-
tion temperature within a group of materials
could be raised substantially by varying lattice-
dynamical properties has been explored in many
studies. However, the direct relation between

changing phonon properties and higher T, 's, al-
though in principle understood within strong-coup-
ling theory, is difficult to verify experimentally.
In this article, experimental results and a suit-
able analysis are presented showing that, for the
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hexagonal tungsten bronzes, substantial changes
in T, are due to a small subgroup of the lattice
modes. We regard this as significant, since it
reemphasizes the general possibility of optimiz-
ing T, in other systems by varying lattice-dynam-
ical characteristics.

The tungsten bronzes M„WO„where 0 ~ x - 1,
exhibit a variety of interesting properties, includ-
ing unusual superconducting properties. T, can
be several degrees, and for tetragona1. Na„WO„
is strongly enhanced' near the phase boundary at
x =0.2. For the hexagonal bronzes with x =0.33,
T, shows a considerable variation with the species
M, despite the fact that the conduction bands arise
from the WO, skeleton' and the electronic struc-
ture should be largely independent of M. The
structure of the hexagonal bronzes, illustrated by
Bevolo et al.' and Chesser et al.' consists of cor-
ner-linked WO, octahedra, with the oxygens on
the corners shared with adjacent octahedra.
Large open channels in the structure are formed
by this linkage, into which the M ions can be
placed, up to the stoichiometric composition x

The M ions thus tend to be loosely bound.
Heat capacity measurements' ' reveal that at low
temperatures, MQ 33WO, compounds have a large
excess heat capacity over that of WO, itself. By
assuming three Einstein oscillators per M atom,
with the Einstein frequency dependent on M, Be-
volo et al.' obtained a very good fit to the excess,
thus showing it to arise from vibrations of the M
atoms in modes which are fairly well decoupled

from the WO, skeleton. We have observed these
modes directly by neutron scattering from single
crystals of Tlp 33WO3 and KQ 33WO„and a powder
sample of TlQ 33WO, .

The measurements were carried out on triple-
axis spectrometers, with use of single-crystal
samples grown by a technique described by
Shanks. ' Powder samples were produced by
crushing single crystals. For all specimens, x
=0.33 ~ 0.01.

The occurrence of relatively dispersionless
modes associated with M atoms is illustrated by
the low-energy longitudinal [00$] dispersion
curves for Tlp 33WO, shown in Fig. 1. The over-
all appearance is that of a system in which a nor-
mal acoustic phonon branch, which in its unper-
turbed state rises to 3.5 THz at P =0.5, is hybrid-
ized with one almost flat branch at 0.6 THz and
another at 1.3 THz. The shaded areas, in which
hybridization with the WO, skeleton vibrations is
occurring, are characterized by broadening of the
peaks which we do not understand at present. The
dispersion of the WO, skeleton vibrations is quite
close to the [00$] longitudinal-acoustic-phonon
dispersion curve' for cubic Na„WO, . This is to
be expected since both cases are determined
largely by the energy required to compress or
dilate the linked WO, octahedra along one of their
fourf old axes. The extra modes at 0.6 and 1.3
THz do not appear at all in scans for cubic Na„WO, .

The low-energy [fLO] transverse modes in
Tl, »WO, (Fig. 2) also give an appearance charac-
teristic of an acoustic branch hybridized with flat
branches. In this case, there is definitely one
very flat branch at 0.7 THz and possibly another
at 1.6 THz.
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FIG. 1. Low-energy phonon dispersion for Tlp, )WO,
lorgitudinal modes along f. 0011 .

FIG. 2. Low-energy phonon dispersion curves for
transverse modes along t. 1101 in Tlp;;WO&, polarized
perpendicular to the basal plane.
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A scan on a powder sample of Tl, »WO, (Fig. 3)
shows two distinct peaks at 0.6 and 1.4 THz. In
contrast, pure WO, shows no peaks. The occur-
rence of two peaks rather than one is reasonable,
since the Tl atom sits in a site of hexagonal sym-
metry. A very good fit to the excess heat capaci-
ty' is obtained by assuming two oscillators per
Tl atom at 0.6 THz and one at 1.4 THz, showing
that the neutron results are completely consistent
with the heat-capacity data, and that the partial
phonon density of states for the Tl atoms is large-
ly confined to the two peaks.

Measurements of phonon dispersion in KQ 33WO3
have been reported previously. ' We have taken
some supplementary data on KQ 33%03 and find
good agreement with the reported results, but our
interpretation expands on that of Chesser et al. , '
who merely noted a large phonon density of states
near 1.3 THz, without identifying these states as
modes of the K atoms. From our viewpoint, their
true nature is made obvious by comparing disper-
sion curves. The flattened regions near 1..3 THz
for KQ 33WO3 corre spond to similar regions near
0.7 THz for Tl, 33WO, . The K-atom modes are
hybridized with the WO, vibrations to a greater
extent than are the Tl modes. The scattering ob-
served for the Tl modes is more intense than for
the K modes because Tl has a larger neutron
cross section. The combination of all character-
istics, comprising the comparison of dispersion
curves (including those' for cubic Na„WO, ), scat-
tering intensities, powder scans, and heat capa-
cities, makes the identification of the extra
branches for the hexagonal bronzes as M-atom
modes completely unambiguous.

The most interesting question regarding these
special modes is how they affect the superconduct-

ing transition temperature. In all, we have data
for T, (taken as the onset of superconductivity as
indicated by heat capacity or susceptibility) on
six hexagonal bronzes (Table I). Strong justifica-
tion exists for expecting that the conduction bands
of these compounds depend only slightly on M.
Calculations' for cubic NaWO, show that the con-
duction bands are almost wholly determined by
the WO, skeleton, changing very little when the
Na is replaced by a vacancy. The Na thus serves
only to contribute about one electron per atom to
the conduction bands . In fact, the conduction
bands of NaWO„ReO„and SrTiO, are all rather
similar (see Ref. 3 and citations therein), being
formed in covalent bonding between oxygen P and
transition-metal d orbitals. One expects the con-
duction bands of hexagonal bronzes to be formed
likewise, with little dependence on the species
M. The change in T, should, therefore, reflect
the change in the vibrationl properties of the M
ion. Since the M ions are all chemically similar
and reside in virtually identical environments,
their mean vibration frequency is primarily de-
termined by their mass, i.e., w„-m ' ', where
m is the mass of the M ion. On the basis of BCS
theory, if superconductivity in these systems
were due to the interaction of conduction elec-
trons with these special phonons alone, one
would expect a giant isotope effect: T, -m
When the T, data are plotted versus m 'i' (Fig.
4), the points fall close to a straight line, but the
nonzero intercept T,= 0.7 K as m '"-0 is an in-
dication that the vibrational modes of the WO,
skeleton cannot be neglected.

In our analysis we therefore use an Eliashberg
function with two terms,

e'F ((u) =-,'(u~X~5((u —&u~) +a'F ~o, (~),

where the nearly dispersionless special phonons
are described by an Einstein spectrum. Note that
if u&~-m '", the parameter' X~=ajm&u„', where

10— ' &0~~" &
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TABLE I. Experimental values of T, and &z for

6—
UJ M )n (amu) T~ {K) w~ (K) @zan~ (10 amuK )

2—
0

F REQUEN CY (7Hz)

FlG. 3. Scans on bronze powder samples.

Tl
Hb
K
Cs
NH4
Li

204.4
85.5
39.1

132.9
18.0
6.9

1.51
1.90
2.34
1.12
3.34
3.64

38
58
90
70

2.95
2.88
3.17
6.51
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TABLE II. Values for ~~ and &wp (given wp )
reproduce measured T, 's for Tl, Rb, and K within
0.02 K; implied values for Tc ' and T, "

T Cs
C T wP3

C

0
0

I

0.2 0.4

144
230
350

0.32
0.31
0.30

0.22
0.19
0.16

0.89
0.97
1.03

0.23
0.31
0.39

m-Ii~ (ornu-ii~ )

FIG. 4. Dependence of T, on mass of M ion; the
curve was calculated using the Bergmann-Rainer al-
gorithm.

a depends only on electronic structure, should be
independent of the species M, and the T, changes
occur at constant X. In Table I, we show &„ob-
tained by combining heat-capacity and neutron
data for M=Rb, Tl, K, and Cs. Clearly, m&„'
is indeed a constant for Rb, Tl, and K; for Cs,
a higher value, perhaps due to the larger ionic
radius, is obtained.

Using (1) in the T, formula of Allen and Dynes'
yields

g/// g( 10g
) X~Q3/ X, -~ 20 ~ wo,

1.04 (1 +A.)
X —p *—0.62k. p *

where &wp
'g and A. wp are averages' over only

the second term of Eq. (1), and X =A.~+A.~o Ac-
cording to Eq. (2), T, should vanish for v„-0
while X~ is held constant. Inspection of the gen-
eral equations" for T, shows this to be incorrect.
Consequently, we have calculated the dependence
of T, on m ' ' at constant A. by an exact method,
the algorithm of Bergmann and Rainer. " (See
Fig. 4). In this calculation, the unknown 0/'F for
the WO, skeleton has been approximated by a

1term»wo X wo, 5 (m —Mwo, ) ~ and the Coulomb pseu-
dopotential at the cutoff frequency ~„=10~«
was chosen to be i/, *(N) =0.1, which corresponds'
to &*=0.08 in Eq. (2). Because A.„-(m~„') ', we
have taken X~ to be the same for M= Tl, Rb, and
K and A.c, =0.45~T). With v„determined experi-
mentally, we are left with three parameters to
fit the T, 's. For M =Tl, Rb, and K, one can fit
T, for a wide range of ~p, , but to fit T, ' a fair-
ly large but physically reasonable value of ~wp,
about 500 K, is needed. The results are listed
in Table II. T, values obtained from Eq. (2) are

10-20/o larger than the exact values, indicating
that the Allen-Dynes formula loses accuracy
when c/'F (&u) contains two very different Einstein
frequencies. If only one Einstein frequency is
present, the formula works very well and we
used it to calculate T, 3. The curve in Fig. 4
is calculated for ~~o =230 K, with A.~ and A.&p
chosen to fit the T, values for Rb, Tl, and K (Ta-
ble II). As one can see, the calculations provide
a good description of T, vs rn '". The deviations
of the data points from the curve (upward for NH„
Li, and downward for Cs) are understandable
within our interpretation of the role of the special
phonons, arising from the influence of ionic size
on near-neighbor force constants and thereby on

It follows from this analysis that in the hexago-
nal tungsten bronzes changes associated with a
small fraction of the vibrational modes (, or
less) cause substantial variation in T,. The quali-
tative explanation of this dramatic effect involves
two factors. The first is the loose binding of the
M atoms, which causes X„ to be fairly large. The
second is that we are dealing with rather low-T,
materials, in which the Coulomb repulsion of
electrons has been just slightly overbalanced by
the electron-phonon interaction due to the WO,
skeleton. The further increase of the electron-
phonon interaction due to the special phonons then
causes an increase in T, which is much larger
than the proportionate increase in A. . Our results
do not shed light on the enhancement of T, in tet-
ragonal Na„WO, for x near 0.2, but they do sug-
gest that Na-atom vibrations in the pentagonal
channels of the tetragonal bronze structure are
important for superconductivity in this phase,
thus explaining why the cubic phase (v) 0.5),
which has no large open channels, is not super-
conducting.
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New Evidence for the Two-Electron 0 State in GaP
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Optically detected magnetic resonance in oxygen-doped GaP shows that the infrared
emission at 0.84 eV and its phonon replicas are due to a spin-triplet to -singlet trans-
ition of the theo-electron state of oxygen. The resonance data also show that the two-
electron center has axial symmetry along the [ 110] axis, indicating that af'ter capturing
the second electron a strong lattice relaxation takes place.

The role of oxygen in GaP has been studied ex-
tensively for many years by various techniques, '
but the nature of the two-electron oxygen-related
electronic states is still a matter of controversy.
Experiments have shown that oxygen is a deep
donor on a P site and that the neutral donor binds
an electron by 0.895 eV at. 1.6 K. Dean and Hen-
ry' have shown that in addition to the donor-ac-
ceptor transitions involving the deep oxygen do-
nor, another infrared luminescence emission is
also due to oxygen. A zero-phonon line at 0.84
eV accompanied by phonon replicas has been
shown to shift upon replacing "0by ' 0. The lu-
minescence mas thought to result from a radia-
tive transition of an electron from the excited 1s
E state of the isolated oxygen donor to the 1s A
ground state. In 1973, by using photocapacitance
measurements, Kukimoto, Henry, and Merritt'
and Henry discovered that thy deep 0 donor in
GaP could bind two electrons to become 0 . Af-
ter binding the first electron, the donor could
capture a second electron mith a subsequent large
lattice displacement indicating that a substantial
change in the 0 host bonds had taken place.
Grimmeiss et al. ' and Morgan, ' on the other hand,
interpreted their two-electron photocapacitance
data by supposing that the selection rules were

such that optical transitions between the X, con-
duction-band edge and the two-electron ground
state were very weak and this could explain the
observed high optical threshold energies without
involving a large Franck-Condon shift. Recently,
Morgan' reinterpreted the infrared spectra of
Dean and Henry, ' suggesting that the 0.8-eV emis-
sion involved radiative transitions of the second
electron bound to oxygen. His conclusions were
based on the differences between the phonon
modes involved in the infrared spectra and those
involved in the neutral-oxygen donor-to-accep-
tor pair luminescence.

We have studied the electron states in oxygen-
doped GaP by the optically detected paramagnet-
ic resonance (ODMR) technique. Our results
show that the emitting level of the 0.84-eV tran-
sition, observed first by Dean and Henry, ' is a
spin triplet. The orientation dependence of the
ODMR spectra and the observed strong hyper-
fine interaction with one Ga nucleus show that
the symmetry of the center is lower than tetra-
hedral. These results can be explained if we
suppose that the infrared band is a triplet-to-
singlet transition of the two-electron 0 state,
in agreement vith Morgan, ' and that after cap-
turing the second electron lattice relaxation oc-
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