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garded as additional to normal band effects in
metals, discussed e.g. , by Haque and Kliewer. "

The rather small gap values we find for simple
metals can explain the apparent absence of a gap
in the experiments performed so far. We find
however that the effect should be of observable
magnitude, at least with modulation techniques,
in Sn and Ge. More generally, Landau damping
and nonlocality tend to quench the plasmon gap
atG/2 as soon as G/2)q, and vo"' ")0, so that
good candidates are substances with G/2 (q, (nar-
row ylasmons) and vo"' "(0. Further exten-
sions of this calculation could include band effects
of order higher than v~, ' non-RPA exchange and
correlation processes, ' and a study of the plas-
mon bands over the entire Brillouin zone.

We wish to thank M. P. Tosi and C. Calandra
for discussions and comunication of unpublished
results.
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Measurement of the Mobility of Positrons in Germanium
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The mobility p+ of positrons in Ge has been measured. Energetic positrons from a ra-
dioactive source enter an intrinsic planar Ge detector where they annihilate in the pres-
ence of the detector bias field. The motion of the positrons is detected by observing the
Doppler shift of the annihilation y's as a function of the voltage across the detector. We
obtain p =(124+10) cm V ~ sec" at (98+5) K and p =(850+17) cm V ~ sec at {86+5)
K.

In this Letter we report the first measurement
of a positron mobility p.+ in a solid. The experi-
ment was motivated by a desire to understand
the mechanism whereby the energetic positrons
from a radioactive source are converted to a low-
energy (few eV) beam by means of a solid mod-
erator. ' One of the parameters needed for such
understanding is the diffusion constant for posi-
trons D+ which may be obtained from the mobility

using the Nernst-Einstein relation &+ = p+kT/e.
Knowledge of D+ also might be useful in the abso-
lute determination of vacancy concentrations by
positron-annihilation techniques. ' The positron
mobility is of further interest because from it
the positron thermalization time' due to acoustic-
phonon scattering in insulators or semiconductors
can be estimated.

The mobility of a positron in a solid is defined
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by the relation v, = p, 8, where 8 is the electric
field in the solid and v+ is the positron drift ve-
locity. If the electrons in the solid are immobile,
the positron drift velocity at the time of annihila-
tion may be obtained from a measurement of the
center-of-mass momentum mv+ by observing the
annihilation photons and using for m the free pos-
itron mass. The momentum distribution of the
annihilating pair from which we may find mv+
may be obtained either from a study of the 2y an-
gular correlation or from a measurement of the
2y Doppler-shift distribution. 4 Thus if the elec-
tric field g is parallel to the momentum of the
annihilation photon, there will be a Doppler shift
of the mean photon energy E given byAE/E=v+/
2c. In an angular-correlation experiment, the
centroid of the angular distribution would shift
an amount ~8 =mv+c/E if 8 is perpendicular to
the direction of emission of the two photons. The
expected shifts caused by the positron drift ve-
locity (-10' cm sec ') are small compared to the
widths of these distributions which arise primari-
ly from the electron momenta corresponding to
velocities -ac = 2& 10' cm sec '.

The first attempt to detect the mobility of pos-
itrons in a solid was an angular-correlation mea-
surement on diamond at room temperature by
Lang and DeBenedetti' which yielded the result
i"+-—cb, 8/e=(120+160) cm2 V ' sec '. More re-
cently this measurement was repeated by Sueoka
and Koide' who found p &20 cm' V ' sec '. The
same authors also found p+ & 15 cm' V ' sec '
for SiO, and p, + & 80 cm' V ' sec ' in BaTiO, .
There is in addition to the above one Doppler-
shift experiment using a coaxial Ge(Li) detector
by MacKenzie and Campbell. ' These workers
found a 50-eV shift in the single escape peak
when the detector bias was changed by 600 V.
The origin of this shift is unclear because the
mobility one estimates from this measurement
would be -40 times larger than expected from
the results reported here.

It can be inferred from diffusion experiments
using powdered samples that positrons could have
an appreciable mobility in some materials. For
example, measurements of the positron-annihila-
tion lifetime in powdered metals at 300 K allowed
Paulin, Ripon, and Brandt'to estimateD+=(1
+0.5)x10 ' cm' sec '. The Einstein relation
then implies p+ = (0.4+ 0.2) cm' V ' sec ' for
these samples. Similar lifetime measurements'
on powdered Ge and Si indicate that D+ could be
much larger in a semiconductor.

In a metal a positron is expected to have a low

mobility' owing to positron collisions with elec-
trons near the Fermi energy. In a semiconductor
or insulator where the carrier density is low the
mobility should be limited (1) by impurity and

crystal-defect scattering, (2) by trapping of the
positron into nonmobile states, (3) by the finite
lifetime 7+ =2&&10 ' sec of the positron in the
solid, and (4) by phonon generation and positron-
phonon scattering. The low-electric-field acous-
tic-phonon-limited mobility is predicted to be"

p =[(8w) /3]v2@'4pypg 52ec 2(QT)

where p is the density, v~ is the longitudinal
sound velocity, and && is the energy parameter
which characterizes the positron-phonon coupling
(the deformation potential). At high electric
fields, positrons should have a limiting velocity
at about half the velocity threshold for optical-
phonon generation as is observed for electrons. "
It must be remembered that not all positrons in

a solid are expected to be mobile. Positronium,
known to be formed in many solids, is a zero-
mobility state. In addition, positrons can be
trapped by impurity centers and a positron could
have a very large effective mass and hence a low

mobility if it existed in a polaronlike state. "
We chose for our sample a Ge single crystal in

the form of an intrinsic (IG) planar y-ray detec-
tor." Since such crystals are made from the
best high-purity semiconductor material avail-
able" we hoped that our results would be charac-
teristic of phonon scattering and not masked by
the effects of impurities. Other reasons for
choosing Ge as a sample are (1) positronium is
not observed in Ge,"and (2) the effective mass
m+ is =m. '

In our experiment, a = 10-p.Ci ~Ge source is
mounted on a thin Be entrance window 0.4 cm
from the front surface of the IG detector (1.1-
cm-diamx 0.5-cm-deep active volume). The1.8-
meV endpoint positrons from the source enter
the detector, giving an event-signature pulse
from each positron that slows down in the active
volume. This pulse is used as a gate to examine
the subsequent annihilation y' s in a second and
much larger coaxial IG detector (4.3 cm o.d. x 0.8
cm i.d. x 2.4 cm deep) located 2.6 cm from the
center of the front active surface of the small de-
tector (see insets Fig. 2). The drift velocity of
the positron under the influence of the bias field
in the small detector appears as a Doppler shift
in the 511-keV full-energy peak measured by the
large detector. The energy distribution of these
y's is recorded in a 4096-channel analyzer
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FIG. 1. The 511-keV y-ray energy spectrum and
pulser spectrum for bias V2-—800 V summed over forty
1-ksec LH& runs. The lower portion of the figure shows
the channel by channel differences of the V2- V& = 8000
V peaks suitably area normalized. The curves are the
first derivatives of the V~+V2 summed spectra fitted
to the a'fferences using a variable amplitude 5 to ob-
tain the 511-keV peak shift (0.1184+0.0108 channels,
y2/v = 29.2/40), the pulser shift (0.0021 + 0.0025 chan-
nels, y~/v=8. 5/14), and a net Doppler shift of 0.111
+ 0.010 channels out of 8812. The change in velocity in-
ferred for the positrons as V& —V& is (1.76+ 0.18)& 10
cm sec ~ toward the large detector.

(Northern TN720) as a function of the bias V on
the small detector along with the distribution of
pulses from a stable reference pulser applied to
the preamplifier test input of the large detector.
The bias voltage V is applied across the 0.5 cm
depth of the small detector (8 along the [100]di-
rection). In order to minimize the effects of
drift, V is switched between two values, V, and
F„every 1000 sec in an eight step (1, 2, 2, 1, 2, 1,
1, 2) sequence. The spectrum is printed out at
the end of each 1000 sec interval.

Figure 1 shows a 511-keV energy spectrum for
a given bias V, and the accompanying reference
pulser spectrum summed over a 1-day run. %hen
the bias is changed to V, the 511-keV curve shifts
because of the Doppler effect arising from the
changed drift velocity of the positrons. The Dop-
pler shift |)=&8/E = v+/2c is obtained by fitting
each curve by a Gaussian and taking the differ-
ence of the fitted centroids. The pulser peak was
used to monitor gain drifts of the system which
were typically -3 ppm/ksec. Although the sys-

p&G. 2. The change in the positron drift velocity s+
as a function of bias V~ —V& on the 0.5-cm-thick Ge de-
tector sample. This velocity e+ was obtained from Dop-
pler energy shift measurements using the large detec-
tor. Sample temperatures were (36+5) K, open cir-
cles, and {98+5)K, solid circles. The insets show
the arrangement of the two detectors with 8 parallel
to the momentum of the annihilation y k& (data and in-
set in upper portion of figure), and g perpendicular to
k& (lower portion). The fitted lines {solid) were con-
strained to go through the origin. The dashed line is
an estimated saturating mobility curve with an initial
slope obtained by extrapolating the LN& slope to LH&

by 7-'I'

tern is quite stable, residual effects of gain drift
are reduced by subtracting the pulser centroid
shift from the Doppler shift measured using the
511-keV centroid. Another way of obtaining the
shift is to subtract the two area-normalized
curves point by point, fitting the result with the
first derivative of the sum of the two spectra us-
ing & as a multiplicative parameter. (See the
lower portion of Fig. 1.) The two methods are
in statistical agreement.

Data were obtained over ™100days for differ-
ent values of V, and V,. Two sample tempera-
tures were achieved by filling the small-detector
Dewar with liquid nitrogen (LN, ) or with liquid
hydrogen (LH,). Figure 2 shows the measured
positron drift velocity at the two temperatures
plotted against the difference between the two
voltages applied to the small detector, V~ —V2.
For most of the measurements V, was 300 V";
the data are consistent with a linear dependence
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on V, —V, . The positron mobility is proportional
to the slope of the data and is seen to increase
as the temperature is lowered, in qualitative
agreement with Eq. (1). The sample tempera-
tures [(36+5) K at LH, and (93+ 5) l. at LN, ] were
found by measuring the temperature at the IG-
crystal mount in a dummy detector cryostat of
the same model as the one which was used for
most of the measurements.

As a control experiment the planar detector
was rotated 90' about the point "A" (see insets
Fig. 2) so that the bias field was perpendicular
to the momentum of the detected 511-keV y.
These 8&k& points plotted below the S ii k& data
in Fig. 2 show no Doppler shift as expected.
Since nothing is changed in the control experi-
ment except the angle between the two detectors,
the null result at 90 is a sensitive check of sys-
tematic error.

From the slopes in Fig. 2 (multiplying by a
solid-angle correction factor of 1.09) we obtain

g+ = (124+10) cm' V ' sec ' at (93 + 5) K (y~/v
=14.1/5) and p+ = (350+17) cm' V ' sec ' at (36
+ 5) K (y, '/v= 2.1/4). A similar fit to the h'j-k&
data yields a slope consistent with zero as ob-
served above, (9+12) cm' V i sec ' ()t'/v=2. 1/
7). The LN, point at V, —V, =1400 V is -3o above
the fitted line. The possibility that the point is
attributable to nonlinear behavior is being inves-
tigated. In addition to the data shown in Fig. 2

an earlier independent set of measurements at
LN2 using three different detector samples and a
different less-stable analyzer gave a result con-
sistent with our later measurements, p+ = (117
+20) cm' V i sec ' at (93+ 5) K (y'/v=12. 3/5).

Shullman, Beardsley, and Berko~e have obtained
an experimental estimate for m+ which is consis-
tent with m+ =m. Assuming m+ =m we can use
Eq. (1) and our value of p+ at 93 K to find s~ = 19
eV. This can be compared with the value e&= 5
to 10 eV for holes in Ge." Inasmuch as the de-
formation potentials calculated in this way for
positrons and holes in Ge are in approximate
agreement, we can conclude that positrons and
holes move in a similar way under the influence
of electric fields in Ge crystals after accounting
for the difference in their effective masses. The
ratio of mobilities observed at the two tempera-
tures p+(36 K)/p+(93 K) =2.8+0.3 is not as large
as predicted by Eq. (1), (93/36)'" = 4.2 + 0.5. This
may be due to the effects of optical-phonon gen-
eration. Indeed the LH, data could be consistent
with a saturating mobility curve (see the dashed
line in Fig. 2) similar to that observed for holes

in Ge." Using the optical-phonon threshold of
0.037 eV" and m+ =m one predicts the optical-
phonon-limited positron velocity in Ge to be 5.5
x 10' cm sec '. Because of the expected simplic-
ity of the positron band, measurements of e+ at
lower temperatures or higher fields than used
here might actually be used to measure m+.

Our mobility measurement may be used to esti-
mate the positron thermalization time in Ge. Us-
ing the formalism of Ref. 18 we find that the time
t» to slow a positron from energy c, to energy
E, by energy loss to acoustic phonons is

»'" V(»)"' I, -u2, -ai2i
16

Taking &, » &, = 2k' we find the thermalization
time r = (3m/128)'"( p,kT /v, ') =1 psec at 93 K
which is short compared to the 2y annihilation
lifetime (r+ = 220 psec). ' Extrapolating by (kT) '"
implies that positrons should thermalize in Ge
at 4 K within - 5 psec which is again short com-
pared to w+ and consistent with the observations
of Ref. 16.

Although the sample used in this experiment
was a semiconductor detector, a simple modifi-
cation of the present experimental arrangement
should allow the measurement of p, + in many in-
sulators and semiconductors.
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Miller, P. Norton, and P. M. Platzman. We wish
to thank Terrence Kovacs for help with the com-
puter analysis of the data. The cooperation and
assistance of Micha Harchol of Princeton Gam-
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Note added. —A further investigation of the Dop-
pler shift versus bias voltage at LN, temperature
yielded the following data [V, —V„velocity]:
[1100 V, (0.26+ 0.09)& 10' cm sec '], [1400 V,
(0.43 + 0.09) && 10 cm sec '], [1650 V, (0.31 + 0.15)

&& 10' cm sec '], consistent with the fitted line in

Fig. 2.
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Inelastic neutron scattering measurements on single crystals of cubic Na„WO3 reveal
a large concentration-dependent Kohn anomaly in the I100) longitudinal acoustic-phonon
dispersion curve. The results demonstrate the two-dimensional character of the Fermi
surface, support the rigid-band model for 0.56 & x & 0.88, and conflict with the percola-
tion model which has just recently been proposed to explain the transport properties of
the tungsten bronzes.

A pronounced, concentration-dependent Kohn
effect has been observed in crystals of the non-
stoichiometric compound Na„WO, for x values
between 0.56 and 0.83. Comparisons of the shape
and x-dependent position of the Kohn anomaly
with first principles calcu1ations of the NaWO,
band structure and q-dependent susceptibility
X(q) yield two important conclusions: (1) The
Fermi surface is characteristic of a two-dimen-
sional metal in a restricted sense, and (2) the
rigid-band model is valid for this system. The
results suggest that for the investigation of cer-
tain wave-vector-dependent properties, Na, WO,
can be useful as a prototype two-dimensional
metal with the advantages (over real two-dimen-
sional metals, the layered compounds') of large,
stable, single crystals and an easily variable
electron concentration. In addition, the results
are in direct conflict with the percolation model
which has very recently been used to explain the

intriguing electronic-transport properties of
Na „WO3.

Sodium tungsten bronze, Na„WO„has the cu-
bic perovskite structure for x~ 0.5 above about
150 C. At lower temperatures in this concentra-
tion range there is a very small tetragonal dis-
tortion' which we neglect in the analysis of the
experiments and the calculations described be-
low. The neutron scattering measurments were
performed on triple-axis spectrometers at the
Ames Laboratory Research Reactor. The crys-
tals, grown by fused-salt electrolysis' at the
Ames Laboratory, were typically cubic in shape,
with volumes of approximately 10 cm'. The [100]
longitudinal acoustic-phonon dispersion curve
was measured for three x values, determined
from x-ray diffraction measurements of the lat-
tice constant to be 0.565+0.003, 0.593 +0.002,
and 0.830 +0.007. The majority of the data were
taken at a fixed incident energy of 12.9 THz us-


