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The sum of the electron and positron work functions, &0, has been measured for a clean
Al(100) surface. As a function of temperature, &0 is found to be proportional to the thermal ex-
pansion of the lattice. Using the known thermal expansion coefficient of Al we obtain a value for
the positron deformation potential, ~ —11.7 ~0.5 eV, in poor agreement with theoretical calcu-
lations but consistent with the known positron diA'usion coefficient.

The electron work function' of a metal, p-, is the
diAerence between the electrostatic dipole potential at the
surface, h, , and the electron chemical potential, p —,i.e.,=6 —p . The chemical potential is a bulk ground-
state property of a solid and can be computed with high
precision. Electron work-function measurements cannot
be directly related to such computations without including
the dipole term with its much larger computational uncer-
tainty associated with the loss of symmetry at the sur-
face. Since the contribution to the positron work func-
tion of a metal, p~, from the dipole potential is of the op-
posite sign, p+ = —b, —p+, the sum of the electron and
positron work functions, po /++ p-, is not dependent on
d, and is therefore a bulk property. Measurements of pp
have the practical advantage of being independent of sur-
face contamination, a problem which can make systematic
measurement of p- or p~ difficult.

The sum of the electron and positron work functions
may be obtained from independent measurements of the
two quantities or from a single measurement of the
positronium work function given by pp, po

—
2 R

where —,
' R is the electron-positron binding energy. Re-

cently, Rosenberg, Howell, and Fluss reported measure-
ments of pp, as a function of temperature for several ma-
terials and noticed that, unlike the nearly constant elec-
tron work function, pp, has a significant temperature
dependence. In agreement with this, we find for Al that
the temperature dependence of po is mostly due to a
change in p+ and that the change in the electron work
function is relatively small. It is likely that this results
from a cancellation of the changes in p and b.

Following Herring and Nichols' we separate the tem-
perature variation into a part due to thermal expansion of

the solid and a part due to intrinsic thermal effects,

d0o
3

Po + ito
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where a is the coefficient of thermal linear expansion.
Our experiments show that the temperature dependence
pp is proportional to the thermal expansion of the lattice.
This implies that the second term in Eq. (1) is small or
else happens to have the same dependence on temperature
as does a. According to Herring and Nichols' the main
contribution to rl& /8T is due to—the effect of lattice vi-
brations on the internal electrostatic potential. This re-
sults in a linear temperature dependence of the potential
change at the surface h. While this effect can be quite
large ( —0.48 meV/K for Al) (Ref. 7) it should cancel in
the summation over p~ and p . This leaves the smaller
effect of lattice vibrations on the chemical potential
( (0. 1 meV/K). ' From a measurement of po(T) and the
known thermal expansion of the solid we can therefore
determine the positron deformation potential, s~= —VB&o/t)V. The deformation potential is used to cal-
culate the long-wavelength longitudinal phonon contribu-
tion to the positron scattering rate in a solid. We present
here a measurement of dip/dT and an implied value of eq
for Al accurate to a few percent. %'e would like to em-
phasize that sq is a bulk ground-state property of a solid
containing one positron and that it may thus be calculated
with high precision and compared with our new measure-
ment as a test of the theoretical assumptions such as the
local-density approximation. Unfortunately, theoretical
estimates for sy are in poor agreement with our measure-
ment.
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The experiments were performed using a magnetically
guided beam of slow positrons in an ultrahigh-vacuum
chamber with a base pressure of 2X 10 ' Torr. The Al
crystals were cleaned by repeated Ne-ion bombardment
and annealing at 600'C and were characterized using
low-energy electron diffraction and Auger spectroscopy
prior to measuring the positron reemission spectra. Dur-
ing ion bombardment impurity gases were pumped by a ti-
tanium sublimation pump and liquid-nitrogen-cooled
cryopanel. After the cleaning cycle there was no surface
contamination measurable with a double-pass cylin-
drical-mirror-analyzer Auger spectrometer. The samples
were cooled to 20 K using a closed-cycle refrigerator with
a liquid-nitrogen-cooled cold shield. A temperature run
required approximately 80 min to cool from room temper-
ature to 20 K. The slow positrons produced by a W(110)
moderator and 5-mCi 5 Co source were accelerated to a
few keV and implanted into the Al sample. Positrons
reemitted from the Al were detected with a spiraltron
channel electron multiplier as in Ref. 9. The energy spec-
tra were obtained by applying a retarding potential to a
set of cylindrical-analyzer electrodes located between the
sample and the detector. The analyzer was maintained at
room temperature to avoid having its electron work func-
tion, p„change during the experiment.

In Fig. 1, the number of reemitted positrons is plotted
versus the voltage applied to the analyzer relative to the
sample, V, —V, . Spectra are shown for Al(111) and
Al(100) at temperatures T=300 K and T=20 K. Verti-
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FIG. 1. Integral spectra of positrons reemitted from AI(111)
and Al(100) surfaces at two temperatures, 20 K (0) and 300 K
(0). The incident positron energy was 1500 eV at 300 K and
4800 eV at 20 K. At 300 K P~ +65 ~ 30 meV for Al(111)
and p+= —155~30 meV for Al(100). At 20 K, P+= —80
~ 30 meV for Al(111) and p+ = —300 ~ 30 meV for Al(100).

cal lines are drawn at the points where the electric field
between the sample and the analyzer is zero, V, —V,

When E =0, there is a discontinuity in the
slope of the integral spectra because some positrons are
prevented from reaching the detector if V, —V, & p, —p„
whereas all the positron s are collected otherwise. It
should be noted that the E =0 points, and thus the elec-
tron work functions, are independent of temperature
within our experimental uncertainty of + 30 meV. We
determined in a separate positron reAection experiment
that the E =0 point for Al(100) does not vary by more
than 20 meV between 20 and 300 K. The difference in the
E =0 points for the two faces of Al gives us the difference
in electron work functions

p —(100)—
p —(111)=220+ 50 meV

in agreement with the previous measurements of Grep-
stad, Gartland, and Slagsvold' and the calculations of
Lang and Kohn and in disagreement with the empirical
rule"

y (1»)&y (100) &y (llo) .

The positron work function is given by the difference in
retarding potential from the E =0 point to the point

V. —V. =Pa 0- 0+ =Pa Po,
where another change in slope occurs when the elastically
emitted positrons are prevented from reaching the detec-
tor. Because of the quasithermal distribution of the posi-
trons in the sample the latter point is kT* less than the
point of maximum slope. ' The V, —V, =p, —

po point is
indicated in Fig. 1 by the vertical arrows. Since p, —

po is
independent of the Al dipole layer, it is the same for both
Al(100) and Al(111). At 20 K, p~ (0 for both samples,
p+ = —300+ 30 meV for Al(100) and p+ —80+ 30
meV for Al(111). At 300 K the work function for the
(100) face is still negative, p+ = —155+ 30 meV, but it is
positive for the (111) face. The spectrum for Al(111) at
300 K, which is due to nonthermalized positrons, is clearly
diferent from the others. In particular, there is only one
change in slope which occurs at the E =0 point, i.e., no
vertical arrow for this curve. The work function for
Al(111) at 300 K, p+ =+65+ 30 meV, was obtained us-
ing the p, —

po point determined from the Al(100) sample
at 300 K. The value of p~ for Al(100) is in agreement
with the measurements of Murray and Mills' if the pre-
vious value is corrected for the thermal shift of the reemis-
sion spectra. ' The positron work function for Al(111)
was previously thought to be negative because the emis-
sion of nonthermalized positrons was incorrectly interpret-

14, 15

The 145 meV change in po between 20 and 300 K is
much larger than the electron work-function change
( & 20 meV). As explained by Heine and Hodges, the di-
pole layer is driven by changes in the chemical potential so
that their sum, p, is nearly constant. On the other hand,
p+ is directly aff'ected by changes in the dipole layer,
while po rellects changes in the chemical potentials. In
Fig. 2 we present our measurements of the change of pp,
4( —p~ —p-) = —hpo, versus temperature. We have ar-
bitrarily set Ago=0 at T=o. The nonlinear temperature
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FIG. 2. Change in the sum of the electron and positron work
functions for Al vs temperature.

sd = —Vt)po/t)V= —11.7+ 0.5 eV, (2)

where the error bar has been increased to account for sys-
tematic effects. Bergersen et al. have calculated values
of ed for several metals and for Al they obtain ed= —8.6
eV, in disagreement with our measured value. More re-
cently Farjam and Shore' have calculated a value of ed
in better agreement with our measurement than that in
Ref. 8.

We now compare our value for sq with the measured
positron diffusion coefficient in Al at 300 K, '

D = (0.76 ~ 0.14) cm sec '. The Bardeen-Schockley'
expression for the mobility of a charge carrier interacting
with long-wavelength acoustic phonons gives us

D =(81'/9)' h (c;;)m 8 (kT) (3)

Here

(c;;)=1.120X 10' dynecm

is the elastic constant associated with longitudinal waves
averaged over the direction of propagation, and m+ is the
positron effective mass. For the positron effective mass we
use the band effective mass, ' mg =1.15m„and the
effective mass arising from correlation, m««=1. 07m, .
The combined effective mass, 1.22m„ is in agreement
with the experimental determination of Kubica and
Stewart. Substituting into Eq. (3) using T =300 K

dependence appears to be attributable to thermal expan-
sion. For temperatures less than 50 K the thermal expan-
sion is small and a linear temperature dependence due to
the second term in Eq. (1) should be evident. The data in-
dicate that such a linear term must be less than 0.1

me V/K.
Figure 3 is a plot of —d, po versus volume computed

from the known thermal expansion of Al. ' Assuming
that the entire change of po is due to thermal expansion,
we can calculate the positron deformation potential from
the slope in Fig. 3,

FIG. 3. The data from Fig. 2 plotted vs thermal expansion.
The solid line is a least-squares fit and its slope is the positron
deformation potential.

gives us
~ ed ~

=12.0+ 1.1 eV in good agreement with our
experiment.

Recently, Schultz, Lynn, and Nielsen reported an or-
der of magnitude drop in D+. for Al at 40 K relative to
what one would expect based on an extrapolation of the
room-temperature measurement using Eq. (3). Since the
slope in Fig. 3, and hence sd, is constant over the 20-300
K temperature range, the temperature dependence of D ~
cannot be explained by a temperature-dependent ed. In-
stead, it has been suggested that the nonthermalization of
the positrons could be responsible for the apparent de-
crease in D+.

The relation between dpo/dT and the positron diffusion
coefficient can be used to understand the interactions of
positrons in other solids besides Al. For example, based
on the measurements of Schultz and Lynn" we calculate
ed= —13~1 eV for Cu. The diffusion coe%cient mea-
surements of Ref. 18 then implies that the positron
effective mass in Cu is (1.3+ 0.1)m, . As a further exam-
ple, the positron mobility in Ge (Ref. 26) implies

~ ed ~

=19 eV if we use m~ = m„ from the known
thermal expansion coefficient at 300 K we then find
d&0/d T = 0.34 meV/K.

In conclusion, we have explained the temperature
dependence of the positronium work function and used it
to derive the positron deformation potential for Al. Our
measurement is in good agreement with the known value
of the positron diffusion coefficient but in poor agreement
with current calculations of the electron and positron
chemical potentials.

It is our pleasure to acknowledge useful conversations
with D. R. Hamann, R. H. Howell, N. D. Lang, K. G.
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