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The superconducting transition temperature T, of aluminum has been measured as a
function of pressure to 62 kbar, at which point T, was reduced to 0.075 K from its zero
pressure value of 1.18 K. These data cover ranges of temperature and pressure which
allow differentiation between theoretical and empirical predictions. The data clearly
obey the empirical relation of Smith and Chu and suggest a new volume dependence for
the electron-phonon interaction.

Several theoretical models' ' have been pro-
posed to explain-the effects of hydrostatic pres-
sure P on the superconducting transition temper-
ature T, of nontransition metal superconductors.
Calculations of T, (P) have been reasonably suc-
cessful in explaining the reduction of 7.', at low
pressures (0 to 20 kbar); however, the effects of
higher pressures remain uncertain. Smith and
Chu" proposed an empirical relation which de-
scribed the pressure effects of T, up to 20 kbar
and suggested its validity at even higher pres-
sures. The relation is

b,T, /To= a& V/Vo,

where T, is the zero-pressure transition tem-
perature, V, is the zero-pressure atomic vol-
ume, &V is the change in volume induced by hy-
drostatic pressure, and e is a material-depen-
dent constant. None of the theoretical models de-
scribing the volume (pressure) effects on T, pre-
dict a volume dependence of this form at pres-
sures over 20 kbar.

In this Letter we report the results. of our study
on the press~re dependence of T, in aluminum.
The data cover ranges of temperature and pres-
sure which for the first time allow differentiation
between the various theoretical and empirical
predictions. The transition temperature of Al
was reduced to less than ~ of its zero-pressure
value (T,=1.18 K) at a pressure of 62 kbar which
represents the largest pressure-induced percent-
age reduction in T, ever reported.

Details of the pressure cryostat for achieving
the required temperatures and pressures are de-
scribed elsewhere'2 but are briefly reviewed here
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FIG. 1. Cross section of the variable-pressure, low-
temperature, diamond-anvQ cell.

since it has some unique features. Figure i
shows a cross-section drawing of the pressure
cell used for achieving P ~100 kbar and T ~0.025
K. A O. l-mm-diam Al sample is contained in a
hardened BeCu gasket and positioned between two
diamond anvils each having 0.5-mm faces. Pres-
sure produced between these anvils is controlled
hydraulically by externally regulating the 'He
fluid pressure in a large bellows which drives a
piston holding the top diamond. This feature per-
mits acquisition of data over the entire pressure
span in one run. Sample pressures are propor-
tional to the externally measured 'He pressures.
The system was calibrated against published Al
data up to 20 kbar. '

The BeCu pressure cell is an integral part of
a dilution refrigerator. The top plate of the cell
contains a small annular cavity which is the mix-
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ing chamber of the dilution refrigerator; thus,
the entire pressure cell is cooled to low temper-
atures. Temperatures were measured with a
calibrated germanium resistance thermometer
attached to the walls of the pressure cell.

The transition temperature of the sample was
determined by observing the change in magnetic
moment of the sample as it went from the nor-
mal to the superconducting state in the presence
of a small magnetic field. Changes in moment
produce magnetic flux variations inside a super-
conducting coil surrounding the sample which, in

turn, are detected by a commercial supercon-
ducting- quantum-interf erene e-device (SQUID)
magnetometer" located in the outer 'He bath.
The magnetometer output is proportional to the
sample volume v and is given by

b,i =Hv/2r, (1-D), (2)

where &4 is the flux change, H is the ambient
magnetic field, x, is the coil radius, and D is
the demagnetization factor. Magnetometer out-
puts corresponding to flux changes of approxi-
mately IO ' 6 cm' were observed when the sam-
ple expelled Earth's magnetic field of 0.3 Oe. In-
complete flux expulsion, indicative of sample in-
homogeneities or pressure gradients, would pro-
duce a profound reduction in signal strength and

was not observed.
Figure 2 shows the experimental transition-

temperature data as a function of pressure ob-
tained in the manner just described. The vertical
lines representing the data are indicative of the
width of the transition. The width did not in-
crease at high pressures which again supports
our contention that large pressure gradients were
not present in the Al sample. Half of the width is
attributed to demagnetization effects.

The solid line in Fig. 2 is the empirical rela-
tion of Smith and Chu, Eq. (1), where the volume
dependence has been converted to pressure de-
pendence using arid gman's room-temperature
compressibility data. " No deviations from this
relation are observed although the data extend
well into the range where deviations had been
theoretically predicted.

Effects of volume (pressure) on T, can be cal-
culated using the formalism developed by McMil-
lan

OD —1.04 (1 +A.)
1.45 X —p, *(1+0.62k.)

where OD is the Debye temperature, & is the elec-
tron-phonon interaction parameter, and p * is
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FIG. 2. Effect of pressure on the superconducting
critical temperature of aluminum. Bars indicate the
width of the observed transitions. The solid line is the
empirical relation of Smith and Chu (Ref. 11). The
dashed line is the result of the volume-dependent Mc-
Millan expression [Eq. (7)] with OD =428 K, KG=2.2,
A,p=0.47, @*=0.15, and y =2.8.

the Coulomb repulsion term. The volume depen-
dence of 8D is described by Gruneisen theory. "
The volume dependence of p, * is small' and has
generally been ignored. Calculation of volume
(pressure) effects on T, thus revolves around
the calculation of ~ as a function of volume.

The electron-phonon coupling constant is given
by the expression'

(4)

where N(0) is the electronic-band-structure den-
sity of states at the Fermi energy, (I') is an av-
erage of the electron-phonon matrix element over
the Fermi surface, M is the atomic mass, and
(cu') is a weighted average of the square of the
phonon frequency. Pseudopotential methods have
been successful in calculating ~0, the zero-pres-
sure electron-phonon constant, for nontransition
metals where accurate phonon dispersion curves
are known and where pseudopotential form fac-
tors have been reliably determined by compari-
son with Fermi-surface data. ""Extension of
these calculations to higher pressures involves
approximations as to the pressure dependence of
phonon frequencies and of the pseudopotential
form factors. Such calculations have been done
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for aluminum and lead, in particular, by a number of authors"" and adequately describe the low-
pressure experimental data. All of these calculations, however, show substantial upward deviations
from the empirical Eq. (1) at pressures over 25 kbar.

Since our data verify Eq. (1) at these higher pressures a re-examination of the approximations used
to extend pseudopotential theory to higher pressures is needed. Taking the logarithmic derivative of
Eq. (4) with respect to volume, one has

& lr& S ln[N(0)(I')] & in[1/(cu')]
8 lnV 8 lnV 8 lnV

Ott and Sorbello" have shown that at least for small volume changes the first term in Eq. (5) is equal
to a negative constant 8, while the last term is approximately given by twice the room-temperature
Gruneisen parameter, yG. The volume dependence of ~ is therefore given by

~ ln~ =8+2yG—= q.
~ lnV

The volume-dependent expression for T, is thus

8D'(V/V, ) ~G —1.04 [1+X,(V/V, ) (']

1.46 ~ X,(V/V, )~-V "(1+0.66l, (V/V, ) "] I'
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FIG. 3. The normalized volume dependence of
N(0) (I2). The dashed line gives the dependence as-
sumed in deriving Eq. {7). The solid line shows the
dependence required to fit the observed data.

where OD is the zero-pressure Debye tempera-
ture. Equation (7) is shown by the dashed line in
Fig. 2 using the zero-pressure Al data given in
the caption. Note that substantial differences be-
tween this equation and the experimental data
[and Eq. (1)]become apparent at pressures in ex-
cess of 25 kbar.

A possible explanation for the inadequacy of
Eq. (7) is in the approximations used in deriving

! the volume dependence of A. or, more precisely,
the volume dependence of N(0)(I'). The assumed
volume dependence of N(0)(I') is shown in Fig. 3
as a dashed line. To bring theory into agreement
with experiment it is necessary to assume a dif-
ferent volume dependence as shown by the solid
line in Fig. 3. N(0)(I ) increases as expected to
a maximum value at 35 kbar where it is about 5%%u()

greater than its zero-pressure value and then be-
gins to decrease rapidly at higher pressures.

A volume-dependent p, * could explain the data;
however, it would have to increase from 0.15 at
zero pressure to 0.20 at 60 kbar in order to re-
move the discrepancy solely in terms of p, *. Such
a large volume dependence seems unlikely, al-
though it cannot be ruled out at the present time.
Incorporation of pressure variations in yG in-
crease the discrepancy between theory and exper-
iment . Refined pseudopotential calculations
which eliminate or modify the various approxi-
mations used in the calculation of X are there-
fore needed to understand these high-pressure
data and to explain the empirical relation of
Eq. (1).

The authors acknowledge the assistance of
I . Towle and D. Jones in conducting this re-
search and R. Bein for his many helpful sugges-
tions.

'For a review of literature prior to 1969 see R. I.
Houghton, J. L. Olsen, and C. Palmy, in Progress in
I-om Temperatlre Physics, edited by C. J. Gorter
{North-Holland, Amsterdam, 1970), Uol. VI, Chap. 4.
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The excitation spectra of Si(2p) and O(ls) core electrons, measured by low-energy elec-
tron-loss spectroscopy, yield detailed information on the excited states of Si, SiO, and
Si02. The presence of an empty surface state near the top of the valence band on clean
Si is directly demonstrated for the first time. For Si02, the results indicate the pres-
ence of five empty states in the conduction band

The study of the electronic valence states of
solids by either photoemission, including elec-
tron spectroscopy for chemical analysis, or x-
ray emission has been of considerable interest
in recent years. Complementary experiments to
probe the spectrum of excited electronic states
have generally been limited to valence band exci-
tations which require some form of deconvolution
to isolate the desired spectrum. This problem
may be overcome by measuring the core-level
excitation spectrum with a tunable x-ray source,
such as synchrotron radiation. ' It was recently
demonstrated" that excited states of semicon-
ductors may also be conveniently studied by low-
energy electron loss spectroscopy (LEELS) in-
volving excitations from relatively shallow s-
core states into both bulk and surface-related fi-
nal states in GaAs and Ge. We have extended
these measurements and report here for the first
time detailed excitation spectra of deep core
electrons of binding energies ~ 100 eV. In partic-
ular we report excitation spectra for Si(2P) and
O(1s) core levels. The results give new insights
on surface-related structure in Si and -the elec-

tron excitation scheme of SiO„a material of con-
siderable technological interest.

The loss spectra were measured in the reflec-
tion mode with a cylindrical-mirror analyzer.
The second derivatives of the spectra were mea-
sured to enhance detail with an estimated energy
resolution of 0.5 eV. The experimental details
have been reported elsewhere. " The silicon wa-
fers, n type with p -1 0 cm, were cleaned by Ar+-
lon bonlbardment and annealed so that the appro-
priate surface reconstructions, 7&&7 for (111)and
2x1 for (100) surfaces, were observed by elec-
tron diffraction. The oxygen coverage was mea-
sured by Auger-electron spectroscopy and as-
sumes a room-temperature saturation coverage
of one monolayer. 4

The loss spectra due to excitations out of the
Si(2P) core level for clean and variously oxidized
silicon surfaces are shown in Fig. 1. The spec-
tra for (100) and (111) surfaces are similar and
we arbitrarily illustrate results for only the (100)
surface. The loss spectrum of the clean Si(100)2
&&1 surface is shown as a solid line in Fig. 1(a).
This strong loss peak at 98.7 eV is very sensi-
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