VoLUME 40, NUMBER 9

PHYSICAL REVIEW

LETTERS 27 FEBRUARY 1978
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The normal-fluid viscosity of liquid *He-B has been determined in the neighborhood of
the superfluid transition using the torsional-oscillator technique of Andronikashvili, In
the pressure range from 11.90 to 19.64 bars and for reduced temperatures ¢t =T /T
>0.98, the B-phase viscosity may be described by n /n,=1~ [A(1 -£)12- B(1-¢)], where
7. is the value of the viscosity at the transition temperature. A4 and B have the values

6.3+0.2 and 20.0+1.0, respectively.

In this Letter, we report on measurements of
the viscosity and superfluid density in the B
phase of superfluid *He. These are the first such
measurements to possess sufficient resolution
to allow a precise examination of the temperature
dependence of the normal-fluid viscosity in the
immediate vicinity of the superfluid transition.
Measurements of the transport properties in the
B phase are important, since, from both an ex-
perimental and a theoretical point of view, the B
phase presents a simpler case for study than the
anisotropic A phase., Among the transport prop-
erties, the shear viscosity is most easily mea-
sured, Following the viscosity measurements of
Alvesalo et al.,! Pethick, Smith, and Bhattachary-
ya? calculated that the normal-fluid viscosity
immediately below the transition in the B phase
would decrease in an amount proportional to the
energy gap. Subsequently, Ono et al.® predicted
that the simple temperature dependence, (1 -7/
TC)I/Z, characteristic of the energy gap, would
dominate only within 3 X107 of 7,. Wdlfle? has
also calculated the B-phase normal-fluid viscos-
ity.

The early viscosity measurements of Alvesalo
et al.' were made along the melting curve which
precluded the possibility of observing the varia-
tion of the viscosity near the transition in the B
phase. More recently, however, Main et al.’
and Guernsey et al.® have reported viscosity mea-
surements off the melting curve, Neither of these
measurements has sufficient resolution to estab-
lish the temperature dependence of the normal-
fluid viscosity close to the transition., In the
work reported here, we have been able to make
measurements within 107 of T, with a 1% resolu-
tion in viscosity.

The data reported here were obtained using the
Andronikashvili oscillating-pendulum technique.
The design of the oscillating cell was similar to
that used by Berthold ef al.” In the present ex-
periment the refrigeration was provided by a 25-

cm® cerium magnesium nitrate (CMN) salt pill
formed by compression of powdered CMN to 80%
of solid density, The thermometry has been very
much improved over the earlier experiment’
through the use of a separate magnetically shield-
ed CMN thermometer, monitored by a supercon-
ducting-quantum-interference-device (SQUID)
susceptibility bridge. It was possible to achieve
a temperature resolution better than 0.1 pK.

The liquid-3He sample under investigation was
contained in a disk-shaped region within the bob
of the Andronikashvili torsional pendulum, The
radius of the *He region was 0.42 cm and the
height was determined to be 9.5X107% ¢m. A hol-
low beryllium-copper torsion rod connected this
fluid to the thermometer and refrigeration cell,
The thermometer and the liquid in the viscometer
were in close proximity to one another to insure
the best possible thermal contact between them.

The temperature scale was established by com-
parison with a carbon resistance thermometer
which had been previously calibrated against the
*He melting curve down to 30 mK. We use the
magnetic temperature 7* obtained from this cali-
bration for the discussion of the results in the
normal Fermi-liquid region. However, below
the transition temperature T_,, we expect T* to
show strong deviations from T as the CMN ap-
proaches its ordering temperature. Therefore,
in this region, the CMN susceptibility has been
calibrated against T, as a function of pressure
using the “La Jolla” temperature scale.® In
terms of our original magnetic temperatures the
La Jolla temperature is given by the relation
T=0,795T*+0,299 mK., We do not quote any re-
sults below 2,05 mK, since below this tempera-
ture the CMN thermometer is becoming rather
insensitive.

The torsional motion of the viscometer cell
was driven and detected electrostatically, The
oscillator was placed in a feedback loop which
varied the drive voltage to maintain a constant
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amplitude of motion at the resonant frequency of
about 909 Hz, The drive voltage required provid-
ed a measure of the damping of the system. At
low temperatures the residual damping of the
oscillator was small compared with the damping
due to the 3He liquid itself. The amplitude of the
oscillation was restricted to about 30 A on the
perimeter of the fluid region. As a result, the
maximum relative velocity between the super-
fluid and the cell wall was on the order of 1073
cm/sec, The frequency was also measured to
obtain information on the effective moment of
inertia of the fluid entrained through viscous
interaction with the walls of the cell during the
oscillation, We find that a frequency stability of
one part in 10® can be achieved by careful control
of temperature and fluid pressure. The external
SHe pressure was regulated +0,05 bar, which
was sufficient to render pressure-induced fre-
quency variations negligible.

Since the ratio, #/R, of the spacing of the
viscometer cell to its radius is on the order of
1072, edge effects have been neglecteds The
torque exerted on the container during torsional
oscillation with angular velocity 6 = (50 exp(—iwt)
is L =mR*0nk tan(3hk), where k=(1+4)/0, and &
=(2n/wp)¥? is the viscous penetration depth, Be-
low the superfluid transition, the density p is re-
placed by the normal fluid density p,, The damp-
ing of the oscillator is proportional to the imagi-
nary portion of the torque, The real part is the
moment of inertia of the fluid entrained through
viscous interaction with the walls, Aside from
temperature-independent quantities, the torque
depends only on the ratio /6 of the cell height
to the viscous penetration depth,
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FIG. 1. The inverse of the liquid-*He viscosity at a
pressure of 15.93 bars as a function of the square of
the magnetic temperature.

566

For temperatures above 100 mK, &</ and both
the real and imaginary parts are small, These
quantities grow as the temperature is lowered
with the dissipative term reaching a maximum
for /62,25, At lower temperatures in the lim-
it of 6> 4, the inertial term approaches the solid-
body value for the moment of inertia of the fluid,
and the damping of the cell becomes proportional
to n~%, For sufficiently low temperatures, Fermi-
liquid theory predicts that the viscosity of the
liquid 3He will display a 7~2 temperature depen-
dence. Therefore, in Fig. 1 we show values of in-
verse viscosity, n~!, obtained at 15,93 bars,
plotted against 7* squared. The data above 4 mK
are seen to lie on a straight line in agreement
with the Fermi-liquid theory, The values of 572
obtained from the straight line are tabulated as a
function of pressure in Table I; they agree well
with those given by Wheatley® for pressures above
12 bars but are progressively larger with de-
creasing pressure,

At temperatures below 4 mK the data in Fig, 1
show an interesting departure from the linear
Fermi-liquid behavior, At a given temperature
this deviation is relatively larger at lower pres-
sures, The pressure dependence assures us that
the effect cannot be explained entirely in terms
of a distortion of the magnetic temperature scale,
We believe that this deviation from Fermi-liquid
behavior is related to the increase in quasipar-
ticle mean free path which becomes a significant
fraction of the spacing within the Andronikashvili
cell at the lowest temperatures,

Below the superfluid transition the viscosity
undergoes a rapid decrease; this behavior is re-
flected in Fig, 1 as a sharp rise in 5!, The tem-

TABLE I. Viscosity and the normal-fluid density
parameters.

Pressure T *2

(bars) (P mK? A B c D
0 2.55

4,14 2,13

9.01 1.75

11.90 1.63 6.79 22.9  0.54 12.7
14.20 1.49 6.01 18.0  0.56 3.8
15.93 1.43 6.37 20,9  0.57 2.3
17.12 1.38 6.25 20.0  0.52 1.9
19.64 1.27 6.14 18.4  0.56 1.3
23.18 1.18

25.51 1,14

29.0 1.07
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perature dependence of the viscosity and normal-
fluid density are shown for several pressures in
Fig. 2 where the reduced quantities are plotted
against temperature, In Fig, 2 we have used
lines to represent data where the individual points
are too dense to be shown,

A further enlarged view of the viscosity data
near the transition for the 17,12-bar run is
shown in Fig, 3, The data shown were obtained
while both warming and cooling. A gradual de-
crease of 1,4% in the viscosity occurs over a
temperature interval of 5 uK above the transi-
tion, This decrease is seen for all other pres-
sures up to 29 bars for which we have superfluid
data and is not related to the rate of warming or
cooling, Over this temperature region, an anom-
alous rise in the period is seen, The period ef-
fect is extremely small, being of the order of 2
X107 of the entire period shift in the normal
liquid, We are not sure of the origins of these ef-
fects. Their causes may be some as yet unsus-
pected instrumental problems or possible some-
thing more interesting, e.g., a fluctuation pre-
cursor such as suggested by Emery.°

The viscosity data below the transition have
been fitted by the expression 7/7,=1-[A(1 - §)V2
- B(1 -1)] over the temperature interval 1>¢
>0,99, The values of A and B obtained for sev-
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FIG. 2. (a) The reduced viscosity and (b) the normal-
fluid density as functions of temperature. The La Jolla
temperature scale has been used for these plots. The
different pressures, in bars, at which these data were
obtained are indicated above the viscosity curves. At
all pressures except 11,90 bars the data from several
different runs are shown.
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FIG. 3. An enlarged view of the viscosity as a func-
tion of temperature. The data were obtained at a pres-
sure of 17.12 bars. The curve drawn through the data
below the superfluid transitions is the fitted function,
n/m=1-16.25(1=T /T )2 ~20.0(1=T/T ).

eral different pressures measured in the B phase
are listed in Table I. No evident pressure de-
pendence is seen,

In Fig, 4 we plot the change in reduced viscosity,
on/n.=(n.-n/n., vs 1= T/T, for the 17,12-bar
run, Except for a limited region where 1-7/T,
is less than approximately 5x10™% the change in
viscosity cannot be adequately represented by an
expression linear in the energy gap. This result
is in accord with the estimate of Ono et al.?

The transition temperature 7, is chosen as the
temperature where the reduced viscosity com-
mences to drop sharply. 7T, can be determined
within a 0,1-uK temperature interval, which is
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FIG. 4. The change in viscosity below the transitions,
normalized by the value at the transition, plotted on a
log-log scale as a function of the reduced temperature
difference, 1~ T/T . The straight line indicates a (1
~T/T )" temperature dependence.
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smaller than the scatter in Fig, 4. The drive
voltage is monitored continuously and is observed
to give a signature at 7, whose sharpness is con-
sistent with the @ of the viscometer, ensuring
that the temperature is homogenous to within the
precision of the measurement,

The B-phase normal-fluid density data, shown
in Fig, 2(b), have been fitted by a function of the
form p,/p=1-C(1-1) - D(1-1¢)? for ¢>0.9. The
coefficients C and D are listed in Table I, No
significant pressure dependence is seen in the
coefficient of the linear term,
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Role of Intrinsic Plasmons in Conduction-Band X-Ray Photoemission
from Solids

David R, Penn
National Buveau of Standavds, Washington, D. C. 20234
(Received 14 November 1977; revised manuscript received 7 December 1977)

I show that intrinsic plasmons are created in x-ray photoemission experiments on the
conduction bands of simple metals. Unlike the core case, the plasmons are produced by
many-body effects and are a direct consequence of electron correlation. A theory of the
intrinsic plasmon production is given and a calculation of the electron energy-loss spec-
tra in conduction-band x-ray photoemission from Mg and Na is presented. The calcula-
tion takes into account both intrinsic and extrinsic plasmon production and the agreement

with experiment is good.

In recent years x-ray photoemission spectro-
scopy (XPS) from the conduction bands of metals
has become an important tool in the determina-
tion of electronic densities of states. The pur-
pose of this Letter is to show that intrinsic plas-
mons are created in XPS experiments on the con-
duction bands of simple metals and that they play
an important role in the XPS loss spectra, i.e.,
in the plasmon satellites. A theory of intrinsic
plasmon creation is presented which shows that
the physics of the process is new and quite differ-
ent from the case of intrinsic plasmon production
in core-level XPS, The XPS loss spectra provide
the most direct experimental evidence for intrin-
sic plasmon production and calculations for Mg

and Na are reported and compared to experiment,
The contributions of intrinsic plasmons to the
first loss peak are estimated to be =~ 37% and 449%
in Mg and Na, respectively.

In the case of XPS from the core levels of near-
ly-free-electron metals a typical loss spectrum
consists of several peaks centered at £, E, - iiw,
E, - 2hw,, etc., where hw, is the plasma energy.
The peaks represent electrons that have excited
zero, one, two, etc., plasmons prior to escaping
from the solid, Almost ten years ago Lundqvist!
suggested that a large fraction of the loss spectra
was due to intrinsic plasmon production, a pro-
cess in which the core electron is photoexcited
and simultaneously one or more plasmons are
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