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Measurements of the Kapitza conductance by the ac technique between 1.2 and 1.8 K are
reported for thin oriented single-crystal disks of high-purity gallium. The data show
convincing evidence that the conduction electrons play a dominant role in the transmis-
sion of heat across the metal-He-II interfaces.

Theoretical investigations of Kapitza conduc-
tance AK between metals and liquid He are invari-
ably treated on the basis of the Khalatnikov' mod-

el, which explains the resistance in terms of the
acoustic transmission and reflection of thermal
phonons and, above I K, obtains numerical val-
ues 10 to 50 times smaller than those observed
experimentally. In an attempt to remove the dis-
agreement, Little' suggested that the electrons
in a metal interact with the surface phonons to
provide an additional mechanism for heat trans-
fer. Although their calculations of this mecha-
nism did not alter the disagreement appreciably,
Little' and Andreev' independently showed that in

a free-electron metal the electronic contribution
to AK is comparable to that of the phonons. At
the same time Little' pointed out that the calcula-
tions are based on several simplifying assump-
tions and therefore cannot agree quantitatively
with real metals, in which band-structure effects
can alter absolute magnitudes considerably. Nev-
ertheless, experiments should be able to verify
the calculations by measuring the change in AK

when a metal is magnetized from the supercon-
ducting to the normal state. Well below the tran-
sition temperature, electrons take no part in
heat flow and a reduction in h~ should occur. The
largest change is predicted for Pb, which has
been studied by several investigators' who have
found hK„)hK, to vary from 1.5 to 15. Hg, In,
and Sn in general gave smaller ratios but these
also differed from one experiment to another. '
Originally this was considered evidence for the
electronic contribution. Subsequent work by

Cheeke, ' however, has sho~n that strain at the
metal surface can result in spuriously large val-
ues for hK„/AK, and that the differences in the
two states are mainly due to this rather than to
real differences in the transmission coefficient.

In his calculations Little' also shows that the
electronic contribution to AK comes from two dif-
ferent mechanisms. In one of these the electron-
ic coupling with the surface waves is very sensi-
tive to the curvature of the electron orbits and
their angle of incidence at the surface. Thus h~
should alter in a magnetic field B applied paral-
lel to the metal surface. Attempts to observe
this in Pb, Hg, and Cu have proved inconclusive. "

From all these results, the generally accepted
conclusion' is that the electrons, in spite of being
the main carriers of heat in the bulk, are unable
to absorb energy directly from the helium pho-
nons striking the metal surface. It is for this
reason that the problem is always treated on the
basis of phonon transmission for both metals and
dielectrics. In this paper we show that the above
conclusions are not of general validity and that
under favorable conditions electrons can indeed
play a dominant role in the transfer of heat across
the surface.

We have measured h ~ of oriented single-crystal
disks of gallium between 1.2 and 1.8 K by an im-
proved version of an ac technique first sucessful-
ly used by Challis and Sherlock" for polycrystal-
line metal foils. It determines the coupling be-
tween two second-sound resonating cavities sepa-
rated by a thin metal foil whose thickness / « ~y'

h ~, where ~ is the bulk thermal conductivity.
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Such a foil offers no obstacle to the passage of
thermal waves at low frequencies (-200 Hz), and

the attenuation of second sound is entirely due to
the Kapitza resistance on either side. Ga was
chosen for the following reasons:

(1) It can be grown into single-crystal disks
with mirror-smooth oxide-free surfaces which
require no further treatment. Single crystals
were necessary to observe the predicted magnet-
ic field effect.

(2) Between 1 and 2 K gallium has one of the
highest ds for a metal which is practically all
electronic. The mean free paths l of its elec-
trons are so large'" that specimens with t & l
over the entire temperature range covered could
be prepared easily. This was considered essen-
tial in order to keep the scattering of electrons
in the bulk to a minimum.

(3) Its electron trajectories are drastically al-
tered by H as shown by a complex magnetoresis-
tance. "

Special precautions (details to be published
elsewhere) were observed to avoid strains and
surface contamination, which affect absolute val-
ues of hK. They were successful to the extent
that our absolute values of AK were reproducible
to within 5/q for different specimens. Measure-
ments were made for heat current q along the
three principal axes of the orthohombic lattice.
The samples were disks 2.54 cm in diameter
with thicknesses varying from 0.820 to 0.295 mm.
For all specimens ~/hK was &1000 mm. hK was
also measured as a function of an applied H, up
to 4 kG. H was parallel to the specimen surfaces
and perpendicular to the direction of Q.

Figure 1 shows h K as a function of A' at 1.6 K
for Q along the three principal axes. The direc-
tions of H are given in the figure. Apart from
orientation, all the other characteristics of the
three specimens were identical. For Q along
the a and the b axes, h K initially increases with
A and starts to decrease after reaching a maxi-
mum. For the c axis there is no initial increase.
%e believe that these observations are the first
convincing evidence that the conduction electrons
can interact directly with the surface modes gen-
erated by the impinging He phonons and thereby
transmit heat across a metal-liquid-He inter-
face.

A careful examination of Fig. 1 suggests the
following mechanisms. The initial rise in AK is
presumably due to an increased coupling between
surface phonons and electrons, which results
from the change in curvature of their orbits as
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FIG. l. hy versus H for a-, 6-, and &-axis samples
at 1.6 K. The thickness of each sample is 0.295 mm.

predicted by Little. ' This can manifest itself
only for small B when the cyclotron radius is
greater than t and the energy gained by the elec-
trons from one surface can be transmitted direct-
ly to the other on collision. As soon as the or-
bit fits inside the sample, scattering of the elec-
trons at the surface begins to diminish and a cor-
responding reduction in AK starts to take place.
As B increases, the electrons are trapped in
helical paths of decreasing radii, with the result
that they can reach the other side only after re-
peated collisions in the bulk. This increases the
thermal isolation between the two surfaces and
a further drop in AK occurs. Thus, at a given

temperature, the rate of decrease of the flow of
electrons across the specimen, which deter-
mines the change in AK, will be governed by the
type of orbit allowed by H. For Q parallel to the
c axis and H in the ab plane the electrons appa-
rently move in highly convoluted closed orbits, "
causing a much more rapid fall in hK. On the
other hand, if the field makes the electrons move
along open orbits, they are able to go from one
surface to the other with only slight modifications
in their trajectories and the flow of energy re-
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FIG. 2. Rotation diagrams of hK at 1.4 K for magnetic
fields of I and 4 kG for Qll b. The sample thickness is
0.820 mm and the field is rotated in the ac plane. Data
points are omitted for clarity.
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mains essentially unimpeded. The geometrical
configuration of H for curve 1 in Fig. 1, in which

the high-field value of hK shows only a slight de-
crease, is that for an open orbit. " This is per-
haps the most compelling evidence that electrons
can carry heat from one surface to the other.
The conclusion is further confirmed in Fig. 2,
which shows h K for glib in fields of 1 and 4 kG as
they are rotated in the ac plane. The sudden

large increase for H lie is again for an open or-
bit. Subsidiary maxima at 30 and 53 are due to
extended orbits whose trajectories are less sen-
sitive to H.

It can be argued that our experiment only mea-
sures the net transfer of heat across the metal
and cannot distinguish between changes in hK and

changes in ~ due to bulk magnetoresistance. The
following observations, however, suggest that
bulk magnetoresistance cannot cause the observed
variations in h K.

(i) Transverse magnetoresistance is always
positive and cannot be responsible for the initial
increase in hK.

(ii) Our data, for those orientations of H in

which bulk magnetoresistance"' "'"varies as
H', could always be fitted by. an expression of
the form h K

= o+ P /H as shown by the continuous
lines in Fig. 3. This suggests that variations in

FIG. 3. hK versus H for glib at different tempera-
tures. The field is in the ac plane at an angle of 17'
from the a axis. The sample thickness is 0.820 mm.
Solid lines, result of a least-squares fit using the ex-
pression hK=& +P /H for H&1.5 kG.

hK are governed by the orbit radius of the elec-
trons, and not by bulk magnetoresistance.

(iii) From Fig. 3 one can also see that MK/
hK, at 4 kG is smaller at lower temperatures. If
changes in hK were caused by bulk magnetoresis-
tance, the opposite would be true. "

(iv) Thermal" and electrical"'" magnetoresis-
tances for Ga show the largest relative change
for H in the ac plane when thermal or electrical
current is along the b axis, and the smallest
change for H in the ab plane when current is
along c. In our data the reverse is true for these
two configurations.

(v) The most compelling argument against bulk
resistance is as follows: In a solid the decay
length of a temperature wave is 6 =(~/Ssv)'",
where S is the (specific heat)/volume, ~ the ther-
mal conductivity, and v the frequency. In a spe-
cimen of thickness t this would cause a phase
shift of t/b between the two cavities. For the
thicker specimens it should be about 20', on the
assumption that the change in hK at 4 kG is en-
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tirely due to bulk resistance. No phase change
could be observed in any specimen, with the
phase-sensitive detector, indicating an absence
of measurable resistance. This was further con-
firmed by driving the cavities in higher harmon-
ics. A finite bulk resistance caused by the field
would result in a larger decay for the frequency-
dependent thermal wave, and the reduction in the
transmitted amplitude would be enhanced. This
too could not be detected. From several inde-
pendent estimates we were able to conclude that,
even for the thickest samples, the bulk contribu-
tion could not exceed 10%. Our final conclusion,
therefore, is that the main reason for the varia-
tion in energy flow is a change in A, K caused by
the electrons.
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An ellipsometer has been used with picosecond pulses to measure the time evolution of
optically generated plasmas in intrinsic Ge. By measuring the change in optical elliptic-
ity of a weak probe beam following the absorption of an intense excitation pulse, the time
evolution of the plasma density can be determined with a precision of a few picoseconds.
At a density of 1.7 X10 cm 3, the ambipolar diffusivity of the plasma was observed to be
a factor of 3 greater than the low-density value, consistent with a simple theoretical mod-
el of diQusion in the degenerate regime.

In this Letter we report measurements on op-
tically generated electron-hole plasmas in ger-
manium using a new technique which combines
ellipsometry and optical picosecond pulses to
measure small changes in index of refraction
(5n/n &10 ') on a picosecond time scale. The
physical properties of semiconductor plasmas

produced by interband optical absorption have
been measured previously by a number of tech-
niques, including infrared' and millimeter-wave
ref lectivity' and free-carrier absorption. ' The
ellipsometric technique allows a direct time-re-
solved measurement of the plasma contribution
to the optical refractive index. In addition, both
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