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levels as well as to the ground state. The attrac-
tiveness in extending this technique to rare-earth
crystalline systems is evident. In crystals, the
lowest level of a multiplet generally relaxes by
radiative decay or by multiphonon emission to
the next lowest multiplet, and can have a homo-
geneous linewidth of less than 1 MHz. The limi-
tation to the spectroscopic resolution is then the
inhomogeneous width, which is generally of the
order of 0.1 cm ™!, Since at low-enough concen-
trations the spectral diffusion is sufficiently ar-
rested, a tunable coherent source, such as a dye
laser or parametric oscillator, can be used to
match the sharp rare-earth levels and thereby
observe the FLN phenomenon. The possibility

of using nonresonant excitation significantly ex-
tends the number of levels which can be studied
by the FLN technique, with the additional experi-
mental convenience that the emission is well sep-
arated in wavelength from the excitation. Appli-
cation of Szabo’s FLN technique to nonrescnantly
excited rare-earth systems should permit optical
studies of a wide range of excited levels with re-
solutions of greater than 107,
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Very Low-Temperature Specific Heat of Submonolayer Helium Films*
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The specific heats of He® and He® films adsorbed on exfoliated graphite have been mea~
sured between 0.04 and 4.2 K, for fractional monolayer coverages between 0.25 and 0.63,
He® films show anomalies around 0.1 K that are absent in the He? results. A possible ex-
planation is given in terms of spin ordering of the He® atoms,

Recent experiments have®*? shown that submono-
layer coverage He® and He* films adsorbed on ex-
foliated graphite (Grafoil®) have substantial later-
al mobility, to the extent that they behave like
ideal two-dimensional (2D) gases at temperatures
around 4 K. In the range between § and 2 of a
monolayer, published results can be summarized
in the following way.

For fractional monolayer coverages x of about
4 of a monolayer, He* heat-capacity measure-
ments show a peak around 1.2 K while He® mea-
surements show no peak; both tend to C/Nk=1 at
4 K. The He* results have been interpreted? as
quasi-2D Bose condensation produced by a weak
inhomogeneity in the substrate adsorbing poten-
tial. The He® experimental curves were fitted by
curves for a 2D ideal Fermi gas with high degen-

eracy temperatures (for example, T;2°=~3.4 K
for x =0.26) provided that a small adjustment was
made in the number of particles responsible for
the signal.

At higher x large heat-capacity peaks appear
for both isotopes at coverages that closely cor-
respond to the helium atoms being in registry
with the graphite lattice of the substrate, the
most notable being the A-type peak occuring for
He® at x =0.6, which is equivalent to ¢ of the hexa-
gons of the graphite lattice being occupied by he-
lium atoms.

Substantial mobility of helium atoms adsorbed
on graphite is expected theoretically.® The order-
ing transition in registry with the substrate is
receiving careful treatment® since it resembles
a 2D lattice-gas order-disorder transition,
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We have extended the He® measurements to low-
er temperatures. Reference 1 showed mainly the
classical gas regime and the transition towards
a 2D quantum degenerate Fermi gas, suggesting
a 2D analog of the 3D regime existing in dilute
solutions of He® in He*, Our measurements were
done up to 4.2 K to compare our results with
those of Refs. 1 and 2, and to provide enough data
to calculate entropies up to the classical regime.
A few He* coverages were also measured, to pro-
vide a comparison with the He® results. The high-
temperature data for both isotopes will be men-
tioned only where relevant to the present Letter,

The heat-capacity measurements were done
with an adsorption cell of similar construction to
the one used in Refs. 1 and 2, for coverages rang-
ing from 0.25 to 0.63 of a monolayer,” and be-
tween approximately 0.04 and 4.2 K. Measure-
ments were done by electrically supplying a
known amount of heat to the cell, and measuring
the change in temperature. Below 1 K, 5.6 mg of
cerium magnesium nitrate (CMN) was used as
thermometer. A superconducting flux detector®
measured the change of magnetic susceptibility
of the CMN. Above 1 K a 56-Q Allen-Bradley
carbon resistor was used. Heat-capacity points
were taken between 0.8 and 1 K using both ther-
mometers and one coverage was taken up to 4.2
K using the CMN thermometer, with some loss
of sensitivity, without appreciable difference be-
tween the data obtained with either thermometer,
To cool the samples, a He3-He* dilution refriger-
ator® was used. The cell was suspended from the
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FIG. 1. x=0,252 specific-heat data for both isotopes.
The curve for a 2D ideal Fermi gas with TFZD=4.2 K,
adjusted in the number of particles, has been fitted to
the He® data,
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mixing chamber by a nylon support, and a zinc
heat switch™ was used to provide thermal contact
when needed. A small niobium solenoid actuated
the switch, A filling line running from the cell to
room temperature was used for charging the cell;
in this way coverages could be increased without
having to recycle the entire cryostat to room tem-
perature,

Figure 1 shows the full range of measurement
for x =0.252 for both isotopes. The He* film
shows both the lateral field anomaly®* and the
expected linear behavior below the peak.* No
quantitative fitting between theory and experiment
is possible, although the best fit to the data above
the peak would give an inhomogeneous potential
V/k =0.8 K, weaker than that necessary to fit the
data of Ref, 1.

The curve for a 2D ideal Fermi gas has been
fitted to the He® data. The He® data agree well
with those of Ref. 1 where temperature overlap
exists. For low temperatures they show a de-
parture from the behavior of an ideal 2D Fermi
gas beginning slightly below 1 K. At about 0.1 K
a broad shoulder appears for x =0.25, as seen in
Fig, 1. An almost linear behavior is approached
below the shoulder, but the data do not extend to
low enough temperatures to verify it, Many more
coverages were investigated to study the very
low-temperature behavior. Results for 0.035<7T
<0.5 K are shown in Fig. 2, As the coverage in-
creases, the shoulder transforms into a rounded
peak of reduced height that moves to lower tem-
perature. By x =20.6 the peak has either vanished
or gone below our range of T. The specific heat
of similar coverage He* films shows no anomaly
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FIG. 2. The low-temperature data for ten coverages

of He®,
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of any kind in this range and is extremely small:
For x =0.25 and 7=0.1 K, (C/NEk)y.4 < 7%(C/NE)yes.

The He® film behavior is similar to that of 3D
He®. ' In liquid He® at saturated vapor pressure
a rounded shoulder is observed near 0.1 K. The
shoulder is attributed to ordering of the He® spins.
As the density of the liquid is increased by com-
pressing it, the shoulder moves to lower tem-
peratures, until for solid He® the spin ordering
occurs in the millikelvin region,

All measured specific-heat curves have been
smoothly extended to 7'=0 and the entropy for
each coverage film calculated at 7=4 K. The
graphs of entropy per particle versus tempera-
ture for two coverages are shown in Fig. 3(a),
while the 4 K entropy is shown as a function of
coverage in Fig. 3(b). For comparison, the en-
tropy of an ideal 2D gas of He* particles, given
by

S /Nk =2 +1n(2mmkTAg /h°N) (1)

is also shown in Fig. 3(b). In Eq. (1), g,=2s+1
with s the spin of the particles, m their mass,
and A the area of the surface where they are ad-
sorbed. Quantitative agreement between the
ideal gas behavior and He* films does not exist
and is not expected, since the mass used in the
calculation is the atomic bare mass, and the
area used is the value measured with an argon
isotherm, A “soft-disk model” for the helium
atoms will give a better fit, But the qualitative
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FIG. 3. (a) Entropy per particle versus temperature
calculated from measured specific-heat curves for
two coverages, (b) Entropy per particle at 4 K versus
coverage calculated from specific-heat curves. For
reference, a 2D—ideal-gas curve for He? particles has
been included.

behavior is well represented.

According to Eq. (1), He® should have a similar
behavior, having higher entropies than He* at 4 K
by the term In§ +In2. Figure 3(b) shows that for
low coverages, where a specific-heat anomaly
is found at low T, the He® entropies are higher
than those of He®* by essentially In2. But as the
coverage increases, the entropy of He® films
falls below that of He®* films at coverages for
which an order-disorder transition has occurred
for both isotopes at 3 K and no heat-capacity
anomaly is present in He® at low 7. This would
be the expected behavior if the anomaly is due to
spin ordering and it has now moved below our
measuring range, According to Eq. (1), the He?
entropies, neglecting the He® spin contribution,
would lie below similar coverage He* entropies
since m,<m,,

Another feature of the very low-temperature
measurement is that, at least for the lowest cov-
erage He® films, specific-heat curves asymptoti-
cally approach linear behavior. This could be
the beginning of a new 2D Fermi regime, similar
to the 3D Fermi liquid., Report of this behavior
has been recently given'? for 2D He? films ad-
sorbed on a solution of He® in He?, From our
x =0,25 specific-heat curve the lowest points give
an asymptotic value for the entropy per unit area
per unit temperature of 0.16+0.02 erg/K cm?2,
The value reported in Ref, 12 is 0.15+0,03 erg/
K cm?,
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We have studied the production, destruction, and lifetimes of the He,(a®Z ;') and He(2°S)
metastable states of helium that are produced in electron-bombarded superfluid helium,
The characteristic lifetime of a metastable molecule in the superfluid is shown to exceed

0.1 sec, while the lifetime of a metastable atom is only about 15 usec.

The production

rates for the He,(@%Z ;') and He(23S) metastable states are about 500 and 450 per incident

160-keV electron, respectively.

The existence of electronic metastable states
of superfluid helium was established by Surko and
Reif, but they were unable to identify the states
involved.! The recent electron bombardment of
superfluid helium has made it possible to observe
the optical emission and absorption spectra of
the excited liquid, and these experiments have
shown that large concentrations of He,(a®Z,") and
He(23S) metastable states of helium may be pro-
duced in the superfluid.?2”® However, these ex-
periments and the theory of Hickman and Lane
have emphasized the steady-state nature of the
excited liquid.®

We report the results of an experimental inves-
tigation of the production, destruction, and life-
times of He,(a®Z,*) and He(23S) metastable states
produced in electron-bombarded superfluid heli-
um. In these experiments the liquid is repetitive-
ly excited with a pulse of 160-keV electrons.

The peak current could be varied between 0.1 and
4.0 pA, and the pulse duration was typically 3
msec with rise and fall times less than 10 nsec.
The populations of the metastable states were
monitored during and after the electron excita-
tion by observing the absorption of a monochro-
mated light beam focused through the excited lig-
uid. The absorption signals were recorded using
conventional signal averaging techniques. A de-
scription of the experimental apparatus has been
published else“}here, and the reader is referred
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to the work of Hill, Heybey, and Walters for a
summary of the optical absorption spectrum of
electron-bombarded superfluid helium.?'5

The decreasing population of the a3Z,* state fol-
lowing a pulse of electrons was observed by mon-
itoring the 2.1-pm (6°l,~a°Z ") molecular ab-
sorption band.®> As shown in Fig. 1 and insert A,
the reciprocal of the concentration of ¢*Z," mole-
cules, 1/M, increases linearly with time for as
long as 0.1 sec after the pulse of electrons, and
the loss rate increases as the temperature is re-
duced from 2.09 to 1.62°K. In addition, the steady-
state concentration of metastable molecules, M,
increases with the square root of the peak beam
current, as shown in insert B. This current de-
pendence was noted previously by Hill, Heybey,
and Walters when they suggested the bilinear col-
lision process a®Z " +a®Z " as the loss mecha-
nism for the metastable molecule.® This reac-
tion implies that the concentration of metastable
molecules, M, is described by the equation

dM /dt =—-a(T)M?® or 1/M =M, +a(T)t, (1)

where a(T) is the bilinear reaction coefficient
and ¢ is the time after the end of the beam pulse.
During the time the electron beam is on, Eq. (1)
can be written as dM /dt =KI- a(T)M?, where the
steady-state concentration of the a®Z " state is
given by M, =[KI/a(T)]*?, with K equal to the
number of metastable molecules produced per



