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%e have used NMR to observe the two-dimensional gas of atomic hydrogen adsorbed on a frit-
ted glass "sponge" covered with superfluid 4He. Measurements were made at a magnetic field of
7 T and at temperatures down to 0.080 K for a 4He surface and to 0.060 K for a 'He-4He sub-
strate. The temperature dependence of the resonant frequency agrees with Anderson's multiple-
residency model. On the He surface the adsorbed hydrogen is first detected at 0.095 K and has
a frequency shift of —21.64(40) kHz with respect to the bulk adsorption line, corresponding to a
zero-field wail shift of —43.0(8) kHz.

Atomic hydrogen can be stabilized by spin polarization
at low temperatures and high magnetic fields. Extensive
work in the past few years has led to a detailed under-
standing of the bulk properties of the resulting gas. ' At-
tention is now turning to the submonolayer film of polar-
ized atomic hydrogen that is adsorbed on the liquid-
helium-coated walls used to contain the bulk gas. Recom-
bination of the hydrogen within this film limits the bulk
densities which can be obtained at the lowest tempera-
tures. In addition, the film itself manifests interesting
physical phenomena. A Kosterlitz-Thouless transition has
been predicted at high surface densities. z At lower densi-
ties surface spin waves may occur. s

Our current understanding of the behavior of the hydro-
gen surface films comes primarily from indirect means:
Measurements of bulk behavior are interpreted in terms of
surface processes by using a calculated adsorption iso-
therm and assuming equilibrium between the two popula-
tions. The sole exception is a recent ESR study of spin-
polarized hydrogen by Reynolds et al. in which the signal
from the surface atoms was shifted from the bulk atomic
signal by the electron dipole-dipole interactions between
adsorbed hydrogen atoms. We present here results of a
series of experiments in which a pulsed NMR technique is
used to study the surface and bulk atoms. In these experi-
ments it is the wall shift of the zero-field hyperfine split-
ting which allo~s the two different populations to be stud-
ied separately.

Molecular hydrogen is dissociated in a liquid nitrogen
temperature discharge. The atomic hydrogen is cooled by
a dilution refrigerator and electron spin polarized as it
flows into the experimental cell at the center of a super-
conducting magnet. The flux to the cell, determined by

measuring the recombination heat, is about 5 x 10's
atoms/sec and a typical bulk density is 10's atoms/cms at
0.300 K. The cell contains the open-ended loop-gap NMR
resonator shown in Fig. 1. The lower half of the volume
inside the resonator is filled with a piece of fritted glass
"sponge" of characteristic pore size 10 pm and with an
area-to-volume ratio of 1000 cm

NMR is used to induce transitions between the two
lowest hyperfine states of atomic hydrogen, ~

a) and
~
b). '

The resonant frequency will be denoted by v,b The sam. -

ple is studied with a 1-GHz homodyne spectrometer. Its
30-K noise temperature is determined by the low tempera-
ture preamplifier. A fully polarized sample of 2x10"
atoms would produce a signal equal to the noise with a
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FIG. 1. A schematic diagram of the NMR resonator.
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bandwidth of 1 Hz. The magnetic field corresponding to
the resonant frequency of the cavity ranges from 6.5 to 6.8
T, depending on the amount of helium condensed in the
gap of the resonator. The inhomogeneity of the supercon-
ducting magnet was measured to be about 0.5 G over the
dimensions of the sponge, and 1.0 G over the resonator.

Data were taken with substrates of He and 3He-4He

mixtures and are displayed in Fig. 2. For the He sub-
strate we observe a sharp decrease in the resonant frequen-
cy at about 0.095 K as atoms are adsorbed on the surface.
A free induction decay signal taken at 0.085 K is shown in

Fig. 3. When 25% iHe is added to the film, however, v,b

remains constant down to the lowest attainable tempera-
ture (0.060 K). The linewidth is determined by a Fourier
transform of the free induction decay. The resulting width
of the bulk line is 4 kHz as expected from an inhomogene-
ous magnetic field broadening. The surface line is ob-
served to be broader than the bulk line.

A hydrogen atom from the bulk diffuses into the sponge,
has collisions with the walls, and eventually sticks to the
surface for an average time which increases exponentially
with the inverse of the temperature. Nuclear polarization
can be determined from the phase of the bulk free induc-
tion decay signal: When nuclear polarization occurs due
to selective recombination, the signal undergoes a phase
change of ir radians. The phase of the surface signal
demonstrates that the adsorbed atoms are also nuclear po-
larized in the

~
b) state. In the absence of spin relaxation

by magnetic impurities, recombination would be dominat-
ed by surface two- and three-body processes which are not
very fast at surface densities on the order of 10" cm
(Ref. 6). Under these conditions, atomic lifetimes would
be on the order of a minute. In contrast, the lifetime of the
hydrogen atoms is of the order of 0.1 sec at 0.08 K. The
anomalously short lifetime suggests the presence of mag-
netic impurities inside the sponge. These impurities cause
the nuclei to relax from the

~
b) to the ) a) state, allowing
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FIG. 2. The measured resonant frequency as a function of
temperature for both He and 3He-"He-mixture substrates. The
zero of frequency is arbitrarily placed at the bulk value to reflect
the high field ~all shift.
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FIG. 3. The free induction decay signal from atoms adsorbed
to the 4He-coated surface at T 0.085 K. This trace is an aver-

age of 6400 decays.

the faster two-body-recombination processes to operate.
Calculations based on these measurements show that the
hydrogen fills only about 25% of the sponge. Even under
such unfavorable conditions, however, we were able to
detect the surface resonance signal at low temperatures.

The transition frequency, v,b for hydrogen adsorbed on
the surface should be smaller than that for the atoms in
the bulk because the hyperfine frequency is decreased by
the van der Waals interaction that is responsible for bind-
ing the atoms to the surface. A model developed by An-
derson and Weiss7 can be applied to such a system with
two distinct resonant frequencies. The form of the absorp-
tion spectrum depends on the ratio of the wall shift
[v,b(bulk)-v, b(surface)J to the transition rate between
surface and bulk. We expect to see a single resonance line
with a temperature-dependent frequency as shown in Fig.
4. Our surface line appeared at a frequency 21.64(40)
kHz below the bulk line, which yields a measured value of
43.0(8) kHz for the hyperfine wall shift for hydrogen on
4He at zero field. A previous value for this parameter,
49(l) kHz, was reported by Morrow and co-workerss 9

by
extrapolating frequency shifts at higher temperatures
where the fraction of time spent on the surface is never
greater than 10 s. Above 0.125 K the frequency shift of
the bulk line as a function of temperature is masked by the
signal from the atoms outside of the sponge. The model
refers only to atoms inside the sponge while the ratio of oc-
cupied volume in the sponge to that outside is only about

. According to the model, the signal from the sponge is
too broad to be detectable between 0.125 and 0.095 K.
Below 0.009 K, the line is at the wall-shifted frequency in
agreement with the temperature dependence of the model.
With signal averaging we can observe about 5 X 10' ad-
sorbed atoms. The lowest attainable sponge temperature
was 0.060 K under the present conditions. For a He- He
substrate, the resonant frequency is temperature indepen-
dent for our conditions because both the binding energy
and the sticking coefficient are reduced. For a saturated
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FIG, 4. The temperature dependence of a resonance line in a
two-frequency system predicted by Ref. 7 under the conditions

described in the text. The frequency difference between the two

lines is the wall shift, ~s.

surface layer of 3He, Eb 0.34 K (Ref. 10) and s 0.016
(Ref. 8). For these values the model predicts that the shift
to the surface frequency will occur at 0.045 K.

The surface resonance line should be narrower than the
bulk line if the broadening were solely due to magnetic-
field inhomogeneity. However, the Fourier transform of
the surface free induction decay shows an average surface
linewidth of 6 kHz, whereas the linewidth should be only 2

kHz from magnetic-field inhomogeneity. We tentatively
attribute the additional broadening by 4 kHz to the aniso-

tropy of the wall shift, due to the random orientation of
the surfaces of the pores in the sponge with respect to the
magnetic field. Such a process has been modeled by Ka-
zanskii, Pariiskii, Aleksandrov, and Zhidomirov, "who re-

place the effect of binding by a uniform electric field nor-

mal to the surface. In the presence of this field, the
electron's wave function is no longer spherically symmetric
and the hyperfine interaction is anisotropic. The linewidth

calculated from this model is only 1.2 kHz; however, this
model also underestimates the anisotropy for H on sub-

strates of Vycor glass'z and of silica gel" by a comparable
factor. The broadening of the line due to the dipolar field
of neighboring electrons is small compared to the field in-

homogeneity (( 1 kHz).
In conclusion, we have shown that NMR can be used to

detect atomic hydrogen adsorbed on a liquid 4He surface.
We have determined both the frequency and width of the
surface absorption line. This technique, used together
with better characterized substrates, should make it possi-
ble to look for surface spin waves and phase transitions in
two-dimensional spin-polarized hydrogen.
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