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We present the results of a series of experiments on spin-polarized atomic hydrogen in an environment
with a large amount of surface area. Both nuclear-magnetic-resonance and pressure-transducer tech-
niques were used. The NMR measurements yield a value for the hyperfine wall shift of —22.4(5) kHz at
7.62 T. The results were consistent with a sticking probability of [0.33(2)]T for atomic hydrogen on a
superfluid *He surface for atom temperatures near 0.15 K. Using the pressure transducer, we have mea-
sured the decay of the polarized gas due to dipole-dipole interactions between adsorbed hydrogen atoms.
At 7.62 T, with the surface normal at right angles to the applied field, we measure G, =[2.5(3)]X 1071
cm?/sec. We have also observed a small increase in G; as a function of decreasing magnetic field.

I. INTRODUCTION

The surfaces of any cell used to confine spin-polarized
atomic hydrogen are critical to the stability of the gas.
At modest densities only a small amount of recombina-
tion occurs in the bulk. The majority of the recombina-
tion events take place on the surface. Moreover, the by-
products of that reaction—molecular hydrogen and the
recombination energy—are ultimately deposited there.
Electron and nuclear spin relaxation processes, which
also destabilize the gas, take place on the surface. The
surface covering of choice is liquid helium. Of all materi-
als, it has the smallest van der Waals attraction to hydro-
gen, and therefore results in the lowest possible surface
density of hydrogen atoms for a given bulk density. The
interaction is so weak that even at the lowest tempera-
tures no more than a single monolayer of atomic hydro-
gen can be adsorbed onto the surface.

The adsorbed monolayer of atomic hydrogen is in-
teresting in its own right as a novel two-dimensional
quantum fluid. At low densities the atoms undergo
diffusion’ in two dimensions as they are scattered by rip-
plons, the quantized surface excitations of the helium
film. At intermediate densities the atomic hydrogen gas
should support two-dimensional nuclear spin waves,’
similar to those already observed in the bulk gas.> At a
high enough surface density and low enough tempera-
ture, the adsorbed atoms should undergo a Kosterlitz-
Thouless* transition to a superfluid state.

We present measurements of three quantities that
probe different aspects of the interaction between spin-
polarized atomic hydrogen and a film of superfluid “He:
the wall shift,’ the sticking probability,ﬁ_10 and the nu-
clear spin relaxation rate.!! The first two quantities are
determined from nuclear-magnetic-resonance measure-
ments of atoms on the surface and in the bulk, the third
is found by monitoring the decay rate of the atomic den-
sity. The wall shift is a measure of the change in the
hyperfine interaction between the electron and the proton
which results when a hydrogen atom is adsorbed onto the
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surface. We find a wall shift of 8= —22.4(5) kHz for the
hyperfine frequency in a magnetic field of 7.62 T. This
corresponds to a shift of §=—43.2(10) kHz in the zero-
field hyperfine resonance frequency. The sticking proba-
bility is the probability that an atom will become ad-
sorbed during a collision with the surface. If we assume
that s < T, we find that our results are best fit by the ex-
pression s =0.33(2)T for temperatures in the vicinity of
0.11-0.24 K. This is in agreement with previous values
obtained by different techniques.®~!° Nuclear spin relax-
ation results from the fluctuating magnetic field experi-
enced at the nucleus of an atom due to the electronic mo-
ments of other atoms passing by in the gas. We find a re-
laxation rate constant G,=[2.5(3)]X 107" cm?/sec for
surfaces oriented parallel to the applied magnetic field.

II. BACKGROUND

A. Adsorption

Consider a cell containing a gas of hydrogen atoms of
uniform density » in thermal equilibrium with the walls
at a temperature 7. A surface density o of hydrogen
atoms will be adsorbed on the surface of the superfluid
helium film coating the walls of the cell. For high tem-
peratures and low bulk densities the relation between o,
n, and T is given by the classical adsorption isotherm

E

o=nAexp T

) (1)

where A=h /V2amkT is the thermal de Broglie wave-
length and E, is the binding energy of the atom to the
surface. For atomic hydrogen, A in A is 17.4/V'T and
E, is 1.04 K on a saturated “He film.'? If the tempera-
ture is lowered while keeping the bulk density constant,
the surface density will first rise slightly above the value
given by Eq. (1) due to statistical effects associated with
the Bose character of the hydrogen atoms. As the tem-
perature drops further, the surface density will finally sat-
urate at a finite value due to the interactions between the
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hydrogen atoms on the surface. The complete isotherms
are displayed in Fig. 1 which is adapted from Ref. 13.
The experimental measurements reported here were car-
ried out in the region where the “classical” relationship
applies.

An important parameter for determining the dynamics
of spin-polarized hydrogen is the ratio of the number of
atoms on the surface, N, to the number in the bulk, N,.
This depends only on the area to volume ratio, 4 /¥, and
the adsorption isotherm. By the principal of detailed bal-
ance, this ratio is also equal to the ratio of the mean time
that an atom spends on the surface, 7, and the mean
time it spends in the bulk between adsorption events, 7,:

N, T
—-=—5———A—i~—A(T)exp

2
N, 7, Von V @

Lo
kT

The flux of atoms striking a unit area of wall from the
gas is given by ¢=nv /4, where v=V'8kT /M is the
mean speed of the gas atoms. By equating the rate at
which atoms leave the surface to that which they collide
and stick, one can determine the mean residence time on
the surface:

E,

*T (3)

As expected, 7, depends only on the intrinsic proper-
ties of the surface and the sticking probability, s. Equa-
tion (3) assumes that the sticking coefficient is a simple
constant. For the more physical situation where s de-
pends on the energy and incident angle of the incoming
atom, Eq. (3) will have to be modified by using a suitably
averaged value for s.

B. Hyperfine states

The ground (1S) state of atomic hydrogen is split into
four nondegenerate hyperfine levels in the presence of an

FIG. 1. Surface density as a function of temperature taking
interatomic forces into account. Each curve represents the
equilibrium surface density for the specified bulk density. The
dashed line shows the density required to reach the Kosterlitz-
Thouless transition. The enclosed region shows the regime of
interest to these experiments where the simpler ideal-gas law ex-
pression, Eq. (1), is valid.
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FIG. 2. The hyperfine diagram of the 1S state of atomic hy-
drogen. The spacing between the |a ) state and the |d ) state is
about 10K at B=8T.

external magnetic field as shown in Fig. 2. These states
are referred to as the |a ), |b), |c), and |d ) state in or-
der of increasing energy. In terms of the basis of electron
and proton spin projection, |m,, m; ), the states can be
written as follows:

fa)=cosf|—1,1)—sinfL,—1L),
by=—1,—1),
le)=cosB|L, — 1) +sinf| -1, 1),
ld)=153)
The hyperfine mixing angle 6 is defined as
(20) 4o 0.05061/B @)
tan =——=0. .
h(y.+v,)B

In this expression A, is the hyperfine constant for the
ground state of atomic hydrogen, 1420 MHz, y, and 7,
are the electron and proton gyromagnetic ratios, and B is
the magnetic field in T. At temperatures that are small
compared to the |b )-|c ) splitting, approximately 10 K in
a field of 7.62 T, the gas that initially fills the cell is com-
posed of roughly equal numbers of |a) and |b) states.
For this field the mixing angle is so small, =103, that
the gas is predominantly electron spin polarized. Yet the
fact that 6 is not exactly zero allows for a slow recom-
bination into molecular hydrogen. In a fraction of the
collisions the electron spins of the two hydrogen atoms
will be antiparallel. In high fields this fraction is 6* for
la)-|b) collisions and 26 for |a)-la) collisions.
Recombination into molecules will occur in these cases
only if a third body is present to satisfy momentum and
energy conservation. The third body can only be another
hydrogen atom or the occasional helium atom when the
collision occurs in the bulk gas.!* When the atoms are
adsorbed on the surface, the surface itself plays the role
of the third body. Collisions between two |b ) atoms will
not result in recombination because the electron spins of
the two atoms are always parallel. As a result of this
state-dependent recombination, the electron polarized gas
evolves to a doubly polarized gas containing predom-
inantly |b) atoms.'b!*
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C. Relaxation

The gas of |b) atoms is stable only on a time scale on
the order of the longitudinal relaxation time (Ref. 8) since
the atoms eventually relax to the |a ) state which has a
lower energy. The mechanism for this relaxation is the
dipole-dipole interaction between two colliding hydrogen
atoms. Once a |b) atom relaxes into the |a) state,
recombination with a |b ) atom occurs very rapidly. Un-
der these circumstances the rate of decay of the density is
determined by the slower process: it is governed by the
relaxation rather than the recombination rate coefficient.
The degree of nuclear polarization of the gas, however, is
determined by the ratio of the two rate coefficients.'

The two-body relaxation can occur in the bulk or on
the surface. Both processes contribute to an effective
two-body relaxation rate in which the relaxation on the
surface is expressed in terms of its effect on the bulk den-
sity: !

E, ||’

kT

G =G, +G, 2

Vv (5)

Aexp

G, has been measured by several groups,'* '3, however G,
is more difficult to measure because its effect is small
compared to other dissipative mechanisms on the surface.
Several calculations of the magnitude of G, exist.'®!’
The most detailed calculation!” yields

G,(®)=1.56[ G, ;sin*(2d)
+G, ,sin¥(®)(1+cos’®)] , (6)
where

G, (=(0.96—0.82T +0.74T?)
2

16.683 X107 cm?sec™! (7

X
B

1+

and

G, ,=(0.038+0.278T)
2

16.683 | 14 cm?sec”! . (8)

X |1+

This rate is a strong function of the angle ® between
the surface normal and the direction of the magnetic
field. It is a maximum near 45° and vanishes for surfaces
oriented at 90° to the external field.

When analyzing the decay of the spin-polarized atomic
hydrogen there are two other processes which must be
considered: three-body recombination and one-body re-
laxation. The three-body process has both bulk and sur-
face contributions. In addition, it permits the recombina-
tion of three |b ) state atoms. Three-body recombination
dominates at high densities. These densities occur in the
bulk and, when the temperature is low enough, on the
surface as well. A more detailed discussion of the three-
body rate is beyond the scope of this paper, but can be
found in Refs. 12 and 15.

The one-body rate involves the relaxation of a |b)
state atom into the |a ) state due to an interaction with a
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magnetic impurity. By assumption this impurity is on
the surface, so there is no bulk contribution to this pro-
cess. A calculation'® has been done which assumes that
the relaxation is due to local magnetic fields caused by
magnetic impurities buried under the surface of the
liquid-He film. In its motion past an impurity, a hydro-
gen atom may feel a fluctuating field at the Larmor fre-
quency which can lead to a transition. The relaxation
rate under these circumstances is a strong function of the
distance between the impurity and the hydrogen atom.
Although this calculation is consistent with some experi-
mental results, it seems that the origin of this process is
not completely understood.

D. NMR

We have chosen to study the surface processes in two
different ways: nuclear-magnetic-resonance (NMR) and
density decay measurements. NMR can be used to mea-
sure the difference in the |a ) and |b) state populations
since the states differ predominantly in the direction of
nuclear spin projection. The atoms are given a rf pulse at
the |a )-|b ) transition frequency defined by

(27 Ay
Ay, +v,)B’

27 A,
Wap = 2 +ypB+

9)

and both the frequency of the transition and the decay
time are measured. The constants in this expression are
the same as those in Eq. (4). This expression is valid in
the high-field limit: (y,+y,)B >> 4,. The last term can
be ignored with respect to the second. The temperature
dependence of the NMR signal yields information about
both the wall shift and the sticking probability. At high
temperatures (o A /nV very small) the mean time in the
bulk 7, is greater than the mean time on the surface 7
thus, the measured transition frequency corresponds to
that of free atoms. As the temperature is lowered, 7 in-
creases as atoms become bound to the surface for longer
times. The mechanism which is responsible for binding is
the van der Waals force between H and He atoms. The
distortion of the electron cloud of the hydrogen atom
which results from the binding reduces the hyperfine in-
teraction between the electron and proton of a H atom.
The resulting change in the zero-field hyperfine frequen-
cy, 0=A,;— A4y, is referred to as the wall shift. The
wall shift in nonzero field is expected to reflect the anisot-
ropy of the hyperfine interaction.!® From the NMR mea-
surements made as a function of temperature, informa-
tion about both the wall shift and the sticking coefficient
can be extracted.>2%2!

E. Decay of the density

The second technique measures the sum of the |a ) and
|b) state densities by monitoring the pressure of the gas
(and from the ideal-gas law its density). Once a recom-
bination event occurs, the molecule that is created will
quickly freeze out on a surface. By monitoring the decay
rate of the atomic density it is possible to determine the
mechanisms that are responsible for the recombination.
A great deal of experimental and theoretical work has
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been devoted to measuring the various relaxation and
recombination rates.??> The rates are distinguished by the
number of hydrogen atoms involved as well as the loca-
tion of the collision (in the bulk or on the surface). As ex-
pected, the bulk processes dominate at high temperatures
(nV>>0 A) and the surface processes dominate at low
temperatures (nV <<o 4 ).

For a gas with complete nuclear polarization, in which
only the |b) state is present, the time rate of change of
density can be written as

—h=Lgn’*+Ggn’*+R4n , (10)

where the effective rates contain contributions from both
surface and bulk processes. We have used Eq. (10) to ob-
tain values for G, and estimates of R.

III. EXPERIMENT

Two separate but similar experiments have been car-
ried out to measure the wall shift, sticking probability,
and the two-body surface relaxation rate, G,. We will
give detailed descriptions of both experimental cells in
this section. In the next section results from both sets of
experiments will be described.

Atomic hydrogen is produced by an rf discharge in
molecular hydrogen at liquid-nitrogen temperature (see
Ref. 12). The atoms are cryopumped into a tube which
runs through the center of the dilution refrigerator. The
magnetic field produced by an 8-T superconducting
solenoid presents a potential well to the atoms of the
lower two hyperfine states and a potential barrier to those
of the upper two states.

A pressure transducer is mounted on the fill line, below
the mixing chamber. It operates by measuring changes in
spacing (capacitance) between a thin layer of gold eva-
porated on a flexible Kapton membrane and a fixed plate.
It has a sensitivity of 5X10'* atoms/cm®Hz and can
detect 10'> atoms. The pressure transducer is close
enough to the cell so that the difference in density due to
variations in the field of the magnet is negligible. A
schematic of the apparatus below the level of the mixing
chamber showing the location of the pressure transducer
and the cell is shown in Fig. 3.

Once a saturated film of superfluid *He is in place and
the discharge is lit, atomic hydrogen is produced. The
hydrogen is transported through the refrigerator in the
same way as described in Ref. 12. The temperature of the
fill line can be adjusted with heaters to obtain the max-
imum fill rate. Hydrogen flow into the cell is measured
by a decrease in the cooling power of the refrigerator due
to the recombination heating, and by a signal on the pres-
sure transducer. Fluxes as high as 5X10'* atoms/sec
have been obtained. The discharge must be throttled
down for temperatures below 300 mK as the heat load
from the recombination exceeds the cooling power of the
refrigerator in this regime.

Just below the pressure transducer there is a loop-gap
resonator that is enclosed in a 6.3-cm-diam cylindrical
can. Figure 4 is a detailed drawing of the resonator. The
loop-gap combination (LC) can be tuned by changing ei-
ther the spacing between the plates by tightening the
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FIG. 3. A schematic of the apparatus is shown below the lev-
el of the mixing chamber of the dilution refrigerator.

screws that hold it in place against an indium spacer, or
by removing material from one of the capacitor plates.
The resonator is tuned at room temperature with al-
lowances made for changes which occur as it is cooled.
The resonant frequency of the cavity is approximately 1
GHz, which corresponds to the |a )-|b ) splitting when a
field of 7 T is applied.

The substrate for the studies is contained in the loop
(inductive) part of the resonator and consists of 55 1.6-cm
square crystalline quartz plates of thickness 150 pum
separated along the edges by 75-um Kapton spacers. The
plates are oriented so that the surfaces lie parallel to the
direction of the applied field. Crystalline quartz was
chosen because of its high thermal conductivity. The sur-
face roughness of the plates, as determined by an electron

Teflon dielectric

Recess with 2 gas inlet holes

1/8in. Quartz end plate

3mil Kapton spacers
/ 6 mil Crystalline quartz
s, plates

1/8in. Quartz end
plate

copper black

FIG. 4. This figure shows a more complete drawing of the
NMR resonator.
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microscope picture, is on the order of 1 um, which is less
than the capillary radius of a saturated film of superfluid
“He. The He-covered plates therefore present a smooth
surface to the H atoms. Under typical experimental heat
loads, the temperature difference between the *He film
and the quartz plates due to the Kapitza boundary resis-
tance is less than 1 mK. The spacers that separate the
plates have a small opening along one edge to allow the
hydrogen gas to enter the interplate region. On each end
there are two 3-mm-thick plates which provide mechani-
cal stability. The area to volume ratio of this substrate is
equal to 2/d, where d is the spacing between the plates.
In this case, 4 /V =263 cm™!. The total surface area of
the quartz plates that is accessible to the hydrogen is 178
cm?. The edges of this package were sealed with Stycast
1266 epoxy to confine the atoms to a region of known
A /V ratio and to provide increased thermal contact be-
tween the plates and the copper resonator.

The hydrogen enters this region through two small
holes that are drilled through the top of the resonator.
The time that it takes for an atom to travel the length of
these holes is greater than the polarization time at 80
mK. At the exit of these holes a channel is milled into
the resonator to allow the hydrogen to enter each inter-
plate region. The openings in the spacers are carefully
aligned with this channel. The diameter of the two fill
holes is beyond the cutoff frequency for the rf used for
the NMR so that the atomic signal that we see comes
from the atoms in the interplate region only.

A gradient coil assembly is mounted inside the bore of
the magnet but outside of the vacuum can. Its center
coincides with that of the magnet. There are six indepen-
dent coils which allow for the application of linear or
quadratic corrections to B, in each spatial direction.
Fields of several G result for currents of about 1 A.

Two different thermometers are used for the experi-
mental measurements. A Matsushita 100} carbon resis-
tor mounted at the bottom of the NMR can measures the
temperature of the copper can and may be used for tem-
perature control of the cell. All of the quoted tempera-
tures have been measured with a carbon thermometer,
made by sandwiching a small amount of Aerodag?® be-
tween two thin layers of Ag paint.?* The thermometer
sits inside the resonator on one of the quartz plates. (This
thermometer will be referred to as the plate thermometer
in the experimental section.) All of the thermometers
were calibrated at high field against a *He melting curve
thermometer?’ at the start and end of each run.

The NMR spectrometer used to make the measure-
ments is a two-phase homodyne spectrometer which is
optimized for operation at 1 GHz. The spectrometer is
operated in transmission mode; separate coupling loops
located at the two openings of the inductor are used to
aid in isolation of the transmitter from the receiver. All
of the electronics operate at room temperature with the
exception of a GaAs field-effect-transistor (FET) amplifier
on the receiver arm which sits in the 4-K bath. The spec-
trometer is calibrated by comparing the amplitude of the
NMR signal with the density derived from the pressure
transducer in a regime where the polarization (defined as
the difference in population between the b and a states di-
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vided by their sum) is known to be close to unity.

A second version of the cell was designed with the goal
of measuring the decay rate of the atomic gas. The
design is very similar to the first cell with the following
modifications. The size of the Kapton spacers was re-
duced from 75 to 25 um, which triples the area to volume
ratio. The total surface area is also increased because
more plates can be fit inside the resonator. Additionally,
a system which allows the preplating of the quartz sur-
faces with a layer of molecular H, at high temperature
(T >20 K) was constructed to increase the distance be-
tween the atom and any magnetic impurity at the quartz
surface. This system consists of a thin capillary that runs
from a room-temperature gas handling system through
the Dewar space, enters the vacuum can, wraps around
the NMR can several times, and comes back up through
the Dewar to room temperature. During a bakeout, He
gas can be pumped through this tube (with the rest of the
refrigerator held at 20 K by heaters). This gas is cooled
through contact with the liquid He in the Dewar and will
preferentially cool the cell. As the cell is being cooled,
molecular H, can be introduced into the experimental
space.?® The hydrogen will plate out onto the coldest sur-
faces which are the NMR resonator and the quartz
plates. It is not possible to make any direct measurement
of the thickness or uniformity of the coating, except in
terms of its influence on the one-body rate. In all experi-
ments, saturated “He films were employed; we tried in-
creasing the amount of ‘He present and observed no
changes in the measured decay rates. The amount of ‘He
present in the cell was never enough to allow for the col-
lection of bulk liquid between the plates.

Other changes in the experimental setup include the
use of a two-stage GaAs FET amplifier which can detect
2X10'? atoms in a 30-kHz bandwidth and a change in
the location of the Aerodag thermometer. The thermom-
eter is mounted 1 of the way into the package instead of
on an end plate.

IV. RESULTS

Two groups of results are presented. One group, from
experiments made on the first cell, involved the NMR
properties of the combined surface and bulk system. The
other group of results, from the modified cell, comes from
a study of the decay.

A. NMR measurements

The NMR spectrum of spin-polarized atomic hydrogen
was studied by measuring the response of the atoms to a
pulse of rf applied near the Larmor frequency at a variety
of temperatures. Results of several days of temperature
scans are shown in Fig. 5. Each point is the result of a fit
of a given free-induction-decay (FID) signal to an ex-
ponentially decaying sinusoid. The quoted temperature
at each point is the temperature of the plate (Aerodag)
thermometer.

We can understand the qualitative behavior of the sys-
tem as follows: at high temperatures, when the time in
the bulk is much larger than the time on the surface, the
atoms resonate at the pure bulk frequency. As the tem-



2998

>0 T S|

-10.0 4

-15.0 J

Frequency (kHz)

-20.0 r 4
——E—l—i—y

3
-25.0 L . L

0.05 0.10 0.15 0.20 0.25
Temperature (K)

FIG. 5. The frequency of the |a)-|b) transition is shown as
function of temperature. Each data point is the result of fitting
a free-induction-decay signal to a decaying exponential func-
tion. The upper, higher-frequency branch represents the signal
from the atoms in the bulk; the lower branch corresponds to
atoms that are adsorbed on the surface.

perature is lowered, so that 7, increases, the fraction s of
atoms that stick to the wall has a smaller resonance fre-
quency for the time that they are adsorbed on the wall
since the hyperfine interaction of the adsorbed atoms is
weaker. If 7, is very small with respect to 7,, the atoms
return to the bulk, but they are dephased slightly with
respect to atoms that did not experience a sticking event.
Thus, as the temperature is decreased, the mean frequen-
cy of the line shifts slightly towards the surface frequency
and the width increases due to the dephasing. Eventual-
ly, as the temperature is lowered so that 7, is no longer
small with respect to 7,, the adsorbed atoms remain on
the surface for much longer times and are completely de-
phased if they desorb. The only atoms that contribute to
the bulk signal are those which have had short sticking
events in the observation time, so the frequency shifts
back towards its free value. Finally, when the sticking
time becomes longer than the observation time, a second
line appears at the wall-shifted position. This is the be-
havior that we observe as shown in Fig. 5. From the
measured difference in frequency, we extract a value for
the wall shift 8. (In this case, it is the parallel wall shift,

since all of the surface area is aligned parallel to the
|

Fa(a— 1w, —o,)
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FIG. 6. The predictions of Eq. (11) are displayed as Fourier
transform spectra at various temperatures. The frequency of
the center of the line corresponds to the value of frequency
determined by fitting the free-induction-decay signal.

direction of the external field) We find that
8= —22.4(5) kHz. It is also clear that the behavior of
the system depends critically on the value of 7, which, if
the temperature and area to volume ratio are known,
yields an experimental value for the sticking probability.

We fit the data of Fig. 5 to a model developed by An-
derson and Weiss?” which predicts the behavior of an
atom in an environment which has two separate reso-
nance frequencies. The parameter that determines the
behavior of the resonance line as a function of tempera-
ture is the ratio of the transition probability per unit time
between the two environments to the difference in fre-
quency between the two environments (wall shift). The
transition probability is related to 7, and 7, thus, from
Egs. (2) and (3), it depends on the sticking probability, the
area to volume ratio, as well as the wall shift. The results
of a calculation of the adsorption line shape are shown in
Fig. 6 for reasonable values of each of the parameters.
The expression for the line intensity as a function of fre-
quency is

o, T)=

In this expression I'=1/7,+1/7,, a=71,/(17,+7,),
and w, and o, refer to the bulk and surface NMR fre-
quency. A fit to the higher-frequency branch of the data
based on the frequency derivative of this equation gives
the location of the peaks of the Fourier transform, or,
equivalently, the frequency of the FID signals, and yields
the curve shown in Fig. 7. The solid line of Fig. 5 shows
the extension of this fit to the lower-frequency, i.e., sur-
face, branch of the data. To obtain this fit, the wall shift
was fixed at the measured value, and the binding energy
was fixed at 1.04 K, leaving the sticking probability as the

(=0 o—w)?+T (1—a)w—w,)+alo—wv,)]*

I
only free parameter. Since the temperature range over
which data were taken varies by less than an order of
magnitude, it is difficult to extract the temperature
dependence of s. If we assume a linear dependence of s
on temperature,® 8 the best fit occurs for s =[0.33(2)]7.
If we assume that s is a constant independent of tempera-
ture, the best fit occurs for s=0.047. Both lines are
shown in the figure. Since the bulk data span only a fac-
tor of 3 in temperature, we cannot make an accurate
determination of the temperature dependence of s.

The width of the higher-temperature bulk NMR line is
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FIG. 7. A fit to the data points of the model of Eq. (11). As
explained in the text, the wall shift and binding energy were
fixed at their measured values; the only free parameter in the fit
is the sticking coefficient. The solid line assumes that s has a
linear dependence on temperature; the dashed line assumes that
s is independent of temperature.

attributed to the inhomogeneity of the magnetic field
across the sample, 0.6 G. As the temperature is de-
creased, the linewidth increases. We observe about a fac-
tor of 2 difference between a pure bulk trace (T =0.3 K)
and a lower-temperature trace (7'=0.21 K) when the line
is broadened due to the finite residence time of the atoms
on the surface. The linewidths of the bulk line at 0.21 K
and of the surface line at 0.09 K are comparable. All of
these measurements are consistent with the predictions of
Eq. (11).

The surface signal that we measure corresponds to a
surface density o of about 10'! atoms/cm?. The S /N ra-
tio is determined by the low-temperature GaAs FET
amplifier and allows detection of 9X10'3 atoms at a
bandwidth of 30 kHz. It was therefore necessary to sig-
nal average at least 1000 times to see a signal from the
surface atoms. At the highest bulk densities (n >10'®
atoms/cm?), nuclear spin waves® were observed in our
bulk signal.”® For the wall-shift measurements we avoid-
ed frequency shifts from spin waves by operating in a re-
gime in which the density is too low for spin-wave propa-
gation. At the lower temperatures (7 <200 mK), it was
necessary to run the discharge continuously due to an ob-
served rapid loss of polarization which we believe is due
to one-body processes (see below). However, by compar-
ing the phase of the signal to that of a bulk signal of a
known polarization, we believe that the surface gas is nu-
clear spin polarized.

The addition of small amounts of *He to the *He film
significantly changes the characteristics of the surface
presented to the hydrogen atoms. The binding energy to
the surface is decreased by almost a factor of 3 (Ref. 12)
due to the lower density of the >He atoms. This decrease
in binding energy has a marked effect on the surface-bulk
dynamics.?”’ In addition, the thermal response time of the
system increases, making temperature control difficult.
Shifts of the bulk resonance frequency have been ob-
served in this experiment, but are not reproducible. The
largest shift that we observed appears to be about one-
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half of the size of the largest shift on the pure *He sur-
face.

Uncertainty in the frequency plotted in Fig. 7 arises
from the stability of the spectrometer. The width of the
symbols used in Fig. 7 is consistent with the much small-
er error bars associated with both the temperature cali-
bration and temperature variations due to the instability
of the discharge at low temperatures. The longer time
constants that occur when *He is added, as well as our es-
timates of the relative thermal conductivities of the
quartz and the *He film, lead us to believe that the
superfluid is primarily responsible for heat transport from
the film-covered plates to the copper cell.

From these experiments we find the wall shift mea-
sured on a substrate that is parallel to the magnetic field
and extrapolated to zero field is —43.2(10) kHz. The
first direct measurement of the wall shift was made with
NMR studies on a substrate that had no preferential
orientation with respect to the magnetic field.” The
measured wall shift extrapolated to zero field from that
work is —44.8(10) kHz. The only other measurements
of the wall shift are from the work of Morrow et al.’® in
which it was extracted as a parameter in a fit to NMR
data taken at temperatures at which the atoms spend
only a small fraction (=~1073) of their time adsorbed on
the surface. Their value is 5= —61 kHz. The results of a
second, similar experiment yielded 6= —71.5(30) kHz.3!
Our value for the sticking probability, s =[0.33(2)]7, is
in excellent agreement with the results of both Berkhout
et al® and Helffrich et al® Tt is pleasing to note the
close agreement among these three measurements which
were made with very different techniques.

B. Decay measurements

It would be of great interest to extend the above mea-
surements to a lower-temperature regime where the sur-
face gas can be studied with NMR. Interesting phenome-
na to examine in the two-dimensional gas in this regime
include diffusion' and nuclear spin waves,’ as well as the
Kosterlitz-Thouless transition* at higher surface densi-
ties. We have made measurements of the decay of the
atomic gas by monitoring the pressure transducer which
indicate that there is a large one-body rate resulting in
rapid depolarization and thermalization of the lower two
states. The rapid loss of sample and subsequent heating
due to recombination is the limiting factor in achieving
higher surface densities. The origin of this process is un-
known; an electron microscope scan of the surface does
not reveal the presence of any magnetic impurities.

The focus of these experiments is the characterization
of the decay of the atomic gas since future surface work
depends on the ability to obtain good polarization. The
second version of the cell which has been previously de-
scribed was used because of its larger area to volume ra-
tio and increased surface area. We preserved the
geometry since the orientation of surface area with
respect to the magnetic field is an important factor in
analyzing the decay rates. A number of decay measure-
ments were taken as a function of temperature and mag-
netic field by monitoring the signal from the pressure
transducer. In addition, several different H, coatings
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were explored to reduce the one-body rate. We found
that it was possible to decrease the one-body rate by al-
most an order of magnitude by putting down a thick lay-
er of molecular hydrogen (about 1000 A assuming uni-
form coating of all surfaces inside of the NMR can). This
reduction of the one-body relaxation rate allowed us to
make a measurement of the two-body dipolar relaxation
rate on the surface.

The time evolution of the density after the source is
turned off is compared to a model based on Eq. (10) in a
regime where the polarization is close to unity. It is
necessary to fix L. to the existing experimental values'?
to obtain values for both the one- and two-body decay
constants. The results for G+ as a function of tempera-
ture are shown in Fig. 8 assuming the two possible tem-
perature dependences of L;: L, <V'T or L, independent
of T. The line through the points is a fit to Eq. (5), fixing
the two-body bulk rate to the value of Ref. 14. For the
case of L independent of temperature, the best fit yields
G, =[2.5(3)]X 10" cm?/sec as shown in Fig. 8(a). The
line in Fig. 8(b) corresponds to G,=[2.9(3)]x 10~ "
cm?/sec for L, <V'T. Figure 9 shows measured values of
the magnetic field dependence of G4 at a fixed tempera-
ture 7=0.236 K. The solid curve is generated by fixing
the relaxation rate to its measured value at B=7.62 T
and calculating the expected field dependence. At these
temperatures the relaxation is dominated by surface pro-
cesses, thus the field dependence is calculated from Eq.
(6).
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FIG. 8. Data from decay measurements at 7.62 T are fit to
Eq. (5). G, is fixed at the previously measured value of Ref. 12.
In (a) the surface three-body rate has been fixed and is assumed
to be independent of temperature. In (b) the surface three-body
rate is assumed to have a square-root dependence on tempera-
ture. The best fit to the data as pictured occurs for
G,=[2.5(3)]X10"" cm?/sec for the case of (a), and
G,=[2.9(3)]X 10~ * cm?/sec for the case of (b).
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FIG. 9. The magnetic field dependence of G is shown for a
fixed value of T=0.24 K. The solid curve is generated by fixing
the relaxation rate at its measured value at 7.62 T and calculat-
ing the expected field dependence. At these temperatures the
relaxation is dominated by surface processes, as a result the field
dependence is expected to be that of the surface rate.

The temperature dependence of the effective bulk one-
body rate R .4 is shown in Fig. 10(a). The surface rate R,
can be extracted from
Ey

kT

R +=R AA exp

o ) (12)

Figure 10(b) shows that the magnitude of R, is about
1072 sec™! after coating with molecular hydrogen. In
the first cell the average value of R, was about 107!
sec !, Thus, we have reduced the one-body rate by al-
most an order of magnitude by coating the surfaces below
the “He film with molecular hydrogen. Another order of
magnitude reduction in R, is required to make the contri-
bution to the recombination rates smaller than that from
G, in the relevant regime. The field dependence of R 4
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FIG. 10. (a) shows the measured value of the effective one-
body bulk rate as a function of inverse temperature at B=7.62
T. (b) shows the surface rate extracted from the previous data
according to Eq. (13).
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FIG. 11. The data represent measured values of the bulk
one-body rate measured as a function of magnitude field at
T=0.24 K.

was also measured at 7=0.236 K and is shown in Fig.
11. The rate appears to increase with decreasing field in
agreement with the predictions of Ref. 18. Since we have
very few data points and there is a significant amount of
scatter, it is difficult to draw detailed conclusions about
the field dependence.

To summarize, we have measured the surface two-body
relaxation rate, G,, due to collisions between adsorbed H
atoms in the temperature range 0.2-0.4 K. At higher
temperatures the decay is dominated by the two-body
bulk rate; at lower temperatures it is dominated by the
three-body surface rate. We find for surfaces oriented
parallel to the external field and assuming that L is in-
dependent of temperature, G, =[2.5(3)] X 10~ cm?/sec.
The only other measurement of this rate, from observa-
tions of the decay of the gas using ESR techniques,*?
yields G,=4X10"!* cm?/sec. However, in that experi-
ment, the orientation of the surfaces with respect to the
magnetic field was not well defined. The theory of v.d.
Eijnde et al.'” predicts G,,=2.0X10"" cm?/sec
(G, ,=G, for our orientation) which is slightly smaller
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than our measured value. We have also measured the
field dependence of G, and find that it increases with de-
creasing field as predicted by the theory.

V. CONCLUSIONS

We have been able to obtain and measure surface den-
sities of about 10'' atoms/cm? with NMR techniques.
Higher surface densities will decay quickly due to the
three-body rate. If the surfaces can be oriented at right
angles to the magnetic field, the two-body surface rate is
expected to vanish. Thus, if the one-body rate can be el-
iminated, a gas of this density will be stable for long
periods of time.

In addition to the results already described, we have
observed bulk spin waves in the gas at temperatures
above 0.175 K. These modes have been extensively stud-
ied by the Cornell group.’> An obvious extension of this
work is the search for spin-wave modes among the atoms
that are adsorbed to the surface.? Again, the one-body
rate must be very small in order to preserve the polariza-
tion necessary to observe the spin-wave modes.

In conclusion, we feel that NMR is a very useful tool
for the separate study of the bulk and surface populations
in this system. We have been able to reduce the one-body
rate by an order of magnitude, and have been able to
measure several important parameters of the bulk-surface
system. Future surface work, including the observation
of surface spin waves or of the Kosterlitz-Thouless transi-
tion,* should be possible if another order of magnitude
reduction can be achieved in the one-body rate.
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FIG. 3. A schematic of the apparatus is shown below the lev-
el of the mixing chamber of the dilution refrigerator.



