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3He spin diffusion measurements for 3He-*He mixture films on Nuclepore are reported as a function
of 3He coverage for 0.030 = 7 = 0.070 K. We report measurements for a constant “He coverage of
5.0 bulk density atomic layers, with *He coverages between 0.10 and 0.98 layers. We find that the *He
spin diffusion coefficient, as measured by Hahn spin echoes, has an unexplained maximum as a function
of 3He coverage and that the temperature dependence is somewhat weaker than predicted. Comparison
measurements are presented for the NMR relaxation times 7, and 7T, and the magnetization over the

same ‘He coverage range.
PACS numbers: 67.57.Lm, 67.60.—g, 67.70.+n

Helium adsorbs uniformly to most substances, and at
low temperatures, for 4He films thicker than a few atomic
layers, the helium is a superfluid. When atoms of *He are
added to this system at low temperatures, they reside on
the free surface of the *He film, which is an almost ideal
two-dimensional environment. The study of such a mix-
ture film system provides great insight into the physics of
uncharged Fermi particles in two dimensions. NMR is a
remarkably effective tool for the study of the *He in such
3He-*He mixture films. Previous work [1] has established
that for 7 = 250 mK submonolayer amounts of *He ad-
sorbed to a “He film reside in a ground state on the free
surface of the *He film and behave as a two-dimensional
Fermi gas [2,3]. An increase in the amount of 3He in the
film causes an increase in the Fermi temperature and an
increase in the interactions among the *He, but at low
enough temperatures the system remains a well-behaved
two-dimensional degenerate Fermi gas. Excited states for
the 3He also exist in the “He film and these can be popu-
lated by an increase in the temperature or by an increase
in the 3He coverage [4,5]. The motion of the ground-state
3He atoms in the plane of the “He film also shows inter-
esting behavior. Measurements of the *He spin diffusion
have shown evidence of localization for small amounts of
3He on very thin “He films. To observe this localization,
the “He film thickness on which the 3He resides was var-
ied. As the “He film thickness is increased from 2 to 3
atomic layers, a sharp rise is observed in the diffusion co-
efficient, D, indicating the delocalization of the 3He atoms
with increasing “He film thickness [6—9]. For “He cov-
erages above 4 atomic layers D depends weakly on “He
coverage. As a complement to this earlier work we have
measured and report here the *He spin diffusion coefficient
as the *He coverage is increased for fixed *He coverage.
Such changes in *He coverage cause the *He-*He interac-
tions to increase, and this is expected to influence the spin
diffusion. We employ a “He coverage of 5.0 bulk-density
layers, thick enough to be a superfluid [10] and well above
the “He coverage range [7,9] at which localization of the
3He is observed.
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We used pulsed NMR techniques at 62.9 MHzina2 T
field to make measurements of the longitudinal spin relaxa-
tion time, T, the transverse spin relaxation time, 75, the
magnetization, M, and the spin diffusion coefficient, D, of
the 3He atoms that are adsorbed on the “He film. In this
Letter we concentrate on the spin diffusion measurements,
but we also report data for the behavior of 7', 7>, and the
magnetization for comparison. To determine the diffusion
coefficient, Hahn spin echos [11] were measured in a linear
gradient field (0 < G < 10 Gem™!). Fits to the pulse
echo heights E as a function of G provide us with the
transverse diffusion coefficient D by use of

E(r,G) = My exp|:—2—T ~ 2 yZDG2T3] (1)

T, 3

where My is the magnetization, y is the gyromagnetic

ratio, and 7 is the time between 77 /2 and 7 pulses. The

pulse echo height is measured for several values of 7 and

G, and the slopes of In(E) vs 7 are determined for each

value G. The resulting slopes’ linear dependence on G2
are used to determine D.

The helium films are adsorbed onto a Nuclepore [12]
substrate, a polycarbonate sheet 10 um thick perfo-
rated with 2000 A diameter pores at a density of ~3 X
10® porescm™2. For the coverages used in this work,
helium does not capillary condense on this substrate [13],
ensuring a two-dimensional substrate for the *He. Since
the 3He diffusion during a Hahn spin echo pulse sequence
may involve transit distances on the order of um, this
Nuclepore surface hinders the diffusion as the *He atoms
move along and among the pores. The measured diffusion
coefficient D is therefore proportional to the diffusion
coefficient D that would be expected were it not for the
tortuosity of the substrate. The proportionality constant
due to this tortuosity for Nuclepore was determined theo-
retically [14] to be ¢ = 16 and was previously measured
macroscopically by third sound techniques by Smith et al.
[15] and found to be ¢ = 14. For Hahn spin echos in this
context, it is estimated [7] that for the finite diffusion dis-
tances encountered here gegrective = 0.8¢p = ¢,; thus, for

© 2000 The American Physical Society



VOLUME 85, NUMBER 7

PHYSICAL REVIEW LETTERS

14 Aucust 2000

our purposes D = ¢.D. All of the data to be presented
here is for the measured diffusion coefficient D.

The experimental cell [16] used for these measurements
is the same as that used in references [2—5]. It has a
volume of 52 ¢cm? and a total surface area of 1.77 cm?. The
substrate for the NMR measurements consists of a stack of
393 Nuclepore disks inside the NMR coil. The disks are
oriented with the plane of the face of the disks parallel
to the polarizing and gradient fields but perpendicular to
the NMR REF field; the normal to the plane of the disks
is parallel to the NMR RF field. The cell is mounted to
the mixing chamber of a dilution refrigerator with each
Nuclepore disk in radial compression contact with a copper
post inside the sample cell [16].

Measured amounts of *He and “He gas at room tempera-
ture were added to the sample chamber at 7 = 150 mK
to form the films under study. Beginning with 5.0 layers
of “He we made incremental additions of *He beginning
with 0.1 layer of *He. Following each addition of *He, the
sample was annealed at 7 = 500 mK to ensure mixing.
The various measurements were then made as a function
of temperature, after which the next increment of *He was
added to the cell. By our definition, a coverage of one
atomic layer corresponds to the number of atoms neces-
sary to cover the entire surface area with one monolayer
at bulk-liquid density. One layer corresponds to 0.064 *He
atoms A™2 or 0.077 “He atoms A~2. Of course, the first
“He monolayer adsorbed achieves a density significantly
higher than the bulk density.

At a coverage of 5.0 bulk-density layers of “He we made
incremental additions of *He from 0.10 layers up to 0.98
layers and studied D at several temperatures. Here to fo-
cus the discussion we confine attention to the data for 7 <
100 mK. Data for several fixed temperatures as a func-
tion of 3He coverage reveal significant coverage-dependent
structure which sharpens with decreasing temperature as
shown in Fig. 1. At a 3He coverage of 0.1 layers, our
present data is generally consistent with earlier data [6—9].
As the He coverage is increased, D increases with cov-
erage at low coverage; then it plateaus until the coverage
reaches ~0.6 layers. The increase in D with coverage at
low coverages is especially strong for the lowest tempera-
tures studied. This increase is surprising and we do not
understand it. One might expect that as the *He coverage
is increased interactions and scattering would increase and
this would lead to a reduction in the diffusion coefficient.
On the other hand, an increase in >He coverage raises Tr
and decreases the population available for scattering at a
given temperature, which tends to increase D.

A careful theoretical analysis of the spin diffusion of a
Fermi liquid in two dimensions has been carried out by
Miyake and Mullin [17] with the result that for our experi-
mental conditions

D = (h/2m7*m*) (1 + F}) (Tr/T)*
X C(A)/[(F§)* In(T/T)], )
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FIG. 1. The diffusion coefficient D versus *He coverage in

bulk-density atomic layers. Temperatures are indicated in the
upper right in mK. The lines connecting the symbols are guides
to the eye. The dashed curves are theoretical predictions based
on Eq. (2) and adjusted for the tortuosity by use of ¢, = 12.

where F (’)4 is a Fermi liquid parameter, & is Planck’s con-
stant, C(A—) is a numerical factor between 3/4 and 1, and
the effective mass is given by m* = my,(1 + F 5 /2) with
mj, the hydrodynamic mass. For the conditions of our ex-
periment we expect C(A—) = 3/4. Equation (2) allows us
to predict the coverage and temperature dependence of D.
An evaluation of Eq. (2) for D as a function of *He cover-
age requires data for F & and F;. Using recent results for
F} for *He-*He mixture films on graphite [5] and on Nu-
clepore [18], and results for M ~ (1 + F}/2)/(1 + F{)
on Nuclepore to determine F as a function of *He cover-
age, Eq. (2) predicts D to be a decreasing function of *He
coverage over the coverage range studied here. We observe
D to increase with coverage at low coverages, which re-
mains unexplained. For D3 > 0.3 layers, the magnitude of
D is reasonably close to the predicted values. For example,
the two dashed curves shown on Fig. 1 represent Eq. (2)
for 0.2 = D3 = 0.6 layers, with C(A_) = 3/4 and tortu-
osity ¢, = 12 for the two cases T = 30 mK and 70 mK.

Concurrent measurements of the NMR’s T; and T, and
the magnetization (Fig. 2) show that the relaxation times
have weak coverage dependence for 0.1 < D3 < 0.6 lay-
ers. As the *He coverage is increased, promotion to the
first excited state takes place as evidenced by the step in
the magnetization [4] in the vicinity of 0.65 3He layers.
The NMR’s T} and T, also show some structure in the
vicinity of the step in the magnetization as shown in Fig. 2.
The strong decrease in the diffusion coefficient in the vicin-
ity of promotion of 3He to the first excited state is no
doubt related to the population of this excited state. With
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FIG. 2. The NMR T, (circles), T, (triangles), and magne-
tization M/Mypipg (solid squares) versus *He coverage for
T = 30 mK, where M,pirg is the magnetization of an ideal
two-dimensional Fermi gas. The solid line and dashed lines con-
necting the data points are guides to the eye. No low-coverage
structure reminiscent of that seen in D is present in these quan-
tities. The decrease in D near 0.65 3He layers appears related
to the occupation of the first *He excited state as evidenced by
the step [4] in the magnetization.

such promotion some of the *He are believed to be deeper
within the “He film [19] and this perhaps presents a more
constrained environment leading to more scattering and an
enhanced reduction of the diffusion coefficient. *He cov-
erages above 0.8 layer show a nearly constant diffusion
coefficient.

D exhibits a modest evolution in temperature depen-
dence with *He coverage (Fig. 3), but the observed tempera-
ture dependence is somewhat weaker than that predicted
by Miyake and Mullin [17] for a weakly polarized two-
dimensional degenerate Fermi gas: D o« 1/[T*In(Tr/T)].
The data shown in Fig. 3 are below the degeneracy tem-
perature and show a decreasing diffusion coefficient with
increasing temperature, consistent with earlier work, but
the data are not fully consistent with the temperature de-
pendence predicted by theory. For low 3He coverages on
similar *He films, Sprague et al. [6,7] also observed a
spin diffusion coefficient with a temperature dependence
weaker that T~2. The solid line in Fig. 3 has the tem-
perature dependence D ~ A/[T*In(Tx/T)] and is shown
with an arbitrary choice for the coefficient A. Although
the temperature range is relatively narrow for meaningful
power law fits, fits to the data at different *He coverages
of the form D « T~7 were carried out to characterize the
data, and two representative fits are shown in the figure
by dashed lines. The results for the exponent p are shown
in the lower inset as a function of the *He coverage. It
is observed that p ~ 1.3, with p weakly decreasing with
increasing *He coverage.

In summary, we have observed a significant and not
fully understood peak in the diffusion coefficient as a func-
tion of submonolayer *He coverage for degenerate two-
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FIG. 3. The diffusion coefficient In(D) versus In(7"). Coverage
values in bulk-density *He atomic layers are indicated in the
inset at the upper right. The solid line has the temperature
dependence of Eq. (2). The dashed lines are fits to the data
of the form D ~ T77 for two representative cases, D3 = 0.56
(upper) and 0.88 (lower) layers. The inset at the lower left shows
the exponent p as a function of *He coverage.

dimensional *He films that reside on a *He film at low
temperatures. Otherwise, the measured diffusion coeffi-
cient is in reasonable accord with theoretical predictions,
although the variation of D as a function of temperature is
somewhat weaker than expected for the full range of *He
coverages studied here.
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