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Effects of *He impurities on the mass decoupling of “He films
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We performed quartz crystal microbalance experiments using a 5-MHz AT-cut crystal for superfluid “He
films on exfoliated graphite (Grafoil) containing up to 0.40 atom/nm? *He. We found that the mass decoupling
of “He solid layers from the oscillating substrate is considerably sensitive, even with small amounts of *He.
For a “He film of 29.3 atoms/nm?, we observed a small drop in resonant frequency at a T3 of ~0.4 K for a
low oscillation amplitude, which is attributed to the sticking of *He atoms at the “He solid layer. For higher
amplitudes, the “He solid layer shows a reentrant mass decoupling at T close to 73. This decoupling can be
explained by the suppression of the superfluid counterflow owing to the adsorption of the *He atoms on edge
dislocations. As the “He areal density increases, T shifts to a lower temperature and disappears around the *He

film of 39.0 atoms,/nm?.

DOLI: 10.1103/PhysRevB.102.104104

I. INTRODUCTION

It is well established that the surface of graphite is atomi-
cally flat and the helium film on graphite grows layer by layer
to a film that is more than five atoms thick [1,2]. Because of
the quantum nature of helium and its ideal two-dimensional
system, helium film on graphite has attracted the attention
of many researchers as a model system, with its adsorbed
structure [1,3,4], magnetism [5,6], and superfluidity [2,7] all
having been extensively studied both experimentally and the-
oretically.

Recently, the nanofriction, or mass decoupling from os-
cillation, of films has been widely discussed [8]. Several
metal substrate films exhibit partial mass decoupling [9].
Studies have also been conducted on films during the pinning-
depinning transition in which a critical driving force is applied
to an oscillating substrate [10].

In response to the study on nanofriction, we began to study
the mass decoupling of helium films on graphite using a quartz
crystal microbalance (QCM) technique. To date, we have re-
ported the following observations [11-14]:

(a) During high oscillation amplitudes, the solid layers
above two-atom-thick films were found to undergo partial
mass decoupling below a certain temperature 7.

(b) This decoupling resulted in a low-frictional metastable
state when overlaid with normal fluid. After a reduction in
amplitude, the solid layer remained in a low-frictional state
within a finite lifetime.

(c) For a superfluid overlayer, the mass decoupling was
found to vanish rapidly at 7, below 7.

(d) The mass decoupling behavior was similar for the *He
films up to five atoms thick without an abrupt suppression due
to the superfluid.
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The film inhomogeneity plays an important role in this
decoupling process. We proposed the following scenario [13],
with the knowledge that the edge dislocation motion in the
solid layer is responsible for mass transport: mass decoupling
occurs when the edge dislocation overcomes the potential
barriers (i.e., Peierls potential). This explains the external
force threshold for mass decoupling and the low-frictional
metastable state. The sudden disappearance of this feature be-
low Tp can be explained by the cancellation of mass transport
owing to the counterflow of the superfluid overlayer.

As the mass decoupling of helium films has shown various
behaviors, in this study, we limit ourselves to examining the
*He impurity effects of the “He films on exfoliated graphite
(Grafoil) under a superfluid overlayer using a MHz-range
AT-cut crystal. After a brief explanation of the experimental
procedure in Sec. II, we present the *He areal density de-
pendence in Sec. III A for a four-atom-thick film at various
oscillation amplitudes. By adding a small amount of *He
to the film, we found that the mass decoupling reappears
at a certain temperature (7;) below Tp, especially at higher
amplitudes. In Sec. Il B, we reveal the “He areal density
dependence on 3He. Here, Tr was found to decrease with
increasing *He areal density before disappearing. In addition
to these observations, we discuss a possible mechanism for
the reentrant mass decoupling at T.

II. EXPERIMENTAL PROCEDURE

The QCM technique was used with an AT-cut crystal to
measure the mass decoupling of the films. For this QCM
technique, the mass coupled to the oscillating substrate is
obtained from the change in resonant frequency, A f, as

Af m
== (1
f M
where m is the coupled mass of the film, M is the oscillating
mass of the crystal, and f is the resonant frequency [15].
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When the film is decoupled from the oscillation, the coupled
mass decreases with an increase in resonant frequency.

For these experiments, the resonator consisted of a 5.0-
MHz AT-cut crystal. The crystal was commercially sourced,
with no additional treatment applied to the Ag electrode. The
Grafoil was first baked in a vacuum at 900°C for 3 h, with a
300-nm Ag film subsequently deposited onto its surface. The
AT-cut crystal and Ag-plated Grafoil were pressed together
before heating in a vacuum at 350°C for 2 h. The Grafoil was
then bonded to both sides of the Ag electrode. After bonding,
any excess Grafoil was removed to increase the Q value of the
crystal. For good thermal contact, the crystal was fixed to the
metal holder using an electrically conductive adhesive. After
this, the Q value was better than 10* when the areal density
of Grafoil was 7.30 g/m?. Following the heat treatment at
130°C for 5 h under a pressure of 2 x 107° Pa, the crystal
was mounted onto a sample cell. Here, the mass loading for
the “He layers was found to be 3.8 Hz - atoms™' - nm?.

A transmission circuit was used to measure the resonant
frequency. In this circuit, the crystal was placed directly across
a series of coaxial lines connected to a 50-€2 continuous-wave
signal generator and radio-frequency lock-in amplifier. The
frequency of the signal generator was controlled with the
resonant frequency locked to maintain the in-phase output at
0. The quadrature output at this frequency is the amplitude of
resonance.

In these experiments, the *He areal density only reached
0.4 atom/nm?, which corresponds to an areal density of 5%
for one atomic layer of “He.

III. RESULTS AND DISCUSSION

A. 3He areal density dependence

For the temperature sweep experiments, we used *He films
approximately four atoms thick under various oscillation am-
plitudes through a change in the *He areal density (run A).

Figure 1 shows the variation in resonant frequency for “He
films with 29.3 atoms/nm? and various *He areal densities. It
can be seen that the film overlayers undergo superfluidity at
low temperatures. All data points were taken during the cool-
ing process, with the oscillation amplitude fixed at 0.018 nm.
Here, the onset of superfluidity for the pure “He film was
clearly observed at a T¢ of 0.80 K, although it is difficult
to observe in Fig. 1. As the *He areal density increased, T¢
was found to decrease gradually. For the *He film containing
0.30 atom/nm2 He, Tc is seen to shift down to 0.75 K. With
additional doses of *He, a small drop in the resonant frequency
was found to occur at 73 below T¢. This drop became more
evident as the *He areal density increased. In contrast, T3 does
not appear to depend too strongly on the *He areal density,
particularly above 0.1 atom/nm?.

In the inset in Fig. 1, we compare the variation in resonant
frequency and Q value between the pure “He film and the “He
film containing 0.20 atom/nm? *He. For the pure “He film, the
onset of superfluidity occurred at a 7 of 0.80 K, in addition
to a small increase in A(1/Q). After adding 0.20 atom/nm?
*He, T was found to shift slightly downward to 0.76 K.
The resonant frequency decreased at a 73 of 0.41 K from
the extrapolated curve at higher temperatures. The differences
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FIG. 1. Variation in resonant frequency of a 29.3 atoms/nm? “He
film at a 0.018-nm amplitude for various *He areal densities. Arrows
indicate the superfluid onset temperature T¢ and the *He adsorption
temperature 73. Data are shifted vertically. Inset: Comparison of the
resonant frequency and Q value between the pure “He film and the
“He film containing 0.20 atom/nm? ‘He (run A).

are shown to increase gradually, particularly at the lowest
attainable temperature of 0.1 K, where it then becomes 1.5 Hz.
Unfortunately, an anomaly in A(1/Q) was not accurately
observed at T5.

It is natural that the observed drop below T3 is connected
to the addition in *He. The mass loading of He is estimated
to be 2.9 Hz - atoms™! - nm? based on that of “He. The drop
of 1.5 Hz at a low temperature corresponds to 0.5 atom/nm?>
loading in *He. This value is approximately double that of the
SHe dopant. We therefore concluded that the drop below T3
is caused by the sticking behavior of the *He atoms on the
“He solid layer, as well as through the prevention of “He atom
decoupling. Moreover, we found that 73 is independent of the
*He areal density above 0.1 atom/nm?, suggesting that the
number of atomic adsorption sites for *He is approximately
0.1 nm~2.

It is established that for He - *He solids, *He atoms are
trapped on dislocation cores with an adsorption potential of
0.7 K [16]. One potential adsorption site on the *He solid
layers is also from the edge dislocations. Because of the
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FIG. 2. (a) Variation in resonant frequency of a 29.3
atoms/nm? *He film containing 0.20 atom/nm? *He for various
oscillation amplitudes (run A). Arrows indicate the decoupling
temperature 7y, the sticking temperature 7p, and the reentrant
decoupling temperature Tz. Data are shifted vertically. Inset:
Variation in resonant frequency of pure *He film at 29.3 atoms/nm?
during the cooling process. (b) Variation in A(1/Q) for various
oscillation amplitudes.

adsorption potential of graphite, the first atomic layer is ap-
proximately 20% denser than the second [1]. From the density
difference between the solid layers, it is natural to assume that
the second atomic layer consists of commensurate domains
separated by domain walls. With domain walls almost char-
acteristic of edge dislocations [13], we refer to these as edge
dislocations.

Here, it should be noted that the thickness of the fluid
overlayer is at most only one atomic layer, and thus, *He
atoms may not be floated on the free surface, in contrast to
bulk liquid “He [17].

Figure 2(a) shows the amplitude dependence of the *He
film containing 0.20 atom/nm? 3He. The data points de-
noted by filled circles were taken during the cooling process,

whereas those denoted by short-dashed lines were from the
warming process. As shown in Fig. 1, for an amplitude of
0.018 nm, the onset of superfluidity and a drop in frequency
were observed at a Tc of 0.76 K and a 75 of 0.41 K. As the
amplitude increased to 0.056 nm, no drop in frequency at
0.41 K occurred.

For amplitudes of 0.18, 0.25, and 0.56 nm, the resonant fre-
quency is shown to increase clearly at Ty, before terminating
abruptly at Tp. As shown in the inset in Fig. 1, this behavior
is also observed for the pure “He film and attributed to the
decoupling and sticking behavior of the “He solid layer.

Through the addition of small amounts of 3He, we see a
new phenomenon appear. Below Tp, the resonant frequency
is shown to increase at a certain temperature, Tk, suggesting
that the *He solid layer undergoes decoupling. We found the
reentrant mass decoupling temperature, Tz, close to Tz, i.e.,
the temperature at which the *He atoms are trapped at an
adsorption site on the “He solid layer. For an amplitude of
0.56 nm, Tp and Tk disappear, causing the *He solid layer to
decouple at a lower temperature.

Figure 2(b) shows the variation in A(1/Q). As shown
in Fig. 1, for an amplitude of 0.018 nm, A(1/Q) increased
slightly below a Tx of 0.76 K. As the amplitude increased
to 0.25 nm, the slight increase in A(1/Q) remained. This
indicates that the heating of QCM does not significantly affect
the observed results.

To determine the *He areal density dependence of T, Tp,
and T, we performed a series of temperature sweep experi-
ments at an amplitude of 0.25 nm. Figure 3 shows the resulting
variations in resonant frequency. All data points were taken
during the warming process. When 0.05 atom/nm? *He was
added, the decoupling and sticking behaviors were found to
drastically change compared with those of the pure *He film.
The Ty also decreased to 0.69 K in comparison with that of
the pure “He film at 0.74 K, whereas the 7, did not change
significantly at 0.50 K. As the temperature decreased, the res-
onant frequency was found to increase gradually below 0.4 K.
This was then shown to rise at a Tz of 0.33 K. With a further
decrease in temperature to 0.2 K, the resonant frequency was
then found to decrease. Above 0.10 atom/nm? *He, a sharp
increase in frequency at T became apparent. The *He areal
density increased with an increase in the 7¢. No change was
observed for the Tp.

The inset in Fig. 3 shows a phase diagram, divided into four
regions, characterized by decoupling and sticking behaviors.
At high temperatures, the “He solid layer tends to stick to the
oscillating substrate (stick I). As the temperature decreases,
this layer undergoes decoupling below Ty (slip I), where it
sticks suddenly at Tp (stick II), regardless of whether the film
contains JHe. Through the addition of 3He, the reentrant mass
decoupling appears below Tk (slip II).

When discussing the potential mechanisms of reentrant
mass decoupling, it should be noted that both 7p and Ty appear
whenever the film overlayer becomes a superfluid. For the
pure “He film, sticking at the 7}, is caused by the cancellation
of mass transport owing to the counterflow of the superfluid
overlayer [13].

To further develop this scenario, we can elucidate the
reentrant behavior of mass decoupling. A schematic of the
3He-*He mixture films is shown in Fig. 4. Because the *He
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FIG. 3. Variations in the resonant frequency of a 29.3
atoms/nm? *He film at a 0.25-nm amplitude for various *He areal
densities. Arrows indicate the decoupling temperature Ty, the stick-
ing temperature 7p, and the reentrant decoupling temperature 7.
Data are shifted vertically. Inset: Phase diagram of decoupling and
sticking behaviors. Here, T, Tp, and Ty are input from Fig. 3,
whereas T¢ is input from Fig. 1 (run A).

atoms are spread over the entire fluid overlayer at high tem-
peratures, the “He solid layer can decouple at 75 and then
stick at Tp, similarly to that of the pure *He film [Figs. 4(a)
and 4(b)]. As mentioned previously, sticking at 7, means that
the superfluid transport between the edge dislocations cancels
the mass transport owing to the dislocation motion. As the
temperature decreases, the 3He atoms start to adsorb on the
edge dislocation at 73, which prevents the exchange between
liquid and solid “He atoms [Fig. 4(c)], causing the superfluid
transport to cease. The *He solid layer undergoes decoupling
at Tg.

B. “He areal density dependence

To determine the dependence of the *He areal density, we
conducted temperature sweep experiments for a fixed number
of 3He atoms through a change in the “He areal density (run
B). Figure 5 shows the variation in resonant frequency for
several “He areal densities containing 0.20 atom/nm? *He.
The oscillation amplitude was fixed at 0.18 and 0.018 nm
during the temperature sweep.

At an amplitude of 0.18 nm, all data points were taken dur-
ing the warming process. For a *He film of 28.5 atoms/nm?,
the resonant frequency was found to increase at a Ty of 0.64 K,
which is attributed to the mass decoupling of the “He solid
layer. For a “He film of 29.0 atoms/nm?, the mass decoupling

3He
. O O
(a)slip I = Q0000 2nd atomic layer
Ist atomic layer
edge dislocation
counterflow

. @)
bkl Saeamacae0
(c)slipIT 3955§= 00000

FIG. 4. Schematic of the *He-*He mixture films. The position of
the edge dislocation is represented by the T symbol. (a) Slip I. The
second solid layer undergoes decoupling from the first solid layer
owing to the motion of edge dislocations. (b) Stick II. When the film
overlayer becomes superfluid, *He atoms dissolve in the overlayer at
the densified region, while they condense to the second solid layer
in the rarefied region. Between the pair regions, the supercurrent
transports “He atoms. This process cancels the mass transport owing
to the dislocation motion. (c) Slip II. The exchange between liquid
and solid *He atoms is prevented by the adsorption of *He atoms.

was seen to terminate abruptly at a Tp of 0.52 K, whereas a
reentrant mass decoupling occurred at a T of 0.39 K, which
is similar to the behavior shown in Figs. 2 and 3. As the *He
areal density increased, the mass decoupling connected to the
Ts was found to disappear, whereas that of the Tz remained.
With a further increase in the “He areal density, the Tz was
found to shift to a lower temperature before disappearing at
approximately 39.0 atoms/nm?> “He.

At an amplitude of 0.018 nm, all data points were taken
during the cooling process. For a “He film of 28.5 atoms/nm?,
it was difficult to determine the 73 accurately. The T3
was, however, observed at 0.40 K for a “He film of
29.0 atoms/nm>. As the *He areal density increased, the T3
was found to shift to lower temperatures. Above a “He film
of 35.0 atoms/nmz, the 73 was also difficult to distinguish.
However, it should be noted that 73 shares a “He areal density
dependence similar to that of Tk, although 75 has a lim-
ited range. Nonetheless, the onset of superfluidity was also
observed for all areal densities measured. As the “He areal
density increased, the 7¢ was found to move to a higher
temperature, reaching 1.23 K at a *He film of 39.0 atoms/nm?.

Figure 6 shows the phase diagram of the sticking and de-
coupling behaviors for a *He areal density of 0.20 atom/nm?.
Here, Ty, Tp, and Tz were obtained from an amplitude of
0.18 nm, whereas the amplitudes at 7¢ and 753 were measured
as 0.018 nm. In contrast to Fig. 3, both regions in sticks
I and II and those in slips I and II connect continuously.
As previously mentioned, 73 is adjacent to 7. This strongly
supports the notion that the adsorption of *He atoms on the
edge dislocations causes reentrant mass decoupling.

Moreover, the disappearance of Tk at a high “He areal den-
sity may be explained by the competitive adsorption process
between the edge dislocation and the free surface. For bulk
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FIG. 5. Variation in resonant frequency at amplitudes of
(a) 0.18 nm and (b) 0.018 nm for various “He areal densities con-
taining 0.20 atom/nm? *He. Tk. Data are shifted vertically (run B).

liquid *He, it is well established that *He atoms are bound to
the free surface at low temperatures [17]. The binding energy
primarily originates from the difference in the zero-point en-
ergy between the bulk liquid “He and that on the free surface.
Thus, we propose that, in the case of atomic-thin overlayers,
3He atoms would be located on the “*He solid layer because of
the lack of advantage of zero-point energy on the free surface.
When the “He areal density increases, i.e., the overlayer be-
comes thick, the *He atoms tend to move to the free surface,
where the adsorption of *He atoms no longer occurs.

C. Calculation models for *He adsorption

We discuss the *He areal density dependence on T using a
simple adsorption model. When building this model, we refer
to the previous experiments undertaken on a *He-*He mixture
thin film [18,19].

Saunders and coworkers conducted heat capacity experi-
ments on *He above a He areal density of 0.4 atom/nm?>
in “He films of 33.5 atoms/nm? on Grafoil. They reported

1‘5 T T 1 T T T T T T T T T T T
3 i four-atom i five-atom 1
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4He ( atoms/nm? )

FIG. 6. Phase diagram for the sticking and decoupling behaviors
of 0.20 atom/nm?3He. Here, Ty, Tp, and T; were taken at 0.18-
nm amplitude. Both 7¢ and 75 were derived from an amplitude of
0.018 nm.

that the *He atoms in the *He thin films behave as a two-
dimensional (2D) Fermi gas [18]. Hallock and coworkers
carried out nuclear magnetic resonance experiments using a
0.1 monolayer of *He in *He thin films on a Nuclepore [19].
They reported that certain parts of the *He atoms are immobile
below a critical “He areal density. As the *He areal density
increased, the *He atoms were found to experience a mobility
edge.

The present observations are similar to those of Hallock
and coworkers, in that a small number of *He atoms local-
ized in the *He thin films were found to vanish at a certain
“He areal density. Sanders and coworkers concluded that the
He atoms in a *He thin film did not adsorb on Grafoil. We
postulate, however, that there is a slight possibility that a
small number of *He atoms do adsorb, as the heat capacity
is normally independent of the areal density for a 2D Fermi
gas.

Because of these considerations, we consider the following
model in which the *He overlayer atoms behave as a 2D Fermi
gas, leading to the hydrodynamic effective mass m3. A surface
binding state also exists with an adsorption site density N, and
binding energy &,, measured from the 2D Fermi gas. In this
model, the adsorption density » is denoted

A ) 2 2nk dk

oo
N“] + e—B(—ea—p) * (27)? /0 ePle—n) 1’ 2

n—=

where 8 = 1/kgT is the inverse temperature, ¢ = /i’k? /2m}
is the kinetic energy of the Fermi gas, and w is the chemical
potential determined from the *He areal density.

Here, we adopt m3/m3 as 1.5 from the heat capacity ex-
periments for “He films at 33.5 atoms/nm? [18], although the
m3 values in thinner “He films are still unknown. The inset
in Fig. 7 shows a typical calculation of n as a function of
temperature for several *He areal densities with m%/m; = 1.5,
N, = 0.06 sites/nm?, and &, = 1.268 K. Here, parameters
were chosen where n = 0.05 atom/nm? at 0.43 K for *He
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FIG. 7. Comparative graph between the calculation model and
Ts. Open and filled circles denote 73 in Fig. 1 and 7 in Fig. 3,
respectively. The “He areal density was set at 29.3 atoms/nm?. Each
line represents the temperature at which n equals 0.05 atom/nm?. For
the calculation model, the parameters were chosen as 0.43 K when
n = 0.20 atom/nm?.

of 0.20 atom/nm?. For comparison, we plotted the curve for
m3/m3 = 10 at 0.20 atom,/nm?.

As shown in the inset, n increases gradually at high temper-
atures before becoming almost equal to N,. As the *He areal
density increases, n is seen to shift to a higher temperature.
Although it is not clear which value of n corresponds to T3,
it is assumed that nc = 0.05 atom/nm? at T3. We plotted the
temperature at nc as a function of the *He areal density in
Fig. 7. It was found that the calculated lines have a stronger
dependence than the observed ones on the *He areal density.
This behavior is independent of the parameters N,, &,, and n¢.
We therefore conclude that this simple model does not fully
describe the dependence of 73 on the *He areal density.

As shown in Fig. 7, when we selected m3/m3 = 10, we
found n to vary rapidly within a small temperature range,
i.e., when the number density just above the surface binding
energy is sufficiently large for 73 not to depend strongly on
the *He areal density. This suggests that the *He atoms in
extremely thin overlayers are almost localized on the Grafoil.
It has been reported that m} is enhanced with a decrease in the
“He areal density for the Nuclepore [19]. Furthermore, when
an attractive interaction between the adsorption sites exists, n
is shown to vary more rapidly. Further studies are required to
determine this behavior.

For thicker overlayers, 73 could not be determined clearly
above a *He film of 33.0 atoms/nm>. However, it is natural
to assume that 73 is almost equal to T, meaning that 75 tends
to be 0 at a *He film of approximately 39.0 atoms/nm>. As
mentioned in Sec. III B, the *He atoms are bound to the free
surface of the bulk liquid “He [17]. Here, the binding energy
es was found to be 2.22 4+ 0.03 K. This means that &, is
smaller than gg.

IV. SUMMARY

In this study, we used a QCM technique with a 5-MHz
AT-cut crystal to determine the mass-decoupling behavior of
the *He-*He mixture films on Grafoil. In a four-atom-thick
“He film of 29.3 atoms/nm?, we observed the following be-
haviors: (a) For a low, 0.018-nm, amplitude, a slight decrease
in resonant frequency occurs at 73. (b) For a high, 0.25-nm,
amplitude, mass decoupling at Ty and sticking at 7p were
observed to be the same as those for the pure “He films. In
addition to 75 and Tp, reentrant mass decoupling was found
to occur at a Tz adjacent to the 73. Here, it was found that
both T3 and T are independent of the He areal density above
0.1 atom/nm? at ~0.4 K.

From our previous studies on pure “He films, we proposed
the following scenario: the mass decoupling below T results
from the motion of edge dislocations between the first and
the second solid layers. The mass sticking at Tp is caused
by the cancellation of mass transport owing to the counterflow
of the superfluid overlayer [13]. As an extension of this sce-
nario, the observed behaviors can be explained as follows. *He
atoms, which are mobile at high temperatures, are localized on
edge dislocations at 73. These *He atoms prevent the exchange
between liquid and solid “He atoms, and the reentrant mass
decoupling occurs after the superfluid counterflow ceases.

By changing the “He areal density to 0.2 atom/nm? *He,
we found that Ty decreases with increasing “He areal density
and disappears above a “He film of 29.0 atoms/nm?”. This
behavior can be explained by competitive adsorption between
the edge dislocation and the free surface.

These observations naturally suggest a model that the *He
atoms adsorb on the “He solid layer. However, this model does
not explain the weak *He areal density dependence on T us-
ing the hydrodynamic effective mass of *He in the overlayer.
Further studies are required to study this behavior.
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