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The average liquid-vapor density profiles {p(z)) of thick *He films adsorbed onto a silicon substrate
were measured using x-ray reflectivity. The results are well represented by a 90%-10% interfacial width
of 9.2+ 1 A at 1.13 K which extrapolates to a 7 =0 K, 90%-10% interfacial width of 7.6*3 A. The sen-
sitivity of the measurement to the width, shape, and asymmetry of the density profile is discussed.

PACS numbers: 67.70.+n, 61.25.Bi, 68.15.+¢

Structural characterization of the *He liquid-vapor in-
terface is essential to the understanding of basic features
of quantum fluids [1], as well as to the understanding of
layers of *He on “He [2], electrons on liquid “He [3], and
spin-polarized atomic hydrogen with *He-coated con-
fining walls [4]. While there have been many theoretical
predictions for the *He liquid-vapor profile [5-11], the
experimental determination of this profile remains incom-
plete. Atomic scattering experiments, for example, are
sensitive to the vapor-side tail of the profile but not to its
inner, higher-density region [12]. Ellipsometry is sensi-
tive to the width, but not the shape of the profile [13]. By
contrast, x-ray specular reflectivity provides angstrom-
level resolution of the interfacial electron density profile
[14]. In this Letter we report such measurements on the
free surface of superfluid *He. We have not only deter-
mined the width, but also the surface profile of helium
films adsorbed onto a silicon substrate, over a range of
temperatures and film thicknesses.

For x rays of wavelength A~1 A the specular reflec-
tivity from an arbitrary interface between vapor and a
bulk material of electron density p. can be calculated us-
ing the first Born approximation whenever the grazing
angle of incidence 82 56,. Here 0, =[pwr.d?/xl"? is the
critical angle for total external reflection, with 7, the clas-
sical electron radius, A the wavelength of the incident ra-
diation, and p the electron density of the bulk material.
Defining g=4nsin(8)/A and Rr(q) as the Fresnel

um and the same bulk material, the reflectivity is given
by the relation R(g) =Rr(gq)|S(¢g)|% Here the structure
factor of the interface is given by

S@ =—— [_dtp()/dz)expligs) dz M

where (p(z)) is the electron density at position z along
the surface normal averaged over the x-y coherence area
of the incident x-ray beam in the plane of the surface
[15,16]. For q <5q., the above expression for R(g) is
not accurate, and a full dynamical formalism must be
employed [17].

Since the reflectivity from a semi-infinite slab of heli-
um scales as pfe, and PHe is small, direct measurement of
R(q) is technically difficult (e.g., Rue/Rwater=10"2).
We employed therefore a geometry in which interference
between x rays reflected from the front and back surfaces
of a film of *He adsorbed onto an atomically flat silicon
wafer was measured. Theoretical models of correlations
between the surface structures of a substrate and an ab-
sorbed film indicate that for thick films the influence of
the substrate on the local properties of the free surface
are negligible [18] and this is supported by room-
temperature studies of organic liquid films [19]. Hence,
we believe that the surface of a thick *He film should ac-
curately resemble that of bulk *He. If the film is
sufficiently thick that the two interfaces can be regarded
as independent, R(g) can be expressed in terms of their

reflectivity from a sharp flat interface between the vacu- | structure factors, Ssi(g) and She(g):

|S(@)|>= |ASSi(q)+BSHe(q)eiqdn|m| 2

=A2|Ssi(q)|*+ B2|She(q) |2+ 2A4B coslgd sim+ d1e(q) — 8si(q) 1| Ssi(g) || She(g)] . )

Here A=1—pue/psi, B =pue/psi, dfim is the thickness of
the film, ¢si(q) and ¢uc(g) are the phases of the complex
Ssi(g) and Sye(gq), and ps; and py. are the mean electron
densities of bulk silicon and liquid helium. The first two
terms represent the reflection of x rays from the Si-liquid
interface and the liquid-vapor interface, respectively.
Since B2=(0.06)? the second term is negligible com-
pared to the first. By contrast, the third term, represent-
ing interference between reflections from the top and bot-
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tom interfaces of the film, is ~13% of the first term with
an oscillating amplitude proportional to |Sue(g)|. Hence
for the interference technique, there is an increase by a
factor of 1/0.06 = 17 in the part of the signal proportion-
al to SHe(q) compared to reflectivity from a surface of
bulk *He. In principle, the interference technique can
also be sensitive to the relative phase difference between
the two structure factors, ¢nc.(g) —osi(q). This would
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enable the determination of the asymmetry of the density
profile of the helium interface when the asymmetry for
the silicon interface is known. This point will be dis-
cussed below.

Measurements were performed at the National Syn-
chrotron Light Source on beam line X-22B, using a
pumped “He cryostat mounted on a horizontal two-circle
diffractometer. A polished, hydrogen-passivated silicon
substrate with the normal to the Si(111) surface horizon-
tal [20,21] was placed inside a sealed cell within the cryo-
stat. Measurements were performed between 1.1 and 3.0
K both on saturated films, where for T <4 K a pool of
bulk liquid condensed at the bottom of the cell, and on
undersaturated films, where for a fixed dose of *He the
thickness of the film depended on the temperature of the
cell. In addition, measurements were made at 20 K on
the dry silicon substrate. In the case of saturated films,
the theoretical dgm varies with height A above the con-
densed “He pool as y(dgim)/diim = —Au=mycgh [22].
Here Ay is the change in chemical potential with respect
to the bulk, my. is the mass of a *He atom, g is the ac-
celeration of gravity, and v is the strength of the van der
Waals interaction. From the period of interference
fringes that were observed for saturated films, e.g., simi-
lar to those shown in Fig. 1, the film thickness was mea-
sured to have a temperature-independent value of 215+ 1
A at h=25%+0.2 cm, which yields y(215 A)=1192
+95 KA3 as compared to the theoretical prediction
1023 K A? of Cheng and Cole [22]. The discrepancy be-
tween the experimental and theoretical numbers is re-
duced when phonon-induced effects, as described by Cole
[23], are included. For an undersaturated film the thick-
ness is determined by the condition y(dgim)/ddim = —Au
=kgT In(Pg,/P), where Ps, is the saturation vapor pres-
sure; however, as the amount of *He in the cell was fixed
in the experiments described here P, and hence dgip, de-
pended only on the cell temperature.

Extraction of the structural information from measure-
ments using the present geometry, in which the *He sur-
face structural information is carried by the envelope of
the interference oscillations, can be complicated by
effects such as partial or nonuniform coverage of the sub-
strate or any uncontrolled loss of phase coherence be-
tween waves reflected from the two interfaces. These
effects can be assessed from data at small g, since for
g— 0, S(g)=1 [e.g., Eq. (1)], independent of small-
length-scale details of the interfacial profiles. Although
for saturated films the amplitude of the interference
fringes was systematically lower than the theoretical
values, for undersaturated films, the fringe amplitude
agreed perfectly with the results predicted from a dynam-
ical treatment of the reflectivity [17]. We suspect that
the source of the missing amplitude for saturated films
can be attributed to the coupling of external vibrations to
macroscopic motions of the condensed puddle of bulk
“He. Above T the thickness of the normal-fluid *He film
was sensitive to incident x-ray flux in excess of 10%

photons/cm?sec (~0.1 puW/cm?) and for the maximum
incident flux of 5%10'"" photons/cm?sec the film thick-
ness decreased from 215 to 50 A, i.e., comparable to that
due to a thermal gradient AT~0.01 K. By contrast, for
superfluid films, the thickness was independent of incident
flux. In this Letter we focus on thick undersaturated
superfluid films.

Figure 1 shows the measured ratios R (¢)/R#'(q) for a
silicon substrate coated with undersaturated *He films at
four different temperatures, corresponding to four dif-
ferent film thicknesses. In addition the bare silicon sub-
strate reflectivity at 20 K is shown for comparison. The
data were analyzed by calculating the theoretical
reflectivity of a model d{p)/dz, and optimizing the model
parameters to obtain a best fit between the calculated and
measured reflectivities.

To facilitate construction of a model d{p)/dz for the
substrate-film interface, independent scanning tunneling
microscopy (STM) and x-ray photoelectron spectroscopy
(XPS) analysis of the bare-substrate-vapor interface was
performed [16). This analysis indicates that the bare sub-
strate surface consisted of flat ~300-A terraces covered
by a partial monolayer of hydrocarbon contamination.
These features of the bare substrate were incorporated
into a model used to represent the scattering from the
bare substrate at 20 K (Fig. 1). In the presence of the
“He film the substrate-film interface was modified to in-
clude a thin layer of solid *He. The best fits to the
reflectivity data required a 5-6-A solid film of density
1.8pue, which roughly corresponds to the two solid layers
found in third-sound studies of *He films [24].

Although the detailed study of dry silicon lends con-
fidence to our model for the wet substrate surface, to a
large extent, extraction of the 4He/vapor interface is in-
dependent of the model used for the Si/*He interface.
For a thick helium film the reflectivity oscillates about

R/R

0.1F

FIG. 1. R(q)/RF(q) for a silicon substrate coated with
several different undersaturated “He films: Top to bottom;
T=1.13K, dam=192 A; T=1.43 K, dam=175 A; T=1.65 K,
dam=80 A; T=1381 K, dam=18 A; T=20 K without a film.
Data are shown as circles; lines represent fits to data using the
asech model convoluted with thermal capillary waves as de-
scribed in the text. Successive data sets are multiplied by 0.67
for clarity.
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the value A4°|Ssi(¢)|?> and the product 24B|Ssi(q)|
X |Sne(g)| can be independently extracted from the en-
velope of the oscillations in R(g). Similarly, the phase
difference ¢nc(q) —¢si(g) is obtained directly from the
phase of the oscillations in R(g). It is straightforward to
demonstrate that if d{p(z))/dz were locally symmetric
about positions zgs; and z e that defined the center of the
Si/*He and *He/vapor interfaces, then ¢si(q) =0n.(q)
=0. Thus if the interfaces were symmetric, Spe(q)
would be directly obtained from the data, regardless of
whether or not the model for the Si/*He interface was
valid. As a practical matter, since the first derivative can
be subsumed within the definition of the thickness and the
data do not extend to large enough g to consider higher
derivatives, the only feature of the present data that
yields physical information on the asymmetry of either
interface is d°[¢si(q) —onc(g)1/dg?. Since |Shc(q)| is
all that would have been obtained from specular

d{p(z,dgim, T ) He - 1 f°°
dz Qrol,) Y-

Here 0(dfim, T) is the second moment of the capillary-
wave roughness at temperature T and film thickness dgjm,
and averaged over the coherence area of the x-ray beam,
while d{p)o/dz is the 0-K density profile. Theoretical
values of oc,p are listed in Table I for relevant values of
dam and T. This procedure is advantageous as the 0-K
profile determined from data collected for films of dif-
ferent temperature and thickness can be compared for
consistency and to theoretical predictions for the 0-K
profile.

The solid lines in Fig. 1 represent best fits for model in-
terfacial profiles with o2, fixed at the calculated values
shown in Table I. Several different *He/vapor functional
forms were tested; however, the only one that gave satis-
factory fits was an asymmetric hyperbolic secant (asech)
model:

diplo _ C

dz explaz/og) +exp(—bz/og) ’ @

a=1+exp(—n), b=I1+exp(n),

where og is a measure of the interfacial width, n repre-
sents the asymmetry of the interface (e.g., n =0 yields a
symmetric interface), and C is fixed such that
S (d{p)/dz) dz =py.. Although the same model fits all
four data sets with comparable values of y2==0.9, only
the T=1.13 K data extend to sufficiently large g to ob-
tain a good measure of d’l¢si(q) —oue(q)1/dg®. The
solid lines shown in Fig. 1 correspond to fits using the
values of oy listed in the table and the value of n obtained
from the 1.13-K data [27]. While all the values for op
obtained from the different films were consistent with
each other, the slightly larger roughness of the thinnest
film measured at 1.8 K is to be expected, since it is
sufficiently thin to be affected by the roughness of the un-
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wexp( - 2'2/2oczap)

d(p(z -z ))0 d=

reflectivity measurement of the bulk *He/vapor interface,
no information obtainable from that method is lost in the
interference measurement. In contrast, the factor of
~17 gain in amplitude using the interference method
yields a concomitant improvement in the measurement of
the width of the *He/vapor interface. Although extrac-
tion of ¢ne(g) from the phase difference ¢si(q) — pnc(q)
depends on details of the model for the silicon-helium in-
terface, the use of both STM and XPS minimizes this
source of uncertainty.

The measurements reported here were made above 1 K
and the profiles are broadened by thermally excited capil-
lary waves or ripplons. Cole [25] has calculated this
broadening, using the ripplon model of Atkins [26]. We
apply this calculation to the present experiment. Since
the total capillary-wave roughness is an incoherent super-
position of many modes, the net profile is a convolution of
the 0-K profile with a Gaussian whose second moment is
calculated from Cole’s theory:

7 : )

3 derlying substrate [16].

The 0-K profiles were obtained by taking the best fit to
the measured profiles and then setting the thermal
capillary-wave roughness ocap(dmm,T) to zero. The
heavy solid line in Fig. 2 is obtained by integrating
d{p)o/dz [Eq. (4)], using the values of op and n for 1.13
K, to obtain the best-fit 0-K profile. The light solid line
and the dashed line represent the most asymmetric (7
— —oo) and symmetric (7=0) profiles consistent with
our measurement of the 1.13-K data set. The 0-K profile
has a 90%-10% width of 7.6 A. The theoretical predic-
tion of Stringari and Treiner [5], as shown by the open
squares, is in excellent agreement with our measured
profile. There have been a large number of other theoret-
ical calculations for the 0-K density profile and several of
these are shown in Fig. 2(c).

Osborne [13] has recently reported an ellipsometric
determination of the surface width of bulk helium of
9.36 + 1.5 A over the temperature range 1.4-2.3 K. This
gives excellent agreement with our measured width (in-

TABLE I. Results of fits to data at several different temper-
atures and film thicknesses. Shown are the values of the param-
eters for the asymmetric hyperbolic secant fit with n=—1.1,
convoluted with capillary-wave roughness. The small overall
variation in the theoretical values of ocap results from the com-
pensating effects of increasing temperature and decreasing film
thickness.

T (K) Ocap (A) oo (R) dsim (A)
1.13 2.03 1.97+0.22 192+ 1
1.43 2.30 1.84+£0.17 1752
1.65 2.16 1.63+£0.23 80%2
1.81 1.40 2.01£0.22 18%3
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FIG. 2. (a) Density profile at the *He/vapor interface. The
heavy solid line is the best-fit model extrapolated to 0 K. The
light solid line corresponds to largest asymmetry consistent with
the data (n— — o). The dashed line corresponds to the small-
est asymmetry (7=0). Squares are the theoretical profile of
Stringari and Treiner [5]. (b) Density profile at the Si/*He in-
terface. (c) Comparison of various theoretical profiles with our
best-fit model (line). (O) Valles and Schmidt [9]; (®) Pieper
and Wiringa [8]; (&) Krishna and Whaley [11]; (V) Epstein
and Krotscheck [6].

cluding thermal broadening) at 1.13 K of 9.2+1 A.
Atomic scattering measurements by Nayak, Edwards,
and Masuhara, however, indicate a density profile with a
90%-10% width of 4 A at T=0.02 K [12]. This width is
significantly smaller than our 7=0 K extrapolation.
Note, however, that atomic scattering measurements are
most sensitive to the vapor side tail of the density profile.
Comparing just the vapor side of the interface our best-fit
profile gave a 50%-10% width of 2.6 A, due to the asym-
metry of the interface, in reasonable agreement with the
width measured by Nayak, Edwards, and Masuhara.
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