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Capillary waves (ripplons) in the wavelength range 3.3—20 pm on a superfluid He layer of
continuously controllable thickness are generated and detected with coplanar interdigital capacitors.
In the bulk limit, the waves propagate over several centimeters at low temperature and the attenuation
factor is compatible with a T power law in the temperature interval 300—700 mK. The damping is
about 6 orders of magnitude smaller than previous theoretical estimates of ripplon-ripplon scattering.
The results point instead to scattering of ripplons by phonons, in accord with a revised calculation.

PACS numbers: 67.40.Pm, 68.10.—m

Capillary waves (ripplons in quantum language) on the
surface of bulk superAuid helium seem to be well de-
scribed as irrotational excitations in a nonviscous, incom-
pressible fiuid, at least for wavelengths well in excess
of the interatomic spacing [1]. The dispersion relation
has been confirmed experimentally for frequencies from
5 kHz to 300 MHz [2—7]. There is, however, a strong
discrepancy between theory and experiment concerning
damping. The measured linewidths of composite modes
involving submicron ripplons coupled to an electron lat-
tice [7] set an upper bound on ripplon damping, which is 2
orders of magnitude belo~ accepted theoretical estimates,
calculated from the kinetic three-ripplon interaction [8—
10]. The sense and the magnitude of this discrepancy
points to a serious lack of understanding.

To be sure that the fault does not lie with the interpreta-
tion of the experimental data, we have designed an experi-
ment to measure the intrinsic damping of ripplons directly.
These new measurements show an even greater discrep-
ancy with existing theory. A reformulation of the theory
[11],however, suggests that this arises from a failure to
take proper account of the surface boundary condition.

The method developed allows continuous electrical
control of the film thickness and so lends itself to studying
effects from the bulk to the van der Waals limit, where the
excitations should properly be considered as third sound
waves. This interesting aspect has not, however, been
pursued in full detail here.

The experiments are done on a superfluid layer of he-
lium above a horizontal array of interdigitated electrodes.
The liquid is thus manipulated and monitored by means
of the dielectric ponderomotive effect. Film thickness is
set by a dc voltage; surface waves are generated by an ac
voltage and are detected by ac capacitance variation.

The experimental cell is shown in Fig. 1. Three
coplanar interdigital capacitors (IDC's) A, 13, and C, are
patterned by photolithography from a 200 A. layer of
chromium on a plane quartz substrate in a way that main-
tains geometrical periodicity across the three arrays. Each

capacitor consists of interlocking fingers of length 2 mm,
each being of 10 p, m width and separated from its neigh-
bor by 10 p, m (denoted IDC10 with repeat distance Ao =
40 p, m). A 5 p, m/5 p, m configuration (IDC5 with Ao =
20 p, m) was also used. The total number of fingers in a
capacitor of length L is 2L/Ao = N = 50, 100, or 150.

Film thickness control. —When the structures are bi-
ased with a constant voltage Ud„ the electric field around
the fingers attracts the dielectric helium. The equilibrium
thickness d(x) of liquid above the capacitors satisfies [12]
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FIG. 1. Schematic view of the experimental cell. The three
interdigital capacitors A, B, and C are h —8 mm above the
free He surface. The inset shows their topology.

E„and E, are the normal and tangential components of
electric field just below the liquid surface, g the accelera-
tion due to gravity, p and e the helium density and dielec-
tric constants, and a. its surface tension (p = 145 kg m ',
s = 1.056, o. = 0.378 mJm at T = 0 K). The param-
eter ~, describing the substrate to liquid helium van der
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Waals (vdW) interaction, is approximately 0.7 p, m; h is
the effective distance to the bulk helium surface below the
capacitor plane (typically h —8 mm). As e —1 « 1,
we simplify (eE„+ E, ) to E .

The periodic potential produced by the IDC may be
expressed in terms of the fundamental wave vector ko =
2'/Ap by V = g„p V„sin((2p + 1)kpx)e
from which we may write the electric field intensity to
order V2.

E2 k2(V2 + 9V2e —4koz + 25V2 —Skoc) —2koz

+ kp(6VpVt + 30VtV2e ""')e ""cos(2kpx)
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The coefficients V~ are determined by the basis cell
of the structures. For finger width equal to separation,
V2„+t = 0 [13]. The first term in (2) induces a uniform
increase in the equilibrium depth do of liquid, determined
principally by a bias voltage Vd, . A typical scan of
Vd, changes the depth from the vdW film thickness
(-400 A) to about Ap/8. The subsequent terms in (2)
generate a spatially periodic surface deformation d(x) =
dp + g Q„cos(2nkpx)

Figure 2 shows a fixed frequency bridge capacitance
measurement of an IDC10 biased with Ud, at 200 mK. At
cu/2~ = 10 kHz, a smooth variation is seen on sweeping
Vd, . The form of this curve is a universal function of
dp/Ap, allowing us to construct dp(Vd, ), as shown on
the vertical axis. This is cross-checked against a direct
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calculation from Eqs. (1) and (2), shown on the horizontal
axes of Figs. 2 and 3; agreement is within 100 A or 2%.

Ripplon generation and detection. —Irrotational excita-
tions of an inviscid incompressible fluid of depth d prop-
agate according to the dispersion relation,

FIG. 3. Predicted resonance frequencies cu/2' vs Vd, and a
set of experimental signals for an IDC10. The heavy lines
show the ripplon resonance condition k(co, d) = 2kp, 4kp, and
8ko calculated from the dispersion relation (3) using the depth
scale deduced from (1) and (2). A sequence of constant
frequency experimental absorption (quadrature signal) traces
are superimposed. Because of the hierarchy of the V„, the
modes with k = 4nk0 are more readily excited and detected
than the k = 2(2n + 1)kp modes.
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FIG. 2. Experimental signal in an IDC10 (Ap = 40 p, m)
impedance measurement. The inset shows the capacitance
bridge configuration with bias Vd, . The light trace is the
measured capacitance variation at 10 kHz for 0 ~ Vd, ~
180 V, normalized to the large depth asymptote. The heavy
traces are the in-phase and quadrature signals at 82 kHz,
showing resonant behavior associated with ripplon generation.
Depth deduced from capacitance variation is indicated on the
right scale and depth calculated from (1) and (2) on the upper
scale.

(3)
~4

g = g 1 + 3
(e —I)ep aE2

2pg Bz

where g' is the gravitylike term, which includes vdW and
electrostrictive forces.

The addition of an ac signal V„e ' ' to the bias
voltage (V„—0.2V, «Vd, ) produces a periodic pres-

1
sure p(x, t) —z(e —1)ape (d, x)e ' ' on the liquid sur-
face, due to the oscillatory component e (z, x)e
in (2). This can be used to launch waves g(u, t) =
f(k)e' "' ', where k = k(cu) in (3). The amplitude
g(k) ox: f p(x, t)e 'tk 'ldx will show a resonant re-
sponse as k ~ 2nko, due to constructive interference be-
tween waves from different fingers.

The waves are detected by a reciprocal effect. The
presence of liquid above the structure changes its capac-
itance by BC = (e —I)I f f " IE(z, x)I dz dx]/Va„
and the passage of a wave adds a time-dependent compo-
nent C(t) = (e —1)f(k)e '"'I f e'"'IE(d, u)I du]/Vd, .
Again, this has resonances as k ~ 2nko.

The effect of the resonance on the impedance of the
structure can be seen in the capacitance measurement
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at tu„z/2' = 82 kHz in Fig. 2 over a narrow interval
around Vd, = 100 V; the phase of the signal allows us
to distinguish anomalous dispersion from absorption. The
horizontal traces of Fig. 3 constitute a full set of such data;
the absorptive part of the signal is shown for a series of
fixed frequency sweeps. The resonances correspond with
the condition cu, „~ = tu(k, do) of the dispersion relation,
with k = 2kp, 4kp, 6kp, . . . , the calculated loci of which
are shown as heavy lines. The agreement between data and
calculated frequencies indicates that the different forces
involved in Eqs. (1) and (3) are satisfactorily taken into
account. The frequency minimum shows the crossover to
the vdW limit. Analysis of the frequency asymptote yields
o. = 0.379 ~ 0.004 mJm at 200 mK [14].

Ripplon attenuation. —The principal object of the
present report is to determine linear response ripplon
damping in the bulk limit. This can be found either
from the linewidth of a ripplon emission resonance in the
transmitter impedance or from the reduction in wave am-
plitude measured by a passive receiver after propagation
from a distant transmitter.

The shape of the emission line is determined by inter-
ference of waves across the structure. It is broadened,
relative to the form for an ideal structure, by imperfect
correlation and by temperature-dependent intrinsic wave
attenuation. The measured linewidth as a function of tem-
perature therefore leads to absolute bounds on the wave
attenuation, shown in Fig. 4(c). Below about 500 mK,
the effect of wave damping is very small, and it becomes
advantageous to use a propagation method.

The procedure then is to create waves with an ac sig-
nal V„e ' ' applied to IDC A, over which a height d~
of helium is set by a bias voltage Vd, . These propa-
gate over IDC 8 [dB, Vd, ] onto IDC C [dc, Vd, ], where
they are detected as a time-varying capacitance C(t). Be-
cause the receiver is biased, C(t) induces a charge vari-
ation proportional to Vd, Vd, V„e' '" ', where L,ff
(L~ + 2La + L )/c2 is the effective propagation length
from A to C in the low damping limit. To observe such a
signal, the transmitter A and the receiver C must have the
same resonance condition (d~ = dc, Vd, = Vd, ). The
depth dz can be set independently.

Figure 4(a) displays a signal obtained by sweeping
the driving frequency at fixed bias voltages, using phase
sensitive detection on C referenced to the excitation on A.
Writing k = k' + ik", we expect the detected amplitude
to vary as cos(k'L, rr) exp( —k"L, ).rrThe dephasing due
to k' produces the expected frequency interval between
maxima (6kL,rr = 27r) of Bv = 3vA/2L, rr for large
depths.

Figure 4(b) shows the peak signal amplitude S(T)
for d —1 p, m and A = 10 p, m. The attenuation
factor k"(T) can be deduced using S(T)/S(TM) =
exp —[k"(T) —k"(TM)]L,ff aside from an additive con-
stant k"(TM). For convenience, the reference temperature
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is chosen to correspond to the maximum observed signal,
TM —300 mK; the reduction below TM is not thought to
be intrinsic to the ripplons [15].

An upper bound for the minimum observed attenuation
k"(TM)/k' ~ 3 X 10 is set by resonance linewidths. A
further refinement may be made at the price of hypothe-
sizing power-law behavior, k" = AT', as predicted by all
current theories. A best fit for TM & T ~ 700 mK yields
k"(TM)/k' —1 X 10 . This represents an insignificant
correction for the majority of the data. Figure 4(c) shows
the values of k"(T) deduced.

All the results on damping are displayed in Fig. 5.
The data are all compatible with power-law behavior
for 300 ( T ( 700 mK, with v = (4.5 ~ 1). Although
there is a clear trend with wave number, the range
is insufficient to deduce a functional dependence. The
dramatic, but inescapable result is that the absolute value
is 6 orders of magnitude lower than the predictions of
established theory [8—10].

Theoretical reevaluation of the damping —Saam's.
quantum theory for damping from the three-ripplon
interaction, based on inviscid hydrodynamics, has been
reexamined in the light of this flagrant discordance [11].

FIG. 4. (a) In-phase signal received by structure C vs fre-
quency of excitation applied to structure A, due to the propaga-
tion of a capillary wave. U~, = Ud, = 128 V, Vd, = 290 V,
T = 200 mK. (b) Peak signal height vs temperature at con-
stant excitation for A = 10 p, m. The maximum corresponds
to a wave amplitude g(k) —100 A. . (c) Attenuation factor
k"/k' (where k = k' + ik"), for A = 10 p, m in the bulk limit
k'd ) 1. (~) Obtained from the data of (b), with the value
k"(TM)/k' = 1 X 10 " estimated from a fit to k" = AT' (+).
Bounds obtained from emitter resonance linewidths, making no
assumptions about structure quality.
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FIG. 5. Attenuation factor k"(T)/k' deduced from propaga-
tion measurements for a sequence of wavelengths 3.3 ~ A ~
20 p, m the bulk limit kd ~ 1. The reference attenuation
k"(TM) (see text) is eliminated by hypothesizing k"(T) = AT',
within this procedure, errors are -5 X 10 . The upper and
lower lines are the new theoretical predictions for A = 20 p, m
and A = 3.3 p, m, respectively.

The neglect of curvature in applying the surface boundary
condition had led to missing a term that almost exactly
cancels the one retained. In fact, the dominant effect is
the ripplon-two-phonon interaction, were phonons are
rejected and Doppler shifted from surface ripples. It
leads to Stefan-Boltzmann-like result for ripplons of wave
number k,

k" m hk kgT)
k' 90 pro Rs )

'

where s is the sound velocity. The new prediction is
shown in Fig. 5, whereas the original three-ripplon calcu-
lation is 6 orders of magnitude stronger and the corrected
three-ripplon result 6 orders of magnitude weaker.

We reassuringly conclude that, despite initial alarms,
quantum hydrodynamics does give a good description of
ripplon damping.
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