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SHe crystals start to show facets on their surface only at about 100 mK, well
below the roughening transition temperature, and the reason for this change
of the surface state is not clear yet. However, the most important charac-
teristic of the crystal surface, the surface tension, was not measured in this
temperature range before. We report our observations on the equilibrium
shape of the *He crystals in the temperature range of 77...110mK. The sur-
face tension was found to be isotropic and temperature—independent, and the
corresponding value of the capillary length, A = 0.93+ 0.10 mm, is in a good
agreement with the value measured at higher temperatures by Rolley et al.”

PACS numbers: 68.35.Md 68.08.-p 67.80.-s

1. INTRODUCTION

The solid-liquid interface of helium is a very interesting physical object.
It exists down to very low temperatures where the two bulk phases provide
effective transport of mass and heat, resulting in high mobility of the crystal
surface. This gives a unique opportunity to investigate the intrinsic proper-
ties of the interface which can thus serve as a good model system for surface
physics. In addition, due to the large amplitude of zero—point motion of
atoms, the surface of helium crystals is essentially a quantum system.

One of the most exciting phenomena on the crystal surface is faceting.
Facets are smooth planes in the high-symmetry directions which appear due
to the pinning of the interface to the underlying lattice. However, thermal
fluctuations of the interface suppress the pinning when temperature increases
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and, as a result, facets disappear at a certain temperature. The amplitude of
thermal fluctuations is limited by the surface energy, and consequently the
roughening temperature is directly related to the surface tension a: Thr =
(2/7)ad?, where d is the height of an elementary step on a facet.!

Rolley et al.? have measured the surface tension of 3He crystals at
140...330mK and found it to be isotropic and temperature—independent.
The obtained value of the surface tension, a = 0.060 & 0.011 erg/cm, yields
Tr = 260+ 50 mK, or more than twice higher than the temperature at which
facets have been observed in the experiment, T,,s &~ 100 mK. Tordanskii and
Korshunov3 have shown that quantum fluctuations of the interface cannot
reduce the transition temperature, but provide the exponential decrease of
the free energy of an elementary step, and facets may be simply too small to
be observed. Thus, the fact that facets appear at 100 mK is not related to
the roughening transition, but is a manifestation of an increase of the step
energy in this temperature range. The value of the step energy 3 is set by
the surface tension and the energy of the pinning V: 8 = 4d/m - vVaV.* In
this work we present the first measurements on the surface tension of the
bee 3He crystals near 100 mK.

2. EXPERIMENTAL METHODS

The most natural way to obtain the surface tension is to measure the
equilibrium shape of a free crystal surface. For measurements on the surface
tension, the crystal size should be larger than the supposed capillary length
A ~ 1mm, otherwise the equilibrium shape will be nearly spherical as in
the absence of gravity, and will not provide any means to obtain the surface
tension. In the case of 3He at temperatures near 100 mK, however, it is
extremely difficult to grow a large single crystal because of the large latent
heat and poor thermal conductivity of the liquid. During growth the crystal
becomes colder than the liquid far away from the crystal, and the equilibrium
melting pressure p,,(T") on the interface becomes higher than near the cell
walls (the slope of the melting curve of 3He is negative below 320 mK). If
this difference in the melting pressures exceeds the threshold for the crystal
nucleation, dp ~ 3mbar, a new crystal appears and grows instead of the
existing one. The critical growth rate for such a process is vyue ~ 0.1 pm/ g.b
A comparable restriction is imposed by the Mullins—Sekerka instability of the
solidification front, which results in appearance of ”fingers” on the moving
surface.® These restrictions imply that growing of a high quality crystal of
the size of a few millimeters takes at least 10 hours.

We have carried out our experiment in the compressional cell, pressur-
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Fig. 1. (a) Interference pattern of a relaxed >He crystal at 102 mK. The size of
the imaged area is 6.2x 4.8 mm?. (b) Generated pattern of the corresponding
equilibrium crystal shape [solution of Eq. (1), see text] inserted to it.

ized by *He from room temperature. In order to have very small controllable
compression rates and to avoid fluctuations of the pressure in the *He fill-
ing line, we have mounted a cryogenic valve on the mixing chamber plate.
Crystals were nucleated by pressurizing liquid *He above the equilibrium
melting pressure. In order to create the crystal seed in the field of view,
we applied a high voltage to a sharp tip placed near the boundary of the
illuminated area. The crystal were imaged with a low temperature Fabry-
Pérot interferometer.” The interference pattern [see Fig. 1(a)] was projected
to the CCD sensor working at 65 K. The sensor has 383 x 575 pixels, each
corresponding to an area of 15 x 15 ym?.

After the crystal has been carefully grown to the required size, it has
to relax in order to obtain the equilibrium shape. There are two relaxation
times, one is to reach the thermal equilibrium in the experimental cell af-
ter growing, 7, and another one is to reach the phase equilibrium on the
crystal surface, 7y, both relaxation times being rather long. The time con-
stant of thermal relaxation is determined by the heat conductivity and the
heat capacity of liquid *He, 7,5, ~ CD?/Kk ~ 1hour for the cell of the size
D ~ lcm. In practice this means that even if one grows the crystal very
carefully, so that the variation of the equilibrium melting pressure pp,(T)
inside the cell does not exceed 1 mbar, one should still wait about 10 hours
after growing until this variation is much smaller than the characteristic
hydrostatic pressure of ~ 10 pubar which drives the relaxation of the surface.

The time 7,, can be evaluated as follows: the hydrostatic pressure
dpp, ~ prgh drives the motion of the interface with the velocity v ~ h/7p ~
képn - Apsi/(pspr), where k(100 mK) = 2.5-107 s/cm is the effective growth
coefficient of the interface,® and one finds Ton ~ ps/(Apsighk) ~ 10°s. During
the phase relaxation it is important to keep the temperature in the exper-
imental cell constant with high accuracy since the change in temperature
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results in total growth or melting of the crystal. To stabilize the tempera-
ture, we have used a feedback program which operates on the heater attached
to the mixing chamber and uses integrated signal from the mechanical pres-
sure gauge to control the melting pressure p,,(T). We were able to keep the
value of the melting pressure with accuracy better than 1 pbar.

Another experimental difficulty arose from the fact that we were not
able to close the “He filling line completely, thus the total amount of solid
3He inside the cell slightly varied with time. However, in order to reach the
equilibrium with needed accuracy, the growth rate of a crystal surface due to
compression (decompression) of the cell; v, should be much smaller than the
growth rate due to phase relaxation process, v.¢;. Our cryogenic valve allows
to apply the compression (decompression) rates V as small as 10710 ¢m? /s.
This corresponds to the average growth (melting) rate of a crystal v, =
V(ps/Apg)/S =~ 2-1078 cm/s for a typical surface area S ~ 20 mm?2. We can
follow the relaxation process until the crystal surface becomes as close to the
equilibrium shape as our vertical resolution Ah ~ 20 ym. Even at this stage
the velocity of the relaxing surface, v,e; ~ kAhgApg/ps ~ 3-1078 cm/s, is
still higher than the velocity due to the slow compression (decompression) of
the cell. Thus, the effect of slow compression of the cell is negligible. In fact,
we have done our experiments mostly on slowly melting crystals in order to
avoid appearance of facets below 100 mK.

With all precautions enumerated above we were able to grow a single
3He crystal with a size of a few millimeters and to follow the relaxation of
its surface to the equilibrium shape at several temperatures in the range
of 77...110 mK. At all temperatures, the observed crystal shapes were per-
fectly axisymmetrical. We conclude that, within the accuracy of our mea-
surements, a remains isotropic down to 77 mK.

3. DATA ANALYSIS AND RESULTS

If the surface tension is isotropic, the equilibrium crystal shape (ECS) in
the gravitational field obeys the Laplace equation gApgqz(z,y) +aK(z,y) =
const, where K (x,y) is the local curvature of the surface. For the crystal ly-
ing on the horizontal plane, ECS is cylindrically symmetric, and the Laplace
equation reduces to the second-order ordinary differential equation
" 1

T2z _

1
L+ )8 r(1+ (rB)am * e

- ZO) =0, (1)

where 7 is the radius of the crystal at height z, A = \/a/(gApy) is the
capillary length, and zp is the constant which determines the volume of
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Fig. 2. (a) Measured values of the capillary length. (b) Histogram of good
fits (see text).

the crystal. We have set the boundary conditions at the vertical edge of the
crystal, whose height was chosen as a reference: 7(0) = rymaq, 75(0) = 0. The
solution of Eq. (1) can be found numerically, A and 2y being free parameters.
For any given A and crystal diameter 2r,,,,, there exists only one value of
20, which ensures that the solution satisfies another boundary condition at
the top of the crystal, z.(r = 0) = 0. Thus, with a given crystal diameter,
we have only one fitting parameter, the capillary length A, to describe the
crystal shape observed in the experiment.

In fact, below the roughening transition temperature the surface ten-
sion is not isotropic, but has cusps in the directions perpendicular to the
facets, and these cusps are responsible for the appearance of facets on ECS.
However, near 100 mK the equilibrium size of a facet on *He crystals is very
small. Landau” has shown that the length of a facet L is proportional to the
step energy 3: L ~ BR/(ad), where R is the crystal radius. Rolley et al.?
have estimated the step energy at 100mK to be smaller than 10~ erg/cm,
which gives I < R/200 ~ 10 um, or smaller than the size of the area im-
aged by a single pixel of our CCD sensor. Indeed, after long relaxation our
crystal had a nice symmetric shape [see Fig. 1(a)], from which we concluded
that (with the accuracy we have) the relaxation is completed and the surface
tension is isotropic.

The data was treated as follows. At first stage, we measured the di-
ameter of the crystal, 2r,,4,, and found the axis of symmetry by marking
the points on the crystal edge and fitting them with a circle. At the second
stage, we fixed some trial value of the capillary length A and found the value
of the parameter zg = 2¢(7maz, A) which provided that the solution of Eq. (1)
satisfied the boundary condition at » = 0. Then we generated the interfer-
ence pattern corresponding to the obtained profile [Fig. 1(b)] and compared
it with the original intensity distribution [Fig.1(a)]. Repeating this proce-



816 L. A. Todoshchenko et al.

dure from the second stage with different A, the range of the capillary length
values which yielded good fits was obtained.

The results are shown in Fig.2(a). Despite the scatter of the data, we
can affirm that there is no remarkable variation in the value of the capillary
length with temperature. Moreover, within the experimental error, our re-
sults coincide with the value 1.03+ 0.09 mm obtained at temperatures above
140 mK by Rolley et al.?2 To find the best value of the capillary length and to
estimate the error bar, we have plotted all values which yielded good fits at
different temperatures as a histogram and fitted it with Gaussian distribu-
tion [see Fig. 2(b)]. In this way we have found that A = 0.9340.10 mm, which
corresponds to the value of the surface tension o = 0.052 & 0.011 erg/cm?.

4. CONCLUSIONS

We have performed the first measurements on the surface tension of
the bee 3He crystals in the temperature range of 77...110mK. With our
experimental accuracy we did not observe any increase of the surface tension
below 100 mK, where facets start to appear on the crystal surface. We can
thus conclude that faceting of *He crystals does not relate to the change in
the value of the surface tension but rather to the enhancement of the pinning
of the solid-liquid interface to the crystal lattice.
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