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We have studied the growth of atomically rough bcc and hcp4He crystals from the 
superfluid phase for temperatures T > 0.9 K. The growth coefficient displays a tempera- 
ture dependence which can be represented by m4KaeAElkflT. The parameter AE is 
found to be in close agreement with the energy gap of rotons, suggesting that theqe 
thermal excitations dominate the growth kinetics. Besides, the absolute value of the 
growth coefficient depends on crystal orientation, with an anisotropy for the hcp phase 
of about a factor of 2.5 between the (10iO) and (0001) planes. 

I. Introduction 

' Growing crystals from the melt is very important 
from the technical point of view and accordingly has 
been investigated quite thoroughly [I]. A number of 
mechanisms are involved in the growth process, and 
in general the topic is rather complex. It is in partic- 
ular complicated by the fact that in addition to the 
processes at the interface itself the behavior of the 
bulk materials - crystal and melt - is of considerable 
influence, because the latent heat of crystallization 
has to be carried away from the interface, giving rise 
to temperature gradients, convection processes etc. 

Which growth mechanisms dominate depends 
primarily on the structure of the liquid-solid inter- 
face: i) For atomically smooth interfaces, which on a 
macroscopic scale appear as facets of the crystal, 
growth occurs layer by layer from crystal imperfec- 
tions, like screw dislocations, or from thermally acti- 
vated nucleation centers. Atomically rough inter- 
faces, on the other hand, always provide such an 
abundance of steps where the atoms from the melt 
can adjust to the crystal lattice that an activation 
energy is not necessary there. Consequently crystals 
with atomically rough surfaces grow rather rapidly; 
the growth velocity v is proportional to the de- 
viation A p  of the chemical potential from its equilib- 
rium value p,. For atomically smooth interfaces 

such a linear relationship between v and A p  does 
not hold [2]. 

During the past couple of years it has become 
evident that one of the most suitable substances to 
investigate crystal growth is helium, in particular the 
4He isotope, because of several coincidences: a) 
Both atomically smooth and rough interfaces can be 
studied readily, and the transition between these two 
states at a "roughening temperature" T, - which for 
the basal plane of hcp 4He is at T-- 1.25 K [3,4] - is 
easily accessible; b) the latent heat of melting is 
small over a wide temperature range, as is obvious 
from the nearly vanishing slope of the melting curve; 
c) the thermal conductivity of the superfluid 4He 
phase is extremely high. The latter two properties 
greatly reduce the usual complications caused by 
heat transport in the bulk materials, so that the 
crystal growth in this case is dominated by the in- 
trinsic processes at the interface. As a result the 
relaxation of the solid-liquid interface can become 
extremely fast, giving rise to intriguing new phenom- 
ena such as melting-crystallization waves and a 
highly anomalous boundary resistance for the trans- 
mission of phonons [5-71. 

When one is interested in the dynamics of crystal 
growth, helium offers yet another advantage which is 
of experimental importance: It is possible to trap 
negative ions (electron bubbles) at the interface be- 
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/ cause this boundary presents an energy barrier large 

i; 
compared to k,T [8]. Under the influence of an 
external electric holding field E the ions exert a 
pressure upon the interface which for large values of 
E leads to a charge-induced instability of the in- 
terface very much like the electrohydrodynamic in- 
stability of liquid surfaces [9-111. In the experiments 
described here we have made use of the fact that for 
fields below the instability limit the pressure and 
hence the chemical potential at the interface can be 
varied rapidly and in a very subtle and well-defined 
way by changing the holding field. The resulting 
response of the crystal-superfluid interface then 
yields the desired information about the growth ve- 
locity, metastable states, anisotropy effects etc., 
which will be discussed below. Preliminary results 
have already been presented earlier [lo, 111. 

11. Experimental 

A crystal of solid 4He at T > T, develops a convex 
meniscus, similar to a liquid which does not wet the 
walls of the sample cell.* The central part of the 
crystal surface is essentially horizontal and flat and 
it is this portion of the interface that was studied 
with our technique by means of the charges. 

A sketch of the sample cell is shown in Fig. 1. Its 
diameter is 40mm, and the spacing between the 

, bottom and top glass plates is 20mm. The plates 
serve two purposes: 

i) For one, they form a horizontal capacitor 
which provides the electric field to manipulate the 
probe charges. They are therefore covered with con- 
ductive coatings, a transparent In,O, layer for the 
bottom and a gold mirror for the top plate, to which 
a potential difference can be applied. 

ii) Simultaneously the plates constitute an in- 
terferometer which is used to detect minute changes 
in the shape of the crystal surface during the growth 
or melting process. Optical access to the cell is from 
below through windows in the bottom of the cryos- 
tat. 

The electron bubbles are produced in the upper 
part of the cell in the liquid phase by a field emis- 
sion tip and pulled downwards to the crystal-liquid 
interface by means of the externally applied electric 
field E [ll]. At the interface they are trapped with a 
typical density n of about 108cm-2. The average 
interparticle spacing is then - 104A, so that a 
noticeable change of the interfacial properties due to 
the ions is not expected. 

-- 

For some wall materials, like graphite, wetting can occur [12, 
131 
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When the ions exert an electrostatic pressure on 
the interface, a thin layer of the crystal melts. This 
at the first sight somewhat surprising observation is 
explained in the following way: Since the electronic 
pressure only acts on the solid phase (which presents 
the potential barrier for the charges), the chemical 
potential of the solid is increased. The chemical po- 
tential of the liquid, on the other hand, is not altered 
by the charges. Consequently the energy of the sys- 
tem is lowered when a certain portion of the solid is 
transformed into the liquid state. Equilibrium is at- 
tained at a depth [ , ,  where the electrostatic pressure 
P,, is balanced by the hydrostatic pressure, i.e. when 

Here Ap is the difference of the density between the 
liquid and solid phase. Effects of the interfacial ten- 
sion have been neglected in (I), because we are 
studying deformations of the interface on a scale 
large compared to the capillary length (which is 
about 1 mm for the hcp-superfluid 4He interface) 
[ll]. Since the heat produced with our technique is 
exceedingly small, temperature differences can be ne- 
glected as well. 

The new equilibrium position of the crystal sur- 
face is reached with a characteristic relaxation time 
T, which is a measure of the speed of melting. Simi- 
larly, information about the growth is obtained from 
the relaxation back to the original crystal position 
as the electric field is reduced to the starting con- 
ditions. 

In order to measure the motion of the interface 
we have used the optical set-up also shown in Fig. 1. 
The sample cell is illuminated by the expanded 
beam of a He-Ne laser, attenuated to W to 
avoid heating of the walls. The interference pattern 
resulting from the superposition of light reflected 
from the top and the bottom plate is magnified by 
lens L, and can be viewed on the screen S (see 
Fig. 2). In the regions where the crystal melts or 
grows the interference fringes move, a shift by one 
fringe corresponding to a change in crystal height of 

Here 1 is the laser wavelength and An is the differ- 
ence between the refractive indices of the liquid and 
the solid phase. With 1 = 632.8 nm and A n = 0.0034 
we obtain for A[ a value of 93 pm. The resolution 
that can be attained is considerably higher, however. 
We have used two modifications of the interference 
technique to register relatively large and small varia- 
tions, respectively. The principles are sketched in 
Figs. 3 and 5. 
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Fig. 1. Optical set-up and sample cell. The He-Ne Laser beam is expanded by the lenses L,  and L, and is reflected into the sample cell 
by a semitransparent mirror. Lens L, produces an image of the cell on the screen S. Changes in the interference pattern of the cell are 
detected with high spatial resolution by a combination of a photomultiplier and a thin glass fibre, which can be moved in the image 
plane 

Fig. 2. Interference pattern of a charged hcp-superfluid 'He in- 
terface [8]. The field of vision has a diameter of 2 cm. In this 
example the ions are concentrated in the middle of the cell to 
enhance the visibility of the deformation (The parallel fringe 
pattern outside the center results from a slight inclination of the 
two interferometer plates). For actual measurements, the ion dis- 
tribution at the interface was chosen much more homogeneous by 
properly adjusting the electrostatic potentials applied to the walls 
of the cell 

a )  Large Changes in Height 

We measure the response of the crystal surface to a 
square wave variation of the electric field super- 
imposed on the applied dc field. When the ampli- 
tude of the field variation is large and the crystal 
layer which melts or solidifies is of the order of 
several hundred pm, the interference pattern shifts 
by more than 1 fringe. The lower trace in Fig. 3 
shows the signal from a small photodetector (diame- 
ter << 112 fringe width) positioned in the image plane. 
The maxima and minima correspond to the passage 
of bright and dark portions of the interference pat- 
tern. Consecutive maxima therefore are equivalent to 
a change in height of 93 pm, as expressed by Eq. (2). 
The change of the position of the crystal surface as 
derived from the intensity variation is plotted in 
Fig. 4. 

b )  Small Amplitudes 

For small amplitudes of the electric field and cor- 
respondingly small (c, << 100 pm) variations of the 
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crystal height the photodetector signal does no lon- 
ger pass through several maxima and minima, but 
covers only a fraction of the nearly sinusoidal sensi- 
tivity curve of the interference device. By properly 
adjusting the position of the detector (roughly in the 
middle of the transition between a dark and bright 
fringe) it is possible to achieve a nearly linear re- 
sponse of the photodetector to changes in the crystal 

, height (Fig. 5). 
Using a lock-in technique with a chopped laser 

beam we have reached a resolution for variations of 
the crystal height of better than 0.5 pm. This allows 

/ 

one to measure the behavior of crystal growth even 
for extremely small deviations Ap from the equilib- 
rium pressure p,  at the melting curve (the ratio 
A p / p ,  can be as small as lo-''). The lateral resolu- 
tion of the interference pattern, limited by the imag- 
ing optics, is about 0.1 mm. 

B 

111. Results and Discussion 

For all our measurements we have used commercial 
4He with an estimated 3He impurity concentration 
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Fig. 3. Relaxation of an hcpsuperfluid 4He interface (T= 1.25 K). 1 1 1 1 1 1 1 1 1 1 1 1  

At time t = O  the electric field is reduced from 900 to 100V, and 0 5 10 
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intensity detected py the photomultiplier. The passage of about 2 Fig. 4 Position of the crystal-superfluid interface vs. time as de- 
interference fringes corresponds to a growth of the crystal of rived from the relaxation process in Fig. 3 
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Fig. S Same as in Fig. 3, however with a smaller change in the electric field and a correspondingly reduced variation of the crystal height 
(T= 1.35 K). The change in light intensity here is proportional to c. In addition to the growth also the melting process, occuring after an 
increase of the electric field, is shown 
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Fig. 6. Position of the crystal-superfluid interface vs. time as de- 
rived from the relaxation process in Fig. 5. Open symbols refer to 
growth, and closed symbols to melting. The relaxation times for 
both processes are the same, as expected when the deviations 
from equilibrium are small 

of about lo-'. Before we discuss the results for 
crystal growth obtained with charged crystal sur- 
faces, we first describe some observations for un- 
charged crystals. 

Uncharged Solid-Liquid Interface 

It has been observed already in the early experi- 
ments on helium crystal growth that while growing 
the crystals differ from their equilibrium shape. An 
example is given in Fig. 7 which shows a crystal at 
T =  1.35 K oriented with its c axis nearly perpendic- 
ular to the viewing plane. In equilibrium (Fig. 7a) 
one notes hardly any anisotropy in the crystal con- 
tour, as expected for temperatures above T,. As 
soon as helium is added to the sample cell and the 
crystal grows, however, a distinctly anisotropic 
shape develops, which displays the hexagonal sym- 
metry of hcp He (Fig. 7b). Figures 7c and d show a 
similar behavior for another crystal orientation. 

At the first glance the boundaries of the growing 

Fig. 7a-d. hcp4He crystals at 1.35 K in equilibrium (a, c) and during growth (b, d) 



/ crystals appear as plane facets, as they develop for 
atomically smooth surfaces below the roughening 
temperature. Yet a closer inspection reveals that 
these apparent facets are still curved. They are 
caused by an asymmetry in the growth coefficient, 
and disappear when the growth is stopped and the 
crystal is allowed to relax towards its equilibrium 
shape. 

Absolute values for the growth coefficient are 
difficult to determine from studies as shown in 
Fig. 7, because the overpressure and hence the 
chemical potential difference, Ap, with respect to the 
melting curve are not known with adequate ac- 
curacy when He is added through the sample cell 
capillary. What is possible, however, is to obtain an 
estimate for the anisotropy of the growth coefficient 
for various cjlstal directions. For instance, for a 
crystal with a horizontal basal plane like in 
Fig. 7a, b the ratio of the growth velocities in the 
(1120) and (1070) directions can be derived from 
the change in the crystal contour, whereas the simul- 
taneous growth in the (0001) direction perpendicu- 
lar to the image plane follows from the shift of the 
interference frings. From an analysis of our data we 
get for the growth velocities at 1.35 K 

This result has to be compared now with quanti- 
tative measurements obtained with ions trapped at 
the crystal surface. 

The Charged hcp-Superfluid Interface 

We first discuss results for rough hcp surfaces. When 
a steplike perturbation is applied to such an in- 
terface by switching the electric holding field, the 
position of the interface approaches the new equilib- 
rium exponentially. This was found to hold over the 
whole investigated range of amplitudes 
0.5 pm 5 co 50.5 mm, as shown in Figs. 4 and 6: 

Equation (4) can also be written as 

Since [ is the growth velocity u, and c= App,/gAp, 
we have 

where p, is the density of the crystal. 
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Fig. 8. Relaxation time r of an hcp crystal vs. temperature. Open 
symbols: temperature increasing, closed symbols: temperature de- 
creasing 

Fig. 9. Same data as in Fig. 8, but on different scales. A logr vs. 
T-' plot is motivated by the comparison with data covering a 
wider temperature range (see Fig. 11). The solid line represents a 
temperature dependence r aexp(- AE/k,T)  with A Elk,= 8.1 K.  
The kinetic growth coefficient (m,K) is related to r by Eq. (7) 

Thus the relaxation time z measured in our ex- 
periment is related to the kinetic growth coefficient 
(m4K), defined by v=  - (m4K) A p, by 

According to (6) the growth velocity is proportional 
to A p  as expected for an atomically rough surface. 
But what are the processes which limit the crystal 
growth in the case of He? A clue can be obtained by 
studying the temperature dependence of the relax- 
ation time: 

In Figs. 8 and 9 this dependence is plotted on 
two different scales for a crystal with random orien- 
tation (neither the c- nor the a-axis being vertical). 
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Fig. 10. Inverse growth coefficients of several hcp crystals with 
[0001] (open symbols) and [lOfO] (closed symbols) orientation. 
Relaxation times for intermediate crystal orientation were found 
to lie between the two straight lines. The slopes in this case 
corresponds to AE/k,=7.3 K. Data for the (0001) plane below 
1.25K refer to initial slopes of the relaxation curves and are only 
intended to give an impression of the time scale of crystal growth, 
because the relaxation process in this range is no longer exponen- 
tial 

No dependence on the sample history was observed, 
as is indicated by the nearly identical data taken 
during slowly cooling down and warming up. Ob- 
viously the relaxation of the crystal surface towards 
the equilibrium position develops faster as the tem- 
perature is lowered. This rules out thermally acti- 
vated processes such as nucleation to dominate crys- 
tallization in this case, because these would lead to 
just the opposite temperature dependence. The 
straight line in Fig. 9 suggests a relation 

(The slight temperature dependences of A p  and p, 
which according to Eq. (7) enter the relation between 
z and (m4K)-', can be neglected here.) Data for 
other crystal surfaces show the same behavior, with 
A Elk,= 7.6 + 0.5 K, irrespective of the orientation. 
An exception are (0001)-surfaces below about 
1.25 K, as seen in Fig. 10. This point, which ap- 
parently is related to the roughening transition of 
the basal plane, is to be discussed later. 

The observed dependence of the growth coef- 
ficient on temperature is in very good accord with 
data at lower temperatures, obtained by other 
groups from melting-crystallization waves [5] and 
sound transmission through the interface [6, 141. A 
comparison of these results for the different tech- 
niques is given in Fig. 11, showing the very wide 

Fig. 11. Inverse growth coefficient of solid 4He. + Keshishev 
etal., Ref. 5; x Castaing etal., Ref. 6; this work: o hcp, [0001]; 
a, hcp, [lOiO]; A, hcp, arbitrary orientation *, bcc (ct Fig. 12). 
The slope of the full line corresponds to AE/kB=7.6K, which is 
close to the value 7.8 K quoted by Keshishev etal. for the low 
temperature data. The difference to the real roton gap (7.2 K) has 
been ascribed to a temperature dependence of the preexponential 
factor [5]. The phonon contribution to the growth resistance, 
which becomes important at low temperatures, has been sub- 
tracted here 

range of the growth coefficient accessible with He 
crystals. 

It has been suggested already in the early work 
of Keshishev et al. [5] that the growth in 4 ~ e  at low 
temperatures is dominated by phon6ns and rotons. 
In the region that we have investigated, T>0.9 K, 
the phonon contribution is negligible compared to 
the rotons. The observed dependence (8) therefore 
agrees very well with this picture, because a relation 
similar to (8) with the same A E  governs the number 
of rotons in liquid 4He. 

Theories which relate the growth coefficient to 
the thermal excitations in the bulk phases have been 
presented by Andreev and Knizhnik, and by Bowley 
and Edwards [IS, 16). The basic idea there is that 
the growth velocity is limited by the reflection of 
phonons and rotons from the solid-liquid boundary 
because the quasiparticles are changed in their dis- 
tribution when reflected from a moving interface. 
This gives rise to a production of entropy and there- 
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/ fore leads to a resistance to growth. In their original 
form these theories yield the experimentally ob- 
served temperature dependence of the kinetic growth 
coefficient - a contribution from rotons varying as 
e-7.8'T, from phonons as T-4 [5] - only for rela- 
tively low temperatures where the excitations propa- 
gate ballistically in the bulk phases. In the higher 
temperature (T20.6K) "hydrodynamic" regime, 
however, where all our measurements have been 
made, the growth coefficients predicted by the above 
mentioned theories strongly deviate from the experi- 
mental data. 

In order to resolve this discrepancy Bowley and 
Edwards consider mechanisms which might bring 
the roton gas to rest in the frame of the lattice 
rather than the interface, restoring for the growth 
coefficient in the hydrodynamic regime the same 
behavior as ifi the ballistic range [16]. This aspect 
has been discussed in more detail by Castaing 1141, 
who proposed that one should take into account the 
order induced in the liquid in the vicinity of the 
solid surface, an effect suggested by molecular dy- 
namics calculations [17]. Then the resulting scatter- 
ing potential for rotons becomes long-ranged and 
can no longer be reduced to a static potential in the 
frame of reference of the moving interface. As a 
consequence the treatment by Bowley and Edwards 
should apply even in the hydrodynamic regime* 

A result which might support this picture is the 
dependence of the growth coefficient on the crystal 
orientation. As seen from Figs. 10 and 11, the tem- 
perature dependence of m4K for different crystals is 
the same, but the absolute value can vary. Originally 
this was ascribed to variations in the crystal quality. 
Studies on oriented crystals have shown, however, 
that the apparent scatter is due to the crystal anisot- 
ropy. The value of (m4K)-' measured for the relax- 
ation of the basal plane is more than twice the value 
for the (10i0) plane at the same temperature. This 
agrees well with the growth anisotropy found for the 
uncharged crystals. If, as suggested by Castaing, the 
roton reflection at the solid-liquid interface is domi- 
nated by the order which extends from the solid into 
the liquid phase, such an anisotropy can qualitative- 
ly be understood: Since the periodicity of the in- 
duced order is expected to depend on crystal orien- 
tation (similar to the reciprocal lattice vector of the 
solid perpendicular to the interface), the "matching" 
of the roton wave vector to that periodicity and 
hence the roton scattering at the interface should 
depend on the orientation as well. 

As already mentioned the growth coefficient of 
the basal plane appears to be qualitatively different 

An alternative explanation for the surface mobility, which is 
based on the collision of rotons with surface kinks, has been 
given by Wolf et al. [3] 

from the other orientations in that the relaxation 
time starts to increase below about 1.25 K, and rap- 
idly exceeds the limit which can be reached with our 
set-up (- 1 min). Simultaneously the relaxation of [ 
begins to deviate from an exponential (so that a well 
defined value of .r does no longer exist), leading to 
hysteresis effects and metastable states. 

It has been shown already by Balibar et al. that 
this change in behavior is related to the roughening 
transition of the basal plane [3]. Below T, the num- 
ber of thermally activated steps drops quickly and a 
plane, macroscopic facet develops. 

The crystal growth for the facet is limited by 
processes like the 2-dimensional nucleating of layers; 
compared to these the contribution of roton reflec- 
tion to the growth resistance becomes negligible. 
The steep increase of z in this regime reflects the 
slowing down of the nucleation process for decreas- 
ing T. Similar behavior is expected for other crystal 
surfaces at the corresponding roughening transitions, 
e.g. at 0.85 K for the (10iO) and at 0.36K for the 
(10i1) surfaces 1181. 

We note that for crystal surfaces whose orien- 
tation is close (say, within a few degrees) to the plane 
of a facet the relaxation may develop in a somewhat 
more complex way than described earlier. As soon as 
a facet is present on some part of the crystal surface 
- which for such orientations is very likely - the 
motion of the adjacent rough areas is coupled, due 
to the surface tension, to the very slow relaxation of 
the facet. The response of the crystal surface to the 
switching of the external electric field will then no 
longer be spatially homogeneous, as above TR, but 
will depend on the distance to the facet boundary. 
The detailed behavior in this regime below the 
roughening transition will be the subject of a sepa- 
rate paper. 

The Charged bcc-Superfluid Interface 

Data for two different bcc crystals (orientation not 
determined) are plotted in Fig. 12, where for com- 
parison also results for a hcp crystal are shown. In 
the temperature range where the bcc phase is stable 
the roton energy A, can no longer be considered as 
being constant. Hence the solid curve in Fig. 12, 
which represents a dependence ae-AJk"T (cf. Eq. (8), 
deviates from a straight line. (The values of A, used 
here have been extrapolated from data of Dietrich 
et al. [19] to the melting curve.) As for the hcp 
phase, the temperature dependence given by Eq. (8) 
yields a good fit to the data. Moreover, also the 
absolute values of the growth coefficient for the bcc 
phase agree quite well with the extrapolated hcp 
results. The crystal growth of the cubic phase there- 
fore appears to be dominated by the same process as 
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Fig. 12. Inverse growth coefficient of two bcc 4He crystals (0, +). 
For comparison, data for the (1010) surface of hcp 4He are also 
shown (0). The solid curve indicates a temperature dependence 
proportional to e-Arlk~T, where A, is the roton energy gap 

' for the hexagonal phase, which indicates that the 
crystal structure is of minor importance. This can be 
considered as an additional support for the idea that 
the growth resistance is essentially due to the re- 
flection of rotons not only in the ballistic, but also 
in the hydrodynamic, high temperature regime. 

Valuable additional information about the mech- 
- anisms involved in the growth process and in partic- 

ular about the role of the liquid phase should be- 
come available from studies at even higher tempera- 
tures (T>1 .8  K). There the crystal again has hcp 
structure, but the liquid is normal instead of super- 
fluid. Preliminary studies have shown that growing 
crystals with sufficient surface quality is tedious at 
these high temperatures because of the tendency 

towards dendritic growth. An alternative way to ap- 
proach this interesting region may be to grow the 
hcp crystal from the superfluid phase, and circum- 
vent the bcc phase by first applying sufficient pres- 
sure ( p  2 31 bar) and then increasing the temperature 
until the melting curve is reached. In this range, then, 
the crystal growth should be governed by the same 
processes as in other normal van der Waals systems. 

Development of Surface Deformations During Cooling 

Finally, we report on an observation which we have 
made for crystal surfaces during rapid cooling. No 
matter how flat the surface is in thermal equilibrium, 
it deforms spontaneously when the sample is cooled, 
such that a quasi-periodic pattern develops as illus- 
trated in Fig. 13. The characteristic distance of the 
corrugations, 6mm, is close to 2za ,  where a 
= ( ~ / g A ~ ) l / ~  is the capillary length, and B  is the 
interfacial tension [l 11. The preferential direction of 
the corrugations is parallel to the pseudo-facets ob- 
served for the same crystal during the initial growth 
process and is hence apparently determined by the 
crystal anisotropy. 

This phenomenon is reminiscent of the electro- 
hydrodynamic instability observed at high electric 
fields for liquid-gas as well as solid-liquid interfaces 
as a result of ripplon softening [8-111. The structure 
here cannot be caused by the same mechanism, how- 
ever, because it develops irrespective of whether the 
interface is charged or not and independently of the 
applied electric field. Rather the origin must be re- 
lated to the temperature gradient present in the sam- 
ple during cooling. This is corroborated by the ob- 
servation that as soon as the crystal is in thermal 
equilibrium again the corrugations diminish and the 

Fig. 13. a Interference pattern of an uncharged hcp-superfluid 4He interface, for a sample cooled at a rate of 20 mK/min. The length of 
the scale bar is equal to 2xa=6.3 mm. b Schematic cross section of the interfacial profile shown in a 
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original smooth surface is retained. A qualitative 
argument which might explain the formation of the 
corrugations is as follows: Since our sample is cool- 
ed from the top, the flow of heat is directed up- 
wards when the temperature is lowered. This will give 
rise to a temperature gradient in the solid and a 
discontinuity at the interface due to the Kapitza 
boundary resistance. Temperature gradients in the 
liquid are very small because of the extraordinary 
thermal conductivity of the superfluid phase in this 
temperature range. Assume now that fluctuations 
have led to a small local depression of the interface. 
In the presence of a heat flow the temperature at the 
solid boundary near the center of this depression 
will be higher than in the undisturbed parts as a 
result of the finite thermal conductivity of the crys- 
tal. Since at constant overall volume the helium will 
melt in higher temperature regions and crystallize in 
the other parts, the stochastic deformation will grow 
in amplitude instead of decay. As in the case of the 
electrohydrodynamic instability those deformations 
with a wave vector close to the capillary length will 
grow preferentially. Although this ought to be a 
rather general phenomenon when heat flows across a 
solid-melt interface, the high sensitivity of helium 
crystals to even minute differences in the chemical 
potential may favor such an effect. Certainly more 
investigations are necessary to establish this inter- 
pretation of the surface structures in Fig. 13. 

IV. Stimmary 

The growth coefficient of rough 4He crystal surfaces 
strongly depends on temperature: The results pre- 
sented here together with the data of other groups 
show that it spans over 5 orders of magnitude be- 
tween 0.5 and 1.6 K. Our measurements concentrate 
on the higher temperature range, where the mean 
free path of thermal excitations in the liquid is short 
and the system is therefore in the hydrodynamic 
regime. The temperature dependence in this range is 
found to be the same as in the lower temperature 
ballistic regime, namely (m, K)- ' a e- A with 
values of A E  close to the roton energy both for hcp 
and bcc crystals. The growth of ,He crystals in the 
investigated temperature range therefore appears to 
be governed by the number of rotons in the liquid. 
This result for the hydrodynamic regime is at vari- 
ance with theories for the growth coefficient based 
on the model of roton reflection from the interface, 
but the discrepancy is removed when ordering in the 
structure of the liquid close to the interface is taken 
into account [14]. As a further result, measurements 

of the hcp phase have shown that the absolute value 
of the growth coefficient depends on crystal orien- 
tation, with an anisotropy of about a factor of 2.5 
between the (10i0) and the (0001) surface. As be- 
fore, this could be interpreted as being due to the 
local order close to the interface, but a quantitative 
theory is still missing. 
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the Deutsche Forschungsgemeinschaft. 
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