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I Introduction

The abiitty to preserve a definite shape is the most obvious property
that distinguishes a solid from a liquid. Under ordinary condiions ne
internal motions take place 1 a solid and lead to changes in (he
relative placemenis of its parls, and hence to changes in its shape.
Capillary phenomena, which are so typical of hquids, are therefore
usually not observed in crystals.
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Of course, the outer shape of a body can be aliered not only by
external mouons. Thus, in the course of melting or crystallization the
shape of the crystal changes because the particles go over from one
phase to another. An important factor is that under conditions close
to equilibrium these processes are usually exceedingly slow; in prac-
tice, the crystal simply does not have time to assume an equilibrium
shape within a practicable time interval.

The physical reason why erystals grow too slowly under ordinary
conditions is the following. In crystallization, as in any first-order
phase transition, the states of the two phases are separated from each
other by some energy barrier that ensures the stability of cach of the
phascs. For the phase transition to take place at a certain finite rate, it
is necessary to disturb in one way or another the phase equilibrium.
As a result, the phase transition is always accompanied by enerpy
dissipation, and it is this which limits, in final analysis the rate of
establishment of the phase equilibrium, and in particular the rate of
establishment of an cquilibrium shape.

The cnergy dissipation that accompanies the phasc transition is
determined by the particular crystallization mechanism, which s
dictated in turn by the interphase surface. This group of problems is
the subject of an extensive literature (see the review articles [1-3]).
From the classical point of view, a macroscopicalty homogencous
surface of a crystal that is at equilibrium with a liquid or a vapor can
be atomically smooth or atomically rough. A rough surface 1s charac-
terized by a high concentration of various types of surface defects,
such as sleps, kinks, adatoms, and others. An atomically smooth
surface can be regarded, with a certain degree of arbitrariness. as a
two-dimensional crystal with a small number of defects. while an
atomically rough surface can be regarded as a two-dimensional liguid.
Naturally, such a liquid can exist in thermodvnamic equilibrium only
at high enough temperatures. With decreasing temperature this liquid,
like all ordinary three-dimensional liquids, should freeze, ie.. turn
into a two-dimenstonal crystal. The semi-empirical criterion whereby
a surface 15 classified as being of one Lype or the other (the Jackson
criterion) is the absolute value of the transition entropy AS, ic., the
difference between the entropies of the two phases in contact per
particle. The case AS = 1 corresponds o an atomically smooth sur-
face, while AS =< 1 10 a rough one. Al sufficiently low lemperatures a
classical crystal can be in equilibrium only with a vapor, whose
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entropy per particle inereases without limit with decreasing lemperi-
<ture, and consequently the crystal surface should be atomically
smooth.

The growth of & crystal with an atomically smooth surface proceeds
vid :E?:m__w. activated formation of nucler of new atonne layers (we
are not considering here growth mechanisms due o certain speaific
defects, such as dislocatons, since we are dealing here with the
surface of an ideal crystal). Such a process involves the surmounting
of very high potential barricrs. and therefore the growth rate of a
crystal with an atomically smooth surface is usually vanishingly small
il the deviation from equihibrium is shght.

An atomicially rough surface is characterized by a large number of
“landing points,” 1.¢., empty siles whose oceupation does not lead Lo
a substantial increase of the surface energy. Under quasi-cquilibnum
conditions. such as surface ensures the possibility of contnuous
growth. One should expect in this case the dependence of the growth
(or melung) rate on the difference Ag of the chemical potentials of the

two phases to be hnear:

V= KAy ()

where K s the so-called kinetie growih coefficient.

A rough estimate of the mimmum passible value of the shape
relaxation time for a classical crystal with an atomically rough surface
can be obtained from the following simple considerations. Let the
difference Ap between the chemical poteniials of the two phases be of
the order of the characteristic e¢nergy per particler du~T,_ (we
assume that the second phase is a liquid). The erystallization rate,
obviously, does not exceed the average thermal velocity V,~y T, /m .

Assuming that Ap and ¥ are connecied by the linear relation
¥ = KAp down to arbitrarily small values of &p, we obtain for the

kinetic crystallization coefficient K the estimale
K= (ml,) (2)

[Furthermore, if the crystal shape deviates greatly from equilibrium,
then Ap~(a/RYye’. and at our accuricy we can put a~T, /a’,
where a 15 the surface energy, a 1s the inleratomic distance, and R s
the characteristic dimension of the crystal. From this we get for the
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I Methods of Growing Helium Crystals and
Distinguishing Features of Their Growth at
Temperatures Above 1.2 K

Solid helium has no equal as an object for the study of crystal-surface
properties. By varying the temperature within a relatively small range
{from several tenths of a depree to several degrees) 1t s possible to
track all the distinguishing features that are governed by the surface
structure of the ¢rystal and are typical of classical solids. Moreover. at
temperatures {ower than | K, phenomena that have no classical
analogs are observed, in which the quantum nature of helium s
manifested. The optical transparency of helium determines o a
considerable degree the methods used to investigate the crystal sur-
face. Despite the additional technical difficulties that arise wn the
construction of optical cryostats designed to operate at relatively high
pressures (25 atmospheres and more), optical methods are most
preferable in a numhber of cases.

A characteristic feature of working with solid helium is that the first
and one of the most crucial stages of the experiment is the process of
growing the specimen. In those cases when high quality of the
inveshigated crystals must be ensured, an essential role 15 played by
the choice of the specimen growth procedure. This procedure s
determined primarily by the phase-diagram region in which it is
proposed to carry oul the various measurements.

The first solid-helium specimens were obtained by Keesom [8] in
1926. The thermodynamic parameters along the melting curve of He'
were also first measured at that time. It is quite remarkable that. cven
in these first experiments, all-glass apparatus intended for visual
observations was used (Fig. 1). The helium was pumped by a com-
pressor with a mercury piston 1nto a test tube located inside threc
incompletely silvered Dewar vessels. As a result, Keesom had o
cxamine the content of a thick-wall glass test twbe (capable of
withstanding a pressure up to 250 atm) through narrow slits in three
Dewar vessles, a layer of boiling air, and two layers of boiling helium.
This, of course, made observation of a transparent substance highiy
inconvenient. [t 1s not surprising thal it was practically impossible 10
observe under these conditions the boundary between liquid and solid
helium (at almost equal density of the two phases). in Keesom's
... there is nothing peculiar 10 be seen in the helium; no

s

words
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Figure f Helumesehdificauon ebservation conditons i Keesam's expeniments [8):
I --hgud e 2= hgqud helium, 3—crystallizer, 4— magnetic suirrer.

surface of demarcation between solid and liguid . .. Helium solida-
fies to a homogencous transparent mass. That it 1s a crystalline mass
scems to follow from the fact that the melting curve s sharply
defined.”

Only once could it be seen how a magnetie stirrer (a piece of iron
wire sel in motion by an external magnel) dragged behind 1t a block
of solidified helium several mullimeters in size, observable only be-
cause of the intrusion of extrancous contaminating particles. Kce-
som's experiments were thus the first attempt at visual ohservation of
the solidification of helium. It should be noted that the crystailization
method used in that expeniment, known as the “blocked-capiilary
method, ™ its obvious simplicity noiwithstanding, has a major short-
coming. The onset of the crystallization 1s accompanied in this case
by blocking of the working volume, and the succeeding sampic
growth takes place al constant volume. In view of the appreciable
change of the pressure in the course of the growth process, due to the
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difference between the densities of the liquid and solid phases. this
method is not suitable in principle for growing single-crysial samples.

As a rule, the samples obtained in this manner have a polyerysial-
line structure. Nonetheless, for more than thirty vears, starung with
Keesom’s first investigation, the blocked-capitlary method remained
the only way of oblaining solid helium.

Shal'nikov [9] was the first to pay serious altention to the quality of
the grown crystals. The very primitive apparatus used in his work was
so constructed that the condiuons for wvisual observation of the
solidification process were considerably simplified (Fig. 2). The glass

Figure 2 Shal'nikov’s apparatus for the observation of the crysiallization of helium [9].
a—Experimental setup. b—ampoule for crystal growth: 1 —liquid nitrogen, 2—hguid
hehum, 3--ampoule, 4--high-pressure capillary. 5- -vacuum )ackel, 6—manomelter,
7—glass. 8 -ferrochrome, 9 —copper heat lead, 10 sieel hall. { | —interphase surface.

SURFACE PHENOMENA IN QUANTUAN CRYST ALY 1n?

ampoule n which the samples were grown was placed over e
surface of hquid helium n an unsilvered Dewar vessei paruailh
immersed in liquid nitrogen. The samples were therefore viewed
through only three completely transparent glass walis. Helium gas at a
pressure of 25 atmoshperes and more was fed into the ampouie
through a capillary placed inside a vacuum jacket: this made 1l
completely impossible for sohd helium stoppers 10 form in the path 1o
the ampoule. This vacuum lube served simultaneously as a rod with
which to displace the ampoule along the temperature gradieni that
was established in the crvostat. With the ampoule constantly 1m-
mersed in the Dewar vessei. it was casy to observe the onset and the
subsequent growth of the solid phase produced in the lower part of
the ampoule. The boundary between the liquid and solid helium was
perfectly visible. and could be easily photographed if the illumination
and the contrast were suitable {(Fig. 3). For demonstration purposes. a
small steei ball was placed mside the ampoule and could be displaced
with a magnel. By increasing or decreasing the pressurc it was casy 1o

E’ ¥ .lhl.

Frgure 3 Interface of hguid and solid hehum (photograph)
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repulate the position of the boundary and to maintain it at the desired
level. The same results could be obtained hv varying the temperature
of the ampoule as it was displaced relative Lo the helium level in the
cryostat.

In these experiments, the observation of the solidification of 1ie?
and He' were carried out in the temperature interval 1.2-4.2 K. 1t was
cstablished that the character of the crystallization is determined
primarily by the thermal conductivity of the liquid phase and by the
rate of the process itself. Depending on these (wo factors, several
different types of crystallization are possible.

I. At a sufficiently rapid increase of the pressurc® the solidifi-
calion s instantaneous in the entire volume of the ampoule. The
produced transparent solid phase, outwardly resembling wet snow,
has a finely crystalline structure. By increasing the pressure it is
possible to recrystallize this sample and make it transparent as a
result. Tt must be noted that an increased tendency to form a finely
crystalline structure is a distinguishing feature of helium of nsuffi-
cient degree of purity. To all appearances, all impurities that solidify
al helium temperaturcs and are in the liquid helium in a suspended
state form numerous crystallization centers.

2. When He* solidifies below the A point®* the decisive role is
assumed by the anomalously high thermal conductivity of the super-
fluid iiquid phase. In the absence of temperalure gradients, even if the
crystallization rate is insignificantly low, the formation of the solid
phase begins as a rule in several arbitrary places. In this case,
stmultaneous growth of several transparent crystals is observed;
are nearly spherical in shape and fill gradually the entire volume of
the ampoule. That part of the liquid which is located in the lower part
of the ampoule 1s then blocked and has a high probability of remain-
ing unsolidified. The samples grown in Lhis manner have. o all
appearances, a block structure. While perfectly transparent, they have
a highly uneven hilly surface,

3. A featurc of liquid He' and He* above the A point is a low
thermal conductivity, so that it is quite difficult to prevent tempera-

*We have in mind here the pressure measured at the entry into the capillary at
room lemperature. The difference between this and the equilibrium pressure corre-
sponding lo the melting point determines the rate of flow in the capillary, and therefore
the crystailization rate.

** We recall that we are dealing here with temperatures above 1.2 K.

SURFACE PHENOMENA IN QUANITUM CRYSTALS ine

ture pradients in the liguid phase. In this case the erystalhzation starts
in the coldest place. and the subsequent crvstal prowth procecds in
accord with the temperature distorbution. Thus, for example. in the
presence of a heal lead m the ampoule shown in Fipo 2h. e
formation of a transparent sohd phase begins on the surface of 1he
heat lcad, and the interface boundary duplicates exactly the contours
of this lead. Further growth of the crystal 1s accompanied by levehng-
off of the surface in accord with the shapes of the isotherms on the
interphase surface. As shown by further experiments, a sample can be
grown in similar manner also from the superfluid liquid phase. In ihis
case. however. the crystalhization should proceed extremely slowlv
and in the presence of a dirccted heat flux that produces a preferred
dircction 1n the crystallizer volume.

The described experiments have thus been able to establish the
principal qualitative features of helium-crystal growth. As a resull,
Shal'mikov [10] developed a tcchmique for growing single-crystal sam-
ples with provision, besides visual observations, for continuous em-
perature monitoring and control of the prowth process. When high-
grade single crystals are grown 11 is obviously necessary o carry oul
the erystallizations under conditions as close as possible to cquilib-
rium. i.c.. al constant pressure and temperature. This is hindered.
however, by the following circumstance. Sohdification sets in at the
coldest place. in which case the latent heat released during the crystal
growth 1in automatcally removed through the produced sohd helium
whosc thermal conductivity on the melling curve 1s quite low and
does not exceed 1072 W/em - K. As a result, a temperature gradient
15 inevitably produced in the growing crystal and is larger the higher
the growth rate. Thus, in the temperature region above 1 K, where the
heat of crystaihization differs substantally from zero. the only reai
process 1n which crystal prowth takes place under conditions closest
1o equilibrium is crystallization at a constant pressure in a specified
temperature gradient.

Shal'nikov [10] used a standard He? refrigerator placed inside glass
helium and nitrogen Dewar vessels. Figure 4 shows schemaucally the
glass vacuum chamber of the refrigerator, in which the glass ampoulce
for the crystal growth is located. Scaled into the lower part of the
ampoule 15 a copper heat lead that 1s in thermal contact with the bath
of the He' refrigerator. Fused into the upper cover of the ampouie 1 a
capillary that connects it with the high-pressure system. The vacuum
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Figure 4 Diagram of low-lemperature part of helium erystal growth apparatus [10].
i—Glass vacuum jacket, 2—IHe' bath of refrigerator. 3—ampoule. 4—high-pressure
capillary. 5—heat lead, 6—thermometers, 7-—heaters, 8 —manometer.

insulation of the high-pressure line inside the cryostal, provided in the
construction, made blocking of the working volume impossible. To
cool the helium flowing into the ampoule, a segment of the capillary
inside the vacuum chamber is connected with the heat lead that
provides the thermal contact with the external helium bath. Mounted
on the heat lead are a thermometer and heater intended 1o monitor
and regulate the capillary temperature. In the upper and lower parts
of the ampoule are placed two thermometers that record the tem-
perature distribution during the crystal growth, This distribution
could be rcgulated with a heater mounted on the cover of the
ampoule.

SURTACE PHENOMVENA IN QUANTUAM CRYSTALS 1

Before the start of the crvstallization, the entire eryostal was cooked

© 1o a temperature somewhat higher than the suggested solidification

temperature. and the desired pressure was established in the ampoule
The ampoule and the manometer (the latier at room temperature)
were disconnected from the remaiming parts of the high-pressure
system and the slow cooling was started. When the sohdilication
temperature was reached, a transparent layer of solid helium was
produced on the heat lead. The subsequent cooling was accompamied
by upward mouion of the mterphase surface, which leveled-ofl with
increasing distance from the heat lead and became horizontal. By
regulating the cooling rale and using the heater in the upper part of
the ampoule. 1t was possible to carry out the crystaliization at a
specified rate, which could be varied in a wide range. From measurce-
ments of the temperatures of the upper and lower ends of (he
ampoule and of the position of the interphase surface 1t was casy 1o
determine (in the lincar approximation) the temperature distributions
in solid and ligud phases. As a rule, the crystal growth rate did not
exceed -3 em/hr, in which case the eharactenstic values of the
temperature gradients amounted to 0.1-1 K /em. During the erystatli-
zation time. the temperature of the cooled section of the capillary was
conunuously monitored and maintained abave the solidificanon tem-
perature with the aid of the heater. Since the volume of the ampouic
ways small compared with volume of the manpometer. the erysial
growth took place al almost constant pressure. After the end of the
crystallization. the heating of the capiliary was stopped and the
capillary was Nlled with the solid phasc. All the subsequent tempera-
lure measurements were therefore made at a fixed volume.

‘The procedure considered for growing crystals at conslant pressure
made it possible to obtain samples of exceptionally high quahty. By
using this method, Mezhov-Deglin succeeded i growing cryslals
whose thermal conductivity reached the record value 50 W /em - K.
and tn which the mean free path of the phonons exceeded the sample
diameter by several times [11]. Crystal growing at constant pressure
has found extensive use during the last decade. At the same time. o
need arose for effective methods of controlling the quality and the
orientation of the samples. The most direct and informative among
these methods are x-ray structure analysis [12-14] and neutron dif-
fraction [15]. The capabilitics of the x-ray structure method were first
demonstrated by Fain and Lazarus [12] in measurements of the
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thermal conductivity of He!. Somewhat later Graywall [13]. while
tnvestigating the anisotropy of the sound velocity of hep He® and bee
He', investigated in detail the influence of the growth conditions on
the quality of the crystals. Most crystals grown by the constant
pressure at a rate ~1 cm/hr, despite the small changes of the
pressure in the course of the crystaliization, were shown by the x-ray
diffraction pattern to be of high grade, 10 contain no stresses, and to
require no annealing. At the same time, all allcmpts to grow a good
crystal from superfluid helium by slow compression of the liquid at
constant temperature ended in failure.

Somc of the crystals grown at constant pressure were defective in
structure, and a correlation was observed between the growth ralte
and the number of defects in the sample. It must also be noted that,
regardless of their quality, all the samples, including even the poly-
crystalline ones, had absolule optical transparency,

An optical control method. based on birefringence, has lately come
into extensive use. This method yields extensive, albeit not complete,
information on the orientation and on the quality of the crystals. It
can be used, however, only for the investigation of hep He' [16-19].

Intensive research into such struclure-sensitive properties as the
thermal conductivity {19,20] and the propagation and aticnuation of
sound [13,17,19] has made possible the use of these properties to
determine the orientation and the degree of perfection of the crystals.

When speaking of the study of solid helium as a whole, it must be
noted that up to very recently the rescarchers focused on the study of
bulk properties, while the investigation of the surfaces of helium
crystal was set aside. For this reason, apparentily, practically no
investigations were made of a narrow phase-diagram region located
along the melting curve below 1.2 K. At higher temperatures, the
kinetics and shapes of the growth observed in the course of the
crystailization led only to rather indirect conclusions concerning the
state of the ecrystal surface. The absence of faceting and of supercool-
mng at high growth rate pointed (o an atomically rough structure of
the helium surface at high temperature [5,14]. As already noted in the
preceding section, at sufficiently low lemperatures the classical equi-
fibrium surface is atomically smooth. However, laking the role of the
quantum effects into aceount, Andreev and Parshin {5] predicled the
existence of a qualitatively new surface state, which is the analog of
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an atomically rough surface and 15 at equlbrium down to zero
temperature. The most significant result of the theory was Em pre-
dicted possibility of nondissipative crystallization and of the existence
of crystallization waves. ‘ _

Up to that time, the only expenmental indication of the unusual
properties of the surface of solid helium were the obscrvations of
Shal'mkov and co-workers [21]. who investigated the hardness of
crystaliine helium. The most interesting result of these expeniments
was the anomalously rapid refilling of an indentation produced on the
crvstai surface by an applied force. The crystaliization rate reached
this case 100 pm/sec and could not be atiributed to any temperature
effects whatever.

[II Features of He' Crystal Growth at Temperatures
Below 1.2 K

Our latest experiments [6, 7] were enlireiy devoled to the Investigation
of the surfaces of He* crystals at temperatures below 1.2 K. The
optical instrument was designed to ensure proionged contnuous
operation and made it possible to observe the crystal growth. to tuke
photographs, and to perform optical measurements. In the lower part
of the melallic cryostat, provision was made for three pairs of plane-
parallel windows (K-8 glass at room temperalure, m_zm_w-an_m_ sap-
phire at nitrogen temperature, and chemical glass at helium tempera-
ture). The windows in the vacuum jacket of the He® refrigerator were
made of fused quartz. In all other respects, the construction of the
apparatus duplicates that shown in Fig. 4.

The He crystals were grown in a metallie ferrochrome chamber of
rectangular 12 X 15 mm cross section (Iig. 5). Two opposile wails.
made of chemical glass measuring 12 X 28 X 3 mm were left open to
permit observation of the entire volume of the container. The giass
was sealed into the metallic housing with Stycast-1266 epoxy resin.
When constructed with precision (the gap between the glass and the
metal did not exceed 50 um over the entire perimeter). such a
construction could withstand repeated cooling from room tempera-
ture to helium temperature and a pressure up to 60 atm. A capacitor
intended for the excitation of the crystal surface oscillations was
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Figure 5 Construction of crystal-growth chamber [6.7]: ] —housing, 2—capacilor,
3. capillary, 4—clcctric lead-in, 5—heal tead. 6—thermonteter, 7-—cadmium reference.
The arrows indicate the direction of the light beam.

mounted on a side wall inside the chamber. The capacitor consisted
of two capron (nylon)-insulated copper wircs of 30 pm diameter,
bifilarly wound (150 turns) on a Fiberglas plate; it witistood in liquid
helium a voitage not less than 3 kV, corresponding to a maximum
field intensity (2-3)- 10° V/cm. In the upper part of the chamber
were sealed-in a capillary and the ciectric leads, while in the lower,
the copper heat lead to the He? bath. To decrease the heat flow into
the chamber, part of the capillary was in thermal contact with the et
bath. A carbon thermometer mounted on a heat lead sealed into the
side wall of the chamber was calibrated against the Jle’ vapor
pressure. The calibration was monitored with a cadmium reference
(T.=0.515 K), mounted on the same heat lead. When the chamber
was filled with superfluid helium, the total heat inflow into the He’
bath. including that by radiation through the windows, did not excecd
107* W,

The crystals were grown from He* subjected to preliminary purifi-
cation with the aid of the thermochemical effect. Thus, the fHe'
concentration in the initial gas did not exceed 107%, Since the slope of
the melting curve at temperature below 1.2 K is practically zero, the
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method deseribed above for growing crystals al constant pressure
cannel be used 1 this region of the phase dhagram. The crystals were
prown by slow compression of the liquid at constant temperature. and
the rate of crystallization was determined by a controlled flow of
helium inside the chamber. The chamber was first filled with iquid
helium al approximate pressure 25 atm with the aid of a compressor.
which was subsequently disconnected. The growth and meiting of the
erystals was cffected by heating and cooling the outer ballast volume
(300 em’). When necessary, the grown crystal could be completely
melted within less than a minute, by simply iowering the pressure in
the buffer volume by 0.1-0.2 atm below the melung curve. The
growth process could then be repeated at any desired velocity, Con-
tinuous visual control made it possible not only to repeat the crystalli-
zalion many times during one experiment, but also (o parually meh
and grow crystals, to leave in the chamber a seed measuring | mm’
for subsequent growth of a large crystal, elc. Once the necessary
sample was grown, the buffer volume was disconnected and the
position of the interphase boundary could remain unchanged accu-
rate to 0.1~0.2 mm for many hours.

Visual observation of the crystallization of He? reveals a preat
variety of shapes and growth dynamics, depending on the tempera-
ture, on the place of nucleation, and on the orientation of the nucleus.
AL temperatures below 1.2 K, the crystallization proceeds as a rule
from a single center randomly located on one of the chamber walis
In the course of the growth, the crystal is always faceted to one degree
or another. with the faceting more pronounced the fasier the growtn
and the lower the temperature. The observed faceting always corre-
sponds to a hexagonal prism represented by some faces or othcrs.
depending on the point of nucleation, the size of the crystal. and ats
orientation relative to the chamber wall (Fig. 6). The crystal symme-
iry (hexagonal close packed, space group D2y makes it possible 1o
identify the basis of the prism with the (0001) basal plane, and the
lateral faces perpendicular to it with planes of the type S1010, or
(1120}, Thus. direct observation of the crystal during the prowtn
makes it possible in essence to establish uniquely ils orientation
Figure 6 shows clearly all the charactenstic features of the growth of
the He* crystals at low temperatures: a distinetly pronounced lacetine
at relatively high growth rate—0.1 mm /sec and higher (frames a and
b). the rounding-off in the upper part of the surface as the growth
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Figure 7 Crystal under conditions close to equilibriam at a temperature 0.5 K. The
lower face s represented by the (0001) plane; the crystallizaticn wave due 1o the
vibrations of the cryosiat can be seen on the upper rounded surface.

helium from all other crystals and cannot be cxplained within the
framework of the classical theory.

The crystallization and melting processes proceed at a noticcable
rate even at a fixed amount of helium inside the chamber (when there
is no flux of matter through the filling capillary) under the action of
the most insignificant moving forces, such as surface tension or
gravity. This is manifested most clearly in the case when a small
sample is grown on one of the side walls of the chamber, so that the
crystal is surrounded by the liquid phase from all sides. with the
exception of the plane of the contact with the wall (Fig. 7). Undcr the
influence of gravity the crystal, gliding as it were down the wall,
moves slowly downward. What actually occurs is a recrystallization of
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(he sample. as is evidenced by its shape. The upper rounded-off pari

- of the crystal s continuously melted. whereas the lower faceted part

prows. We emphasize that this process takes place under the action of
the hydrostatic pressure difference. at a vertical crystal dimension 5 -6
mm. at a ralc of —1 mm/min. Ata definite sample orientauon. when
the lower part of its surface Is matnly the (0001) face. the recrystalli-
zation is exceedingly slow. so that the crystal can hang on the
chamber wall for several hours.

During the growth time. a phenomenon which we call crystal
“dumping” is frequently observed. The cause of the dumping s
usually some obstacle encountered in the path of the growing crystal.
This may be a roughness on the substrate surface. the opposite wall or
the bottom of the chamber, which limit further growth of the crystal.
In this case a rapid (less than Q.1 sec) avalanche-like recrystallization
of the sample takes place, appearing outwardly as if the crystal were
to collapse and fill partialiy or completely the lower part of the
chamber (Fig. 8). The faceting. which does not exist in the course of
the dumping, is then immediately restored and uniform growth of the
crystal continues. Even though the dumping changes considerably the
shape of the crystal, its onentation s fully preserved. In mosl cases
this process is accompamed by the appearance of one or several
planar defects, apparently the stacking faults* well invesugaled
ordinary close-packed structures. At equilibrium, these faults appear
in the form of “ravines.” which are produced at the places where the
defect plane emerges to the surface of n:m_.nﬂﬁm_ (Fig. 9a). The
occurrence of the ravines is obviously due to the excess fault energy.
which is proportional to its area. The observed ravine depth makes i
possible to estimate this energy at 0.1-0.2 erg/cm? It musi be
¢mphasized that the orientations of the blocks on bhoth sides of the
stacking-fault plane are strictly identical. When the growth of a
crystal with such faults resumes, the ravines are rapidly prown over.
and the resultant faceting does not differ in any way from thal of
fault-free crystal (Fig. 9b). The last circumslance is the primaipal

* 1 1s known that the difference between two possible clase-packed struviures can
e eastly traced with close packing of hard spheres as the example. The alieranon ol
layers for a fec structure corresponds to the sequence ABCABC .. . whnereas [or the
hep structure this ABAB .. . 1n this notation, the stacksng faull can be represented by
sequences of the type ABABCACA ... ABABCBCB . .., and posably alse by inore
complicated ones.

e
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difference between the stacking fault and other types of (wo-
dimensional crystai defects. Thus, e.g., in the presence of two dis-
oriented blocks at the places where the block boundary emerges 1o
the sample surface, charactenistic peculiarities of the same plot are
observed both at equilibrium and during the growth time.

Stacking faults are apparently the most frequently encountered
disturbance to the structure of crystals grown at temperature below
0.8 K, since it is quite complicated to avoid dumping and to grow a
sufficiently large fauli-free sample. However, neither x-ray structure
analysis nor any of the methods considered above 1s suitable for the
detection of a stacking fault, which has such a distinct structure. The
only method of determining the crystal quality in this case is appar-
ently visual monitoring of the equilibrium shape of the surface.
Experience has shown that the most favorable regime for the produc-
tion of a fault-free sample of large size is slow crystallization at a
temperature 0.8—1.0 K. Al these temperatures, the anisotropy of the
growth coefficient is still not so large and, in addition, the anoma-
lously high crystallization rate which contributes to the appearance of
dumping is absent.

When speaking of crystal quality, it must be borne in mind thal
when a sample grown, say, at 0.8 K is heated to 1.1 K and above, an
irreversible change lakes place as a rule in the shape of its surface.
This change is probably due to plastic deformation of the crystal as a
resull of a change in equilibrium pressure by an amount ~0.1 aim,
which excecds the yield strength of solid helium {21,24]. Only a
sufficiently slow {not faster than 0.1 K /hr) temperature change is nol
accompanied apparently by plastic deformation of the crystal.

As already noted. solidification at low lemperatures takes place
usually on account of the growth of one crystal. However, by apply-
ing to a capacitor a voltage of ~| k¥ we succceded in initiating the
growth of one or scveral more crystals on the surface of the capacitor
in the presence of a large sample filling the enlire lower part of the
chamber. After the dimensions of the crystal grown on the capacitor
rcached 3-4 mm. the electric field was turned off and the crystal
dropped under the influence of gravity. Thus, it becomes possible to
observe the growing-together of iwo blocks having different orienta-
tions. Qutwardly, this process has the appearance of the coalescence
of two liquid drops. When the contact takes place, the upper crystal
decreases rapidly inside and vanishes, ensuring thereby the additional
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Figure 10 Shape ol the surface of a crystal with a block siruciure

growth of the lower crystai. which lakes place without any :.c:nn.mZn
violation in the structure of the latter. The process considered 13
possibly one of the reasons why. as noted by various authors. 1t 1y
difficult to grow a block crystal at jow temperatures, The foregomyg
does not mean, however, that a block crystal cannot exist at such
temperatures. On lae contrary. a nJ_mE._ grown at a lemperaiure
higher than 1.3 K from several nuclei retains i1ts block structure when
cooled down to the lowest temperalures (Fig. 10).

Notice should be taken of an interesting phenomenon thal can be
observed by applying to a capacttor. frozen into the solid phase. a
sufficiently high (~1 kV) alternating voltage. C:an_.‘ these condiions.
bubbles are produced on the surface of the capacitor in Eo.. erystal
below the principal meniscus: these bubbles are obviously filied with
liquid helium. and reach sizes of several millimeters (Fig. 11). The
bubbles have a clearly pronounced faceting. and all the bubbles have
the same orientation as the crystal. They are very mobile, they are
produced and vanish rapidly. moving upward over the surface of the
capacitor. etc. Those of them that are particularly large can some-
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m..ﬁ.:k. ._.5. Appearance of bubbles in an electric field. The upper half of the chamber is
filled with liquid kelium and the lower with the crystal; two faceted bubbles can he
seen on the lefl below the meniscus en the capacitor

times break up, so that one or several bubbles turn out to be frozen
instde the volume of the crystal: such bubbies lose their mobility
practically completely.

Of great practical importance 1s the question of the place of
production of the nuclei and of their orientation. We note first that
the nuclei are never produced directly in the volume of the liguid.
This 1s perfectly natural, since superfluid is a much purer object than
the inner walls of the chamber. where there are always enough
crystallization centers. Furthermore, in our experiments, as in most
other experiments with helium crystals, the inner walls of the chamber
have a rather complicaled geometry and are made of a preat variety
of materials (ferrochrome, copper. glass. Fiberglas plastic, capron,
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adhesivest. In addition. no speecial measures were made o frmish and
~clean these surfaces thoroughly, Under these conditions. one can
hardly expect any reguianties with respect Lo the point of nuclealion
and ornentaton of the nueler of helium erystals. Indeed. the nucleus
usually appears at some random point of the surface, and the poini of
its appearance can vary, e.g.. when the chamber illumination condi-
nons are changed. As for the orientation of the nuclei. there s
observed here (see also [34]) the unique phenomenon of “orientation
memory.” which scems rather puzzling (o us and consists in the
following. When the crystal prowth process in a single experiment 1s
repeated a number of tmes, wherein the grown erystal is melted. the
pressure 1s lowered by 0.1-1 atm below the melting curve, and then
apain rises until a new nucleus is produced. the latter has as a rule the
same or nearly the same orientation as its predecessor. This repetiton
of the orientation takes place even an those cases when the new
nucleus s produced in an entirely different place in the chamber than
the preceding one (we emphasize that in all this ime we are speakimy
visible nuclel, e, of crystals with dimension of the order of 1 mm).
This “memory” can be destroyed by a sufficiently strong change of
the conditions in the chamber: thus, according 1o [34]. 1t suffices for
this purpose to decrease for a while the pressure by several at-
mospheres. In our apparalus 1t is possible 10 control parually {he
orientational memory by applying o the capacitor a sufficiently high
voltape (~1 kV). When the cleciric hield s turned on, the nucleus s
produced directly on the surface of the capacitor and has already a
new orientation, which 1s in fact “remembered™ by the succeeding
nuclel. We note once more that this phenomenon 1s quite puzzling: al
any rale, mere reference o a van der Waals force at the wall. as in
[34]. casts no hght whatever on the question,

IV  Surface Structure and Growth Kinetics of
Quantum Crystals

The described picture of the helium crystal growth means that at all
oricntations, with the exception of the special ones determined by the
faces of the growth prism, the erystal surface remains in an atomical-
fy-rough state at least down to 0.4 K. The fact that the growth
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coefficient for these orientations increases rapidly with decreasing
temperature suggests that this state differs in its properties from the
usual atomically rough state. It will be shown below. by taking
quantum effects into account, that the surface of a helium crystal, at
sufficiently low temperatures, can indeed be in a special state that is
the quantum analog of a classical atomically rough surface.

When it comes to a microscopic description of the structure of a
crystal-liquid interphase surface difficulties arise even in the classi-
cal theory. The reason is that a unique classification of each particle
of the substance as belonging to one phase or another is generally
speaking impossible because of the complicated character of the
particle motion near the interphase surface. Particles belonging to
different phases can be distinguished satisfactorily only for an atomi-
cally smooth surface thal contains no mobile defects. In the case of
the boundary between a quantum liquid and a quantum crystal, the
need for explicitly laking into account the fact that identical particles
are quantum-mechanicaily indistinguishable makes their individu-
alization impossible regardless of the surface structure. In a micro-
scopic description of the structure of the surface it would be necessary
in this case 10 use a density function that is periodic in the bulk of the
crystal and equal 10 a certain constant in the bulk of the liquid. The
width of the transition region between these (wo asymptotic limits,
which has the meaning of the effective thickness of the boundary, will
be in this case of the order of several interatomic distances.

It is essential. however, that such concepts as a step or a kink on a
step. which have symmetry implications, can be introduced also in the
quantum case. It suffices for this purpose 1o use only the general
properties of the boundary that foliow from the symmetry of the
phases in contact. For example, a step on a surface corresponds 1o
such a state of the boundary wherein its position at infinity (on the
right and on the left in Fig. 12) is shifted by an clementary crystal
translation vector that does not lie in the plane of the surface. By
virtue of the periodicity of the crystal and of the homogeneity of the
hquid. a shift equal 1o the translation vector transfers the boundary to
an equivalent position, so that the step constitules a certain linear
defect on the surface and, in essence, only this surface property 1is
important in what follows. We emphasize that in this way il is
possible to introduce the concept of a step. and analogously the
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Frgure 12 Step with two kinks.

concept of a kink on a step on a surface having arbitrary integer
Miller indices.

The state of the step is determined by the configuration of the kinks
on it. and the kinks can be of 1wo “signs” (see Fig. 12). Each r._:r.nm:
be regarded as a point defect on a step. Assume that some a.&._::n_v_
orienled step with a kink is present on the surface in the equilibnium
state at 7 = 0. Displacement of the kink by the translation elementary
vector along the step corresponds 1o a transibon of one paruele (the
helium atom) from one phase to another. Such transiions take place
with finite probability even at 7= 0. on account of prouesses as
similar to quantuim below-barrier tunnehng. The kink energy s not
altered by such displacements. since the chemical potenuals of Lhe
phases 1n equilibrium are equal. This mean«< that in analogy with
other point defects in a quanium crystal, the kink behaves under these
conditions as a delocalized quasiparticle whose state is determined b
the quasimomentum.

The kink energy € 1s a certain function of its quasimomentum p (see
Fig. 13). with the width of the energy band & proporuenal to the
probability of tunneling of one atom per umit ume: A~Aw. In this
case this probability is apparently net less than the corresponding

2 7
Figurc 13 Energy spectrum «{ p) of solstary kink.
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probablity that determines the width of the vacancy band in ¢
Thus, one should expect in our case A 1o be of the order of | K.

Let py be the value of the quasimomentum corresponding to the
bottom of the cnergy band. At T =0 this state is stanionary (and
ground) for a solitary kink. Stationary states that are close in energy
{(p 7 po) correspond 1o nonzero kink velocities, and therefore (o a
continuous flux of matter from onc phase to another. In other words.
the transition of matter from onc phase to another is in this case a
coherent process unconnccted with any energy dissipation whalever.
In facl, loss of coherence could occur here only as a result of
collisions between the kink and the phonons or their radiation. At
T =0, however, there are no thermal cxcitations, and the phonon
radiation at low kink velocitics are forbidden by the energy and
momentum conservalion laws. We emphasize also that the considered
Stales are not separated from the ground state by a finite encrgy gap.
Thus, a solitary kink is an example of a system having stationary
states that are arbitrarily close in energy to the ground state and are
characterized by the presence of continuous flux of matter from one
phase (o another,

Just for any classical defect, energy ¢ of a localized kink 1s a
positive quantily. On the other hand, a localized kink constitutes a
“packet”™ made up of states will all possible values of p. Therefore ¢,
lies approximately near the midpoint of the cnergy band. 1If the
energy e( py) corresponding (o the bottom of the band is positive, then
there are no kinks in the ground state of the slep, te., the step is
atomically smooth at 7= 0. On the other hand if A is large cnough
(roughly spcaking. A > 2¢). then e(pg) <0, ic.. when kinks with
P = po appear, the energy of the step decreases. In other words, the
atomically smooth state turns out in this casc to be unstable with
respect to production of kinks (more accurately speaking, of pairs of
kinks of opposite sign, inasmuch as at a fixed average onientation of
the step the production of kinks of oniy one sign is impossible). To
clarify the structure of the ground state of the step in this case it is
necessary to take into account the interaction between the kinks.

When two kinks of the same sign collide, they can exchange
quasimomenta (Fig. 14a). On the other hand, if the signs of the kinks
arc opposite, then, besides collisions of the same type, a process with
“llip-over™ into a neighboring row is also possible (sce Fig. 14b), and
the probability of this process is by far not small. In fact. at distances
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Figrre 14 Possible lypes of kink colhisions.

thal arc large compared with atomie, the interaction of the kinks s
due mainly to their interaction via the ficld of the clastic strains in the

crystal [25]. In this case

Ui~ (a)
mi E _vu

where £ is Young's modulus (the van der Waals interaction yiclds
U, ~r~". On the other hand, at distances of the order of atomic.
aobviously, U, ~¢,. The probability of the process with “flip-over™ s
the probability of particle tunneling through the potential barner
determined by the function U (r). and van reach values of the order
of unity under the conditions considered. Next, 1t 1s clear that if the
cnergy €(pq) 18 not too close to 2ero {[€( pg)j~Aa/2), then the interac-
tion between the kinks is substantial only over distances of the order
of atomie.

Thus, when the concentration of the kinks on the step is inereased.
its energy decreases until 1t reaches a minimum at a certain concentra-
tion (generally speaking, on the order of atomic). Such a sicp can be
called “quantum-rough,™ since 1t contains a large number of kinks
even in the ground state. A substantial property of such a step 1s the
presence of states that arc arbitrarily close n energy to the ground
state and correspond (o continuous motion of the step, accompamed
Dy particle transitions betwecn the phases. The presence of such states
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is ensured by the “flip-over” into the neighboring row. which was
considered above. A quantum-rough step turns out thus to be com-
pletely delocalized on the crystal surface.

The total energy £ of a gquantum-rough step (referred to the length
of the elementary translation vector along the step) may turn out 1o
be positive as well as negative, depending on whether the posilive
“bare” cnergy £, of the atomically smooth step compensates for the
negalive energy of the delocalized kinks with account laken of their
interaction. If 8 > O for ali the possible orientations of the step on the
considered surface. then there arc no steps in the ground state of the
surface, and at 7 =0 the surface remains in the classical atomically
smooth slate. If however 8 < 0 for at least one pair of opposite
orientations of the step (of course, more complicated configurations
are also possible), then the atomically smooth surface turns out to be
unslable to the production of such steps. As a result, the equilibrium
surface constitutes a distinctive two-dimensionai liquid consisting of
delocalized steps of various configurations, including closed steps of
finite length. The number of steps of cach kind is obviously not fixed
and is itself determincd from the condition that the total energy be a
minimumn.

Crystal growth with such a surface is due both to an increase of the
surface bounded by each step, and 1o the formation of new atomic
layers when two steps collide (this process is analogous lo the flip-over
to the neighboring row when two kinks collide). It is important that
these processes and their inverses produce in the system stationary
states that arc arbitrariiy close to the ground state, and in which a
continuous growth and melting of the crystal takes place. The motion
of the interphase boundary at 7 = 0 takes place thus without loss of
phase equilibrium. In other words, the kinetic growth cocfficient for a
crystal with such a surface at zero temperalures becomes infinite.

As for a crystal with an alomically smooth surface, the situation
here is reversed. In fact, al equilibrium at 7 =0, the atomically
smooth surface does not contain any defects whatever. Therefore a
crystai with such a surface can grow only by formation of nucler of
new atomic layers, i.c.. closed steps of finile length, whose energy
according to the foregoing is in this case positive. If a finite chemical-
potential difference Ap exists between the phases, then the formation
of a nucleus of critical dimension by quantum tunncling becomes
possible [26]. As Ap—0, the critical dimension increases without
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limit. the probabihty of this process tends rupdly (exponentially) to
zero. so that K =hmy, (¥ /A1) = 0. Thus, the kinctic growth coeffi-
cient of a crystal with atomically smooth surface is zero at 7= 0.

We see thus that at absoluie zero the kinetic growth coefficient 1y
either zero or infinite. depending on whether the crystal surface 15 in
an atomically smooth or a quantum-rough state. Of course. one
crystal can have surfaces of both types. depending on their onenta-
tion. In the case of He* hep crystals, as shown by the experimentai
data [23.7] surfaces of only two orientations, corresponding to the
prism-growth faces, remain in the atomicaily smooth stale, while the
surfaces of all the remaining orientations turn oul lo be in the
guantum-rough state. This facts perfectly natural, since it is precisely
the indicated special orientations that correspond to the closest
packed faces, for which maximum values of 3, should be expected. A
question ihat remains open, however, is which of the possible orienia-
tions. {1010} or {1120}, correspond to the lateral faces of the growth
prism and whether the difference between these orientations. in the
sense discussed above, 1s purely quantitative or has some ludden more
interesling cause.

At finite temperatures. the growth of a crystal with @ quantum-
rough surface is accompanied by energy dissipation due to the inter-
action of the bulk thermal excitations with the moving surface [5]. Let
us consider, ¢.g., the dissipation due to phonons. Phonons incident
on the boundary from the liquid side. produce a pressurc P,
a~nT'@ % (n is the number of atoms per unit volume and & is
the Debyve temperature). At equilibrium, i.e., when the boundary s
immobile, this pressure is offset by the counterpressurc of the solid. If
the boundary moves with velocity . then, as a result of tne Doppier
effect. a pressure difference AP, ~(V/ c)eg, (¢ 15 the sound veloaty)
is produced on the boundary and is directed opposiic o the motion.
As a resuil, an energy of the order of ( _\u\lm? is dissipated per unit
surface arca. On the other hand, the same cnergy dissipation 1s equal
to ApN, where A = nV is the number of atoms that go over per unit
time from one phase to the other. From this we get

~€

Thus. the growth coefficient becomes infimte at 77— 0 (n proportion
to 774
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Phonons are the main type of thermal excitations in liquid Te* at
temperatures Jower than approximately 0.5 K. At higher tempera-
lurcs, a more substantial role may be played by the contribution of
the rotons to the total encrgy dissipation. In this case onc should
cxpect a relalion K~exp(4,/ T), where 4, is the roton gap.

Everything satd above pertained so far to He? crystals. As for He®
crystals, an equation similar 1o (3) can be used for them only at
cxtremely low temperatures, much lower than the superfluid-
transition temperature (and, of course, under the condition that the
crystal surface remain in the quantum-rough state). In this case,
however, the main type of thermal excitations, in both the liquid and
solid phase, are spin waves with a dispersion law that is linear, just as
for the phonons [27]. The main contribution to the energy dissipation
is made here by the spin waves of the erystal, since their velocily is
lower. Therefore the quantity ¢ in Eq. (3} has in this case the meaning
of the spin-wave velocity in antiferromagnetic solid He?, while © has
the meaning of the Néel temperature. At higher temperatures, in
which liquid He® behaves like a normal Fermi liquid, the principal
dissipation mechanism is the interaction of the moving boundary with
the Fermi excitations. The order of magnitude of the cnergy dissipa-
tion is p, - nV - V, where p; is the Fermi momentum; this corresponds
to a temperature-independent growth coefficient K~1/pz. A similar
cstimate can be obtained also for the case of a solution of He? in He?,
with a concentration ny/n < 1. In this case, the energy dissipation due
to the interaction of the moving boundary with Lhe impurity particles
is of the order of nyp,V?, corresponding 10 a growth coefficient
K~(ny/m)(1/ps} py is the characteristic momentum of the impurity).
Comparing with Eq. (3), we see that at low temperature the He?
impurity can substantially influence the growth kinetics of He® crys-
tals cven at quile small concentrations.

Y  Equilibrium Shape of Helium Crystals

The cquilibrium shape of any crystal is determined by the condition
that its surface energy a(g,,@,) be a minimum at a fixed volume:

@manrm. = min (4)
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Frgure 15 Stepped {aces (llustraung the denvation of the discontinuity A(de /dg))

The solution of this variational problem is given by the Wulff theo-
fem, which makes it possible 1o construct in expiicit form the equilib-
rium shape of a crystal from the known function a.

As shown by Landau [28). the presence of faceung. ic.. of flat
sections in the equilibrium shape of the erysial, is due to the specihic
propertics of the function a(g,.@,), which are caused n final analysis
by the discrete character of the crystal lattice. Namely. for a flat
surface scction with a given orientation Lo appear, it is necessary that
the derivative da/dg for this orientation experience a fintte disconn-
nuity, At T =0 in a classical crystal, this property is possessed by the
surface of arbitrary integer Milier indices. In fact, let us consider one
such face (Fig. 15). Let o, be the surface energy for this face. Faces
with oricntattons close (o the initial one. 1.¢., inclined to it by a small
angle ¢, ean be regarded as steplike. At 7= 0, a classical step has a
certain positive energy proportional to its length (8, and §, for
“positive™ (@ > 0) and “negative” (¢ < 0) steps, respectively). Al
@ < 1 the distance belween steps is large and their interaction can be
neglected. The surface energy a(gp) of an inclined face is consequentiy
equal to the sum of ag and of the energy of the steps per unit arca:

o, + — @, o >0
a(g) =< (5)
Op = —— & <0

{a is the height of the step). from which it is seen that the derivauve
da/d¢ has at ¢ =0 a finite discontinuity A(da/dg) = {3, + B/ a
According to Landau [28). the solution of the vanational problem (4)
does indeed lead in this case 1o the conclusion that a flat surface
section with @ = 0 exists, and its linecar dimension is n fact propor-
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nonal to A(da /dep). The surface for which A{de/dg) = 0 is obviously
atomically smooth.

Let now T == 0. Each step contuins then a certain equilibrium kink
density Lhat increases rapidly with lemperature. The free energy of the
step (the quantities e and 8 have in fact the meaning of free cnergy)
decreases with rising temperature because of the rapid growth of the
configurational entropy of the kinks, and at a certain temperature 7,
it can vanish [29]. At T > T_ the initial surface will contain a certain
step density determined by the interaction between the sieps. Since
the number of steps on such a surface is not given, and is itself
determined by the condition that the surface energy be a minimum, it
follows that the effective free energy of the step, which is equal to the
derivative of the total free energy with respect to the number of steps.
is zero. In other words, A(da/dg) =0 at T > T, and there is no flatl
section corresponding to the given oricntation in the equilibrium
shape. The crystal surface contains thus at 7 > T, a large number of
steps of all possible configurations, and is therefore atomically rough.
The change of the state of the surface from atomically smooth to
atomically rough, inasmuch as it 1s accompanied by a vanishing of
the mathematical singularity of the function a({e), should obviously
proceed via a phase transition. Such transitions arc known as rough-
ening transitions [29] as well as “faceung transitions™ [30].

Surface phase transitions will be considered in detail in Sec. VI,
and here we wish 10 call attention to the following circumstance. As
already noted, the concept of a step reciains ils meaning in a quantum
crystal. Consequently, the conneetion between the positiveness of the
cnergy of the step and Lhe discontinuities of the angular derivatives of
the surface energy, i.c., the faceting of the crystal, also remains in
force. It i1s important, however, that in a quantum crystal the encrgy
of a step can be exactly zero even at zero temperature. In fact, we
have seen in the preceding section that on a surface in a quantum-
rough state the number of steps of cach sort 1s not fixed, and is itself
determined from the condition that the total encrgy be a minimum,
exaclly as in the case of a classical atomically rough surface. The only
difference is that at 7= 0 it makes no sense to distinguish between
the energy and the free energy. Thus, the surface of a classical crystal
can be atomically rough for thermal reasons, while that of a quantum
crystal can be rough because of effects of quantum-mechanical delo-
calization. One can say that the stronger the quantum cffects, the
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smaller the number of crystal faces that remam an the classical
atomically smooth state at 7= 0. 1.c.. the smaller the number of Mat
seclions that remain in the equilibrium faceung. As for the He?
crystals. the experimental data [23, 7] give grounds for assuming that
al T = 0 the equilibrium shape is a hexagonal prism with rounded-off
edges and corners, and with flat sections that coincide with the
corresponding faces of the growth prism (we disregard here the highly
unlikely possibility of the appearance of new flal sections at tempera-
tures below 0.3 K.

The short shape relaxation times for He® erystals permit a direct
experimental measurement of the surface cnergy. Bahbar. Edwards.
and Laroche [31] measured the surface energy of He® crystals by a
methed similar to the usual “drop detachment”™ method used 10
measure the surface tenston of Liquids. Neglecting the anisotropy. they
obtained a = 0.107-0.145 erp/em’ at Ta 1.3 K. At lower tempera-
tures the method employed. as noted subsequently by the authors
themselves [32]. is unsuilable even for an estimale of the angle-
averaged values of a, since crystal faceting sets-in during the measure-
ment process. Under these condilions, more success was obtained
with experiments in which the equilibrium shape of the surface was
investipated by direct optical methods, namely holography {23} and
photopraphy [7].

The equation describing. the equilibrium shape of the crystal in a
gravitational ficld can be obtained from the phasc-cquilibnum condi-
tlion [33]

42 2.
d'a I_l+ n__+@bU FHD_»N (6)
wﬁw N_ DSM R, m

Fi+P4{a+

where F, is the free energy per unit volume of the crysial. o) is s
density. 1 is the mass of the atom. £ is the pressure in the liquid near
the surface, p,(£) is the chemical potential of the iquid, R, and R,
are the principal curvature radii of the surface, and ¢, and ¢, are
angles measured in the planes of the principal normal cross scctions.
We introduce a coordinate system x, y. z in which the crystal surface
is described by the function z = {(x. ). We put P = Py — p,py and
g, = py — mgd, where p, is the density of the liquid. Then. considering
for simplicity surface sections that are shightly inclined to the horizon-
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tal, d§/dx, < 1, we ohtain;

v | 0% .
89,0, | dxox, 17 Py gl = por =12 (1)

The real shape of the crystal surface depends, of course, on the
concrele geometry of the instrument and on the wetting angles on the
boundary with the walls. The experimental data [31,6,23] show (hat
sohd helium wets poorly the surfaces of a great varicty of malerials:
copper, ferrochrome, glass, capron (nylon). etc. For this reason, the
equilibrium surface of the crysial takes usually the shape of a convex
meniscus (Fig. 16). By choosing a suitable trial function {(x, y) for
the description of the shape of the meniscus, we can in principie

determine the guantity nHQm___.+Am~n\mﬁ.meL corresponding 1o

Figure 16 Equilibrium meniscus.
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cach given section of the surface, e, the cigenvalues and eipendirec-
tions of the lensor @, = ad , + (da/dep,dg,). This method, however.
calls for excessively detailed information vn the shape of the surface.
and has not been used 1in pure form to tus day. In pracuce it is
necessary 1o introduce a number of simplifying assumptions. and n
particular to neglect the anisotropy of & [23]. Al the same tmie. even
in the simplified form the method yields apparently rehable dala on
the temperature dependence of & [7]. [t was established in this manner
that in the range 0.4-1.45 K the value of & for diffcrent orientations
of the surface ranges from 0.1 1o 0.2 erg/cm?, and is independent of
temperature within the limats of measurement accuracy (~20%). This
result applics 1o surfaces having a certain arbitrary orienlation not 100
close Lo any one of the principal surfaces.

Particularly noteworthy is the case when one or both principal
values of the tensor &, become infinite. In this case, as seen from (6)
and (7). one (or both) of the principal curvature radu becomes
infinite, i.c.. the surface has a cylindricat (or flat) section. We see thus
that the gravitational field by itself does not lead to the vanishing of
the flat section, including the inclined ones, but of course can strongly
alter their dimensions and shapes. It 1s useful to note a simple relation
between the dimensions of a flat section and the curvature a surface
near its edge. Thus, for the case of a horizontal flat section 1 the
form of a arcic of radius //2, Eq. (7). after integration along the
diameter, yields

[=H]
=

fa (3

|
|3
=)
<

where @ is the azimuthal angle, & = a + 9% /3¢” and R pertain 10 the
region adjacent to the edge of the flat section, i, as ¢ = 0: K 15 the
principal curvature radius {the second principal radius 1s infinite).
Similar but more complicaied expressions can be easiiy obtained also
for other cases.

¥1 Phase Transitions on Helium-Crystal Surfaces

As alrcady noted at low tcmperatures (lower than approximately 1.2

K} the equilibrium shape of a helium crystal contains. besides the
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rounded sections, alse flat ones. Under real conditions. the observa-
tion of the equilibrium shape is strongly complicated by the presence
of the walls and of the gravitational field. The influence of the
gravitational field is substanually reduced if the crystal dimension 1s
small enough (less than capillary constant. which in the case of
helium is ~1 mm), but in this casc there is a stronger influence of the
inhomogeneity of the substrate on which the crystal rests. In addition,
the shapes of small crystals are more difficult to investigate quantita-
tively.

The faceting of a large crystal that fills at cquilibrium the entire
jower part of the container can. naturally, nol be represented com-
pletely enough. If such a crystal has a random oricntation relative 1o
the gravitational field, then its surface, depending on the wetling
angles, either contains no flat sections at all, or contains one or two
Such sections, which are smail and are located near the walls. In such
situations it is quite difficult to decide whether these specks are really

Figure {7 Shape of meniscus  for  crystal with honzoatal (0001} plane: a —overall
view, b—profile.
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flat or whether their presence 1s merely a consequence of some crystal
defect or of the contamner walls.

A qualttatvely different picture is observed in cases wien one of
the “special” surfaces. i.e.. the faces of the growth prism, is close 1o a
harizontal plane [7]. In these cases. at sufficiently low tempcratures,
the equilibrium meniscus contains an ideally flat section (the possibic
curvalure radius of such a “mirror !

is not less than /7 /A where s
the dimension of the “mirror™ and A is the wavelength of the visihle
hghty, Figs. 17a and 17b. The “mirror™ is surrounded on ail sides by
the rounded-off surface of the meniscus, which has the usual form.
The plane of the “mirror” coincides exactly with one of the faces of
the prowth prism., as is readily cstablished when such a crystal s

m

grown.

([t hecame possible o grow a crystal with a practically honzontal
basal plane or with the lateral face of the growth prism by means of
the following arufice. In those cases when the growth nucleus appears
in one of the walls in the central or upper part of the chamber. 1t s
frequently possible to “drop™ 1t on a horizontal copper botiom b
melung the crystal at the place of 118 contact with the wall. 1t suifices
for thus purpose w apply to the wall a smali heating pulse with the ;g
of some external source. such as a flashlight. The temperature of the
chamber should in this case be 0.8 K ora little bit higher. ™esto i ihe
dropping proeess. which lasts a fraction of a second. the crystal mus
grow somewhal and censequently become faceted.* As a result the
crystal. just as dice. lands on one of its fiat faces (with overwhelming
probability on the (0001) face). In this method 11 Is possible 10 onent
the basal plane horizonlally with accuracy better than 1°. whercas at
the best of the *“tossings™ that end with “landing™ of the lateral face of
the prism. the angle with the honzontal amounted to two or Lhree
deprees,

In those cases when this artifice does not lead directly 1o suceess,
c.g., because of an improper location of the nucleus, it heips to turn

*lt s curious to nate that such a drop lasis much more than the “dumpimz”
described in Seeo 1. which are enurely due o melung and ¢nystailizauon the
dilference 15 particularly Jarge ar the lowest lempe re. In other words, i 1ne
geometry of the apparatus permits . then the crystal can prow much Faster tan “svik ’
under the influence of the praviiaton feld. This s not surprsimg since. a1 the same
houndary velocity. the lotal kinetic energy 1» much lower i the former case than in the
lalter.
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on an elecirie field. At a capacitor voltage exceeding 700-800 V. the
nucleus is always produced on the capacitor surface, * from which it
is possible to “drop™ the crystals in most cases. To be sure, in this case
several nuclei are produced almost simultaneously as a rule, and the
above artifice must be carried out very rapidly.

Crystal growing from seeds oriented in such a way encounters Lthe
same difficulties as the growing of crystais with other orientations.
The presence of visible defects greatly distorts the shape of the flat
“mirror” decreases its size, and may cause it even lo disappear
completely. In addition, the shape and location of the “mirror” are
most sensitive 1o even slight (several degrees) inclinations relative to
the gravitational field.

With increasing temperature, the “mirror” decreases in size and
disappears completely at a cerlain temperature 7. The values of T.
for a given face vary noticeably (by 0.1-0.2 K) from sampie 10
sample, probably depending on the degree of perfection of the crystal.
It appears thal the maximum values of 7, are reached in the most
perfect crystals (maintaining the crystals for a long time at a tempera-
ture close to 7. leads to an increase of 7). The highest of the
registered values of 7, amount to 1.17 K for the basal plane and 0.9
K for a lateral face of the prism. In measurements of the temperature
dependence of the size of the “mirror” in a relatively large tempera-
ture interval (several tenths of a degree Kelvin) the results are so
poorly reproducible that no regular curve can be obtained al ail
Greatest interest, however, attaches to the temperature dependence of
the “mirror” size in the immediale vicinity of 7,. We have altempted
1o perform such measurements, by maintaining the crystal all the
time, starting from the instant of its growth, near 7. However, cven
in these experiments we were unable to achieve satisfactory reproduc-
ibility. Figure 18 shows the results of one such experiment. A crystal
with the basal plane “laid” horizontally with accuracy betler than
0.5° was grown at a temperature close to 1.15 K and was kept at
1.15-1.18 K for 15 hours. The dimension / was determined from the
angle width of the principal diffraction maximum obtained by reflec-

* Immediately prior 10 the formation of visible nuclei, the refiectivity of the
capacitor sutface under glancing illumination changes radically. This is, probably, due
to the formation of a large number of smail (110 ywm) crystals in the region with the
maximum [ield intensity.
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Figure 18 Temperature dependence of the size of the flal section.

tion of a plane-parallel light beam al an angle 5° from the memscus
with the “mirror” (see Fig. 18). Each measurement was made after the
temperature was stabilized accurate to 107 K for at least a half an
hour. After cooling the crystal to .« temperature below 1 K. the
measured dimension amounted to 9-10 mm. The causes of the
observed scatter of the points are not sufficiently clear at present: 1ts
possible that it is due to fluctuations of the amount of helium in the
chamber or even lo mechanical vibrations of the apparatus (wc
emphasize, that the “mirror™ on the surface of the growing crystal 15
observed also at temperatures much higher than 7, for the given
face). One cannot exclude, naturally, the possibility that the total
shape relaxation time, including also the possible processes of crystal
annealing. is too long.

Avron et al. [34] observed in their experiments the vanishing of the
flat sections by a holographic technique. A small (about 2 mm)
crystal was located in the lateral part of a cylindrical contamner: the
crystal was so oriented that its faceting incorporated a basal plane
(0001) and two crystallographically equivalent lateral prism faces. A
jumplike vanishing of the lateral surface was observed, with the wa
equivalent faces vanishing at different temperatures, one at 0.8 K and
the other a1 0.9 K. With further increase of temperature. a decrease of
the area of the {0001) face was observed, accompanied by a sudden
change of the visible size of the crystal at 1.08 K. Unfortunately. 1t 1s
not clear from the text of the article [34] whether the (0001) face
vanishes completely at 1.08 K, and if it does, whether pradually or
jumpwise. At any rate, the described data are difficult to reconcile
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with the assumption that thermodynamic-cquilibrium phase transt-
tions were observed in the described experiments.

It seems that the most serious difficulties of experimental invesliga-
tions of faceting phase transitions are duc to the need for ensuring an
experimental situation sufficiently close to complete thermodynamic
equilibrium. In this connection, we must emphasize the following. As
is well known in ordinary crystallography, a distinction must be made
between cquilibrium faceting and the kinetie faceting resulting from
the ansotropy of the growth rate. Generally speaking, the two Lypes
of faceting are far from identicai. In particular, in the case of ie!
crystals, as already noted, the kinctic faceting is observed up to
temperatures much higher (by at least 0.1 K) than the temperature of
the faceting phase transition. This statement applics 10 each of the
faces on which a phase transition is observed {we note that in
principle, in a quantum cryslal equilibrium faceting might not arise at
all at any temperature, cven in the presence of kinetic faceting). This
fact. when account is taken of the very strong anisotropy of the He?
crystal growth rate. forces us to interpret with great caution the results
of experiments connccted with observation, and all the more wilh
quantitative investigation, of laceting phase transitions. Thus, it ap-
pears that it was precisely the kinetic faceting of helium crystals
which manifested itself in the experiments of Balibar, Edwards, and
Laroche {31].

It can thus be stated that experimental invesligations of surface
phase transitions in He* are at present only beginning. In essence, all
we know at present (and possibly with insufficient accuracy) are the
transition temperatures for both faces at which the transition is
observed. The concept of phase transitions connecled with the onsel
of faceting of the crystal was introduced into the theory first by
Barton and Cabrera [29. 1], who regarded them as roughening transi-
tions, i.c., as transitions from an atomically smooth to an atomically
rough surface of a classical crystal. Since that time surface phase
transitions were investigated in a rather large number of theoretical
studies within the framework of some model of a two-dimensional
phase transition {34-39]. At present, however, it is still too carly to
speak of the possibility of comparing any of these models with the
experimental data on the faceting of 1e? crystals. Considerable inter-
est attaches therefore to the guestion of the position occupied by
faceting transitions in the general classification of phase transitions.
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A phienomenoiogical approach to the problem of a faceting phase
transition was developed na receni paper by Andreev [30]. Treating
the phase transition point as a critical point at which the equilibrium
shape of the crystal first loses stability as il varies conunuously with
temperature. Andreev arrived at the conclusion that faceting phase
transitions having the meaning of second-order transinons are possi-
ble in a rather large class of cases. As applied to He® crystals, interest
attaches 1o surfaces having a ¢, axis (basal plane) and €, axis {laterai
faces of the prism). In the former case. according to Andreev, a flal
section 1s produced at 7= 7, and 1s bordered by a arcle whose

rachus is proportional to 7. — T . In the second case the flal section
either does not appear al all. or is produced in two stages: when the
temperature is high, there 1s produoced first al a certamn temperature
T, a “eylindrical” section. ic.. a section with zero curvature i only
one direction and then, at a lemperature £, , a perfectly flal section
can be produced. The equations of Andreev's theory are quite ssmilar
to the equations of the Landau theory of second-order transitions.
Thus. at 7= 7, the heat capacity has a discontinuity on the singuiar
face. whereas a(g) on all the nearby faces is an analytic function. and
the role of the order parameter is assumed by the disconunuity of the
angular derivative A(da /) or. equivalently. by the linear dimension
of the section with zero curvature. When comparing the theory wih
cxperiment it is necessary, incidenially. to bear in mind thal. 1o our
knowledge, no “cylindrical™ surfaces were observed so far in He
crystals,

Within the framework of the phenomenological approach. besides
sccond-order (ransitions, il is possible (o have an principle faceung
transitions wherein the shape of the crystal varies continuously with
temperature, and which have at the same time the features of [irst-
order transitions. In fact, a first-order transition is characterized by
the presence of wo states, cach of which is separately stable at a
certain temperature interval near the transition temperature 7. Let
the surface cnergy of the first state a {7, @) correspond 10 a fully
rounded equilibrium shape. and let a,(T.@) have a discontinuous
derivative da,/dp at @ = @, (with A(da, /dp) nol equal Lo zero near
7.} and correspond thus to the presence of a flat section al ¢ = g, 1
the equilibrium shape. Both functions «, and «, are certwin smooth
functions of the temperature. Let. Turthermore, a, > o at T > T, for
all angles ¢, and let a, < o) in a certain angle interval near g, at
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__J.h:ﬁ,w. f9 Surface energy and equilibrium shape of crystal in first-order phase
transilion.

T<T. n.mnn Fig. 19). At T > T, the crystal wilt then be in a state with
a=ag, e, have a completely rounded shape. Al T < T, the value of
a is determined by the condition a(g) =min{a, a,}, and a flat
section appears in the equiiibrium shape (Fig. 19}, with a dimension,

as can be easily understood, that increases in proportion to y7I.—T.
In contrast to second-order transitions, howcver, in this case there is
an edge at the boundary of the flat section, i.e., the flat and rounded

mnnao:m meet at a finite angle (likewise proportional to 7. — T). In
addition, in this case there is no connection belween the discontinuily
of the angular derivative A(da/d¢) and the dimension of the flat
section. a(T') at the very transition point is continuous at g = @y, and
the entropy (—da/97) has a finite jump, as should be the case in a
first-order transition.

As for transitions connected with a jumplike change of the shape of
the surface, it can be easily seen that such a transition cannot take
place at all in a thermodynamic-equilibrium manner®. In fact, the
presence of such a transition at T = 7. means the existence of two
different functions a (T, ¢) and a,( T, @) corresponding to two differ-
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enl states that are separately stable near T, But in this case, as we
have just seen. there is either no phase transition at all. or a phase
transition of first order with continuous change of shape 1akes place.
The only case when the equilibrium shape of the crystal can change
Jjumpwise is when a first-order transition takes place in the bulk of the
crystal,

As usual, the possibility of first-order faceting transitions is not
governed by any symmetry considerations: thus, the foregoing reason-
ing is obviously valid for faces of any symmetry. Surface phase
transitions, however, are subject o restrictions of a different charac-
ter. connected with the posstble stricnon instability [40.41]. Thus,
first-order transitions ean be observed only in those cases when the
striction effects are small enough (for morc details see the papers of
Marchenko [41,42]). As for the experimental data pertaining io the
He? crystals, the appearance of edges 1n the equilibrium faceung has
not been observed by any one to this day. Thus. Fig. 17b. which
shows a photograph of the basal plane at T=0.5 K. points quite
cleariy o the absence of such edges. We note that if really there are
no edges in the equilibrium shape, then our experimental data allow
us'to esumate the step encrgy A by using Eq. (8). We shall assume for
the sake of argument that the height of the elementary step on the
(0001) plane is 3.5 A, i.e.. half the length of the elementary translation
along the C, axis. We then obtain from Fig. 17 al low (emperatures
an order-of-magnitude value f~5.10"% erg/cm, and near 7,. say for
[ =4 mm (Fig. 18), 8~107' erg/cm. We note for comparison that
Balibar and Castaing [32]. in an interpretation of the expernmenltal
data of [31] in terms of the roughening transition, obtained S~
7.107% erg/cm. As for the lateral faces of the prism. we do not have
in this case as ciear a proof of the absence of edges as for the (0001
face, so that numcrical estimates of any kind are premature in this
case.

VII Crystallization Waves

We have seen in Sec. VI that a quantum-rough surface stale cnsures
the possibitity of an exactly nondissipative crystallization and melling
of a crystal at T = 0. This possibility means that at sufficiently low
temperalures the process of relaxation to an equilibrium crystal shape
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(for the case of a quantum-rough surface) shouid be of oscillatory
nature. In fact, any deviation of the erystal shape from equilibrium
leads to an increase of the surface energy. Therefore any nonequilib-
rium crystal shape will tend to change in a way that decreases the
surface energy via cryslallization or melting. On the other hand, in
view of the difference between the densities of the two phases. the
growth and melting of the crystal causes motion of the liquid. i.e., an
increase of the kinetic energy of the system. It is clear that if the
cnergy dissipation is low, then the surface will undergo weakly
damped oscillations, similar in many respects with the usual capillary
waves on the surface of a liquid. The spectrum of these oscillations
(crystallization waves) can be casily obtained in the long-wave limit,
when the compressibilities of both phases can be neglected {5]. It is
important that this does not call for invoking any model concepts
concerning the microscopic structure of the surface.

In the derivation of the crystallization-wave spectrum we shall take
into account the gravitational field and the damping due 10 the finite
kinetic growth coefficient. To this end, we note first that when
account is taken of capillary effect Eq. (6) replaces the usual phase-
equilibrium condition g, = g,. Therefore when describing weakly
nonequilibrium situations, e.g.. crystal growth in the absence of a heat
flux. it is necessary 10 add to the right-hand of (6) the term--
BV /mK. where V is the growth rate at the given point and X is the
kinctic growth coefficienl. We consider next a flat surface z = 0 that
undergocs a displacement {(x.r) = {,exp(ikx — iwt) In the direction
of its normal. The motion that is produced in the incompressible
liquid is described by a potential ¢ that satisfies the Laplace equation
Vi =0, ie., = Yoexp(ikx — kz — iwr). Mass conservation in the
phase transition yields the boundary condition for the z component of
the velocity of the liquid:

THI?|3 P% at z=0 (%
P2

and the phase-equilibrium condition (6) should be replaced in this
casc hy

. & .
ﬁPr.:Tc_lu%w:cP_nﬂiu%w (10)
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where & = a + (d%a/3¢7). ¢ is the angie between the normal to the
shifted surface and the = axis. P is the vanable part of the pressure in
the liquid (we take into account here the fact that du./aP = m/p,).
Next, recognizing that

P = I_curw. ﬂ"drw (a)
we obtain the spectrum of the plane waves

m; J\A ~O.. fen
w? — P2 ha..._l b2 %».+ 202 fuh 0

(01— p3)’ Py =P (01— py)° MK

(n

As seen from (11). the propagation velocity of these oscillations s
much lower than the sound velocity. thus justifying the neglect of tac
compressibilitics of the two phases in the derivation. The gravitationa
term i (11), just as for ordinary capillary waves. must be taken mio
account only at the very lowest frequencies, when the waelength
becomes of the order of or larger than the capillary constant (~1i
mm).

Just as ordinary capillary waves. crystallization waves are unsiable
to the decay of one quantum into two with a lower energy. Therefore,
strictly speaking. they have a finite damping even at 7 =0, when
K—»o0. The order of magnitude of this damping (the rectprocal
lifetime) y 1s given by the formula y~h&"/p (see j43]. where tne
corresponding problem was solved for ordinary capiilary waves). Al
finite temperatures the most important for low-frequency oasciliations
1 the damping mechanism duc 1o the finite value of the growth
cocfficient K. From (11). assuming the damping to be small. we
obtain
.P—.ouh 12

= —r (12)
2mK(p,  py)’

Y

In the case of He', in the region where the Fermi-iigquid theory s
applicable, the use of the estimale given 1n Sec. 1V for the vaiue of A
shows that the oscillation in question attenuates strongly at a., fre-
quencies. Leading to the same conclusion, of course. 18 also an
estimate of this quantty for a classical crystal that has an atwomicalls
rough surface. according to (2). Obviously, there can be no lincar
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oscillations of the crystallization-wave 1ype at all on a classical
alomically smooth surface. Thus, the existence of weakly damped
crystallization and melting waves is cssentiatly a quantum effect.

In practice it is easiest [0 excile a crystallization wave in He* by
purely mechanical means, as incidentally the case for an ordinary
capillar wave on the surface of a liquid. This is 1n fact how crystalliza-
tion wavcs were first observed [6]. Tt turned out that even an nsignifi-
cant vibration of the apparatus is sufficient for the excitation of
visible surface oscillations. Knocking on the outer wall of the cryostat
producced oscillations of amplitude 1-2 mm. Figs. 20a, b, ¢, d show

c d

Figure 20 Molion picture of excitation and atenuation of crystallization waves.
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motion-picture frames of (he excitation and damping of the oscilla-
tions. The first frame shows the quiescent boundary between the sond
(lower) phase and the liquid. The succeeding frames demonstrate the
behavior of the boundary following a knock on the outer wall of the
cryostat. Such oscillations arc easily observed at temperatures 0.4-
.6 K. With increasing temperature, the amplitude of the oscillations
decreases rapidly, and they cannot be excited in practice by the
methed indicated already at 0.8 K.

In the case when the equilibnium meniscus contains one of the
singular boundaries which remains flat, the oscillations are observed
only on the rounded sections of the meniscus, whereas the {lat section
remains perfectly immobile, and only its boundary oscillates due 1o
the oscillations of the rounded-off sections. If the oscillation ampli-
tude 15 very large, terraces can be produced on the flat sections. They
move rapidly over the flat section but their height remains unchanged
(similar terraces are sometimes observed in the case of rapid srowth
of the crystal (Fig. 21)). We note finally that crystallizaton waves are
observed not only under quasi-equilibrium conditions. when the crys-
tat fills the entire lower part of the container, but also, e.g.. in
situations when the crystal “hangs™ from one of the side walls of the
container (Fig. 7). In this case oscillations are clearly scen on the
rounded sections, and only on them. All these data demonstrate once
more the difference hetween the behavior of quantum-rough and
classical atomically smooth surfaces at low temperatures.

To measure the spectrum of the crystallization waves 1L is necessary
o excite a plane wave. In [6, 7] a capacitor was used for this purpose

Figure 21 Terruces on the basal plane.
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Figure 22 Crystal surface in an electrie field.

and was mounted on one of the side walls of the conlainer. A
constant voltage applied to the capacitor caused a visible change in
the wetting angle and a corresponding rise in the edge of the meniscus
adjacent to the capacitor (Fig. 22). This rise can reach 1-2 mm. At
low voltages. the rise is approximately proportional to the square of
the vollage, and starting with 0.8-1.0 kV this dependence saturates
rapidly. This saturation is due apparently to the already mentioned
onset of small crystals on the surface of the capacitor, which crowd
out the main crystal from the regions with the maximum field.
Accordingly, the efficiency of excitation of the surface oscillations by
the alternating field 1s decreased in the saturation region.

When an alternaung voltage of suitable frequency is applied to the
capacitor, a plane crystallization wave with wave vector k normal 10
the capacitor plates is excited. Depending on the frequency, it is
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Figure 23 Standing crystalhzation wave.

possible to excite a standing as well as a traveling wave. Standing
waves with amplitudes large e¢nough to be photographed could be
excited only at relatively low frequencies (below 100 Hz: see Fig 23).
The strong deviation of the resonator made up by the crystal surface
and the sidewalls of the container from adeal, and the presence of
natural mechanical frequencies of the apparatus in the same band.
made it impossible 1o use standing waves in accuraie measurements
of the spectrum. Higher frequencies, up to several kHz, were therefore
used In such measurements. At stiill higher frequencices, the amphiudes
of the excited traveling waves were already too small to be able to
measure reliably the wavelength by the methods used by us. In the
first experiments [6] the wavelength of the crystallization waves was
measured by using the diffraction of hight from an He-Ne¢ laser by
these waves. This method wrned out o be inconvenient n practice.
primarily because of the presence of random surface oscillations due
1o wvibrations of the apparatus; n addition, 1t does not make 1l
possible to measure the attenuation,

This was followed by a method [7] in which a narrow laser beam
{naturally, much narrower than thc measurcd wavelength) scanned
slowly the oscillaung surface, remaining practicaliy paraliel to the
wavefront. The vertical beam dimension was approximately 2 mm.
the wave amplitude was esumated at 0.01-0.05 mm, and the ampl-
tude of the random oscillauons was of the same order or cven
somewhat larger. The lower part of the beam was rcfracted by the
slightly bent surface and was deflected downward considerably. The
remaining light, passing over the surface, was inadent on a
photodiode. Thus, the intensity of the light on the photodiode con-
tains an altcrnating component proportional to the vertical displace-
ment of the surface at the given point. The signal from the
photodiode was amplified by a selective amplifier tuned to the excita-
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Figure 24 Typical cxperimental plot.

tion frequency, and after passing through a lock-in detector (al a
constant phase shift between the exciting and reference signals) was
fed to the ¥ input of an X-¥ recorder. The voltage on the capacitor
consisted actually of a de U and ac (with frequency w) voltage U,.
with U, >» U,. The X input of the recorder received simultaneously a
signal from a multiturn potentiometer coupled to a micrometer screw
with which the scanning was effected. Fig. 24 shows one of the plots
obtained by this methad.

The distance between the signal zeroes along the X axis determines
the length of the crystallization wave, and the ratio of the amplitudes
of the neighboring maxima determines its attenuation. Figure 25
shows the results of the measurement of the spectrum for one of our
samples at two temperatures, 0.360 and 0.505 K. The dashed straight
line corresponds to the plot of w e &2, and the solid curve is the
theoretical plot of w(k) according to Eq. (1) with account taken of
the gravitational term (the correction for the allenuation can be
neglected) and with & = 0.21 erg/cm?® Thus, within the accuracy
limits (5%), & remains unchanged when the temperature is raised from
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Figure 25 Spectrum of crystallization waves. Sample No. 1, - 7T - 0508 K. - T
= 0.360 K, & — 0.21 crg/em?. Sample No. 2—Dash-dot line, a = 0.097 erg/em?

0.36 K to 0.50 K. The data for other samples agree in essence with
those presented. differing only in a small overall shift, corresponding
lo a changed value of &, of the entire curve. In addition 10 the
foregoing., we registered the following values of a: 0.18. 0.15, and
0.097 erg/cm?® (dash-dot straight line on Fig. 25). The spectrum given
in [6] corresponds 10 & = 0.23 = 0.04 crg/cm?. Thesc dala offer cvi-
dence of the presence of a substantial anisotropy of the surface encrgy
a. but give, of course, no completc idea whatever on the magnitudc
and character of this amsotropy, since all the surfaces investigated by
this method had a certain random orientation and made angles not
less than 20° with any of the special surfaces.

Measurement of the spectrum of the crystallization waves can he
regarded as one of the possibic methods of invesugating the surface
cnergy of He* crystals. [n practice this method ensures apparenily a
noticeably better accuracy compured with the direct investigation of
the equilibrium shape, which was described in the preceding section
This applies in particular to investigations of the anisotropy of the
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surface energy. Unfortunately, the rapid growth of the attenuation of
the erystallization waves with temperature limits strongly the possibili-
ties of investigaling the temperature dependence of a by this method.

The theoretical temperature dependence of a can be oblained [rom
the following considerations. The quantity a is the [rec energy per
unit area of a surface having a given orientation. lts lemperature
dependence ean be calculated if the spectrum of the clementary
excitations of the surface is known. In our casc the eclementary
excitalions are collective excitations in a system of strongly intcract-
ing kinks and steps, i.c., crystallization waves. Of course, the spectrum
of the crystallization waves takes the form (11) only at wavclengths
that are large compared with the interatomic distance; the thermody-
namic propertics of the surface at low temperatures, however, are
determined precisely by 1he long-wave, i.c., the low-frequency region
of the spectrum. Inasmuch as in accord with (11) the frequency. just
as in the case of capillary waves on a liquid-vapor interlace, is
proportional to k*/? the temperature dependence of the surface
energy on a crystal-liquid interface at low temperatures is the same as
on a liquid-vapor interphase. According to Atkins [44], the tem-
perature-dependent part of the surface energy is proportional to 7777,
Numerical estimates show that for He' crysials the iemperature
dependence of a 15 too weak 1o be noticeable at the presently attained
mcasurement accuracy.

Returning to the cxperimental investigations of crystallization
waves, we note that in measurements of the spectrum and, in particu-
lar, of the damping of crystallization waves il is necessary to satisfy a
number of rather stringent requirements. First, the amptitude of the
wave must be small and furthermore the usual requirement that the
amplitude be smail compared with the wavelength is insufficient: at
high voltages, as already mentioned, the crystallization takes place
over the entire surface of the capacitor above the principal meniscus,
the total volume of the liquid in the container changes periodically,
and the resultant oscillation of the surface is a superposition of the
investigated wave and of a quasihomogenecous oscillation of the same
frequency. In addition, at large excitation amplitudes the resulls are
no longer reproducible; this is due apparently to the irreversible
changes that lake place in the crystal when it is acted upon for a long
time by an alternating electric field of large amplitude. Next, the
wavelength must be small compared with the container dimension L.
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but large compared with the diameter of the capacuor-winding wire
(0.04 mm). Finally. the damping must be not (0o large (x < &} where
x und kg, are respectively the imaginary and real parts of the wave
vector &), but also nol oo small (s£. 2 1), 10 be able 1o neglect the
reflected wave,

In measurements of the attcnuauon (r.e.. of the value of k). sinee
they involve measurements of the amplitude. another difficulty arises
because of the imperfection of our optical system (primanly dirt on
the glasses), Namely, the measured values can contain a smail (~0.5
cm '}y uncontrollable additive increment, due 1o the impossibility of
cxactly calibrating the transmission through the entire optical channel
in cach experiment. .

The attenuvation. as follows from (11), s determined by the relation

i S .
K= w_a:a.“bﬂb_l_cwv WG NEA::RV 't {13

(the gravitational correction can be neglected in the nvesugated
frequency bhand). Figure 26 shows the results of the measurement of
the frequency dependence of x at two equal temperatures. for a

X'

g s

I - b i i J
g 3 g 5 g 25 30 oW
Figure 26 Frequency dependence of the attenuation of erystallization waves a1 tao
temperatures: O— 1 = 0360 K, ® — 7 = 0.505 K.
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Figure 27 Temperature dependence of the damping of crystallization waves: Sample
No. 3. 0—1118 Hz, ® —232 Hz; Sample No. 4. ®—827 Hz; Sample No. 5, 0—837 Hz.

sample whose spectrum is shown in Fig. 25. Tt is seen that the relation
ko w'/? is indeed satisfied, ie., the observed allenuation is indeed
due (o the finite character of the growth coefficient K.

According to Eq. (3) at low temperatures, when the energy dissipa-
tion produced when the interphase boundary moves is due to the
coltlision between the boundary and the phonons, the growth coeffi-
cient depends on the temperature like K o T 7% and at higher tem-
peratures, when the number of rotons in the liquid become large
enough, the dependence is given mainly by K o exp(4,/ T), where 4,
is the rolon gap. Figure 27 demonstrates the temperature dependence
of the quantity i /mK calculated from the measured values of x for
three different samples.

It can be stated that at low temperatures the attenuation decreases
more slowly than it would in the case of a pure phonon mechanism.
When the experimental data are compared with the theory, it must be
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kept in mind. however, thal in a real experiment there are always

“reasons Tor residual attenuation, i.e.. for a finite attenuation al arbu-

trarily low temperatures. These include various processes of the
scatlering of the crystallization waves by crysial defects and by
surface vibrations. due 10 vibrations of the apparatus, the influence of
the geometry of the radiator and of the curvature of the meniscus.
and others. Thus. residual alienuation can obviously vary greatly
from sample to sampic. and depending on the specific scattering
mechanism, vary with frequency 1n accordance wth some law. From
this point of view il 1s casy to explain the systemalic discrepaneies
between the data corresponding to two different frequencies for
sample 3 in Fig. 27 (the uncontrollable increment to the damping.
which was mentioned above, is insufficient to explain this discrep-
ancy).

The considerations advanced make it possible to interpret the data
of Fig. 27 in the following manner. We assume that the measurcd
altenuation consists of three independent terms: residual atienuation,
as well as phonon and roton attenuation:

“ ,, P
_.Izﬂl\_?hjwwﬁ +ﬁ€€ﬁ ﬂv Cf
where. according to the foregoing, the coefficient A4 can vary from
sample (0 sample and in addition depend on the frequency. The
phonon damping 8. owing lo the strong anisotropy of the speed of
sound in crystalline He?, can vary noticeably with the onentation of
the sample. As for the roton contribution €, which depends mainly
on the charactenstics of the rotons of the hiquid, it should-apparently
be the same for all the samples.

In accordance with this interpretation. straight lines were drawn n
Fig. 27. representing the contributions of the first two terms in Ey.
(14). The roton contribution determined in this manner is shown in
Fig. 28. Tt is seen that all the dala can be fitted in practice 10 a single
dependence in the form exp{—A/T). This is in essence tiwe strongesl
argument favoring the advanced nterpretation. The obtained value
A=7.8 K is somewhat higher than thal oblained from ncutron-
diffraction data (7.0-7.2 K} [45]. This difference, however. may be
only apparent, since the coefficient ¢ can depend on the temperature
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Figure 28 Roton contribution Lo the attenuation of crystatlization waves, The symbals
are the same as in Fig. 27. The straight line corresponds to 4= 7.8 K.

in accordance with some power law, as are most quantities that are
determined by the roton spectrum (heat capacity, normal density, and
others).

It would be quite interesting to compare these results with some
other experimental data concerning the kinetic growth coefficient of
He* crystals. Of course, the growth coefficient can in principle be
measured directly. It would be sufficicnt for this purpose, e.g., simply
measure with the required accuracy the pressure of the liquid over the
surface of a crystal that grows at a known rate. For quantum-rough
surfaces such measurements, however, require excessively sensitive
pressure pickups; for atomically smooth surfaces, on the contrary,
such measurements seem quite realistic. We note in this connection
that if & is known the values of the growth coefficient can be obtained
from the measured crystal shape relaxation time. However, no such
measurements were performed (o this day.

An interesting method of investigating the growth kinctics of He®
crystals "was proposed by Castaing and Nozieres [46]. They have
noted that ultrafast crystallization of helium leads to an anomalousiy
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strong reflection of sound from the crystal-hiquid mierface. In fact ol
K v, then when a sound wave s incidens from the hguid on the
interface, the condition g, = p, is satisfied. te.. the pressure remaims
constant (if thermal cffects can '»¢ negiected). In other words. owing
to the rapid recrystallization. the oscillations of the pressure in the
sound wave are not transmitted through the interface. i.e.. the sound
is totally reflected. On the other hand. if the growth coefficient A has
a large but finite value, part of the sound process through the
interface, and the amplitude of the transmitted sound is inversely
proportional 1o K. Experiments based on this idea was performed by
Castaing, Balibar, and Laroche [47]. In the range 0.4-1 K they
oblained an exponentiat dependence of A on the temperature, with-3
ranging from 5 to 7.8 K for different samples. In these expenments
they determined, simultancously with the sound transmission coeffi-
cient, also the orientation of the crystal. or more accuralely speaking
the angle # between the €, axis and the normal 1o the surface, by
determining the time of passage of a sound pulse from the radiator 1o
the receiver. The same method was used by the authors to verils the
absence of blocks with different orientations. Such a method. how-
ever, is not suitable for thc observation of stacking faults, to the
formation of which. as already mentioned, large helium crystals have
a considerable tendency. Yet the presence of stacking faults thal
emerge to the surface change 1ts state substantially: the surface
becomes hilly, and this leads o scattering of the sound. In additwn.
the surface defects slow down the crysiallization processes. and this
jeads to a decrease of the effective growth coefficient. In addition. as
alrcady noted in Sec. III, merely a change in the crystal temperature
within the measurement range frequently lcads 10 irreversible changes
of its surface. These changes can cause hysteresis phenomena in
measurements of K, as noted by the authors of {47] themselves. [t s
difficult to say at presenl how much this circumstance has influenced
the results. Al any rate. it would be quite interesting Lo repeat the
measurements of Castaing, Balibar, and Laroche under conditions
that permit a direct control of the state of the surface.

Total reflcction of sound from a quantum boundary can lake place
only in the case of normai incidence of the sound wave on lhe
boundary. If the wavc impinges on the boundary at a certain angle.
then the “ripples” produced on the surface cause pressure oscillations
even in the presence of phase equilibnum (sce Eq. (6)). The conditions
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for mechanical equilibrium of the surface [25] make it possible 1o
determine the internal stresses that are produced in this case in the
crystal. Thus, in the case of oblique incidence, the sound penetrates
partially in the crystal, and the amplitude of the transmitted wave is
porportional to the frequency [48]. The transmission coefficients de-
pends, besides the clastic constants and the surface energy, also on
the components of the so-called surface-stress tensor [33,25]. This
circumstance makes it possible, in principle, to measure the compo-
nents of this tensor. Next, anomalously strong refllection of the sound
from a quantum surface lcads to anomalously large values of the
Kapitza resistance at low temperatures. Since the phonon lransmis-
sion probability is proportional to the square of the frequency, the
Kapitza resistance, as can be casily seen, turns oul to be proportional
to T°°.

We note finally that ordinary Rayleigh waves are present on the
quantum surfaces of a helium crystal, and their spectrum is deler-
mined only by the properties of the crystal, just as in the case of the
interface with vacuum [48]. Allowance for capillary effeets could lead
only to dispersion of their velocity, but not 1o attenuation, sinec the
sound velocity in hiquid helium exceeds the velocity of the transverse
waves in the crystal. At the same time, on classical faces the velocity
of the surface sound waves depends essentially on the properties of
the liquid, see [49]. The Kapitza resistance on such faces shouid
depend on the temperature in the usual manner, i.e., in proportion to
T3

Conclusion

The exislence of weakly damped surface oscillations of helium crys-
tals, duc to periodic melting and crysiallization, means that quantum
cffcets play the decisive role in the crystallization of helium at low
lemperature. In essence, we arc dealing here with a new macroscopic
quantum phenomenon, namely a coherent phase transition. In fact,
strictly nondissipative crystallization is possible only in the presence
of a special type of coherent motion in a two-phase system, in
contrast to the classical case, when crystallizatton is the result of
random (transitions of individual particles from one phase to another.
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Of course, the current theory cannot claim to describe completely tins
phenomenon, it is in essence only a correct guess of 1ts nature.

With increcasing temperature, the role of the quantum effects,
generally speaking, decreases. 11 1s of interest to estimate the tempera-
ture region in which quantum effects are significant in the crystalliza-
von of helium. To this end we use the following simple arguments,
We note that the quantum effects, at any rate, cannot be neglected of
there exists at a given temperature a wavelenpgth region in which the
crystallization waves aic¢ weakly damped. The temperature T;, above
which the damping is large for alt the wavelengths, up.lo atomic, can
be estimated by extrapolating the data of Fig. 28 and using relation
(13). Such an estimate yiclds T, = 1.5 K. In other words, everywhere,
up to the transition into the bee phase (and perhaps even higher). the
processes that take place on the surface of a helium crystal are
essentially of quantum nature.
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