
Abstract. This review systematizes experimental data from the
study of two unusual phenomena: the superslow growth of a
perfect, growth-defect-free crystal facet, and the abrupt transi-
tion of a crystal facet to an anomalous state with a growth rate
greater by two to three orders of magnitude than the normal
value (the `burstlike growth effect').

Keywords: quantum crystals, kinetics of crystal growth, low
temperature physics

1. Introduction

The great variety of forms of crystal growth is fairly well
explained in terms of the theory of layer-by-layer growth
based on explicit energetic and geometric considerations. For
example, the attachment of a single atom to a flat crystal
surface is energetically disadvantageous, since it tends to
chiefly enlarge the facet area having a positive energy. This
accounts for the cooperative `adhesion' of a compact atomic
conglomerate, i.e., a two-dimensional nucleus of the atomic
height. In this case, the net energy gain proportional to the
object volume (nucleus area) exceeds the positive contribu-
tion proportional to the object perimeter (boundary length).

Such a picture facilitates a qualitative understanding of the
mechanism underlying the growth of a perfect crystal facet, its
kinetics being determined by the fluctuational passage over
the energy barrier for the formation of the seed of a new layer.
Characteristic kinetic patterns are the exponential depen-
dence on the thermodynamic force (the difference dm in
chemical potential between the phases) and the sharp drop
in the growth rate with decreasing temperature if the energy
barrier is overcome via thermal fluctuations.

Another, more efficient, growth mechanism is related to
the imperfection of facets with bending steps. The attachment
of an atom to a step kink does not change the facet surface
area, i.e., the energy, and is therefore a barrierless process.
Then, the facet growth rate is limited by the presence of
bending steps. A step running at an angle to the close-packed
direction has the necessary kinks as follows from its
geometry. Topologically irremovable step sources are
formed on the facets by screw dislocation outcrops. A step
originating from a single dislocation coils into a spiral in the
course of growth. The rate of facet growth by this mechanism
is proportional to the square of the thermodynamic force. A
pair of screw dislocations emerging on the surface makes up a
Frank±Read source that starts functioning when the thresh-
old determined by the step linear energy and the distance
between the dislocation outcrops is exceeded. A review of
theoretical approaches and collected experimental data as
proof of the layer-by-layer growth mechanism for a variety of
materials can be found in Ref. [1].

Thus far, we have considered the state of the facets in
which surface defects (steps) have a positive linear energy. As
the temperature rises to a certain critical value, the free energy
of the step may fall to zero. When this critical temperature,
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i.e., roughening phase transition temperature TR, is exceeded,
barrierless step formation occurs. In accordance with the
above considerations, this causes qualitative changes in the
growth kinetics of crystal surfaces. For T < TR, a crystal has
flat portions (atomically smooth surfaces) that become
rounded (atomically rough) as T > TR. Accordingly, the
surface growth rate in the former case is determined by two-
dimensional nucleus formation and step sources, whereas in
the latter case the surface grows evenly at a rate proportional
to the applied supersaturation. The roughening transition
temperature TR depends on such surface parameters as
energy and interplanar spacing.

Experimental studies of the mechanisms behind facet
growth kinetics encounter difficulties, because the growth
rate being measured depends on both the kinetics of atomic
attachment to the surface and transport fluxes in the bulk
controlled by thermal conduction which ensures removal of
crystallization heat, and by viscosity influencing mass inflow.
With these factors in mind, it is desirable to choose study
objects with high heat conductivity and minimal fluid
viscosity. Under these conditions, the process of helium
crystallization is optimal at temperatures below the super-
fluid transition point, when the thermal conductivity of liquid
helium is extremely high, while viscosity is low and tends to
zero as the temperature falls. An additional advantage is that
crystallization heat becomes negligibly small with decreasing
temperature. The quantum nature of helium crystals is
manifested as spreading of the liquid±solid interface and
step kink delocalization [2]. The mobility of such kinks
governed by scattering from fluid and crystal quasiparticles
(phonons and rotons) increases with decreasing temperature;
in turn, it is manifested as the observed enhancement of the
kinetic coefficient of the atomically rough surface growth.
Experimental studies of the growth kinetics of helium crystal
facets at minor departures from equilibrium have demon-
strated qualitative and quantitative agreement with the layer-
by-layer growth model (see Ref. [3] for its main features).

However, the enhanced degree of departure from equili-
brium is associated with an unexpectedly sharp change in the
growth kinetics of helium crystal facets observed in experi-
ment. The growth rate increases abruptly by two±three orders
of magnitude (so-called burstlike growth). Such an effect
cannot be explained in terms of the above considerations.
Researchers have failed to account for the nature of the
enigmatic transition to the fast growth state during the two
decades that have passed since the discovery of this phenom-
enon. Another amazing phenomenon is the superslow growth
of crystal facets having no sources, such as screw dislocation
outcrops on the surface. This review presents results of
experimental studies of the aforementioned phenomena.

2. Experimental techniques

2.1 Specific features of the phase diagram
of crystalline helium
Unlike the phase diagram of conventional materials, the
phase �Tÿp� diagram of helium isotopes has no triple point:
helium remains in the liquid state at a pressure of saturated
helium vapors as temperature drops to absolute zero (see the
phase diagram of 4He in Fig. 1). The solid phase forms at a
pressure of above 25 atm. The phase curve is practically
horizontal in the temperature range of interest. A small
minimum at 0.78 K corresponds to a pressure 7.5 mbar

lower than the solidification pressure at absolute zero [4]. At
temperatures below � 1:45 K, helium crystallizes into a
hexagonal close-packed structure with the ratio c=a between
unit cell edges close to the value for a solid ball packing.

As temperature decreases, the facets for three crystal-
lographic orientations become visually apparent. The basal
plane (0001) is the first to be faceted at TR1 � 1:25 K
(c-facets). As temperature continues to fall to TR2 � 0:9 K,
the �10�10� planes become faceted (a-facets). For T < TR2, the
freely growing crystal takes the shape of a hexagonal prism,
with atomically rough edges retained. The third roughening
transition occurs on planes �10�11� at TR3 � 0:35 K (s-facets).

Figure 1 shows the growth pattern of a freely growing
crystal in three temperature ranges, viz. above the first
roughening transition, between the first and second, and
between the second and third.

2.2 Measurement of the crystal surface growth rate
Optical methods are used for direct measurements of the
crystal surface growth rate. One of them consists in filming
the growth process that allows the surface position to be
determined with an accuracy of � 0:03 mm. This technique
was employed when viewing the shape of crystals in a cryostat
with a horizontally arranged optical axis (Fig. 2) [5, 6].
Helium being transparent in the visible range and having a
close-to-unity refraction coefficient n � 1:0252, only crystal
contours and edges are discernible when viewed against the
light. If the angles between the facets are known, the whole
crystal shape can be unambiguously reconstructed from the
two-dimensional projection. This method makes possible
simultaneous measurements of the growth rate of all crystal
facets.

The interferometric technique [7, 8] has been applied for
more accurate measurements of the position and growth rate
of the basal c-facet (Fig. 3). A vertical laser beamwas reflected
from the crystal surface and a semitransparent mirror,
producing an interference pattern recorded by a refrigerated
CCD-camera. Resolution reached in measuring the surface
vertical shifts amounted to 3 nm. The growth rate of a-facets
parallel to the light ray was measured in these experiments
from the shift of facet images to a positional accuracy of
0.025 mm [8].
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Figure 1. Phase Tÿp diagram of 4He. White dots denote the roughening

temperature of s-, a-, and c-facets (see the text). The insets depict crystal

growth forms in the temperature ranges shown.
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Variation of pressure inside the container serves as a
parameter reflecting the crystal growth rate. The require-
ment that the heat inflow be small in a capillary connecting
the external pressure system to the container with a
temperature close to absolute zero accounts for the high
hydrodynamic impedance of the capillary and, as a result,
for the large times needed to set the pressure to equilibrium
with the external pressure system. In the experiments being

considered, these times were longer than the time of unusual
crystal growth; therefore, it can be supposed with a high
accuracy �� 10ÿ4� that the helium mass in the container
remained constant during the process. Pressure p�t� in the
container begins to decrease during the growth process,
because the densities of the liquid and solid phases are
different; it falls to a phase equilibrium value of pphase when
growth is complete. The volume of the growing crystalline
phase is deduced from the law of conservation of mass:

Vcryst�t� � V0
rl
Dr

kl
ÿ
p0 ÿ p�t�� : �1�

Here, V0 is the inner container volume, k1 is the compressi-
bility, p0 is the starting pressure, p is the density, and
Dr � rs ÿ rl. Subscripts s and l refer to the solid and liquid
phases, respectively. The crystal volume increases during free
growth due to the growth of all facets, and the averaged
growth rate reflects growth in all crystallographic directions.
Interferometric measurement of the growth of a separate
facet gives the growth rate of the basal facet.

2.3 Creation of high degrees of departure from equilibrium
After the quantum kinetics of atomically rough surfaces had
been predicted [2] and observed [9], researchers centered
attention on these objects. Facet kinetics were investigated
incidentally; the results of measurements failed to reveal any
peculiarities and were interpreted in the framework of the
theory of layer-by-layer growth of crystals.

In the first experiments, supersaturation was created by a
hydrostatic pressure gradient, and it was limited by the height
of the liquid column in the container. As a result, the
supersaturation pressure did not exceed � 100 mbar [10].

Higher supersaturation pressures, up to � 1 mbar, have
been obtained in experiments in which the fluid is injected into
the container using an external pressure control system [11].
These experiments were motivated by the following con-
sideration. Since the growth rate at low supersaturations is
determined by surface defects with a power-law dependence
on supersaturation pressure, the growth regime sustained by
two-dimensional nucleation with its exponential dm-depen-
dence should prevail at large magnitudes of departure from
equilibrium. We sought to reach a temperature region in
which two-dimensional nuclei appear at the facets in a
quantum mode, as predicted by Andreev [12] (see also paper
[13]).

A marked increase in supersaturation pressure (to 3±
50 mbar) was achieved by a method in which crystal
nucleation originated in a metastable fluid [14] (see Fig. 2).
Under these conditions, the maximum degree of supersatura-
tion was limited by spontaneous nucleation of a crystal on the
wall of the container. An additional electrostatic pressure
generated by the application of a high-voltage pulse � 30 ms
in duration to a tungsten needle tip was used to initiate
nucleation at intermediate supersaturations. Crystal growth
in the millikelvin temperature region (see Fig. 3) was induced
by fluid inflow into the container [8]. The resulting super-
saturation pressure depended, as in experiment [11], on the
balance between the inflow velocity and the facet growth rate
and did not exceed 2 mbar.

2.4 Determination of the growth driving force
and growth kinetic coefficient in a quasistationary state
The growth of the crystal surface is caused by supersatura-
tion, i.e., the chemical potential difference dm between the
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Figure 2. Schematic diagram of an optical container for the free growth of

helium crystals. 1Ðpulsed infrared light-emitting diode, 2Ðcollimator,

3Ðcapacitive sensor membrane, 4Ðtungsten needle on which crystal

growth was initiated, 5Ðcopper cold conductor, 6Ðobjective, 7Ð

CCD-camera (CCDÐcharge-coupling device).
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phases. The supersaturation is created either by overcooling
the system or by increasing pressure relative to the phase
equilibrium pressure. In the temperature range being con-
sidered, supersaturation was achieved with the latter techni-
que, bearing in mind the nearly horizontal pphase�T � curve
(see Fig. 1). Because crystal growth takes less time than
characteristic heat and mass exchange times, i.e., occurs at
almost constant entropy and mass, the chemical potential
difference dm between the phases per mass unit is defined by
the expression [14]

dm � ÿ�Sl ÿ Ss�DT�
�
1

rl
ÿ 1

rs

�
Dp ;

DT � Dp
bl ÿ kl dp=dT

Cp=Tÿ bl dp=dT
; �2�

dm � a�T � Dr
rl rs

Dp :

Here, S is the entropy per mass unit,Cp is the heat capacity of
the fluid under constant pressure, b is the thermal expansion
coefficient, and dp=dT is the slope of the phase equilibrium
curve. Coefficient a�T � at temperatures below 1 K differs
from unity by less than 2%, and a�T � ! 1 as T! 0;
therefore, the degree of departure from phase equilibrium is
determined to high accuracy by the excess of pressure over the
phase equilibrium pressure.

In both methods, the pressure inside the container was
measured by a capacitive sensor. In experiments conducted in
the container shown in Fig. 2, the membrane was part of its
wall with a vibration eigenfrequency of � 28 kHz, which
allowed pressure to be measured with a time step of 50 ms. In
the method illustrated by Fig. 3, the sensor was placed near
the container and connected to it by a capillary, which
enlarged the time step of pressure measurements to � 0:5 s.

2.5 Method for the measurement of the growth kinetics
of helium crystal facets in the oscillatory mode
Simultaneous measurement of the facet growth rate and
pressure gives the sought dependence V�dm� with an impor-
tant proviso that bothmethodsmeasure pressure at a distance
from the growing crystal rather than supersaturation pressure
on the surface. This circumstance is unessential at low growth
rates and correspondingly pressure gradients, but sensor
readings begin to differ significantly from the values at the
crystal±fluid interface as the crystal growth rate increases.
Pressure variations in this mode of operation are illustrated
by Fig. 12 in Section 4. The pressure at the wall does not
coincide with that on the crystal surface, is of a vibrational
character, and can be lower than the phase equilibrium
pressure. Its vibrations reflect excitation of natural acoustic
vibrations of the fluid inside the container, whose frequency
and damping depend on experimental geometry, i.e., the
internal configuration of the container, the shape of a
crystal, and the kinetics of its surface.

A simplified model was constructed for the quantitative
estimation of the crystal growth rate. It was assumed that
both the crystal and the inner surface of the container are
spherical in shape, while the kinetic coefficient of growth is
isotropic. This scenario left beyond consideration such issues
as the nonuniformity of the acoustic field at the boundary of a
crystal, which is responsible for the different growth rates of
its facets, the anisotropy of the growth kinetic coefficient, and
its possible nonlinear dependence on the applied supersatura-
tion pressure, which differs for different facets. Only the

growth kinetic coefficient averaged over the crystal surface
for the time of the first vibration half-period can be
determined.

The equation for the growth of a crystal with radius r0 in a
container of radius R �r0 5R� in an ideal fluid has the form
[15]

Dfÿ 1

c 2l

q2f
qt 2
� 0 ; v � Hf ; p � ÿrl

qf
qt

; �3�

where cl is the speed of sound, with the boundary conditions

vr�R� � 0 ; vr�r0� � ÿK
�
Dr
rl

�2
1

rs
p ; �4�

V � K
Dr
rl rs

p : �5�

Here,V is the boundary growth rate, p is the pressure counted
from the phase equilibrium pressure, and K is the growth
kinetic coefficient. The limiting case K � 0 gives liquid
vibration modes in a rigid container with a minimum
frequency o0 � 4:5c=R � 25 kHz at R � 1 cm. In the fast
kinetics case of cK4 1, a soft mode appears, having the
crystal size-dependent frequency

osoft � c

Rÿ r0

��������������
3r0

Rÿ r0

s
� c

���
3
p

R 3=2
r
1=2
0 � 0:39o0

�����
r0
R

r
�6�

falling in a range of roughly 2±5 kHz at initial supersaturation
pressures of 1±20 mbar.

The kinetic coefficient of facet growth in an anomalous
state was obtained through numerical treatment of the first
vibration half-period by solving the set of equations (3), (4)
and taking into account that the size of the crystal changes
from zero to maximum [16]. Within this time range, it is the
slowest-growing portions of the crystal surface, i.e., the
facets, that determine the overall growth rate. After the
averaged growth kinetic coefficient K is calculated from
anisotropy measurements in video images, the kinetic coeffi-
cients of a- and c-facet growth are found. Further vibrations
involve atomically rough parts of the surface, the contribu-
tion from which is difficult to estimate. Therefore, these
fragments of video recordings were disregarded.

3. Normal growth of helium crystal facets

The main features of the normal growth of helium crystal
facets are as follows: the facet growth depends on the crystal's
previous history, e.g., mechanical impacts it experienced;
equivalent a-facets grow at different rates; the growth rate
shows nonlinear dependence on supersaturation pressure;
there is a threshold, i.e., supersaturation, above which the
facet growth begins. The available experimental data are
collected in Fig. 4 [8, 10, 11, 17] illustrating the temperature
dependence of the `growth kinetic coefficient K' for a- and
c-facets. The dashed line plots this dependence for an
atomically rough surface [19, 20]. The growth kinetic
coefficients presented in the figure were obtained by approx-
imating nonlinear V�p� dependences with a linear function in
accordance with definition (5). It provided a rough order-of-
magnitude estimate of facet mobility. Although the data
obtained at different supersaturations are subject to a
considerable scatter, they reveal the general dependence of

1062 V L Tsymbalenko Physics ±Uspekhi 58 (11)



facet kinetics on temperature. At temperatures close to the
roughening transition temperature, the growth rates of the
facets and atomically rough surfaces are very similar. As
temperature drops, the facet mobility decreases, but the
growth kinetic coefficient increases at temperatures begin-
ning from about 0.4±0.6 K, suggesting a rise in the facet
growth rate. S Balibar and co-workers proposed an explana-
tion for this dependence, based on a spiral growth model [10].
The rate vd of the spiral growth is directly proportional to step
mobility kstep and inversely proportional to the step linear
energy b: vd � K � kstep=b. The step mobility increases
monotonically with a drop in temperature, whereas the
b energy increases to a constant value. The authors of
Ref. [10] attributed nonmonotonic behavior of facet mobility
to the competition between these two processes.

To sum up, the growth kinetics of helium crystal facets at
low supersaturations are fairly well explained in terms of the
known layer-by-layer growth mechanisms by virtue of spiral
growth and Frank±Read sources. A description of growth at
temperatures below 100 mK requires taking account of step
inertia and `relativistic' effects related to step acceleration up
to the speed of sound, even at modest supersaturations, as
shown by Hakonen et al. [7].

4. Anomalous growth of helium crystals

4.1 First observations of crystal transition
to an anomalous state
The phenomenon of anomalously rapid growth of helium
crystals was discovered from a pressure jump simultaneously
and independently by a Russian team and a Russian±Finnish
team in 1996 [21, 22]. Interference measurements were
performed in an optical dissolution cryostat. As a fluid was
constantly injected into the container, the pressure increased
monotonically till it dropped abruptly, jumpwise, which
suggested rapid growth of the c-facet (Fig. 5a).Then, the
facet returned to the initial state and the process was repeated.
The short time of the pressure drop gave evidence of a

qualitative change in the kinetics, i.e., the anomalously fast
growth of the perfect facet [21].

In experiments on solid phase nucleation in a metastable
fluid carried out in the absence of visual control [22, 23]
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(Fig. 6), a pressure jump could not be interpreted unambigu-
ously. It was at first impossible to a priori exclude multiple
nucleation, which markedly increased the overall surface area
of the nuclei; when its slow kinetics were preserved, the overall
crystallization rate increased too, while pressure sharply
decreased.

Further experiments in an optical 3He cryostat showed
that the pressure jump was caused by a sharp change in the
facet growth kinetics in a single crystal. Variation of the initial
supersaturation by applying an additional electrostatic
pressure to the needle tip where the crystal was originated
made it possible to construct the first diagram in the
supersaturation region in which the crystal performed
transition to a burstlike growth mode [24].

The author of Ref. [24] also conjectured a similar
character of helium crystal metamorphosis in terms of the
temperature dependence of the borderline between the
normal and anomalous growth revealed by the two methods
and an occurrence of delay between the effect of super-
saturation and the transition to the fast growth state.

Results of the first experiments made it clear that the
phenomenon sequentially passes through three stages, viz.
(1) the formation of a new crystal state under the effect of
supersaturation, (2) a jumplike acceleration of the kinetics
resulting in the fast growth of the crystal with a drop in
pressure to the phase equilibrium pressure, and (3) the return
of the facet kinetics to the normal (slow) ones. These stages
have been investigated in more detail.

4.2 Crystal prior to the transition
to an anomalous state
4.2.1 The slow growth of a perfect crystal. In experiments on
the growth of dislocation-free c-facets, the supersaturation
was set at a constant level, and a change in the surface
position was determined from a shift of the interference
pattern. It turned out that the facets grew in the absence of
growth sources, even if very slowly [21].

Figure 5b plots growth rates of a c-facet in a temperature
range of 2±250 mK. The inset demonstrates the temperature
dependence of surface mobility m �f � v=Dp. The same data
recounted from relation (5) are presented in Fig. 4, showing
that the growth rate of the perfect facet is 7±8 orders of
magnitude lower than that of the facets having growth
sources.

4.2.2 Growth kinetics of a defective crystal.Acrystal formed at
the needle in a metastable fluid possesses defects responsible
for the facet growth via irremovable step sources (spiral
growth and Frank±Read sources) (Fig. 7). The crystal is
shaped like a hexagonal prism, and its equivalent a-facets
grow at different rates (see Fig. 7), as is typical of facet growth
governed by growth defects [11]. Mean facet growth rates
calculated from relation (5) for crystals undergoing and not
undergoing transition to the fast growth state are displayed in
Fig. 8. Variations in pressure recordings accompanying the
growth of these crystals are illustrated by Fig. 9. Neither the
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facet growth rate nor anisotropy before transitions to burst-
like growth is significantly different from the respective
parameters of normal crystal growth. Against the back-
ground of the facet growth rate varying between 0.01 and
0.5 cm sÿ1, the process described in Section 4.2.1 cannot be
observed, even if it takes place. The threshold supersaturation
above which the Frank±Read sources begin functioning can
be used to estimate dislocation concentration: � 105 ±
106 cmÿ2 [11].

4.3 Formation of the anomalous state
Figures 5 and 9 illustrate the first qualitative characteristic of
the phenomenon, namely, supersaturation affects a crystal
for a long time before the facets pass to the fast growth state.
Another qualitative feature is the probabilistic character of
the origination of the burstlike growth state. Figure 10a
shows cumulative distributions of the supersaturation prob-
ability, above which the fast growth of the c-facet begins [8],
and Fig. 10b plots time lags between crystal nucleation and
the pressure jump [17]. Both measurement methods yield
similar information on the probability of forming the
anomalous state, W�Dp� per unit time; specifically, a rise in
W shifts the cumulative distribution toward lower super-
saturations and decreases the time lag between crystal
nucleation and pressure jump. The plots demonstrate two
qualitative characteristics of the process: (a) an exponentially
fast rise in W with increasing supersaturation, and (b) the
influence of temperature (at elevated temperatures, the
median is shifted toward high supersaturations, while the
time lag increases). In other words, the probability W of
burstlike growth origination at constant supersaturation
decreases with increasing temperature.

Solid curves in TÿDp coordinates in Fig. 11 illustrate the
boundaries separating the regions of normal and anomalous
crystal growth in pure helium. The boundary for experiments
at temperatures of up to 250mK [8] coincides with themedian
of distribution shown in Fig. 10a. The curve for temperatures
above 0.4 K separates the region in which the kinetics grow
jumpwise during the free growth of the crystal at the needle

from the region in which this process does not occur. It should
be noted that such boundaries are conditional due to the
probabilistic character of the process and different time
periods of supersaturation effects. In experiments with a
dislocation-free facet, these times were equivalent to a few
dozen seconds (see Fig. 5). For freely growing crystals, the
action time of supersaturation was limited by the duration of
crystal growth (less than 1 s) (see Fig. 9). This factor weakly
affected the phase diagram shown in Fig. 11, because a change
in the duration of the supersaturation effect caused only a
slight shift of the boundary due to the exponential depen-
dence of W on Dp (see Fig. 10). Taking account of this
observation, the boundary supersaturations in both experi-
mental series may be regarded as being in fairy good
agreement.

Experimental data presented in Fig. 11 reveal a discrep-
ancy between the results obtained in the millikelvin tempera-
ture region [21] and on freely growing helium crystals [17, 25].
In the first series of experiments, it proved impossible for
some unknown reasons to preserve the facet free from growth
defects after heating above 250 mK. In the second series, the
minimal temperature was limited by the characteristics of the
3He cryostat. The addition of the stage of adiabatic
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demagnetization of the paramagnetic salt made it possible to
decrease the temperature to 180 mK and combine the two
parts of the phase diagram [26]. It turned out that the line
separating the regions of normal and anomalous growth
determined on freely growing crystals with a considerable
concentration of growth defects is consistent with the data
obtained for defect-free facets.

Another important result pertains to the influence of the
roughening transition on burstlike growth process. Tempera-
tures in both experimental series [17, 21] fell in the range
between roughening transition temperatures, and the pro-
blem of the influence of the roughening transition on the
burstlike growth effect, specifically the influence of near-TR

temperature, remained unresolved. Measurements in a
temperature range of 0.18±0.4 K, i.e., above or below the
temperature of s-facet transition to the atomically smooth
state, TR3 � 0:35 K, failed to reveal the influence of the
roughening transition either on the phase diagram or crystal
growth kinetics in the anomalous state. This means that the
s-facet kinetics are accelerated simultaneously with and in
proportion to those of a- and c-facets (see Fig. 4 and Fig. 13 in
Section 4.4).

4.4 Facet growth kinetics after transition
to an anomalous state
In experiments on the burstlike growth of c-facets [21], the
inertia of the pressure gauge (� 0:5 s) and long recording
times of interference patterns did not allow the fast growth
rate to be determined. In experiments on the free growth of
crystals in the center of a container, the pressuremeasurement
time constant was� 50 ms, which made it possible to observe
pressure changes in the course of growth (Fig. 12). Also, the
method described in Section 2.5 was applied to determine the
mean growth kinetic coefficient [16, 27]. Simultaneous filming
showed that at this stage, too, the crystal has the shape of a
hexagonal prism, while the ratio of c- to a-facet growth rates is
1 :�2ÿ3�.

The small growth anisotropy (see the inset to Fig. 12)
evidences two important facts: first, the growth rates of facets

with different orientations increase approximately propor-
tionally; second, time lags between crystal nucleation and the
transition to the fast growth state differ but insignificantly for
different crystal facets and are much smaller than the length
of the first pressure oscillation half-period of � 200 ms, i.e.,
the time of crystal growth with vanishing supersaturation. An
estimation of this difference from the crystal shape anisotropy
gives the upper bound of < 40 ms. This is the accuracy with
which the facet growth rates are simultaneously accelerated.

Dependences of the mean crystal facet growth rate on the
initial supersaturation are depicted in Fig. 13 [18]. The growth
rates tend toward zero near the boundary of the anomalous
state region. Figure 4 presents the values and temperature
dependences of the average growth kinetic coefficient derived
from such dependences using relation (5). Clearly, the facet
growth rates increase by two±three orders of magnitude,
depending on temperature after transition to the burstlike
growth mode.
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4.5 Return to normal growth kinetics
The closing stage of the process of interest, i.e., the return to
normal (slow) facet growth kinetics, was studied using
crystals freely grown on a needle [18]. Before growth in a
metastable fluid, the pressure inside the container and in the
external system was the same and greater than the phase
equilibrium pressure. The pressure inside the container fell to
below the phase equilibrium pressure after the stage of fast
crystal growth was complete, which led to its slow enhance-
ment due to helium inflow from the external system with a
time constant of several seconds. At this stage, the pressure in
the container depended on the inflow rate and facet growth
kinetics. If the parameters of the system are known, it is
possible to determine the growth kinetic coefficient K by
directly measuring the change in the crystal size [18].

Figure 14 shows pressure recordings during this process
and calculated changes of mean facet mobility in crystals
grown at different starting supersaturations.

It is worthwhile to mention some essential features of the
return to normal growth kinetics. First, restoration of the
slow kinetics is a continuous rather than jumplike process
taking a few tenths of a second. Moreover, crystals grown far

from the boundary separating the normal and anomalous
growth regions take more time to restore their normal growth
rate. The facet growth kinetics before the pressure jump and
after relaxation are very similar. The region between crystal
growth termination and the onset of an appreciable pressure
rise, in which the kinetics slow down dramatically, remains
unexplored because measurements [18] provide information
about the closing stage of relaxation of the kinetic coefficient,
during which it changes by roughly an order of magnitude.

4.6 Influence of isotopic impurities
on the burstlike growth effect
The slowdown of the transition to the anomalous state
(Fig. 10b) or the enhancement of boundary supersaturation
in the phase diagram in Fig. 11 with an increase in
temperature suggested that the latter is related to increased
dissipation in the fluid. This parameter can be modified only
by introducing an 3He isotopic impurity into superfluid
helium to increase the concentration of the normal compo-
nent. In the experiments reported in paper [8], the density of
the normal superfluid helium component at studied impurity
concentrations of 10, 50, and 180 ppmmatched with impurity
concentration at� 0:12, 0.18, and 0.25 K, respectively. In the
experiments mentioned earlier, the impurity was removed
from helium using the thermomechanical effect, so that the
residual 3He concentration was less than 0.1 ppm.

The addition of the impurity not only increased volume
dissipation of the fluid but also complicated the picture of
crystal growth. The solution phase diagram shows that at low
impurity concentrations some of the 3He atoms penetrate into
the crystalline phase [28]. The equilibrium concentration of
the impurity in the liquid phase is lower at temperatures
above � 0:6 K, while in the solid phase for T9 0:6 K. In this
region, the impurity barely penetrates into the crystal and is
depleted on the surface, which results in enhanced dissipation
of the process due to diffusive fluxes [29].

Another phenomenon is associated with the presence of a
potential well of depth Ead � 4 K for impurities at the liquid±
solid interface [30±32]. It is responsible for the formation of
an adsorption layer decreasing, for example, the surface
energy at the interface. This layer is filled up at
Tad � Ead= ln �1=x�, where x is the impurity concentration in
the bulk. For the experimental concentrations of 10, 50, and
180 ppm, one obtains Tad � 0:35, 0.40, and 0.46 K, respec-
tively.

The introduction of the impurity with a concentration of
10 and 50 ppm in a temperature range of 2±250 mK produced
two effects, viz. the superslow growth rate of the dislocation-
free c-facet decreased (Fig. 15a), and supersaturations at
which it started to grow faster increased (see Fig. 11) [8]. A
similar behavior was observed when the crystal grew freely in
a temperature range of 0.18±0.75 K [33]. The boundary
supersaturation also increased just as the time lags grew
between crystal formation instant in the metastable fluid
and the pressure jump; in other words, the times of formation
of the anomalous state increased (Fig. 15b). Thus, enhanced
dissipation in the fluid slowed down both the formation of the
anomalous state and the kinetics of superslow crystal growth.

The inference about facet growth rate after transition to
the burst-like growth state in Ref. [33] remained a matter of
dispute, since the presence of an impurity adds to the
difference in chemical potentials of the phases a new factor
(impurity concentration at the crystal±liquid interface
unmeasurable directly in experiment) that prevents determi-
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nation of the thermodynamic force inducing the crystal
growth. The form of pressure drop recordings is becoming
more complicated, and they cannot be processed by the
method described in Section 2.4.

No peculiarities associated with the point of equal
impurity concentrations in the solid and liquid phases at
temperatures around 0.6 K or with the formation of the
adsorption layer were not observed.

4.7 Bulk properties of the transition
All the above experiments were concerned with changes in the
crystal surface kinetics. Two series of experiments were
carried out to clarify whether an acceleration of surface
growth changes the bulk properties of crystals. The first
series was designed to observe transition heat to the
anomalous state. Because the near-surface atoms make up
only a small part of the total number of atoms in the crystal,
only a bulk phase transition was likely to produce an
appreciable caloric effect.

The other series was undertaken to indirectly observe
changes in the crystal volume properties. It has been known
since the 1970s [34±36] that internal friction in the kHz
frequency range in crystalline helium is abnormally high, so
that the damping decrement reaches � 0:5. The proposed
explanation for the nonclassical moment of inertia in solid
helium [37, 38] based on the anomaly of internal friction
stimulated investigations of this effect [40±44]. At present, the
abnormally high dissipation during helium crystal vibrations
is interpreted in terms of the Granato±Lucke theory of
dislocation damping for movable pinning points [45]. It can
be supposed that alteration of bulk properties associated with
the formation of the burstlike growth state has an effect on
the parameters influencing the oscillation of dislocations, e.g.,
phonon viscosity, and can manifest itself in the magnitude of
internal friction.

4.7.1 Thermal effects accompanying fast crystal growth. The
temperature inside the container was measured during crystal
growth by a low-inertia superconducting bolometer [46, 47].
The temperature response of the system depends on transition
heat, if any, during anomalous state formation, temperature
variations associated with adiabatic oscillations of pressure
during crystal growth according to relation (2), and a
temperature rise due to dissipative growth processes char-
acterized by the growth kinetic coefficient K.

Bolometer temperature recordings are exemplified by
Fig. 16. Due to the absence of a noticeable anomaly related
to transition heat, only its possible upper bound can be
ascertained (less than 1±20% of the system's excess energy
before the onset of transition to an anomalous state).

4.7.2 Internal friction in crystals underwent transition to an
anomalous state. Internal friction in a crystal after completion
of its fast growth stage was measured with the aid of a
composite vibrator. The crystal nucleus formed under the
effect of a high voltage pulse applied to a tungsten needle tip
placed in the gap between the base and the quartz crystal
performing free torsional vibrations at a frequency of
� 78 kHz (Fig. 17) [48, 49]. Once the growth was completed,
the frequency and damping of cooperative vibrations were
measured and the contribution of the helium crystal proper
was calculated.

These are comparative experiments because measure-
ments at a single frequency do not give unambiguous values
for dislocation parameters, such as dislocation concentration
and phonon friction of dislocation segments during their
vibrations. The time evolution and numerical characteristics
of damping (elastic modulus and decrement) of the crystals
grown above and below the phase diagram boundary were
compared (see Fig. 11). Crystals grown by the conventional
method had roughly constant (within � 30%) values of both
modulus and decrement [49], consistent with those of
samples grown over a long period and annealed near the
melting curve [36]. Crystals grown in a jumplike mode
experienced decrement relaxation from maximum immedi-
ately after growth completion to a stationary value (roughly
20 ms) (see Fig. 17). Decrement relaxation recordings
normalized to this value were fairly well approximated by
the exponential dependence:
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Figure 15.The influence of an 3He impurity. (a) Superslow growth rate of a
c-facet at two temperatures and three concentrations of the impurity [8].
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50 ppm; T � 200 mK: white squaresÐ0.1 ppm, diamondsÐ10 ppm,
black squaresÐ50 ppm. (b) Time of formation of an anomalous state for
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curves show dependences measured in pure helium (Fig. 10b).
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The addition to the decrement increases with increasing initial
supersaturation pressure and tends to zero on approaching
the boundary that separates normal and anomalous growth
regions (see the inset to Fig. 17). Characteristic relaxation
time t � 3 ms remains unaltered in a temperature range of
0.5±0.7 K. A monotonic increase in the elastic modulus
tracked decrement variations. In the context of the relaxa-
tion model, an increase in the modulus suggests extension of
the relaxation time of the dissipative process responsible for
damping.

Unfortunately, these results elude unambiguous interpre-
tation. Excess damping can be both a consequence of the
altered internal state of the crystal, influencing dissipative
processes during dislocation segment oscillations, and an
obvious result of the annealing of nonequilibrium disloca-
tion grid produced by fast growth, as in preceding experi-
ments [36].

4.8 Attempt to create a stationary anomalous state
The short lifetime of the anomalous state imposes limita-
tions on the choice of methods for its investigation. An

attempt to prepare a quasistationary anomalous state was
undertaken in Ref. [50]. The necessary supersaturation was
produced hydrodynamically. To this end, a crystal was
placed on a P-shaped superconducting loop in a magnetic
field (Fig. 18). Alternating current carried by the crystal
induced its vibrations and thereby generated excess pressure
on its parts facing the oncoming flow. Oscillators used in
the present experiment operated at a frequency of � 200
and � 800 Hz, and supersaturation was achieved within
around 1 ms. A sharp change in the kinetics of this segment
or the entire crystal surface (as could be expected from
previous experiments) altered both the eigenfrequency
registered and the Q-factor of the system. Because fast
facet growth kinetics persisted within � 3 ms after transi-
tion to the anomalous phase (see Fig. 12), it was expected
that the anomalous phase should exist and become sta-
tionary during the oscillation half-period till the next
supersaturation maximum. This did not happen, however,
because of an instability origination that resulted in the
crystal `sliding down' from the oscillator crossbar after the
amplitude rate of � 3 cm sÿ1 was reached, even when the
crossbar pierced the crystal (Fig. 18a).
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5. Main qualitative features of the effects
and attempts to explain them

Investigations into the growth kinetics of helium crystal facets
at large departures from equilibrium have revealed two
qualitatively new effects that drop out from the well-known
and experimentally verified picture of layer-by-layer growth
of the crystal surface, including that of helium crystals at
small departures from equilibrium. These are the superslow
growth of perfect c-facets free from growth defects and the
abnormally fast growth of facets having or not having growth
sources. It is still difficult to judge whether they are related by
a common mechanism or have different physical natures.
They are similar to each other in terms of two experimental
facts, viz. the enhancement of growth rate with decreasing
temperature and the comparable effect of introduction of a
small isotopic impurity.

5.1 Superslow facet growth
Themain qualitative features of superslow facet growth are as
follows:
� the growth rate is constant at temperatures up to

� 10 mK but decreases by an order of magnitude as the
temperature approaches � 100 mK; in other words, a rise in
temperature slows down crystal growth;
� the introduction of an impurity of 3He at a concentra-

tion of 100 ppm or higher into the fluid decreases the growth
rate roughly threefold regardless of temperature.

Thus far, the sole theoretical explanation of superslow
growth of helium crystals in the absence of impurities is that
proposed by Andreev and Melnikovsky [51]. In accordance
with their model, vacancies are generated at the atomically
rough crystal±substrate interface. Then, the vacancies diffuse
toward the crystal±liquid interface at which they annihilate
and thereby cause facets to grow. The growth rate V is
proportional to the applied supersaturation dp, while facet
mobility mf � V=dp depends on temperature:

mf �
�
const����

T
p exp

�
e0
T

�
� const

����
T
p

exp

�ÿDU

T

��ÿ1
; �8�

where e0 is the bottom of the vacancion zone, and DU is the
transposition parameter. The authors of Ref. [51] report no
numerical estimates. They considered three possibilities for
experimental verification of the model based on observing the
dependence of the facet growth rate on the thickness, the
presence of maximum growth rate for the temperature

dependence according to formula (8), and the displacement
of an object frozen in the crystal in the course of facet growth.

5.2 Qualitative features of burstlike growth
The assumption that the observed acceleration of perfect
c-facet growth in the millikelvin region in crystals grown on a
needle with a dislocation concentration of � 105 cmÿ2 is
based on the following general qualitative experimental facts:
� a sharp transition from slow to fast c-facet growth

kinetics;
� critical supersaturations at which the anomalous growth

begins are similar in magnitude and temperature dependence;
� time of formation of the anomalous state decreases with

increasing supersaturation;
� introduction of an additional dissipation channel (an

impurity) into the fluid affects both critical supersaturation
and time of formation of the anomalous state in a similar
manner.

A comprehensive analysis of the above facts makes it
possible to exclude from consideration quite a few potential
sources of the effect. The observation of burstlike growth on
defect-free facets rules out models relating the mechanism to
dislocation dynamics, e.g., `pumping' the dislocation grid
energy by a spiral growth step or producing a vortex ring by
the Frank±Read source.

Integration of qualitative features revealed in both
experiments yields the following list of requirements for the
future theory of the phenomenon in question.

(1) Transition is initiated by the excess pressure (super-
saturation).

(2) Macroscopic time is needed for growth acceleration to
start (under certain conditions, a few dozen seconds).

(3) Crystal structure (the presence or absence of defects)
has no crucial effect on the preparation of the burstlike
growth state.

(4) The most conspicuous feature of the phenomenon is
simultaneous acceleration by a few orders ofmagnitude of the
growth rate of facets regardless of their crystallographic
orientation with respect to the rates sustained by the known
mechanisms of layer-by-layer growth due to growth defects
(spiral growth, Frank±Read sources).

(5) Both critical supersaturation giving rise to a fast
growth state and the time it takes to be prepared depend on
dissipation in the fluid: the two parameters increase upon a
rise in temperature and the introduction of a diffusion
channel of dissipation due to 3He impurities.

(6) Once growth is completed and phase pressure equili-
brium established, the facet kinetics continuously return to
the normal (slow) ones in amacroscopic time up to 1 s; growth
defects are not generated in the process.

5.3 Mechanisms of accelerated growth
of an atomically smooth surface
Let us consider the known processes underlying facet growth
acceleration with respect to the effect of interest. One
mechanism markedly accelerating facet growth with increas-
ing supersaturation, as postulated in the layer-by-layer
growth model, is due to transition from dislocation-driven
growth to active two-dimensional nucleation with exponen-
tial dependence of the growth rate V � exp �ÿconst=dm n�,
where n � 1ÿ2 [1, 12, 13]. It is an attractive possibility,
because cumulative distributions of the probability of fast
growth origination (Fig. 10a) are well approximated by this
dependence. The qualitative features of the growth due to
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Figure 18. Vibrations of a helium crystal in a superfluid liquid [50]. The

crystal formed on needle 1 and then remelted so as to be either pierced by

theP-shaped superconducting loop 2 (a) or located on a platform glued to

the loop (b).
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two-dimensional nucleation are consistent with those covered
by points 1±3 of the above list (see Section 5.2). However, this
mechanism cannot explain the remaining peculiarities of the
effect. For example, the temperature dependence of critical
supersaturation in the phase diagram (see Fig. 11) is opposite
to that expected for the nucleation mechanism. On the other
hand, supersaturation necessary for the formation of a three-
dimensional nucleus in metastable superfluid helium
increases to a constant value as temperature drops and
subbarrier nucleation begins to prevail [14, 52±54]. The
height of the barrier to be overcome by the nuclei is given by
the linear step energy b on the surface, which is different for
facets of different orientations. The value of b depends on
how close the temperature is to the roughening transition
temperature for a given facet [55]. These factors would be
responsible for the origination of a-, c-, and s-facet growth
due to nucleation at different supersaturations, in conflict
with experimental data.

The second mechanism accelerating facet growth rate is
associated with the breakup of the roughening phase
transition. Nozieres and Gallet [56] showed, in the frame-
work of the renormalization group formalism, that excess
pressure causes the roughening transition to spread, and the
facet below the transition point retains mobility in the
absence of growth defects. The effect passes a maximum at
temperatures close to TR and weakens when the temperature
deviates from TR [57]. Spreading of the roughening transition
for each facet family will occur at different temperatures,
which prevents simultaneous growth acceleration of all
facets. The temperature dependence of facet growth pre-
dicted in Ref. [53] is the opposite to that associated with the
effect of burstlike growth.

Gov [58] mainly considered the formation of a critical
nucleus in a metastable fluid with the emergence of vortices
but tried to employ the same approach in one of the sections
of an article to explain the burstlike growth. This model
essentially makes use of two circumstances: the closeness to
roughening transition described by the Kosterlitz±Thouless
formalism, and the presence of growth sources. The author of
Ref. [58] notes that hismodel does not account for the time lag
between crystal origination and the onset of the rapid growth.

The authors of Refs [59, 60] proposed a model of growth
acceleration by kinematic multiplication of steps on crystal
facets. In this model, the number of steps increases due to
both reciprocal collisions and spontaneous barrierless multi-
plication of an individual step when the threshold super-
saturation is exceeded. As a result, a rise in step concentration
increases the number of sites for the barrierless attachment of
fluid atoms to the surface and speeds up facet growth by the
mechanism described in the Introduction. Unfortunately, this
approach, too, fails to account for all qualitative features of
burstlike growth as emphasized by the authors of Refs [59, 60]
themselves; moreover, its value is not confirmed by numerical
calculations. At temperatures above 0.15 K, dissipation
during step movements prevents their acceleration to velo-
cities needed to initiate the process, and neither kinematic
multiplication of the steps nor acceleration of facet growth
occur at supersaturations observed in experiments.

5.4 The surface or the bulk?
Attempts to explain the effect of burstlike crystal growth by
changes in the kinetics of the surface alone encounter serious
difficulties. Because the growth of a-, c-, and s-facets having
different parameters (interplanar spacing, roughening transi-

tion temperature, surface energy) occurs simultaneously and
proportionally, the assumption of a purely surface mechan-
ism behind kinetic changes must explain its insensitivity to
these parameters.

The simultaneous transition of all facets to the fast growth
state is easy to explain if the crystal bulk state changes. The
new state is likely to have different surface characteristics that
may cause a reverse transition of facets from the atomically
smooth to the atomically rough state and thereby provide
sustaining the fast growth rate. The faceting observed at the
fast growth stage can be attributed to its kinetic nature,
similar to that on helium crystals at temperatures above the
first roughening transition point [17]. The assumption of the
volumetric character of crystal transformation is confirmed
indirectly by observing internal friction relaxation (see
Section 4.7.2). However, the hypothesis of the volumetric
character of the burstlike growth effect must explain how
additional dissipation caused by the introduction of a minor
3He impurity into the fluid can strongly influence the
preparation of the burstlike growth state. That in the
millikelvin region the impurity remains specifically in the
fluid follows from the phase diagram of a weak 3Heÿ4He
solution.

Thus, only general considerations are pertinent as regards
the new mechanism of fast crystal growth based on the main
qualitative features of the phenomenon of interest. The
substantial delay of the onset of burstlike growth is due
either to the accumulation of a certain critical factor or to
the fluctuational preparation of this state. The former
conjecture better explains the gradual return to slow kinetics
in equilibrium, i.e., decay of the accumulated factor.
Unfortunately, these general considerations clarify neither
the nature nor the source of this factor.

For the candidates destroying faceting and returning a
crystal surface to an atomically rough state, A F Andreev
postulated peculiar dislocation defectsÐ that is, semirings
located near the crystal surface. He showed that taking
account of thermal fluctuations leads to the atomically
rough state of the crystal surface at any temperature [61]. If
the effect is of a volumetric character, e.g., the accumulation
of vacancies, then a decrease in mean density results in the
reduction of energies of point defect generation, i.e., vacan-
cies proper. Such energy rearrangement after a critical
concentration is reached will probably lead to the phase
transition to a new state, possibly even to a supersolid state,
which has been a subject of extensive discussion during the
past decade in light of the discovery of the nonclassical
behavior of the solid-helium moment of inertia by Kim and
Chan [37, 38]. However, numerical simulation of helium
crystals by the quantum Monte Carlo method reported by
Pollet et al. [62] showed that the energy of vacancy formation
falls to zerowhen themolar volume increases by� 13%. Such
a striking alteration of crystal density was not observed in
experiment.

5.5 Prospects for further research
The list of experimental techniques for the study of the
phenomenon of interest is rather short. Clearly, further
research should be continued by extending the same methods
to the ultralow temperature region if new qualitative data are
to be obtained. For freely growing crystals, this implies
calorimetric measurements of the state formation process
(see Section 4.7.1), bearing inmind that a drop in temperature
decreases the thermal response of adiabatic pressure oscilla-
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tion in the container in proportion to T 3, while an increase in
the kinetic facet growth coefficient lowers dissipative heating.
When the fast growth state is prepared due to bulk transition,
it can be hoped that the temperature of this transition will be
possible to measure upon suppression of auxiliary thermal
contributions.

A much longer time for preparing a helium crystal with
the perfect c-facet for the transition to the burstlike growth
state would allow measuring heat conductivity during slow
growth and its dependence on the vacancy flow, provided the
mechanism postulated in Ref. [51] operates (see Section 5.1).
The proposals of the authors of this work have not yet been
implemented. The kinetics of the dislocation-free c-facet of
the crystal at the fast growth stage (see Section 4.2.1) have
been remained unexplored, the inertia of the pressure gauge in
experiments [7] having been too high. A comparison of the
fast growth kinetics of defective and defect-free facets in the
common temperature range from 180 to 250 mK could
provide additional arguments in favor of the identical or,
conversely, the different natures of these phenomena.

The internal structure of a crystal in an anomalous state
awaits investigation. Results of direct measurements of lattice
parameters and theDebye±Waller factor, if different from the
values for equilibrium crystals, would be conclusive evidence
of bulk transition. Such measurements are possible with the
aid of a short X-ray pulse synchronized with a fast growth
stage. This method is most simple to realize at 3He-
refrigerator temperatures using synchrotron radiation
sources with the necessary intensities for X-ray sources.

6. Conclusion

The present review disregarded other phenomena, e.g.,
instability of the crystal growth form, since they are
consequences rather than causes of fast surface growth [63±
65]. The primary objective of the review was to systematize
and comprehensively expound experimental facts concerning
the preparation of an anomalous state with a high facet
growth rate. The phenomenon of an abrupt change in the
growth kinetics of helium crystal facets remains unexplained,
notwithstanding the 20-year history of its investigation. A
physical mechanism needs to be found that underlies
simultaneous acceleration of the growth of all facets regard-
less of their orientation. A specific feature of such a
mechanism is that it must support the long-lasting action of
supersaturation, from a few milliseconds to several dozen
seconds, to enable preparation of the fast growth state. The
fast facet growth kinetics once developed under high super-
saturation persist long after completion of crystal growth and
reaching phase equilibrium pressure; thereafter, it gradually
becomes slower under the influence of growth defects in
crystals grown on a needle or superslow on perfect facets.
The available theoretical publications deal with selected
aspects of the effect but cannot describe all of them taken
together. Even such a seemingly obvious question as whether
it is a change in the bulk properties of a crystal as opposed to
the surface ones that lies behind the effect of interest has no
definite answer.

A qualitatively new approach comes under the scrutiny of
research.
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