
VOLUME 75, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 30 OCTOBER 1995

Observation of a New Surface State on4He Crystal Interfaces

A. V. Babkin, H. Alles, P. J. Hakonen, A. Ya. Parshin,* J. P. Ruutu, and J. P. Saramäki
Low Temperature Laboratory, Helsinki University of Technology, 02150 Espoo, Finland

(Received 6 June 1995)

The equilibrium shape of hcp4He crystals has been studied at temperatures0.05 # T # 0.7 K by
means of a high-precision optical interferometer. We find that the profile of the interfacial boundary,
close to an almost horizontalc-facet, has a well-defined slope discontinuity separating two angular
regions with different behavior of the surface stiffnessã. For surfaces tilted by an anglef & 100 mrad
with respect to thec-facet, we obtaiña  kyf, contrary to the linear angular dependence predicted by
current theories. Our results on four large crystals yieldk  s11 6 3d 3 1024T ergycm2 K.

PACS numbers: 67.80.Cx, 68.35.Md, 68.45.–v
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Owing to the discrete nature of a lattice, the micro
scopic structure of a crystalline interface is influenced b
its crystallographic orientation, creating a variety of pos
sible surface states, which is reflected in the details of t
equilibrium crystal shape (ECS). For example, the EC
may contain planar facets joined by curved interfaci
regions, indicating a coexistence of two surface phas
atomically smooth and atomically rough. The transitio
region between a smooth facet and an adjacent curv
part of a crystal boundary, also known as avicinal inter-
face, is an intermediate case between atomically smo
and rough phases. A vicinal surface, inclined by a sma
anglef ø 1 with respect to a high symmetry face, ca
be considered as a set of atomically smooth terraces se
rated by elementary steps. The thermodynamics of the
steps determines the surface energyasfd and its signa-
tures in the ECS. During the last decade, different th
oretical models of the vicinal state have been consider
[1]. Owing to very rapid relaxation at the liquidysolid in-
terface [2], the most detailed experimental studies so
have been performed on4He crystals [3,4].

Strong support of terraced vicinal planes [5] ha
been obtained in the most recent experiments by Roll
et al. [6]. This description of the interface leads to
detailed predictions of the ECS close to a facet: th
profile should show a power-law (x3y2) dependence. We
have made high-resolution interferometric investigation
of the crystal profile at small interfacial anglesf # 10
mrad with respect to the (0001) basal plane (c-facet). In
this Letter we present experimental data which show th
power-law behavior, observed atf $ fc2 . 2 mrad,
changes discontinuously into exponential relaxation
f # fc1 . 0.2 mrad. This discontinuous change in
the orientation of the interface is a clear indication o
a first-order phase transition on the surface. The nov
surface state atf # fc1 is characterized by a strong,
1yf-dependent surface stiffness, which is difficult to ex
plain within the framework of current theoretical models

The experimental apparatus is a modification of a
accurate optical interferometer, used in our previou
observations on the free surface of superfluid3He [7,8].
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In our experiments we used regular commercial4He gas
with &100 ppb of 3He impurities. The4He crystals
were grown inside a carefully polished conical copper
cell, illustrated schematically in Fig. 1. The body of the
cell was thermally linked to the mixing chamber of a
small dilution refrigerator, capable of cooling samples to
.40 mK. In equilibrium, a crystal fills the entire conical
section of the vessel: the lateral size of the interfacial
region for all our samples was 35–40 mm in diameter.
The c-facet was aligned almost parallel to the upper part
of the fused silica optical wedge (Df # 10 mrad), by
the procedure described in Ref. [9]. The crystals were
grown from 1-mm-diameter seeds atT  50 mK using an
interfacial growth rate of&0.2 mmys. When the desired
crystal size was reached, the filling capillary was closed
with a low temperature valve.

The central part of the crystal is illuminated from
above with a collimated 5-mm-diameter He-Ne laser
beam. Light reflected from the interface and from the
reference flat form an interferometric image of the crystal
boundary onto a cooled charge coupled device (CCD)
sensor. Both the bellows-operated focusing system and
the CCD imager are located inside the 4 K vacuum can,
close to the experimental sample. Compared with our

FIG. 1. Schematic drawing of the experimental cell. (a)
Under equilibrium the crystal (dark shading) rests on the optical
reference flat (light shading), which also serves as the bottom
window of the experimental cell. Thec-facet of the sample
is inclined by a small anglet  3 15 mrad with respect to
the gravitational horizon. (b) Top view of the experimental
container. The small circle in the center outlines the region of
observation. The shaded area corresponds to the facet.
© 1995 The American Physical Society



VOLUME 75, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 30 OCTOBER 1995

s
y
f
e

d

i-
a
n
e

ly
e

in
u

c

in

e
i

e

t

e
r

y

t

e

l

previous imaging system [7], the sensitivity to light ha
been significantly improved by employing an astronom
grade slow-scan CCD camera as in Ref. [10]. The care
design of our interferometer, together with advanc
fringe analysis methods, provide a vertical resolutio
of 5 nm. Details of the apparatus will be publishe
elsewhere [11].

The lateral size of a facet is strongly influenced b
its orientation with respect to the gravitational hor
zon: the size is at maximum for an exactly horizont
facet, whereas it progressively shrinks with increasi
inclination. Therefore, the relative position of the fac
edge within the field of observation [Fig. 1(b)] could
be adjusted simply by tilting the entire cryostat slight
(&20 mrad). Since the crystal diameter is much larg
than the capillary length of solid helium (a ø 1 mm), the
curvature of an interface along the facet border, located
the center of the cell, is exponentially small.

Figure 2 displays the crystal profile in the edge regio
for one of our samples at 0.51 K. It is clearly seen
the magnified view [Fig. 2(b)] that the crystal shape act
ally contains a slope discontinuity, fromfc1  430 mrad
to fc2  2.3 mrad, which separates two regions chara
terized by distinctly different behavior. Atf # fc1, we
find z sxd ~ expsxyx0d, wherez sxd # 0 describes the pro-
file in a coordinate frame corresponding to thec-facet
plane [see Figs. 1(a) and 2] andx0 is a fitting parame-
ter. At f $ fc2, the profile is of the formxu where
u  1.3 1.8; the large span ofu is caused by the uncer-
tainty of the actual starting point for the power law.

In our one-dimensional case, the equation describ
the ECS under gravity [2] can be written in the vicina
limit f ø 1 as

Drgfz sxd 1 txg 2 ãsfd
d2z sxd

dx2  0 , (1)

whereãsfd  a 1 d2aydf2 is the surface stiffness,t
is the inclination angle of the facet, andDr  rs 2 rl

is the difference in densities of the solid and liquid phas
of helium. Far enough from the edge, the first term
Eq. (1) dominates and the interface follows the directio
of the gravitational horizonz sxd  2tx, whereas closer
to the facet border the ECS is explicitly controlled by th
surface stiffness̃asfd.

Most of the present theories predict a decrease in
surface stiffness as̃asfd ~ f (see, e.g., Ref. [5]). The
corresponding surface profile atf ! 0 is expected to
be z sxd ~ x3y2 [12], which follows directly from Eq. (1).
This is consistent with our data abovefc2 but in striking
contrast with the behavior seen atf , fc1.

The angular dependence of the surface stiffnessãsfd
at f # fc1 can be deduced from the measured profil
on the basis of Eq. (1). Over short intervals, whe
the first term in Eq. (1)Eg  Drgfz sxd 1 txg . const
with an accuracy of (20–30)%, an exponential solutio
is obtained ifãsfd  kyf, wherek . x0Eg. [A more
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FIG. 2. Surface profile for one of our crystals witht  4.5
mrad, measured at 0.51 K. (a) Wide angular region:0 ,
f , t. Far enough from the edge, the interface follows
the direction of the gravitational horizonz sxd  2tx (dashed
line), whereas closer to the facet edge the ECS is governed b
the surface stiffness. (b) A magnified view of the same profile
close to f  0. The vertical arrow marks the point of the
slope discontinuity. The solid curve corresponds to the best fi
z sxd  2z0 expsxyx0d.

precise analysis can be done in the next approximation
Eg . Drgtx. In this caseãsfd  kyf yields z sxd ~

erfcsjxy
p

2kyDrgtjd, which in the range of our data
is almost indistinguishable from an exponential function.
However, the numerical analysis in this case is more
complex and the results differ by less than 10% from
the data presented in Fig. 3.] Results for four successiv
crystals with inclinationst  5 15 mrad are displayed in
Fig. 3. As can be seen,k varies approximately linearly
as a function of temperature and we may summarize
k . s11 6 3d 3 1024T ergycm2 K.

The slope discontinuity can be considered as strong
evidence of a first-order phase transition between two
surface states [2,13]. Strong hysteretic behavior of crysta
shapes is observed in our experiments. We often find
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FIG. 3. Temperature dependence of the parameterk for
four samples: t  4.5 mrad shd, t  5.3 mrad snd, t 
14.9 mradssd, t  12.1 mradsdd. The solid line corresponds
to the best linear fitk  s11 6 3d 3 1024T ergycm2 K.

jumplike changes infc1, caused by mechanical vibration
of the cryostat or by sudden temperature changes.
our data presented in Fig. 3,fc1 varies over the range
50 & fc1 & 500 mrad.

Generally, a new surface state can be attributed
some special type of a spontaneous surface reorganiza
A facet can be distorted due to the collective behav
of screw dislocations exposed on the surface. Fra
Read pairs of opposite screw dislocations are join
by sections of elementary steps on the interface.
shown by Uwaha and Nozières [14], polarization
such steps may result in a macroscopic tilt of t
crystal boundary. The average concentration of Fra
Read sources can be estimated from the character
mobility threshold [5,14] for a uniformly growing facet
Dp  2byl, whereb . 0.014 ergycm2 [1,6], is the step
energy andl is the average distance between neighbor
dislocations. For our crystals,Dp is on the order of
1026 bar, which corresponds tol ø 0.3 mm, and yields at
most an inclination angleø10 mrad [14]. This estimation
shows clearly that Frank-Read sources fail to expl
the slope of the profile in Fig. 2(b). Moreover, it ma
be shown [11] that the dependencẽa ~ 1yf cannot
be explained on the basis of the model of Uwaha a
Nozières with any fixed number of frozen-in dislocation

The angular dependencẽasfd ~ 1yf can be obtained
for several different reconstruction mechanisms. First
in the new surface state the rotational symmetryC3 in
the (0001) basal plane of an hcp helium crystal is brok
then the intrinsic surface stress tensor becomes anisotr
and, as a result, an elementary step now separates
domains having the same energy but different surfa
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stresses [15]. This difference, which depends strongly
on the step orientation, gives rise to a net force on each
step. In such a case, the elastic step-step interaction
grows as lnsdyad with increasing interstep spacingd and,
consequently,̃asfd ~ 1yf. However, at small anglesf
below some criticalfp

c , the interface becomes unstable
against formation of elastic stress domains [15]. Hence, a
doubly-reconstructed surface with ordinary1yd2 step-step
interaction is formed atf , fp

c , and the usual behavior
of the surface stiffness,̃asfd ~ f, is regained [5,12].
Our experimental data atf , fc1 clearly contradict this
scenario.

According to Andreev [16], flow of superfluid parallel
to a facet results in the formation of steps oriented per-
pendicular to the velocity of the liquidys. Consequently,
the stiffness of the reconstructed surface involves an addi-
tional termãy  ksyf  ray2

s y2pf. From the 50 nW
heat leak to the experimental volume,ys can be esti-
mated to be at most on the order of1028 cmys, whereas
ys . 1 2 10 mysec would be needed to explain the ex-
perimentally observed values ofk.

Surface reconstruction can also be induced by thermal
fluctuations of the crystal surface, which has been consid-
ered by Andreev [17]. These fluctuations correspond to
microscopic Frank-Read sources and may be regarded as
the surface part of thermally activated dislocation loops
in the bulk [18]. According to Andreev, the presence of
such loops results in a thermally excited plastic deforma-
tion of the entire crystal, which may destroy the crystal
faceting. As discussed above, we have a similar situation
in the case of usual quenched Frank-Read sources, dis-
tributed randomly on the crystal surface [14]. Assuming
that Andreev’s concept is valid, one may consider a sim-
ple statistical model that makes it possible to calculate the
corresponding surface stiffness.

Each surface excitation, made of a microscopic Frank-
Read source, generates a piece of elementary step of
height a and length l, with some definite orientation of
its normal vectorn in the plane of the facet. We assume
here for simplicity that only two opposite orientations of
these steps are possible: positive and negative. Consider
a lattice gas of these excitations. The surface state is
characterized by the average numbers of positive and
negative stepsN1 andN2 per areaS. Both N1 andN2

must be much less than the total number of elementary
cells N  Sys. If N1 is not equal toN2, the gas of
excitations becomes polarized, and an average tiltf of
the surface appears:

f  S21sN1 2 N2dal.

This situation differs from the case of quenched Frank-
Read sources [14] because here the total number of
excitations is not constant, and bothN1 and N2 should
be found by minimizing the surface free energyF at fixed
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F 2 Nlf  min .

Herel denotes the Lagrangian multiplier. ForF we have
the usual expression

F  esN1 1 N2d 2 T ln G ,

wheree is the activation energy, andG is the statistical
weight of the surface state. After minimization we obta

f  2xe2eyT sinhslxyT d (2)

and

F  22NTe2eyT coshslxyT d 1 Nlf , (3)

where x  alys. Equations (2) and (3) together give
us the dependenceFsT , fd at any T and f, provided
that we can neglect interactions between excitatio
We are interested in the case of relatively large ang
f ¿ exps2eyT d (but still f ø 1). Then we have from
Eqs. (2) and (3)

F 
Nf

x

∑
e 1 T

µ
ln

f

x
2 1

∂∏
,

and finally for the surface stiffness

ãsfd 
1
S

≠2F
≠f2


T
f

sald21. (4)

We see that this mechanism yields correct angular a
temperature dependencies of the surface stiffness; de
of this model will be published elsewhere [11]. O
the basis of Eq. (4) and our experimental data (Fig.
we estimate the effective lengthl . 30 nm. For the
activation energye, we can only deduce a lower limit
e * 10 K.

Altogether, the shape of quantum crystals in our expe
ments has turned out to be more complicated than w
expected on the basis of previous measurements
The standard description [5] using interacting steps
not sufficient to explain the shape of our crystals
the vicinity of facets. Instead of a smooth transitio
from terraced planes to facets, we observe that crys
interfaces withø2 andø0.2 mrad inclinations are joined
in a discontinuous manner. The1yf-dependent surface
stiffness of the new state could be produced by domin
logarithmic interactions between steps separated by
100 mm, but the reason for such forces is unclear. O
results can be explained by polarization of therma
induced dislocation loops terminating at the boundary.
this model, however, the required size of the loops
about 100 atomic spacings, which leads to questiona
big excitation energies.
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