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First Observation of (100) and (211) Facets on3He Crystals

Raymond Wagner, Stephen C. Steel, Olga A. Andreeva,* Reyer Jochemsen, and Giorgio Fr
Kamerlingh Onnes Laboratorium, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherla

(Received 29 August 1995)

Images of3He crystals at temperatures down to 1 mK have been obtained by means of a new t
of optical cryostat, relying on the use of a compact charge-coupled device camera inside a nuc
demagnetization refrigerator. During growth from the superfluid3He-A phase, some crystals have
shown second and third roughening, i.e., the presence of (100) and (211) facets in addition to the (
facets previously observed. The presence of these new facets is in accordance with the Koste
Thouless theory of the roughening transition.

PACS numbers: 67.80.–s, 68.35.Rh, 81.10.Aj
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The growth of crystals from their melt phase is,
general, accompanied by flows of mass and heat, wh
are due to the density and entropy differences betw
the two bulk phases. In ordinary systems, these diffus
transport processes limit the rate of solidification
melting for a given chemical potential differenceDm

applied across the crystal surface. The crystal dynam
are consequently very slow, giving rise to metasta
rather than equilibrium crystal shapes.

In the case of helium crystals at low enough te
peratures an unusual situation occurs. Because of
superfluid nature of the liquid, the high thermal condu
tivity of the solid, and the small latent heat of solidific
tion, bulk transport properties no longer limit the veloci
y of the crystal surface. Instead,y is determined by the
interaction of the interface with the elementary excitatio
present in the bulk phases. Both theory [1] and exp
ment [2] have shown that the isothermal growth coeffici
or intrinsic mobility k of 4He crystals, defined by the re
lation y  kDm, increases asT24 at temperatures below
0.5 K. Consequently,4He crystals relax to their equilib
rium shapes within milliseconds in this temperature regi

The experimental situation is more complicated
3He. As the superfluid transition of the liquid occurs
a temperature of onlyTA  2.49 mK, and the latent hea
of solidification is more than a factor of105 larger than
that of 4He at temperatures between 2.5 and 100 m
one is again confronted with the bulk transport proces
of mass and heat reducing the effective mobility of t
crystal surface. In order to reach the regime where
mobility is determined by its intrinsic value, i.e., on
by the interaction with the elementary excitations, o
needs temperatures below the solid ordering tempera
TN  0.93 mK. In this temperature region the liquid i
superfluid, and the latent heat decreases asT 4 [3].

Conventional optical cryostats contain several sets
windows, allowing the contents of the sample cell to
observed by an optical system outside the cryostat, o
rating at room temperature. Despite the use of infra
filters, these setups are currently limited to a sample te
perature of 20 mK due to the thermal radiation enter
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the cryostat through the windows [4]. Therefore, the
cannot be used to study the growth of3He crystals from
the superfluid phase.

In this Letter, we present results obtained with a
alternative type of optical cryostat, which houses th
entire optical system inside its inner vacuum can. Thu
windows are required only in the sample cell. A charg
coupled device (CCD), operating at 65 K, is used
a camera. Because of the absence of windows in
cryostat and the low operating temperature of the came
the heat leak on the sample cell is about 10 nW inste
of the 10 mW typical of conventional optical cryostats
A similar optical cryostat, designed for interferrometri
measurements, has been constructed by the Helsinki gr
[5]. The cryostat, optical system, and experimental c
are all as described in Ref. [6], except for the Cu nucle
demagnetization stage and Pt-NMR thermometer wh
were subsequently added. These improvements, descr
in Ref. [7], enabled us to obtain optical images of th
nucleation of3He crystals from the superfluidB phase
with stable temperatures down toT  0.8 mK. The well-
known melting pressure curve [8] was used to infer t
temperature from the pressure measured in the cell. T
Pt-NMR thermometer was used when there was no so
3He present and at temperatures below 1 mK, where i
more accurate than the melting curve thermometer.

The high mobility of helium crystal surfaces at low
temperature has allowed the first quantitative expe
mental study of the roughening transition. This trans
tion separates the atomically smooth surface state at
temperature from the atomically rough state at high te
perature. According to theory [9,10], the roughening tra
sition is of the Kosterlitz-Thouless type, and should occ
at the roughening temperatureTR, given by

kBTR 
2
p

gRd2, (1)

with kB Boltzmann’s constant,gR the surface stiffness
at TR, and d the interplanar spacing, i.e., the distanc
between subsequent crystalline planes, measured in
direction normal to the crystal surface. The temperatu
© 1996 The American Physical Society 263
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ure
dependence of the surface stiffness has been calcul
within the sine-Gordon model by renormalization of th
interactions due to thermal fluctuations, giving [10]

gsTd  g0

∑
1 1 t 1

1
2

tc 2

q
tst 1 tcd

∏
, (2)

with t the reduced temperaturesT 2 TRdyTR, and tc

the so-called coupling strength, which is a measure
the pinning strength of the periodic lattice potenti
[11]. Well above the roughening temperature, the surfa
stiffness has the valueg0. Near TR it shows a cusp,
reaching a valuegR  g0f1 1 s1y2dtcg at the transition
temperature. BelowTR the surface stiffness is infinite.

As the interplanar spacingd in Eq. (1) is a function of
the Miller indices of the crystal planes, each surface ori
tation will have a corresponding roughening temperatu
Thus, on lowering the temperature, a sequence of rough
ing transitions is expected to occur on a crystal surface
equilibrium, giving rise to more and more macroscopica
smooth facets. AtT  0, all orientations are predicted t
be in the atomically smooth state [9], corresponding to
completely faceted crystal shape.

In helium, the coupling strengthtc is small [11]. As
a result, the equilibrium size of a facet, which depen
on tc as exps2py2

p
ttcd according to the sine-Gordon

model [10], is too small to allow a direct observation
the roughening transition on the equilibrium shape o
helium crystal.

In contrast to the equilibrium situation, facets can
quite large during crystal growth. An atomically smoo
facet can grow only by the motion of steps and
the nucleation of new layers. The rough surfaces t
surround each facet are able to grow as atoms s
independently to random sites, a process that is usu
much faster. As the quickly growing rough surface
the edge of the slowly growing facet catches up, it
incorporated into the facet: the facet increases in s
Three roughening transitions on hcp4He crystals have
thus been observed during crystal growth, at temperatu
TR1  1.30 K, TR2 , 1 K, and TR3 , 0.4 K, in good
agreement with Eq. (1) [2,12–15].

The sequence of images in Fig. 1 shows an example
the results we obtained on the growth of bcc3He crystals
from the superfluidA phase. The circular light beam
which is visible in the images has a diameter of 5 m
The crystal is visible in the lower halves of the image
The rest of the cell contains liquid. The irregularities
the background and the black obstruction at the bottom
the images are artifacts of the optical system, and are
related to the contents of the sample cell. Image (a) sh
the crystal while it is growing due to a compression of t
sample cell volume. Faceted orientations grow marke
slower than rough orientations, resulting in a complet
faceted growth shape. The lines visible within the crys
contour are the edges of the facets. The smaller facets
be difficult to discern against the background in a sing
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FIG. 1. Images of a3He crystal at a temperature of 2.2 mK
while being grown (a), melted (b), and regrown (c). Th
relative sizes of the facets depend on the initial shape of
crystal before the growth is started.

image, but they are easily identified when viewed in a
animated sequence of successive images. In image
the crystal has assumed a more rounded shape on me
(decompression). Resuming the compression results
faceted growth shape again, shown in the third image (

In order to determine the type and orientation of th
facets that are visible, it is helpful to know the orde
in which the facets should appear according to Eq. (
Table I lists the orientations with the largest interplan
spacingsd of the body-centered cubic lattice. Provide
the temperature dependence and anisotropy ofgR are
small enough to be ignored, the roughening temperat
should be expected to vary asd2 according to Eq. (1), so
the ratiosfd s110dyd shkldg2 are also listed in the table.
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TABLE I. The five densest planes in the bcc lattice and the
squared interplanar spacings relative to that of the (110) plan

Miller indices shkld d2s110dyd2shkld

(110) 1
(100) 2
(211) 3
(310) 5
(111) 6

We have simulated the observed two-dimensional pr
jections of the crystals by means of a computer reco
struction. Each facet planefi is defined by the normal
vector ri extending from the origin to the plane. The
edges of the facets are simply given by the intersections
all the planesfi . A two-dimensional projection of these
edges is constructed as a function of the projection dire
tion n̂. The directions of theri are determined by their
Miller indices, while the lengths of theri can be varied to
change the size of the corresponding facet. The effect
a cell window can be represented by an additional pla
with ri parallel ton̂.

As a crystal grows, more facets become visible, as
Fig. 2(a). At this point it is possible to identify some o
the facets, and thus determine the orientation of the crys
to a first approximation. The sizes of the facets can th
be adjusted by varying the lengths of the vectorsri . This
procedure is repeated until an orientation is found that
consistent with all the images taken during different stag
of growth of a given crystal. In Fig. 2(b), the result o
this procedure applied to image (a) is shown. It appea
that most of the crystal surface consists of (110) face
These facets have also been observed by Rolley, Balib
and Gallet [16,17], and are indeed the first ones to
expected according to Table I. In addition, we have ma
the first observation of both (100) and (211) facets o
3He crystals. These facets and their Miller indices a
indicated in Fig. 2(b). From Table I it is clear that thes
types were indeed to be expected on the basis of th
interplanar spacings. No dependence of the relative si
of the facets on the growth speed or orientation could
determined. The sizes of the facets during crystal grow
appear to be mainly determined by the shape of the crys
just before it starts growing. If a large portion of th
surface has an orientation close to a facet direction, the
large facet will be produced. This can be seen in Fig.
The roughly horizontal top surface that forms when th
crystal melts leads to the appearance of a much lar
(001) facet when growth resumes.

Crystals nucleated from the superfluidB phase exhib-
ited essentially the same behavior. Even at the low
temperatures we were able to reach (T  0.8 mK, just be-
low the solid ordering transitionTN ), we did not observe
any evidence of a large increase in the crystal growth c
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FIG. 2. (a) Image of the same crystal as shown in Fig.
during a later stage of its growth. In order to improve th
visibility of the faint s112d, s2̄1̄1d, ands1̄2̄2̄d facets, the contrast
relative to an image without a crystal present has been increa
[20]. (b) Computer reconstruction of the crystal shown in (a
with Miller indices of the observed (100) and (211) face
indicated. The unshaded planes are (110) facets.

efficent: When maintained in equilibrium conditions, th
crystals did not show any sign of relaxing to their equilib
rium shape on the time scale of our observations (seve
hours).

We conclude with some remarks about the rougheni
temperatures corresponding to the (100) and (211) orie
tations. The surface stiffness of3He crystals has been
determined from equilibrium shape measurements ma
at the melting curve minimum (Tm  316 mK): gsTmd 
60 6 11 mJ m22 [18]. If we treat this value as the high
temperature limitg0, then gR  s1 1 tcy2dgsTmd. As
an estimate for an upper limit ontc, we can take the
value found for4He crystal surfaces oriented perpendic
ular to the sixfold symmetry axis,tc  0.6 [19]. We
would expecttc to be lower than this in3He because of
the larger zero point motion of the atoms [11]. Assumin
tc lies in the range0 , tc , 0.6, we can use Eq. (1) to
estimateTR for various facets:TRs110d , 260 340 mK,
TRs100d , 130 170 mK, andTRs211d , 87 113 mK.

We now recall the results obtained by Rolley, Baliba
and Gallet [16,17] who observed (110) facets only belo
100 mK, and no other types down to 60 mK. Thi
265
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discrepancy was explained by the theory of dynam
roughening, which states that in the presence of
applied chemical potential difference across the interf
(which is always present during crystal growth) t
roughening transition is broadened and displaced t
lower temperature [10,19]. This displacement is larger
largerDm and smallertc. The (110) facets were observe
only below a temperature of roughlyTRy3. If we assume
that we grow our crystals at a similarDm, and that the
reduction of the roughening temperature is isotropic, th
the (100) and (211) transitions are expected near 50
35 mK, respectively.

It would be very interesting to measure the tempe
tures at which the (100) and (211) facets actually app
However, when the sample is heated above the su
fluid transition temperature, the experimental study of3He
crystal growth becomes very difficult. Because of the
nite thermal conductivity, unwanted thermal gradients
easily set up in the cell. For instance, dust specks on
windows can absorb light and locally warm up the liqu
In addition, due to the Pomeranchuk effect the liquid n
the growing crystal can become colder than elsewher
the cell. Consequently, there is a high probability of n
cleating new3He crystals at the warmest spots elsewh
in the sample cell, particularly when high compressi
rates are used. Quite often several crystals will touch e
other during growth, or they will grow in regions of th
cell that are invisible to the optical system. As a resu
we saw no evidence for facet types other than (110
temperatures above 2.5 mK. The best chance of obs
ing these facets might be obtained through the use
cell which can be tilted at low temperature. The initial
rounded crystal can then be rotated in such a way th
large part of its surface is lined up with the expected fa
orientation before growth is initiated, analogous to wh
was seen in Figs. 1(b) and 1(c).

In summary, we have used a new type of optic
cryostat for the study of growth shapes of3He crystals
from the superfluidA phase. We have found evidenc
for the presence of (110), (100), and (211) facets
these growth shapes, the last two of which had ne
been observed in earlier studies. The three types
facets we observed are the three types predicted to
most stable according to the Kosterlitz-Thouless theory
roughening. A more quantitative study of the roughen
temperatures and facet mobilities in various crystall
orientations should provide more information about t
coupling strengthtc in the case of3He.

We thank C. M. C. M. van Woerkens for the constru
tion of the pressure gauge, P. Remeijer and P. J.
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