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First Observation of (100) and (211) Facets oAHe Crystals
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Images of’He crystals at temperatures down to 1 mK have been obtained by means of a new type
of optical cryostat, relying on the use of a compact charge-coupled device camera inside a nuclear
demagnetization refrigerator. During growth from the superfiilitt-A phase, some crystals have
shown second and third roughening, i.e., the presence of (100) and (211) facets in addition to the (110)
facets previously observed. The presence of these new facets is in accordance with the Kosterlitz-
Thouless theory of the roughening transition.

PACS numbers: 67.80.—s, 68.35.Rh, 81.10.A]

The growth of crystals from their melt phase is, inthe cryostat through the windows [4]. Therefore, they
general, accompanied by flows of mass and heat, whicbannot be used to study the growth3¢fe crystals from
are due to the density and entropy differences betweethe superfluid phase.
the two bulk phases. In ordinary systems, these diffusive In this Letter, we present results obtained with an
transport processes limit the rate of solidification oralternative type of optical cryostat, which houses the
melting for a given chemical potential differendex  entire optical system inside its inner vacuum can. Thus,
applied across the crystal surface. The crystal dynamic&indows are required only in the sample cell. A charge-
are consequently very slow, giving rise to metastableoupled device (CCD), operating at 65 K, is used as
rather than equilibrium crystal shapes. a camera. Because of the absence of windows in the

In the case of helium crystals at low enough tem-cryostat and the low operating temperature of the camera,
peratures an unusual situation occurs. Because of thtee heat leak on the sample cell is about 10 nW instead
superfluid nature of the liquid, the high thermal conduc-of the 10 uW typical of conventional optical cryostats.
tivity of the solid, and the small latent heat of solidifica- A similar optical cryostat, designed for interferrometric
tion, bulk transport properties no longer limit the velocity measurements, has been constructed by the Helsinki group
v of the crystal surface. Instead,is determined by the [5]. The cryostat, optical system, and experimental cell
interaction of the interface with the elementary excitationsare all as described in Ref. [6], except for the Cu nuclear
present in the bulk phases. Both theory [1] and experidemagnetization stage and Pt-NMR thermometer which
ment [2] have shown that the isothermal growth coefficientvere subsequently added. These improvements, described
or intrinsic mobility k of “He crystals, defined by the re- in Ref. [7], enabled us to obtain optical images of the
lation v = kA pu, increases ag * at temperatures below nucleation of*He crystals from the superflui® phase
0.5 K. ConsequentlytHe crystals relax to their equilib- with stable temperatures downTo= 0.8 mK. The well-
rium shapes within milliseconds in this temperature regionknown melting pressure curve [8] was used to infer the

The experimental situation is more complicated fortemperature from the pressure measured in the cell. The
3He. As the superfluid transition of the liquid occurs atPt-NMR thermometer was used when there was no solid
a temperature of onlf, = 2.49 mK, and the latent heat 3He present and at temperatures below 1 mK, where it is
of solidification is more than a factor df0® larger than more accurate than the melting curve thermometer.
that of “He at temperatures between 2.5 and 100 mK, The high mobility of helium crystal surfaces at low
one is again confronted with the bulk transport processefemperature has allowed the first quantitative experi-
of mass and heat reducing the effective mobility of themental study of the roughening transition. This transi-
crystal surface. In order to reach the regime where thision separates the atomically smooth surface state at low
mobility is determined by its intrinsic value, i.e., only temperature from the atomically rough state at high tem-
by the interaction with the elementary excitations, oneperature. According to theory [9,10], the roughening tran-
needs temperatures below the solid ordering temperatursition is of the Kosterlitz-Thouless type, and should occur
Tx = 0.93 mK. In this temperature region the liquid is at the roughening temperatufg, given by
superfluid, and the latent heat decreases“afS]. 2

Conventional optical cryostats contain several sets of kpTpr = — dez, Q)
windows, allowing the contents of the sample cell to be .
observed by an optical system outside the cryostat, opevith kg Boltzmann’s constantyi the surface stiffness
rating at room temperature. Despite the use of infraredt T, and d the interplanar spacing, i.e., the distance
filters, these setups are currently limited to a sample tembetween subsequent crystalline planes, measured in the
perature of 20 mK due to the thermal radiation enteringdirection normal to the crystal surface. The temperature
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dependence of the surface stiffness has been calculated
within the sine-Gordon model by renormalization of the
interactions due to thermal fluctuations, giving [10]

(1) = 70[1 e tc)}, @

with ¢ the reduced temperaturd — Tx)/Tr, and z,
the so-called coupling strength, which is a measure of
the pinning strength of the periodic lattice potential
[11]. Well above the roughening temperature, the surface
stiffness has the valug,. Near T} it shows a cusp,
reaching a valueyr = vyo[1 + (1/2)t.] at the transition
temperature. BelowWy the surface stiffness is infinite.

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

In helium, the coupling strength. is small [11]. As
a result, the equilibrium size of a facet, which depends
on t. as exp—m/2./it.) according to the sine-Gordon
model [10], is too small to allow a direct observation of
the roughening transition on the equilibrium shape of a
helium crystal.

In contrast to the equilibrium situation, facets can be
quite large during crystal growth. An atomically smooth
facet can grow only by the motion of steps and by
the nucleation of new layers. The rough surfaces that
surround each facet are able to grow as atoms stick
independently to random sites, a process that is usually
much faster. As the quickly growing rough surface at (e)
the edge of the slowly growing facet catches up, it is

; ; . ; - < FIG. 1. Images of &He crystal at a temperature of 2.2 mK
incorporated into the facet: the facet increases in SIZtJV:Vh”e being grown (a), melted (b), and regrown (c). The

Three roughening transitions on héple crystals have rgjative sizes of the facets depend on the initial shape of the
thus been observed during crystal growth, at temperaturggystal before the growth is started.

Tr1 = 130 K, Try ~ 1 K, and Tg; ~ 0.4 K, in good
agreement with Eq. (1) [2,12-15].

The sequence of images in Fig. 1 shows an example of
the results we obtained on the growth of Bete crystals  image, but they are easily identified when viewed in an
from the superfluidA phase. The circular light beam animated sequence of successive images. In image (b),
which is visible in the images has a diameter of 5 mmthe crystal has assumed a more rounded shape on melting
The crystal is visible in the lower halves of the images.(decompression). Resuming the compression results in a
The rest of the cell contains liquid. The irregularities infaceted growth shape again, shown in the third image (c).
the background and the black obstruction at the bottom of In order to determine the type and orientation of the
the images are artifacts of the optical system, and are ndacets that are visible, it is helpful to know the order
related to the contents of the sample cell. Image (a) showis which the facets should appear according to Eq. (1).
the crystal while it is growing due to a compression of theTable | lists the orientations with the largest interplanar
sample cell volume. Faceted orientations grow markedlgpacingsd of the body-centered cubic lattice. Provided
slower than rough orientations, resulting in a completeljthe temperature dependence and anisotropyygfare
faceted growth shape. The lines visible within the crystakmall enough to be ignored, the roughening temperature
contour are the edges of the facets. The smaller facets cahould be expected to vary @s$ according to Eg. (1), so
be difficult to discern against the background in a singlethe ratiogd (110)/d (hkl)]* are also listed in the table.
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TABLE I. The five densest planes in the bcc lattice and their
squared interplanar spacings relative to that of the (110) plane.

Miller indices (hkl) d*(110)/d*(hkl)

(110)
(100)
(211)
(310)
(111)

OO WN -

We have simulated the observed two-dimensional pro-
jections of the crystals by means of a computer recon- i
struction. Each facet plang is defined by the normal -—%'__ y
vector r; extending from the origin to the plane. The x
edges of the facets are simply given by the intersections of
all the planesf;. A two-dimensional projection of these
edges is constructed as a function of the projection direc-
tion fi. The directions of tha; are determined by their .
Miller indices, while the lengths of the: can be varied to (010) —=
change the size of the corresponding facet. The effect of
a cell window can be represented by an additional plane
with r; parallel toh. (b)

As a crystal grows, more facets become visible, as in
Fig. 2(a). At this point it is possible to identify some of FIG. 2. (a) Image of the same crystal as shown in Fig. 1,

ring a later stage of its growth. In order to improve the

the facets, and thus determine the orientation of the cryst%llsibm,[y of the faint (112), (311), and(122) facets, the contrast

to a first approximation. The sizes of the facets can therative to an image without a crystal present has been increased

be adjusted by varying the lengths of the vectgrs This  [20]. (b) Computer reconstruction of the crystal shown in (a),

procedure is repeated until an orientation is found that isvith Miller indices of the observed (100) and (211) facets

consistent with all the images taken during different stage#'dicated. The unshaded planes are (110) facets.

of growth of a given crystal. In Fig. 2(b), the result of

this procedure applied to image (a) is shown. It appears

that most of the crystal surface consists of (110) facets.

These facets have also been observed by Rolley, Balibagfficent: When maintained in equilibrium conditions, the

and Gallet [16,17], and are indeed the first ones to berystals did not show any sign of relaxing to their equilib-

expected according to Table I. In addition, we have madeium shape on the time scale of our observations (several

the first observation of both (100) and (211) facets orhours).

*He crystals. These facets and their Miller indices are We conclude with some remarks about the roughening

indicated in Fig. 2(b). From Table I it is clear that thesetemperatures corresponding to the (100) and (211) orien-

types were indeed to be expected on the basis of thetations. The surface stiffness dHe crystals has been

interplanar spacings. No dependence of the relative sizetetermined from equilibrium shape measurements made

of the facets on the growth speed or orientation could bat the melting curve minimuniy, = 316 mK): y(T,,) =

determined. The sizes of the facets during crystal growtl60 + 11 wJm 2 [18]. If we treat this value as the high

appear to be mainly determined by the shape of the crystéémperature limityy, then yg = (1 + t./2)y(T,). As

just before it starts growing. If a large portion of the an estimate for an upper limit on., we can take the

surface has an orientation close to a facet direction, thenalue found for*He crystal surfaces oriented perpendic-

large facet will be produced. This can be seen in Fig. lular to the sixfold symmetry axis,. = 0.6 [19]. We

The roughly horizontal top surface that forms when thewould expectr. to be lower than this ifHe because of

crystal melts leads to the appearance of a much largehe larger zero point motion of the atoms [11]. Assuming

(001) facet when growth resumes. t. lies in the range) < ¢, < 0.6, we can use Eq. (1) to
Crystals nucleated from the superfluBdphase exhib- estimatel’r for various facetsT;(110) ~ 260—340 mK,

ited essentially the same behavior. Even at the lowest(100) ~ 130-170 mK, andT3(211) ~ 87—-113 mK.

temperatures we were able to rea€h=¢ 0.8 mK, just be- We now recall the results obtained by Rolley, Balibar,

low the solid ordering transitioffy), we did not observe and Gallet [16,17] who observed (110) facets only below

any evidence of a large increase in the crystal growth co100 mK, and no other types down to 60 mK. This

(121)
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discrepancy was explained by the theory of dynamidor their assistance during several experiments, and A. V.
roughening, which states that in the presence of aBabkin and S. Balibar for useful discussions. This work

applied chemical potential difference across the interfacgvas part of the research program of the Stichting voor
(which is always present during crystal growth) theFundamenteel Onderzoek der Materie (FOM), which is fi-

roughening transition is broadened and displaced to aancially supported by the Nederlandse Organisatie voor
lower temperature [10,19]. This displacement is larger folWetenschappelijk Onderzoek (NWO).

largerA . and smallee.. The (110) facets were observed

only below a temperature of roughfig /3. If we assume

that we grow our crystals at a similaxu, and that the

reduction of the roughening temperature is isotropic, then

the (100) and (211) transitions are expected near 50 and

35 MK, respectlvely._ . *Permanent address: Kapitza Institute for Physical
It would be very interesting to measure the tempera- o, biems ul. Kosygina 2, 117334 Moscow, Russia.
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