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A series of crystalline superlattice compounds containing an integral number of intergrown 
transition metal-dichalcogenide layers was prepared through controlled crystallization of 
Ti/Se/Nb/Se superlattice reactants rather than through epitaxial growth. The component 
elemental-layer thicknesses and annealing sequence were chosen to favor interfacial 
nucleation of the component binary compounds. The layered reactants contracted in the 
c-axis direction during an initial low-temperature anneal as NbSe, and TiSe, crystallites 
nucleated and grew along the interfaces, kinetically trapping the desired superlattice 
structure. The c-axis domain size increased gradually as a function of annealing time and 
temperature, yielding high-quality c-axis-riented TiSe,/NbSe, crystalline superlattices 
after annealing at 500°C. The large number of observed 00Q diffraction orders permitted 
the average crystal structure of the superlattice in the direction of the c axis to be 
determined through a Rietveld analysis. 

T h e  ahility to prepare well-defined hetero- der normally found at the interfaces, it 
structures o n  a nanometer scale has not nreatlv restricts the range of superlattice 
only led to  new technology [for example, 
higher electronic device speeds (1 ) and 
"hand gap" engineering of inaterials ( 2 ) ]  
hut also has revealed f~lndamentally new 
phenomena such as the quantum Hall effect 
(3)  anii the  fractional quantum Hall effect 
(4) .  Several synthesis techniques based o n  
layer-hy-layer epitaxial growth have heen 
developeci that iin\~olve sequential exposure 
of the  growing crystal surface to fluxes of 
the  components. T h e  substrate is typically 

co~nponents.  Although the development of 
strained layer epitaxy (6) and van der Waals 
epitaxy (7) has reduced the stringent lattice- 
matching requirement for epitaxial gro\vth, 
lattice-matching of the coinponents of a 
heterostructure is still an  important synthe- 
sis parameter. In addition, growth coniii- 
tions for the component materials of a het- 
erostructure must he compatihle, an  issue 
that becomes progressively more prohlemat- 
ic as tlne nuinher of elennents in the  hetero- 

heated in order to optimize tlne surface mo- structure compound increases. 
bilitv of the coinaonents, and the  flux rates Here we describe a n  alternati\~e ap- 
are carefully controlled to coinpensate for proach to tlne proiiuction of inem. lnetero- 
the  relati1.e sticking coefficients of the corn- structures, baseii not 011 epitaxial growth 
ponent species. Reactants can be supplieii but o n  the  kinetic trapping of the  desired 
by evaporation, sputtering, and chemical crystalline superlattice from the  solid-state 
vapor Jenosition. Wi th  molecular beam eL7- reaction of a n  eleinentallv m o d ~ ~ l a t e d  reac- 
itaxy (MBE), the composition of the  grow- 
ing film can be controlled and :arieJ o n  
length scales as short as 5 to 10 A. Liquiii- 
and solid-phase epitaxial growth techniques 
have also heein de\~eloped for the  prepara- 
tioin of modulated structures, hut the  length 
scales o n  which the composition can he 
modulateil are typically greater by a factor 
of 10 than those aclnieved with MBE (5). 

Within heterostructure superlattices, in- 
terfaces constitute a large fraction of the 
total material. In  semiconductor devices, 
where defect and impurity concentrations 
dominate electrical properties, cointrolling 
interfacial quality is cn~cial .  T h e  low back- 
ground pressure anii epitaxial nature of in- 
terfaces in MRE lead to heterostructui-es 
with very low impurity aind defect densities. 
Although epitaxial growth limits tlne iiisor- 
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tant.  In spirit, this approach parallels meth- 
ocis used by organic chemists, m.ho innight 
carefully synthesize two reactant molecules 
that would be coupleii through kinetic con- 
trol in tlne key reaction step in the  synthesis 
of a large natural product. Iinsteaii of two 
molec~~les ,  we prepared interwo\~en layers of 
the  elements within a superlattice reactant. 
Choices regarding layer sequence anii 
thickness mere baseii o n  mechanistic stuiiies 
of the  initial stages of the  solid-state reac- 
tions between tlne binary components. Low- 
temperature annealing nucleated the  binary 
compounds at interfaces. These crystallites 
grew along the interfaces, kinetically trap- 
ping the  desired superlattice structure. This 
synthetic approach proviiies advantages in 
the preparation of heterostructures contain- 
ing terilary compounds aind structures con- 
tainilng nonlatticed matched components, 
hot11 of which would he iiifficult to prepare 
through epitaxial growth. 

T h e  inen, compounds we iiescribe are 

intergrowths of two-dimensional transition 
metal iiichalcogeinides [MY2 (M: Nb,  Ti ,  Zr, 
Hf, V, Ta,  Mo, W or S11; Y: S, Se or Te)] .  
Heterostructures of MY, saecies were at- - 
tractive targets for three reasons. First, the 
effects of composition and layer thicknesses 
o n  interfacial reactivitv in M-Se svstelns 
provideii the  mechanistic hackground infor- 
mation necessary to design the initial reac- 
tants (8) .  W e  also suspected that tlne lay- 
ered structure of these compounds could 
facilitate the preparation of coinpositionally 
abrupt interfaces. Finally, heterostructures 
of MYZ species, which range from semicon- 
ducting to metallic depeniiing o n  the  metal 
used (9), allow stuiiy of the  interplay he- 
tween the  length scale of the iniiividual 
layers anii a host of physical phenomena. 
For example, tlne a\~ailahility of suitahle su- 
perlattice structures aermits assessment of 
the effects of superlattice structure o n  inter- 
calation phenomena (1 @) such as staging- 
the selective intercalation of molecular sne- 
cies into the vain iier Waals gaps of every 
nth  laver. 

Thk idea for this synthetic approach to 
heterostructures evolved from experimental 
results obtained durine examination of the - 
early stages of the reaction hetween layers of 
elemental N h  and Se. Crystalline NhSe2 
formed after extended lev-temnerature an- 
nealing aind mas oriented with its c axis along 
the normal to the suhstrate. A t  this point. 
the sample was still compositionally modu- 
lated (Fig. I ) ,  with x-ray diffraction (XRD) 
and iiifferential scannine calorimetrv IDSC) , , 

data suggesting that the KhSe, product both 
inucleated aind urew alonu each reacting ala- " " L, 

nar mterface. W e  observeii the interfacial 
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Fig. 1. The evouton of the ow- and high-angle 
XRD patterns as a functon of annealing tempera- 
ture of a Nb-Se superlattice prepared by sequen- 
tal deposton of 9 A of Nb and 29 k of Se on a 
pollshed SI substrate (a = 15g°C, b = 36OoC, c = 

518"C, and d = 600°C) (8). The low-angle XRD 
pattern contans nformaton regarding the chem- 
cal modulation produced by the sequential dep- 
osition. It decays with annealng as the Nb and Se 
interdiffuse, reduclng the chemical modulat~on, 
The high-angle XRD pattern shows the continu- 
ous growth of 001 XRD maxima of NbSe, as the 
samoe is annealed. 
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formation of NbSe, over a wide ranee of ., 
compositions and thicknesses. Reference to 
the Nb-Se phase diagram showed that other 
solid-state com~ounds were thermodvnami- 
cally more stable than was a mix of the 
elements and NbSe, at these com~ositions. 
which suggested that the initial formation of 
NbSe, at the interface was a kinetic phe- 
nomenon. Extended annealing resulted in 
the ratio of compounds predicted by the 
phase diagram, confirming that NbSe, was 
only a kinetic reaction intermediate. 

The reaction mechanism suggested by 
these results-interfacial nucleation and 
oriented crystal growth of the kinetic prod- 
uct NbSe,-had intriguing possibilities 
when extended to the more complicated 
initial superlattice reactant shown in Fig. 2. 
If this reaction mechanism was applied to 
the ternary superlattice, we predicted that 
the respective MY, products would each 
nucleate and grow along the reacting M-Se 
interfaces during low-temperature anneal- 
ing. Because the nucleation of a solid solu- .. 
tion or ternary product would be hindered 
by the slow diffusion of the Nb and Ti 
through the intervening Se layers, further 
annealing should result in the dichalco- 
eenide heterostructure shown as the kinet- - 
ically trapped product. 

We tested the ~ r o ~ o s e d  reaction se- . . 
quence by preparing a series of superlattice 
reactants that had the overall structure 
shown in Fig. 2, varying the thickness and 
number of Nb and Ti layers. The composi- 
tion of each Nb-Se and Ti-Se period was 
chosen to be that of the desired MY, com- 
~ounds.  and an amount of each element was 
hepositid to yield an integral multiple of 
the known crystallographic unit cell so that 
there would be no elemental reactants left 
in the superlattice after extended anneal- 
ing. The evolution of the high- and low- 
angle XRD patterns of a sample with 3.5 
NbSe, layers and 3.5 TiSe, layers is shown 
in Fig. 3 as a function of annealing temper- 
ature. The low-angle XRD data indicated 
that the compositionally modulated nature 
of the sample persisted throughout anneal- 
ine. The broad XRD maxima evident at 
high angles upon low-temperature anneal- 
ing result from the nucleation of the MY, 
layers. The DSC data collected on this Sam- 
ple showed the continuous evolution of 
heat up to 500°C, indicative of the growth 
of MY, crystallites. The XRD patterns 
showed the continuous growth of the high- 
angle 001 Bragg diffraction peaks as the MY, 
nuclei erew. " 

Diffraction data were then collected on 
a sample that was deposited directly on a Si 
wafer containing the appropriate masses of 
the elements to form six NbSe, layers and 
six TiSe, layers. Rocking-curve XRD scans 
of the (0 0 12) superlattice diffraction peak 
taken as a function of annealing tempera- 

ture narrowed as annealing time and tem- - 
perature increased, with the peak widths 
decreasing from >3" to 0.08". The super- 
lattice gradually evolved into the desired 
kinetically trapped crystalline structure, 
with the 001 XRD planes aligned parallel 
with the initial interfaces present in the 
reactant. After this sample was annealed at 
500°C for 197 hours, the XRD pattern con- 
tained many well-resolved maxima (Fig. 4) 
that were indexed as 001 diffraction maxi- 
ma, as was consistent with a c-axis lattice 

parameter with six NbSe, layers and six 
TiSe, layers in the repeating unit of the 
superlattice. The XRD pattern met the 
qualitative expectation for the intended 
structure, consisting of the convolution of 
the supercell XRD on top of the pattern 
expected for the dichalcogenides. Given 
the amorphous nature of the initial super- 
lattice reactant, the high quality of this 
XRD pattern was surprising. 

To  determine the structure perpendicu- 
lar to the layering direction, we searched for 

Fig. 2. The suggested reaction pathway of a superlattice reactant containing alternating Nb and Ti layers, 
each separated by intervening layers of Se. During low-temperature annealing, the as-deposited layers 
(far lelt) begin to interdiffuse (left of center). Continued annealing results in interfacial nucleation 
(center) and lateral growth of the respective binary components (right of center), kinetically trapping the 
desired superstructure as the final product (far right). 

Fig. 3. Diffraction data collected on a superlattice 
reactant in which elemental layers were deposited 
in appropriate thickness to yield 3.5 NbSe, layers 
and 3.5 TiSe, layers in the final product. The Sam- 
ple was deposited on a polymer-coated substrate 
and removed from this substrate by dissolution of .E 
the polymer (8). The resulting particles were then .s 
annealed at the indicated temperatures in an ox- 
ygen-free environment. XRD pattern a is that of rr 
the as-deposited sample, b is the pattem after 
annealing for 2 hours at 200"C, c is the pattern 
after annealing for 2 hours at 350°C, and d is the 
pattern after annealing for 2 hours at 500°C. The 0 10 20 30 40 50 60 70 80 
lattice.parameter of the superlattice is 43.50 + 20 (degrees) 

0.44 A after annealing at 500°C. 

Fig. 4. XRD data collect- 
ed on a superlattice reac- 
tant in which elemental 
layers were deposited in 
appropriate thickness to 
yield six NbSe, layers 
and six TiSe, layers in the 
final product. This Sam- 
ple was annealed for a to- 
tal of 197 hours at 500°C. 
All of the XRD maxima 
can be indexed as 00e 
lines of the superlattice as 
indicated. The curve un- 
der the data points is a 
calculated XRD pattem 
obtained from a least- 
squares Rietveld struc- 
tural refinement resulting 
in the structure shown in 
Fig. 5. 

30 40 50 60 70 
20 (degrees) 
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and found the 101 XRD intensitv in reflec- 
tion mode on a single-crystal diffractometer 
for a sample annealed for 10 hours at 
500°C. The diffraction signal consisted of a 
ring of intensity indicating well-formed 
MY2 layers that were not uniformly orient- 
ed in the ab plane, because multiple do- 
mains were vresent. This result was consis- 
tent with interfacial nucleation of the lay- 
ers, as suggested in the mechanism shown in 
Fig. 2, whereas epitaxial growth would have 
resulted in a preferred orientation of the ab 
plane relative to the substrate. As order in 
the plane perpendicular to the c axis devel- 
ops, the ring of intensity should evolve into 
a hexagonal pattern of intensity. Observa- 
tion of all of the expected 62 001 XRD 
orders between 1" and 80" highlighted the 
well-formed structure that developed along 
the c axis as we kinetically trapped the 

aro A 

superlattice structure. 
Standard analysis of XRD in superlattice 

materials treats the superlattice as a pertur- 
bation effect on top of the original struc- 
tures of the components (1 1). In this ap- 
proach, the superlattice XRD peaks are in- 
dexed as ?n relative to the main XRD 
maxima in the comvonent materials. Fre- 
quently, the observation of these maxima is 
used mainly as proof that a superlattice 
structure exists. The quality of the 001 XRD 
data shown in Fig. 4 permitted us to gain 
further insight into the structure of our 
superlattices by treating the structure as if it 
were composed of a single large unit cell 
containing multiple layers similar to those 
of the parent structures. We refined the 
positions and occupancies of the atoms us- 
ing Rietveld analysis (1 2). The curve under 
the data points in Fig. 4 is a calculated XRD 
pattern for the structure along the 2: axis 
(shown in Fig. 5) that resulted from least- 

Fig. 5. The refined structure (after annealing for 
a total of 197 hours at 500°C) for the superlattice 
unit cell containing six NbSe, layers and six 
TiSe, layers. The structure has inversion sym- 
metry. Indicated next to the respective layers are 
the percent occupancy of each of the metals 
(Nb/Ti 22%) and the interlayer a?d intralayer 
spacing between Se layers (20.01 A). The intra- 
layer spacing for the Nb and Ti layers brackets 
those observed in the binary compounds. There 
is a distinct change in interlayer van der Waals 
spacing through the interface region between 
the NbSe, and TiSe, blocks resulting from the 
a-axis mismatch between the dichalcogenide 
components. 

squares analysis of these data. 
The refined structure of the cwstalline 

superlattice (Fig. 5) contained the expected 
structural components based on the struc- 
ture of the initial multilayer reactant. As 
designed, the structure contained six layers 
of TiSe, and six layers of NbSe,, with in- 
terlayer distances comparable to those 
found in polytypes of the pure MY,'s. Re- 
fining the occupancies of the metals in the 
layers, we found little Ti in the Nb layers as 
compared with the amounts of Nb in the Ti 
layers. This may be best explained by the 
fact that Ti  is always octahedrally coordi- 
nated in the dichalcogenides, but Nb in 
NbSe, can be either octahedrally or trigo- 
nal prismatically coordinated. At the 
boundary between the NbSe, and TiSe, 
layers, we found one layer with a substan- 
tially mixed metal population. Additional- 
ly, the van der Waals gaps in both the 
NbSe, and TiSe, regions were comparable 
to those found in the pure dichalcogenides, 
although the gap between the Ti and Nb 
dichalcogenide blocks was slightly larger 
because of the a-axis mismatch between the 
dichalcogenide components. 

We conducted several annealing exper- 
iments to probe the rate and extent of 
interdiffusion of the metal atoms within the 
superlattices. At 500°C, we observed crystal 
growth but little intermixing of the differ- 
ent metal layers. When we increased the 
temperature to 600°C, we observed slow 
intermixing of TiSe, and NbSe, layers. 
Raising the temperature to 650°C resulted 
in nearly complete intermixing of the metal 
layers within 12 hours, destroying the su- 
perlattice periodicity as the dichalcogenide 
solid solution formed. This result confirmed 
that these lavered structures were not eaui- 
librium phases but were kinetically stable 
only at lower temperatures. Because the 
TAS term (temperatures times entropy) of 

the free energy increases with increasing T, 
intermixing of the metals is favored at high- 
er T. Thus, these structures cannot be pre- 
pared by traditional synthetic methods such 
as direct reaction of the elements at high T, 
as they are thermodynamically unstable. 

The growth sequence we observed was 
far from equilibrium as we kinetically 
trapped the desired superlattice products. 
Understanding the reaction mechanism is 
crucial to extending this approach to new 
superlattice materials. Based on analysis of 
XRD data collected as the superlattice was 
formed, our working hypothesis concerning 
the reaction mechanism includes an initial 
interdiffusion of the elements along the in- 
terfaces, followed by interfacial nucleation 
of the binary components, as shown in Fig. 
2. These crystals grow in an oriented man- 
ner because of the asymmetric nature of the 
initial reactant. Grains misoriented relative 
to the initial layering must be smaller than 
those that grow along the layers. Ostwald 
ripening of the grains therefore leads to an 
increasingly more oriented material as an- 
nealing time increases. Annealing at higher 
temperatures leads to the mixing of the 
metals and the destruction of the superlat- 
tice. Although further studies investigating 
the reaction mechanism in other systems 
are required to ascertain its general applica- 
bility, this model is conceptually easy to 
extend to many reacting systems. 

What determines whether a superlattice 
product is a composite or a new compound? 
O n  a micron modulation scale, the material 
is a composite whose physical properties 
result from the component compounds. As 
the length scale of the compositional mod- 
ulation decreases to a few A, a transition 
from composite behavior to that of a new 
compound should occur, in which observed 
physical properties do not derive from the 
component compounds. Exploration of the 
evolution of properties throughout this 
transition region presents an opportunity to 
gain insight into the design of materials 
with desired properties. Such research is 
multidisciplinary in nature and presents 
challenges in the synthesis of new materials 
with designed structures, in determination 
of their atomic structure (particularly 
through the transition region between ma- 
terials), and in measurement of their phys- 
ical properties. Controlled crystallization of 
superlattice reactants provides an addition- 
al route to synthesis of these materials and 
increases the variety of compounds that can 
be intergrown. 
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Giant Facets at ice Grain Boundary Grooves 
k. A. Wilen and J. G. Dash 

The energy barrier for nucleation on the basal plane of ice has a striking manifestation 
when the basal orientation is present in a grain boundary groove. As the ice-water interface 
containing the groove advances. large planar facets grow out of the grain boundary. The 
facets exhibit dramatic hysteresis, and they can be up to 30 times larger than pred~cted 
by equilibrium models. Measurements of the growth direction of the facets yield ins~ght 
into the nature of the nucleation process. The facets also provide a way to study the 
relaxation of twist along grain boundaries. 

w h e n  a pol\-cr\-stalline 7ollLi comes illto 
contact \\-it11 a~lother  ~11a\e. >mall iniienta- 
t1011s of the sol~ii  >urtace for111 \\-here grain< iif 
Lli tfere~~t orientations nleet. T11e.e iniienta- 
tions, termeil g1-~3i11 ll~1~111~1:ir~- q ~ - ~ x ~ v e s ,  are 
c)l~ervecl In a numher L J ~  Colltexti. SLICII as at  
the aurhce c>f a ~~ol ishei l  sol~il  inuot that has 
1.ee1-i an~ lea le~ i  or at the bo~~n~la ry -  c>t  a boliii 
\virh its o\vn melt. Grain bounilary qroolcs 
1~~1l.e a long his tor^ 111 the , t u i l ~  of 11-irtall~1rgy 
( 1  ) .  Thev are \\-ell il~-idersti>c>il tl-ieoret~cally 
anLi esPeriinentally anLl can prol-lde i ~ s e f ~ ~ l  
int;>rmation al'oi~t material properties, such 
as 1nterL1ce enerpies and ilitf~iqic~~l cO11StAllti 
( 2 ) .  

Gr ,~ i~ - i  l>i~uniiar\- ?r~>ol.e. at  a wllLi-melt 
i n t e r f~~ce  are analo3ous ti> the me11isc~15 of a 
liiluid that 11-ets the \\-all of a vessel. T h e  
1 1 ~ ~ u i ~ l  risrs tti ;i certain h e i ~ h t  L lxcauie it 
can reiiuce the surtace e n e r y  1.i a11 all loi~nt 
praporrio~lal  to trL, ~vhere  cr is the d~t ter -  
ence in burf~ice enerirv I'etu e r n  the dry anii ,- , 
\vet \\.all. Hc)\ve\-er, the rise in height is 
li~llited I y  the cost in gra\.itatioi~al energy-, 
propi>rt~onaI to LjpS, n.here g 15 the gr;rvi- 
tat1011al ci>nstant anii p is the  Iiquiii ile~-iiity. 
Apart f~-o~l-i ueo~l-ietr~cal facti~rs, the rlse L 1s 
((r  p g ) '  '. Fc)r '1 grain I X > L I I I ~ ~ ; I ~ Y  qrcx>\-e, ill- 
steaii of the cost due t c~  qi-al,ity, there is A 

tree e11er~i- cost due to the  presence of < , ,  

si~percooled Iiquiil insiLle the groove. This 
cost 1.; qive1-i 1.)- the p ro i l~~cr  (if the volulne 
cif bupercooleii liiluiil anLi the il~tference 111 

tree energy- Ilet~\,eei-i sollei anLl llquiLl at  the 
,i\.eraie t e m p e r a t ~ ~ r e  in the 2roal.e. Replac- 
ill: pg, then,  \ye have (ql,,:'TC)(ilT!"ls), 
where q, ., LS the latent heat ot  melting per 

unit volume of the sol~tl ,  T,? I,, the melting 
temperati~re,  and dTdx is the reml.erarilre 
gradient 111 the  groove. T h e  proove size 1s 
~11.e1-i 1ly 

\\here cr' 1s the grain l.oundar~ 111teri'ace en- 
e r q .  i-\nisotroyy in the il-iterface energies ancl 
the iiiffere~~ce in thermal co~-i~iuctivit~e; lye- 
t~veel-i the soliii and liquid must be consieiered 
to calc~ilate the es,ict irrool-e ihape. Iniieecl. a 
measurerne~-it of the shape can he ilseii to 
deternli~ne the ani~otri>py in the cry,tal \urf:ice 
free energy ( 3 ) .  Neverthelesb, the <)\-era11 slze 
scale for the groove bhi)ulii be set 1.y the 
"cal~illary l e n x l ~ "  L as gi\.en aho1.e. 

W e  \\-ere therefore silrprlsed to  oh5erl.e 
pla11e-taceted y r o o ~ e s  111 ice n-hose linear 
i i i m e n s i o ~ ~ s  esceedeii the  especteii 1-alue 
hy nlore than  a factor of 3Ll. .\iijace~nt to  
these faceted grool-el \\,ere typical 1.0~1ndeil 
ro iJvi is  n.hi>se i l~mensionz \\.ere correctlv 
gir-en 1.y tl-ie cal~il lar\-  lei-igth. hlnreol-er, 
t he  facet size \vas no t  a s~nule-valued f l ~ n c -  
tiion of tile temllerari~re grailient: Con>iil- 
era l~le  h~s te re s i s  in facet size Lvas ol.serl-eii 
as t he  ice-\\-ater 111rerface a i i ~ - a n c e ~ i  or re- 
treated. This  heha\-lor 1s espla l~le i i  \.\- a 
n ~ ~ c l e ~ i t i i i ~ l  lwrrier to groa-th 11ornlal to the  
plane faceti, i n  contrast t o  the  gron-ill ot  
ri)lllldeLi ~~rlelltLltl~~l1b. 

T h e  cell [lsed for the Ice urc~n-th mea- 
burement\ has heen ~leicril~zii  previoilsly 
(4). Ice is gl.on.11 in the shape of a t1-iil-i iiisli 
( F q .  I X ) .  T h e  temperature can be con- 
trolleLl l ~ i t h  at  the  center of the Jisk as \\-ell 
as aroul-iii the  yerin-ieter of the  cell. By 
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ailj~lsting 1 ~ 1 t h  tenlperatLlres, the raiilus of 
the Ice allti the radial temperature grail~ent 
can be set in~iepen~le~-it ly.  T h e  ice na5 nu- 
cleated 1.y briefly touching d cotton t ~ p  
cooled 111 liLlilici ~ ~ l t r o ~ e n  to the center of 
the cell. T h e  ice then grew out to some 
steaci\--state raiiius i le term~~lei l  1.y the tern- 
perarure co~ldit ions.  Once  5reaiiy state a-as 
reached, the temperature c o ~ ~ l i l  he rampeii 
50 that  the ice ilisk radii~s slo\\;ly increa5eil 
or iiecreaseii. Tile Ice was esamineel along 
the  asla1 tlirectii~n with a micro5cope, ei- 
ther directll- or bet~veen crosxel polarizers. 
Image; n.ere tl~g~rizeti and .tored on  corn- 
p l t e r  clisk or \\.ere recorded on p h o t o g r a ~ h -  
ic film. A typical Ice clisk c o n t a i ~ ~ e t i  f r i~m 6 
to 10 ilitferent ilomains, iliviileii by grain 

I ~ o i ~ ~ ~ t l a r l e s .  T h e  grain l .o~~~-ii iar~es ge~lerall\ 
estel-iLieii raiiiallv out to the  ~ce-water  Inter- 
f'lce, \\-here grooves \\;ere olxer~.ecl. 

There \\-as a large i i iffere~~ce in size lie- 
tn-een faceted groove> and roi~ndeil grooves 
on  a c l ~ a c e ~ ~ t  grain I ~ o u ~ ~ i l a r ~ e s  (Fig. 1 R). TI) 
u~lilerstand the orlqin of these large facets, 
a -e  olxerved their clevelopment. As the ice 
ilisk raili~l. tiecrea5ecl (Fig. ?A, top ro\\-), the 
faceti shr;:nk, b i ~ t  the ~~l tersect ic i~l  11etn~ee1-i 
the facets iild not n-iove until the facet> 
reached ;I m i ~ l i n l i ~ m  s i x .  After that,  the  
whole qri>o\-e receileil \vitho~lt  c h a ~ ~ g e  i ~ f  
ahape or size. A5 the ice nas  recro~vl-i (Fiir. 
:A, 17otti~1ll rco\\-), the  facet. yreiv, hut again 
the line of i n t e r sec t io~~  n-as initially tiseil. 
W h e n  the facets reacheii a 111as1in~11l-i see, 

the  ice disk eidge anii f;~cets moveii in 11111- 

son. T h e  facet slze was not a \ ~ ~ - i ~ l e - v a l u e d  
fi111ct101-i of the co~ ld i t io~ l s  I ~ L I ~  i l e ~ e n ~ l e i l  011 

the 1na1111er in n-hich the facet n.a5 formed 
(Fig. 2 A ) .  This l lehav~or  nas  reyroii~rced 
nrlnlerous tiines fc~r the facet sho~\-n  anii fix 
sel.eral L>t l~er  facet5 a5 well. 

T h e  esr lanat ion 1s as fci1lon.s: T h e  sur- 
face of a crystal ma\- have o r i e~~ ta t ions  that 
are either "flat" or L'rougl~" (5, 6). A tlat 
c~ r i en ta t~on  is smooth o n  a mi~lecular scale 
al-iLi c o ~ ~ s i s t s  of a slngle crystal plane. 
C;ruivth 011 a flat plane requires the uniier- 
coollnq to be larger tlla11 a thresholii value 
to 11~1cleate ;I t n ~ ~ ) - i I i i ~ ~ e n ~ i o n a l  (?D) islal-iii. 
T h e  value of the rhre5holil ,~ndercoolinn 
A T  ci>rrespo~-id> to an  enerqy hari-lei. for the  
ti)rmatlon o f  a ~lrlcleus of a crltical rad~us: 
11ilclei 5maller t11a1-i tl-iis n~i l l  shrink,  hereas as 
larger ones ~ ~ 1 1 1  ?row (7). Conversel\ ,  there 
la IIL> barrier to grolvt1-i L>II a rough i~rle~-it,l- 




