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Growth of multilayer ice films and the formation of cubic ice imaged with STM
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Ice films as many as 30 molecular layers thick can be imaged with scanning tunneling microscopy (STM)
when negative sample biases <—6(=*1) V and subpicoamp tunneling currents are used. We observe that water
deposited onto Pt(111) below 120 K forms amorphous films, whereas metastable cubic ice appears between
120 and 150 K. To determine the mechanisms of ice growth, we investigate the thickness-dependent film
morphology. Cubic ice emerges from screw dislocations in the crystalline ice film that are caused by the
mismatch in the atomic Pt- step height and the ice-bilayer separation.
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I. INTRODUCTION

Many naturally occurring processes'= are influenced by

how ice grows on solid substrates. As is true for other
materials systems,* the essential properties of crystalline ice
films are often decided during the initial stages of growth.
Thus, imaging the first molecular layers as they grow can
provide the key to understanding the factors that determine
the film’s morphology and structure. In this pursuit, there
have been several scanning tunneling microscopy (STM) ob-
servations at low temperatures in UHV of the first one or two
layers of ice,>” and, very recently, of =1 nm high ice clus-
ters that nucleated from annealed amorphous ice.8 Still, the
nanometer-thickness range has eluded examination by mi-
croscopy, and important questions about multilayer ice
growth remain, such as, e.g., why cubic ice often forms in-
stead of hexagonal ice. The extreme sensitivity of ice to elec-
tron beam damage severely hampers the use of electron
microscopy,”!? and x-ray topography with nanometer reso-
lution has not been reported.'® STM has not yet been applied
to ice multilayer growth, perhaps because of the perception
that the insulating character of ice prevents maintaining an
electric current high enough to sustain the imaging process
or that these currents will damage the film. Here, we report
how these constraints can be overcome and how STM can be
used to gain insights into how ice grows on Pt(111).

Many techniques®!''~!7 have been used to investigate ice
on Pt(111). It is commonly accepted that ice films grow
amorphous below 120 K and crystalline at higher tempera-
tures. Although most studies agree that the equilibrium struc-
ture consists of isolated three-dimensional ice crystals on the
Pt surface covered by a bilayer of water molecules, there is
less agreement about the exact growth morphology of crys-
talline ice multilayers. For example, M. Morgenstern et al.®
reported second layer nucleation for 140 K on every unit cell
of the wetting layer, i.e., =3 nm apart, whereas the thermal-
desorption experiments of Kimmel et al.'® suggest that the
wetting layer is covered by much larger, well separated
three-dimensional islands. Here, we report that STM can
track the growth of amorphous and crystalline ice multilay-
ers, revealing how film morphology evolves with thickness.
Such detailed topographic information provides new insights
into the mechanisms of multilayer ice growth. For example,
a common but not well understood observation is that ice
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grows at temperatures between 120 and 150 K in its meta-
stable cubic 1c variant rather than in its equilibrium hexago-
nal form ice 1h."">1%-2! We find evidence for ice Ic in thicker
films and suggest that it is a consequence of the difficulty to
nucleate new molecular layers on top of a growing crystal.
We propose a mechanism of cubic ice formation via growth
spirals around screw dislocations and show that these dislo-
cations are generated by the mismatch in the atomic Pt-step
height and the ice-bilayer separation.

II. EXPERIMENT

Our experiments were performed in a UHV chamber with
a base pressure of <3 X 107! mbar. The ice films were
grown at a rate of 1 A/min by directing water vapor onto
the cooled platinum sample. During water deposition, the
STM tip was retracted far from the sample to exclude tip-
induced modifications of the film growth. After each deposi-
tion, a small nonevaporable getter pump in the line of sight
to the sample surface was added to accelerate pressure re-
covery. The sample was then cooled to imaging temperatures
between 100 and 120 K. The crystallographic directions of
the substrate were determined by evaluating the registry of
atomic positions on both sides of an atomic Pt step. All STM
images herein are oriented with respect to the Pt(111) crys-
tallographic directions in the same way. For imaging, we
used a negative sample bias Ve < —6(*1) V and a small
tunneling current /,~0.4 pA. At these conditions, we were
able to routinely acquire images that show no sign of tip-
induced film damage, whereas larger currents and, in particu-
lar, sample voltages Vgmpe>—6(=1) V destroy multilayer
ice films in a very obvious way (see Sec. V). The image of a
4 nm thick ice film in Fig. 1, which shows surface steps with
a bilayer height (3.7 A), illustrates STM’s capability to non-
destructively examine ice multilayers. In Sec. V, we propose
a tentative explanation for this unexpected ability to image
thicker ice.

III. GROWTH OF AMORPHOUS AND CRYSTALLINE ICE
MULTILAYERS

In this section we present a survey of the growth of ice
multilayers on Pt(111) at different temperatures. We are able
to image in real space what has been obtained before by

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.195425

KONRAD THURMER AND NORMAN C. BARTELT

FIG. 1. Surface topography of crystalline ice. This 750
X750 nm?> STM image shows a continuous 4 nm thick ice film
grown onto Pt(111) at 140 K. STM is able to nondestructively in-
vestigate ice multilayers and routinely resolve surface steps of bi-
layer height (3.7 A).

other techniques. This (often quantitative) agreement pro-
vides evidence that our imaging is nondestructive. More im-
portantly, new insights into growth morphology can be ob-
tained. Smooth amorphous films?? form when the deposition
temperature is below 120 K, whereas crystalline ice appears
at higher temperatures. The image series in Figs. 2(a)-2(c)
shows the surface morphology of ice grown at 7=100 K for
mean film thicknesses of 1.7, 2, and 20 bilayers (BLs). As
expected for amorphous films, there are no discernible regu-
lar features besides the relatively straight substrate steps. The
striking difference in roughness between the 1.7 BL film
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[Fig. 2(a)] and the 2 BL film [Fig. 2(b)] clearly reveals that
these films start to grow in a layer-by-layer mode, providing
a real-space confirmation of the findings of Kimmel et al.”
based on thermal-desorption measurements. The absence of
any discernible surface steps on the 20 BL film shown in Fig.
2(c) indicates that the layered structure imposed by the sub-
strate fades away with increasing distance from the substrate.

We now discuss the growth of crystalline ice at 140 K. As
reported before,®!317:18 we find that the first layer of water
wets the Pt(111) substrate. The wetting layer is depicted in
Fig. 3 for the (a) 0.4 BL and (b) 0.95 BL coverages. The 0.4
BL image reproduces the observation of Morgenstern et al.”*
that water bonds well to the upper side of Pt(111)-step edges.
The 0.95 BL image in Fig. 3(b) shows two depressions. The
upper, hexagonal one is a two-dimensional (2D) vacancy is-
land in the Pt substrate covered with the wetting layer. The
lower, irregular one is a patch of remaining bare Pt. We were
not able to resolve the molecular structure of the wetting
layer. The corrugation seen in the images is moirélike with a
spacing roughly consistent with a \/3_9g spacing but less well
ordered than one would expect from previously reported dif-
fraction studies.'>!” To capture how the film morphology
evolves with thickness, we exposed the substrate to a certain
amount of water, then cooled it to 110 K for imaging, and
repeated this cycle up to a mean film thickness d=9 nm,
yielding the image sequence in Figs. 3(c)-3(f). At d
=0.8 nm, the film consists of individual 2-3 nm high crys-
tallites embedded in a one bilayer high wetting layer [Fig.
3(c)], corroborating the thermal-desorption measurements of
Kimmel et al.'® In a separate paper,”> we analyzed the an-
nealing behavior of these regular-shaped crystallites and re-
port that their dewetting was limited by the nucleation of
new molecular layers on their top facets. Upon deposition of
additional 0.7 nm of water (total thickness d=1.5 nm), crys-
tallites coalesce, forming a labyrinthine pattern [Fig. 3(d)]
with channels extending down to the wetting layer. At a total
thickness of 4 nm, most channels are filled in, leading to
larger and up to 300 nm wide atomically flat terraces, on
which ice steps are easily recognizable [Fig. 3(e)]. Some
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FIG. 2. Surface topography of amorphous ice grown at T=100 K. 200X 200 nm? STM images showing amorphous ice films for mean

film thicknesses of (a) d=1.7, (b) 2, and (c) 20 bilayers (6 nm).
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FIG. 3. (Color) Surface topography of crystalline ice grown at 140 K. This image sequence shows the evolution of a crystalline ice film,
which was deposited at 7=140 K, with increasing mean film thickness (indicated above the individual images). [(a) and (b)] 150
X 150 nm? STM images of the wetting layer. (c)—(f) 1 X1 um? images of multilayer films. In (e), the letter “S” marks a growth spiral,
which has formed above a buried substrate step. In (f), the buried substrate steps are marked with yellow-red ellipses. The yellow rectangle

marks the area that corresponds to Fig. 5(a).

regions begin to rise above their surroundings, most notably
the triangular spiral labeled S. At d=9 nm [Fig. 3(f)], the
entire area is covered by an ice film of rather uniform thick-
ness (rms roughness=0.4 nm) with the exception of a few
remaining pinholes. The trend that some regions grow
thicker (higher) continues, and it becomes more obvious that
these areas preferentially reside above the buried substrate
steps marked yellow-red. As we will discuss later, these re-
gions serve as nuclei for the metastable phase of cubic ice lc.

Substrate steps, such as the one depicted in Fig. 4(a),
strongly influence the properties of crystalline ice films. In
Fig. 4(b), which shows a film equivalent to the one in Fig.
3(c), the individual substrate terraces are differently colored.
Strikingly, almost none of the ice crystallites cross a sub-
strate step, which has consequences for the structure of
thicker (>5 nm) ice films, as described in Sec. IV. At a
slightly higher temperature, i.e., 150 K instead of 140 K, the
ice crystallites are larger and farther apart. Therefore the
growing crystals are more likely to encounter a substrate step
before coalescing with a neighboring crystal. Figure 4(c)
shows a 3.5% 3.5 um? image of such a film of 3 nm average
thickness grown at 150 K. The large ice crystallites are elon-
gated along the substrate steps, which circle around a shal-
low surface protrusion. (Some of the 10 nm high crystals
appear twice—an artifact due to a double STM tip.) At larger

thicknesses, when ice crystallites have coalesced into a con-
tinuous film, the effect of substrate steps is less conspicuous
but perhaps more profound, as we will discuss in Sec. IV.
Such coalesced films are depicted in Figs. 4(d) and 4(e),
which show a 4 nm thick continuous film grown at 140 K,
and in Fig. 4(f), showing a 6 nm thick film grown at 145 K,
which still contains some open channels. In all three images,
the highest surface region is associated with a triangular
growth spiral around a screw dislocation. In Figs. 4(d) and
4(e), the substrate steps, which are buried under a continuous
film, appear as faint surface height changes, some of which
are marked with yellow red ellipses. Almost all growth spi-
rals develop above substrate steps, i.e., Fig. 4(d) represents
the typical case and Fig. 4(e) the rare exception. The spiral
marked “S” in Fig. 4(f) is in a more advanced stage and has
risen high above the surrounding surface region. In Sec. IV,
we argue that these spirals are the origin of cubic ice lc.

IV. FORMATION OF CUBIC ICE

Nucleating molecular layers on the film’s surface costs
energy because new step edges have to be created, as dis-
cussed for ice/Pt in Ref. 25. Crystals can grow while avoid-
ing new layer nucleation if screw dislocations intersect the
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FIG. 4. (Color) Influence of substrate steps on the morphology of crystalline ice films. (a) 13 X 13 nm?> STM image of the Pt substrate.
The atom positions on both sides of the atomic step are used to obtain the crystallographic orientations of the sample. The crystallographic
orientations indicated in the lower left corner are valid for all STM images herein. (b) 1 X1 um?> STM image of an ice film with a mean
thickness of 0.8 nm grown at 140 K. In this image, the individual substrate terraces are colored differently. The ice crystallites avoid crossing
a substrate step. (c) Image size: 3.5 um X 3.5 wm; mean thickness: 3 nm; deposition temperature: 150 K. The large elongated crystallites
follow the substrate steps, which circle around a shallow surface protrusion. [(d)—(f)] Triangular growth spirals produced by screw disloca-
tions. Most spirals develop above substrate steps (some are marked by yellow ellipses). [(d) and (e)] 4 nm thick film grown at 140 K. (e)
Example of a spiral that is not obviously related to a substrate step. (f) 6 nm thick film grown at 145 K. The fastest film growth in this

800X 800 nm?” area had occurred at a growth spiral labeled S.

surface. In the films of Figs. 3(c), 4(b), and 4(c), few, if any,
such dislocations exist. However, in thicker films, such as
those in Figs. 3(e), 3(f), and 4(d)-4(f), the spiral steps asso-
ciated with these dislocations are evident. These dislocations
are usually in the thickest film regions, consistent with the
expected enhanced growth. Interestingly, as seen in Figs.
3(e), 3(f), 4(d), and 4(f), these dislocations are often located
above buried substrate steps. We now show that these dislo-
cations form as a consequence of the mismatch in step height
between ice and Pt. The existence of these dislocations has a
surprising effect on the structure of the ice crystals: it natu-
rally leads to the formation of metastable cubic rather than
hexagonal ice.

Figure 5(a), which depicts an enlarged detail in Fig. 3(f),
gives a hint why growth spirals develop above buried Pt
steps. In the STM images, these buried steps (one is marked
with yellow red ellipses) appear as subtle and smooth surface
height transitions. Spread out over a width roughly equal to
the film thickness of 9 nm, they can easily be distinguished
from the abrupt surface ice steps. Notice that these height

transitions frequently change their sign along the buried step.
Crossing the buried step from left to right, the surface alter-
nates between descending by 0.6 times the ice-step height
hic. (profile 1) or ascending by 0.4/ (profile 2). Consider-
ing that the Pt(111)-step height of 2.26 A is roughly one-half
the ice-bilayer spacing (h,.=3.66 A, hp=0.62h,,) this
switching between descending and ascending can be easily
understood. Given that % of the bonds in bulk ice are intra-
layer compared to only % of the nearest neighbor bonds in
fee(111) and hep(0001), for instance, the ice layers have a
strong tendency to connect across substrate steps despite the
energy cost associated with distorting the ice lattice. The
energy cost of bending upward by 0.44;.. to connect to the
slightly higher layers on the other side [solid lines in Fig.
5(b)] is not much different than if the layers bend downward
by 0.6h;. to connect to the other side [dotted lines in Fig.
5(b)]. At the point at the step edge where there is a change
between ascending and descending connecting layers, a
screw dislocation is created, as shown in Fig. 5(c), leading to
the growth spirals we observe.
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The winding of the spirals associated with these disloca-
tions provides a mechanism for the formation of cubic ice.
First, consider the molecular structure of the bilayers. In the
naturally occurring crystal phase, ice lh, oxygen atoms are
arranged in puckered honeycomb layers held together by hy-
drogen bonds' [Fig. 6(a)]. Interlayer bonding is accom-
plished by H bonds between the lower O atoms of the higher
layer and the higher O atoms of the lower layer [Fig. 6(b)].
Within a bilayer, each higher oxygen atom binds to three
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FIG. 5. (Color) Ice layers con-
necting across a buried substrate
step. (a) Enlarged 440X 340 nm?
detail of the 9 nm thick film
shown in Fig. 3(f). Crossing the
buried Pt step marked by red-
yellow ellipses from left to right,
the surface either drops (profile 1)
or rises (profile 2) by roughly half
the ice-bilayer spacing of 3.7 A.
The yellow rectangle marks the
area that corresponds to the sche-
matic in (c). [(b) and (c)] Sche-
matics of how ice layers connect
across a Pt step. (c) Connecting
two domains, separated by the
boundary labeled db, to one do-
main on the other side of a Pt step
creates a screw dislocation.

b
Steb‘t .

neighboring lower oxygen atoms, forming a triangle. Such
triangles can have two orientations that reflect different
stackings within the bilayer. The two types of intrabilayer
stacking are labeled in Fig. 6 by the green and blue triangles.
In the top view, the green triangles point upward and the blue
downward. In the equilibrium structure of hexagonal ice 1h
[Fig. 6(b)], the stacking alternates between “green” and
“blue,” whereas in metastable cubic ice 1c"*!? all bilayers
are stacked the same way, i.e., either green or blue [Fig.

FIG. 6. (Color) Mechanism for cubic ice for-
mation. (a) Schematic top view of an ice bilayer
(blue) partially covered by a bilayer (green)
bounded by a surface step with A-step and B-step
sections. The oxygen atoms (circles) are con-
nected via H bonds (lines). Within each bilayer
the higher oxygen atoms are surrounded by three
lower-lying oxygen atoms forming triangles
(green or blue) whose upward or downward ori-
entation reflects the two possibilities for intrabi-
layer stacking. [(b) and (c)] Schematic side views
of four ice bilayers in the equilibrium hexagonal
ice 1h configuration and in the metastable cubic
ice 1c configuration. The triangles at the right in-
dicate the intrabilayer stacking. (d) Same con-
figuration as in Fig. 5(c) viewed along the do-
main boundary db toward the Pt step.
Overgrowing the boundary db between two ice
1h domains (black) by new material (red) creates
a growth spiral surrounding the screw dislocation
with a Burgers vector b.

b))

by
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400 nm

FIG. 7. (Color) STM image of a 4 nm thick ice film. The surface
regions are labeled with triangles according to their intrabilayer
stacking. Some stacking-domain boundaries appear as small crev-
ices. Two buried substrate steps are marked yellow-red. Nucleating
the triangular 2D islands labeled 1 and 2 produced the stacking
sequence of hexagonal ice 1h. Ice attaching to a screw dislocation
as occurring in the feature labeled 3 leads to the stacking sequence
of cubic ice lc.

6(c)]. The energy difference between these stackings is be-
lieved to be small.?®

Given this structure, we suggest that the decision of bend-
ing upward versus downward when two crystals impinge on
each other across a Pt-step edge is made in a way that allows
the layers to maintain their bilayer stacking through the com-
bined crystal. As a consequence, where a boundary separat-
ing domains of opposite bilayer stacking ends at a Pt step,
the ice layers connect across the Pt step in a way that pro-
duces the screw dislocation discussed above. The small crev-
ices that decorate some of these domain boundaries, as seen
in Figs. 5(a), 1, and 7, corroborate this idea—the high energy
of domain boundaries would cause these regions of the crys-
tal to fill in more slowly. The configuration in Fig. 5(c),
which corresponds to the area marked by a yellow rectangle
in Fig. 5(a), represents a growth spiral in its embryonic state.
The lower black portion of the lattice schematic in Fig. 6(d)
shows this configuration looking down the domain boundary
toward the Pt step. The upper red portion shows how the
subsequently grown ice has to attach to form a growth spiral.
For a spiral to develop, the domain boundary has to be over-
grown. If this occurs by extending the existing layer across
the domain boundary and conserving its bilayer stacking
[blue in Figs. 5(c) and 6(d)], the domain boundary gets bur-
ied, effectively eliminating its impeding effect for growing
the next layers. A growth spiral has been created; from now
on, growth can proceed by simply attaching new material to
the existing ice layer, thus propagating its bilayer stacking
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FIG. 8. (Color) Scenario summarizing key processes leading to
growth of cubic ice. Individual ice crystals grow (a) and expand
laterally until (b) they coalesce or encounter a substrate step (crystal
4). (c) Crystals merge if their bilayer stacking matches or, else, form
a domain boundary labeled db. (d) Layers bend upward or down-
ward to join layers of equal intralayer stacking across a substrate
step, producing a screw dislocation. After overgrowing the domain
boundary, (e) the top layer can easily expand and form a growth
spiral (f). Here, ice of uniform intralayer stacking (blue in this
case), i.e., cubic ice 1c is being generated.

despite the higher energy of this stacking. Since the new
material has a uniform bilayer stacking [blue in the examples
in Figs. 5(c) and 6(d)], metastable cubic ice lc is being pro-
duced.

Evidence that this process does occur in our experiments
can be obtained by examining the surface step structure of

FIG. 9. (Color) Modified scenario with the configuration in (a)
being equivalent to that of Fig. 8(c) but with the stackings of crys-
tals 1 and 2 reversed. Now, (b) connecting matching layer across the
Pt step creates two surface ice steps in addition to a screw disloca-
tion. [(c) and (d)] The ice layers bounded by these two steps ex-
pand. After overgrowing the domain boundary, (e) the top layer
starts a growth spiral of opposite chirality and different intralayer
stackings (green) than in the scenario of Fig. 8.

195425-6



GROWTH OF MULTILAYER ICE FILMS AND THE...

the ice films. We often find straight step edges parallel to one
of the six directions along which the “ice rings” are close
packed (Fig. 7). For a given bilayer, there are two sets of
three equivalent step orientations. Along one set, each oxy-
gen atom at the step is bound to three neighboring oxygen
atoms [A steps, Fig. 6(a)]. Along the other (B steps), the step
oxygen atoms have only two neighboring oxygen atoms. One
of these step types will be energetically preferred. A 2D is-
land bound by three preferred steps would adopt a triangular
shape determined by its bilayer stacking. Assuming all
straight steps are A steps, their orientations can then be used
to assign the bilayer stacking of specific surface regions. In
Fig. 7, we label the surface regions for which we are able to
assign the bilayer stacking without ambiguity. New layers,
such as the triangular islands labeled 1 and 2, tend to nucle-
ate with a different bilayer stacking than that of the underly-
ing bilayer on which they grew, which corresponds to the
equilibrium ice 1h configuration [Fig. 6(b)]. Another obser-
vation is that ice layers often grow across buried substrate
steps marked yellow-red while maintaining their stacking. As
a consequence, growth spirals that originate from screw dis-
locations above buried substrate steps produce film regions
with a uniform bilayer stacking, corresponding to metastable
cubic ice 1c¢ [Fig. 6(c)]. An example of such a spiral is the
bright triangular feature labeled 3 in Fig. 7. This is a growth
spiral in its nascent stage that produces cubic ice with a
green bilayer stacking. Examples of more advanced spirals
are: the one in Fig. 4(d) (green stacking), the one labeled s in
Fig. 3(e) (green) and the fully developed spiral labeled s in
Fig. 4(e) (blue stacking).

The scenarios depicted in Figs. 8 and 9 summarize in
sequential order the key processes leading to cubic ice for-
mation during film growth. Figure 8(a) shows four individual
ice crystallites, two on each side of a substrate step. For
simplicity, we neglect the interaction with other crystallites
in the vicinity of the four crystals. Each molecular ice layer
is colored green and blue according to its intralayer stacking.
We will now follow the evolution of this imaginary configu-
ration upon further water deposition. Incorporating the de-
posited water, the four ice crystallites grow in all dimensions.
At this early stage, the crystals can increase their height only
by nucleating new layers on their top facets. Eventually, due
to lateral expansion, the crystallites start to coalesce [Fig.
8(b)]. Crystal 4 has encountered a substrate step, which stops
the advance of its front side wall. As mentioned in Sec. III
and seen in Fig. 4(b), individual crystallites cannot overgrow
a Pt(111) step. Crystals 3 and 4, for which the stacking
matches, immediately begin to merge. Crystals 1 and 2,
which differ in their stackings, form a domain boundary la-
beled db upon making contact. Such domain boundaries of-
ten reveal themselves as small crevices in STM images. In
Fig. 8(c), the former crystals 3 and 4 have fully merged (new
crystal 3) and reshaped and their front side wall has aligned
above the substrate step. The domain boundary between
crystal 1 and 2 still persists and prevents the expansion of
crystal 1’s top layer onto the top facet of crystal 2. Both
crystals 1 and 2 have expanded and start to make contact
with crystal 3 on the other side of the Pt step. Without much
delay crystals 1 and 2 merge with crystal 3 across the sub-
strate step [Fig. 8(d)]. To accomplish continuity of the intra-
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layer stacking (green or blue) across the Pt step, the layers of
crystal 1 bend downward and those of crystal 2 upward,
resulting in a screw dislocation. In Fig. 8(e), the top layer of
crystal 1 has managed to overcome the energy barrier to
overgrow the domain boundary. This has created a surface
step to which water can easily attach. Subsequent growth
mainly occurs by advancing this step, which spirals around
the screw dislocation [Fig. 8(f)]. The triangular shape of the
spiral reflects the three low energy step directions for the
given intralayer stacking (blue in this case). This growth spi-
ral produces ice of uniform intralayer stacking (blue in this
case), i.e., cubic ice lc.

The slightly more complicated scenario in Fig. 9 further
illustrates the role of bilayer stacking during coalescence.
The configuration in Fig. 9(a) is equivalent to that of Fig.
8(c) but with the stacking of crystals 1 and 2 reversed. Now
the layers of crystal 1 have to bend upward and those of
crystal 2 downward to connect to crystal 3 across the Pt step.
The top layer of crystal 1 and the right-hand half of the top
layer of crystal 3 have no layer across the Pt step to connect
to, thus forming surface steps above the buried Pt step [Fig.
9(b)]. Easy attachment of water causes these surface steps to
advance [Fig. 9(c)], leading to the configuration in Fig. 9(d).
This situation is almost identical to that of Fig. 8(d), but now
the surface layer has green instead of blue stacking, and the
Burgers vector of the screw dislocation is reversed. As in the
previous scenario, the top layer has to overgrow the domain
boundary before it can advance [Fig. 9(e)] and form a growth
spiral [Fig. 9(f)], where cubic ice of green intralayer stacking
is being generated. The scenarios in Figs. 8 and 9 are two
typical examples representing a large number of possible
configurations during coalescence, leading to the rich topog-
raphy observed in STM images of continuous ice films.

This mechanism of growing cubic ice might operate for
other substrates as well, because most metals and a range of
other surfaces have =0.5h;.. high steps. It is possible that
there exists an alternative mechanism for the generation of
these dislocations. We find that such spirals can also be oc-
casionally created without any obvious relation to substrate
steps. An example of such a spiral is shown in Fig. 4(e). We
thus propose that this dislocation-based mechanism of ice Ic
growth is common in solid substrates. For instance, solid
cloud condensation nuclei?’-*® might promote the generation
of these dislocations, explaining the occurrence of cubic ice
in atmospheric clouds.?3° If such dislocation generating nu-
clei or defects existed in amorphous ice, it would explain
why cubic ice forms when amorphous ice is heated as pro-
posed to occur in icy bodies in the outer solar system,!3? for
example.

V. NONDESTRUCTIVE IMAGING OF ICE MULTILAYERS

The ability to image >3 nm thick ice films seems coun-
terintuitive because STM relies on electrical conductivity
and ice is a good insulator.> Control experiments with
thicker-than-20-bilayer films of crystalline and amorphous
ice grown on Pt(111) and Ru(0001) imaged between 60 K
and 120 K suggest that this capability is not limited to one
particular structure or substrate, but rather seems to be a
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general property of ice. How is this possible, given that ice is
an insulator? The first clue about the mechanism is that im-
aging is only possible when the Pt substrate is negatively
biased with respect to the tip, i.e., electrons are extracted
from the ice, by voltages V. <—6(*=1) V. The experi-
ment depicted in Fig. 10(a) illustrates the dramatic voltage
dependence when scanning a 6 nm thick crystalline film.
First, a smaller 1 X 1 um? square is scanned using a positive
(+7 V) sample bias. Then, the polarity is reversed (=7 V
sample bias) and a larger 2 um X2 um area is imaged. The
complete destruction of the ice film at a positive sample bias
sharply contrasts with the ability to nondestructively image
the ice film at a negative sample bias. Figure 10(b) shows the
same behavior on a 6 nm thick amorphous film. This obser-
vation seems to rule out explanations invoking a highly con-
ductive surface layer in contact with the Pt. However, the
threshold voltage of —(6=1) V for imaging corresponds to
the energy of the first occupied states of ice in contact with
Pt.33 This suggests that the electronic levels have the spatial
dependence shown in Fig. 10(c). The applied voltage lifts the
energy levels of the ice sufficiently with respect to the levels
of the tungsten STM tip so that electrons can tunnel through
the vacuum gap from the highest occupied H,O orbital into
the empty states of the STM tip. This scenario is plausible
(1) if there is little voltage drop across the ice layer and (2) if
there is enough conduction through the ice layer to supply
the tunneling electrons.

Can the first condition be met if the highly polar water
molecules exhibit a preferred orientation? A crude one-
dimensional approximation shows that canceling the electric
field in ice through polarization might be possible. The typi-
cal imaging conditions of Vy,,.=—7 V and STM tip-
sample distance of 1 nm yield the electrical field in the
vacuum gap between the STM tip and ice surface E,,,=7
X 10° V/m. The corresponding electric displacement is
D gop=e0E =~ 0.06 C/m?. To eliminate the electric field in
the ice film (completely, for simplicity) the polarization of
the ice would need to be Piee=D,,,=0.06 C/m?. A configu-
ration that maximizes the polarization along the surface nor-
mal while obeying the ice rules’ is realized in the ice XI
structure.? Here, the dipole moment of a water molecule pro-
jected onto the ¢ axis (i.e., parallel to the surface normal in
our experiment) is on average piy,o=~2.8 X 107* Cm. With
approximately 3 X 10?® water molecules per m?, the polariza-
tion of ice XI is roughly Piex=3X%10*® m3x2.8
%1073 Cm=0.084 C/m?, which is slightly more than P
=0.06 C/ m2=Dgap, the polarization necessary to completely
cancel the electric field. So, even if possible bond distortions
and electronic contributions are not included, the polariza-
tion in ice can, in principle, be high enough to effectively
reduce the electric field in the ice film. Figure 10(d) shows
the situation if the ice film were not polarized enough to
reduce the electric field sufficiently within the film. In that
case the empty states above E, in the W tip would not be
lined up with any filled states in the ice that are close enough
(<2 nm) to have a detectable tunneling probability. Thus, a
large polarization of ice seems necessary to explain our abil-
ity to nondestructively image ice with STM.

At this point, we can only speculate about the origin of
this field-canceling polarization. One possibility is that the
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FIG. 10. (Color) Imaging ice-multilayer films on Pt(111). (a)
First, the dark 1 X1 um? square in the center was carved out by
scanning this area with a positively biased sample Vgmpe.=7 V
injecting electrons into the ice. Then, the STM imaged a larger
2X2 um? area with Viample=—7 'V, extracting electrons from the
ice. (b) shows the same method used on a 6 nm thick amorphous
film. Image area: 1 X1 um? (c) Schematic of the energy levels
for the imaging mode. Due to a strong polarization of the ice,
most of the applied voltage drops in the vacuum gap. As a conse-
quence, the highest occupied ice states line up with the lowest
empty states of the W tip—a precondition for electrons to tunnel
from the sample into the tip. (d) Energy diagram for the case
of weak polarization. A significant portion of the voltage drop
occurs within the ice film. The shortest distance / for which filled
states in the ice line up with empty states in the W tip is too large
(>3 nm) for electrons to tunnel through the gap of width [ from the
ice into the tip.
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water molecules are reoriented during the imaging process
by the strong electric fields due to the applied tunneling volt-
age. Since no tip-induced disruption of the film’s morphol-
ogy is observed, this reorientation would have to occur with-
out any detectable mass transport. That is, the water
molecules would have to rotate in place, temporarily violat-
ing the ice rules during the reorientation process. Alterna-
tively, it is conceivable that the interaction with the substrate
imposes a preferred orientation of the water molecules. This
scenario is consistent with the surface-induced ferroelectric-
ity of ice/Pt(111) measured with optical sum-frequency vi-
brational spectroscopy by Su et al.3* Interactions of ice with
the substrate could, in principle, also include a buildup of
electrical charges due to water dissociation, as reported by
Lilach et al.» However, a measurable charging effect has
only been reported for 7> 150 K, which is too high to affect
our imaging.

Condition (2), i.e., that ice can supply the tunneling elec-
trons, is interesting because previously the electric DC con-
ductivity of ice had been solely attributed to the migration of
protonic defects.? For our case, we exclude proton-based
mechanisms because even a complete decomposition of the
ice film could not supply enough electrons needed for STM.
A crude back-of-the-envelope estimate suffices to discard
this possibility: Using typical imaging parameters, i.e., scan
area A=1 um?, acquisition time r~3000 s, and tunneling
current 1=0.35 pA, the STM passes a charge of =10~ C
~10'0 e through 1 um? of ice surface. Assuming there are
approximately ten surface water molecules per nm?, this cor-
responds to a flux of =1000 elementary charges per surface
molecule. Since in the experimental setup in vacuum there is
neither a sink nor a source for protons other than a possible
decomposition of the ice, an electronic transport via protonic
defects cannot obviously supply the electrons needed for
nondestructive imaging, leaving conduction via electrons in
the depleted highest occupied orbital as the most plausible
mechanism. Still, much uncertainty remains. Nevertheless,
our results provide motivation for more thorough studies of
electrical transport in ice films.

In typical STM experiments, sample voltages of |Vsample|
<4 V are common. In this case, the imaging mechanism
described above is not active, and the STM tip, seeking to
maintain the set tunneling current, moves closer toward the
substrate. Consistent with this scenario, we observe that at
these voltages, the STM tip always destructively interacts
with ice films of more than 2-3 bilayers thickness. Figure 11
illustrates such a tip-sample interaction. At a sample bias of
—0.9 V and the tunnel current gradually ramped up from
0.7-1.2 pA, the STM tip gradually scrapes away the upper-
most bilayer of a 3 bilayer high ice crystal. The asymmetry
of the scraping—the crystal is preferentially attacked on the
left side—indicates that the tip condition is at least as impor-
tant as the exact values of tunnel current and scan time. The
crystal left behind [Fig. 11(c)] exhibits a top layer decorated
by a triangular array of small protrusions presumably reflect-
ing a moiré between Pt(111) and the ice lattice. Upon reduc-
ing Iiunner to 0.5 pA, the top layer spontaneously regrew even
at 120 K, starting with triangular nuclei [Fig. 11(d)]. Cleanly
scraping away a complete layer without destroying the entire
crystal might be facilitated by the fact that only i of the
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FIG. 11. Tip-induced removal and spontaneous regrowth of a
molecular ice layer. At a sample bias of Vupup.=-0.9 V and a
tunnel current /o ramped from 0.7-1.2 pA, the STM tip scrapes
away the uppermost bilayer of a three bilayer high ice crystal. The
time sequence [(a)—(c)] shows the cumulative result of continuous
scanning across the imaged crystal. The images were acquired (a)
after 30 min scanning at I,,;,=0.7 pA. (b) After additional 20 min
scanning at I, =0.8 pA and (c) after one more hour at I nei
=1.2 pA. (d) Upon reducing I, to 0.5 pA, the top layer sponta-
neously started to regrow.

bonds in bulk ice are interlayer, compared to % of the nearest
neighbor bonds in fce(111) and hep(0001).

VI. SUMMARY

We have established that STM can be used to nondestruc-
tively image ice multilayers. We suggest that the imaging
relies on the high polarizability of ice, allowing the STM tip
to extract valence electrons from the ice. Exploiting this ad-
vance, we obtain real-space information about how amor-
phous and crystalline ice films evolve during growth. Sub-
strate steps play a defining role in the morphology and
structure of crystalline ice films. In particular, these steps
promote the creation of screw dislocations in thicker films.
Finding that growth spirals around these screw dislocations
produce cubic ice lc, we uncovered a mechanism that ex-
plains at a molecular level why cubic ice is often observed
during growth on substrates at low temperatures. In light of
Vonnegut’s famous proposal®® that rapid nucleation of ice
crystals by Agl is caused by the similarities of their crystal
lattices, it is perhaps amusing to note that we find that fast
ice growth on Pt is promoted by a large mismatch in step
heights.
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