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Ice premelting, the formation of a quasi-liquid layer on ice surfaces below the bulk melting point, plays a crucial
role in various processes, ranging from glacier dynamics to ice friction and surface chemistry. Despite intensive research,
the microscopic structure of the premelting layer and underlying molecular mechanisms remain poorly understood. In this
work, we studied the temperature- and pressure-dependent structural disordering of crystalline Th (0001) surface near the
onset of premelting on the atomic scale by qPlus-based cryogenic atomic force microscopy. The linear correlation between
the density of planar local structure (PLS) and the fraction of disordered surface region showed that the PLS mediated
early-stage premelting by serving as a metastable seeding state. Notably, the associated surface disordering is cooperative,
extending over an area of roughly ~ 2 nm? around a PLS. We further found a striking structural similarity between the
kinetic-trapped regime below the surface crystallization temperature (7¢) and the premelting-dominated regime above T¢.. As
the deposition pressure increased, the characteristic temperature dependence was preserved, with only 7 shifting to higher
values due to kinetic effects. Finally, we proposed a surface phase diagram for ice Ih (0001) based on our experimental

observations.
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1. Introduction

Water and its solid phase, ice, exhibit a wide range of
anomalies and many aspects of their behaviors remain under
active debate.!!?! A notable case is surface premelting,>#! in
which a quasi-liquid layer (QLL) forms on ice even well be-
low the bulk melting point 7;,. It is a widespread phenomenon,
influencing processes from glacier melting and thundercloud
formation®! to the slipperiness of ice.!®) Despite significant
efforts, many key mechanistic questions remain unresolved,
such as its onset temperature,”’sl the thickness and struc-
ture of the QLL.°-'") Multiple experimental and simulation
approaches have been employed in the premelting studies,
yet the discrepancies among the results obtained by different
methods remain to be clarified.

A fundamental unresolved question is how premelting is
initiated, especially the initial structure and subsequent evo-
lution of the premelting layer. It was observed that two
types of QLL can coexist during premelting.'?! In addition,
a molecular dynamics (MD) simulation suggested that, at the
early stage of premelting, the outermost QLL layer may com-
prise both crystalline and liquid-like regions.!'3] Moreover,
the importance of pre-existing defects has been highlighted,
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as they can weaken the surrounding hydrogen-bonding net-

L. 14161 However,

work and promote the formation of QL
computer simulations are limited by the inaccuracy of current
force fields and the prohibitively large system sizes involved,
while conventional experimental methods such as spectro-
scopic methods!”-!"~1°1 suffer from averaging effects and am-
biguous spectral interpretation. Therefore, real-space charac-
terization of the premelting surface is crucial for obtaining
more direct evidence.

Recently, the gPlus-based cryogenic atomic force mi-
croscopy (qPlus-AFM) technique equipped with carbon

monoxide (CO)-functionalized tip!2%->!]

has emerged as
a powerful tool for resolving surface structure in real
space.[?>2! The weak high-order electrostatic force allows
us to probe the sample with less perturbation, and the detec-
tion of short-range Pauli repulsion resolves the skeleton of the
hydrogen-bonding network. In our previous work, %%l we im-
plemented this technique on the ice Th (0001) basal plane and
successfully visualized the most stable reconstructed structure.
Signatures of surface premelting induced disordering and pla-
nar local structure (PLS) were also identified, but the rela-
tionship between these two structural features remained un-
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resolved. In addition, the correlation between the disordering
below and above the surface crystallization temperature (7¢) is
still lacking.

In this work, we investigate the temperature- and
pressure-dependent structural disordering of crystalline Ih
(0001) surface near the onset of premelting using AFM imag-
ing. When the temperature is above 7, disordered regions
emerge and grow on the crystalline surface, and the statistical
analysis highlights the role of PLS as a “disordering seed” in
the initial stage of premelting. The associated surface disor-
der extends over an area of approximately ~ 2 nm? around a
PLS. We further observe an increasing degree of surface dis-
order when the temperature increases and decreases from T,
indicating the structural similarity between low-temperature
kinetic-trapped surface and high-temperature premelting sur-
face. This trend persists under higher vapor pressures, with T;,
shifting to a higher temperature, based on which we propose a
surface phase diagram of ice-Ih.

2. Methods

Au (111) and Pt (111) single crystals were cleaned by re-
peated Ar" sputtering at around 1 keV and annealing at about
700 K (Au) or 1300-1400 K (Pt). For Pt (111), an additional
annealing in oxygen (1 x 10~7 mbar) at 1000 K followed by
a final flash annealing to 1300-1400 K was used to remove
carbon impurities. And ultrapure water (Sigma Aldrich) used
in the deposition was further purified in vacuum by several
freeze-and-pump cycles to remove dissolved gases.

Water molecules were dosed onto the sample through a
dosing tube in two steps. The first was a 25-min fast growth at
135 K with a deposition rate of 25 bilayers per min, aiming to
obtain a bulk ice-Ih film. The second was a 2-h slow growth
at 105-155 K with water vapor pressures of 3 x 10~° mbar
and 6 x 10~ mbar, thereby preparing the atomically flat sur-
face for subsequent measurements. After dosing, the samples
were rapidly transferred into the scanner kept at 5 K for fur-
ther AFM measurements. The ice samples were grown on Au
(111) and Pt (111) at 3 x 10~ mbar and 6 x 10~° mbar, re-
spectively.

AFM measurements were performed at 5 K under ultra-
high vacuum with a combined non-contact STM—AFM sys-
tem. All AFM data were acquired with a home-made qPlus
sensor, and the tungsten tip was functionalized by a CO
molecule in advance for higher resolution (sensor parame-
ters: resonance frequency fo ~ 30.4 kHz; spring constant k ~
1800 N/m; quality factor Q ~ 100000). Nanotec WSxM*’]
was used for image processing.

3. Results and discussion

First, we deposited water molecules onto substrates held
at different temperatures under a water-vapor pressure of

3 x 107 mbar, followed by constant-height AFM imaging.
The surface morphology of the as-grown ice surface is shown
in Fig. 1(e), yielding a nanometer-scale flatness. Intralayer
stacking of Ic and Th nanodomains was observed in all sam-
ples. Within a nanodomain, water molecules in the upper
half of the bilayer adopted a triangular lattice (Fig. 1(a) up).
At a smaller tip-sample distance where Pauli repulsion dom-
inated, the smallest unit in the triangular lattice (highlighted
with a yellow triangle) evolved into a solid triangular feature
(Fig. 1(a) bottom), consistent with a tetrahedral configuration
in which three upper-lying molecules bonded to one lower-
lying molecule (Fig. 1(f)). At 121 K, we observed the same
surface reconstruction as previously reported?®! (Fig. 1(b) up
and bottom), where interlaced Ih and Ic nanodomains formed a
pinwheel-like superstructure, characteristic of a perfectly crys-
talline ice Th (1000) surface (Fig. 1(g)). The orientations of
the nanodomains, highlighted in yellow or orange, identified
their molecular configurations corresponding to their stacking
types (Ih or Ic). The boundary between adjacent Th and Ic
nanodomains was denoted by a red rectangle in Figs. 1(b) and
1(g), consisting of different types of defects containing five-,
seven- and eight-membered rings. The existence of these do-
main boundaries reduces the surface electrostatic energy aris-
ing from the repulsion between dangling proton pairs, thereby
stabilizing the reconstructed surface.*®! Therefore, 121 K lay
within the temperature range for surface crystallization under
3 x 10~ mbar.

As the temperature increased, signatures of premelting
emerged. At 152 K (Fig. 1(c)), the Ic and Ih nanodomains
became larger and irregular, and the pinwheel pattern at 121 K
disappeared. Meanwhile, the PLS was preferentially ob-
served at the domain boundaries. A typical PLS is shown in
Fig. 1(d) (indicated by the red dashed ellipse), with its struc-
tural model given in Fig. 1(h). This metastable structure orig-
inates from the insertion of an interstitial water molecule into
an 8-membered ring at a domain boundary (a PLS precur-
sor), which further relaxes to a more planar configuration via
both intra- and inter-bilayer rearrangement of the hydrogen-
bonding network.?®! Compared with an unreconstructed ideal
Ih surface, the domain boundaries in the superstructure act as
intrinsic surface defects that facilitate the formation of PLS.
Moreover, disordered regions (highlighted by white dashed ar-
eas) were also observed at 152 K. These regions were larger
and more irregular than typical domain boundaries, and the
water molecules within them were arranged in a highly dis-
ordered manner such that no individual tetrahedral unit could
be discerned. Therefore, we defined them as the “disordered
region”, a hallmark of surface premelting together with the

emergence of PLS.
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Tetrahedral unit

HIGH

Fig. 1. Signatures of premelting at crystalline ice ITh (0001) surface. (a) Constant-height AFM images of a tetrahedral unit (highlighted with a
yellow triangle) in Ic or Th nanodomain. (b) Constant-height AFM images of ice Th (0001) surface grown at 121 K at 3 x 10~° mbar. (c) Constant-
height AFM images of ice Ih (0001) surface grown at 152 K at 3 x 10~ mbar. Individual Ic and Ih nanodomains, domain boundary, PLS and
disordered regions are indicated by yellow solid lines, orange solid lines, red rectangle, red dashed ellipses and white dashed lines, respec-
tively. (d) Zoomed-in constant-height AFM images of a typical PLS. The tip heights of (a)-(d) are —140 pm and —230 pm (a), —140 pm and
—230 pm (b), —150 pm and —210 pm (c), —160 pm and —240 pm (d), respectively. The reference tip height (O pm) corresponds to the largest
tip height in the height-dependent imaging process, where the H-up water molecules can be fairly identified. (e) Constant-frequency-shift AFM
image of the as-grown ice surface at the setpoint of —0.1 Hz. The maximum of height difference in this image is 6.6 nm. (f)—(h) Structural model
of a tetrahedral unit (f), the pinwheel-like superstructure (g) and a typical PLS (h). O atoms in the upper, lower half of the topmost bilayer, in
interior bilayers and in the PLS are denoted as red, yellow, gray and purple spheres, respectively, and all H atoms are denoted as white spheres.

To quantify the relationship between the PLS and the
disordered regions, we acquired multiple AFM images for
each sample at different temperatures and pressures, and de-
fined two surface order parameters, (i) the areal density of
PLS and (ii) the fraction of the surface occupied by the dis-
ordered region. The resulting statistics are shown in Fig. 2.
At 3 x 10~° mbar, both quantities were essentially zero for
the crystalline 121 K sample. Once surface disorder emerged
above 121 K (black circles), they increased in tandem, sug-
gesting a positive correlation, which could be identified in the
chart (indicated by the red dashed line). The linear slope corre-
sponds to an average characteristic area of ~ 2 nm? per PLS,
implying that each PLS can mediate a disordered region of
this typical size. In addition, the fit yields a non-zero intercept
(~ 13%) at zero PLS density, indicating that a finite fraction
of surface disorder is already present prior to the appearance

of PLS. This surface disorder is associated with the previously
observed PLS precursor state,[20] which was not taken into ac-
count in our statistics. The 13% value is also consistent with
that (~ 12%) obtained by quantifying all disordered areas in
images containing no PLS (Fig. 2 inset). The average area
(~ 1 nm?) of those precursor disordered regions is smaller than
the slope-derived effective area per PLS (~ 2 nm?), suggest-
ing that PLS facilitates the growth of surface disorder. The
formation of PLS is accompanied by a local disruption of the
hydrogen-bonding network, which may further lower the en-
ergy barrier for surface premelting and thereby promote the
expansion of surrounding disordered regions. These observa-
tions suggest that the initial premelting of the ice surface orig-
inates from PLS, which acts as a “disorder seed” analogous to
the Bjerrum defects reported to promote the formation of the
QLL layer in the previous work.['4]
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Fig. 2. Correlation between PLS density and disordered-region fraction
of ice surface at different temperatures and pressures. The red dashed line
is the linear fit of all data points, with a slope of ~ 2 nm? per PLS and
a y-intercept of ~ 0.13. The inset shows the average disordered-region
fraction (left) and average area (right) of disordered regions containing
no PLS. The sizes of AFM images used in the statistics range from 9 nm?
(3 nm x 3 nm) to 49 nm? (7 nm x 7 nm), and the total imaging area is
3137 nm?.

We further investigated samples grown at temperatures
below the crystallization temperature of 121 K under 3 x
10~° mbar, and the corresponding AFM images are shown
in Figs. 3(a) and 3(b). As the temperature decreased from

(@) 109K ~(b) 118 K (c)
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121 K, both the PLS density and disordered-region fraction
increased as well. Such a behavior was very similar to that
at temperatures higher than 121 K (Figs. 3(d) and 3(e)), in-
dicating that any temperature deviation from 7; increases the
degree of surface disorder. Our observations show that this
low-temperature configuration and the premelting structure at
higher temperatures share common microscopic features: in
both regimes we observed the emergence of PLS and growth
of disordered regions, which follow the same correlation be-
havior (black squares versus circles in Fig. 2). In our previous
work, we found that the disordered surface layer exhibits a re-
duced density compared to the ice-Ih surface, consistent with
an LDA-like structure.”8! Moreover, it is widely known that
water-vapor deposition on a cold substrate can lead to the for-
mation of low-density amorphous ice (LDA),?°-3!] the most
abundant form of water in the universe. Therefore, at temper-
atures just below T¢, the surface disorder observed can also be
regarded as a surface transition from crystalline to an LDA-
like amorphous layer, while the underlying films remain crys-

talline.

133 K

057 Hz] [EEIAE

131 K ()

-4.40 Hz

-4.30 Hz 95 HZ

B e

T above T,

Fig. 3. AFM imaging of temperature-dependent surface structure of ice Ih (0001). (a)—(e) Constant-height AFM images of ice Ih (0001) surface
grown at 109 K (a), 118 K (b), 121 K (c), 125 K (e) and 152 K (f) at 3 x 10~2 mbar. The corresponding disordered-region fractions are 33% (a),
21% (b), 0 (c), 21% (d) and 29% (e). (f)—(j) Constant-height AFM images of ice ITh (0001) surface grown at 121 K (f), 125 K (g), 129 K (h),
131 K (i) and 133 K (j) at 6 x 10~° mbar. The corresponding disordered-region fractions are 54% (f), 39% (g), 29% (h), 40% (i) and 45% (j).
Images acquired at 7;. of the two vapor pressures ((c) and (h)) are highlighted with red borders. The tip heights of (a) to (j) are —130 pm (a),

—150 pm (b), —140 pm (c), —140 pm (d), —150 pm (e), —140 pm (), —150 pm (g), —190 pm (h), —130 pm (i), —200 pm (j), respectively.

This temperature-dependent behavior persisted at higher
deposition rates. At a vapor pressure of 6 x 10™° mbar, the
perfect superstructure was no longer observed, but the positive
correlation between the PLS density and the disordering de-
gree remained (blue data points in Fig. 2). The absence of per-
fect crystalline superstructure at high deposition rates is a ki-

netic effect, as the rapid deposition prevents the newly formed

surface from relaxing into the ordered crystalline state.[3> At
129 K, both the PLS density and the disordered-region frac-
tion reached minima, indicating that the surface lay within the
crystallization range. A similar disordering trend as the tem-
perature increased and decreased from 129 K was observed
in our AFM images (Figs. 3(f)-3(j)), which was also reflected
in Fig. 2 (blue squares and circles). We therefore take 129 K
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as the T, at the vapor pressure of 6 x 10~ mbar. Compared
with the lower-pressure case (7. ~ 121 K at 3 X 10~ mbar), it
appears that 7; shifts to a higher temperature with increasing
vapor pressure.

Based on the results above, we propose a schematic “sur-
face phase diagram” of ice Ih (0001), as shown in Fig. 4. At
the temperature near T, the surface crystallizes only within a
narrow temperature window (black area). As the vapor pres-
sure increases, 7 shifts to higher temperature and this crys-
tallization window becomes narrower or even disappears due
to the kinetic effect. Away from T, two disordering regimes
appear (blue area): a low-temperature regime dominated by
kinetic trapping (LDA-like surface) and a high-temperature
regime associated with the initial surface premelting. In both
regimes, the metastable PLS forms on the surface and triggers
the growth of disordered regions. At the temperature higher
than the initial surface premelting, the surface becomes more
disordered in deeper layers (pink area),*8! leading to the for-
mation of QLL. At the temperature lower than that for the
LDA-like surface, the surface may undergo a bulk LDA tran-
sition, which is labeled as LDA in Fig. 4 (gray area), sim-
ilar to the phase diagrams of bulk ice reported in previous

works, [30-33]

Temperature

h .
>

Pressure

Fig. 4. Schematic of surface phase diagram of ice Ih (0001).

4. Conclusion

Using atomically resolved gPlus-AFM imaging, we
probed the temperature- and pressure-dependent evolution of
the ice-Ih (0001) surface and identified a metastable PLS state
that mediated the initial stage of premelting by a “seeding ef-
fect”. The PLS density and disordered-region fraction both
increased as temperature deviated from 7T, indicating a struc-
tural similarity between kinetic low-temperature and premelt-
ing high-temperature regimes. These behaviors persisted at

higher vapor pressure with a shift of 7 to higher temperature.
Finally, we proposed a “surface phase diagram”, which was
different from the phase diagram of bulk ice. Our work sug-
gests that the onset of premelting is a heterogeneous, defect-
mediated process rather than a sharp transition. In addition,
we found the existence of a precursor state for the QLL, which
shared the same structural characteristics as the LDA-like sur-
face. Our findings not only deepen the fundamental under-
standing of the nature and mechanisms of premelting, but also
pave a new way for elucidating complex phase transition phe-
nomena on the surface.
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