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The physical behavior of condensed matter can be drastically altered in the presence of interfaces.
Using a high-energy x-ray transmission-reflection scheme, we have studied ice-SiO, model interfaces.
We observed the formation of a quasiliquid layer below the bulk melting temperature and determined its
thickness and density as a function of temperature. The quasiliquid layer has stronger correlations than
water and a large density close to pypa = 1.17 g/cm® of high-density amorphous ice suggesting a
structural relationship with the postulated high-density liquid phase of water.
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Water in its various forms is virtually omnipresent on
Earth, and, without water, life would not be possible.
Despite its importance and the amount of research de-
voted to the understanding of the structure and properties
of water in ice [1], it still holds unsolved mysteries rang-
ing from unusual response functions [2] to the melting
behavior [3].

The melting transition of a solid is characterized by the
loss of long-range translational order. Therefore, all
Fourier components of the long-range order, ie., the
Bragg reflections, are affected as the relevant order pa-
rameters [4]. Only the average density as the zero order
Fourier component is conserved with a slight but discon-
tinuous change across the transition. The ice-water phase
transition exhibits two particular interesting features
linked to the average density, which are in some respects
in theoretical conflict: One is pressure-induced melting
which is mediated by the anomalous density increase
upon melting from the low density of the Ih ice structure
(p;, = 0.92 g/cm?) to the high density of water (p; =
1.0 g/cm?® at 273 K). The Clausius-Clapeyron relation
then leads to the well-known negative slope of the melt-
ing curve T,,(p).

The other phenomenon is surface-induced melting, i.e.,
the appearance of a macroscopic quasiliquid layer at the
surface of ice well below T,,. This effect also occurs in
other materials [5,6] but is particularly pronounced in the
case of ice. Typically 15 K below the bulk melting tem-
perature, the surface of ice becomes unstable with respect
to surface melting [7]. While surface melting of ice is
well established experimentally, confirmed by many dif-
ferent techniques [7-10], it should not occur according to
the ‘“Hamaker criterion,” which is based on a rather
general expression for the interfacial energy gain or pen-
alty upon the formation of a premelting quasiliquid layer
[11]. The negative density gradient Ap = (p, — p;) be-
tween the solid and liquid phase renders the Hamaker
constant negative and the surface melting energetically
unfavorable [12].
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In the case of interfacial melting a new interface be-
tween the quasiliquid layer and the mineral occurs (see
Fig. 1); therefore, the Hamaker argument no longer holds
in its original form [13], and it is a priori not clear
whether an interfacial quasiliquid layer emerges below
the bulk melting point. While the occurrence of inter-
facial melting of ice itself has important environmental
and technological consequences [3], there are no studies
of the interfacial melting scenario with high spatial reso-
lution reaching down to atomic length scales [14]. Since
the average density exhibits anomalous behavior across
the melting transition of ice, it is particularly interesting
to directly probe the density and its profile across the
interface by x-ray reflectivity techniques.

In order to investigate the effect of an interface on
the melting of ice, we have prepared a model-type ice-
mineral interface by contacting high-purity single crystal
ice with amorphous SiO,. This interface might serve as a
model for ice-rock interfaces as they appear in nature. By
x-ray reflectivity we investigated in situ the thermal
behavior of this ice-SiO, interface during heating and
cooling and found indeed clear-cut evidence for inter-
facial melting. Most intriguingly, we also discovered
that the emerging interfacial layer exhibits a strongly
enhanced density compared to bulk water.

For a direct probe of the existence of any interfacial
quasiliquid layer, we use a new x-ray diffraction scheme
[15], exploiting highly brilliant high-energy x rays pro-
vided at third generation synchrotron radiation sources
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FIG. 1 (color). Scenario for interface melting of ice at an in-
homogeneous interface upon approaching the melting point 7,.
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and compound refractive x-ray lenses [16]. It allows one
to produce penetrating high-energy x-ray beams with um
cross section and high collimation which are the ideal
in situ probe of ice-solid interfaces. At the European
Synchrotron Radiation Facility such an experimental
setup has recently been installed at beam line ID15A
(Fig. 2) [15]. A monochromatic high-energy x-ray beam
(E=1713keV, AE/E = 0.2%) from a synchrotron ra-
diation source is focused by 232 Al parabolic refractive
lenses (CRL) to a size of 5 wm (vertical) by 15 um
(horizontal) at the sample position. The x-ray beam pene-
trates the sample (24 mm long) at almost normal inci-
dence from the side, thus illuminating only the ice-SiO,
interface, and gets internally reflected at the ice-solid
interface. The reflected beam has been monitored by a
scintillation counter after vertical collimation to 46 urad
by a pair of adjustable slits. Typical reflected x-ray in-
tensities as a function of perpendicular momentum trans-
fer g are sketched on the right side of Fig. 2. A single
interface gives rise to the smooth Fresnel curve (blue
line), while an emerging quasiliquid layer with different
density py; and thickness L produces interference fringes
with an approximate period 277/L in the reflectivity curve
(red curve). Below the critical value ¢, total reflection
occurs. The measured reflectivity curve allows one to
extract the microscopic density profile across the interfa-
cial layer in a straightforward way [17].

In order to establish reproducible experimental condi-
tions, the x-ray experiments were carried out on a well-
defined ice-SiO, model system in a special sample cell
which provides a well-controlled environment. A silicon
block (24 X 24 X 8 mm?) was polished to a roughness of
0.5 nm and cleaned with standard recipes (Piranha,
RCA). At the final stage, the silicon block is covered by
a thin layer of native amorphous SiO,. The ice sample was
thermally cut from a large single crystal with basal (00.1)
orientation using clean metal wires. The ice surface was
then polished with the smooth and clean silicon sample
which was kept at 277 K. Moving the ice slowly against
the silicon block allows one to flush impurities from the
interface during the polishing process. Immediately after
the polishing process the silicon block was slowly cooled,
which led to recrystallization of the molten water layer at
the interface. The sample was then sealed with a pure
aluminum foil at ambient pressure and mounted between
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FIG. 2 (color). Sketch of the experimental setup (see the text).
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two Peltier elements for cooling in the sample cell. Three
calibrated Pt100 sensors were used for controlling and
constantly monitoring the sample temperature. During
the reflectivity measurements the background scattering
and the integrated reflected intensity at each perpendicu-
lar momentum transfer g have been obtained from trans-
verse momentum scans.

The temperature-dependent x-ray reflectivity profiles
are summarized in Fig. 3(a). For low temperatures, they
show the characteristic Fresnel curve modified by surface
roughness at the ice-SiO, interface [see the corresponding
density profile in the lower part of Fig. 3(b)]. Upon heat-
ing an additional x-ray intensity starts to emerge at high
g values which gets gradually shifted to lower g values
and finally develops to pronounced interference fringes.
The effect is fully reversible and, thus, a direct evidence
for the emergence of an equilibrium interfacial layer
between ice and SiO, with a noticeably different density
and rather well-defined interfaces [see the upper part of
Fig. 3(b)].

From a detailed but rather straightforward analysis of
the x-ray reflectivity profiles [full curves in Fig. 3(a)] the
density profile [for a structural model, see Fig. 3(c) asso-
ciated with T = T,, — 1 K] and its temperature depen-
dence can be retrieved with subnanometer resolution
providing direct insight into the thickness [L(7)] and
density [pqu(T)] of the quasiliquid layer [Figs. 4(a) and
4(b)] as a function of distance to the solid surface. Three
different approaches were used to obtain the density
profile across the interface (kinetic and dynamic x-ray
reflectivity calculations as well as a phase inversion algo-
rithm [17]).

The quasiliquid layer starts to emerge at an onset
temperature of 7y, = T,, — 17 K with an uncertainty of
*3 K, and then its thickness increases smoothly as the
temperature approaches the bulk melting temperature of
ice [Fig. 4(a)], thereby following in a very good approxi-
mation a logarithmic growth law [straight line in
Fig. 4(a)],

_ Tm - TO

which is expected from the theory of equilibrium wetting,
The constant a(0) corresponds here to the decay length of
the nonordering (average) density as measured at the in-
plane momentum transfer ¢;; = 0 [19]. From the slope in
Fig. 4(a) we obtain a(0) = (0.84 = 0.02) nm. This value
can be compared with the bulk water correlation length
with experimentally determined values ranging from
&, =0.45 nm [20] to &, = 0.8 nm [21] as measured in
the small angle (¢ — 0) x-ray scattering regime. This
suggests that the observed nanosized premelting layer
intercalated between ice and SiO, exhibits stronger local
correlations than bulk water. This conclusion is corrobo-
rated by the measured average density pq(7) [Fig. 4(b)]

205701-2



PHYSICAL REVIEW LETTERS

week ending

SiQ,

VOLUME 92, NUMBER 20 21 MAY 2004
(a) (c)
T=T -0.036 K T=T,-1K
| Sedpdnladiete tedy dpdpted, scl,
Preasassanseniiy

2 ‘gizi:‘:ﬁr:::::ﬂﬁi,gj:;:j: ice Ih

<

= G

. quasiliquid
£ 10 layer
s
_.%‘ amorphous
£ 0

-10

FIG. 3 (color).

-5 5 z(nm)

(a) Reflectivity curves of the ice-SiO, interface in the vicinity of the ice melting point. Solid lines are fits to the

data using the (dynamical) Parratt formalism [18]. (b) p(z) across the interface well below the onset temperature for interfacial

melting (T = T,, — 25 K) and close to the melting point (T =

T,, — 0.036 K). (c) Real space model of the ice-SiO, interface

associated with T = T,, — 1 K. The densities used in this representation correspond to the values deduced from the measurement.

which reveals an intriguing phenomenon: Within the
entire temperature range covered by our experiment, the
observed average density of the interfacial quasiliquid
layer is much higher than p; = 1.0 g/cm? (bulk water),
and close to 256 K where the quasiliquid layer starts to
form, the density is as large as pqy = 1.2 g/cm?. The data
also show within the experimental error that the average
density pq(T) tends to decrease to the asymptotic value
p, = 1.0 g/cm? for (T — T,,) — 0 or, equivalently, for
L — oo [straight line in Fig. 4(b)]. We emphasize here
that the strongly enhanced density of the premelting
layer as deduced from the x-ray evidence is a very ro-
bust experimental fact. By our analysis we have model-
independently verified that only a strongly enhanced
density at the interface can account for the observed
x-ray reflectivity profiles.

Figure 5 displays the low-pressure part of the water
phase diagram, where H,O can exist in several crystalline
and amorphous forms, such as high-density amorphous
(HDA) and low-density amorphous (LDA) ice. In current
water theories [2,23,24], these are the vitreous counter-
parts of two different forms of liquid water—a low-
density liquid phase (LDL) and a high-density liquid
phase (HDL) (also shown in Fig. 5). Most striking, the
measured density of the premelting layer is very close to
the ambient pressure density of HDA ice, pppa =
1.17 g/cm?, pointing to a close structural relationship.
However, since the observed interfacial premelting is an
equilibrium phenomenon, one must assume that the ob-
served quasiliquid layer is not governed by the vitreous
HDA phase but rather by (equilibrium) fluctuations of the
hypothetical liquid HDL phase. Then, as the thickness of
the premelting layer grows, fluctuations of the LDL phase
would progressively become possible and give rise to the
observed decrease of the average density. This scenario,
suggested by the experimental evidence, raises the ques-
tion why the particular nanosized geometry provided by
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the interface-premelting scenario favors the appearance
of fluctuations into the HDL phase and to which extent the
structure and/or chemistry of the ice-SiO, interface is
important. If these questions are addressed by theoretical
arguments, the experimental conditions (geometry and
chemistry) could be tailored to stabilize and then study
one particular water fluctuation.

The observed interfacial melting has important rami-
fications for environmental phenomena [3], as permafrost
and the motion of glaciers. Since these effects depend on
the mechanical properties of the interfacial layer, the
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FIG. 4. (a) Temperature dependence of the thickness L of the
quasiliquid layer. The straight line is a fit to a logarithmic
growth law. (b) Temperature dependence of the average density
Pqu in the quasiliquid layer. The fitted (straight) line indicates
the trend for a decreasing average density with growing layer
thickness.
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FIG. 5 (color). Phase diagram of water at moderate pressures
compiled from Refs. [1,22]. The dashed blue lines terminating
in a tentative critical point C separate low density and high
density water from low density and high density amorphous
ice. The numbers in parentheses denote the densities (at atmos-
pheric pressure).

observation of a high-density phase of water instead of
bulk water at the interface is particularly interesting. The
environmental impact of interfacial melting is also de-
termined by the solubility of impurities such as Na, Cl, or
Br [25] in the premelting quasiliquid. For bulk systems it
is known that most impurities have a small solubility in
ice and a large solubility in water. In the case of large
solubility in the high-density premelting quasiliquid, in-
terfacial melting might spark a self-amplifying process,
where enrichment of impurities in the quasiliquid layer
leads to a true reduction of the melting temperature.

In conclusion, we have shown that ice in contact with a
SiO, model interface exhibits interfacial melting. It fea-
tures the characteristics of a wetting transition in the
temperature range covered by the experiment. The strong
confinement of the quasiliquid between ice and SiO, leads
to an equilibrium high-density structure. Future experi-
ments determining the liquid structure factor parallel to
the interface will clarify the relation with the postulated
high-density phases (liquid or amorphous) of water.

This work has been funded by the Deutsche
Forschungsgemeinschaft in the priority program on “wet-
ting and structure formation at interfaces” and by the
Swiss National Science Foundation (J. B.).
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