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Structure and Phonons of the Ice Surface
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The structure and phonon dynamics of the ice surface, prepared by growing thick ice tayedsX)
on Pt(111), were investigated using high resolution helium atom scattering. Ice layers grown at
T, = 125 K were found to be well ordered, with a complete bilayér>X 1) surface termination,
as shown by diffraction measurementsiat= 30 K. Time-of-flight spectra provide evidence for an
intense longitudinal shearing mode, large multiphonon background, and enhanced vibrational amplitudes
at the surface, which are consistent with dynamic disorder and a large accommodation coefficient at the
surface. [S0031-9007(98)05625-7]

PACS numbers: 68.35.Bs, 34.50.Dy, 68.35.Ja, 92.40.Sn

The concept of a melted layer at the ice surface afor elastic scattering. TOF spectra measured for different
temperatures—15 °C [1] has been used in the past to scattering angles reveal distinct energy gains and losses
explain the unique properties of ice. Recently there hag+AF) at different momentum transfers, which are then
been considerable interest in the ability of molecules irused to construct the dispersion curves of the surface
the stratosphere to stick on the ice surface where theghonons.
may react [2]. Despite a great deal of effort [3], the Thick ice films were grown by dosing ultrapure,d
physical properties of the ice surface are, however, notwelhind DO [7] at a partial pressure in the ran@®.er =
understood and are the subject of intensive study [4,5]. 107°-10"7 mbar onto the Pt(111) at a temperatdie=

The observation of an electron diffraction pattern125 K. The 3D ice layer was found to be stable at
with peaks rotated by 30from the expected positions 7T, < 125 K for water partial pressures of abodt X
lead Matereret al.[4,5] to suggest that the uppermost 10~!' mbar, in good agreement with previous results of
molecules vibrate so strongly that they could not beBrown and George [8]. The best quality films took
detected. In support of this suggestion, they performedeveral hours for growth since higher adsorption rates,
molecular dynamics simulations (MDS) which, indeed,and lower sample temperatures, e.g., 30 K, resulted in
showed a substantial vibrational motion for which, soincreased surface disorder. The attenuation of the he-
far, there is no experimental evidence. In this Letter wdium atom specular reflectivity during adsorption showed
report the first experimental studies of the structure andhat, at7, = 125 K, growth proceeds according to the
phonons of the uppermost ice layer using helium atonStranski-Krastanov mechanism, in which the formation of
scattering (HAS). This provides a great deal of newa complete ice bilayer [9] is followed by the creation of
information on the properties of the ice surface, whichlarge domains of 3D ice.
allows a much better understanding of how ice interacts The helium atom diffraction pattern from the surface
with its environment. Compared to electrons, neutronspf an ~100 A (~40 ML) thick ice layer, grown at
and x rays, helium atoms have the advantage that the;, = 125 K and then cooled to 30 K, is shown in the
are completely nondestructive and that they scatter excldewer panel of Fig. 1. Only one quarter of the reciprocal
sively from the uppermost layer without penetrating intolattice is shown, since the remaining diffraction peaks are
the crystal bulk [6]. equivalent due to symmetry. The three diffraction

The high resolution time-of-flight (TOF) HAS appara- peaks have positions corresponding to diffraction
tus used in the present measurements is similar to tho§eom a hexagonal unit cell with reciprocal lattice vec-
described previously [6]. Nearly monoenergetic heliumtors |G| = 1.604 A~! (upper panel) which lie along the
atoms Av/v = 1%) are scattered from ain situ grown  Pt(111)[110] azimuths making up @.612 X 0.612)R30°
crystal mounted on a six axis sample manipulator intadncommensurate unit cell. The width of the diffraction
the detector at a total fixed scattering anglge = 95.8°.  peaks of 0.2-0.3 is the same as the angular resolution
Parallel momentum transfedK,, AK,) in the surface of the helium spectrometer, indicating large coherent ice
plane can be accessed by rotating the sample polar anglerface domains in excess of 100 A. A rather small

(A0) as well as the tilt angleg() according to guasielastic incoherent signal in TOF spectra (see below)
clearly indicates that the scattering is from well ordered
AK, = — 2k; sin(Af)cod6sp/2), (1) areas, and not from a “lattice gas” of surface defects.

o B The relatively high background~2.5 X 10* county'sec)
kisin(¢)[codbsp/2 — AD) in the angular distribution in Fig. 1 is mostly due to
+ cod6sp/2 + AB)], (2) multiphonon scattering and will be discussed later. The

AK,
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antiferroelectric ordering of the water molecules can
be ruled out since if present it would lead to half-
order diffraction peaks which are not observed in these
experiments. Since 0.15 A is a substantial fraction of the
- Pt(111) He atom wavelength (1 A), orientational disorder would
[110] result in a large incoherent elastic signal in TOF spectra
(see below). Since this is not the case for the studied
ice surface we propose that the surface has predominantly
either lone electron pairs or hydrogen atoms pointing
away from the surface. Since the first bilayer grown on
the Pt(111) surface has hydrogen atoms and not lone pairs
at the surface [9], it is expected that the order of the initial
bilayer is propagated to the top layer in our experiments.
This observation implies that the water dipoles in the
intervening layers are also ordered and, consequently, that
the ice film should be at least partially ferroelectric [12].
From the temperature dependence of the specular
. peak, the surface Debye temperature was determined to
§l~ be ®¢ = 175 = 10 K which is smaller than the bulk
value of @p = 218 = 1 K [13] as expected from the
FIG. 1. A two-dimensional (2D) total signal helium diffrac- reducc_ed (?oor_dinatipn at the surface. T_he high bf’;lckground
tion pattern for a 100 A £40 ML) thick ice layer on the intensity in diffraction scans such as in Fig. 1 is known
Pt(111) surface at an incident energy Bf = 22 meV and a to consist of two parts, an elastic part due to incoherent
surface temperature Gf, = 30 K. Only the part of the recip-  scattering from surface defects [14] and an inelastic

rocal space between the three diffraction peaks is shown Sincﬁart due to scattering from single and multiphonons
the remaining part is equivalent due to the symmetry. The reg :

ciprocal unit cell of dimension.604 A~!, as derived from the Figure 2 .presents several of a large series of TOF spectra
diffraction peaks, is displayed in the upper panel, which also infor the ice surface at 30 K, measured at the same
dicates the orientation of the peaks with respect to the Pt(111ncident energy ofE; = 22 meV as in the diffraction
substrate and the hexagonal ice surface Brillouin zone. Thecans shown in Fig. 1. The sharp peaksAd@ = 0 in
shaded rectangular region shows the region of reciprocal sPagigs. 2(b)—2(d) are due to He atoms elastically scattered
covered by the 2D scan. from symmetry breaking imperfections such as single
adsorbates, boundaries between different ice domains on
the surface, or proton disorder within the uppermost
measured ice reciprocal vectors indicate a unit cellayer. These peaks are similar in intensity to incoherent
dimension for the ice surface afi.. = 4.52 A, which  scattering signals from “well-prepared” single crystal
is in agreement with either the (0001) surface of bulksurfaces which are known to be highly ordered [15]. Even
terminated ice lh, or the (111) surface of ice Ic [3]. Thea very low density of surface defects3%) was shown to
orientation of the helium diffraction peaks from the ice result in a much more intense incoherent scattering signal
surface with respect to the Pt(111) surface is the samie TOF spectra [16]. For ice layers grown more rapidly
as predicted to occur for full bilayer termination of the this incoherent elastic peak was found to be significantly
ice crystal [3]. This is also supported by the recenthigher, suggesting that built-in defects, such as proton
LEED measurements of Materet al., which showed disorder or domain boundaries, are more likely.
an unrotated ~+/3X ~ +/3) diffraction pattern, and for The most interesting features of the inelastic part of the
which the upper layer of molecules was suggested to bspectrum are the peaks AtF = iw = £5.9 meV seen
invisible to LEED [4,5]. Thus, the present results providein Fig. 2. Because of the presence of both energy gain
the first evidence that the ice surface is terminated by and loss peaks and the invariance of the peak position
full, well ordered ice bilayer, which retains the alignmentwith helium beam energy and surface temperature, these
of the metal substrate template. peaks can be assigned to single phonon transitions on the
To complete the description of the ice surface structuréce surface. The momentum transfer dependence of the
it is necessary to assess the positions of the hydroggrhonon frequencies obtained from the TOF spectra, as
atoms, or degree of proton order, since proton disorder hagell as the phonon intensities, are presented in Fig. 3.
been shown to be an integral part of the bulk ice structur&ince similar sharp phonon modes were not observed
[10]. Using the results of a recent detailed study of thefor an amorphous ice layer grown & = 30 K, we
He-H,O potential [11], the corrugation difference betweenconclude that the 5.9 meV mode arises from a collective
an oxygen lone pair and a hydrogen atom pointing awayphonon vibration and is not due to excitation of isolated
from the surface is estimated to be0.15A. An  molecules. This conclusion is also supported by the
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width half maxima (see Fig. 2) is indicated by the gray shaded
FIG. 2. Several time-of-flight spectra measured from the iceregion centered aiw = 5.9 meV.
surface under different conditions in the direction of the
first order ice diffraction peaks, i.e., along the Pt(111)0]
azimuth. (a) Shows a typical time-of-flight spectrum measuredare consistent with the broad multiphonon background
for an incident beam energy of; = 22 meV, A¢ = —15°,  indicated by the dashed line in the energy loss distributions

and a surface temperature Bf = 30 K. This spectrum, when iy Figs. 2(b)-2(d) and with the changes in the relative
converted to energy transfer as in (b), reveals a significan

diffuse elastic peak, broad phonon peaks\@ — +5.9 meV, intensities of the various features with inciden'_t beam
and a broad multiphonon background (illustrated by the dashe@nergy and surface temperature. It should be pointed out
line). The single phonon character of the5.9 meV peak is here that this multiphonon background cannot be due to
confirmed by the lack of any frequency shift with increasethe Einstein-like dispersionless mode which would lead to
in temperature to 125 K (c) and beam energy B = +n multiples of the fundamental [19].
40 meV (d). Evidence on the polarization of the 5.9 meV surface
o ) mode comes from the weak dependence of the peak in-
small shift in frequency of about-5% obtained upon tensity on the parallel momentum transfark, shown in
substituting RO for H,O. , _ _ Fig. 3. Dispersionless, vertically polarized modes invari-

_The interpretation of the phonon dispersion curve ingpy jead to a sharp peaking in their intensities at the zone
Fig. 3 is complicated by the large value of the Debye-,igin [19], whereas dispersionless, longitudinally polar-
Waller exponent for an impulsive He-surface collision [17] ;64 modes exhibit only a weak dependenceAda [20].

_ A A 2 Thus, the experimental evidence indicates a substantial
W = [24uT.(D + E;cos 6:))/ks 05 3) longitudinal component of the observed 5.9 meV mode.

where u is the ratio of the He atom mass to that of a To check this assignment force constants previously fit-
surface moleculey = 0.22) andD is the effective surface ted to bulk phonon dispersion curves were used to predict
well depth @ = 2 meV [11]). For a beam with incident the expected surface phonon dispersion curves. This va-

energyE; = 22 meV atT; = 30 K, W = 1, and, atT;, = lence force field scheme has been found by many groups
125 K, W = 4. In the simple forced oscillator model [18] [21,22] to provide a reasonably good description of the
the n-phonon intensity ise 2" (2W)"/n! and for W =  bulk phonon dispersion curves even though long-range

1 the relative probabilities for elastic, one-phonon, anddipole-dipole forces are only approximately accounted for
multiphonon excitation are 0.14, 0.27, and 0.59, while foff22]. Our calculations predict, in addition to the ubiqui-

W = 4 they are 0.0003, 0.0027, and 0.997, respectivelytous Rayleigh mode, a longitudinally polarized mode at
As found previously for the Pt(111) surface [17] for 6.7 meV with a large density of states which extends out
similar values ofW it is no longer possible to see the to about one third of the Brillouin zone. It is interesting

vertically polarized Rayleigh phonons for which Eqg. (3) isthat all bulk phonon experiments [21-23] and calcula-
expected to provide a reliable description. These estimatd®ns show a mode at 6.9 meV (at thepoint) to make a
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