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Structure and Phonons of the Ice Surface
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(Received 6 October 1997)

The structure and phonon dynamics of the ice surface, prepared by growing thick ice layers (,100 Å)
on Pt(111), were investigated using high resolution helium atom scattering. Ice layers grow
Ts ­ 125 K were found to be well ordered, with a complete bilayer (1 3 1) surface termination,
as shown by diffraction measurements atTs ­ 30 K. Time-of-flight spectra provide evidence for an
intense longitudinal shearing mode, large multiphonon background, and enhanced vibrational ampli
at the surface, which are consistent with dynamic disorder and a large accommodation coefficient
surface. [S0031-9007(98)05625-7]

PACS numbers: 68.35.Bs, 34.50.Dy, 68.35.Ja, 92.40.Sn
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The concept of a melted layer at the ice surface
temperatures215 ±C [1] has been used in the past t
explain the unique properties of ice. Recently there h
been considerable interest in the ability of molecules
the stratosphere to stick on the ice surface where th
may react [2]. Despite a great deal of effort [3], th
physical properties of the ice surface are, however, not w
understood and are the subject of intensive study [4,5].

The observation of an electron diffraction patter
with peaks rotated by 30± from the expected positions
lead Matereret al. [4,5] to suggest that the uppermos
molecules vibrate so strongly that they could not b
detected. In support of this suggestion, they perform
molecular dynamics simulations (MDS) which, indeed
showed a substantial vibrational motion for which, s
far, there is no experimental evidence. In this Letter w
report the first experimental studies of the structure a
phonons of the uppermost ice layer using helium ato
scattering (HAS). This provides a great deal of ne
information on the properties of the ice surface, whic
allows a much better understanding of how ice interac
with its environment. Compared to electrons, neutron
and x rays, helium atoms have the advantage that th
are completely nondestructive and that they scatter exc
sively from the uppermost layer without penetrating int
the crystal bulk [6].

The high resolution time-of-flight (TOF) HAS appara
tus used in the present measurements is similar to th
described previously [6]. Nearly monoenergetic heliu
atoms (Dyyy ø 1%) are scattered from anin situ grown
crystal mounted on a six axis sample manipulator in
the detector at a total fixed scattering angleuSD ­ 95.8±.
Parallel momentum transfer (DKx, DKy) in the surface
plane can be accessed by rotating the sample polar an
(Du) as well as the tilt angle (f) according to

DKx ­ 2 2ki sinsDud cossuSDy2d , (1)

DKy ­ ki sinsfd fcossuSDy2 2 Dud

1 cossuSDy2 1 Dudg , (2)
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for elastic scattering. TOF spectra measured for differe
scattering angles reveal distinct energy gains and loss
(6DE) at different momentum transfers, which are the
used to construct the dispersion curves of the surfa
phonons.

Thick ice films were grown by dosing ultrapure H2O
and D2O [7] at a partial pressure in the rangePwater ­
1029 1027 mbar onto the Pt(111) at a temperatureTs ­
125 K. The 3D ice layer was found to be stable a
Ts # 125 K for water partial pressures of about5 3

10211 mbar, in good agreement with previous results o
Brown and George [8]. The best quality films took
several hours for growth since higher adsorption rate
and lower sample temperatures, e.g., 30 K, resulted
increased surface disorder. The attenuation of the h
lium atom specular reflectivity during adsorption showe
that, at Ts ­ 125 K, growth proceeds according to the
Stranski-Krastanov mechanism, in which the formation o
a complete ice bilayer [9] is followed by the creation o
large domains of 3D ice.

The helium atom diffraction pattern from the surfac
of an ,100 Å (,40 ML) thick ice layer, grown at
Ts ­ 125 K and then cooled to 30 K, is shown in the
lower panel of Fig. 1. Only one quarter of the reciproca
lattice is shown, since the remaining diffraction peaks a
equivalent due to symmetry. The three diffraction
peaks have positions corresponding to diffractio
from a hexagonal unit cell with reciprocal lattice vec
tors jGj ­ 1.604 Å21 (upper panel) which lie along the
Pt(111)f11̄0g azimuths making up as0.612 3 0.612dR30±

incommensurate unit cell. The width of the diffraction
peaks of 0.2±–0.3± is the same as the angular resolutio
of the helium spectrometer, indicating large coherent ic
surface domains in excess of 100 Å. A rather sma
quasielastic incoherent signal in TOF spectra (see belo
clearly indicates that the scattering is from well ordere
areas, and not from a “lattice gas” of surface defect
The relatively high background (,2.5 3 104 countsysec)
in the angular distribution in Fig. 1 is mostly due to
multiphonon scattering and will be discussed later. Th
© 1998 The American Physical Society



VOLUME 80, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 23 MARCH 1998

n
-
se
he
ld
tra
ed
ntly
g
n

airs
al
ts.
e
hat

lar
to

nd
n
nt

tic
s.
tra
e

ed
le
on

st
nt
l
n

nal
ly
tly
on

he

in
ion
ese
the
the
as
3.
ed

ve
d

he
FIG. 1. A two-dimensional (2D) total signal helium diffrac-
tion pattern for a 100 Å (,40 ML) thick ice layer on the
Pt(111) surface at an incident energy ofEi ­ 22 meV and a
surface temperature ofTs ­ 30 K. Only the part of the recip-
rocal space between the three diffraction peaks is shown sin
the remaining part is equivalent due to the symmetry. The r
ciprocal unit cell of dimension1.604 Å21, as derived from the
diffraction peaks, is displayed in the upper panel, which also i
dicates the orientation of the peaks with respect to the Pt(11
substrate and the hexagonal ice surface Brillouin zone. T
shaded rectangular region shows the region of reciprocal spa
covered by the 2D scan.

measured ice reciprocal vectors indicate a unit ce
dimension for the ice surface ofaice ­ 4.52 Å, which
is in agreement with either the (0001) surface of bul
terminated ice Ih, or the (111) surface of ice Ic [3]. Th
orientation of the helium diffraction peaks from the ice
surface with respect to the Pt(111) surface is the sam
as predicted to occur for full bilayer termination of the
ice crystal [3]. This is also supported by the recen
LEED measurements of Matereret al., which showed
an unrotateds,

p
33 ,

p
3d diffraction pattern, and for

which the upper layer of molecules was suggested to
invisible to LEED [4,5]. Thus, the present results provid
the first evidence that the ice surface is terminated by
full, well ordered ice bilayer, which retains the alignmen
of the metal substrate template.

To complete the description of the ice surface structu
it is necessary to assess the positions of the hydrog
atoms, or degree of proton order, since proton disorder h
been shown to be an integral part of the bulk ice structu
[10]. Using the results of a recent detailed study of th
He-H2O potential [11], the corrugation difference betwee
an oxygen lone pair and a hydrogen atom pointing awa
from the surface is estimated to be,0.15 Å. An
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antiferroelectric ordering of the water molecules ca
be ruled out since if present it would lead to half
order diffraction peaks which are not observed in the
experiments. Since 0.15 Å is a substantial fraction of t
He atom wavelength (1 Å), orientational disorder wou
result in a large incoherent elastic signal in TOF spec
(see below). Since this is not the case for the studi
ice surface we propose that the surface has predomina
either lone electron pairs or hydrogen atoms pointin
away from the surface. Since the first bilayer grown o
the Pt(111) surface has hydrogen atoms and not lone p
at the surface [9], it is expected that the order of the initi
bilayer is propagated to the top layer in our experimen
This observation implies that the water dipoles in th
intervening layers are also ordered and, consequently, t
the ice film should be at least partially ferroelectric [12].

From the temperature dependence of the specu
peak, the surface Debye temperature was determined
be QS ­ 175 6 10 K which is smaller than the bulk
value of QD ­ 218 6 1 K [13] as expected from the
reduced coordination at the surface. The high backgrou
intensity in diffraction scans such as in Fig. 1 is know
to consist of two parts, an elastic part due to incohere
scattering from surface defects [14] and an inelas
part due to scattering from single and multiphonon
Figure 2 presents several of a large series of TOF spec
for the ice surface at 30 K, measured at the sam
incident energy ofEi ­ 22 meV as in the diffraction
scans shown in Fig. 1. The sharp peaks atDE ­ 0 in
Figs. 2(b)–2(d) are due to He atoms elastically scatter
from symmetry breaking imperfections such as sing
adsorbates, boundaries between different ice domains
the surface, or proton disorder within the uppermo
layer. These peaks are similar in intensity to incohere
scattering signals from “well-prepared” single crysta
surfaces which are known to be highly ordered [15]. Eve
a very low density of surface defects (ø3%) was shown to
result in a much more intense incoherent scattering sig
in TOF spectra [16]. For ice layers grown more rapid
this incoherent elastic peak was found to be significan
higher, suggesting that built-in defects, such as prot
disorder or domain boundaries, are more likely.

The most interesting features of the inelastic part of t
spectrum are the peaks atDE ­ h̄v ­ 65.9 meV seen
in Fig. 2. Because of the presence of both energy ga
and loss peaks and the invariance of the peak posit
with helium beam energy and surface temperature, th
peaks can be assigned to single phonon transitions on
ice surface. The momentum transfer dependence of
phonon frequencies obtained from the TOF spectra,
well as the phonon intensities, are presented in Fig.
Since similar sharp phonon modes were not observ
for an amorphous ice layer grown atTs ­ 30 K, we
conclude that the 5.9 meV mode arises from a collecti
phonon vibration and is not due to excitation of isolate
molecules. This conclusion is also supported by t
2639
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FIG. 2. Several time-of-flight spectra measured from the ic
surface under different conditions in the direction of th
first order ice diffraction peaks, i.e., along the Pt(111)f11̄0g
azimuth. (a) Shows a typical time-of-flight spectrum measure
for an incident beam energy ofEi ­ 22 meV, Du ­ 215±,
and a surface temperature ofTs ­ 30 K. This spectrum, when
converted to energy transfer as in (b), reveals a significa
diffuse elastic peak, broad phonon peaks atDE ­ 65.9 meV,
and a broad multiphonon background (illustrated by the dash
line). The single phonon character of the25.9 meV peak is
confirmed by the lack of any frequency shift with increas
in temperature to 125 K (c) and beam energy toEi ­
40 meV (d).

small shift in frequency of about25% obtained upon
substituting D2O for H2O.

The interpretation of the phonon dispersion curve
Fig. 3 is complicated by the large value of the Debye
Waller exponent for an impulsive He-surface collision [17

W ­ f24mTssD 1 Ei cos2 uidgykBQ2
S , (3)

where m is the ratio of the He atom mass to that of
surface molecule (m ­ 0.22) andD is the effective surface
well depth (D ­ 2 meV [11]). For a beam with incident
energyEi ­ 22 meV atTs ­ 30 K, W ø 1, and, atTs ­
125 K, W ø 4. In the simple forced oscillator model [18]
the n-phonon intensity ise22W s2Wdnyn! and for W ­
1 the relative probabilities for elastic, one-phonon, an
multiphonon excitation are 0.14, 0.27, and 0.59, while fo
W ­ 4 they are 0.0003, 0.0027, and 0.997, respective
As found previously for the Pt(111) surface [17] fo
similar values ofW it is no longer possible to see the
vertically polarized Rayleigh phonons for which Eq. (3) i
expected to provide a reliable description. These estima
2640
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FIG. 3. Phonon frequency and inelastic peak intensity as
function of the parallel momentum transferDK along the
Ptf11̄0g azimuth for a beam energy of 40 meV and a surfac
temperature ofTs ­ 40 K. The lack of a significant intensity
variation is interpreted as indicating that the mode is polarize
parallel to the surface. The width of the inelastic peak ful
width half maxima (see Fig. 2) is indicated by the gray shade
region centered at̄hv ­ 5.9 meV.

are consistent with the broad multiphonon backgroun
indicated by the dashed line in the energy loss distribution
in Figs. 2(b)–2(d) and with the changes in the relativ
intensities of the various features with incident beam
energy and surface temperature. It should be pointed o
here that this multiphonon background cannot be due
the Einstein-like dispersionless mode which would lead t
6n multiples of the fundamental [19].

Evidence on the polarization of the 5.9 meV surfac
mode comes from the weak dependence of the peak i
tensity on the parallel momentum transfer,DK, shown in
Fig. 3. Dispersionless, vertically polarized modes invari
ably lead to a sharp peaking in their intensities at the zon
origin [19], whereas dispersionless, longitudinally polar
ized modes exhibit only a weak dependence onDK [20].
Thus, the experimental evidence indicates a substant
longitudinal component of the observed 5.9 meV mode.

To check this assignment force constants previously fi
ted to bulk phonon dispersion curves were used to predi
the expected surface phonon dispersion curves. This v
lence force field scheme has been found by many grou
[21,22] to provide a reasonably good description of th
bulk phonon dispersion curves even though long-rang
dipole-dipole forces are only approximately accounted fo
[22]. Our calculations predict, in addition to the ubiqui-
tous Rayleigh mode, a longitudinally polarized mode a
6.7 meV with a large density of states which extends ou
to about one third of the Brillouin zone. It is interesting
that all bulk phonon experiments [21–23] and calcula
tions show a mode at 6.9 meV (at theG point) to make a
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dominant contribution to the density of states. Our calc
lations reveal that the surface mode corresponds to a la
amplitude shearing motion of adjacent bilayers in the su
face region. Similar modes are observed in the layer
chalcogenides, e.g., GaSe(001) [24].

Because of the fact that the observed phonon mo
has no dispersion it is possible to use a single molecu
approximation to estimate the vibrational amplitude at th
center of the Brillouin zone. At this point the entire laye
moves in unison and lateral interactions do not contribu
to the vibrations. From the frequency and mass of H2O,
the vibrational amplitude is calculated to be 0.21 Å a
90 K, in agreement with the MDS value in Ref. [5]. Sinc
this temperature corresponds to an energy of only abo
8 meV anharmonic effects are expected to be small.

In summary, the special surface sensitivity of helium
atom scattering and the use of lower surface temperatu
has made it possible to investigate the structure a
phonon dynamics of the outermost ice layer for the fir
time. The surface is found to exhibit an ideal full bilaye
termination of the bulk ice structure, whereas the TO
measurements point to the presence of a longitudina
polarized shearing mode similar to that found in th
bulk. The vibrational amplitudes determined here agr
well with previous MDS values and together with stron
multiphonon scattering demonstrate dynamic disorder
the ice surface. The TOF spectra indicate a substan
multiphonon contribution even at the low impact energie
(22 meV) and low surface temperatures used here (30
According to the simple, but reliable, Baule formula [17]

DE ­
24m

s1 1 md2 fEi cos2 u1 1 Dg , (4)

the energy transfer for a heavier molecule with, sa
m ­ 1 would be a factor of 1.6 larger than observed he
with He. In view of this, the efficient accommodation
of molecules on the surface of ice particles in th
stratosphere is not surprising [2].

We would like to thank Professor U. Buck, Professo
V. Buch, Professor B. Gumhalter, and Professor J.
Manson for very fruitful discussions, and Dr. V. Panell
for providing some useful references.
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