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The dynamical behavior of a thin film of ice Ih deposited on M@@) surface has been
investigated both experimentally and theoretically. Incoherent neutron quasielastic scattering
experiments, using uniform MgO powders, show that a quasiliquid water layer of monolayer
thickness exists af =265 K. The translational mobility of this layer, with a diffusion coefficient
D,=1.5x10 ®cn?s %, is close to that of liquid water. AT=270K, the thickness of the
quasiliquid layer increases to about two layers, showing no appreciable changeDipwtalkele but

an increase of the rotational mobility from>6l0°s™* to 1.2x10'%s ™. Classical molecular
dynamics simulations are performed to determine the translational and orientational order
parameters and diffusion coefficients of the supported ice film as a function of temperature within
190 and 270 K, and to compare the results with those obtained for bulk ice. It is shown that the
whole supported ice film is much more disordered than bulk ice, with melting temperature around
235 K for the TIP4P potential used, while the melting temperatures of the outermost layer are nearly
the same(around 220 K for the supported film and bulk ice. Comparison of the values of the
translational and orientational diffusion coefficients obtained in simulation and experiments displays
a good agreement. Although the calculated value of the surface melting temperature is
underestimated by 15% with respect to the experimental result, the present study indicates clearly
the influence of the support on the melting process.2@1 American Institute of Physics.

[DOI: 10.1063/1.1355238

I. INTRODUCTION influence the surface melting process whemcreases, es-

lce surface melting is an actively discussed topic inpecially in the temperature range 190-273 K under interest.

. . . . Second, the physical quantities that, in principle, should
chemistry and physics because of the key role it plays in terize | lting d th th itivity i
natural phenomena such as thunderstorm electrification, an?a_ra_C erize ice metting do not have the same Sensitivity in

eciding the starting point and the nature of the phase tran-

in environmental sciences dealing with the ice catalyzed pro-". . i !
duction of chlorine on polar stratospheric clodds.Al- sition. As an example, trans!at!onal and orientational order
though the debate about the melting temperature of ice suParameters do not behave _S'm"a?'?nd an accurate deter-
face is not new, it is still controversial on both experimentalMination of the intersect point of the liquid and solid phase
and theoretical points of view. Most experiments including x/T€€ energies remains d|ff|_ch%.Th|rd,_ and not least, among
rays, NMR, ellipsometry, and thermal expansion put the temthe huge number of potentials used in simulations to describe
perature above which the liquid phase exists on ice at aroun@ter—water interactior’s;*’ none of them can account ac-
240 K, but relatively large deviations were observed dependcurately for all the experimental data on liquid water or ice.
ing on the probé: An impressive number of theoretical pa- Fourth, the reduced size of the simulation boxes and the
pers reporting on structural and dynamical properties confecessary short simulation duration limit a direct comparison
nected to the melting process were published usingvith experiments on macroscopic ice samples.

molecular dynamics simulations®® Similar uncertainties A related phenomenon is the behavior with temperature
were also obtained regarding the occurrence of a liquid-likedf an ice film supported on a metal or a dielectric substrate.
phase above bulk ice due to the conjunction of several feahdeed, from a fundamental point of view, it is tempting to
tures. First, the initial structure of perfect hexagonal ice isstudy the first stages of ice melting or liquid water freezing
not unique at finite temperature since the proton disorderedsing very thin films(less than 20 A because the corre-
phasé* occur with all proton configurations allowed by ice sponding experiments are close to the situation considered in
rules approximately equally probable, whereas the proton orsimulation, especially regarding the number of implied water
dered structure appears to be the most stable at 0 K. This cdayers. As an example, frost heave on plane wings and win-
dows is a crucial technological process which implies both

aElectronic mail: claude.girardet@univ.fcomte. fr the support and the adso_rbate. In_thls field of_ research, the
PAlso associated with the Universities of Aix-Marseille Il and 11l understanding of the melting/freezing mechanism seems, to
0021-9606/2001/114(14)/6371/11/$18.00 6371 © 2001 American Institute of Physics
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our knowledge, very incomplete. Most of the available datal. EXPERIMENTS
on the ice structure and dynamics have been realized at lo
temperaturébelow 180 K. For instance, scanning tunneling
microscopy® and helium atom scattering experiméntsave Experiments have been performed at the Laboratoire
shown that water molecules are arranged according to an [keon Brillouin (LLB) at Saclay(France on the time-of-
ice-like structure on the Pt11) surface and on other metal flight (TOF) spectrometer G6.2Vibemol). The wavelength
substrates. The layer closer to the metal consists of hexagohgs been seot8 A (Eq,=1.28meV), allowing a scattering
with oxygen bound to Pt atoms, while the second layer is/€ctor rangeQ from 0.35 to 1.46 A*. The energy resolution
hydrogen bonded to the first one, and transition to bulk ice i§f the spectrometer iAE=39.4ueV. There is neither ice
observed at higher water dose. Tensor low-energy electroi®" MgO Bragg reflection within the experimentlrange.
diffraction (LEED) analysis of Pt supported ice film at 90 K Prior to our experiments on ice, vanadium spectra were mea-
was interpreted in terms of high amplitude oscillations at §ured in order to deFermlne the detector’s' efficiency and the
the ice surface. This raised the question about the surfadgStrumental resolution. All spectra from ice on M@DY)
mobility of water molecules at higher temperature. Surfacé'® obtained by subtracting the background signal due to the
and bulk diffusions of water molecules on thin ice multilay- ¢€ll+MgO. Typical counting times were 10 h.

ers supported by R001) were also studied between 140 and "€ MgO substrate is obtained in our laboratory by
170 K using laser-induced thermal desorption prété The burning Mg ribbons in air according to a procedure described

4 .
values of the diffusion coefficients were found to be smallere!sewhere’ The result is a MgO powder made of small
than the experimental resolution=(0 °cn?s %) on the cubes featuring very uniformi001) facets as shown in ad-
surface and to vary from 210 26 to 4x 10 ¥cnPs tin-  Sorption experiment&*® The neutron cell is a stainless-steel

side the bulk wherT increases from 150 to 170 K. cylinder with a diameter of 2 cm and a height of 8 cm, which
Water adsorption experiments on insulating surfaces, ud1as been loaded with abokig of MgO powder. The adsorb-

ing infrared and photoelectron spectroscopies, electron an§9 MJO surface area has been determined by measuring a

helium atom scatterings, showed the presence of commens[iiéthaneé adsorption |sothermo at 77 K. Since methane is
rate water monolayers on Baf*?* NaCl?®*2% and known to form a ¢2xXv2)R45° commensurate monolayer

MgO27-3 The specificity of Mg@001) face as a substrate " MgQ(001),*8 it is easy to derive the adsorbing area of the
for ice was evidenced in previous experimefftZ® and powder from the amount of methane adsorbed at monolayer

theoretical® 32 papers. The water monolayer adsorbed Oli_complet|on. We found a total adsorption area of 47 m

rectly on the ionic substrate is flat, commensurate with the The water used.ls nprmal D _from Fluka, Ca”e,dgor
(001) face of MgO, and very stable even at 273%while ~ °rganic trace analysiswhich contains less than>x310™ °%

the upper layers have a hexagonal bulk-like structure withouggg(;%ir;i;ﬂi&p;[mii? OItKiS ;tnn:];;gpugf/i:&%tirgﬁngﬁgcrﬂeecsoﬁf
ignifi h i ith th I .B N ’ ’ ! i
significant hydrogen bonding with the monolayer. Based ol ensation. An equivalent 5 bilayeBL) thick film is formed

these features, MgO, which is a fundamental component ‘i‘ i lassical vol v Si bil h m
many minerals, can be used as a model to study the meIti% using classical volumelry. since a bilayer ot hexagona
ICe contains a number of molecules which is very close to

of an ice film formed by a reduced number of bilayers upon .
the rigid monolayer. one molecule of water per Mg001) surface sitéMg or O),

. . . . we can evaluate the number of water molecules necessary to
In this paper, we present a quasielastic neutron scatteri y

n ) .
(QENS study of a water film adsorbed on M¢@1) pow- l%rm the 5 BL film from the known MgO adsorbing area. A

der within the temperature range 190—270 K, combined Withcallbrated volumetric system allows us to introduce the de-

. . . sired amount of water into the neutron cell. The water intro-
molecular dynamic$MD) simulations. On one hand, trans- .
. . ) . duction was done at a MgO temperature of 250 K. The cry-
lational and orientational mobilities of the water molecules

. ) . . —ostat used is a so-callemrange cryostatof LLB working
in the film are determined from the evolution of the quasi- . .~ : ;
with liquid helium and allowing to cool down the neutron

elastic profile shape with temperature. On the other hand, the .
: . . .cell from ambient temperature to 1.7 K. The temperature
translational and orientational order parameters characteriz-

. - . o regulation system allows a temperature stability better than
ing the film structure and the corresponding diffusion coef- 9 y P y

S . . X 10 2K.
ficients related to the dynamics of the ice layers are calcu§ 107K

lated using a semiempirical potential to describe the . . .
interaction between water molecules. B. Incoherent quasielastic neutron scattering models

Section Il is devoted to the presentation of the experi-  Neutrons can exchange momentum and energy with
ments. After a brief description of the experimental setupmoving molecules. Accordingly, a monochromatic incident
and conditions, the QENS spectra are discussed as a functibeam interacts with condensed matter and is scattered
of T and the wave vecto®. In Sec. lll, the molecular dy- quasielastically. When applied to molecules containing hy-
namics simulations characteristics and the physical quantitiedrogen atoms, QENS measures the dominant incoherent
which can be obtained are described, and the results on ttsgattering from them. In this case the spectra are dominated
order parameters and diffusion coefficients are presentedby the Fourier transform of the self-correlation function of
The comparison between experimental measurements aride H atoms.
calculated structural and dynamical properties of the ice film In liquid H,O, the scattering laws,.,(Q,») can be
is done in Sec. IV. In addition, these results are also comwritten, in the quasielastic region, as the convolution of two
pared to MD simulations performed on bulk ice. contribution$

W, Experimental setup
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Sinco( Q, @) =€ ?Y(S(Q, ) ® SH(Q, ). )

The Debye—Waller factoe™ 2V (W=Q?(u?)/6) measures
the delocalization of the proton due to vibrations, while the
factors S((Q,w) and S;(Q,w) represent the contributions
from the translational motions and from the low-frequency
rotational motions of the water molecule, respectively. In
this model the translational and rotational motions are decou-
pled, an assumption that has to be made to obtain a numeri-
cally tractable analytical mod&l.The translational and rota-
tional components of the scattering la®,.,(Q,w) are
responsible for a broadening of the experimental elastic
peak.

To reproduce the broadening due to translational mo-
tions, we have chosen a Brownian molecular motion model 5

Qw)

s
incoh

D,Q? w210 f 4]
W)= — 5 55, 2 1.373 Q(A
St(Q ) T w2+(DtQ2)2 ( ) 110t | 0.955
0.539

whereQ is the scattering vector aritkv=E—Ey=AE is the Pt SN

energy gain or loss of the neutron with respect to the incident 02 0 °§E(me‘\’,;‘ 06 08

energyE,. In the case of anisotropic atomic displacements,

we defineD| andD; , the parallel and normal components FIG. 1. Evolution of the QENS spectra measuredatT =250 K and(b)

(from a given directiomA) of the translational diffusion co- 270 K vs the scattering vector. Experimental spectra are represented by full
- . . diamond symbols; the solid lines are the best fit.

efficient. The scattering function depends also on the apgle

betweenA and the scattering vect@).*® For a 2D diffusion

D{=0 andD; #0 correspond to displacements that are CON'- Fiting procedure and results

fined in theP plane normal toA. The scattering function =~ gp

becomes We first measure the translational diffusion coefficient
D, at small scattering vector values such tBatQ?<D, . In
. | Dy Q%sir x these conditions the elastic peak broadening essentially origi-
S(Quw)=— w71 (DLQZSiIP )2 (3)  nates from the translational motions since the quasielastic

broadening due to rotational motions vanishes at th@se
Moreover, for our MgO sample, we have to calculate the\lgalugsl'éxg%rnh:rllsahzer;g%\::ga}h;;ﬂtjg;r?rgssfﬁg;g% oibseys a
powder average, i.e., an integration of E8) over the iso- Q : o : e

measured for the higher scattering vector values. The fitting

tropic distribution of crystallite orientations. . . . .
The rotational component is assumed to be given by al;r?rocedure consists of calculating the theoretical scattering

isotropic rotational diffusion model. In this model the hydro- unction and comparnng it with the measured spectra. “? the
gen atoms undergo free rotations limited by random Colli_procedure of finding the best agreement between experimen-

sions with nearest-neighbor molecules. The correspondinéal spectra and calculated curves, there are three significant

scaterng aw s h supermposton of  Dirac uncie) £ ° <12 0 1 heProorion e prese our
centered atv=0 and a sum of Lorentzian curves, as pi€. P

tal Q range. The mean-square displacemént) in the
Debye—Waller factor is taken equal to 0.1¢ Ander our
experimental conditions.
I(1+1)D, We have measured QENS spectra at four differfant tem-
0+ 1D, 2+ 2" peratures: 190, 250, 265, and 270 K. & 190K there is no
' measurable broadening of the peaks in the wi@leange,
(4)  indicating no translation mobility in the 5 BL ice film. Nev-
ertheless, we cannot rule out a translational motion leading
j|2(Qp) are spherical Bessel functions apd=0.98 A (the to a quasielastic broadening smaller than the instrumental
O-H distancg is the radius of gyration for the water resolution O,<10 ®cn?s™%). Therefore, the ice film de-
molecule® The rotational properties are characterized by theposited on Mg@001) is clearly solid aff = 190 K; the quasi-
rotational diffusion coefficienD, . Because of the spherical elastic broadening observed at higlieis due to an isotropic
symmetry of the rotation, no powder average is required. rotational motion of the water molecul¢&q. (4)] with a
Finally, the theoretical scattering functid®,.on(Q,®) weak rotational diffusion coefficient D,=4(%0.5)
[Eq. (1)] must be folded in with the triangular-shaped QENS x 10° s, The situation is the same &it=250 K, where no
instrumental resolution, before being fitted to the measuretranslational mobility is observed in Fig(a, which displays
spectra. the evolution of the QENS peak profile versus the scattering

S(Q,0)=j5(Qp)d(w)

1 o
+— 2 (2+Djf(Qp)
=1
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FIG. 3. Snapshot of the supported ice filmTat 220 K showing the MgO
gooo [ © 250K ' ' ' ' ] surface ¢=0), the flat ice monolayer, and the hexagonal ice bilayers.
s 265K (b)
s000 |~ 270K 1
- I 1 . . . . .
g ! the sum of a dispersion—repulsion contribution represented
\ﬁ 4000 | y ] by pairwise atom—atom Lennard-Jones interactions and of
. electrostatic terms. These latter terms describe the interaction
2000 | between the electric field and field gradients created by the
ionic substrate charges and the point dipoles and quadrupoles
0 of the water molecule® Note that the octupolar and higher
03 02 041 0 01 02 03 order contributions as well as the polarization effects be-
AE(meV) tween the adsorbate and the substrate have been disregarded.

FIG. 2. (a) Evolution of the QENS spectra measuredt1.110 At vs 1 hey have a small influence on the first water layer, and are
the temperature. Experimental data are represented by full symbols; th@egligible for the upper layers of the fili}:** The electro-
solid lines are the best fit for each temperature. The figbreepresents a  static interactions between the film and the periodic substrate
zoom of the figurga), shovying clearly the quasiela§tic broadening vs the are expanded in the 2D reciprocal space of the substrate, in
temperature. The dashed line represents the experimental resolution. . .

order to achieve a fast convergence of the calculations.

The TIP4P modet! which accurately reproduces struc-
vector. The weak quasielastic wings observed at higher ture and dynamics of both ice and liquid watéis used to
(see also Fig. Rare still due to isotropic rotational motion describe the interactioW,,, between the water molecules.
with the same diffusion coefficiem®,=4x10°s™ 2, This model involves three charges located on the two protons

In fact, translational diffusion mobility is measurable and on a site slightly displaced with respect to the oxygen
only at T=265K. Figure 1b) shows the evolution of the position along theC,, molecular axis. A fourth site located
QENS signal versus the scattering vectorTat270K and  on the oxygen characterizes the dispersion—repulsion inter-
Fig. 2 displays its temperature behavior at a constant value @fction. For the lateral interactions, the sum is performed in
Q=1.110A"1. The broadening of the elastic peak &t the direct space, with a cutoff distance of 13.0 A which gives
=265 and 270 K corresponds to a translational diffusionalmost the same results as the sum via the Ewald
coefficient D, of 1.5(=0.5)x 10 ®cn?s L. The estimated technique®
proportion of liquid in the ice film is about 25% ak
=265K, and 35% aT =270K. The rotational diffusion co-
efficientD, increases with temperature since the best fit wa
obtained withD,=6.5(+1.0)x10°s ! at T=265K andD, The MD simulations are carried out by standard
=1.2(+0.2)x10°s * at T=270K. methodg'® The ionic substrate is represented by six rigid

It is worth comparing our coefficients to those obtainedlayers of Mg and O ions, arranged according to (881)
for the 3D liquid wateft A general point is that rotational geometry, which occupy the bottom of the simulation box.
diffusion coefficients found in our experiments are smallerTo be consistent with the experimental coverages, the simu-
(at least by one order of magnitudian those measured in lation box contains five layers of moving water molecules
Ref. 4, whereas the translational diffusion coefficients are ofidsorbed on MgO, thus forming a film of about 18 A thick

32' Details of the simulation

the same order of magnitude B265K. alongz normal to the surfac&=0 is the MgO surface The
(x, y) size of the box(x=35.9A andy=38.9A, along the
IIl. MOLECULAR DYNAMICS SIMULATION directions parallel to the MgO surfacebeys the require-

ment of commensurability between the five water layers and

) s the substrate geometry. It corresponds to a repeated patch of

1. Interaction potential size 12X 13a, (Wherea,=2.99 A is the substrate unit cell
The interaction potential for the adsorbate/substrate sysparameter According to previous studi€$;*?the innermost

tem has already been detailed elsewéteis written as the ~ water layer has a flat geometry, whereas the four upper lay-

sum of the water molecules/substrate interactidp ) plus ers have the hexagonal structure of ice bilayé&ig. 3). The

the lateral water—water interactioV;,,). The water mol- monolayer contains 156 water molecules arranged in a flat

ecules and the MgO substrate are rigid. The poteljgd is  geometry, whereas the upper layer's arrangement corre-

A. Theoretical backgrounds
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sponds to the replication along tixeandy directions of an 20 1 )

orthorhombic unit cell of proton ordered ice of dimensions klz—( - —,1,0), k2=—<—,0,o),

Ly=8.97 A andL,=7.77 A. This orthorhombic cell contains | V3 4 \v3

eight water molecules per bilay&and the simulation then (6)
implies a total of 796 moving water molecules for the five :2_77( o1 1 0)

layers. Ta\ vzt )

Beside, to quantify the influence of the substrate electric
field on the dynamics of the water adlayers, simulations onwherea, corresponds to the hexagonal unit cell parameter of
pure ice are also performed for comparison. The MD box ha®ulk ice.
the same(x, y) size as previously defined on MgO, i.e., by The orientational ordering of the water layers is analyzed
replicating the 8.9% 7.77 A2 unit cell of ice, and contains through the calculation of rotational order paramedgrde-
six bilayers of moving water molecules placed on a sladined as
consisting of two bilayers of fixed water molecules. This box
contains a total of 1280 water molecules, 960 of which are Sp= —6.779><{
moving molecules. The initial configuration of the water
molecule$® in the eight bilayers is defined according to the i
ice ruled® and has no net charges or net dipoles. where the sum is over théN, ~water molecules, and

The translational equations of motion are solved usind€x;€y;:€z) are the components in the absolute frame of a
the Verlet algorithm, and a predictor—corrector methodunit vector along the molecular axis of thth molecule. For
based on the quaternion representation of the molecular orihe perfectly proton ordered ice cryst&,, and Sk are nor-
entations is used for the orientational equations of motionmalized to 1, while they vanish for the liquid. Orientational
with a time step of 2.2 fs. Long time runs are performed,ordering is also characterized by the distribution functions of
involving 200000 time step§.e., 440 p$ of equilibration  the three Euler angle®, ¢, andy) defining the orientations
and 50 000 additional time ste$10 p3$ for collecting the ~ of the water molecules with respect to the absolute frame.
data(production phase The initial configuration for the wa- To characterize the translational mobility of the water
ter layers on MgO is obtained from an optimization proce-molecules in the whole film or in its outermost layer, self-
dure based on a previous stutfyThe initial velocities of  diffusion coefficients are calculated from the linear behavior
each molecule are taken from a Boltzmann distribution corat long times of the mean-square displacements of the mo-
responding to the desired temperature. The total energy decular centers of mas§.as
the system is held constant during the production runs by
scaling.the velocities every 20 steps. For si_mulation of such DI=E lim E(|rj(t)—rj(0)|2). 8
small size systems, the mean temperature is preserved quite dt

well. According to the experiments, seven different tempera-
tures are considered between 190 and 270 K. Furthermore, power spectra of the molecular centers of mass

velocity autocorrelation function6/ACFs) which give the
frequencies associated with the translational vibrations of the
molecules are calculated for the layers.
To assess the rotational mobility of the molecules, the
time autocorrelation functiorC,(t) of the first Legendre
The translational ordering of the water molecules is studPolynomial P, is calculated &%
ied at each temperature through the analysis of the distribu-
tion functionp(z), wherez defines the distance of the water Cl(t):<P1[er(t) ' ezj(o)]>' ©)
centers of mass to the MgO surface plane for the support
film or to the upper rigid ice layer for bulk ice. In a plane
perpendicular to the axis, we calculate three translational
order parameterS;,, (m=1,2,3) in order to characterize the
displacements of the oxygen atoms from their ideal lattic
positions when temperature is increased, as

1
N_L; (e‘x‘j+e§j+e‘z‘j)—0.6, )

3. Structural analysis and dynamics of the water
layers

e'Fhis function is plotted in the logarithmic form since the
orientational diffusion coefficient is associated with the lim-
iting linear behavior of 0.5 I€,(t) at times much longer than
Jhe angular velocity correlation time,*” as

t
lim 0.5|nC1(t)=D,XtE§, (10
t>7, c
Stn=n-{ | S & ). (5 _ . .
N\ |75 where 7. defines the reorientational correlation times. The

orientational diffusion coefficienD, is then defined as
The sum overj accounts for theN, molecules pertaining (27.) 1. The librations of the water molecules are charac-
either to the four bilayers or to the outermost layer, only. Theterized by the correlation time, obtained from the angular
symbol(: - -) means an average over the duration of a producvelocities autocorrelation functiofw;(t) w;(0)) (AVACF).
tion run.r; defines the position of the center of mass of theWhile 7, is related to the main librational features which
jth molecule in the absolute frantr, y, 2 and the thred,,,  appear in infrared and Raman speéfra;, corresponds to
are reciprocal lattice vectors associated to the perfect hexhe reorientation time of the water molecules, and largely
agonal ice structure in th@001) basal plane, defined as determines the nuclear magnetic resonance relaxatiorftime.
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1.01 : (a) T=220K
I
I |

ooV

0.

(3]

FIG. 4. (a) Distribution functionp(z)
r (in arbitrary uni} of the water centers
1.0 N / \ T-235K of mass with respect to the distanze
/ \ to the MgQ002) surface(note that the

05 n \ . z origin for the bulk ice is taken at the
| ’ '\ / position of the upper rigid water layer;
‘ \ ~ the textand(b) pol lar di
J}\ j Y A ~ =~ see the ex an (b) polar angular dis-
0.0 0.0 tribution function p(¢) of the water

dipole moment with respect to the

T=235K

p(z) [a.u.]
p(0) [a.u.]

1.01 1.0 » axis at different temperatures. Full
4 - p .
T=250K / \ [\ T=2%0K curves correspond to the supported ice
0.5 \ film and broken curves to bulk ice.
05{ |} I
0.0l / 0.0
0 5 10 15 20 0 30 60 90 120 150 180
z[A] 6 [°]
B. Results The translationalS; and orientationalSg order param-

eters for the whole supported filfaxcept for the monolaygr

and for its outermost layer are given in Fig. 5 as functions of
The distribution functiorp(z) for the H,O/MgO system  temperature. Note th&; is given as an average of the three

is shown in Fig. 4a) at three temperatures. The single peaksymmetry-relate®r,,. Figure a) shows that some parallel

at 2.12 A corresponds to the formation of the flat watertranslational order remains up to 230 K for the supported

monolayer above Mg&*?and the other double peakislll  film (full curve) since the translational order parameter is

curve at higherz values characterize the translational order-larger than 0.3, while it decreases abruptly around 230 K and

ing of the water layers consistent with the hexagonal icevanishes above. The same conclusion is obtained for the sur-

structure®® Up to 220 K, the translational ordering for the face layel Fig. 5(b)] which exhibits, however, a much larger

four upper water layers on MgO is very similar to that cal- disorder than the film even at the lowest temperatui@es (

culated for bulk ice, as indicated by the superimposition with< 200 K). For comparison, th& parameter is also given for

the distribution functiorp(z) (broken curvefor a slab of ice  bulk ice (broken curvé Above 220 K, the surface layers of

in Fig. 4(@). Let us note that the double peaks are less proboth supported and pure ice behave similarly. On the con-

nounced for the outermost layer of both bulk ice and suptrary, the innermost layers are much more structured in pure

ported film due to large amplitude motions of the moleculesce than in the supported film, as exhibited by the larger

in the outermost layer, even at these low temperattfres.

Note also the small shift of the peak maxima characterizing

the outermost layers of the supported film which is the result

of the substrate influence. At higher temperature, the two ' 10

systems exhibit a different behavior. Indeed, the doublet 0'8: 22 ®

structure for all the layers of the supported film disappears® ,, | B 4] N

above 230 K, indicating melting of the bilayer structure of g2 0.2 - \\\E*qg_“

the water film, whereas it can still be observed for bulk ice 0.0 ——t 0.0 ——t

up to 250 K, indicating that some translational order remains 180 200 220 240 260 280 180 200 220 240 260 280

1. Structure of the water film

. . . TIK] TIK]
in p(z) for this latter case, at least for the innermost water
layers. In fact, for pure ice, the doublet structure disappears 10 10
above 270 K only. 08 0.8 @

A similar behavior is obtained for the angular distribu- _ g6 | .06 ]
tion functions. In Fig. #b), two well-defined peaks occur ¢ 04 ® 041 o
around 55° and 125° in the distribution functiqg6) for 0.2 1 0.2 1 \\tx;'\\.__“
both the supported film and bulk ice at 220(Kote that we 0.0 — 0.0 T

. . . 180 200 220 240 260 280 180 200 220 240 260 280

have removed the contribution of the flat monolayer in the T T

distribution function corresponding to the supported film
By contrast, aff>235K, the curvep(#) for the supported FIG. 5. Translational order paramete3s vs temperature fofa) the whole

film exhibits a broad distribution of angles as it should be thé'ce film (four supported or bulk bilayersnd(b) the outermost bilayer only.
Orientational order paramete8 vs temperature fotc) the whole ice film

case for a liquid-like layer, whereas two peaks remain clearlyoyr supported or bulk bilayersand (d) the outermost bilayer only. Full
for pure ice, up to 250 K. curves correspond to the supported film and broken curves to bulk ice.
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FIG. 6. Translational diffusion coefficiet, (10~ ° cn?s 1) vs temperature wlom™] @fem™]

for (a) the whole ice film andb) the outermost bilayer. Orientational cor- ] ) ] ) ]
relation timer.=(2D,)~* in ps vs temperature fafc) the whole ice film FIG. 7. Power spectrurfin arbitrary uni} of the linear velocity autocorre-

and(d) the outermost bilayer. Full curves correspond to the supported filmation function for the water molecules at two temperatuasand (b) for
and broken curves to bulk ice. The experimental data are also giutn  the whole film, andc) and(d) for the outermost bilayer. Full curves corre-

squares with the corresponding experimental detection ligdbtted ling ~ Spond to the supported film phonon density of states and dotted curves to
for Dy . bulk ice phonons.

values of the translational order parameters in the formethrough the behavior of., as discussed in Sec. Ii(T) is
case up to 260 K. drawn in Fig. &c) for the whole film and in Fig. @l) for its
Similar conclusions can be drawn from the analysis ofoutermost layer. In Fig. (6), the orientational correlation
the rotational order parametefBigs. 5c) and 5d)] which  time 7 strongly decreases from 670 ps at 190 K to 60 ps at
shows that the rotational disorder appears above 200 K fo220 K for the whole film and then varies much more slowly
the outermost layer of the ice film, whereas some order reto reach a value less than 10 ps at 250 K. The same curve
mains in the rest of the film up to 230 K. Again, the curvesdrawn for bulk ice exhibits a shift, indicating a smaller ori-
Sk, for the surface layer of both the supported film and bulkentational mobility in this latter case, already present for the
ice behave similarly, whereas the innermost water layers ar@west temperatur¢190 K). At 220 K, the supported film
much more orientationally disordered on MgO than in pureappears to be 4 times more mobile than bulk ice. The calcu-
ice. It may be seen that the sudden decrease observ& for lated orientational mobilities of the outermost layer of both

for the supported film around 230 K is not so abrupt$ar. bulk ice and supported film behave similarly, with a strong
decrease when T increases up to 210—220 K and then with a

nearly constant slope of the curwg(T) when T grows to

270 K. These outermost layers are extremely mobile when
.2 o compared to the whole film, even at 190 K, and the calcu-
coefficientD,(T) [Eq. (8)] for the supported ice film together lated value ofr; decreases from 20 ps at 220 K to a few ps

with bulk ice. Although the curves are only guides for theabove 250 K. For comparison, the measured value, dor
eye, we see that the film mobility is nearly constant and Iesa,]e liquid is 2 ps at 300 KO '

than 10 ®cn?s™! when the temperature is lower than 230
K. At higher T, the mobility increases rapidly to reach
10 5cn?s L at 250 K and 2 10 5c?s * at 270 K. This 3 Power spectrum
latter value is close to the liquid value at 270*K. At 190 K, the calculated power spectruriw) of the
The diffusion coefficient for the outermost layer of the VACF (v(0)v(t)) for the supported film exhibits a peak at
film is drawn in Fig. 6b). The behavior is rather similar to about 45 cm® and two ill-resolved broad peaks around 155
that of the whole film, except for an overall shift toward the and 255 cm® [Fig. 7(a)]. Except for the peak at 155 ¢rh
low temperatures, indicating an enhanced mobility of thiswhich is independent of the temperature, and which can be
layer. At 220 K, the diffusion coefficient of the outermost assigned to the flat monolayer, the other structures are simi-
layer is 5 times larger than for the whole film, increasinglar to those calculated for bulk ice, though they are less
from 5x10 7 to 2.5x10 ®cn?s L At 250 K, D, is equal peaked. The lowest frequency peak was assigned to
to 10 °cn?s ! for the whole film and to 1.2 O---O---O bending and the highest frequency peak to-Q
x 10~ °cmP st for the outermost layer. The same calcula- stretch?*® At 250 K, the peak at 255 cnt disappears for the
tions carried out for bulk ice show that the translational mo-supported film while it is still present for bulk id&ig. 7(b)].
bility is smaller than for the supported film, since at 250 K The corresponding spectra for the outermost ldigs.
the D, value is 4 times smaller for the whole film, and 2 7(c) and dd)] display the single peak already mentioned
times smaller for the outermost layer. around 45 crm?, with a single broad high-frequency shoul-
Similar comparisons are done to analyze the orientader spreading out up to 270 ¢th The shapes of these spec-
tional mobility of the film as a function of temperature, tra for the supported film and bulk ice are nearly superim-

2. Dynamics of the film
Figure Ga) displays the calculated translational diffusion
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[l e - @ T 250k () IV. DISCUSSION

A. Comparison between MgO supported film and bulk

s, 8 ice
3 3
B - The present results obtained for the ice film supported by
0.0 0.0 MgO(001) and for the same thickness of ice deposited on
0 200 400 600 800 1000 0 200 400 600 800 1000 Ik jce lead to the conclusions thdt) the structural
‘o ®fem™) o ofem™] (translational-orientational) disorder is always larger for the

T=190K .. (© T |T-ss0k (d) supported film, andii) the translational and orientational

5 3 é : dynamics of the film is more rapid, leading to a lower melt-

% 05 % 05 s ing temperature. This is consistent with the idea that the

= = support should influence the solid/liquid-like transition in an
00 00 ice film. By contrast, the outermost water layers of both the

0 200 400 600 800 1000 0 200 400 600 800 1000 film and bulk ice have the same structural and dynamical
behavior, i.e., solid-like below 220 K and close to the liquid

at higher temperatures. This behavior is corroborated by the
FIG. 8. Power spectrum of the angular velocity autocorrelation function forshapes of the phonon and libron density of states, which are

the water molecules at two temperatur@s:and(b) for the whole film, and . .
(c) and(d) for the outermost bilayer. Full curves correspond to the supportedvery similar for the outermost layer of the supported film and

film phonon density of states and dotted curves to bulk ice phonons. bulk ice.
Previous experimental and theoretical stutiféshave

confirmed that surface melting occurs on ice crystals, but
even recent experimentsconducted on the molecular-scale
o . ) structures of ice surfaces have not elucidated the solid/liquid
posed, |nd|c_at|n_g a very similar behavior of the OUtermost, o hsition mechanism due to the difficulty of direct observa-
layer dynamics in the temperature range 190-270 K. tion. Therefore, data on the bulk ice surface melting are
A comparison between Figs(lj and 1d) shows that  mgainly issued from simulations. More particularly, Nada and
the phonon spectrum of the supported film at 250 K looksFyrukawd!! have studied the melting of ice surface using
like that of the outermost layer, when the signal characteristhe TIP4P model to describe water—water interactions. From
tic of the monolayer is subtracted. Indeed, the higher frea structural analysis of the ice surface, they mentioned the
quency peak of supported ice phonons disappears and it &ppearance of a disruption of hydrogen bonding network in
replaced by a broad structure characteristics of the li¢fuid. the outermost layer around 215 K which they attribute to
From these features, we see that the supported film at 250 &urface melting. Then, they determined the thickness of the
has a liquid-like behavior, whereas the corresponding photesulting quasiliquid layer at the ice surface as a function of

non spectrum of bulk ice at 250 K still displays the signaturel€Mperature by carrying out molecular dynamics simulations
of the solid. from 170 to 250 K, and they analyzed the layer-by-layer

. . melting. It was thus shown that the surface layer is disor-
The spectrum associated with the AVAGER(0)w(t)) ) : .
is given in Fig. 8. The spectra at 190 and 250 K for thedered at 225 K while the layers underneath keep their solid

, i arrangement, and that the melting of the second and third
outermosF layergFigs. §c) and &d)] are nearly superim- layers occurs at 250 K.

posed, with a broad structure extending from 350 to 900 * o results on bulk ice agree well those of Nada and
cm™* and corresponding to librational motiofisand an ad-  Fyrukawd !t and compare reasonably with results of previ-
ditional peak around 250 cm which disappears at higher ous simulations 2 also performed on bulk ice but based on
temperature. By contrast, more pronounced differencedifferent working hypotheses, including the choice of the
shown in Figs. 8) and 8b) occur when the whole film is interaction potential, the size of the simulation box, and the
considered. The main structure broadens with temperature initial structure of ice. In the present paper, we have consid-
both casegsupported film and bulk igebut the broadening €red a proton ordered structure to describe the initial struc-
is more significant for the supported film, leading to a struc-ture of bulk and supported ice. A technical reason motivated

tureless shape at 250 K. Note, however, the presence of tfsICh a choice to limit the size of the ice unit cell and to
250 cm! frequency peak at 190 K characteristic of ice achieve commensurability with the MgO support. However,

which disappears completely at 250 K, indicating the transiV ¢ are aware _that proton dlsord_ered phases could be.more
tion toward a liquid probable at finite temperature. Simulations on proton disor-

E inina th feat ider that f dered phases are possible over a very restricted sampling of
xamining these features, we can consider that, Tomy, , )hase¥!2 and it has been shown that the calculations
both translational and orientational points of view, a trans"leading to the main characteristics of bulk ice were not sig-

tion from solid to liquid-like phase occurs around 235 K for pisicantly different using either proton ordered or disordered
the whole supported film and above 250 K for bulk ice.jce as initial system. Regarding the simulation box and, in a
Regarding the behavior of the outermost layer for both sysconcomitant way, the cutoff distance for the intermolecular
tems, it appears rather liquid-like, even at the lowest tempotential, it is known that too restrictive simulation boundary
peratures considered here. conditions can have a dramatic effect on dynamical proper-

® [cm'1] [0 [cm'1]
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ties and a much less sensitive influence on the structurantational mobility, experiments show thatremains nearly
properties of watet® The present size of the simulation box constant wherT increases from 190 to 250 K, and abruptly
(more than 35 Aand the corresponding cutoff value of 13 A decreases from 125 ps at 250 K to 40 ps at 270 K. In the
for the long-range water—water potential including a polyno-simulations, the values of. at 190 and 270 K are close to
mial damping function seem to be reasonable for describinghe experimental data and the slope of the curyer) is
conveniently long-range correlations of the translational angimilar to the experimental one. However, in order to repro-
orientational coordinates of water molecules. Such large valduce the experimental temperature variationrof shift of
ues probably make the need for technical refinements lessbout 40 K is required.
mandatory, mainly Ewald summation or reaction field A comparison between the present experiments and cal-
boundary conditions which are time consumifig. culations shows a temperature shift within the range 30-40
Examining previous data on bulk ice and our results, it isK regarding the transition from solid to liquid behavior of
clear that the choice of TIP4P potential is responsible irthe supported ice film. This range depends on the physical
general for a shift of the melting temperature when compareduantity under considerationtranslation/orientation or
to the experimental data. Many simple semiempirical potenstructure/dynamical factorsAn accurate experimental value
tials have been used and improved in the last terof the surface melting transition is not available yet. Never-
yearst’#151-56ynfortunately, none of them can account in theless, our QENS measurements indicates that a mobile
an extensive and accurate way for the properties of bothayer showing a translational diffusion coefficient close to
liquid and ice water. The more extensively used forms werdhat of liquid water appears between 250 and 265 K. Hence,
probably the SPC model for the ligdftland the TIP4P po- one may reasonably infer that the surface melting transition
tential which seemed more adequate for &¢®With this  occurs within this temperature range. A large uncertainty
latter potential, a rescaling coefficient for the temperaturealso exists regarding the estimate of the transition tempera-
leading to surface melting of bulk ice seems to be neededure from simulation results. Indeed, the curves connected to
corresponding to a high temperature shift of 20-30 K. Ourboth order parameters and diffusion coefficients are only
results for bulk ice agree with this feature, and we can expedjuides for the eye and they do not exhibit abrupt breakings in
that the same rescaling factor should be applied to the sugheir slope as would be the case for a first-order transition.

ported ice film. This assumption would improve in a signifi- Recent neutron diffraction experiments indicate that an
cant way the agreement with the neutron scattering experisrdered ice Ih film still exists af =265 K.>’ These resullts,
ments. combined with those of the present QENS experiments,
show that at this temperature the liquid fraction coexists with
B. Comparison between experimental data and an ice Ih film. Our molecular dynamics simulations indicate
simulation results clearly that this mobile phase concerns the outermost surface

The neutron diffraction spectrum of,D on MgQ001)** layers of the ice thin film.

displays at 10 K a superimposition of a broad peak charac- .In Sec. llA, we pointeq out that our present QE'\!S ex-
teristic of the monolayer and of tH@00), (002, (101), and periments are performed with an equivalent 5_BL ice fllm_ on
(102 peaks associated with the hexagonal ice structure oMgO_(OOl)'_ In fact, we cannot fule out the possmle form_a_1t|on
the upper layers. Th@02) peak is however broadened when of thicker ice crystallites due to substrate mhomogene_ltles or
compared to bulk ice, indicating rather the formation of thincondensat'on on the cell walls. In that case, our experimental

film than of bulk ice. The ice signature disappears at abougata would be characteristic of a situation somewhat inter-

273 K, and it is replaced by a broad structure which characMediate between results of simulations performed on bulk
' ice and on supported ice film. However, this consideration

terizes the presence of a liquid film, whereas the monolaye'F ourET , .
signal remains present. It is worthwhile to recall that theWOUId npt significantly Change our mam_conclgsmns on the
melting temperature of fD is 276.82 K. In the simulation, comparison between experiments and simulations.
the translational and orientational order parameters decrease
strongly when temperature increases and the structural ord%r
of the water molecules is entirely lost in the supported film™"
for T>230-240K. Comparison with experiments thus The calculated power spectra connected to phonons and
shows a shift of about 30 K for the transition temperaturelibrons of bulk ice compare fairly with previous simulation
from an ordered to a disordered structure of the supportetesults in the literature using the same TIP4P potential. They
film. are also in fair agreement with phonon data issued from
From the quasielastic neutron scattering spectra we havether potential models and inelastic neutron scattering ex-
determined, via diffusion models, the translational and orienperiments. The experimental peaks, observed around 75,
tational mobilities. No translational mobilitjess than the 150, and 225 cm' at very low temperaturé correspond to
detection IimitD't~1O‘6cm2 s 1) has been detected below hexagonal ice signals which are calculated here around 50,
250 K. Therefore, the two measurements reported in Fig. @50, and 255 cm' in Fig. 7(a), at 190 K. The same inelastic
correspond to mobilities around A0 ®cn?s™® for T spectrum observed at 26(PKstill exhibits the peaks around
=265 and 270 K. At these temperatures, the calculated valz5 and 150 cm?, but the higher frequency peak is replaced
ues agree quite well with the measurements. However, they a broad structure spreading out up to 300 &nirhis
simulation results indicate that a translational mobility largerlatter profile is close to the spectrum calculated in this paper
than D{ should be detected above 230 K. Regarding the oriat 250 K for the supported film. These experimental data thus

Comparison with other data
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corroborate the results of simulation that below 230 K thesolid to a liquid-like phase on both supported ice film and
supported water layers are solid, while they are rather liquidbulk ice, though the absolute value of the melting tempera-
like at higher temperature. ture appears slightly underestimated with respect to experi-
As mentioned in the Introduction, the number of studiesmental data. Using a rescaling factor of about 20-30 K,
on supported films of ice within the temperature range 200-which is typical of the TIP4P model, as determined from a
300 K is very limited and very recent. Ewirgf al® used  comparison with bulk ice simulations, it becomes possible to
infrared spectroscopy to show that water adsorbs ontinterpret quantitatively the behavior of a thin ice film sup-
NaCl(001) forming a liquid-like film between 245 and 315 ported by an ionic substrate over the temperature range 190—
K, with the formation of saturated salt solution. Water film 270 K and, especially, the surface melting transition.
deposition on mica surface was studied by Salmeron
et al®*®? using sum frequency generatiéBFG and scan-  ACKNOWLEDGMENTS
ning polarization force microscopy. The structure of the wa- . o
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