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Surface-Induced Ferroelectric Ice on Pt(111)
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Optical sum-frequency vibrational spectroscopy and thermal desorption are used to study ice
films grown on Pt(111). The strong enhancement of OH stretch resonances with film thickness
provides clear evidence for the presence of polar ordering of water molecules in the films. The
ordering is induced by the polar anchoring of the first ice monolayer on platinum. It exhibits a
characteristic behavior of surface-induced ordering phenomena with a decay length of 30 monolayers.
[S0031-9007(97)05196-X]

PACS numbers: 77.84.—s, 61.66.Fn, 78.20.Ci, 81.10.Bk

Can ice be ferroelectric? This question has longiemperatures, thermally generated defects could break the
attracted much attention. Ice has a variety of phases [1]ce rules and reduce the polar ordering. The surface
but, in all cases, water molecules are held together bgipole layer, on the other hand, creates a dc field that
tetrahedral hydrogen bonding. The molecular orientawould help the polar ordering. Thus, the growth of a
tions at the lattice points should obey the Bernal-Fowlerthin film of ferroelectric ice on Pt(111) seems natural.
Pauling (BFP) rules which require that each moleculéVe used infrared-visible sum-frequency generation (SFG)
donates two protons to two of the attached wateispectroscopy as a probe in our experiment [9]. SFG is
molecules and accepts two protons from the other twa second-order nonlinear optical process that is forbidden
[2]. This, however, still leaves many possible ways toin a medium with inversion symmetry. In its application
orient the water molecules in an ice lattice, giving riseto an ice film, the spectrum is expected to be dominated
to the residual entropy problem first tackled by Paulingby the film surfaces if the water molecules in the film are
[3,4]. Onsager and Slater [5,6] showed that, for allrandomly oriented in their allowed positions. With polar
orientational configurations, the electrostatic energy (inordering of the molecules, however, the spectral intensity
cluding dipole-dipole interaction) is the same. One wouldshould increase with an increase of film thickness, as
then expect from free energy consideration that randornthe square of the film thickness if the film structure is
orientation of water molecules should prevail so that thereiniform. This is what we observed, although the increase
exists no net polarization in ice. Polar ordering of waterwas weaker than the square of the film thickness showing
molecules would occur at 0 K or very low temperature.decay of the polar ordering in successive layers. We can,
Indeed, ferroelectricity has never been found in pure icetherefore, conclude that our thin-film ice samples were
In a KOH-doped ice crystal poled by a dc electric field, polar ordered or ferroelectric. We describe some of the
Jackson and Whitworth [7] observed the appearance axperimental details in the following.

a current pulse when the crystal was warmed through Consider the sample preparation. It was carried out
~72 K. They attributed the current pulses to depolar-in an ultrahigh vacuum chamber with a base pressure
ization current resulting from a ferroelectric-paraelectricless thanl x 107!° Torr. The preparation of the Pt(111)
transition, although an alternative explanation based on erystal followed that for scanning tunneling microscopic
piezoelectric charging or discharging effect induced by atudies of the Pt(111) surface [10]. The sample surface
structural phase transition had been suggested. was first cleaned by cycles of argon ion bombardment and

In this paper, we present experimental results showingubsequently annealed at 1300 K for 3 min. The surface
convincingly that ice films grown on Pt(111) at tempera-cleanliness and structure were checked routinely by Auger
tures between 120 and 137 K are ferroelectric. (Hereglectron spectroscopy and low energy electron diffraction
“ferroelectricity” is used loosely to describe the existence(LEED). After the surface cleanliness has been assured
of a net polar ordering of water molecules in the ice films.)and a sharfl X 1) LEED pattern observed, the ice film
The lower temperature was limited by our apparatus angvas then grown on Pt(111) by vapor deposition either
the upper one by the onset of rapid ice sublimation. Itat 137 or at 120 K and subsequently brought to 137 K
is known that hexagonal ice can grow on Pt(111) [8].for annealing. Ultrapure, triply distilled, and deionized
Water molecules adsorbed directly on platinum have theiwater was used as the vapor source after cycles of freeze-
oxygen bound to Pt and are polar ordered. From th@ump-thaw treatments. The growth rate of ice was about
BFP ice rules, one then expects that subsequently gron®03 monolayer (ML) per sec at a water pressure of
ice layers should all be polar ordered although, at finites X 1078 Torr.
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Temperature-programed  desorption (TPD) was em- The spectrum measuréss” |, where x5 is the inte-

prioy?r%éo Charlactferize the ]gjlrown Iilms.. Figlqur.ekl ShOWSyrated nonlinear optical susceptibility defined g8 =
the results from ice films of various thicknesses. gi +v@(2) dz with @ (z) being the local nonlinear sus-
Two well-resolved peaks are generally observed in eac

eptibility, z along the surface normal, andl the film
spectrum. At 0.85 ML water coverage [11], only the_ thickness. We assume here that the bulk contribution

high-temperature peak at 171K is present, which 'Srom the substrate is negligible and is much smaller

characteristic of desorption of water molecules directly,
influenced by binding to Pt(111). (Here, we use saturatiort1han the coherent@l)ength for the SFG process. We can
enerally expresys as

of the 171 K peak as an indication that the coverage ha¥

reached 1 ML.) At1 ML or more, the lower temperature @ _ @ LNy _ + T 1
peak also shows up. It first appears weakly at 154 K, XS T ANR g[ o/ (@ = g +il)] (1)
but then grows and shifts to a higher temperature with @

increasing film thickness untit5 ML, while the higher Here, yxr is the nonresonant contribution v, ok
temperature peak remains unchanged in both amplitudé the input infrared frequency, amt,, »,, andI'; are

and position. This low-temperature peak is associatethe strength, resonant frequency, and damping constant
with molecular desorption (or sublimation) from the of the gth resonant mode of the sample, respectively. If
multilayer ice except the first adsorbed monolayer. Thdhe bulk of the film lacks inversion symmetry awtis
spectra of Fig. 1 indicate that the film structure of ice onsufficiently large, then the spectrum should be dominated
Pt(111) should have stabilized well before 5 ML. Theseby the film. Otherwise, the spectrum is dominated by
results are in qualitative agreement with those reported bte interfacial layers. The SFG technique allowssitu
others [8,12,13]. probing of surfaces and films and, therefore, is ideally

The experimental arrangement of SFG spectroscopy haglited for studying an ice film during growth.

been described elsewhere [9]. Briefly, two input laser Figure 2 depicts the vibrational spectra of ice in the
beams are directed to overlap at a sample, one tunabfeH stretch region obtained with this technique for a set
in the infrared and the other at a fixed visible frequency©f ice films of various thicknesses grown on Pt(111).
The sum-frequency output in the reflected direction isThe samples were measured at 120 K and all beams
detected, producing a spectrum when the tunable infrare@ere p polarized in the experiment. It is seen that
input is scanned over resonances. the spectrum of approximately a single monolayer of
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FIG. 1. TPD spectra for a set of ice films of different
thickness on Pt(111). A heating rate 8fK/sec was used. FIG. 2. SFG spectra in the OH stretch region for a set of ice
The base lines of the spectra are arbitrarily shifted. films of different thickness on Pt(111).
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ice (1.2 ML in Fig. 2) on Pt(111) is clearly different 10 4
from those of multilayer ice as expected. For 2 ML and °
above, well resolved spectral peaks appear in the spectra. s
Except at3690 cm™!, all others grow strongly with film .
thickness. Their positions remain unchanged, but thes
relative intensities of the three prominent peaks vary fromg .
2 to 5 ML and become nearly constant after 5 ML. This £ ¢ e
is in accord with the TPD result. L
Compared to the existing infrared, Raman, and electror? S
energy loss spectra of ice, our SFG spectra exhibit nar- 4 e
rower peaks. The different selection rules may be partly e
responsible for the difference [14]. To identify the spectral ()
features, we borrow results from earlier theoretical analy- 2 . . — 0
ses of infrared and Raman spectra of bulk ice [15,16]. The 0 2 “© & &
narrow peak a690 cm~! can be unequivocally assigned
to the dangling OH bonds at the vacuum/ice interface.
The same exists at the air/water interface [17]. Sinceit | . .
is associated only with the surface, as long as the polar | I{
ordering of the surface monolayer remains unchanged, its 3410em”
strength does not vary with the ice film thickness. With in- 3
creasing film thickness, this peak gets swarmed rapidly b)i;“’ 12 .
the growing peaks in the spectrum. The three promineng, i 3280 o e
peaks appearing between 3000 @660 cm™! are related  © S
to the lattice-coupled hydrogen bonded OH stretch modes” ® = LE
Two of them at 3100 and280 cm™! can be assigned to i T
the coupled in-phase symmetrie;) and antisymmetric ‘
(v3) stretches, respectively. The oneZdtl0 cm™! can (b)
be identified as a combination mode of the antisymmetric
OH stretch(r3) with a lattice translation mode’r). For
film thickness larger than 5 ML, the spectra also exhibit a ) . o
small peak at~3000 cm™!. This can be assigned to the FIG. 3. (a) StrengthA, and its spatial derivative)A,/dz

: P _ of the 3100 cm™! resonant modes versus film thickness.
difference combination of; — v7. Az\bov_e 1 ML, each (b) StrengthsA, of the 3280 and3410 cm™! modes versus
spectrum_in Fig. 2 can be fit byrs™|* using the expres- £1, thickness.

sion of ys~ in Eq. (1), and the corresponding parameters
Ay, wg, andl’, for different modes can be deduced. Be-the 1.2 ML of ice in comparison with the rest of Fig. 2.
cause SFG is allowed only in a medium without inversionSubsequent film growth gradually eases the film into the
symmetry, the strengthd, should be a constant (like the ice bulk structure. It takes several monolayers to do so;
3690 cm™! mode) if ice films are paraelectric, but should our TPD and SFG spectra indicate that the contribution
be directly proportional to the film thickness (or intensity from the bulklike structure already dominates over the
|A,|> proportional to the square of the film thickness) if contribution from the strained surface layers-ai ML.
the films are homogeneous and ferroelectric. In Fig. 3(afhe SFG spectra actually suggest that, startinglaML,
we plotA, and its derivative)A,/dz (2 along the surface the film structure is already close to that of the bulk
normal) versus film thickness (thicker than 6 ML) for the because all of the prominent spectral peaks have appeared
3100 cm™! peak. It is seen that, increases sublinearly at the right positions with approximately the same shapes.
and gradually saturates ad,/dz decays away. Similar The polar orientation of the boundary monolayer of ice
behavior for the 3280 ar@#10 cm™! peaks was found and on Pt(111) can induce polar ordering in the subsequent
depicted in Fig. 3(b). layers of the ice film. This is seen in the overall intensity
The above experimental results suggest the followingariation of the SFG spectrum with film thickness. The
picture of ice film growth on Pt(111). The first,@  sublinear increase of, with film thickness means that
monolayer absorbed on Pt(111) is clearly under thehe film grows with a gradually decaying polar ordering.
influence of the metal substrate. It is believed that wateFigure 3 shows that this polar ordering has a decay length
molecules adsorbed on Pt(111) tend to form an icelikeof about 30 ML. As a typical surface-induced effect, the
structure [8], even at submonolayer coverage (in the fornpolar ordering in successive layers is expected to vanish
of ice patches). However, the lattice mismatch couldasymptotically as the film thickness increases.
cause severe strain or disorder in the adsorbed monolayer, The observed phenomenon of surface-induced polar
as is evidenced by the very different SFG spectrum foordering or ferroelectricity in ice on Pt(111) is very
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similar to that of surface-induced ferromagnetism in a [5] L. Onsager and M. Dupuis, iThermodynamics of Irre-
paramagnetic system [18] or that of surface-induced ori-  versible ProcessesRendiconoti della Scuola Internatio-
entational ordering of liquid crystals in the isotropic phase ~ nazionale de Fisica “Enrico Fermi,” Corso X, edited by
[19]. In our case, the local polarizatiaf(z) = aAq/az N. Zanichelli (N. Zanichelli, Bologna, 1960), p. 294.
is the order parameter which exhibits a characteristic de—[g] écl\:/l SJIatha(r, J. Chgrg. \Ij\;\y\g;\./hlﬁ (19#?]- Cherm. P
cay of surface-induced ordering in the surface-bulk tran- [ S:M- Jackson and R.W. Whitworth, J. Chem. Phy83

L . . . . 7647 (1995).
sition region, as seen in Fig. 3(a). The general theories

. ._"[8] See, for example, N. Matereet al., J. Phys. Chem.
that have been developed for surface-induced magnetiza- 99, 6267 (1995). A more recent scanning tunneling

tion or liquid crystal alignment can be adopted here with  icroscopy study [M. Morgensteret al., Z. Phys. Chem.
some modifications to account for the differences in the 198 43 (1997)] indicates the presence of a further relative
microscopic details of the systems. rotation of the ice hexagon from that of Pt(111) at lower

Our experimental results presented in this paper show densities and a superstructure hexagon at higher densities.
convincingly that ice films grown on Pt(111) can be [9] Y.R. Shen, in Frontier in Laser SpectroscopyPro-
ferroelectric for a limited film thickness. The same could  ceedings of the International School of Physics “En-
be expected on other substrates such as Rh(111) and rico Fermi” Course CXX, edited by T.W. Hensch
Ni(111). The polar ordering of water molecules in the ~ @nd_M. Inguscio (North-Holland, Amsterdam, 1994),
films is induced by the ice-metal boundary layer. It p- 139.

. . . . .JlO] J.A. Jensen, K.B. Rider, M. Salmeron, and G.A.
exhibits a characteristic surface-induced ordering behaviof Somorjai, Phys. Rev. Lett. (to be published)
with adecaY Iengt'h of~3Q ML. . [11] One ML here is equivalent to a bilayer defined in the
Helpful discussions with Professor Dunghai Lee are literature. See, for example, N. Materer al., Surf. Sci.

gratefully acknowledged. This work was supported by 381, 190—210 (1997).
the Director, Office of Energy Research, Office of Basic[12] B.D. Kay, K.R. Lykke, J.R. Creighton, and S.J. Ward,
Energy Sciences, Materials Science Division, of the U.S.  J. Chem. Phys91, 5120 (1989).
Department of Energy under Contract No. DE-AC03-[13] P.A. Thiel and T.D. Madey, Surf. Sci. Rep.211 (1987),
76SF00098. and references therein.

[14] The allowed modes in sum-frequency spectroscopy are

both Raman and infrared active. See Ref. [9].
[15] J.R. Scheser and R.G. Snyder, J. Chem. P&ys4794

[1] B. Kamb, in Physics and Chemistry of Icedited by (2977).
E. Whalley, S.J. Jones, and L. W. Gold (Royal Society of[16] R. McGraw, W.G. Madden, M.S. Bergren, S.A. Rice,
Canada, Ottawa, 1973), p. 28. and M. G. Sceats, J. Chem. Phg$, 3483 (1978).

[2] J.D. Bernal and R.H. Fowler, J. Chem. Phys. 515 [17] Q. Du, R. Superfine, E. Freysz, and Y. R. Shen, Phys. Rev.
(1933). Lett. 70, 2313 (1993).

[3] L. Pauling, J. Am. Chem. So&7, 2680 (1935). [18] See, for example, T. Kaneyoshptroduction to Surface

[4] W.F. Giaugue and J.W. Stout, J. Am. Chem. SB8, Magnetism(CRC Press, Boca Raton, Florida, 1991), p. 63.
1144 (1936). [19] See, for example, P. Sheng, Phys. Rex26A1610 (1982).

1536



