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Unveiling subsurface hydrogen-bond structure of hexagonal water ice
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The phase-resolved sum-frequency-generation (SFG) spectrum for the basal face of hexagonal ice is reported
and is interpreted by molecular dynamics simulations combined with ab initio quantum calculations. Here, we
demonstrate that the line shape of the SFG spectra of isotope-diluted OH chromophores is a sensitive indicator of
structural rumpling uniquely emerging at the subsurface of hexagonal ice. In the outermost subsurface between
the first (B1) and second (B2) bilayer, the hydrogen bond of OB1-H · · · OB2 is weaker than that of OB1 · · · H-OB2 .
This implies that subsurface O-O distance is laterally altered, depending on the direction of O-H bond along the
surface normal: H-up or H-down, which is in stark contrast to bulk hydrogen bonds. This new finding uncovers
how water molecules undercoordinated at the topmost surface influence on the subsurface structural rumpling
associated with orientational frustration inherent in water ice.
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I. INTRODUCTION

Water ice is one of the most abundant solid substances in
nature and its surface plays crucial role in a variety of processes
in physics, chemistry, and earth planetary science: surface
premelting for unusual slipperiness in skating and skiing
[1–4], sublimation and condensation in the atmospheric air
and planetary systems [5,6], charge generation and separation
in thunder cloud [7], heterogeneous reactions in the Earth’s
ozone layer and interstellar space [8–11], etc. Because ice is a
hydrogen bonded aggregate of water molecules, its surface
physicochemical properties are dominated not only by the
lattice translational structure (position of oxygen atoms) but
also by the sublattice structure (orientations of water molecules
or configurations of hydrogen atoms) of ice surface [12,13].

The surface of a solid is not confined to its topmost
layer, but consists of transition layers extending to the bulk,
the subsurface. As a result of the abrupt truncation of
materials, the lattice and electronic structures of surfaces
generally differ from those of the bulk, which results in
the unique physicochemical properties and heterogeneous
processes of solid surfaces [14–16]. Thus structural relaxation
and reconstruction at solid surfaces have been intensively
studied by low energy electron diffraction, ion and x-ray
scattering, and transmission electron microscopy [17–20].
Although these conventional analytical techniques have been
successfully applied to strongly bonded materials, metals and
semiconductors, they invasively probe fragile and insulating
solid substances composed of soft molecular systems such as
water ice [21–24].

The structure of bulk crystalline ice in the common
paraelectric phase (hexagonal ice Ih) has been well known;
a local tetrahedral configuration of hydrogen bonded water
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molecules is arranged so that every water molecule constitutes
hexagonal bilayers, where molecular orientation is disordered
and geometrically frustrated under the Bernal-Fowler-Pauling
ice rules [1,25,26]: each pair of oxygen atoms holds one
hydrogen atom and two hydrogen atoms are closely located at
each oxygen atom (Fig. 1). In contrast, the surface structure
of ice has been ill-characterized. Although molecular-level
surface structural analysis techniques such as helium atom
scattering and scanning probe microscopy [27–30] have
demonstrated that the topmost basal surface of ice Ih(0001)
is terminated with a full-bilayer structure [31,32] (Fig. 1),
it has been extremely difficult to determine the structure
of buried subsurfaces. In addition, the orientation of water
molecules that are geometrically frustrated is extremely hard
to investigate with traditional techniques because hydrogen
has only a single electron and responds extremely weakly
to the probes of the techniques. Thus the determination of
the hydrogen-bond structure at an ice surface has been an
experimental challenge.

Sum-frequency generation (SFG) vibrational spectroscopy
has advantages over the conventional methods in investigating
the structure of ice surface. The SFG process is noninvasive
and can be surface sensitive because SFG processes are
governed by the second-order nonlinear susceptibility χ (2) that
takes nonzero values in the media where three-dimensional
lattice periodicity with inversion symmetry is broken [33,34].
Because the imaginary part of χ (2) contains the information
of molecular directional orientation, this method allows us
to determine molecular orientations at ice surfaces if Imχ (2)

is retrieved [35–39]: OH oscillators with H-up and H-down
orientation show positive and negative signs, respectively,
in an Imχ (2) spectrum of the hydrogen-bonded OH-stretch
band. In spite of these advantages, previous SFG studies
have suffered from two serious difficulties in determining the
surface structure of crystalline ice [40–48]. All the SFG works
have been conducted with homodyne detection [40–48]; SFG
spectra are obtained through |χ (2)|2, where the information of
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FIG. 1. Schematic illustration of an ideal full-bilayer termination
structure of ice Ih(0001) surface among one of the many possible
random orientational alignments of water that satisfies the ice rules.
Oxygen of four-coordinated water molecules is colored by red, while
that of three-coordinated water molecules at the topmost bilayer is
colored by blue. For SFG vibrational spectroscopy, infrared and
visible laser pulses are coaxially irradiated onto the ice Ih(0001)
surface. (Inset) Schematic illustration of a local tetrahedral hydrogen-
bond network.

H-up and H-down orientations is completely lost. Furthermore,
they have targeted H2O ice, where the hydrogen bonded
OH-stretch bands are extremely complicated due to the strong
inter- and intramolecular couplings [49–54] that delocalize
vibrational wave functions among OH chromophores of
several water molecules. This hampers the assignments of the
OH-stretch bands in the SFG spectra of the previous studies
[40–48]. Therefore the strong couplings in H2O ice together
with the inherent limitation of homodyne-detected |χ (2)|2
SFG measurements in determining molecular orientations
have impeded a detailed understanding of the hydrogen-bond
structure at the ice surface [40–48].

To overcome these problems and exclude any possible
structural deformation by impurities [2], we have challenged
heterodyne-detected phase-resolved SFG vibrational spec-
troscopy for probing the basal (0001) face of isotope-diluted
HDO ice Ih grown on Rh(111) substrate under ultrahigh-
vacuum environment. In contrast to H2O ice, inter- and
intramolecular vibrational couplings are negligible in the
isotope diluted HDO ice; this makes the hydrogen-bonded
OH-stretch bands of ice very simple [35,55–59]. In the present
study, a clear correlation between the peak wavenumber of the
hydrogen-bonded OH stretch band of isotope diluted HDO
ice and the intermolecular hydrogen-bond distance [57–59]
is found, which enables us to investigate the structure of ice
surface in terms of intermolecular distance and H-up/H-down
orientation from the peak wavenumber and sign of the Imχ (2)

spectra.

II. MATERIALS AND METHODS

A. Preparation of clean Rh(111) substrate

A single-crystal Rh(111) substrate was purchased from
MaTeck GmbH. The Rh(111) single-crystal surface was

cleaned by several cycles of Ar+ bombardment at 1 keV
and annealing at 1000 K in an ultrahigh vacuum (UHV)
chamber at a base operating pressure below 3 × 10−8 Pa.
The surface cleanliness and structure of the substrate were
routinely checked by using low-energy electron diffraction
(LEED), Auger-electron spectroscopy (AES), and temperature
programmed desorption (TPD) of water [60–62].

B. Preparation of HDO source and H/D isotope ratio

Isotopically diluted HDO water was used because the
spectra of the local OH-stretch bands are much simpler than
those of H2O [35,55,57,58]. D2O water with an isotopic
purity of 99.96 atom % D purchased from ISOTEC and H2O
(milli-Q) were mixed to obtain H diluted HDO water. HDO
concentration in the D2O-rich water vapor was estimated to be
∼32 mol% ([OD]/[OH] ratio ∼3.4) with a quadrupole mass
spectrometer (QMS) [63] equipped with the UHV chamber
[35,64–67]. The water samples were carefully pre-degassed in
an ultrahigh-vacuum gas line by repeating freeze-pump-thaw
cycles. The cleanliness of water vapor was also checked by
QMS, which showed no appreciable signals derived from
contaminants.

C. Preparation of (0001) surface of ice Ih

Ice Ih(0001) was grown in the UHV chamber by physical
vapor deposition of isotope diluted HDO on Rh(111) at 145 K,
where c axis is parallel to the surface normal [60,68,69].
The deposition rate was 0.01 bilayer/s; this is slow enough
to grow crystalline ice instead of amorphous ice [10,70–72].
The amount of adsorbed water molecules is expressed in
the bilayer unit (BL) following the previous studies of ice
surfaces [28,52,70–75]; 1 BL corresponds to the amount of
water molecules in a bilayer of bulk ice Ih(∼1.1 × 1019 m−2)
[1], almost the same as the amount of water adsorbed in the
first layer saturated on Rh(111) [69,76]. The conventional
TPD technique was used for confirming the crystallinity
[77] and cleanliness of the ice surface, and calibrating the
amount of water molecules adsorbed on Rh(111) [60]. The
main constituents of the residual gas in the UHV chamber
and gas line is H2 that does not adsorb on ice surface at
our experimental temperature [10]. We have never observed
any appreciable TPD signal, C-H stretch SFG spectrum, and
frequency shift of free OD stretch SFG spectrum [78] derived
from contaminants of ice surface.

D. SFG setup

Experiments were performed in the UHV chamber com-
bined with an optical system for infrared-visible SFG spec-
troscopy that was described in detail elsewhere [35,64–67].
Briefly, the output pulse of a Ti:sapphire regenerative amplifier
(Spectra physics, 1 kHz, ∼2 mJ/pulse) was split into two to
generate a narrow band 800-nm “visible” pulse (<1 μJ/pulse)
and a broadband infrared pulse (150 fs duration, <5 μJ/pulse,
centered at ∼3260 cm−1) that covers almost the entire range of
the hydrogen bonded local OH stretching band of HDO crys-
talline ice. The homodyne- and heterodyne-detected PPP-SFG
spectra (Figs. 2 and 3) and SSP-SFG spectra were measured
with visible and infrared laser pulses coaxially aligned at
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FIG. 2. (a) Thickness dependence of SFG intensity and (inset)
|χ (2)|2 spectra of the hydrogen-bonded OH stretching band of isotope
diluted HDO ice-Ih(0001) film on Rh(111) measured at 120 K with
PPP configuration. (b) D2O-deposition-induced change of the |χ (2)|2
spectra of the isotope diluted ice film with 140-bilayers thickness
at 120 K. (c) Schematic illustration of increase of film thickness
and the resultant conversion of surface region into bulk during the
layer-by-layer growth mode.

an incident angle of 61.5◦, where the coherence length is
∼4.7 μm. Each polarization is expressed in the sequence of
SFG, visible, and infrared light and the Z axis of the lab flame is
defined to be parallel to the c axis of ice Ih(0001). The phase of
heterodyne signals was determined by referencing the free-OD
stretch band as an internal reference (Appendix A). To avoid
laser heating and damage of ice samples [41,43], the laser
pulses were gently focused on sample surfaces; the spot size
is ∼1 mm in diameter. Increase of sample temperature during
SFG measurements was less than 1 K. The reproducibility of
the SFG spectra with respect to the sample position and laser
intensity [41,43,48] was carefully checked.

E. MD simulations and QM/MM calculations

The calculation of the structure of ice Ih was conducted
using classical MD simulations. The methodology of QM/MM
calculations combined with classical MD simulations for the

FIG. 3. The experimentally observed resonant Imχ (2) spectrum
for the hydrogen-bonded OH-stretching band of isotope diluted ice
Ih(0001) measured at 120 K with PPP configuration. The spectrum
is dominated by the ZZZ-component of χ (2) (Appendix B).

orientationally disordered ice Ih surface is essentially same as
the previous study [52,53]. Here, we summarize the present
computational procedure briefly. The MD simulation was
carried out in 3D periodic boundary conditions with the
Ewald sum method. The TIP4P/Ice model [79], which has
the melting point temperature of 272.2 K, was employed for
an equilibration run as follows. An orientationally disordered
ice Ih unit consisting of 1120 water molecules was prepared
with the Monte Carlo method [80] in a rectangular simulation
box with dimensions LX × LY × LZ = 31.44 Å × 31.11 Å ×
40 Å. The system was equilibrated in an NPT ensemble during
1 ns to create a periodic structure of bulk ice Ih with stable
local structure and volume, where the semi-isotropic pressure
coupling (pressures in XY and Z couple separately) with
P = 1 atm was applied by using the Parrinello-Rahaman
barostat [81] and the temperature was kept at a desired one with
the Nose-Hoover thermostat [82,83] (time step �t = 2.0 fs,
temperature T = 130 K) with GROMACS package (version
4.6.1) [84]. Further equilibration in the NVT ensemble was
carried out for 10 ns, where LZ is elongated to 150 Å, while
the converged LX and LY were fixed, generating an ice slab of
10 BL (∼34 Å) thickness with two basal plane surfaces normal
to the Z axis.

After the equilibration run mentioned above, the flexible
and polarizable point dipole (PD) model developed by us
[85] was used to calculate the structure (Figs. 5, 11, and 12)
and SFG vibrational spectra (Figs. 4 and S1) of ice Ih(0001)

FIG. 4. (a) Classification of OH oscillators at the surface of
ice Ih(0001). Only OH oscillators used for definition are shown
here and oxygen atoms are colored by red. Bn indicates the nth
bilayer from the topmost surface (n = 1, 2, 3), and Bn-up (green
spheres) and Bn-down (blue spheres) are interbilayer OH bonds
that orient parallel to the c axis and point toward the surface and
into the bulk, respectively. Bnp-up (cyan spheres) and Bnp-down
(magenta spheres) are intrabilayer OH bonds that orient nearly
perpendicular to the c axis and lean toward the surface and into the
bulk, respectively. [(b)–(d)] The ZZZ-component of resonant Imχ (2)

spectra derived from the QM/MM calculation for the hydrogen-
bonded OH-stretching mode of isotope-diluted ice Ih(0001). The
spectra of Bn-down (blue), B(n + 1)-up (green) and their sum [red,
Bn-down +B(n + 1)-up] for n = 1 (b) and n = 2 (c). The spectra of
B1-down+B2-up (dashed), B2-down+B3-up (dotted), and their sum
(solid) (d).
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surfaces. After an additional short NVT ensemble simulation
during 1 ps (time step �t = 0.61 fs) for stabilization, the
ensemble average of 10 ps per one MD trajectory was taken by
NVE ensemble simulation in 256 parallel computations with
different initial configurations, generating in total about 2.5 ns
average for production run.

1. Extraction of structural information

First, the bilayer number n was assigned to all water
molecules consisting of an ice slab by calculating the distance
between the center of mass of the ice slab and for each water
molecule, under the assumption that the bilayer thickness
along the c axis is 3.66 Å. Next, a hydrogen-bond pair was
found by the following geometric criteria: an H . . . O distance
being below 2.5 Å and O-H . . . O angle (ϕ) being above 150°. If
a H-bond donating water in Bn layer and an accepting water in
B(n + 1) layer exist where the donating OH directs toward the
bulk (i.e., cos θOH is negative, where θOH is an angle between
an OH vector and the surface normal direction from bulk to
surface), then we classified the donating water as Bn-down
water [Fig. 4(a)]. Similarly, if a hydrogen-bond donating water
in Bn layer and an accepting water in B(n-1) layer exist where
the donating OH directs toward the surface, then we classified
the donating water as Bn-up water [Fig. 4(a)]. Bnp-up (Bnp-
down) water was defined if both donating and accepting waters
exist in Bn layer and cos θOH becomes positive (negative)
[Fig. 4(a)]. Ro-o and ϕ were sampled in every MD step for
all hydrogen-bond pairs in each bilayer (Figs. 5, 11, and 12).

2. Spectral calculations

In the production run, QM/MM calculations to simulate
SFG spectra were conducted (see also Sec. 2 of Ref. [86]),
where a water cluster consisting of a central water molecule
and surrounding D2O molecules in the first solvation shell
were treated as a QM region, while the other waters were
treated as MM point charges [87]. The resonant ZZZ term
of the second-order nonlinear susceptibility was calculated
with the time correlation function formalism under the dipole
approximation [88],

χ
(2)
R,ZZZ = iωIR

kBT

∫ tc

0
dt exp(iωIRt)〈AZZ(t)MZ(0)〉, (1)

where ωIR is the infrared frequency, kB is the Boltzmann
constant, A and M are the polarizability and the dipole moment
of the QM cluster, respectively. In each MD snapshot, we
calculated the dipole moment and polarizability of the QM
cluster by quantum chemical calculations, and we averaged
the time correlation function of those quantities along with
the MD trajectory [52]. The range of time integral tc was set
to 1.2 ps.

The QM calculations were performed with Hartree-Fock/6-
31+G(d) under the electrostatic potential generated from the
MM region [52,89]. The qualitative features of the spectra can
be well reproduced even with the Hartree-Fock/6-31+G(d)
basis set including double-zeta polarized functions and diffuse
functions other than hydrogen atoms, because this basis set
is capable of describing many-body polarization and charge
transfer effects [52]; double-zeta polarized basis sets usually
give correct qualitative information about IR intensity [90],

FIG. 5. (a) Schematic illustration of the intermolecular hydrogen
bond. Ro-o is intermolecular distance and ϕ is O-H · · · O angle. (b)
Structural parameters �Ro-o (filled square) and δϕ (open circle) for
interbilayer hydrogen bond calculated from the MD simulations. The
black dashed line is guide to the eye. [(c) and (d)] Hydrogen-bond
network at subsurface connected by water molecule with B1-down
OH bond (c) and B2-up OH bond (d). Upper and lower halves of
each bilayer are labelled with a and b, respectively. Hydrogen atoms
in the intrabilayer hydrogen-bond network (colored dashed lines)
in the B1 and B2 bilayer are omitted. The first solvation shell for
water molecules with B1-down and B2-up OH bonds is marked with
blue and green shadow, respectively, where the values of �Ro-o and
δϕ for the interbilayer hydrogen bond are also shown by colored
characters. The white number written on the oxygen atom (red sphere)
is coordination number of hydrogen bond for each molecule.

inclusion of the diffuse function is essential for an accurate
description of Raman spectra [91], and the diffuse function on
hydrogen atoms has little effect on the molecular polarizability
[92].

III. RESULTS AND DISCUSSION

A. Experimental results

Figure 2(a) shows the thickness dependence of |χ (2)|2 SFG
spectra of the hydrogen bonded OH-stretching band at 120 K
with a PPP configuration. Both the amplitude and line shape of
the band do not change with film thickness. It has been reported
that the macroscopically continuous ice-Ih(0001) films with
wide terraces more than 100 × 100 nm2 are epitaxially grown
on Rh(111) in the layer-by-layer growth mode at large thick-
ness (more than ∼100 bilayers) [28,30,68,69]. The spectral
amplitude independent of the film thickness indicates that the
ice film on Rh(111) is not ferroelectric [35].

For the paraelectric ice-Ih(0001) films on Rh(111), cen-
trosymmetry is broken not only at the ice surface, i.e.,
vacuum/ice interface, but also at the ice/Rh(111) interface.
Previous studies of STM and infrared spectroscopy reported
that the hydrogen-bond network of one bilayer of ice on
Rh(111) is similar to that of bulk ice Ih and the non-hydrogen-
bonded H-down OH oscillators that directly interact with Rh
atoms are significantly redshifted below 3100 cm−1 [60,69].
In good agreement with these results, we could not observe
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any appreciable SFG spectra between 3150 and 3400 cm−1

during the deposition of few bilayers of the ice film. Therefore
the observed SFG signal of the ice films on Rh(111) is derived
from the ice surface, i.e., vacuum/ice interface.

Further evidence of the major contribution of ice surface
to the SFG signal is that the SFG spectrum is diminished by
additional deposition of pure-D2O on the HDO ice-Ih(0001)
surface; the SFG intensity of the OH-stretching band
was steeply decreased by deposition of 1 bilayer of D2O
[Fig. 2(b)]. While the signal intensity was kept reduced
by further deposition of D2O, the amount of reduction per
deposition layer was saturated at deposition of 3–4 bilayers
of D2O ice film [Fig. 2(b)]. This is because the deposition
of additional ice bilayers converts the surface region of the
original ice film into bulk [Fig. 2(c)] and the topmost D2O ice
on the HDO ice film does not possess a resonant SFG signal
in the OH-stretching band. Therefore we can safely conclude
that the observed SFG signal is mainly derived from the
electric-dipole transition at the ice surface (Appendix C) and
the SFG active layers are composed of about 3 bilayers at the
top of the ice film, which supports the theoretically predicted
structural fluctuation of ice-Ih(0001) surface [13].

Figure 3 shows an Imχ (2) spectrum of the hydrogen
bonded OH-stretching band of the isotope diluted ice-Ih(0001)
film with 140-bilayers thickness at 120 K. The spectrum
is composed of two peaks with opposite signs: a positive
peak at the lower wavenumber (∼3250 cm−1) and a negative
peak at the higher wavenumber (∼3290 cm−1). The observed
bipolar shape is quite different from the Imχ (2) spectra of
isotope-diluted ice surface that were previously predicted from
a model calculation [42] and the Imχ (2) spectrum of liquid
water surface showing mainly a single negative peak [36–38].
The peak area of hydrogen-bonded OH-stretching band is
more than one order of magnitude larger than that of dangling
OH-stretching band (Appendix A), in good agreement with
previous experimental and theoretical SFG studies [40,45,52].
The linewidth of the |χ (2)| spectrum becomes sharper than that
of the Imχ (2) spectrum (Fig. 7) due to complicated interference
between the nonresonant constant originating from Rh(111)
substrate and resonant signal from ice surface in the |χ (2)|
spectrum.

Note that the local electric-field components parallel to
metal surface are substantially weakened even for the 140-BLs
ice film on Rh(111) as a result of optical interference between
incident and reflected light waves (Appendix B). Therefore
the PPP-SFG signals from ice surface on metal substrate
are dominated by the ZZZ-component of χ (2) whereas the
SSP-SFG signals were substantially small (Appendix B). As
shown in Eq. (S10) in Sec. 3 of Ref. [86], the ZZZ component of
χ (2) is proportional to the additive sum of 〈cos θ〉 and 〈cos3θ〉,
where brackets indicate an ensemble average and θ is the polar
angle of each OH oscillator with respect to the c axis (Fig. S2 in
Ref. [86]). Therefore the SFG signal of OH oscillators nearly
perpendicular to the c axis, i.e., the intrabilayer Bnp-up and
Bnp-down OH defined in Fig. 4(a), is much weaker than that
of OH oscillators parallel to the c axis, i.e., the interbilayer
Bn-up and Bn-down OH [Fig. 4(a)]; the ZZZ-SFG signal
of ice Ih(0001) is dominated by the OH oscillators parallel
to the c axis. Note that the topmost B1-up OH oscillator,
the so-called free-OH oscillator, does not form a hydrogen

bond and shows the OH-stretching band around ∼3700 cm−1

[40,41]. Therefore the experimentally observed SFG spectra in
the hydrogen-bonded OH-stretching region (Figs. 2 and 3) are
derived from hydrogen bonding interbilayer OH oscillators at
the subsurface. Because |χ (2)|2 SFG intensity is substantially
diminished by deposition of 1-bilayer D2O ice [Fig. 2(b)], we
can reasonably conclude that the positive and negative peaks in
the Imχ (2) spectrum (Fig. 3) are dominated by the vibrational
responses of B2-up and B1-down OH oscillators, respectively,
at the outermost subsurface [Fig. 4(a)]. In general, as a
hydrogen-bond connecting a neighboring molecule becomes
stronger, the stretching frequency of the OH oscillator involved
in the hydrogen bond decreases [55–59,93–95]. Therefore our
result suggests that even in the same interbilayer between B1
and B2, the B1-down OH oscillators pointing toward the bulk
form weaker hydrogen bonds than the B2-up OH oscillators
pointing toward the surface. A difference in the wavenumber
of 40 cm−1 suggests that the averaged O-H · · · O distance of an
interbilayer connected by B1-down OH is ∼0.8% [57] longer
than that connected by the B2-down OH.

B. Theoretical results

To elucidate the inequivalent hydrogen-bond length be-
tween B1 and B2 bilayers, we have conducted molecular dy-
namics (MD) simulations and quantum mechanical/molecular
mechanical (QM/MM) spectral calculations, in which the
effects of local field, polarization, and charge transfer at ice sur-
face were explicitly taken into account [52,53]. Decomposing a
calculated Imχ (2) spectrum into chromophores in each bilayer,
we focus on interbilayer local-OH oscillators. Figure 4(b)
shows that the calculated Imχ (2) spectra of B1-down and B2-up
OH have opposite signs while their peaks are definitely shifted
to each other; thus their sum results in a bipolar band [red
dashed line in Figs. 4(b) and 4(d)]. Figure 4(c) shows that the
B2-down and B3-up OH spectra have a similar trend as the
B1-down and B2-up spectra, though the peak shift is much
smaller. In this case, these two components largely cancel out
each other. Therefore the net amplitude of the interbilayer
OH spectra between B2 and B3 bilayers is smaller than that
between B1 and B2 [Fig. 4(d)]. As going deeper into the
bulk (n � 3), the contributions of interbilayer OH between
Bn-down and B(n + 1)-up (n � 3) diminish and become
negligibly small. In addition, the intrabilayer OH oscillators
labelled Bnp-down/up in Fig. 4(a) are shown to have a minor
contribution to the Imχ (2) spectrum because their amplitudes
are about one order of magnitude smaller than those of the
interbilayer OH oscillators (Sec. 2 of Ref. [86]). Therefore the
bipolar band shape of the observed Imχ (2) spectrum (Fig. 3)
is mainly attributed to the OH oscillators between the first and
second bilayers in accordance with experimental results. Note
that it is the large frequency difference between the interbilayer
B1-down and B2-up OH bonds that makes these oscillators
appreciable in the Imχ (2) spectrum [Figs. 4(b)–4(d)].

An interesting question arises: why are the stretching
frequencies of OH chromophores in the interbilayer between
the B1 and B2 bilayers are so different in comparison
with interbilayers deep in the bulk? Because the O-H · · · O
hydrogen-bonds connected by the Bn-down and B(n + 1)-up
OH should be equivalent in the homogeneous bulk ice, this
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question is pertinent to the unique character of subsurface
environment. To answer this question, we examined
systematically how the structure of each bilayer deviates from
that of the bulk.

The structure of interbilayer hydrogen bonds is examined
in terms of intermolecular distance (Ro-o) and O-H · · · O angle
(ϕ) [Fig. 5(a)]. It is known that short Ro-o and linear O-H · · · O
alignment (ϕ ∼180◦) are indicative of a strong hydrogen
bond [57–59,93–97]. Figure 5(b) shows the half width at
half maximum for the distribution of ϕ (Fig. 11), δϕ, and
deviations of 〈RO-O〉 from the bulk value 〈Rbulk

O-O〉, �RO-O =
(〈RO-O〉 − 〈Rbulk

o-o 〉)/〈Rbulk
O-O〉, for various interbilayer OH bonds,

where the brackets indicate ensemble average. As bilayers go
deeper into the bulk, �Ro-o and δϕ converge to the bulk values
irrespective of the orientation of the interbilayer OH bonds:
�Ro-o and δϕ of B4-down OH bonds are the same with those of
B5-up OH bonds [Fig. 5(b)]. In contrast, as bilayers get closer
to the surface, �Ro-o and δϕ increase and become largest at the
B1-B2 interbilayers. Moreover, they become dependent on the
up/down orientation of OH bonds [Fig. 5(b)]; even in the same
interbilayer, �Ro-o and δϕ of B1-down OH bonds are larger
than those of B2-up OH bonds. This implies that the hydrogen-
bond structure at the outermost subsurface is less ordered
than bulk, which is in qualitative agreement with a previous
report that demonstrated the broad distribution of water dipole
moment in few bilayers of ice surface [13]. Due to the large
mass of oxygen, the calculated values of Ro-o would be hardly
affected by nuclear quantum effects [98]. The deviations in
〈RO-O〉 of the topmost interbilayer and intrabilayer, �Ro-o =
+0.6% and + 0.7% [Figs. 5(c) and 11(b)], respectively, are
much smaller than the ∼5.9% expansion at liquid-water
surface [99] but almost the same with the ∼0.4% elongation at
amorphous-ice surface [24], indicating that the hydrogen-bond
network of liquid-water surface is considerably weaker than
that at ice surfaces at low temperature.

Note that B1-down OH exhibits distinctively larger �Ro-o

and δϕ than B2-up; the structure of interbilayer hydrogen
bonds between the topmost bilayers markedly depends on the
up/down orientation of OH bonds. Thus the equivalence of
interbilayer hydrogen bond in the bulk is lost at the subsurface
and the interbilayer structure is rumpled. The mechanism
of interbilayer structural rumpling at the subsurface of ice-
Ih(0001) is quite different from the traditionally proposed one
at the subsurface of ionic insulator, where the displacement
of less polarizable cations becomes larger than that of more
polarizable anions due to the static local electric field at the
surface [20]. As illustrated in Fig. 5(c), a water molecule with
a B1-down OH in the B1b layer forms three hydrogen bonds
with molecules in the topmost B1a layer, while water with
a B2-up OH in the B2a layer is anchored by three hydrogen
bonds with molecules in the deeper B2b layer [Fig. 5(d)]. The
water molecules in the topmost B1a layer are three-coordinated
while those in the subsurface B2b layer are four-coordinated.
Therefore the intrabilayer hydrogen-bond network of B1
bilayer is more flexible and less ordered than that of B2 bilayer,
which manifests itself in the differences in �Ro-o and δϕ of
intrabilayer OH [Fig. 11(b)], and tetrahedrality [Fig. 12(b)].
As a consequence of larger librational fluctuation of water
molecules in the B1 bilayer [δϕ ∼ 9.8°, Fig. 11(b)] than in
the B2 bilayer [δϕ ∼ 8.8°, Fig. 11(b)], interbilayer hydrogen

bonds connected by B1-down OH experience larger distortion
[δϕ ∼ 9.3°, Figs. 5(b) and 5(c)] than those with B2-up OH
[δϕ ∼ 8.9°, Figs. 5(b) and 5(d)]. The strain inequivalently
weakens subsurface interbilayer hydrogen bonds, depending
on the down/up orientation of OH bond, which results in the
pronounced increase of the average value of Ro-o [Fig. 5(b)]
and the blue shift in the B1-down OH-stretch band [Fig. 4(b)].
This structural inequivalence is the origin of the bipolar band
shape of the Imχ (2) spectrum [Figs. 3 and 4(d)].

Cooperative many-body nature of hydrogen bond [96,97]
would also contribute to the asymmetric interbilayer structure.
As the strength of hydrogen bond increases, the water
molecules involved in the hydrogen bond are more signifi-
cantly polarized [13,93–97,100]. Therefore the B2-up OH of
water in the strongly hydrogen-bonded B2 bilayer could more
strongly donate a hydrogen in the interbilayer OB1 · · · H-OB2

hydrogen bond than the B1-down OH of water in the weakly
H-bonded B1 bilayer. Indeed, we confirmed in the MD
simulations that the difference of �Ro−o between the B1-
down (OB1-H · · · OB2) and B2-up (OB1 · · · H-OB2) hydrogen
bonds in a nonpolarizable water model (TIP4P/Ice model)
was about half of that in the polarizable water mode (point
dipole model) shown in Fig. 5. This result suggests that the
cooperative effect of hydrogen bond also contributes to the
structural inequivalence and the bipolar band shape of the
Imχ (2) spectrum [Figs. 3 and 4(d)].

IV. CONCLUSIONS

In summary, we have succeeded in experimentally
demonstrating for the first time the unique structural
relaxation at a buried subsurface of insulating soft
molecular solid, hexagonal water ice. The structural
asymmetry of subsurface hydrogen bond (OB1-H · · · OB2 and
OB1 · · · H-OB2) at ice-Ih(0001) was unveiled by means of
the noninvasive phase-resolved SFG vibrational spectroscopy
using heterodyne detection. The MD simulations and QM/MM
spectral calculations described the peculiar features of
experimentally observed Imχ (2) spectrum (Fig. 3): the bipolar
spectral shape and strong intensity of the hydrogen-bonded
OH-stretching band in comparison to the free-OH-stretching
band. The mean lattice relaxation of the order of
+0.6% − 0.8% in the outermost interbilayer is almost of the
same extent as those of typical close-packed faces of simple
and transition metals: Al(+0.9%), Cu(−0.7%), Pt(+1.0%),
and Ir(−0.7%) [17,101]. These metals show homogeneous
expansion or contraction of the subsurface interlayer spacing.
In contrast, the structure of ice subsurface is rumpled: the
outermost interbilayer lattice spacing of ice Ih(0001) is
unequally expanded, depending on the up/down orientation
of interbilayer OH bonds, because the amplitude of thermal
librational fluctuations of water molecules with B1-down
OH and B2-up OH is different [Figs. 5(c) and 5(d)]. This
disparity is a manifestation of the difference of intrabilayer

hydrogen-bond environment of B1b water from that of B2b
water: B1b water is connected by three-coordinated B1a
molecules, while B2a water is connected by four-coordinated
B2b molecules. Although the possibility of proton-ordered
Fletcher’s striped structure at the topmost B1a layer [27,102]
would affect the intrabilayer hydrogen-bond structure between
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B1a and B1b layers [44,54], the deeper subsurface structure
between B1b and B2a layers [Figs. 3 and 4] would be less
sensitive to the topmost structure; whether or not ice-Ih (0001)
has the Fletcher’s striped phase [27,102,103] would not affect
our main conclusions. Therefore geometrically frustrated
H-up/H-down orientational disorder inherent in water ice
[1,25,26] makes lattice and electronic structures at subsurface
more inhomogeneous than they have ever been expected in
the previous experimental studies [23,24,27–32] based on the
classical Kossel picture of crystals. Note that these structural
relaxations are observed at 120 K, which is much lower
than the onset temperature of surface premelting (∼200 K)
[40,41,48] and around the lower limit of the temperature
range of the earth’s atmosphere. Because crystalline ice is
abundant in the temperature range below 200 K in the earth’s
atmosphere and in space, the structural rumpling associated
with the orientational disorder would play key roles in a variety
of anomalous physical and chemical properties of ice surface
in nature [1–13] including mechanical friction, conduction
of electrons, protons, and ions, energy transfer, and catalysis
particularly relevant to astrophysics and atmospheric physical
chemistry.

Note added in proof. Recently, we became aware of a related
work by Smit et al. [104], reporting heterodyne-detected SFG
spectra of H2O ice Ih(0001). They assumed that the dispersive
shape of the main Im[chi2] band is indicative of quadrupole
response. As discussed in Appendix C, however, Fig. 2
indicates that the contribution of the quadrupole response is
negligibly small in the case of HDO ice Ih(0001). The present
MD calculation elucidates the dispersive line shape (Fig. 3)
with opposite bilayer-stitching OH vibrations between top two
bilayers (Figs. 4 and 5). Disappearance of the dispersive line
shape at around 3100 cm−1 above 200 K (Fig. 3 in Ref. [104])
implies that the dispersive band I of H2O ice Ih(0001) would
not be derived from the bulk quadrupole response.
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APPENDIX A: EXTRACTION OF χ
(2)
R SPECTRA FROM

PHASE-SENSITIVE SFG

We describe how to extract information on net orientation of
OH oscillators from observed SFG signals. In our experimental
condition, χ

(2)
eff,PPP is given in Eq. (S7) in Sec. 3 of Ref. [86]:

χ
(2)
eff,PPP = T SF

Z T VIS
Z T IR

Z χ
(2)
ZZZ , where T SF

Z , T VIS
Z , and T IR

Z are
the transfer coefficients of sum-frequency, visible and infrared

FIG. 6. (a) Imχ
(2)
ZZZ, Reχ (2)

ZZZ and (b) |χ (2)
ZZZ| and Argχ

(2)
ZZZ spectra

of the dangling OD-stretching band of HDO ice surface at 120 K.
The HDO concentration in D2O-rich water vapor was ∼32 mol%,
corresponding to an [OD]/[OH] ratio of ∼3.4. A black dashed line is
a result of curve fitting with a Lorentz function.

light, respectively; χ (2)
IJK is the second-order nonlinear suscepti-

bility. In the case of the HDO ice films on Rh(111), dependence
of the transfer coefficients on the frequency of SF, visible and
IR lights, is shown to be negligibly small (Appendix B). Thus
χ

(2)
eff,PPP is approximated as

χ
(2)
eff,PPP(ωIR) = T χ

(2)
ZZZ(ωIR)

= |T | exp(iδT ) χ
(2)
ZZZ(ωIR)

∝ exp(iδT ) χ
(2)
ZZZ(ωIR), (A1)

T ≡ T SF
Z T VIS

Z T IR
Z = |T | exp(iδT ) ≈ const., (A2)

where T is a product of transfer coefficients and δT is a
phase of T . To obtain δT , we have used the free-OD stretch
band as an internal reference. Because the free-OD oscillators
at the topmost surface of HDO crystalline ice point toward
the vacuum along the surface normal [35,40,41,78], δT can
be determined under the assumption that the line shape of
the Imχ

(2)
ZZZ spectrum is well approximated by a Lorentzian

function with positive sign (Fig. 6) [35,65]. Thus χ
(2)
eff,PPP

multiplied by exp(−iδT ) gives χ
(2)
ZZZ for the hydrogen-bonded-

OH stretch band (Fig. 7). Because the nonresonant term
χ

(2)
NR,ZZZ is almost independent of the frequency of the incident

infrared light [105,106], we can regard χ
(2)
NR,ZZZ to be constant

and obtain the resonant term of χ
(2)
R,ZZZ as follows:

χ
(2)
R,ZZZ(ωIR) = χ

(2)
ZZZ(ωIR) − χ

(2)
NR,ZZZ. (A3)

A slight contribution of the nonresonant constant origi-
nating from Rh(111) substrate [107] appears in the Imχ

(2)
ZZZ

spectra as shown in Figs. 6(a) and 7(a). Note that the Imχ
(2)
R,ZZZ

spectrum shown in Fig. 3 was derived from the spectrum in
Fig. 7(a) by subtracting the nonresonant background. Because
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FIG. 7. (a) Imχ
(2)
ZZZ, Reχ (2)

ZZZ and (b)|χ (2)
ZZZ| and Argχ

(2)
ZZZ spectra of

the hydrogen-bonded OH-stretch band of HDO ice surface at 120 K.
The HDO concentration in D2O-rich water vapor was ∼32 mol%,
corresponding to an [OD]/[OH] ratio of ∼3.4.

the scaling factor of the vertical axes of the Imχ
(2)
ZZZ and |χ (2)

ZZZ|
spectra in Fig. 6 is the same as in Fig. 7 and the [OH]/[OD]
ratio is about 1/3.4 in our HDO ice sample, the peak area of the
hydrogen-bonded OH-stretching band is estimated to be more
than one order of magnitude larger than that of the dangling
OH-stretching band.

APPENDIX B: POLARIZATION AND FREQUENCY
DEPENDENCE OF TRANSFER COEFFICIENTS

1. Transfer coefficients of X X Z, YY Z, and ZZZ polarization
combinations

The electric field of sum-frequency light ESF is given by
the second-order nonlinear polarization P SF multiplied by the
output transfer coefficient T SF:

ESF
I = T SF

I P SF
I (I = X,Y,Z). (B1)

The nonlinear polarization P SF is induced by the local
electric fields of input IR and visible light,

P SF
I = χ

(2)
IJKE

Vis, local
J E

IR, local
K (I,J,K = X,Y,Z). (B2)

The local electric fields, which are applied to the molecules
at a vacuum/ice interface, are composed of input electric
fields (EIR and EVis) and the input transfer coefficients
(T IR and T Vis),

E
Vis/IR, local
I = T

Vis/IR
I E

Vis/IR
I . (B3)

When the visible and infrared light are collinearly irradiated
under a nonresonant condition of visible light with respect to
an electronic transition, the electric fields observed in the PPP
and SSP polarization combination are

ESF
P =T SF

X T Vis
X T IR

Z χ
(2)
XXZEVis

X EIR
Z + T SF

Z T Vis
Z T IR

Z χ
(2)
ZZZE

Vis
Z EIR

Z ,

(B4)

ESF
S = T SF

Y T Vis
Y T IR

Z χ
(2)
YYZE

Vis
Y EIR

Z . (B5)

FIG. 8. Three-layer model under the infinite plane-wave approx-
imation [108]. nm(m = 0,1,2) are the refractive indices of vacuum,
HDO crystalline ice, and Rh(111) substrate, d is the thickness of
HDO-ice layer. The direction of P -polarization vector of reflected
light is the same as in Ref. [108]. The SFG process is assumed to take
place at vacuum/ice interface.

Because we could not observe any appreciable SFG signals
derived from the ice/Rh interface for sub-BL and few BLs
thick ice films on Rh(111), we can reasonably assume that the
SFG process takes place effectively only at the ice/vacuum
interface. In the three-layer model shown in Fig. 8, the transfer
coefficients are given as follows [108]:

T IR
Z = sin θ0

(
n0

n̄

)2(
1 − rP

1,2

) exp(−iφ) − rP
0,1 exp(iφ)

exp(−iφ) + rP
0,1r

P
1,2 exp(iφ)

,

(B6)

T VIS
X = cos θ0

(
1 + rP

1,2

) exp(−iφ) + rP
0,1 exp(iφ)

exp(−iφ) + rP
0,1r

P
1,2 exp(iφ)

, (B7)

T VIS
Y = (

1 + rS
1,2

) exp(−iφ) + rS
0,1 exp(iφ)

exp(−iφ) + rS
0,1r

S
1,2 exp(iφ)

, (B8)

T VIS
Z = sin θ0

(
n0

n̄

)2(
1 − rP

1,2

) exp(−iφ) − rP
0,1 exp(iφ)

exp(−iφ) + rP
0,1r

P
1,2 exp(iφ)

,

(B9)

T SF
X = (

1 + rP
0,1

)[ i2π sec θ0

cλ0n0
cos θ0

+ i2π sec θ1

cλ0n1

rP
1,2t

P
1,0 exp(2iφ)

1 − rP
1,0r

P
1,2 exp(2iφ)

cos θ1

]
, (B10)

T SF
Y = (

1 + rS
0,1

)[ i2π sec θ0

cλ0n0
+ i2π sec θ1

cλ0n1

× rS
1,2t

S
1,0 exp(2iφ)

1 − rS
1,0r

S
1,2 exp(2iφ)

]
, (B11)

T SF
Z = (

1 − rP
0,1

)[ i2π sec θ0

cλ0n0

(
n1

n̄

)2

sin θ0 − i2π sec θ1

cλ0n1

× rP
1,2t

P
1,0 exp(2iφ)

1 − rP
1,0r

P
1,2 exp(2iφ)

(
n0

n̄

)2

sin θ1

]
, (B12)

n̄ =
√

n2
0 + n2

1 + 4

2
(
n−2

0 + n−2
1 + 1

) , (B13)

φ = 2πn1

λ
d cos θ1, (B14)
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FIG. 9. IR wavenumber dependence of the transfer coefficients
|T SF

I T VIS
I T IR

Z | for I = X, Y, Z simulated at d = 51.8 nm (∼140 BL)
and θSF

0 = θVis
0 = θ IR

0 = 61.5◦.

rP
m−1,m = nm−1 cos θm − nm cos θm−1

nm−1 cos θm + nm cos θm−1
, (B15)

rS
m−1,m = nm−1 cos θm−1 − nm cos θm

nm−1 cos θm−1 + nm cos θm

, (B16)

tPm−1,m = 2nm−1 cos θm−1

nm−1 cos θm + nm cos θm−1
, (B17)

tSm−1,m = 2nm−1 cos θm−1

nm−1 cos θm−1 + nm cos θm

, (B18)

where n̄ is the refractive index at the interface between
vacuum and HDO ice layer [109]; φ is the spatial phase offset
accumulated by traversing an HDO ice layer, rP/S

m−1,m and t
P/S

m−1,m

are the amplitudes of reflection and transmission coefficients
for P or S polarized light at the interface between m-1 and
mth layers; n0, n1, and n2 are the refractive indices of vacuum,
HDO ice and Rh layer, respectively [107]. The refractive index
of HDO ice n1 was approximated with a linear combination of
those of H2O and D2O ice [110] at a D2O/H2O mixing ratio
of ∼3.4.

The input transfer coefficients T IR and T Vis are composed
of a linear Fresnel factor and the projection factors of S or
P component of incident light on to the X, Y, Z laboratory
coordinate system, while the output transfer coefficient T SF

is composed of linear Fresnel factors, the projection factors,
and the coefficients resulting from radiation of fields at the
vacuum/ice interface: i2π sec θ0

cλ0n0
and i2π sec θ1

cλ0n1
.

The products of transfer coefficients T SF
I T VIS

I T IR
Z of various

polarization combinations (I = X, Y,Z) are shown as a
function of IR wavenumber in Fig. 9. The product of transfer
coefficients of ZZZ polarization combination is about six
times larger than that of XXZ polarization combination
(|T SF

Z T VIS
Z T IR

Z /T SF
X T VIS

X T IR
Z | ∼ 6), indicating that ESF

P is dom-
inated by the χ

(2)
ZZZ term in Eq. (B4).

The difference in the magnitude of SFG signals between
XXZ and ZZZ polarization combinations originates from
the polarization dependence of transfer coefficients of visible
and sum-frequency light as follows. Because the reflection

coefficient of visible light at the vacuum/ice interface is very
small (|rP

0,1| 	 1), the transfer coefficients of visible light and
their ratio are approximately expressed as

T VIS
X ≈ cos θ0

(
1 + rP

1,2

)
, (B19)

T VIS
Z ≈ sin θ0

(
n0

n̄

)2(
1 − rP

1,2

)
, (B20)

T VIS
Z

T VIS
X

≈ tan θ0

(
n0

n̄

)2 1 − rP
1,2

1 + rP
1,2

. (B21)

Visible light is reflected at the ice/Rh interface with
rP

1,2 ∼ −1. Thus the |T VIS
Z /T VIS

X | ratio becomes much larger
than unity mainly due to the term derived from the Fresnel
factors. Similarly, in the case of θSF

0 = θVis
0 = θ IR

0 , n̄ ∼ n1 >

n0 |rP
0,1| 	 1 and d/λ 	 1, the transfer coefficients of sum-

frequency light are roughly approximated as

T SF
X ≈ i2π sec θ0

cλ0n0

(
1 + rP

1,2t
P
1,0

(
n0

n̄

)2)
cos θ0, (B22)

T SF
Z ≈ i2π sec θ0

cλ0n0

(
1 − rP

1,2t
P
1,0

)
sin θ0, (B23)

T SF
Z

T SF
X

≈ tan θ0
1 − rP

1,2t
P
1,0

1 + rP
1,2t

P
1,0

(
n0

n̄

)2

. (B24)

Because the sum-frequency light in the visible spectrum
is also reflected at the ice/Rh interface with rP

1,2 ∼ −1 and
transmitted at the ice/vacuum interface with tP1,0 ∼ 0.8, the
|T SF

Z /T SF
X | ratio becomes larger than unity: |T SF

Z /T SF
X | ∼ 1.5

in our experimental condition. Therefore |T SF
Z T VIS

Z T IR
Z | is

much larger than |T SF
X T VIS

X T IR
Z | (Fig. 9) mainly due to the

polarization dependence of T VIS.
We observed that |χ (2)

eff,SSP |2 of ice films (d � 140 BL) on

Rh(111) is much smaller than |χ (2)
eff,PPP|2 . This is due to the

result shown in Fig. 9∣∣∣∣T SF
Y T VIS

Y T IR
Z

T SF
Z T VIS

Z T IR
Z

∣∣∣∣
2

∼
(

1

8

)2

, (B25)

which is derived from the reflection properties of visible light
at ice/Rh interface (rP

1,2
∼= −1 and rS

1,2
∼= −1) in the following

equation:∣∣∣∣T SF
Y T VIS

Y T IR
Z

T SF
Z T VIS

Z T IR
Z

∣∣∣∣
2

≈
∣∣∣∣T VIS

Y

T VIS
Z

∣∣∣∣
2

≈ 1

sin θ0

(
n̄

n0

)2 1 + rS
1,2

1 − rP
1,2

.

(B26)

These results clearly indicate that the transfer (Fresnel)
coefficients of ice films on a metal substrate are dominated by
the reflection properties of visible light at ice/metal interface
(rP/S

1,2 ). Therefore, even for the SFG process taking place at the
surface of ice with ∼100 BL thicknesses, the metal substrate
can effectively suppress the electric-field components parallel
to the metal surface as a result of the interference between
incident and reflected light.

Figure 10 shows the amplitude and phase for the calculated
transfer coefficients (T IR

Z and T SF
Z ) and the experimentally

observed χ
(2)
eff,PPP spectrum as a function of IR frequency.
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FIG. 10. IR wavenumber dependence of (a) amplitude and (b)
phase of calculated transfer coefficients T IR

Z and T SF
Z , and the

experimentally observed χ
(2)
ZZZ. The amplitude and phase of T IR

Z and
T SF

Z are normalized and shifted to take the same value of χ
(2)
ZZZ at

3100 cm−1. The horizontal axis of T SF
Z is derived from the frequency

of sum-frequency light subtracted by the frequency of incident visible
light.

In comparison with the χ
(2)
eff,PPP spectrum, the frequency

dependence of the transfer coefficients is considerably small.
Therefore the χ

(2)
eff,PPP spectrum is dominated by vibrational

response of χ
(2)
R,ZZZ. Thus, we can extract χ

(2)
R,ZZZ from χ

(2)
eff,PPP

as described in Appendix A. Because the refractive indices of
HDO ice (n1) used here are constituted by a linear combination
of those of H2O and D2O ice Ih with a D2O/H2O ratio of 3.4,
the strict spectral shape of T IR

Z would be different from that
of Fig. 10. Note that the discussion in Appendixes A and B
for H-diluted HDO ice is only based on the fact that the IR
wavenumber dependence of the |T IR

Z | and ArgT IR
Z is negligibly

small compared with that of the χ
(2)
R,ZZZ.

APPENDIX C: CONTRIBUTION TO SFG SPECTRUM
OTHER THAN DIPOLE TRANSITION AND ESTIMATION

OF SFG ACTIVE REGION AT ICE SURFACE

In addition to the electric dipole transition, an electric
quadrupole transition would also contribute to the SFG
spectrum [54,111–114]; thus χ (2) is expressed as

χ (2) = χ ID + χ IQI + χ IQB + χB. (C1)

where χ ID is derived from the electric dipole transition at ice
surface (Ref. [86], Sec. 3), χ IQI and χ IQBO riginate from the
quadrupole transition at ice surface due to drastic change in re-
fractive indices and a local electric field within surface few bi-
layers, and χB originate from the quadrupole transition due to a
large number of water molecules in bulk. χ IQI and χ IQB depend
only on surface and bulk properties, respectively [54,114].

We discuss the contributions of four components in Eq. (C1)
to the observed SFG spectrum. Note that the coherent
length, which is limited by a wave-vector mismatch, of our
SFG measurement is calculated to be 4.7 μm [115] in our
experimental set up. Within the coherent length, the intensity
of χB should in principle increase with film thickness, because
χB is derived from water molecules in bulk ice. However,
we observed that both the intensity and line shape of SFG
spectra do not change during the layer-by-layer growth of
ice-Ih films from 100 BL to 170 BL on Rh(111) [Fig. 2(a)].
This result clearly indicates that the χB term little contributes

FIG. 11. [(a) and (b)] The half width at half maximum for
the distribution of O-H · · · O angle, δϕ (open circle), and the
deviations of 〈RO-O〉 from the bulk value 〈Rbulk

O-O〉, �RO-O ≡
(〈RO-O〉 − 〈Rbulk

O-O〉)/〈Rbulk
O-O〉 (filled square) for various interbilayer

(a) and intrabilayer (b) hydrogen bonds. [(c) and (d)] Probability
distribution of O-H · · · O angle ϕ for interbilayer (c) and intrabilayer
(d) hydrogen bonds normalized by the value at ϕ = 180◦. The
definitions of Bn-up, Bn-down, Bnp-up, and Bnp-down are given
in Fig. 4(a).

to the observed SFG spectrum, in good agreement with the
theoretical prediction for H2O ice [54]. In ref. [54], it was also
reported that the χ IQI term is negligibly small compared with
the χ ID term at ice surface.

To evaluate the contribution of χ ID and χ IQB to the
observed SFG spectrum, we deposited D2O ice on an HDO
crystalline ice film with sufficient thickness, and observed
D2O-ice thickness dependence of SFG intensity; the intensity
of the SFG spectrum at hydrogen-bonded OH-stretch region
significantly diminishes upon the deposition of 1 bilayers of
D2O ice [Fig. 2(b)]. Note that the origin of the χ ID term of
the OH-stretch band is the structural relaxation at subsurface
as discussed in the main text. Therefore the χ ID term of
hydrogen-bonded OH-stretch band would be diminished by
D2O-ice deposition on the HDO ice surface, because the
inherently relaxed structure of HDO molecules near the surface
(Figs. 5, 11, and 12) is converted to the bulk structure where
both the interbilayer distance and librational fluctuation of OH
oscillators do not depend on the orientation of OH oscillator
as the B4-down and B5-up configurations shown in Fig. 5(b).
In contrast, the χ IQB term in the OH-stretch region is derived
from the bulk property of the HDO ice film [54,114], and
thus D2O-ice deposition would not affect the χ IQB term
in the OH-stretch region. Therefore our experimental result
[Fig. 2(b)] clearly indicates that the observed SFG signal is
dominated by the χ ID term

χ (2) ≈ χ ID, (C2)

115405-10
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FIG. 12. (a) Density profile of the center of mass for water molecules (∼ position of oxygen atoms). (b) Tetrahedrality at each bilayer. [(c)
and (d)] Area normalized probability distribution of tilt angle θ with respect to the c axis for interbilayer OH oscillators (c) and intrabilayer OH
oscillators (d). Note that the B1-up OH oscillators do not form H-bond with other molecules and are freely dangling at the topmost surface.

and the SFG signal is derived from the topmost 2–3 bilayers of
ice surface, in good agreement with our calculations (Figs. 4
and 5).

APPENDIX D: STRUCTURE OF ICE SURFACE
CALCULATED BY MD SIMULATION

Figures 11 and 12 show the results of structure parameters
of ice Ih(0001) at 130 K. In Fig. 12(b), the order parameter,
“tetrahedrality,” is also plotted to quantify the local tetrahedral
order in the first solvation shell around a water molecule in
each bilayer. For surface of ice, the tetrahedrality qi around a

molecule i has been defined in the following formula [52],

qi = 1 − 9

2Ni(Ni − 1)

3∑
j=1

4∑
k=j+1

(
cosψjk + 1

3

)2

, (D1)

where Ni is the coordination number of ith molecule, j and k

denote the water molecules in the first solvation shell around
the center molecule i, cos ψjk = r̂Oj · r̂Ok , where r̂Oj is the
unit vector pointing from oxygen of the center molecule
i to that of the molecule j . We note that for complete
tetrahedron ψjk = cos−1(−1/3) = 109.47 ◦ results in 〈qi〉 =
1. In contrast, 〈qi〉 = 0 for completely random structures like
water molecules in gas phase.
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