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The Surface of Ice is Like Supercooled Liquid Water 

Wilbert J. Smit and Huib J. Bakker*
Abstract: The surface of ice has been reported to be disordered at 
temperatures well below the bulk melting point. However, the precise 
nature of this disorder has been a topic of intense debate. Here, we 
study the molecular properties of the surface of ice as a function of 
temperatures using heterodyne-detected sum-frequency generation 
spectroscopy. We observe that, down to 245 K, the spectral 
response of the surface of ice contains a component that is 
indistinguishable from supercooled liquid water. 

It is well-established that the surface of ice is 

disordered at temperatures well below the bulk melting point. 

This disordered surface governs processes as diverse as glacier 

motion, frost heave and chemical processes at the surface of ice 

particles in the atmosphere. In spite of its importance, the 

precise nature of the surface of ice is still under debate. For 

decades, the surface properties of ice have been the subject of 

numerous studies employing a large variety of experimental 

techniques.[1, 2] Much of this previous work has reached 

seemingly contradictory conclusions about the precise nature of 

the disorder of the surface of ice and its onset temperature. For 

example, the top surface has both been reported to resemble 

bulk liquid water[3, 4, 5] as well as to have a much higher 

viscosity than liquid water[6, 7, 8, 9, 10, 11, 12]. Recently it was 

also proposed that, close to the melting point, the surface of ice 

is made up of two phases exhibiting different morphologies (thin 

layers and droplets).[13, 14] The reported onset temperature for 

the surface disorder varies between 200 K and 271 K.[3, 15, 16, 

17, 18, 19, 12] 

Surface sum-frequency generation (SFG) 

spectroscopy is a very suitable tool to provide information on 

molecular surfaces as it combines surface-selectivity with 

molecular sensitivity. SFG relies on the enhancement of 

frequency mixing of visible and infrared laser pulses when the 

infrared pulse is resonant with vibrations of molecules at the 

surface. Since SFG is a second-order non-linear optical process, 

it is bulk-forbidden for water and ice under the electric dipole 

approximation.[20, 21] In this manuscript, we use SFG to study 

the hydrogen-bonding strength and structure of the ice surface, 

employing the fact that the vibrational frequencies of the OH 

stretch modes are strongly dependent on the strength of the 

hydrogen-bond interactions.[22, 23] The properties of the ice 

surface have been studied before with conventional intensity 

SFG spectroscopy. It was found that the free OH groups sticking 

out the ice—air interface show orientation disorder at 

temperatures ≥200 K, pointing at a disordered character of the 

top surface of ice. [10, 24] In a recent intensity SFG study on the 

surface of ice, a stepwise increase of the first moment of the OH 

stretch vibrational spectrum of the ice surface was observed, 

when increasing the temperature towards the melting point, 

indicating a rather sudden increase of the thickness of the 

disordered surface.[25] 

 The previously reported intensity spectra of ice (ISFG 

~|χ(2)|2, with χ(2) the second-order non-linear susceptibility) 

represented the square of the sum of the different vibrational 

resonances of the ice surface and a non-resonant 

background[10, 24, 25]. As a result of the cross terms between 

the different contributions, these studies did not allow for an 

unambiguous identification of the spectral response of the 

disordered ice surface. Here, we use heterodyne-detected SFG 

which allows for a direct determination of the amplitude and the 

phase of the generated SFG electric field. The SFG field, in turn, 

can be directly related to the real and imaginary parts of χ(2). The 

imaginary part of χ(2) is of particular interest, as it allows a direct 

identification of the surface vibrational resonances. Moreover, 

heterodyne-detected SFG allows the separation between the 

resonant part of the signal and the non-resonant background, 

which simplifies the interpretation.[26] Using heterodyne-

detected SFG, we determine the spectral response of the ice 

surface, and we find that this response contains a component 

with a spectrum that is indistinguishable from that of 

supercooled liquid water. 

In Figure 1 we present the heterodyne-detected SFG 

response of the basal surface of ice at different temperatures in 

the range 245—270 K for an ssp-polarization configuration (‘ssp’ 

indicates that the SFG and the visible beams are s-polarized, i.e. 

perpendicular to the plane of incidence, and that the infrared 

beam is p-polarized, i.e. parallel to the plane of incidence). The 

imaginary part of χ(2) is a sum of contributions from the different 

surface vibrational resonances. The inferred |χ(2)|2 spectra permit 

a direct comparison with conventional intensity SFG 

measurements and are in good agreement with Refs. [24, 25]. 

At 245 K, the Im χ(2) spectrum is dominated by an intense band 

at 3230 cm-1 with a shoulder around 3400 cm-1. With increasing 
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temperature the 3230 cm-1 band decreases in amplitude, while 

the shoulder around 3400 cm-1 increases in amplitude. The Im 

χ(2) spectrum also shows a broad shoulder near 3550 cm-1. The 

low amplitude of this band makes it hardly visible in the 

constructed |χ(2)|2 spectra. We recently reported that this band 

can be assigned to the antisymmetric OH stretch vibration of 

fully coordinated interfacial water molecules and the symmetric 

OH stretch vibration of water molecules with two donor and one 

acceptor hydrogen-bond.[27] The resonance at ∼3700 cm-1 is 

assigned to free OH groups sticking out from the surface. The 

positive sign of the imaginary part reflects their outward 

orientation relative to the bulk. 

 

Figure 1. Second-order susceptibility of the basal surface of ice as a function 
of temperature. The top panel shows the imaginary component (Im χ

(2)), the 
central panel the real component (Re χ

(2)), and the bottom panel the squared 
amplitude (|χ

(2)|2). 

Figure 2a displays the Im χ(2) spectra of ice at 245 K, 

ice at 270 K, and supercooled liquid water at 270 K. In a 

previous study of the free OH stretch mode sticking out of the 

surfaces of water and ice a similar decrease in response of ice 

compared to water has been observed.[9] The surface Im χ(2) 

spectrum of ice at 270 K is remarkably similar to that of 

supercooled liquid water at 270 K, and quite different from the 

surface spectrum of ice at 245 K. This indicates that the surface 

spectrum of ice at 270 K contains a strong contribution of a 

component with a similar spectral response as supercooled 

liquid water. 

 

Figure 2. (a) Comparison of the imaginary parts of the surface responses (Im 
χ

(2)) of the basal face of ice and supercooled water. The signals are 
normalized on the free OH amplitude.[10] (b) Comparison of the equivalent 
bulk responses (square-root-product of the infrared and Raman spectra) of ice 
and supercooled water. After square-root multiplication, the spectrum at 245 K 
is normalized to its maximum and the other two spectra are multiplied with the 
same normalization factor. 

The bottom panel of Figure 2b shows bulk response 

spectra of the same systems of which the Im χ(2) spectra are 

shown in Figure 2a. The Im χ(2) spectrum of the surface can best 

be compared with the square root of the product of the infrared 

and the Raman spectrum of the bulk, as this latter constructed 

spectrum shows the same dependence on the infrared transition 

dipole moment and the Raman polarizability as χ(2). The 

constructed spectrum of bulk ice at 270 K is quite similar to the 

spectrum of bulk ice at 245 K and very different from the 

spectrum of supercooled water at 270 K. Clearly, the bulk 

response of ice at 270 K is ice-like (similar to that of ice at lower 
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temperatures), whereas the surface response of ice at 270 K 

closely resembles that of supercooled liquid water. 

Given this observation, we can obtain more 

quantitative information on the properties of the ice surface by 

performing a spectral decomposition (Figure 3). Previous ATR-

IR studies [4] and molecular dynamics simulations [25] indicate 

that up to 270 K the ice surface contains only a few water-like 

molecular layers. Therefore we describe the ice surface as a 

single interfacial region comprising molecular layers of 

crystalline ice character and layers that are liquid-water like. We 

thus fit the Im χ(2) spectrum of supercooled water by 3 Gaussian 

bands of which 2 have asymmetric widths to account for the 

inhomogeneity caused by varying hydrogen-bond strengths. The 

broad band with its maximum at 3407 cm-1 corresponds to 

hydrogen-bonded OH modes of liquid water. For the band at 

3587 cm-1 different assignments have been reported [26, 28, 29, 

30]. The band at 3702 cm-1 corresponds to the free OH mode. 

We fit the ice spectra at different temperatures with these three 

bands plus another asymmetric Gaussian-shaped band to 

account for the response around 3230 cm-1, which represents 

the OH modes of crystalline ice. In this fit of the ice spectra at 

different temperatures we keep the spectral shapes and widths 

of the four bands constant, in order to reduce the number of free 

fit parameters. This approach is justified, as we fit the spectra 

over a relatively small temperature interval (245—270 K). With 

this approach we obtain a robust fit of the spectra at all 

measured temperatures. The peak position of the free OH band 

is a free fit parameter, yielding a slight shift from 3701 cm-1 at 

245 K to 3703 cm-1 at 270 K. The peak position of the broad 

positive shoulder near 3550 cm-1 is kept constant at 3555 cm-1 

based on a global fit to the ice spectra measured at different 

temperatures. The peak position of the band with the response 

of the hydrogen-bonded OH modes of liquid water is 3407 cm-1 

at 270 K and taken to shift by 1 cm-1/K. This frequency shift 

follows from spectra recorded for liquid water at 270 and 295 K 

(Figure S1). The peak position of the crystalline ice band is also 

set to shift by 1 cm-1/K. The results of the fit are shown in Figure 

3, and are seen to match the data very well. 

 

Figure 3. Spectral decomposition of the imaginary part of the susceptibility (Im 
χ

(2)) of the surface of supercooled water at 270 K and the basal face of ice at 
temperatures between 245 and 270 K. The supercooled water spectrum (top) 
is fitted by a sum of two asymmetric Gaussian-shaped bands and one 
symmetric Gaussian-shaped band. The ice spectra are fitted with the three 
bands resulting from the fit to liquid water and an additional asymmetric 
Gaussian-shaped band (see text). The data are represented by the symbols 
and the fitted spectra by the solid lines. The four spectral bands that together 
form the fitted spectra are indicated by shaded areas. Note the different 
ordinate scales for the different temperatures. 

 

The areas of the 4 bands are plotted in Figure 4 as a 

function of temperature. Clearly, the liquid-water like band still 

exhibits significant amplitude at 245 K, which is only ∼2 times 

smaller than the amplitude of the liquid-like band measured for 

ice at 270 K, the surface response of ice thus shows substantial 

liquid-like character, even at 245 K, i.e. at 28 K below the 

melting point. The amplitude of the crystalline ice response 

strongly depends on temperature, and vanishes when 

approaching the melting point at 273 K (Figure 4). The 

amplitudes of the 3555 cm-1 band and the free OH band show a 

mild increase with temperature. 
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Figure 4. Areas of the crystalline ice band (~3230 cm-1), the liquid-water like 
band (~3400 cm-1), the 3555 cm-1 band, and the free OH band (~3700 cm-1) 
resulting from the spectral decomposition of the ice spectra shown in Figure 2. 
The lines serve to guide the eye. 

The observed liquid-like component probably 

represents the top molecular layer(s) of the ice crystal, while the 

measured crystalline ice response likely represents the 

response just underneath these top molecular layers. In 

previous atomic force microscopy (AFM) studies it has been 

reported that the viscosity of the surface layer of ice would be 

300—4000 times larger than the viscosity of (supercooled) 

water.[9, 11, 12] In view of the present observations, it seems 

likely that the probed response not only represented the top 

molecular layers, but also included a significant contribution of 

the (more crystalline) layers underneath. Another explanation is 

that the reported high viscosities are caused by strong 

confinement effects between the probing tip of the atomic force 

microscope and the ice crystal surface.[12, 31]  

In a previous spectroscopic IR-ATR study of thin ice 

films deposited on a germanium substrate evidence was found 

for the presence of two liquid-like water layers (at the ice—air 

and ice—germanium substrate interfaces) with a total thickness 

of 2 nm at 270 K, , i.e. corresponding to ~4 molecular layers (= 

~2 bilayers) per interface.[4] Therefore, we tentatively attribute 

the observed amplitude increase of the liquid-water-like 

component from 0.34±0.03 at 245 K to 0.62±0.02 at 270 K to the 

transition from one molten bilayer of liquid-like water molecules 

at the surface of ice at 245 K to two molten bilayers at the 

surface of ice at 270 K. This explanation is supported by recent 

molecular dynamics simulations that reported a transition from a 

single disordered bilayer of water molecules at the surface of ice 

to two disordered bilayers, when the temperature is increased 

from 230 K to 270 K.[25]In summary, we determined the spectral 

response of the the surface of ice with heterodyne-detected 

surface sum-frequency generation. We find the surface to 

contain a component with a spectrum that is very similar to that 

of supercooled liquid water. This liquid-like component already 

shows a significant amplitude at a temperature of 245 K, i.e. at 

temperatures far below the melting point.  

Experimental Section 

The SFG experiments are performed using an amplified 

Ti:sapphire laser system (Coherent Legend) operating at a repetition rate 

of 1 kHz. This system is used to pump an optical parametric amplifier and 

difference-frequency mixing system delivering broadband infrared pulses 

with a pulse energy of 5 µJ, a central wavelength of 3.0 µm (3300 cm-1) 

with a full width at half maximum of 0.6 µm (650 cm-1), and a pulse 

duration of ~100 fs. The visible pulse has an energy of 15 µJ, a central 

wavelength of 798 nm, and a full width at half maximum of 0.9 nm (15 

cm-1). The bandwidth of the visible pulse determines the spectral 

resolution of the SFG spectra. The visible and infrared pulses are first 

sent in spatial overlap on a gold mirror to generate broadband sum-

frequency light. This light is used as the local oscillator. Then the pulses 

are refocused by a concave mirror onto the sample surface with an angle 

of incidence of 44° for the infrared beam and 39° for the visible beam. 

The diameter of the beams at the sample position is ~200 µm. The SFG 

signal stemming from the local oscillator is delayed by a delay plate and 

creates an interference pattern with the SFG signal generated at the 

sample, which is recorded by a spectrometer equipped with a CCD 

camera. The signal is extracted by Fourier filtering[33] and normalized by 

a reference spectrum from quartz which gives a non-dispersive SFG 

response. The χ(2) value of quartz is taken to be 8 · 10-13 m V-1 and the 

coherence length is ∼40 nm for our experimental configuration.[34] Next 

the spectra are corrected for the Fresnel factors yielding the second-

order susceptibility χ(2) [35, 33] using literature values for the optical 

constants of ice,[36] water,[37, 38] and quartz[39] and calculating the 

effective refractive index of the interfacial layers by the use of a slab 

model.[40] For an accurate determination of the phase of χ(2), it is 

essential that the sample and reference are measured at the same height. 

The heights of the sample and reference are set to a precision of ∼1 µm, 

resulting in a phase inaccuracy of 10°. The obtained χ(2) spectra are 

precisely phased such that the imaginary part is zero in the off-resonance 

part of the spectrum between 3800—3900 cm-1 conforming previous 

work.[41, 42, 26] During the SFG experiment, the ice sample is 

continuously moved to prevent the accumulation of heat and damage of 

the crystal (see also the Supporting Information). 

Monocrystalline ice is grown by extraction of a seed from the 

melt.[43, 25] The orientation of the basal plane is determined by a Rigsby 

stage exploiting the birefringence of ice. The ice is cut to the basal plane 

and a flat surface is obtained by repeatedly shaving with a blade. The 

measurements are performed in a temperature cell that is cooled by 
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liquid N2 and allows for transmittance of the laser beams through a CaF2 

window. The temperature is monitored by a thermocouple welded on the 

edge of the ice surface with a drop of water and the desired temperature 

is set by a resistance. 

Linear absorption spectra are obtained with a PerkinElmer 881 

double-beam IR spectrometer. Raman spectra are acquired using a 

Bruker SENTERRA Raman microscope by excitation by a 532 nm laser 

with a power of 10 mW in an unpolarized manner. The sample is 

prepared by pressing a water droplet between two sapphire windows for 

the infrared spectra and between two CaF2 windows for the Raman 

spectra. The sample is placed in a cryostat allowing a precise control of 

the temperature (within 1 K). 
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Spectral decomposition of liquid water–air spectra

A spectral decomposition of the Imχ(2) responses of the liquid water-air interface at 270 and

295 K is given in Figure S1 .
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Figure S1: Spectral decomposition of the Imχ(2) spectrum of the liquid water-air interface
at 270 and 295 K. The spectra are decomposed in two asymmetric Gaussian bands and one
symmetric Gaussian band. The maximum of the negative imaginary band is found to be
located at 3407 cm−1 for 270 K and at 3430 cm−1 for 295 K, corresponding to a shift of
∼1 cm−1/K.
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Effect of laser-induced heating

Potentially there are two heating effects that could influence the measurements. The first

effect is direct heating occurring during the excitation pulse, and the second is accumulated

heating as a result of the repetitive excitation of the sample. The effect of direct heating

on the spectrum is determined by the amount of energy dissipated by a single infrared

laser pulse in the excited volume (determined by the absorption length), and the relaxation

and thermalization time constants. In our experiment, the infrared pulsed reaching the ice

surface have a pulse energy of ∼3 µJ. The bandwidth of the infrared pulse (650 cm−1 full

width at half maximum) is broader than the bulk absorption of ice (300 cm−1 full width

at half maximum). As a result, about 1.5 µJ infrared light is absorbed in the first micron

depth of the ice surface. The infrared beam is focussed to ∼0.2 mm at the ice surface.

Using a volumetric heat capacity of ice of 2 · 106 J m−3 K−1 this results in a local heat

jump of ∼13 K, after the relaxation and thermalization of the energy of the excitation

pulse is complete. The SFG signal is generated within the infrared pulse duration of 100 fs

because the dephasing time is very short (<10 fs). The T1 relaxation time of the excited OH

vibrations of ice is ∼300 fs,S1,S2 which implies that only part of the excited OH vibrations will

have relaxed within the infrared pulse duration. Moreover, the vibrational relaxation does

not directly lead to thermalization. For ice the vibrational relaxation is followed by a much

slower thermalization process that takes place on a time scale of several picoseconds.S1,S3

This latter slow thermalization process governs the effect of the excitation on the OH stretch

spectrum. As a result, the effect of heating on the OH stretch spectrum will be very small

within the 100 fs of the infrared pulse duration, corresponding to a temperature increase

<1 K.

The second potential heating effect is accumulated heating. We avoid this effect by con-

tinuously moving the ice sample through the laser foci. To experimentally test the potential

effect of direct and accumulated heating effects on the SFG spectra we varied the excitation

energy and the speed of the actuators moving the sample. As can be seen in Figure S2,
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Figure S2: SFG spectra of the ice surface obtained with various infrared intensities and
moving speeds of the ice sample at ∼250 K. The sample is of a different cut than the one
used in the main manuscript. Both a reduction in intensity of the infrared pulses from 5 µJ
to 2 µJ and a reduction in the moving speed from 4 mm/s to 2 mm/s do not affect the
spectral shape.

the spectrum has similar shape and amplitude for different excitation energies and moving

speed conditions. Therefore, we conclude that the heating effect of the laser pulses on the

SFG spectra is very small. Hence, both direct and accumulated heating effects are found to

be negligible in our experiment.
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