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Introduction:  The surface of ice is known to be a 

site whereby a number of important catalytic processes 
occur in the environment. It is of little surprise given 
the shear volume of ice on Earth and its presence in the 
solar system, that there is much interest to understand 
the behavior of ice surfaces [1-5]. The surface 
reactivity is likely influenced by the orientation of the 
H and O atoms, which is affected by the particular face 
(basal or prism) exposed. Surface-sensitive 
spectroscopic (sum frequency generation, SFG) 
experiments were carried out on basal and prism faces 
of single crystal Ih ice. 

SFG Spectroscopy:  SFG is a nonlinear technique 
that probes the interface or surface of a material using 
two beams (visible and tunable IR) to generate a signal 
at a frequency consisting of the sum of the two 
incident beams. The polarization of each beam is 
designated either s or p in reference to the plane of 
incidence, Figure 1. The s and p also denote the optical 
axis of the ice oriented perpendicular and parallel to 
the plane of incidence as defined by the incident angle 
and the surface normal. An SFG polarization 
combination of ppp refers to the polarization of the 
output beam, visible, and IR beam respectively. 
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Figure 1.  (Upper) Ice crystal orientation with 
respect to the input plane. (Lower) Schematic of s 
and p polarization.  
 

Of the two SFG polarization combinations, ssp and 
ppp, only the ppp spectra are shown since it is more 
responsive to surface changes, specifically in the 
hydrogen-bonded region (3000-3600 cm-1). The 
resolution and reproducibility of the structural features 
require a high quality ice surface. A clear spectro-

scopic distinction between the basal and prism faces is 
reproducibly seen, Figure 2. Five oscillators were 
identified. On the basal face the modes are 3098, 3132, 
3211, 3281, 3393 cm-1; and on the prism face the 
modes are 3096, 3146, 3205, 3253, 3386 cm-1. 
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Figure 2.  SFG spectra of ice on the basal (a) and 
prism (b and c) faces. The polarization is ppp. The 
surface temperature of the ice is 113K. 

 
As the prism surface is rotationally anisotropic, two 

orientations were investigated: s- and p-orientation, see 
Figure 1 (upper). The most striking difference between 
these two orientations is the absence of the 3386 cm-1 
oscillator in the s-orientation. 
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Polarization Angle Null Analysis:  A polarization 
angle null (PAN) analysis was performed to extract the 
null angles of the individual peaks and their 
hyperpolarizability components χxxz, χyyz, χzzz. 
Typically the orientation of molecules is deduced by 
comparing the ssp and ppp intensities to get the ratio of 
χxxz/χzzz or χyyz/χzzz. However, measuring the null 
angles is a more accurate means of determining surface 
molecular orientation [6]. PAN is generated by setting 
the visible polarization to 45° (approximately equal 
parts s and p polarization) and the IR polarization set 
to p;  the SF analyzer is tuned through the null for each 
individual oscillator.   

Analysis of the basal face showed the robust 3098 
cm-1 mode to be a transverse collective mode. In other 
words, χxxz/χzzz is large indicating the polarizability is 
mainly in the plane of the surface. The χxxz/χzzz ratios 
of the other oscillators are significantly smaller, 
implying their polarizability change is more 
longitudinal or normal to the surface plane. This is 
represented pictorially in Figure 3 [7].  

 

 
Figure 3.  Polariability ellipsoids of the basal face 
oscillators. 

 
The basal face is rotationally isotropic so there is 

no distinction between χxxz and χyyz. This is not the 
case on the prism face. PAN analysis on this face 
provides additional insight into how the ice responds to 
perturbation. For the 3096 cm-1 mode both χxxz and χyyz 
are again large relative to χzzz, meaning the mode 
associates with the surface plane. The mode has 
approximately 30% longitudinal and 70% transverse 
character on the prism face. The underlying bulk 
structure may be a main contributor to the peak’s 
robustness which supports the treatment of the surface 
as collective modes rather than individual molecules 
[4, 7-10]. 

The 3146 cm-1 mode has almost equivalent ratios of 
χxxz and χyyz to χzzz, as depicted by its shape in Figure 
4; it is neither strongly transverse nor strongly 
longitudinal but more an intermediate oscillator. The 
remaining bluer oscillators are more longitudinal in 

character with their polarizability along the surface 
normal. 

 
Figure 4.  Polarizability ellipsoids of the prism 
face oscillators. 

 
Summary: From the basal to the prism face, some 

conclusions may be drawn despite the oscillators being 
different; the first and third modes are essentially the 
same on the two faces. The second oscillator is always 
intermediate between longitudinal and transverse in 
character. The last three modes mostly follow the 
surface normal (i.e., longitudinal) and are the most 
fragile to any surface perturbations. Due to their 
fragility it is believed that these modes represent more 
surface oscillators. 

There is no clear-cut interpretation and assignment 
of the bonded OH region of ice in literature. Thus, we 
purposely focused on the native ice to develop a 
physical interpretation of what is occurring at the 
surface. Although this physical interpretation is still 
evolving, the findings indicate that the vibrations in the 
bonded OH region must be taken as a collective; it is 
insufficient to simply treat the system as a sum of 
contributions of individual water molecules.  
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