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Inelastic neutron scattering studies of defect modes of H in 
DzO ice Ih 

J-C Lit$ and D K Rosst 

1 Daresburj’ Laboratory, Warrington WA4 4AD. UK 

Received 31 January 1994, in final form 19 September 1994 

Abstract. The lattice dynamics of ice Ih WzO, b0 and €DO) have been investigated 
using inelastic incoherent neutron scattering in the energy transfer range 2-500 meV (i.e. 16- 
4025 cm-’) using TFXA and on ISIS. The spectra of DzO containing different concenuations 
of HzO from 0.5% to 30% by weight were measured. Three mnin peaks at - 105, - 185 and 
.-. 408 meV associated with three localized modes, &I, pz and p3, of the H defect centre have 
been observed in the neutron specha ‘Two Gaussian components can be resolved in the p1 
mode. at 103 f 0.5 meV and 107 f 0.5 meV, indicating the existence of WO different force 
constants for the H bonds. A lattice dynamical calculation for the H defect in a &O ice Ih host 
lattice, based on our hvo H bond force constants model, shows the three modes in very similar 
positions to those observed in the measured dnta and, in particular. predicts the splitting of the 
&L peak into modes at 103 and 107 meV. 

Depamnent of Physics. University of Salford, Salford M6 4WT, UK 

1. Introduction 

When a single defect is introduced into a solid, the dynamics of the defect will differ 
significantly from the host lattice. For a light defect (or weakly bonded one) there will be 
localized defect modes which have resonance frequencies that can be distinguished from 
the phonon modes of the perfect crystal. The majority of the motion of the defect will 
appear on the atom itself, but the surrounding lattice atoms will respond to a small extent- 
a response that decays strongly as one moves away from the defect atom. The theoretical 
analysis of the phenomenon involves the Green’s Function [1,2]. It requires a lattice 
dynamical model of the unperturbed lattice, and yields the defect mode frequencies and the 
displacements of all the atbms involved and can be generalized to include charged defects 
in transparent crystals (F centres etc). These modes can easily be observed in neufxon 
inelastic scattering experiments. The potential advantage of measuring the local mode 
frequencies due to an isotopic defect is that these frequencies are easier to interpret than 
are the frequency distributions seen in the bulk modes, which are broadened by dispersive 
effects. The analysis of defect modes will depend on the nature of the interactions with 
the neighbouring atoms and hence the measured bquencies will give direct information on 
these interactions. 

Studies of the defect modes due to H in D20 ice (or D in HzO ice) have been carried 
out for many years using Raman and Infrared (IR) techniques [3-71. High quality m and 
Raman spectra have been published and the characteristics of the spectral patterns are well 
known in the frequency region above 3000 cm-’ . The interpretation of these spectra is still 
unresolved. The assignment made hy~Whalley [SI based on the view that the intermolecular 
coupling forces, caused by hydrogen bonding and by the polarization field, give rise to 
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the collective oscillations, U, and y, that dominate the appearance of the IR and Raman 
stretching mode complexes is shown in figure 1. The bending mode, uz. is determined by 
the H-0-H bending force constant. The H defect modes in DzO ice, unlike the stretching 
and bending modes in the lattice, are decoupled from their surroundings and oscillate with 
three degrees of freedom while the surrounding atoms are effectively stationary. Here, the 
assignment of the modes pl, pz and pj is also as indicated in figure 1. The orientations of 
these vibrations have been confirmed by our lattice dynamic calculation. However, for both 
IR and Raman techniques, because of the selection rules affecting the observed intensity, two 
of the three defect modes (p1 and pz) are almost invisible and this makes the interpretation 
of such spectra difficult. In the past, therefore, more effort has been devoted to studies of 
the stretching mode, p3, and its combination bands. Od the other hand, neutron scattering 
has the very distinct advantage for measurements of H in &O, because H has a much larger 
incoherent cross section than D (its incoherent cross section is some twenty times greater 
than for D). This, after allowing for the ratio of masses, gives some forty times greater 
sensitivity for modes involving hydrogen motion as opposed to deuterium. Hence a very 
small amount of H impurity in DzO ice can be easily detected. This is dramatically evident 
in our H contaminated DzO samples [9]. Clearly H contamination becomes very important 
for inelastic incoherent neutron scattering for non-hydrogenous samples. 

.I-C Li and D K Ross 

Figure 1. Schematic illus~hntion of the bending and stretching modes. YI. 

three defect modes, PI. PI and ~3 in ice lh. 
and U) and the 

The fundamental importance of studies of the impurity vibrations is that the H atoms, 
mainly present as HDO molecules, will be bonded just as for D in D20 ice, apart from 
possible anharmonicity in the ground state frequencies. The translational symmetry is, 
however, broken by the H atoms. Hence these atoms will vibrate with three strongly 
localized modes, 111, pz and pg as shown in figure 1. The lowest frequency, p,. of HOD 
(- 105 meV) has not been seen so clearly in Raman and IR spectra before and is mainly 
determined by the H bond force constant. Hence it provides an important test of our lattice 
dynamic model first proposed in 1989 [lo]. The other two modes are located at about 185 
and 408 meV. They are located in similar positions to the bending and stretching modes of 
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HzO ice Ih and are determined by the bending and stretching force constant respectively. 
By fitting these modes in our lattice dynamical model, we are thus able to determine the 
intermolecular and intramolecular force constants. 

2. Experimental details 

A series of experiments were carried out using the FX.4 (timefocusing x-stal analyser) and 
HET (high-energy transfer) spectrometers on the Isrs pulsed neutron source at the Rutherford 
Appleton Laboratory [ 111. On TFXA, the use of time and energy focusing in conjunction with 
a pyrolytic graphite analyser in indirect geometry, enables us to make inelastic incoherent 
neutron scattering (INS) measurements down to very low energy transfers of - 2 meV (in 

the far-infrared region) with a resolution of - 1% (AE/E;). However, because of the low 
final analyser energy (- 4 meV) used, the wavevector transfer Q, increases approximately 
as the square root of the energy transfer Rw = Ei - Ef 2: E:, i.e. Q 0: & where Ei and 
Et are incident and final energies. As the coherent scattering from the HzO molecule can 
be neglected, the scattering intensity observed from the sample is proportional to the double 
differential incoherent cross section per unit neutron energy loss which can be written 

where 

In these equations, (n(o))T is the average occupation number at temperature T for the 
phonon mode of frequency w,  uinc is the incoherent scattering cross section of the molecule, 
d ( q )  is the phonon frequency in the sth mode for a wavevector q and Cf(q) is the 
associated eigenvector on the ith atom in the unit cell. These quantities can be evaluated 
using our version of the lattice dynamics program PHONON at specified values of q for set 
of assumed force constants. The resulting form of G(o) can be obtained by integration over 
all the possible values of the wavevector q lying in the first Brillouin zone of the crystal. 
At large Q, the fundamental excitations of the higher energy intramolecular bending and 
stretching modes of the ice molecule will become submerged in the multiphonon background 
due to the large Debye-Waller factor, exp[-(C;)QZ]. Hence the m chopper spectrometer 
has also been used because it employs large incident and scattering energies, and hence 
the measurements can be made at low Q values. With this spectrometer, the incident 
neutron energy is fixed using a rapidly rotating sl i t  package and the energy transfer is 
obtained by measuring the total time-of-flight of individual neutrons from the sample to 
the deteGtors. The resolution is about 1% over an effective incident energy range of 20- 
2000 meV, depending on which slit package is used. The detectors are all "e tubes mounted 
in two banks at 4 m (angles from 3" to 7") and at 2.5 m (angles from 10" to 30') from the 
sample position. This gives HET a background to signal ratio that is negligible for strongly 
scattering samples such as ice. Thus HET enables us to measure the higher energy transfers at 
low Q. This is particularly valuable in solids such as ice where the intermolecular bonding 
is much weaker than the intramolecular bonding, so that the fundamental modes have little 
dispersion and hence at low Q can be easily separated from the multiphonon and multiple 
scattering contributions. 
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3. Single crystal DzO ice lh in the energy range from 2 to 150 meV 

The single crystal D20 ice Ih samples were produced in the ice laboratory in the University 
of Birmingham. Large cylindrical single crystals of ice Jb with a length of 80 mm and a 
diameter in the region of 45 mm were @own at a rate of about 1 cm per day (for further 
details, see Ohtomo et al [12]). Because of the very low final energy used on m A ,  Q is 
almost p d e l  to the incident beam direction. This allows us, to a good approximation, to 
measure the scattering from single crystal ice Ih both parallel and normal to the c directions 
for all optic modes at energy transfers above 20 meV. The spectra from single crystal D20 
ice Ih with the Q vector lying approximately (a)  parallel to c, and ( b )  perpendicular to c 
are plotted together in figure 2. For the DzO single crystal, this comparison i s  complicated 
because the scattering from D20 is predominantly coherent. Any observed directional 
dependence of the spectra for the D2O crystal may be due to dynamical structure factor 
effects giving extra coherent contributions, and these are difficult to separate from the [INS 
contribution. Thus, firstly, unlike H20, a significant difference was found for the acoustic 
modes in the energy transfer range 2-15 meV, the spectrum for Q normal to the c axis 
being much broader than that for Q parallel to the c axis. Secondly, the intensity of the 
peak at 28 meV for the spectrum with Q parallel to the c axis is stronger than that with Q 
normal to the c axis. This was not seen in the previous measurement for the H2O sample 
1131. For the librational bands from 70 to 120 meV, the two spectra show slight differences 
which may also be due to the coherent contributions. For even higher energy transfers, a 
new peak is observed beyond the librational bmd at - 105 meV. As DzO should show no 
intensity in this region, we believe that this is actually due to the very small percentage 
of H impurity contamination (less than 2% H20) introduced during the production of the 
DzO crystal. Here the Hs act as defects having three distinct modes with frequencies at 
105 i 0.5, I85 i 2 and 408 f 1 meV. The last two high frequencies are less clear due 
to the large DebyeWaller factor. The peak at - 105 meV has the same intensity and 
shape for both crystal orientations, which suggests that the vibrations have no orientational 
preference. However, this small percentage of H impurity will not have any effect on the 
acoustic and molecular optic modes, i.e. it is not the origin of the differences between the 
two spectra in these regions. This has been confirmed by measuring a better quality (99.96% 
purity of D20) crystal. Subsequently, a series of different concentrations of H20 in DzO 
ice have been measured on TFXA. However, because of the lack resolution and the large 
Debye-Waller factor in the higher energy range (< 100 meV), some detail in the spectrum 
was missing [14]. The HET spectrometer has, therefore been used on these samples. 

4. HET measurement of H defects at high-energy transfers 

As we see for the spectra from the single-crystal samples (figure 2). the defect modes are 
not orientationally-dependent. Therefore, the measurements can equally well be made using 
polycrystalline ice on HET, using different concentrations of H to confirm the identification of 
the defect modes. These defect modes involve hydrogen only and are localized. Therefore, 
the intensities of these modes are overwhelmingly incoherent. The Q-dependence of the 
incoherent scattering is only weighted by IC:. & I 2 ,  where C; is the amplitude of vibration. 
In order to optimize the resolution for different energy peaks, we have to select different 
incident energies, Ei = 170 and 500 meV which are just above the two energy ranges 
in which we are interested. Figure 3 shows the spectra measured at Ei = 170 meV for 
several concentrations of H20 as indicated in the figure. By summing up all the low-angle 
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1 10 100 1000 
ENERGY TRANSFER (meV) 

Figure 2. Inelastic incoherent neutron spectra of single 
crystal Dz0 ice Ih measured on m. The upper curve, 
(A) is the spectrum for Q lying along the c axis of 
hexagonal ice; the lower curve (6) is the spec" for 
Q lying normal to the c axis. The peak at 150 meV is 
due to contami~tion by - 2% HzO. 

50 100 150 200 250 
ENERGY TRANSFER (mev) 

Figure 3. A series of HR measurements (incident 
energy of 170 meV) for polycrystalline DzO ice Ih with 
different cancenmtians df HzO. The S Q W ~  all show 
an asymmetricd peak associated with the PI mode at - 105 meV, suggesting the presence of WO different 
H-bond strengths. 

detectors (4 m bank), the spectra show~some details in the @ I  peak. The spectrum having 
< 0.5% HzO clearly shows two peaks at 103 f 0.5 and 107 ;t 0.5 meV, although these 
features are only slightly above the statistics with Four points on each peak However, 
when we closely examine the spectra for higher HzO concentrations (e.g. 2%, lo%, 20% 
and 30% HzO), the peak at - 105 meV clearly shows an asymmetrical nature consistent 
with two components being present. By fitting two Gaussian functions.to the peak shape 
(see figure 4), we were able to determine the separation of the two frequencies and their 
relative intensities. Details of the fitted parameters are given in table 2. The lower energy 
component centred at - 103 meV has the higher intensity, being ahout twice as intense as 
the higher energy component centred at - 107 meV. The separation of the two components 
is about 4 meV. This splitting agrees well with our lattice dynamic calculations, i.e. if the 
H atom is located on the weak bond, the frequency is lower while if the H atom is located 
on the strong bond, the frequency is higher (details of this calculation are discussed in the 
next section). The calculations show flat dispersion curves across the whole Bz for modes 
involving the protons in the lattice, indicating only weak proton-proton coupling. As the 
HzO concentration is increased, the fitting process becomes difficult because other librational 
modes related to the HzO molecule begin to emerge under @I and the two modes begin to 
couple more strongly with each other. Thus it becomes difficult to determine the parameters 
of the two components. When we examine the spectnun from the higher Q detectors (2 m 
bank), the data show that the relative intensities of these two components are not changed 
significantly. This implies that they are all fundamental modes, because the intensities of 
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Pigure.4. Plot of HET data as in figure 3 in tho energy 
range 90-120 meV, showing two Gaussian functions 
findto the data. The results demonstrate clear evidence 
for the two components of pi. with frequencies at - 103 and - 107 meV. Parameters as given in table 2 
were obtained. 

0 100 200 300 400 500 
WERGY TRANSFER (meV) 

Figure 5. A series of HET measurements on polycrys- 
talline D20 ice Ih for an incident energy of 500 meV 
and for different concenmtions of H20. The spectra all 
show asymmetrical peaks associated with the ~2 and 
p3 modes at - 185 and - 400 meV. 

such combinations would vary with Q4exp(-2W(Q)) rather than QZexp(-2W(Q)) for 
the fundamental modes (where W(Q) is the Debye-Waller factor), i.e. the intensity of the 
combinations increases more quickly with Q as compared with the normal modes. We can, 
therefore, rule out the possibility that the splitting is due to any combination bands. 

By increasing the incident neutron energy, the detailed structure of the two high-energy 
modes pz and p3 can be seen. The spectrum with 2% HzO in figure 5 shows no sign of 
the p2 mode. This is not a surprise as the mode will be submerged in the background at 
that concentration, because the bending mode always shows a very broad and symmetrical 
hump. For tbe higher concentration spectra, where the humps are visible, the maxima of the 
f i2  peak appear first at 185 meV but are then slightly shifted towards higher energy (by less 
than 5 mew as the Hz0 concentration is increased. However, it is still a mystery why all 
H 4 - H  (or H-O-D) type bending modes are so ill-defined and concentration independent, 
even though the measurements are always carried out at a very low temperature (20 K). 
where proton movement (or exchange) should be almost completely eliminated. An analysis 
of the Q dependence of the intensity indicates that this broad feature is a fundamental 
mode. However, the position of this peak is considerably lower than the ordinary H-0-H 
lattice bending modes which appear at 200 meV. Recently, Marechal [I51 has been able 
to observe a very narrow peak in the IR spectrum at 180 meV (1450 cm-I) for HDO in 
heavy water (10% H20) at 300 K using an ATR (attenuated total reflection) technique. This 
peak is about 18.0 meV (145 cm-’) lower than the bending modes of HzO, but 21.4 meV 
(172 cm-’) higher than the similar modes for D20, but this author offered no explanation. 
From the lattice dynamics calculation, we have demonstrated that the isolated HzO units 
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in DzO lattice should have a much higher frequency (of around 200 meV) than the h2 
peak, similar to that found in the pure HzO crystal. In view of the fact that the interactions 
between water molecules are much weaker than the intramolecular interactions (in the ratio 
1:13), the intramolecular frequencies show little dispersion as is confirmed by the phonon 
calculations. Hence it is not surprising that isolated HzO molecules have similar H-O-H 
bending frequencies to the lattice modes of ordinary ice HzO. 

J-C Li and D K Ross 

Table 2. Fining panmeters for the peak at - 105 m e t  I = A~exp[-W:(El - hw)'] -i- 
Azexp[-W~(Ez-hho)*l. 

2%HzO 10% H20 30%HzO 
, , , , ,. , , , , , , jloj Intensity Al  81.7 426.3 

Intensity AI 47.4 163.2 219.0 
Centre El (meV) 102.6 102.7 103.5 
Centre EZ (meV) 106.6 107.3 107.6 
Width WI (meV-l) 0.171 0.087 0.045 
Width W? CmeV-'l 0.167 0.031 0.043 

At even higher energy transfers, the stretching local mode, !~,3 is seen at - 400 meV. 
The peak of this mode is at a similar energy to the stretching lattice modes (VI and ug) in 
the HzO lattice but is very much narrower. The width of p3 is less than 10 meV which is 
about the resolution of the instrument at this energy. In contrast, the width of the ordinary 
lattice stretching modes is about 50, meV at this temperature. In fact, the energy position 
of the p3 mode is very similar to the energy position of the ul-symmetrical vibrational 
mode of HOH as shown in figure I. 

5. Lattice dynamical caIculation 

Lattice dynamical calculations for H defects in ice Ih are relatively easy to understand when 
a model for ice Ih is%tablished. However, there are many models for the dynamics of 
ice Ih in the literature 116,171 and the interpretation of the observed frequency distribution 
for ice has been a source of controversy for many years. The major difficulty is that, in 
contrast to the normal phonon density distribution curve for tetrahedral covalent structures, 
such as Si and Ge, the molecular optic modes in ice Ih are split into two parts. In the 
hydrogenous form, there is one peak at 28 meV (225 cm-') and one at 37 meV (298 cm-'). 
Several possible explanations have been put forward. Renker [18] suggested that the force 
constants between oxygens parallel and normal to the c-axis of the hexagonal structure 
are of different strengihs. However, this model fails to explain the isotropic nature of the 
single crystal spectra of ice Ih measured for these directions [13]. Faure and Chosson's [ 191 
suggestion was very similar, namely that there is a partial order of the 0-H bonds parallel 
to the c axis due to long-range forces (without breaking the Bernal-Fowler rules [ZO]), 
but no detailed explanation was provided. A more realistic model has been proposed by 
Wong and Whalley [21]. They suggested that the force constants between oxygens depend 
on the relative orientations of the two nearest-neighbour water molecules. The differing 
configurations of the bond asymmehy (see figure 6) cause additional contribution to the 
force constants. However, the extra contribution from the dipole-dipole (D-D) interactions 
(or other higher order electrostatic interactions) are too small to cause the large observed 
separation of the molecular optic modes at 28 and 37 meV. Therefore this idea has not been 
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I 

Figure 6. 'The upper diagram shows a section of the ice I network with a typic31 arrangement of 
strong and weak bonds; the strong €I-bonds are indicated by the solid bonds and the weak bonds 
are shown double lines: the lower diagram shows four possible orientations of molecule pairs 
in ice Ih. In ice IC only the (C, strong bond) and (D, weak bond) types of molecule pairs are 
found. 

explored further, although we have adopted the terms 'strong' and 'weak' to correspond to 
the strong and weak dipole interaction. 

In 1978, Klug and Whalley [22] suggested that the two peaks are due to To and 
LO splitting, as is seen in ionic crystals, such as NaCI, but gave no detailed theoretical 
calculation for what the neutron spectrum would look like based on this postulate. Although 
there were some disagreements as to whether the idea of TO and LO splitting is valid for 
ice, because the argument for it depends on the existence of strong long-range interaction, 
it has been accepted generally for the explanation of the weak shoulder at 35 meV in TR 
and Raman spectra. Lately it has been extended to explain the two molecular optic peaks at 
28 and 37 meV seen in IINS spectrum. There are, however, a number of strong arguments 
against this theory that have emerged as result of our recent measurements on a range 
of different ice structure using IINS, including all 'recovered' high-pressure phases of ice. 
These studies show that the two peaks at 28 and 37 meV do not necessarily always appear 
in the spectrum for different phases of ices. 

The general point to be made is that the T S L O  interpretation is based originally on the 
interpretation of the IR and Raman data where one is emphasizing q = 0 behaviour whereas 
the neuwon technique, which shows 'the splitting much more clearly is a direct measurement 
of the PDOS over the whole BZ. Therefore, features in the measured PDOS should have a 
weight proportional to the number of modes associated with that feature, i.e. the To modes 
at about 28 meV should have twice the weight of the higher energy modes at about 37 meV, 
because there are two TO modes for every one Lo mode (the ratio is 21). Our data for ice 
Ih and IC, however, show the opposite ratio (figure 7). This may be the reason that Whalley, 
Klug and Handa [23] have assigned the molecular optic peak at 28 meV to the LO modes 
and the,peak at 37 meV to the TO modes, which is opposite to the early assignment 1221, 
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0 10 20 30 40 50 
ENERGY TRANSFER (meV) 

Figum 7. The diagram shows the weighted one-phonon density of sates C(w):  (b) is the 
calculated We). showing lhat the two triangular peaks as observed in the measured G(o) for 
HzO ice, (a), m well reproduced. The right-hand diagram shows dispersion curves for ice Ih 
calculated using the model, which shows two flat regions at 27 and 36 meV, giving the sharp 
higher en= cut offs. 

without giving any explanation of the new assignment. 
The second argument against TO and LO splitting is that the same relative intensities of 

the two peak; do not appear in all phases of ice, i.e. some spectra have only the low-energy 
peak, e.g. the spectrum for ice Vm, while some spectra have only the high-energy peak, 
e.g. ice on the surface of porous media. In other cases, the spectra have both peaks, but the 
relative intensities of these peaks vary from one foim of ice to another. 

In order to provide an explanation for all the features of these ice spectra. we have to 
conclude that the two molecular peaks are associated with the different possible dipole 
dipole (E-D) configurations as shown in figure 6. The best example is ice Vm. Because the 
structure of ice VJII is fully ordered (TO and Lo splitting is actually more likely to happen in 
this case), there is only one type of D-D arrangement ( D  in figure 6) in the structure, which 
is associated with the 'weak' H-bond interaction. That is the reason why the spectrum of 
ice VIII has the low-energy peak only. At high temperatures (above OT), the protons in ice 
VIII become disordered, namely ice VII. Because the other type of D-D arrangement, (C in 
figure 6 associated with the 'strong' H-bond), now also exists due to the proton disordering, 
the high-energy peak reappears in the spectrum of ice W [%I. This relationship is also 
consistent with other forms of ice, such as ice Ih and IC. We, therefore, believe that the 
relative intensities of the two optical bands are entirely dependent on the actual ratio of 
these configurations corresponding respectively to the strong and weak H-bonds in the ice 
structure. For instance, in ice IC (which has an identical spectrum to ice Ih), the protons 
are completely disordered. Hence, statistically, it has one bond with configuration C to two 
with configuration D. Therefore, in ice IC, there will be one weak H-bond for every two 
strong H-bonds (ratio is 1/3:U3). They are randomly and isotropically distributed in the ice 
structure which gives the lowhigh energy peaks in a ratio of 1:2 as observed. Furthermore, 
the difference between the two H-bond force constants are considerably larger than can 
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be explained on the basis of electrostatic effects only. A simple calculation using the 
relationship of w N f i / m  (where w is the vibrational frequency and k is the force constant) 
gives an estimating ratio of the two H-bond force constants as kl : kz = ( w 1 : 0 2 ) ~  I: 1.9 
(the exact values are determined though the lattice dynamical calculations). The molecular 
orbitals, however, are known to be influenced strongly by correlations in the orientation of 
neighbouring molecules. The actual source of the splitting H-bond, therefore, must lie at 
the molecular orbital level. 

Based on the above background, Li and Ross [25] recently proposed a two H-bond 
forceconstant model for ice. In this model, the randomly oriented configurations of the 
dipole arrangements cause the optic modes to split into two groups, the separation in energy 
being proportional to the difference in the strengths of the two force constants arising from 
the four different types of local molecular arrangements in the hexagonal structure. By 
adopting empirical values for the two H-bond force constants of 2.1 and 1.1 eV/A2, and by 
then randomly inserting these two values of the H-bond force constant into a large super- 
lattice (to represent the disordering of the protons) in ratio of 2/3: 1/3 (i.e. for every one strong 
bond in the lattice there are two weak ones), the dispersion curves and the integrated phonon 
density of states have been calculated 1141. The resulting calculated phonon dispersion 
curves and densities of states. G(w), agree well with the experimental data. Figure 7 shows 
a typical result for G(o). The calculated G(w) is based on a large super-lattice model with 
a random distribution of the strong and weak bonds, the total PDOSS are integrated over all 
possible modes in the first BZ and weighted by the amplitudes of the vibrational modes. 
The calculated G(w)  can only be directly compared with a measured spectrum which is 
predominantly incoherent scattering. For an H20 molecule, the total coherent cross section 
9.58 x IO-" cm2 and total incoherent cross section is 80.3 x cm2. 

Figure 8. The force constant3 used in the PHONON calculations. 

Using the same model, we are able to estimate the frequencies for the defect modes 
by introducing a single H atom into the D20 lattice. Because we are only interested in 
the three defect modes, the need for a large super-lattice can be avoided by using a single 
primary unit cell with 4 oxygens (space group considering oxygen atoms only is P6/mmc) 
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Table 3. Force constants for ice Ih used in PHONON calculations and their main effects. Units: 
s m h i n g  force constants, K. xe expressed eV bending force constanW. G. in eV Radd-*. 

Farce constant Value Main effect of f o r e  constant 

K I  S H  bonding 35.9 Affects the internal modes. 
K2 strong 0.. .H bonding 2.1 Affects the optic modes in the translational region. 
Ks weak 0.. .H bonding 1.1 S a  as for the K2. 
4 H. .  .H bonding -1.2 Separate V I  and "3. 
GI H.. ,O-H bending 0.78 Affects the acoustic modes and the width of the librational modes, 
Fz 0.. . H a  bending 0.45 Level of low energy cut-off of the librational band. 
Gg H O H  bending 3.2 Affects the internal modes. 
G4 0.. .O.. .O bending 0.16 Affects the acoustic modes. 

O q  0.5 0 

Flgure 9. Calculated dispersion curves for one H a o m  on a strong H-bond. The curve on the 
left is the integrated phonon density of states for all the three principal symmehy directions. 
Note that this is not a complete phonon density of states which would require summation over 
all points in the first Brillouin zone. 

and 8 hydrogens. Even though the method employed in the PHONON calculations means that 
the model is effectively for a periodically repeating proton, these protons couple so weakly 
with each other (i.e. the corresponding dispersion curves are essentially flat) that the use of 

'the primary cell is still valid. The strong H-bonds (SHB) and the weak H-bonds ( W B )  are 
introduced in an artificial way. Other force constants are taken from the ice Ih model [ 141 
as shown in table 3 and indicated in figure S. By putting H atoms on different H-bonds, 
the phonon dispersion curves are calculated across the first BZ as shown in figure 9. Here, 
the diagram on the left is the density of states.  as can be seen, two of the three defect 
modes, pz and p~g, at - 185 and~-- 400 meV, are very flat and the lowest frequency 
one (wl) at - 105 meV has only a slight dispersion. If two H atoms are inserted in the 
unit cell (equivalent to 116 = 16% H20 concentration), there is little evidence of coupling 
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Figure 10. The calculated phonon density of states, G(o) for different positions of the H atoms. 
The inserted sketch shows the possible positions (PI. Pz and P3) of the H-defects. The H a tom 
are indicated by the open circles and the D are solid circles. The dashed lines indicate the weak 
H-bonds (K3). Curve (a), for a D20 lattice without an H-defect; (b), an H atom is introduced on 
the PI position (a strong H-bond); (c), two H atoms are introduced, one on a strong H-bond (PI) 
and another on a weak H-bond (Pz), but on two different water molecules; (d). thee H atoms 
are introduced (Pi, P2 and Pf), two of them an the same water molecule; and (e), for a pure 
HzO lattice. 

between them, i.e. if both H atoms are on Sms, there are two curves corresponding to the 
same frequency for the p~ mode and similarly if both are on WHBs. If one H is on a SHB 
and another on a WHB, two branches are produced in the spectrum, having a separation of 
4 meV. This is remarkably close to the splitting observed in the IlNS spectrum. Figure 10 
shows the phonon density of states as shown in the curves on the left-hand side of figure 9. 

It is interesting to note that when the two H atoms are on the same water molecule (i.e. 
HOH), p~ has a frequency of 200 meV which is much higher than the p2 for an HDO 
molecule. This implies that the observed peak is due to HDO. Even in the spectra for 
30% H20, there is still no indication of modes at 200 meV, implying that there are still 
only very few HOH units. If we assume that the potential wells are harmonic, the total zero 



10836 

point energy will be less if the H is on the WHB and D is on the SHB. As a result, H atoms 
prefer to occupy the WHB and hence are unlikely to form HOH molecules, because only 
1/3 H-bonds are WHB statistically speaking. Therefore, the probability of forming HOH 
molecules is reduced significantly. It should be emphasized that this particular situation 
should occur at very low temperatures (< 120 K) where there is no proton mobility (H 
and D are all frozen). At higher temperatures, room temperature and above, the very small 
amount of energy difference between the SHB and WHB is smeared by the thermal agitation 
energy, so that there may be no such selective behaviour. 

On examining the highest frequency defect modes, p.3, a very narrow peak can be 
seen with a full width at half height of 10 meV, even when the concentration of HzO is 
increased to 30%. From the calculation it is seen that the stretching frequencies are very 
little affected by whether the bond is a SHB or a WHB. This is easy to understand because 
the intramolecular force constant is an order of magnitude higher than the intermolecular 
force constants. However, the width of the intermolecular stretching modes for ordinary ice 
Ib is more than 50 meV as measured by IR [15], Raman 1161 and INS [14]. The traditional 
explanation for the broadness of this band is based on anharmonicity [26]. We believe there 
is a further connibution, namely that the splitting of the H-bond strengths may also aFfect 
the nature of the covalent bond, resulting in the spread in the strengths of the covalent bond. 

J-C Li and D K Ross 

6. Summary 

In this paper, we present the first neutron spectroscopic measurements of H-defect modes 
in ice Ih. Since the sharp peaks for these point defect modes are dynamically decoupled 
from the lattice modes of neighbouring vibrators, they provide direct information about 
the interactions of the defects with the other lattice molecules. Hence, even a simplified 
lattice dynamic model for the environment of a defect in the harmonic approximation can 
he interpreted unambiguously to yield fundamental information about the H-bond strengths. 
The &-independence of the intensity ratio of the two components of the p,, peak indicate 
that these are both fundamental modes and can, therefore, be considered as further evidence 
for the two strengths H-bond model. The implication of this discovery is of considerable 
importance for water science as a whole, because it may be responsible for the well- 
established ‘anomalies’ of water. Thus the two force constants must be related to two 
different H-bonding energies, which, in turn, can provide a mechanism and a sensible 
explanation for the abnormal thermodynamic properties of water. Moreover, if the point 
defects fall into two categories, according to the bond on which they are located (i.e. on 
SHB or WHB), these two types of defects will have different activation energies which could 
be measured by electrical conductivity or by dielectric relaxation. 
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