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Abstract The crystal strocture and the lattice dynamics of the ordered y-ZrD phase were 
studied by means of neutron diffraction and inelastic neutron scattering (INS). I[ was found that 
the actual strucNre of the y phase is onhorhombic, space group Cccm, rather than tetragonal as 
previously believed The one-phonon deuterium optical band in the INS s p e c "  was observed 
at an energy transfer of 107 meV (with the main feature at 103.4meV). which is higher than the 
deuterium vibrational energies for all other phases of the Zr-D system Distinct feaNre.'were 
also observed in the ms specmm below the free multiphonon bands, which were explained as 
the bound multiphonon states. 

1. Introduction 

The phase diagram of the Zr-H system at atmospheric pressure is very similar to that of 
Ti-H [l, 21. The equilibrium phases are solid solutions of hydrogen in a-Zr (the HCP metal 
sublattice) and in B-Zr (BCC), and deficient dibydrides S-ZrH2-y (hydrogen is randomly 
distributed on tetrahedral interstices of the FCC metal sublattice) and E - Z ~ H ~ - ~  with the FCT 
metal sublattice (axial ratio c/u i 1). The thermodynamic stability of monohydride y-ZrH 
has recently been concluded from reversibility of the y to a+& transformation [3,4]. Sidhu 
and co-workers reported earlier 151 that hydrogen in the y-ZrD was ordered on tetrahedral 
interstitial sites on alternate [ 1 lo} planes of the FCT metal sublattice with aratio c/u = 1.081. 

A similar y phase has also been found in the Ti-H samples after thermobaric 16-81 or 
thermal [9-111 matments. Further x-ray and neutron diffraction experiments showed that 
the metal sublattice of y-TiH was face-centred orthorhombic, FCO, and the crystal space 
group was Cccm [12-151. The lattice parameters a and b differed by about 1%, but the 
axial ratio c/u was N 1.09. Such a small orthorhombic distortion could not be detected 
with the resolution of conventional neutron diffractometers. 

The dynamics of hydrogen in the a, p, 6 and E phases, and in the 6 phase particularly, 
of the Zr-H@) system has been the subject of numerous works [16-21], but the phonon 
spectrum of the ordered monohydride, y-ZrH, has never been measured. 

Recent inelastic neutron scattering (INS) experiments on y-TiH(D) produced by a 
thermobaric treatment have shown the high anharmonicity of hydrogen (deuterium) 
vibrations [22-241. Distinct peaks were observed in the INS spectra below the bands 
of two-phonon and thrsphonon scattering. They were discussed in terms of bound 
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multiphonons, biphonons and triphonons-new excitations which appear in the lattice 
dynamical description of system with large anhannonicity. The effect of anharmonicity 
on the spectra of optical phonons and the nature of the bound phonons were the subject of 
theoretical and experimental (Raman and IR spectroscopy) works reviewed in [25]. However, 
optic investigations are limited to the long-wavelength part of the multiphonon spectra; y -  
TiH@) was the first hydride where both biphonons and friphonons were observed in the 
high-energy range using the INS technique. The origin of these features was related to the 
unique crystal structure of the y phase [15,22-241 where the H-H interaction is strong 
and essentially one-dimensional because the H-H distances along the c axis are reduced 
compared to those in the ab plane by a factor of &/LO9 N 1.3. A similar relation is valid 
in the case of y-ZrH. 

In the work described in this paper we studied the crystal slmcture of monodeuteride 
y-ZrD using a time-of-flight neutron difiactometer. We found that it was not tetragonal, 
but orthorhombic, similar to y-TiD. We then measured the INS spectrum of y-ZrD and 
gained the first data on the fundamental deuterium modes and multiphonon bands in this 
monodeuteride. The data clearly show that bound multiphonon states actually occur in the 
y-ZrD phonon spectrum, as was anticipated from the one-dimensional E-D interaction. 

A I Kolesnikov et a1 

2. Experimental 

To prepare the sample, a Zr ingot of 99.96at.% purity was heated in a vacuum of - 7 x lO”Pa to 1070K and allowed to absorb gaseous deuterium which was obtained 
by thermal decomposition of TiD2. The deuterium content was determined from the weight 
gain, x = D/Zr = 0.28 -+ 0.01. It was confirmed by vacuum outgassing a part of the 
sample at 1170K. A plate of size 23 x 45 x 3.3 mm3 was spark-cut from the ZrD0.28 ingot 
and mechanically polished. Mechanical polishing was employed instead of etching in acids 
to avoid hydrogen contamination of the sample. The plate was then quenched in water 
from 923 K, well above the eutectoid temperature (823 K [I]), to 300 K and annealed in air 
at 450K for about 140hr. This thermal treatment has much in common with the ageing 
procedures [26,27]. Only two phases, (Y and y. were detected in this sample by x-rays. 

Neutron diffraction patterns were obtained at room temperahue using the time-of-flight 
Fourier diffractometer HWD [28] at the IBR-2 pulsed reactor (Joint Institute for Nuclear 
Research, Dubna). We used it in high-resolution mode to obtain the lattice parameters and 
in medium-resolution mode to perform the Rietveld refinement of the diffraction spectrum. 

The INS measurements were carried out at 30K on the time-focused crystal analyser 
(m) spectrometer 1291 at the ISIS spallation neutron source of the Rutherford Appleton 
Laboratory, UK. Here, neutrons from a time-resolved white incident beam are scattered by 
the sample. Those neutrons emitted at an angle of N 135” with an energy of N 4meV 
pass an analyser consisting of a PG crystal and a Be filter and are recorded. An excellent 
resolution A o / o  < 2% was provided in the range of neutron energy transfer studied: 
2-500 meV. 

The measured spectrum was transformed to S(Q, w) against energy transfer (meV) 
using standard programs, and then the background from an empty can in the cryostat was 
subtracted. 

3. Neutmn dinraction 

The neutron diffraction data (figure 1, points) were treated using the multiphase profile 
Rietveld refinement program adapted for time-of-flight diffractometers [30]. A two-phase 
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state of the ZrD0.a sample, consisting of 01 and y phases was assumed at the beginning. The 
differential curve between the experimental and calculated intensities. however, exhibited 
some peaks at positions close to the Bragg reflections from the 6 phase. Therefore, the 
experimental data were finally treated assuming a three-phase state of the sample, 01, y and 
6. The 01 and 6 phases were fitted with space groups P63/mmc (No 194) and Fm3m 
(No 225). respectively. The deuterium content in the 01 phase (less than 0.001 at 300K [l]) 
was neglected because the statistics of the spectrum was insufficient to determine this 
parameter. 

Figore 1. Neutron diffraction panem of the U D w  sample (points) measured at room 
temperature. Full curves represent the fit with athm-phase model (u+y+S) and the differential 
curve. The small amount of the S phase detected by the Rimeld refinement is shown as a broken 
curve. 

It was found from the high-resolution spectrum that the structure of the y phase was FCO 
rather than FCT known from literature [1,5]. For example, the width of the (202) peak in 
the high-resolution spectrum was almost two times larger than that of neighbouring peaks. 
The FCO lattice parameters calculated from the high-resolution spectrum were used as the 
initial values for the Rietveld refinement, they were unaltered at the refinement within the 
experimental accuracy. 

The results of the Rietveld analysis with R factors R, = 0.07 and RP = 0.05 are: (i) 
y-ED,: space group Cccm (no 66). a = 4.549(1)A, b = 4.618(1)A, c = 4.965(1)A, 
y = 0.98(3), deuterium atoms occupying tetrahedral interstitial sites on alternate (110} 
planes; (ii) 01Zr a = 3.2332(4)& c = 5.1466(10)A; and (i) 6-ZrD,: a = 4.842(5)A, 
y = 1.2(3) where the numbers in parentheses are estimated errors in the last digit. 

The calculated lattice parameters of the 01 phase are close to other data [l]. The KO 
structure of the y phase with axial ratios of b/a N 1.015 and c/a N 1.091 is consistent 
with the crystal sfmcture of the analogous phase, y-TiD, studied recently [12-151. The 
calculated lattice parameter of the 6 phase is too high while the deuterium content is too 
low compared to earlier data (4.7803 A, y N 1.62 [l]). Due to a very small amount of this 
phase in the sample, a small grain size could possibly influence the structural pamneters. 
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The low intensity of the Bragg peaks also explains why this phase was not detected by 
x-rays. 

The results showed that the ratio of Zr atoms in the 8 phase to those in the y phase 
was less than 0.05, and the following phase relation was obtained for the sample at room 
temperature: 

A I Kolesnikov et a1 

ZIDO.= e 0.718(~~-Z~Q.mi) + 0.269(y-Zd&,gg) + 0.013(&ZrD1.2). (1) 

It is worth noting that very broad diffraction peaks (twice as wide as usual) were 
characteristic of all phases, and the reflections broadened as the d spacings increased. This 
indicates strain gradients in the sample, and could be expected from intemal stress due to 
thermal treatment. Furthermore, defects at the phase boundaries could also contribute to 
the peak broadening. 

4. Inelastic neutron scattering 

The deuterium content in 01-Zr is negligible at T = 30K [I]. Therefore, the 01 phase 
contributes to the INS spectrum only in the range of lattice vibrations. We can also negIect 
the dihydride 8-phase contribution to the INS spectrum because of its small content. 

0.03 

0.02 
h 

3 

v1 
cf  
v 

0.01 

0.00 

c W 
biphonon triphonon tetraphonon 

0 l o o  zoo 300 400 
energy, meV 

Figure 2. The INS spectrum S(Q.0) of (U i y ) - z r O ,  at 30K (points). The calculated 
multiphonon contributions for the deuterium atoms an shown by the longdash broken curve. 
The shondash broken c w e  represents the hydmgen multiphonon wnuibution. The full w e  
represents the difference behveen the experimental data and the calculated multiphonon spears. 
The black areas are amibuted to bound multiphonon sfafes. 

The experimental INS spectrum for the ZrD0.28 sample, S(Q, U),  is shown as points in 
figure 2. The low-energy range of the spectrum, &3OmeV, is associated with vibrations 
of heavy Zr atoms in CY and y phases (lattice vibrations); the next interval, 95-12OmeV, 
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represents deuterium optical modes; the range above I7OmeV is related to multiphonon 
processes of neutron scattering on deuterium atoms. 

The spectrum in figure 2 also includes a split peak around ISOmeV, which is due to 
a small content of hydrogen in the sample. This assignment is Confirmed by the ener 
ratio between this peak and the deuterium optical peak, which is close to 
Here mD and mH are the deuterium and hydrogen atomic masses. The amount of hydrogen 
impurity is 0.956, as estimated from the ratio of peak intensities. A similar contamination of 
the y-liD sample used in a previous study [23] is an indication of the hydrogen impurities 
in our source of deuterium, Ti. 

4.1. Multiphonon scattering contributions 

Contributions fiom multiphonon neutron scattering were calculated in the harmonic isotropic 
approximation up to four-phonon processes by means of an iterative technique using 
convolution of the one-phonon spectrum [22,31]. Experimental data in the energy range 
of the lattice and deuterium optical phonons, 2-12OmeV, were used in the first step as a 
one-phonon spectrum of deuterium vibrations. In the range of lattice vibrations the intensity 
of the spectrum was reduced by a factor of 13.7 in order to take into account contributions 
from deuterium atoms in the y phase only. This factor was deduced from the phase relation 
(1) and from the ratio of integrated partial intensities S(Q, o) for deuterium and zirconium 
atoms. The model calculations of the y-ZrD lattice dynamics (section 4.4) demonstrated 
that this ratio is equal to 0.29 in the range of lattice vibrations. Assuming the same neutron 
scabring on Zr atoms in 01 and y phases we get a value of 1113.7 for contributions of D 
atoms to the lattice range. 

The calculated multiphonon contributions were subtracted from the experimental 
spectrum, and the difference was taken as a new onephonon spectrum for the second 
and further steps of the calculation. Convergence was reached in three iterations. 

A similar iterative procedure was carried out to calculate the multiphonon neutron 
scattering on hydrogen atoms. In this case, the spectrum in the energy range 14C-160meV 
was assumed to be due to the onephonon hydrogen optical modes. 

The calculated spectra for multiphonon neutron scattering on deuterium and hydrogen 
atoms are plotted in figure 2 in long- and short-dash broken curves, respectively. The 
full curve represents the difference between the experimental spectrum and the calculated 
multiphonon contributions. 

4.2. Latrice vibrations 

Figure 3 shows the generalized vibrational density of states O(w) in the range 0-3OmeV 
(points) calculated from the experimental S(Q, w )  spectrum according to 

= 

where w and Q are the neutron energy and the momentum transfer, respectively, DW is the 
Debye-Waller factor and n(w) is the Bose factor. The spectnun is normalized to unity in 
the range 0-26meV. 

Neutron scattering intensities in the lattice region of the INS spectnun are mainly 
determined by Zr vibrations. A calculation of the y-ZrD lattice dynamics (section 4.4) 
showed that the y phase contributed only 33% to the integrated intensity in the lattice 
range. This means that 67% of the integrated intensity was due to neutron scattering on 
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Figure 3. Generalized vibrational densities of states WO) of (a + y)-ZrDo.~ in the range of 
lattice vibrations. Experimental pints were calculated from the measured S(Q, w)  spectrum on 
the basis of (2). The smoothed spectrum is shown as a full  c w e .  The calculated densities of 
phonon states of Q-Z~  [32] and y-ZrD @resent work) are shown as short- and long-dash broken 
c w e s ,  mspectively. Two feahlres were fitted for y-ZrD the peak at 14meV and the s p e c ”  
cutoff aI zmev. 

zirconium vibrations in the a phase. The spectrum in figure 3 should therefore be compared 
to that of a-% (see below). 

Stassis and co-workers [32] calculated the density of phonon states in a-Zr using 
the room-temperature values of force constants determined from the experimental phonon 
dispersion curves., Their spectrum is normalized in figure 3 to the value of 0.67 (the 
short-dash broken curve). Comparison of their experimental data at helium and room 
temperatures [32] shows that the first peak at lOmeV (TA and lower TO modes) and the last 
peak at 24meV (LO type) displaced by I-2meV to higher and lower energies, respectively, 
on cooling to 5.5 K. Therefore, the prominent features at 11, 16.5, 18.5, 21 and 23.5 meV 
of the present spec!” can be amibuted to the a-Zr phonon spectrum. But the strong 
peak at 14meV should be associated with the Zr vibrations in y-ZrD. This peak, as well 
as the cutoff of the spectrum at 22meV, represent two features in the range of the lattice 
modes described by the model calculations of y-ZrD (see below; long-dash broken curve 
in figure 3). 

4.3. Deuterium optical modes 

The band at 107 meV is related to the deuterium optical modes. Figure 4 displays a well 
resolved structure of this band. It is best fitted with three Gaussians (short-dash broken 
curve). For a quantitative comparison with other zirconium hydrides, the band was also 
described by a sum of two Gaussians. The parameters of the Gaussians are listed in table 1. 
Since other related INS experiments were carried out mainly on hydrides, table 1 also includes 
the values of oca which give the energies of hydrogen optical modes in y-ZrH estimated 
in a harmonic approximation. 
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Figure 4. The s p i "  S(Q, 0) for y-ZrD in the range of the deuterium optical modes. 
Show ac3 experimental points, a threeGaussian fit (shoa-dash broken m e ) ,  mnltiphonon 
urntdbutions (lower full c w e )  and the calculated one-phonon s p e e r "  (fuU curve). The 
calculated spectrum was convoluted with the resolution function for l ~ x h  spemometer (a tdangle 
with a width a! half mad" of AE = 0.020). The owtributions to the spechum f" 
vibrations of the D atoms in the ab plane (the lefi peak) and along the c axis (the split peak at 
the right side) are shown as long-dash broken curfes. 

Table 1. Peak positions oi (mew, fvll widths at half-maximum Si (mew and peak amplitudes 
Hi ( a r b i i  units) for Gaussians describing the optical band in the INS spectrum of y-ZrD. The 
line 0i.h represents the energies of hydrogen optical peaks estimated 6" the present data on 
y-ZrD in the harmonic approximation. Also presented are parameters of the hydrogen impurity 
peak 

y-ZrD pZrD pZrH 

i = l  i = 2  i = 3  i = l  i = 2  i = l  i = 2  

oi ~ 103.4 108.0 112.7 103.4 109.4 147.2 154.3 
oiJz 1462 152.7 159.4 146.2 154.7 
ai 4.4 4.9 4.8 4.4 9.4 5.3 2.8 
H; 0.37 0.27 0.20 0.30 0.29 0.084 0.056 

The following data on hydrogen optical modes were obtained in earlier experiments on 
Zr-H phases. 

(i) a-ZrHy, y = 0.03-0.05, shows a very broad peak at 143-144meV with the full 
width at half-maximum ("Ii?d) equal to 47meV [16,21]. 

(ii) The 6 phase of ZrH,, 0.54 < y < 1.56, has a broad peak at energies of 130-140meV 
with FwHM ranging from 15-37 meV [17,18,33-351. 

iii) E-ZTH~, 1.9 < y < 2, shows a split peak with maxima at energies 136138 meV and 
143-145meV and a high-energy shoulder at 154meV [17-191. The shoulder was explained 
by muitiphonon processes which combine optical and acoustic vibrations [19J. 
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It is evident that the energy of the optical peak in the y phase is higher than in any 
other phase of the Zr-H system. This correlates with the shortest hydrogen-to-metal nearest- 
neighbour distances in the y phase, R D - D ~  = 2.041 A, compared to 2.070 and 2.0828, 
in the 6 and E phases, respectively. If a 1/R” dependence is assumed for the energy of 
hydrogen vibrations, then we obtain n w 4. This value is rather large compared to n NN 1-2 
for hydrides of other metals [36-40]. 

Quite another dependence of the optical frequency on hydrogen-to-metal distance 
is  observed in the 01 phase compared to the y phase. The distance in the 01 phase, 
R,-~nfi = 2.011A at 873K [l] is less, but the hydrogen vibrations are softer than in 
the y phase. The local relaxation of the lattice in the 01 phase due to the low hydrogen 
content can explain this behaviour only partially. 

Thus, this behaviour is indicative of a steeper potential for hydrogen atoms in the 
y phase compared to any other Zr-H phase. 

4.4. Model calculations for y-ZrD 

There are several modeIs for calculating the lattice dynamics of metal hydrides. A simple 
model of localized deuterium vibrations, which takes into account only the longitudinal 
Zr-D forces, results in a deuterium optical band in the WS spectrum of y-ED, which is 
well resolved into two lines. The lower-energy line is doubly degenerate, and the other one 
is non-degenerate. This simple model contradicts to the experimental data. Dispersion of 
the deuterium optical modes due to the D-D interaction was therefore taken into account 
For this purpose, the Born-von iGnn6n model was applied to describe the experimental 
phonon spectrum of y-ZrD. 

Under the usual assumption of central forces, the number of fitting parameters is two 
for each interacting pair, namely the longitudinal (L) and transverse (T) force constants. 
Interactions between the nearest D-Zr, 2-Zr and D-D (at a distance of c/2 along the 
crystal c-axis) neighbours were ex ed to be dominant, but the second and third D-D 
neighbours at D-D distances F az i bz/2 in the ab plane and z/az f b2 i c2/2 in the (1 11) 
direction, respectively, were also involved. The UNISOFT program [41] was used for the 
calculation. 

Fitting the spectrum in the range of lattice vibrations was complicated because of the 
large contribution from a-Zr. Thus, fitting of the two Zr-Zr force constants in the y phase 
was limited to reproducing only the peak near 14meV and the cutoff of the lattice modes 
near 22meV. Varying these parameters had no effect on the deuterium optical modes. Thus, 
the main adjustable parameters for this model were the force constants of the Zr-D and 
D-D interaction. The former determined the average energy of D vibrations, and the latter 
was responsible for the shape of the peak due to dispersion of the optical modes. 

The weighted densities of phonon states were obtained according to 

where wj(g)  and e(i1qj) are eigenvalues and eigenvectors of the dynamical matrix 
corresponding to the phonon state g j ,  and mi is the mass of atom i .  The summation 
runs over N=1728 points in q space uniformly distributed over the reduced Brillouin zone. 
To compare with the experimental spectrum, we eansformed the calculated data to 
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where 0;. is the neutron scattering cross section of atom i ,  and (U:) is the mean square 
amplitude of displacement of atom i averaged over all modes. The (U!) values were 
calculatedfrom 

Table 2. vdues of the longitudinai (L) and t l i l n s v e ~ ~  (T) force constants (in Nm-') of the 
Bom-von Karman model adapted to fit the experimental spectrum. 

First neighbour Second neighbour Tikd neighbour 

L T L T L T 

D-D 3.0 1.5 -1.5 0. IO 0. 
Zr-D 31.4 15.7 
Zr-2.r 8.0 0. 

The calculated S(Q. U) spechum was fitted to the experimental one by a trial-and-error 
method. The force constants finally obtained are listed in table 2. The results of the fit are 
presented in figure 4. The calculated data describe the experimental spectrum fairly well. 
The contributions to the spectrum from D atoms vibrating in the ab plane (left peak) and 
along the c axis (split peak at the right) are shown as long-dash broken curves. Note the 
large dispersion of the peaks due to the D-D interaction. 

It follows from the model calculations that the ratio of the integrated intensity of the 
S(Q,  U) spectrum in the range of lattice vibrations to the integrated intensity of the optical 
peak is 0.073. The ratio of the contributions to the lattice part of the specmm from D 
and Za atoms in the y phase is equal to 0.29. Further simple estimates show that the 
contribution from a-Zr, the other phase in the sample, to the experimental s p e z t "  in the 
range of the lattice vibrations is about 67%. These values were used above in calculating 
the multiphonon scattering and in the analysis of the lattice vibrations (sections 4.1 and 4.2). 

4.5. Hydrogen optical peak 

The small hydrogen impurity in the sample allowed some estimates of the isotope effect. 
Parameters of the two Gaussians fitting the hydrogen optical band are listed in table 1. The 
derived energy positions and those estimated from the deuterium optical band (also fitted 
with two Gaussians) agree well within the experimental resolution. 

A model calculation of the y-ZrH phonon speclrum was then performed using the 
force. constants obtained for y-ZrD. However, the calculated S(Q, o) spectrum was in poor 
agreement with the experimental om. This discrepancy could be due to the low content of 
H atoms in the sample. Therefore, it is likely that hydrogen is dissolved in the deuteride 
as an isotopic impurity rather than as precipitated grains of y-ZrH. In this case, hydrogen 
vibrations would be better approximated by local oscillators than by optical phonon modes. 
As was discussed at the beginning of section 4.4, localized vibrations of hydrogen in the 
y phase should result in a well resolved two-peak optical band with the intensity ratio of 
the peaks I l / Iz  = 2 and 01 < oz. The experimental band at 147-154meV in figure 2 is in 
agreement with this estimate. 

The broadening of the hydrogen optical peaks, &, and their shift from the harmonic 
position in the vibrational spectrum were estimated as contributions of the mass disorder 
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(see [42,43]) in the y-ZrD0.99&~ sample. The calculated energy shift is less than 
0.1 meV. This is negligible compared to the spectrometer resolution. The estimated 
broadening of the peaks is 4.7 and 2.6 meV, which is in good accord with the experimental 
data (table 1). 

4.6. Bound multiphonon states af high energies 

The multiphonon spectrum (long-dash broken curve in figure 2) calculated in the harmonic 
approximation (section 4.1) accurately describes the main part of the experimental data. 
However, some strong features could not be attributed within the harmonic approximation. 
They are clearly displayed in the difference between the experimental spectrum and the 
calculated multiphonon contributions given by the full curve in figure 2. Each feature 
combines a peak or a band of excess intensity well below any harmonic estimate @lack 
regions in figure 2) and some deficit in the integrated intensity of the harmonic multiphonon 
bands. The areas of the excess peaks and intensity deficiencies are comparable for the two- 
and three-phonon processes. 

The correlation is less evident for the four-phonon band because the multiphonon 
calculations were carried out only up to four-phonon contributions, and thus no lattice 
vibrations were taken into account for the deuterium optical four-phonon band. 

The energies and FWHM (in parentheses) characterizing the anharmonic peaks are 
Ez = 201 (7) and E3 = 299 (15)meV. The band around 396meV has two maxima, 
which we ascribe to a superposition of the anharmonic peak at E4 = 387(15) meV and the 
combined excitations of w1f E3 and 2Ez (both are at an energy 402(15) mew. 

The nature of the anharmonic peaks can be treated in terms of the strong interaction 
between the optical phonons. Bound multiphonon states (biphonons and triphonons), which 
do not occur in a harmonic crystal, can be created due to the strong phonon interaction 
[25,44,45]. Such a quasi-particle moves through a crystal as a whole and has a definite 
energy and wavevector, similar to a phonon. The D-D interaction in y-ZrD has a one- 
dimensional character, and it was shown in 125,441 that in o n e  or two-dimensional 
anharmonic systems bound multiphonon states are more likely to exist. The energies of 
these bound phonon states are defined by the simple expressions [44,45] 

A I Kolesnikov et a1 

Ez = 20 -2A E3 = 3 w -  6(A+ 6 )  (6) 

where o is the energy of the optic phonons, and A and A are the anharmonicity parameters 
which determine the strength of the two- and three-phonon interaction, respectively. 

The anharmonicity parameters for y-ZrD are A FS 3meV and A M -1meV. These 
values are about half as large as those found earlier for y-TD [23]. 

It is interesting to note that the anharmonic peak at E4 = 387 meV is distinctly separated 
from the band of free four-phonon states and can be considered as tetrapbonon excitations. 
This would he the first observation of bound four-phonon states in metal hydrides. 

The present results are in good agreement with earlier data on y phases of ‘IiH and Ti. 
The validity of assignments of all peaks in the y-ZrD INS spectrum is also confirmed by 
the recent INS study of y-ZrH, where measurements were carried out with better statistics. 

5. Conclusions and summary 

The detailed neutrOn a t i o n  study shows that the y-ZrD crystal shucture is characterized 
by the space group Cccm. where deuterium atoms occupy tetrahedral interstitial sites on 
alternate (1 IO} planes of the FCO rather than earlier stated FCT metal sublattice. 
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The fundamental band of deuterium vibrations was observed by INS at an energy of 
lO7meV (the main feature at 103.4meV), which is rather high compared to other phases 
of the Zr-H system. The experimental deuterium optical band was accurately described by 
means of the Bom-von K6rn-1611 model calculations of the y-ZrD phonon spectrum, which 
elucidated the dispersion of the optical phonon modes. 

Anharmonic peaks were observed in the high-energy range of the spectrum below the 
free multiphonon bands. They were attributed to the bound multiphonon states (biphonon, 
triphonon and tetraphonon excitations). 
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