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Abstract. We investigated the short-range order of D interstitials in cubic (e’-phase) VD0.7s 
by neutron diffmlion (room temperature measurements. powder sample). The VD, system 
is pariicularly favourable for neutron scattering experiments studying the short-range order of 
hydrogen interstitials in metals since the coherent scattering cross section of D exceeds lhe 
coherent cross section of V by a factor of L- 300. This allows a data analysis that assumes that 
only the D a t o m  contribute to the coherent scattering intensily. The measured diffuse scattering 
intensity shows a nearly complete blocking of interstitial sites in the two nearest shells around a 
given D atom. and a reduced occupation probability for the sites in  the third shell. The results 
indicate the existence of a strong sholt-range and repulsive interaction between the D atoms. 

1. Introduction 

H interstitials in B c c  metals such as V, Nb or Ta occupy tetrahedral sites, at least in 
the cubic (CY or a’) phases of the respective metal-hydrogen system [ 11. An important 
characteristic of these systems is the small distances between two nearest neighour sites. 
The distances only slightly exceed 1 A, thus being almost a factor of two smaller than the 
shortest distance between the octahedral interstitial sites of the H in FCC metals such as Pd 
121. A consequence of the small distances between interstitial sites in BCC metals is that 
tunnelling is an effective mechanism for H diffusion [3]. A second important consequence is 
that we can expect distinct short-range order effects between the H interstitials. In fact, band 
structure calculations [4,5] and the structure of the non-cubic hydride phases 161 suggest a 
repulsive short-range interaction between the H, suppressing any significant occupation of 
interstitial sites in the nearest [5] or the two nearest [4,6] shells around a given H atom. The 
suggestion is in line with the results of solubility measurements [7,8] in the cubic CY or CY’ 
phases, which show an extremely steep rise of the chemical potential of the H for H-metal 
atom ratios x close to about 0.8 although a full occupation of all tetrahedral interstitial sites 
corresponds to x = 6. This behaviour of the chemical potential agrees with a short-range 
repulsive interaction, and a great number of theoretical calculations for the thermodynamic 
properties of H in BCC metals have been successfully carried out under the assumption that 
a H atom blocks completely, or nearly completely, the interstitial sites in the two or even 
three nearest-neighour shells [9-131. Finally the results of a recent neutron scattering study 
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[14], carried out on the system NbD,, indicate also a complete blocking of the first and 
second shells. 

The analyses mentioned above show the existence of a strong and repulsive short-range 
interaction between H atoms in BCC metals. The most immediate information on these 
interaction effects is likely to be derived from diffuse neutron scattering studies [15,16] such 
as that carried out on NbD, [ 141 (x-ray scattering will not directly detect short-range order 
effects between the H atoms because of their small scattering cross section). In this paper, 
we report the results of diffuse neutron scattering measurements on the deuterated system 
VD,(x = 0.75) in which we study short-range order between the D atoms. Our results 
prove the existence of a distinct short-range order, characterized by a (within experimental 
accuracy) complete blocking of the interstitial sites in the first shell around a D atom, and 
by a strongly reduced occupation of the sites in the second shell. 

The system VD, was selected for the present study for two reasons. Firstly, and most 
importantly, the coherent scattering cross section of D exceeds the coherent cross section 
of V by a factor of 2 300 [17]. This means that the coherent scattering intensity of our 
samples can be described completely by the scattering of the D atoms. Secondly, the cubic 
01' phase of the VD, system exists at room temperature in the high concentration range 
between x n. 0.71 and 0.88 [I]. This is a specific behaviour of the VD, system which 
allows diffuse neutron scattering measurements to be carried out at both low temperatures 
and high D concentrations where short-range order effects are particularly strong. These 
favourable conditions also motivated a previous neutron scattering study although this did 
not provide meaningful conclusions on short-range order effects of D in V [IS]. 

2. Samples and experimental details 

Our measurements were performed at room temperature (T e 295 K) on a VDo,,s powder 
sample (mean particle size 5 30 pm, maximum particle size c 90 p m ,  powder density 
Y 0.5) and on a D free reference sample with the same V content. Both samples were 
enclosed in AI containers with a diameter of 1 cm. Due to this sample dimension, multiple 
scattering represented N 13% of the total scattering intensity [191. This fact allowed the 
neglect of multiple-scattering events in our data analysis, in particular under consideration 
of the fact that necessary model assumptions such as those on the scattering from the static 
displacements of the D atoms (see section 4) have a higher and more direct impact on 
the diffraction pattern and especially on its dependence on the neutron momentum transfer. 
The neutron data were obtained with the powder diffractorneter DN5 at the Siloe reactor 
of the CENG. The diffractometer DN5 has a multicounter consisting of 800 cells with an 
angular distance of 0.1" (it is almost identical to the instrument D1B of the ILL [ZO]). 
The wavelength of the incident neutrons was A = 1.349 A, corresponding to an energy of 
44.94 meV. The collimation before the monochromator was 30'. 

The diffractometer used in the present experiments allows the investigation of a larger 
range of momentum transfer than the time of flight spectrometer IN5 (ILL) [ZO] used in the 
previous neutron study on D short-range order in NbD, [14]. Furthermore, it  provides a 
higher momentum resolution and count rate. The advantage of the time of flight spectrometer 
is its energy analysis, which permits an experimental separation of the inelastic scattering 
from the phonons. Since the inelastic scattering intensity is larger at higher temperature, 
an experimental separation of this inelastic intensity was important in the experiments on 
NbD, [14], carried out at temperatures up to 581 K. For NbD,, the experimental separation 
of the inelastic intensity was of further importance because of the significant coherent 
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inelastic (and elastic) background scattering from Nb-D and Nb-Nb correlations, which is 
undesired since it does not directly yield information on the D short-range order although 
it exhibits a distinct modulation with the momentum transfer of the neutrons (the Nb-Nb 
correlations contribute to the diffuse scattering intensity because of the lattice displacements 
resulting from the D interstitials; see section 4). On the other hand, the lower temperature 
of the present measurements and the fact that, for VD,, a coherent scattering intensity from 
V-D correlations does not practically exist makes it perfectly possible to perform these 
measurements without an experimental separation of the inelastic scattering intensity (see 
discussion in sections 4 and 5) .  

3. Experimental results 

Figure 1 presents the powder diffractogram of the VDo.75 sample (top diffractogram) together 
with the diffractogram of the D free reference sample (bottom diffractogram). Both the 
sample investigated and the AI container produced Bragg reflections, which are specified 
in detail in the figure caption. The Bragg reflections in figure 1 demonstrate that the lattice 
parameter of the VDo.75 sample is almost 5% larger than that of the reference sample [Zl]. 
The figure also shows that the intensities of the Bragg reflections of the AI container differ 
greatly between the two spectra as a consequence of the texture of the container material. 

2000 P 

. vD0.75 
V reference 

-. 

20 40 60 80 1 

I I I I I 

500; 
scattering angle 2 0  (Grad) 

110 200 211 220 310 VDQ.75 I 
I I I I 

I I  I 1 I 
110 200 211 220 

V I  

AI I 
111 200 220 311 400 

10 

Figure 1. Powder spectrum of the VDo.7, sample (full data points) and of the D free reference 
sample with the same V content (open data points). The bars below the spectra indicate the 
position of the Bragg peaks of the VD0.75 sample, of BP V reference and of AI (the main alloy 
component of the container). Several smaller peaks are caused by other alloy components of 
the container material. 

The diffuse scattering intensity between the Bragg reflections of the VD0.75 sample in 
figure 1 reflects the short-range order of the D atoms. Therefore, and in order to analyse 
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quantitatively the short-range order effects, we shall concentrate our subsequent discussion 
on the diffuse scattering intensity. Figure 2 presents a difference spectrum between the 
two spectra in figure I ,  where the intensity of the D free reference sample is subtracted 
from that of the vD0.75 sample. To simplify the analysis further, the intensity in the close 
neighourhood of the Bragg reflections of both sample and container was omitted in the 
difference spectrum of figure 2. 
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Fiyre 2. Diffuse scattering intensity of the D atoms in vDo.7~. The spectrum shows lhe 
difference between lhe spectm in figure I ,  omitting Ihe inlensily in the close neighourhood of 
the Bngg reflections. The solid line is a fit lo the data with occupation probabilities cj as 
mentioned in section 5 and table 1. The broken line shows the sum of the diffuse scaltering 
intensities specified by (ii), (iii). (iv) and (v) in section 4 (scattering from the displacements of 
the D atoms, incoherent elastic scattedng and the inelastic scattering from the opric and acoustic 
D vibrations). 

4. Theoretical background 

Because of the extremely small coherent scattering cross section of V, we need only account 
for incoherent scattering events from the V atoms. It is further well justified to assume that 
the V vibrations in the VD, samples and the reference sample are so similar that the resulting 
diffuse incoherent inelastic scattering intensity is practically identical for all our samples. 
This means that the difference spectra in figures 2 and 3 represent solely the coherent and 
the incoherent diffuse scattering intensity from the D atoms in the VDO.?~ sample. For this 
diffuse scattering intensity, we expect five different contributions as fotlows: 

(i) the coherent elastic scattering from the D short-range order; 
(ii) the coherent elastic scattering from static displacements of the D atoms; 
(iii) the incoherent elastic scattering; 
(iv) the coherent and incoherent inelastic scattering from the optic D vibrations (local 

(v) the coherent and incoherent inelastic scattering from the acoustic D vibrations (band 
modes) and 

modes). 
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In the following, we shall quantitatively discuss the above contributions to the scattering 
intensity. A point to mention straight away is that each of the contributions (ii)-(v) will 
turn out to be much smaller than the short-range order contribution (i), and that even the 
of the contributions (iit(iv) is smaller than the contribution (i). This is important since it 
allows the use of simplifying approximations for some of the contributions (ii)-(v) without 
seriously impairing the reliability of our results. 

3.1. Coherent elastic scattering from the D short-range order 

For OUT present powder samples, the scattering cross section (du/dC&, per D atom 
resulting from the coherent elastic short-range order contribution (i) can be written as [15,16] 

where crc* = 5.59b [17] is the coherent scattering cross section of the D, e-zw(Q) is the 
Debye-Waller factor of the D, and c = x/6 = 0.125 is the occupation probability of an 
tetrahedral interstitial site (there are six tetrahedral sites per V host lattice atom). The 
quantity Q = kj - kf is the difference between the wave vector ki of the incident neutrons 
and the wave vector kt of the scattered neutrons. The scattering angle 2 0  and Q = IQ[ are 
related according to 

Q = JkZ + k: - Zkikfcos(20) 

where the relation k, = kj holds for elastic scattering processes such as those described by 
equation (1). The summation in equation (1) extends over all shells of tetrahedral interstitial 
sites around a given tetrahedral site in the centre of the shells, where Rj is the distance 
between the site in the centre and the sites in shell j and Nj is the number of the sites 
in shell j .  The quantity cj is the probability that an interstitial site in shell j is occupied, 
provided that the tetrahedral site in the centre of the shell is also occupied. The correlation 
probabilities cj describe, accordingly, the short-range order between the D atoms. 

The calculation of the scattering cross section (do/dG)S,o for given values of the 
correlation probabilities cj requires the knowledge of the DebyeWaller factor e-zwcQ). 
The quantitative determination of this quantity from data in the literature will be discussed 
in section 4.6. 

In this paper, the D correlations are described with the help of the probabilities cj as 
defined above. In the literature, short-range order effects are frequently described with a 
parameter 6 ( R j )  1151 or, alternatively, with the so-called Cowley-Warren parameters aj 
[16]. In the present situation, the relation between c j ,  6 ( R j )  and aj is given by 

~j - c = €(Rj ) / c  = aj( 1 - c). (3) 

4.2. Coherent elastic scattering from the stotic displacements of the D atoms 

The D interstitials cause static lattice distortions, which lead to a displacement of the 
positions of the surrounding D atoms. The displacements yield a contribution to the total 
scattering intensity [IS, 16,221. In the following, we shall calculate the scattering cross 
section (do/dQ)dj, per D atom due to the displacements of these atoms under simplifying 
assumptions. The assumptions are justified by the fact that the contribution of the static 
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displacements to the scattering intensity is much smaller than the contribution from short- 
range order. We mention also that the present situation differs from that of previous 
studies on metal-H systems where H induced displacements of the host metal atoms were 
investigated by neutron or x-ray scattering [23,24]. The difference follows from the fact 
that the displacements of the metal atoms are much larger than the displacements of the 
H atoms because of the larger distances between neighouring H atoms in the presence of 
blocking effects. 

The calculation of (du/dfi)e, requires the knowledge of the displacement u(R) of a 
given D atom due to a second D atom at a distance R. We calculate u(R) with the help 
of elasticity theory, assuming elastic isotropy. In this case, the displacement vector u ( R )  is 
parallel to the vector R,  and the value of u ( R )  is, for an infinitely large crystal, given by 
[15,251 

l+u AV u ( R )  = - 
3(1 - u ) ~ R R *  (4) 

where A V  is the volume increase due to a D atom and U is Poisson's ratio. The value 
of AV is 2.6 AS [211, whereas the factor ( 1  +u)/[3(1 - U ) ]  is found to be 0.7 after an 
orientational averaging of the elastic moduli of V [26]. Neglecting higher than two-particle 
correlation effects for the D atoms, under consideration of the fact that the displacements 
u ( R )  are parallel to R, and after a linear expansion of terms such as exp[iQu(R)], we can 
write the scattering cross section (du/dn)&, per D atom for a powder sample as [IS, 161 

The factor 1 -c  in equation (5) arises because the D displacements are defined in comparison 
to a hypothetical situation in which each interstitial site is occupied by the fraction of a D 
atom. This situation implies that the average lattice parameter is identical to that of the 
real system whereas, at the same time, static displacements of the D atoms do not exist. 
The factor 1 - c means further that (du/dQ),j,, becomes zero for the case c = 1 i n  which 
D displacements do not exist since all interstitial sites are occupied. We see finally that 
(do/dn),, can be calculated from equation (5) for a given set of the correlation probabilities 
cj . 

4.3. Incoherent elastic scattering 

The scattering cross section (do/dR)b, per D atom from the incoherent elastic scattering 
processes is given by 

where ainc = 2.05 b is the incoherent scattering cross section of the D atoms [I71 

4.4. Coherent and incoherent inelastic scattering from the optic D vibrations 

H interstitials in BCC metals such as V, Nb and Ta metals perform high-frequency optic 
vibrations (local modes) with energies that are practically independent of the wave vector, 
even for high H concentrations [27]. In those cases in which more than one H isotope was 
investigated, the ratio of the vibrational energies of the H and the D scaled closely to the 
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root of the respective inverse mass [27].  We do not know of any experiments investigating 
the optic D vibrations in cubic VD,. For this reason, we assume that the energies of the 
D vibrations are a factor of f i  smaller than those measured for the isotope H. This yields 
the energies h o l  N SO meV and Am2 = Eo) N 120 meV for the three optic vibrations of a 
D atom (hw2 and hOj are degenerate for symmetry reasons) [27,28]. 

For the calculation of the scattering cross section (do/dR),pt per D atom due to its three 
optic vibrations, we have to consider that the energy of the incident neutrons (44.94 meV) 
is too low for an excitation of the optic modes. Considering further that the energies of the 
optic vibrations are independent of the wave vector, we can write [291 

where kBT is the thermal energy and mD is the mass of a D atom. The wave vector kf,-l 
of the inelastically scattered neutrons is given by 

where mN i s  the mass of a neutron. The scattering angle 2 0 ,  finally, is defined according 
to equation (2) where kf has to be replaced by k+1. 

4.5. Coherent and incoherent inelastic scatteringfrom the acoustic D vibrations 

H interstitials in metal-H systems modify the acoustic vibrations of the metal only slightly. 
However, they participate in the acoustic vibrations, which causes the so-called band modes 
of the H [27,30-321. For the band modes, the vibrational amplitudes of the H are similar 
to those of the host metal, although they are not completely identical 131 1. In the present 
situation, the band modes of the D lead to inelastic scattering processes whose intensity, per 
D atom, will be described by the scattering cross section (da/dC2)b,d. Under consideration 
of the fact that experimental data for the band modes of the VD, system are not available, 
we shall assume that the vibrational amplitudes of the D atoms are indeed identical to those 
of the V host metals. We shall further neglect the dispersion properties of the band modes, 
so that the scattering cross section can be written as [29] 

where mv is the mass of a V atom and kc-1 or kf,+l are the wave vectors of the scattered 
neutron after a phonon annihilation or creation process, respectively. The wave vectors are 
given by the equation 

The scattering angle 2 0  is again defined by equation (2)  where kr has to be replaced by 
k+l or ki.+,, respectively. The quantity Z(w) is the phonon density of states of the V 
host lattice, normalized to unity. In our numerical calculation of (do/dQ)hd. we used for 
Z(o) the experimental values gktXI in [331. We repeat that the contribution of (dC/dn)b,d 
to the total scattering cross section will be found to be very small, a fact that justifies the 
simplifying assumptions leading to equation (9). 
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4.6. Debye-Wailer factor 

In calculating the Debye-Waller factor 
from the optic modes and that from the acoustic band modes. Accordingly, we can write 

we have to consider both the contribution 

where (u&J and (uiand) are the expectation values for the vibrational amplitude of a given 
D atom resulting from the optic and band modes, respectively. At room temperature, the 
energies of the optic vibrations as given in section 4.4 yield (U&)  = 0.031 A, whereas 
(uimd) is found to be 0.018 A [34], again assuming that the vibrational amplitudes of D are 
identical to those of the V atoms. These values agree essentially with those stated in [3 11 
if we account for the fact that the data there were taken for the isotope H. 

5. Analysis of the experimental data and discussion 

With the help of the above expressions for the individual scattering cross sections, we 
performed numerical calculations for the diffuse scattering intensity in figure 2. The 
unknown parameters were the correlation probabilities cj and a normalization factor that was 
identical for all the scattering cross sections. In our calculations, we considered short-range 
order effects for the D atoms up to the fifteenth shell of tetrahedral sites. This means that 
the correlation probabilities cI could differ from c for j < 15, whereas they were identical 
to c for j > 15, so that the summation in  equation (1) extended only over the first fifteen 
shells. A further simplification was that, for 8 < j < 1.5, all the c, were assumed to be 
identical. 

For the scattering cross section from the static displacements of the D atoms, given in 
equation (3, we considered in our summation 1000 shells. This turned out to be sufficient 
since parallel calculations with a much smaller number of shells (usually 100) yielded 
practically the same result within the relevant range of scattering angles 2 0 .  For the 
calculation of the scattering cross section from the acoustic band modes, the integration 
over the phonon density of states Z(w) in equation (9) was replaced by a summation over 
76 individual terms. 

The result of our fitting calculations for the diffuse scattering intensity is indicated 
by the solid line in figure 2. Within experimental accuracy, the result corresponds to 
a situation in which a D atom blocks completely the interstitial sites in the first and 
the second shell (ct = c2 = 0.00 + 0.02/ - 0.00). The calculation yielded further 
c) = 0.09 f 0.01, ca, = 0.14 f 0.04, cs = 0.17 * 0.02 and occupation probabilities cj 
for the outer shells 6-15 that differed only slightly from the average value c = 0.125. The 
results for all the c,, and their confidence limits, are listed in table 1, together with the values 
of Rj and NI for the individual shells. The blocking of the two nearest shells demonstrates 
indeed the existence of a strong and repulsive interaction between the D atoms, as already 
suggested in previous studies [4,6,9-141. The result for c3 means further a definite non-zero 
occupation probability which, however. is smaller than the average c = 0.125, corresponding 
to a partial blocking of the third shell. The large error of CI resulting in part from the fact 
that the number of sites in the fourth shell is smaller than that in its neighouring shells, 
does not allow a reliable statement on a deviation from the average occupation probability. 



A neutron diffraction study 1469 

Table 1. Compilation of the correlated occupation probabilities cj resulting from the fitting 
wlculation for the data in figure 2. The table shows the cj for the respective shell, the distance 
Rj between the site in the centre and the sites in the shell and the number Nj of Lhe sites in 
shell j. The table does not show results for shell 14 since the number of sites in this shell is 
zero. Note that in our calculation procedure the occupation probabilities CB-CIS were considered 
a? one single fit parameter. 

Number Occupation 
of the shell probability Distance Number of sites 
j Cj Rj (A) Nj 

1 0.00+0.02/-0.00 1.122 4 
2 0.00+0.02/-0.00 1.587 2 
3 0.09f0.01 1.943 8 
4 0.14iO.04 2.244 4 
5 0.17t0.02 2.508 8 
6 0.15f0.02 2.748 8 
7 0.121.0.0l 2.968 16 
8 0.1 17i0.001 3.173 6 
9 0.1 1710.001 3.365 12 
IO 0.117iO.001 3.548 8 
I 1  0.1 17i0.001 3.721 8 
I2 0.1171.0.001 3.886 8 
13 0.1171.0.001 4.045 24 
IS 0.1 17i0.001 4.345 16 

On the other hand, the occupation probability cs for the fifth shell has a value clearly above 
the average c = 0.125, 

The broken line in  figure 2 is the sum of the diffuse scattering intensities resulting 
from the displacements of the D atoms, the incoherent elastic scattering and from both the 
optic and the acoustic phonons. It is these contributions to the total scattering intensity 
whose calculation according to equation (5). (7) and (9) involved several simplifying 
approximations. We show these contributions separately in order to demonstrate that they 
represent only a minor part of the total scattering intensity. This fact justifies our simplifying 
assumptions since potential inaccuracies in the calculation of these contributions are not 
expected to influence seriously the total scattering intensity. It also shows that the scattering 
intensity from the short-range order of the D atoms, as given in equation (l), represents in 
fact the dominant contribution to the total scattering intensity 

The present data clearly evidence the presence of a strong and repulsive short-range 
interaction between the D atoms. In order to demonstrate more clearly the reliability of our 
results for the three nearest shells around a given D atom, we show the diffuse scattering 
intensity from the D in VD0.75 again in figure 3 together with model calculations for the 
scattering intensity (the experimental data in figure 2 and figure 3 are identical). The model 
calculations were carried out (i) for a complete blocking of the first shell (solid line), (ii) for 
a complete blocking of the first and the second shell (broken line) and (iii) for a complete 
blocking of the three nearest shells (dash-dot line). For reasons of simplicity, the occupation 
probabilities of the outer shells were assumed to be identical to c. The calculated intensities 
show that a complete (or a nearly complete) blocking of the first two shells seems indeed 
to be required for a theoretical description of the data, whereas this description is obviously 
not improved by the additional assumption of a complete blocking of the third shell. These 
considerations indicate again a nearly complete blocking of the first two shells and a partial 
blocking of the third shell, as already concluded from the result of our fitting calculation as 
shown in figure 2. 
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Fipre 3. Diffuse sawring intensity of the D aloms in VDu.75 together with model calculations 
for the scattering intensity (the experimental data are identical to those of figure 2). The model 
calculations were w i e d  out for (i) a camplele blocking of the first shell (full line). (ii) a 
complete blocking of the first and second shells (broken line) and (5) a complete blocking of 
the first three shells (dash-dot line). For reasow of simplicity, lhe occupation probabilities of 
all the outer shells were assumed to be identiwl to c =0.125. 

6. Conclusion 

The short-range order of D atoms in VDo.75 was investigated by neutron diffraction. The 
diffuse scattering intensity can be described by a nearly complete blocking of the interstitial 
sites in the two nearest shells around a given D atom, and by a reduced occupation 
probability for the sites of the third shell. These results demonstrate the existence of a 
saong short-range and repulsive interaction between the D atoms. 
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