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HYDROGEN POTENTIAL IN &-V2H STUDIED BY DEEP INELASTIC NEUTRON SCATTERING
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Two complementary techniques of deep inelastic neutron scattering were
used to study hydrogen in fr-^H: (i) By means of neutron vibrational
spectroscopy we measured hydrogen vibrations up to the fourteenth order;
from these data we derived the effective single-particle potential, the
shape of which is a parabola with a flattened bottom, and the hydrogen
wave functions, (ii) By means of neutron Compton scattering we determined
the kinetic of energy of the hydrogen; the value agrees with that cal-
culated from the vibrational ground-state wave function.

INTRODUCTION

Hydrogen dissolves in nearly all metals in large quantities, occupy-
ing interstitial sites which are energetic minima of the hydrogen poten-
tial. The form of this potential, usually expressed as an effective
single-particle potential, is on of the important questions in fundamental
research on metal-hydrogen systems- Its knowledge is essential for a
microscopic understanding of a large variety of phenomena such as trans-
port properties, superconductivity and thermodynamics, and correspondingly
there is considerable theoretical interest in it. Experimentally, this
potential can be determined by neutron vibrational spectroscopy (NVS) (1)
and, recently, by neutron Compton scattering (NCS), i.e. either by a
measurement of the excitation energies of the localized hydrogen vibra-
tions or by a measurement of the hydrogen momentum distribution. In this
brief communication we report an experiment combining both methods on a
single system, which on the one hand leads to a rather detailed under-
standing of the potential and on the other hand allows a critical
comparison of the capabilities of these two methods of deep inelastic



neutron scattering with respect to hydrogen in metals. For the system to
be investigated we chose &-V2H, an ordered hydride phase with hydrogen on
pseudotetragonal octahedral sites, because from the literature (2) and
fro;a feasibility studies of our own we expected large a harmonic effects.

The experiments were performed on the chopper spectrometers HRMECS
and LRMECS at the Intense Pulsed Neutron Source of Argonne National
Laboratory. The vibrational spectroscopy part has already been published
(3) and will be only briefly summarized here.

Neutron Vibrational Spectroscopy

Figure 1 gives a synopsis of our spectroscopy results. The spectrum
with EJ = 494 meV was taken with multi-domain single crystals, whereas the
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Fig. 1. Neutron spectra from B-V"2H at different
neutron energies E^. The line is the
result of fitting Gaussians to the experi-
mental spectrum in order to define the peak
positions. The indices lmn mark our assign-
ments for the different transitions.

inset spectrum with E^ - 1600 meV is from a single-domain single crystal.
The striking features are: (i) the regular repetition of double peaks (at
lower energy transfer the splitting is only resolved with lower incident
energy), and (ii) the sharp excitation at 223 meV. The peak positions in
these spectra as well as in those taken with 110 meV, 317 meV, 743 meV and
975 meV incident neutron energy were determined by a fitting procedure and
are plotted in the left-hand side of Figure 2 versus quantum number. At
high energies the excitation energies of the soft x and y directions (only
x is plotted) are practically equidistant and indicate that in this energy
range the potential i~n these directions is rather harmonic. At the lowest
energies, however, the spacing closely resembles that of a square well.
Therefore, in the soft directions the hydrogen potential has to be a
parabola with a flattened bottom. In the stiff z direction, however, the
sequence of the observed vibration is consistent with a harmonic oscillator.
From a quantitative data evaluation in terms of the empirical ansatz
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Fig. 2. Left-hand side: Hydrogen excitation
energies in the stiff (001) direction
(squares) and in the soft (100) direction
(multidomain crystals, open circles;
single-domain crystal, filled circles).
Right-hand side: resulting H potential
in the soft (100) direction and the•
corresponding energy levels.

V(x) = j >

we derived an effective single-particle hydrogen potential (its x com-
ponent is shown in the right-hand side of Fig. 2) characterized by the
following parameters:

x direction: tfu>0 = 104 meV, b = 78.4 A meV, a = 0.174 A

y direction: tfu)0= 107 meV, b = 66.6 A meV, a = 0.170 A

z direction: ftl0 = 223 raeV (harmonic oscillator).

(1)

The wave functions are linear combinations of the wave functions
harmonic oscillator; for the ground state we obtain:

(x) = 0.964

= 0.976

+ 0.267 x2(x) - 0.009

+ 0.216 X2(y) + 0.013

± . . .

± . . .

of the

Via the formalism of creation and annihilation operators the ground state
kinetic energy can easily be calculated, yielding

kin ' Ekin



Neutron Compton Scattering

General Remarks. At very high energy and momentum transfer the inter-
act î n~̂ t̂ ~the~~neutron with the proton in the collision process is so short
in space and time that only the dynamic short-time properties of tht
proton are probed. This is, classically, the instantaneous velocity/
momentum distribution. Neither the periodicity of a vibration originating
from the potential nor any correlations to other protons are relevant on
this short time scale. The chemical binding (i.e. in our case the
hydrogen potential) plays a role only to the extent that it governs the
momentum distribution in the ground state. For an ensemble of protons
with the momentum distribution n the scattering function is given by

2 2

S(Q,") = f n 6 ( K w - j y U * p.Q) d3p. (2)

If an H Atom in a metal is vibrating in a harmonic potential, the ground
state wave function ^o(x) is known to be a Gaussian; 4*0(p)> the Fourier
transform of ^(x), is again a Gaussian, and the same is true for the
momentum distribution n = | i> (p) | :

np
 a exp (-p2/2<p2». (3)

The protons contribute to the scattering function only if their momentum
takes values such that the argument of the 6 function in Eq. (2) vanishes-
Hence

_ (jtio-E f
S(Q,u) K exp — = =-, (4)

2K < ( Q ) >/M

and the scattering function is a Gaussian centered at the recoil energy

E r = n
2Q2 / 2M (5)

with variance

M

The second equality of Eq. (6) is obtained by spatial averaging.

The statements of Eqs. (4-6) - here derived for a harmonic oscillator
- are generally valid: the lineshape of the Compton profile corresponds to
the momentum distribution *J-(p) , the center of the Compton profile allows
a mass determination, and the second moment - which in the case of a
Gaussian is simply the Gaussian parameter - is proportional to the kinetic
energy of the oscillator.

Results. Corapton scattering data of V^H were taken with the incident
neutron energy of 1600 meV for two different orientations of the single-
domain single crystal: (i) x and y directions in the scattering plane;
(ii) x and z directions in the scattering plane. In the former case the
stiff z vibration does not contribute, so H behaves almost like an iso-
tropic oscillator; the observed Compton profile is displayed in Figure 3.
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Fig 3. Neutron Compton profile of H
in a V2H single-domain single
crystal with the xy vibration
s in the scattering plane.
Solid line: Gaussian fit.

The peak positions and linewidths for both orientations, resulting from
Gaussian fits, are plotted in Figures 4 and 5 versus Q and Q, respec-
tively. From the respective slopes we obtain M̂ J = 1.03 ± 0.03 amu;
^ 2 = 1.12 ± 0.03 amu; E ^ n = 16.0 ± 0.4 meV; E ^ = 25.5 ± 0.8 meV.

Discussion. The apparent directional dependence of the hydrogen mass
can in our opinion be considered as a criterion for the validity of the
impulse approximation: the impulse approximation is valid if the apparent
mass equals the physical mass. With the xy vibrations of the crystal in
the scattering plane, where we obtain a hydrogen mass of 1.03 ± 0.03 amu,
we are just in the regime of the impulse approximation, whereas with the
xz vibrations in the scattering plane, where the hydrogen mass appears to
be 1.12 ± 0.03 amu, we are clearly outside that regime. Equivalently,
these statements can be expressed in terms of the Reiter criterion (4)
which requires that Q should be larger than, say, 5Q C, where the critical
momentum transfer Q c = / 2moo/tf. For kiai = 5 - meV (x vibration) we get
5Q C = 25 ft" , which corresponds to the largest Q value of our experiment
(see Fig. 5 ) , whereas for K u

o = 223 meV (z vibration) we get 5 Q C = 55 &"
1

which is clearly beyond our Q range.
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Fig- 4. Q dependence of the center of the
Compton profiles (xy vibrations in
the scattering plane, circles; xz
vibrations in the scattering plane,
squares). The solid line indicates
M = 1 amu.

tors with excitation energy >ioi = k̂
y V a

kinetic energy E, . = ld /

di d l

The model-independent determination of the kinetic energy in P-V̂ H at
80 K allows a microscopic check of the spectroscopic results described in
the previous paragraph. The xy average amounts to 15.6 meV. In addition,
the contribution of the acoustic phonons has to be taken into account
which we estimate in the following way: V^H has a Debye temperature of 429
K (5); we consider the vanadium atoms approximately as Einstein oscilla-

= 37 mev and obtain for their
V a V

/4 - 9 meV; the hydrogen atoms follow the van-
adium atoms and more or less perform the same acoustical vibration;
because of the smaller hydrogen mass, by a factor of 50, the acoustical
kinetic hydrogen energy then approximately equals 0.2 meV. Hence, spec-
troscopically, the total average kinetic energy in the xy plane amounts, to
15.8 meV, comparing well with the independently determined C.ompton result
of 16.0 ±0.4 meV. The total spectroscopic average kinetic energy in the
xz plane equals to 35.6 meV, i.e. it is considerably larger than for the
xy plane. Also with the Compton results the xz value is much larger than
the xy value, but does not agree with the spectroscopic result. This
might originate from the invalidity of the impulse approximation in the z
vibrational direction.

Conclusion. The combination of two methods of deep inelastic neutron
scattering provides on the one hand side rather detailed information about
the effective single-particle hydrogen potential in V^H, and on the other



hand it allows a critical evaluation of the respective capabilities of the
two techniques. Neutron vibrational spectroscopy provides the excitation
energies, which are important for the partition function in statistical

25

Fig. 5. Q dependence of the second moments
of the Compton profiles (xy vibra-
tions in the scattering plane,
circles; vz vibrations in the
scattering plane, triangles).

thermodynamics, and the hydrogen potential in the energy range of the
measurement; statements about the ground state are an extrapolation.
Neutron Compton scattering at low sample temperature, on the other hand
provxdes direct information about the ground state; as an integral quan-
tity we obtain the kinetic energy, and the agreement with the spectro-
scopic result is very satisfactory. In principle, the wave function can
be obtained from a line-shape analysis; this would be most desirable but
does not seem to be feasible with the present statistical accuracy.

Finally, we should like to emphasize that, with the neutron scatter-
ing experiment described in this contribution, the characteristics of a
neutron spallation source have been fully utilized:

availability of high neutron incident energies;
small Q values
large Q values
variation of the magnitude of Q

variation of the direction of Q
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