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Inelastic incoherent neutron scattering techniques have been used to study the optic vibra-
tions in hydrides of Nb and Ta for hydrogen concentrations between 44 and 49 at. % in the
case of Nb and 42 at. % for Ta and at temperatures between 10 and 295 K. In all cases the
first harmonic of the singlet fundamental vibration could be observed with an anharmonic
shift of 3—5 % to lower energies. In addition, evidence is presented for the first time of a
combination band corresponding to the simultaneous excitation of the singlet and doublet
fundamental vibration corresponding to out-of-plane and in-plane motion, respectively, of
the proton on its tetrahedral site. These modes are coupled by anharmonic interactions
which are described by a three-dimensional anharmonic-oscillator model of tetragonal sym-
metry (42m) appropriate to hydrogen in bcc metals. This analysis using both the present
data as well as previous work by other authors gives a consistent picture of anharmonicity
in the bce metal hydrides. In addition, splittings and/or broadening of the observed vibra-
tional peaks for some concentrations or temperatures could be correlated with recent, new
information on the high-concentration, low-temperature portion of the NbH, phase dia-
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gram.

I. INTRODUCTION

The possibility of gaining important information
on the hydrogen-metal interaction by studying the
optic modes in metal hydrides with the use of inelas-
tic neutron scattering techniques has recently at-
tracted considerable attention.!~7 While the mea-
surement of complete phonon dispersion relations
can provide significantly more detail on the dynam-
ics than that of the optic branches alone, the former
is restricted by the availability of large single crys-
tals, and has therefore been possible in only a few
cases among metal hydrides.>8~!! The reason for
this is that the loading of a single crystal with hy-
drogen tends to expand the lattice too much for the
crystal to retain its integrity. Particularly in cases
where the optic branches show no dispersion, their
measurement can be performed using polycrystalline
samples and the results can be interpreted by regard-
ing the protons as isolated Einstein oscillators.>*3
Such has been shown to be the case for Nb (Ref. 8)
by measurements of phonon dispersion relations and
should be applicable to Ta as well. This is in con-
trast to the fcc hydrides of Pd (Ref. 9) and Ce (Refs.
10 and 11) where significant interaction between hy-
drogen atoms is indicated. Further details on the
shape of the hydrogen-metal potential can then be
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obtained in the former cases by determining the iso-
topic shift on the local-mode frequencies as well as
the higher harmonics of the oscillator transitions.
Anharmonicity in the potential is then reflected by a
deviation of these quantities from the harmonic
values. Some previous studies>® have in fact uti-
lized a simple one-dimensional anharmonic-
oscillator model'? for each component of the hydro-
gen vibration to analyze the data with good success
in terms of a single anharmonicity parameter.

With the presence of anharmonicity as well as the
fact that the B phase of the bcc hydrides shows an
orthorhombic distortion, it is no longer obvious that
the x, y, and z motions of the proton in its potential
well are still decoupled. A more general approach to
this problem would be to describe the proton as a
three-dimensional anharmonic oscillator and apply
the operations appropriate to the tetragonal site
symmetry 42m of the bcc structure to the Hamil-
tonian to find the nonzero terms to fourth order in
the displacements. The effect of the orthorhombic
distortion can then be included at a later stage in a
manner to be discussed below. However, such a
multiparameter model for anharmonicity requires
more information on the vibrational spectrum of hy-
drogen in metals than what normally has been ob-
tained in experiments of this type. With the excep-
tion of more recent work,>~® former inelastic neu-
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tron scattering studies’ were not generally of suffi-
cient accuracy to test seriously models for anhar-
monicity. Furthermore, most experiments per-
formed on reactor-based neutron sources could not
be extended to sufficiently large energy transfers for
the measurements of the higher harmonics as well as
possible combination bands of the oscillator transi-
tions because of the rapid falloff of the reactor neut-
ron spectrum at large energies. Thus, in order to
have even a chance to test more sophisticated
models for the hydrogen potential in these systems,
experimental data have to be both of high accuracy
as well as extend to larger energy transfers.

A final introductory remark concerns the deter-
mination of the isotope effect on the vibrational
spectrum of the metal hydrides, which represents an
important piece of information for the determina-
tion of the anharmonicity parameters. Typically the
comparison between a hydride and deuteride have
not been made on samples of the same concentra-
tion.*> While the overall concentration dependence
of the local-mode frequencies in the bcc hydrides
may be slight,'3 differences are significant at the
few-percent level of the anharmonic shifts>~* that
have been observed. In addition, complications may
arise from the very complex phase diagram'* (par-
ticularly at higher hydrogen concentrations) which
has recently been determined for NbH, for tempera-
tures below 295 K. The reason for this is that the
local environment around the tetrahedral hydrogen
site may be different in the various phases and that,
therefore, different local-mode frequencies may
arise. If two or more such phases coexist in a region
of the phase diagram, the local-mode peaks may be
broadened, and the mean frequency of such a peak
cannot readily be compared with that of a single-
phase sample. These considerations are less impor-
tant in the low-concentration portion of the phase
diagram, which is the focus of some of the recent
studies.>*

The present neutron scattering studies, therefore,
were undertaken to address the three points concern-
ing previous work on the systems mentioned above.
We will first discuss a more general model of a
three-dimensional anharmonic oscillator with tetrag-
onal symmetry. Extensive data taken at a new
accelerator-based neutron source reaching energy
transfers greater than 300 meV will then be present-
ed and analyzed along with previous data using this
model. Finally, the observed line shapes will be re-
lated to newly available information on the NbH,
phase diagram at low temperatures.

II. THEORY

The vibrational spectrum of a local harmonic os-
cillator located on a tetrahedral site in the bec struc-

ture (site symmetry 42m or D,;) and interacting
only with its four nearest-neighbor atoms consists of
two sets of equally spaced transition lines. One of
those sets results from vibrations in the plane
formed by two axes of the cubic structure (hereby
defined to be the x and y axes) and the hydrogen
site, and these lines are, therefore, doubly degen-
erate. The lower-energy transitions for each
harmonic-oscillator level correspond to motions out
of the plane, i.e., along the z direction. In the ab-
sence of anharmonic coupling between the in-plane
and out-of-plane motions it is possible to treat the
singlet motion as a one-dimensional anharmonic os-
cillator with a single anharmonicity parameter.
Thi3s is the approach taken in some previous stud-
ies.”

More generally, one may describe the motion of
the hydrogen as a three-dimensional anharmonic os-
cillator and use the appropriate symmetry opera-
tions to reduce the number of terms in the Hamil-
tonian. Terms of the third and fourth order of the
displacements can then be treated as perturbations
on the harmonic frequencies described below. Cubic
anharmonicities make no contribution in a first-
order perturbation theory and are, therefore, treated
to second order, while quartic anharmonicity is in-
cluded by first-order perturbation theory. The re-
sulting renormalized vibrational frequencies can
then be compared with experimental data on the
higher harmonics as well as the isotope effect to ex-
tract values for the anharmonicity parameters.

The use of symmetry considerations reduces the
number of cubic and quartic anharmonic terms to a
total of five, as may be shown by formal group
theory. Tinkham'® shows the appropriate character
table for 42m symmetry (see p. 328), but the row la-
bels “x2-p?” and “xp” need to be switched. More
elementary considerations lead to the same results.
For example, mirror-plane reflections in the plane of
the H-site bec cube face (x,z plane), or in the y,z
plane are point-symmetry operations of the H site
which change the sign of the y or x normal-mode
coordinate, respectively, but not that of the z
normal-mode coordinate. Hence, any term of the
potential energy involving an odd power of x and/or
y is zero since its sign is reversed by one of the re-
flections. By this and similar considerations, and
choosing the H site to have the maximum z coordi-
nate in the bce cube face, one can eliminate all but
the following cubic and quartic terms in the Hamil-
tonian H:

H, =ez(x2—y2)+c4’zz4+c4,x(x4+y4)
+fx%y?+gz2(x2+p%) . (1)

Here the subscript 4 on ¢4, and cy4, indicates a
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quartic term, while the subscripts z and x refer to
the mode in question, i.e., singlet or out-of-plane and
doublet or in-plane, respectively. This is the sense in
which these subscripts are henceforth used. It is
straightforward to work out the perturbation theory
and obtain the excitation energies e},,, = Ejnn — E oo,
where Ej,, is the perturbed energy of the vibrational
state corresponding to the I,m,n harmonic level, i.e.,
that with /, m, and n vibrational excitations in
modes z, x, and y, respectively,

e ="nrw, —A' —A"+ 12(:4’263—}—4g626x , (2)
eot0=eoo1 =fioy —A—A"+12¢, 57
+2fef+2ge,ex R (3)
ea00=2%iw, — 2\ — 20" +36¢c, €2+ 8g€,€, ,  (4)
ejjo=eo =fiw, +#w, —A—21"—31"
+12¢4 .62+ 12¢4 c€2
+2fe2+10ge,€, , (5)

where o, and w, are the harmonic frequencies, and
we have used the definitions

e, =%/2Mw,), €,=%/2Mo,),
A=48 /(#iw,), N =48/(—tw,+2%w,),
A" =48 /(fiw, +2%w,) .
Here M is the hydrogen mass and
8= —eX#/2M)* /(0,07 .

The vibrational energies listed in Egs. (2)—(5) are
those appropriate to the levels that could be detected
with reasonable confidence in our experimental data.

By suitably combining the above relationships,
one can obtain the following expressions for the
anharmonicity parameters

12¢4 .67 =e200—2e100 (6)
i, =4e 100 +€p10—€200—€110 > (7
=—A—A"+4g€, e, =e100— 12c4,ze,2—ﬁw, . (8

The first two allow information about the z vibra-
tion to be extracted directly. The third allows one to
estimate the strength of the anharmonicities cou-
pling the singlet and doublet vibrations. ‘

Since the hydride phases discussed in this work
are not bcc structures, it is important to consider the
effect of lattice distortions on the results obtained
above. The orthorhombic distortion of the bec lat-
tice for B-NbH,, is small enough so that it can be re-
garded as a perturbation which affects both the har-
monic and the anharmonic models. The perturba-
tion of the anharmonic terms H; by the distortion

are of higher order than H; and will be neglected,
while that of the zeroth-order harmonic model is at
least of the same order as H; and must, therefore, be
included. These approximations are implemented by
keeping H; the same, but using new normal-mode
frequencies and displacement directions. By direct
calculation, we have found that if the x-y modes are
mixed and split, but not mixed with the z modes,
Eq. (6) holds exactly, and that Eq. (7) holds if ;¢ is
replaced by the average of ejo; and e}y the two
slightly different excitation energies which arise in
place of ey and e;o from the lattice distortion.
Similarly, e must be replaced by %(e{,m +e0o1)-
In our data, such splittings are not resolved, and
hence, our measured peak positions are exactly this
average and can be used in Eq. (7) without any
reduction.

A H-Nb nearest-neighbor (NN) longitudinal
spring model for the H local-mode vibration
predicts that no mixing of the z with the x and y
modes will occur as a result of the S-phase distor-
tion. For H’s in those sites occupied in the 3 phase,
the orthorhombic distortion will twist and flatten
the tetrahedron formed by the H, its four NN Nb
atoms, and the four H-Nb springs.!® The degenerate
modes will, therefore, be split, but not mixed with
the z mode. This result may be expected to hold to a
good approximation since the NN spring model ac-
counts well for the general features of the H local-
mode frequencies.

A final comment concerns the size of the effect of
the splitting of the degenerate modes resulting from
the orthorhombic distortion in the B phase. If a
small splitting of the frequencies and an arbitrary
recombination of the displacement vectors is taken,
the terms in Egs. (2)—(5) and (8) that involve o,
change by a small fraction when the distortion is ap-
plied. This change was calculated to be of the order
of Aw, /w,, where Aw, is the size of the splitting.
For small lattice distortions, therefore, these terms
will not be greatly affected. Since such splittings in
the doublet are not resolved in the present data, a
more quantitative discussion of their effect on the
above results is not possible. The middle quantity in
Eq. (8) will, therefore, be considered to be only an
approximation when the B-phase lattice distortion is
present. The experimental value of £ still measures
A, A, A", and g, but its connection with these quan-
tities is then only roughly given by Eq. (8).

III. EXPERIMENTAL DETAILS

The inelastic neutron scattering experiments were
performed on the crystal-analyzer spectrometer
(CAS) at the pulsed spallation neutron source
(WNR) at the Los Alamos National Laboratory.
The WNR at present utilizes about 5 pA of the
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800-MeV-proton beam of the Los Alamos Meson
Physics Facility. It is therefore only a medium-flux
neutron source, but nevertheless has an advantage
over reactor-based sources in epithermal neutron
flux. The reason for this is that at high energies the
neutron flux of a spallation source decreases much
more slowly (1/E) than that of the Maxwellian
spectrum of a reactor. Thus experiments designed
to study high-energy excitations such as the har-
monics of hydrogen vibrations in metals should have
a better chance for success at this type of neutron
source.

The CAS is an inverted geometry!’ time-of-flight
(TOF) spectrometer designed to study dispersionless
high-energy excitations with excellent energy resolu-
tion. Since a description of this instrument is not
available in the readily accessible literature, we
would like to give a short discussion of the particu-
lar CAS at the WNR (Fig. 1). In this instrument a
“white” neutron beam of 5X 10 cm? is incident on
the sample located 6.4 m from the source. Neutrons
scattered in the range of scattering angles
80° <260 < 107° from the planar sample, oriented at
an angle of 45° to the incident beam, are then
energy-analyzed by an array of six pyrolytic gra-
phite crystals. The crystals are arranged in a time-
focused array'® at 90° to the scattered beam such
that all neutrons reaching the detector bank (17 *He
counters, -in. diameter) have approximately the
same final energy of 3.6 meV and the same flight
time from the sample. Higher-order neutrons dif-
fracted by the analyzer array, which would give rise
to false, apparently inelastic peaks, are removed by a
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FIG. 1. Crystal analyzer spectrometer at the Los
Alamos pulsed spallation neutron source.

cooled Be filter, 8 in. long, placed between the
analyzer and detector. Neutrons arriving in the
detector bank are time sorted into bins 3.2-usec
wide, and by subtracting the fixed final flight time
(sample to detector) the incident flight time and the
energy transfer to the sample can readily be deter-
mined. In the most recent configuration this instru-
ment utilized graphite crystals with mosaic spreads
of 0.4° and 1.2° full width at half maximum
(FWHM). The resolution of the instrument was cal-
culated using a Monte Carlo computer code due to
Skold and Crawford.!® With a proton pulse width
of 6 usec FWHM, the resolution varies from about
4% (AE/E, FWHM) at an energy transfer of 50
meV to about 7% at 300 meV. Particularly at ener-
gy transfers greater than 100 meV the resolution of
this instrument is as good or better than reactor-
based instruments using the Be-filter technique with
Cu monochromator crystals.’> Moreover, the back-
ground in the CAS is structureless, unlike that of in-
struments using crystal monochromatots® at high
energies where filtering the incident beam is diffi-
cult.

The samples were prepared from single-crystal
rods of Nb and Ta of 5-in. diameter and various
lengths. Before loading with hydrogen or deuterium
the crystals were annealed in an ultrahigh vacuum
(UHV) at 2300°C for 24 h in order to remove inter-
stitial impurities. The hydride crystals were subse-
quently ground up and loaded into flat-plate sample
holders for which the CAS is optimized. Counting
times for the hydride samples ranged from 12—48 h
depending on the amount of material available and
the desired precision. Because of the much smaller
scattering cross section of deuterium compared with
hydrogen, the deuteride sample had to be run for ap-
proximately four days. The TOF data were correct-
ed for background and the intensities by the shape
of the incident-neutron spectrum as determined by a
fission chamber. The data presented in the figures
are, therefore, proportional to the scattering func-
tion S(Q,w).

IV. RESULTS AND DISCUSSION

A. Phase diagram

As was pointed out above, a localized oscillator
on a tetrahedral site in a bcc crystal has two excita-
tion frequencies, a singlet at a lower energy corre-
sponding to out-of-plane motion and a degenerate
doublet for the in-plane motion. The inelastic neut-
ron scattering spectrum in this case would show two
sharp lines, of which the one at higher energy
should have twice the integrated intensity of the
lower one. In addition, higher harmonics (i.e., 0—2,
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0—3, etc. oscillator transitions) corresponding to
each fundamental may also be present. For site
symmetries lower than tetragonal three lines may
occur in the general case. However, as was suggest-
ed above for the orthorhombic distortion of B-NbH,
such site-symmetry-induced splittings may be too
small to be resolved. For a pronounced off-center
location of the proton very large effects on the
local-mode frequencies have been observed’ in
VH,s5;. If the protons are distributed over more
than one crystallographically inequivalent site, as
many as three 0—1 oscillator transitions per site
may be observed, thereby giving rise to a potentially
very complicated spectrum. This may be the situa-
tion®?! in FeTiH, where analysis of the neutron
scattering spectra is quite complicated.

While in the B-phase of NbH, only one type of
site is occupied?? by hydrogen, similar information
is not known for most of the proposed structures
occurring in the low-temperature, Thigh-
concentration portion of the phase diagram.'*?3
Limited information is available on the y phase,2*%’
& and € phases,”>?® and the A phases.”>? In the
latter case, long-periodicity superlattices are pro-
posed corresponding to various degrees of ordering
of the protons in successive layers. The extent to
which such crystallographic changes affect the ob-
served inelastic spectrum of the hydrogen vibrations
then depends on the degree to which the local envi-
ronment of the proton changes. Multiple hydrogen
sites, of course, are possible both within a given
crystal structure and in cases where two different
phases coexist. Since both coherent inelastic neut-
ron scattering studies® as well as some recent stud-
ies>> using incoherent inelastic scattering suggest
that H-H interactions are negligibly small, we will in
the following description of our results interpret line
broadening or splittings in the low-temperature or-
dered phases in terms of multiple hydrogen sites as
discussed above. The effect of multiphonon scatter-
ing is expected to be a broadening around the base of
the optic-mode peaks’ rather than a broadening of
the whole peak. Multiple scattering, though prob-
ably significant, generally contributes?® a rather
structureless background to the spectra.

Shown in Fig. 2 are the inelastic neutron scatter-
ing spectra of NbH), g; at 300 and 78 K, and shown
in Fig. 3 are the spectra of NbH, ;3 and NbDj g, at
78 K. For the purposes of this discussion the spec-
trum of NbH, ¢5 at 300 K (Fig. 4) may also be re-
ferred to. By comparing these figures the following
observations may be made: (1) The fundamental ex-
citations in both NbH, 73 and NbDj 3 are noticeably
broadened, (2) reducing the temperature on the sam-
ple with composition NbH,, 3; introduces a notice-
able splitting in the local-mode peaks, while (3) this
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FIG. 2. Inelastic neutron scattering spectrum for
NbHj g7 reduced to S(Q,w). At 295 K, the sample is pure
B phase, while at 78 K, the local-mode peaks are split in-
dicating a mixed-phase region (see text). Solid line
represents a fit of one Lorentzian for each excitation con-
voluted with a Gaussian resolution function.
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FIG. 3. S(Q,w) for NbH, 73 and NbDy g3,. Broadened
peaks indicate the presence of multiple H sites, most like-
ly from different phases (see text). Small peaks are e,q.
Dashed line is a guide to the eye only.
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FIG. 4. S(Q,w) for NbH g5 at 295 K (B phase) and 15
K (B+7) phases (Ref. 14).

does not happen in the case of NbHj ¢s. Compar-
ison may also be made with Fig. 1 of Ref. 5
(NbDggs at 10 K) which also shows nearly
resolution-limited peaks.

In order to discuss the differences illustrated in
these figures, reference must be made to the NbH,
phase diagram. Since there exist competing versions
of the high-concentration, low-temperature portion

of this phase diagram, we will first refer the discus-
sion to the work'* of Kdbler and Welter, and subse-
quently to the alternate version by Birnbaum and
collaborators.?>?’ According to the former phase
diagram, NbH, ;3 and NbD; 3 at 78 K are in a re-
gion where i, O, and v phases coexist. Also NbHj g;
is shown to undergo a transition B—(B+v) upon
colling below 200 K, followed by further transitions,
(B+V)——>(§+B)—)(§+'}') NbHo.gz and NbHo.gs are
indicated as undergoing phase transitions from B to
(B+7) at temperatures well below 200 K. However,
further measurements on NbHj g; down to a tem-
perature of 10 K did not produce any further
changes in the local-mode spectrum (Table I). From
this observation one may then conclude that the lo-
cal environments of the H sites in the (B8+v) phase-
coexistence region do not change noticeably on go-
ing through the further transitions mentioned above.
This in turn leads to the inference that the v and &
phases on the one hand, and the B and y phases on
the other, be very similar. Since both of the samples
in the phase-coexistence region (8+ ) studied in the
present work show nearly-resolution-limited lines at
low temperature (Table I), the latter part of this con-
clusion can be further supported. This is not incon-
sistent with the structural information®*—26 that is
available on the y phase, provided that the relative
distortions in the two structures are similar.

The only other inelastic neutron scattering study®
of the same type as the present work on this portion
of the phase diagram is on NbDg g5 at 10 K. Ac-
cording to the phase diagram by Ké6bler and Welter,
this sample should be pure £ phase. The sharp lines
observed® by Richter and Shapiro, therefore, indi-
cate that the tetrahedral sites in this phase are quite
regular. It should also be noted that in the course of
performing measurements of acoustic phonons in

TABLE 1. Optic-mode energies for NbH,, NbDy 3, and TaH 7. All values in meV. Broadened peaks are analyzed in
terms of two sites, indicated as (1) and (2). Phase identification is from Ref. 14. Uncertainties on I' are typically about 1

meV.
T €100 €o10

Sample Phase(s) (K) (m Ti00 1) ) T100
NbH 75 i,0 78 118.3(9) 126.1(9) 167(2) 177(2)

NbDy.30 i,0,v 78 84.8(8) 88.6(8) 3 116.9(1.5) 124.4(1.5) 4
NbHy 57 B 300 119(1) 42 164(1.5) 12.4
NbH g7 v+B 193 114(1) 123(1) 33 163(2) 172(2) 5.8
NbHj 57 E+B 150 115(1) 123(1) 3.0 163(2) 173(2) 5.2
NbH, 37 E+y 78 115(1) 124(1) 1.3 165(1.5) 174(1.5) 4.2
NbH.5, B 300 118(1) 44 162(2) 9.9
NbH,.9, B+vy 78 120(1) 3.5 163(1.5) 6.6
NbH o5 B 300 118(1) 4.5 163(2) 9.5
NbHj. 5 B+vy 150 121(1) 3.6 165(1.5) 6.8
NbH, o5 B+v 15 121.8(8) 3.0 165.6(1.5) 6.0
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this sample, Shapiro et al.?® detected a phase transi-
tion at 203 K. They indicated that the observations
made on this new phase were not consistent with
published information on the y phase, which they
thought the sample had entered. However, accord-
ing to the new phase diagram,'* NbD,gs passes
through a region of v+ B coexistence at 203 K be-
fore transforming to the £ phase.

Other work®®®! on this portion of the NbH,
phase diagram is considerably less complete than
that by K6bler and Welter!# and in some details®® in
disagreement with the latter. It is, therefore, not
possible to relate our observed local-mode line
shapes in as much detail to those phase diagrams. A
few comments may, however, be made relative to
the A phases found by Birnbaum and collabora-
tors.?>2" At least three different such phases are
proposed to cover the concentration ranges H to Nb
of 0.72—0.77, 0.85—0.90, and 0.91—0.96. The A
structures are based on stacking of different variants
of orthorhombic B-phase unit cells along the [001]
axis of the cubic a’ cell. In some cases, these phase
layers can be viewed as being separated by boundary
layers of £ phase. Superimposed on this stacking is
a hydrogen density wave which results in additional
superlattice reflections. These structures cannot be
related to the pseudocubic ¥ phase, and no evidence
thereof was found?* by Makenas and Birnbaum.

As far as the effect of such modulated structures
on the hydrogen local-mode spectrum is concerned,
one can only make qualitative observations since the
details of the y-phase structures (such as interatomic
distances) are not known. Depending on the period-
icity of the structure, a large number of inequivalent
H sites are possible. The degree to which each of
these sites would give rise to different local-mode
frequencies would then depend on the effect of the
H-sublattice ordering on the positions of the Nb
atoms, i.e., the degree to which the NN H-Nb dis-
tances differ for the inequivalent sites. One might
expect a distribution of H sites, each with slightly
different local environments, which would then sim-
ply broaden the optic-mode peaks. In a recent
theoretical calculation®? Sugimoto and Fukai con-
clude that a displacement of the NN metal atoms of
a proton of only 2% would give rise to a broadening
of the local-mode peaks by about 30 meV. While
this seems somewhat more than present measure-
ments indicate, it does suggest that in a situation
where many different H sites exist, large linewidths
could be expected. The data on NbH;,; and
NbD, g obtained in the present work is not incom-
patible with the above results on the A phases, nor
with a simple coexistence of two different phases,
particularly since no structure is resolved in the
local-mode peaks. The splittings observed on the

NbHy 3; sample, however, indicate a two-phase
coexistence in agreement with the phase diagram by
Kdobler and Welter,'* while in the case of the A
phases broad peaks would be expected.

The existing phase diagrams®® for TaH, seem to
agree that our TaH, 7, sample should be nearly pure
¢ phase. The fits to the data do indeed result in re-
latively small intrinsic widths (Table I), and are,
therefore, in qualitative agreement with the phase
diagram. Note should also be made of the higher
energies observed for this sample when compared
with more dilute samples studies by other au-
thors.3"3® The values obtained in the present work,
130 and 170 meV for the fundamentals, are signifi-
cantly larger than those® for 8-TaH, o5, 121 and 163
meV. This dependence of the local-mode frequen-
cies on concentration is in agreement with the
work®* by Watanabe and Furusaka, who found
essentially no concentration dependence at room
temperature up to x =0.50 followed by a steady in-
crease for concentrations greater than that value.
For TaH, ¢9 at 20°C, they find energies of approxi-
mately 128 and 169 meV, in good agreement with
the present results. A similar comparison for data
on NbH,, does not show as much of a concentration
dependence, namely* 116 and 166 meV for B-
NbH,, ;4 as opposed® to 119 and 167 meV for S-
NbH, 3,. Presumably, these differences between the
NbH,, and TaH, systems are related to their respec-
tive phase diagrams, but it is not possible to make
more than qualitative comments on this question for
lack of more detailed data. Differences in their
electronic structures may be expected to play a role
as well.

In order to gain more information on the H-Nb
interaction from these measurements, it is essential
to have complete crystallographic data available
from all the regions of the NbH, phase diagram.
Once the details of the hydrogen sites in the various
phases are known, it should be possible to analyze
the present data in a consistent way to determine
differences between the various phases. With few
exceptions,”? the structural information on the
NbH,. phases is quite incomplete at present.

B. Anharmonicity

The simple anharmonic model presented in Sec. II
has been used to analyze the data on the higher har-
monic transitions and combination bands shows in
Table II. Some of this experimental data is also
shown in Fig. 5 with fits (Lorentzian convoluted
with Gaussian resolution) indicated by solid lines.
In most cases, a peak corresponding to the 0—2
transition of the singlet vibration could be clearly
discerned. In addition, intensity due to higher tran-
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TABLE II. Higher harmonic transitions in NbH,, NbDgs, and TaHg 7. All values in
meV. For coexistent phases weighed average values are used.

T

Sample Phase(s) (K) €100 o0 €200 e
NbDg 50 i,0 78 86.7(9) 120.7(9) 166(3) 205(5)
NbH, 75 i,0,v 78 120(1) 169(2) 233(3)

NbHy g7 E+y 78 120(1) 169(2) 230(3)

NbH, o, B 300 118(1) 162(2) 227(3) 273(6)
NbHj o, B+v 78 120(1) 163(2) 227(2) 277(5)
NbHj.¢s B+y 150 121(1) 165(2) 230(2) 278(5)
NbHj g5 B+y 15 122(1) 166(2) 231(2) 280(4)
TaHon 9 78 130(1) 170(2) 245(3)

sitions is also evident in some spectra, but it is diffi-
cult to assign reliable peak positions in these cases.
Nevertheless, attempts were made to extract energies
for the combination band (i.e., a simultaneous exci-
tation of the singlet and doublet modes) as it is a
direct measure of the degree of coupling between the
x, ¥, and z motions of the proton. The structure
above 300 meV that may be recognized in some
spectra (Fig. 5) would be due to both the 0— 3 tran-
sition of the singlet and 0—2 transition of the doub-
let vibrations. Unfortunately, these are neither
resolved nor of sufficient intensity to extract useful
information thereof. Thus, only peak positions that
could be discerned with reasonable accuracy are
given in Table II.

The three-dimensional anharmonic-oscillator
model developed in Sec. II can now be used to
analyze some of the data shown in Table II. In the
following discussion, only data on SB-phase and
mixed- (y+p) phase samples will be used, since
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FIG. 5. Higher harmonics for NbH, 95 at 15 K. Solid
line represents a fit through e;p. Dashed line is a guide
to the eye for the broad band consisting of e o, €g0, and
e300, most likely in this order.

mixed-phase samples of other compositions either
have strong broadening or structure in the local-
mode peaks. For the 8 and y phases, however, it ap-
pears (see Fig. 4) that the H vibrations are very simi-
lar as the observed peaks have widths that are close
to being resolution limited. Some structural evi-
dence?”?* on the y phase further supports this as-
sumption, since in the pseudocubic phase no
vibrational-mode mixing or splitting would be ex-
pected to occur.

It is most convenient to make use of Egs. (6)—(8)
to determine the anharmonic parameters from the
experimental data. First, values of 1204,2612 are ob-
tained using Eq. (6) yielding —9, —13, —12, and
—13 meV, respectively, for the samples NbHj o,
NbH, 95, and NbH,, g5 at temperatures 300, 78, 150,
and 15 K, respectively. The corresponding values of
#iw, obtained using Eq. (7) are 134, 139, 141, and
143 meV, respectively. Equation (8) then gives re-
sults for £ of —7, —6, —8, and —8, respectively.
In each of the cases the values for the different sam-
ples are reasonably consistent with each other, and
show that both 12c4,,ez2 and £ are about equally im-
portant contributors to the anharmonicity. Thus,
the earlier interpretation® of the anharmonic effect
on the lower fundamental in terms of a one-
dimensional potential omitted the anharmonic cou-
pling to the x-y vibrations. This approach is hereby
shown to be valid only if £ << 12c4,,e,2.

In an effort to include isotope shifts in the present
discussion, the data on the presumably mixed-phase
samples NbDj go and NbH 75 (both at 78 K) were
analyzed with the anharmonic theory of Sec. II
despite the obvious broadening (Fig. 3) of the local-
mode peaks. These equations, of course, do not
necessarily apply in the presence of several ine-
quivalent H sites and thereby different local-mode
vibrations.

In addition, vibrational-mode mixing between the
z mode and the x,y modes cannot be ruled out since
no information on the local geometry in the i, O,
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and v phases is available. For the deuteride sample,
we obtain for iw,, 1264’263, and £, the values 96.5,
—7.4, and —2.4 meV, respectively. Using these
values, one can make the model predictions for hy-
dride values of #iw,, 12c4,ze,2, and £ since our model
gives these quantities mass dependences of 1/V'M,
1/M, and 1/M, respectively. The values of 136.5,
—14.8, and —4.8 meV thus obtained compare well
with the values 139, —13, and —6 meV obtained
with our equations from data of the NbHj ¢, sample
at 78 K. As the value of e;;y for NbH, 75 could not
be determined in the present experiment, a compar-
ison with this prediction can only be made for
1204,,6,2 for which this data yields —7 meV. This
value does not agree well with the value predicted
above from the deuteride data, which is really not
surprising for the reasons stated above. We note, in
passing, that the 12c4,2622 value obtained for
NbDy g0, — 7.4 meV, agrees well with the —6.6 meV
determined earlier® for NbDy g5 at 10 K.

For TaH, ;; at 78 K, the parameter 12c4,zez2 was
found to be —15 meV, in good agreement with the
data® on B-TaH, o at 77 K of —15.5 meV. In addi-
tion, this value is close to those for NbHj g7,
NbH, o5, and NbH, g5, which suggests that the de-
gree of anharmonicity in NbH,, is comparable with
that in TaH, at least as far as the z vibration is con-
cerned.

In a recent inelastic neutron scattering study*
local-mode frequencies were reported for the follow-

ing isotopes of the Nb-hydride system at room tem-

perature: NbH 3, NbDy 7,5, and NbT,, all of
which are then expected to be in the pure 8 phase.
We fitted the hydride and deuteride singlet data to
the form

a/[(M/M)1V2+B /(M /My) ,

where a and [ are mass independent, and obtained a
value of 135.2 meV for @ and —19.2 meV for B.
We can then use these a and B values to predict a
tritide-singlet fundamental frequency of 71.7 meV
which compares rather well with the experimental
value of 72 meV. We must note, however, that the
experimental uncertainties quoted with the vibra-
tional data make the above calculated values uncer-
tain by roughly 5% for a and 40% for B. The same
procedure for the doublet frequencies yielded a cal-
culated tritide-doublet frequency differing by only
2.3% from the experimental one. The success of
this simple isotope-effect formula strongly suggests
that the same potential is encountered by all three
isotopes, at least as far as e,y and ey, are con-
cerned. The value —19.2 meV for B, which is a
measure of the total anharmonicity present, com-
pares favorably with the total calculated anharmonic

part of €100 for NbH()_gz (300 K), NbHO.92 (78 K),
NbHj 95 (150 K), and NbHj, ¢5 (15 K), namely — 16,
—19, —20, and —21 meV, respectively. This agree-
ment strengthens the case that our anharmonic
model applies to the B phase and the other B-like
phases involved in these systems.

V. CONCLUDING REMARKS

The above discussion has demonstrated that when
measurements of the vibrational frequencies of hy-
drogen in metals include a large enough number of
transitions, as well as their isotope effect, and are
combined with an appropriate theoretical model,
valuable information on the anharmonicities of the
metal-hydrogen potential can be obtained. This is
particularly true in cases where the inelastic lines are
sharp and the crystal structure including site sym-
metries is known. Thus, most of the data on S3-
phase NbH samples, both from the present work
and from that of previous authors, could be
analyzed in a consistent fashion by our
anharmonic-oscillator model. This then allowed the
conclusion that the potential for the different iso-
topes H, D, and T in the B-hydride phase of Nb ap-
pears to be the same.

For hydrides in the other regions of the very com-
plicated phase diagram at large concentrations and
low temperatures, the data cannot be quantitatively
interpreted because of the apparent presence of mul-
tiple hydrogen sites, which are presumed to corre-
spond to different hydride phases. As was pointed
out above, detailed crystal-structure data on these
phases is urgently needed. Little progress can be ex-
pected in the understanding of the phase transitions
occurring in this portion of the phase diagram if
such data is not available. The present inelastic
neutron scattering measurements (Figs. 2 and 3)
show the relative sensitivity of hydrogen to changes
in its environment and how, therefore, in a qualita-
tive way such data can be used to observe phase
changes in a metal hydride. This was also pointed
out?! by Shapiro et al. in their work on FeTiH,, in
which the inelastic data is still more difficult to in-
terpret than in the present case. It should be em-
phasized, however, that structural data in any case is
essential for the extraction of the maximum amount
of information from these measurements such as by
lattice dynamical modeling.

For future applications of neutron vibrational
spectroscopy on metal hydrides, it may well be
desirable to do the measurements with higher accu-
racy at large-energy transfers. While we have for
the first time been able to observe transitions in a
bee hydride at energies greater than 300 meV, the
counting statistics in this measurement are not good
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enough to separate, e.g., the 0—3 singlet and 0—2
doublet transitions. This should be possible with the
new high-intensity pulsed neutron sources such as
the upgraded WNR at Los Alamos which is expect-
ed to come on line in the next few years. At that
point, more stringent tests of theoretical models will
be possible. Particularly the question of a possible
isotope effect on the hydrogen potential is of consid-
erable interest. More extensive measurements that
involve deuterated and tritiated Nb of the same con-
centrations as the hydride in question are needed to
clarify this question. Unlike in the case of the VH-
D system where a strong isotope effect on the phase
diagram is well known and connected with differ-
ences in site occupation of H and D, most of the
available information?? on the NbH-D system sug-
gests little or no isotope effect on the phase diagram.
Recently, however, Schober®® did point out the ex-
istence of a pronounced isotope effect on the transi-

tion temperatures B—B+a’'—a’ for H-to-metal ra-
tios greater than 0.5. Finally, it may be anticipated
that careful studies of the hydrogen dynamics in Nb
as a function of temperature may yield considerable
information on the phase transitions occurring in
the NbH, system, particularly in cases where crystal
structures of the phases in question are well known.
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