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Local-mode dynamics in YHz and YD2 by isotope-dilution neutron spectroscopy
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Isotope-dilution neutron spectroscopy was used to investigate the dynamics of the H and D optic vi-

brations in YH2 and YD&, respectively. The broad, complex, densities of states of the tetrahedrally coor-
dinated H and D atoms in the isotopically pure materials collapse to single, sharp, triply degenerate
features when the H and D atoms are sufficiently diluted with their companion isotopes. This demon-

strates that the vibrational dispersion for the pure materials is due to the presence of significant H-H and
D-D dynamic-coupling interactions. Moreover, a spectral doublet (with 5-meV splitting) superimposed
on the sharp D-defect-mode feature for Y(H09DO&)& is suggestive of localized acoustic and optic
branches of dynamically coupled, near-neighbor D-D pairs isolated in the predominantly hydrided ma-

terial. The magnitude of the splitting implies a D-D/Y-D force-constant ratio of -6%%uo. The dynamics
of both light (H) and heavy (D) mass defects are in general agreement with simple mass-defect theory.

INTRODUCTION

Yttrium dihydride (P-YH2) is among a group of rare-
earth and other metal dihydrides possessing a CaF2 struc-
ture' where the hydrogen atoms fully populate the inter-
stitial tetrahedral (t site) sublattice created by the face-
centered-cubic lattice of metal atoms. In this structure,
each t-site hydrogen is situated in an identical local cubic
environment, which in the absence of H-H interactions
would lead to a sharp, triply degenerate, optic-mode vi-
brational spectrum. In reality, the vibrational density of
states (DOS) as measured by incoherent inelastic neutron
scattering (IINS) (e.g., Refs. 2—4) was found to possess a
much broader than expected line shape of considerable
complexity. This line shape was originally shown by sim-
ple central-force, lattice-dynamics calculations to stem
from the presence of significant hydrogen-hydrogen in-
teractions within the tetrahedral sublattice. Subsequent
coherent inelastic neutron-scattering measurements ' of
the optic-phonon dispersion relations for single-crystal
P-CeD2, 2 led to more-involved calculations utilizing
bond-bending force constants and longer-range interac-
tions in an attempt to model the results. Very few metal
hydrides, however, can be produced in single-crystal
form, which complicates the study of detailed force fields
and dynamic interactions.

In recent years, the use of IINS with hydrogen and
deuterium comixtures in condensed-phase materials has
been found to be a potent combination for investigating
the presence and degree of H-H interactions. In particu-
lar, isotope-dilution neutron spectroscopy (IDNS) has
been used successfully as a probe of the dynamic H-H in-
teractions for such systems as P-PdH„(Ref. 8) and a-
YH, as well as for adsorbed hydrogen on Pt black, ' Pd
black, "and RuS2. ' In IDNS experiments, materials are
synthesized using a mixture of H and D isotopes while

maintaining the same (H+D)/metal ratio. By using a
large D/H ratio, hydrogen is isotopically diluted with
deuterium to form isolated H atoms within the material.
The difFerence in mass between H and D efFectively inhib-
its dynamic coupling which would otherwise occur be-
tween each isolated H atom and its vicinal D atoms if
significant H-D interactions were present. Hence, for a
particular hydrogen normal mode, a broad, complex vi-
brational band that is predominantly due to H-H interac-
tions in the pure hydride will be reduced to a much
sharper feature in the corresponding isotopically diluted
material from the dynamically isolated H defects residing
in their locally identical environments. Since each H de-
fect possesses three orthogonal normal-mode vibrations,
there are potentially three nondegenerate vibrational en-
ergies for each type of hydrogen interstitial site. The
identical cubic symmetry surrounding each t-site hydro-
gen in YH2 means that the corresponding H-defect spec-
trum would, in principle, display a single, triply degen-
erate feature. Conversely, the presence of additional
features would indicate that the symmetry is less than cu-
bic and/or there is more than one type of hydrogen inter-
stitial site populated. Thus, by employing IDNS to "tune
out" the complicating dynamic-coupling effects of H-H
interactions present in many materials such as metal hy-
drides, one can also obtain useful structural information
concerning H-site geometry. In this paper, isotope-
dilution neutron spectroscopy is used to investigate the
origin of the complex DOS for the optic vibrations of the
t-site H and D atoms in YH2 and YD2.

EXPERIMENTAL PROCEDURE

Preparation of Y(H„D, „)zsamples followed a pro-
cedure' similar to that established by Vajda, Daou, and
Burger. ' Starting with 4—18 g lots of high-purity Y
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(99.99 at. %, Johnson Matthey), samples were loaded
with H2 (Matheson Research grade) and D2 (Spectra
Gases Research Grade) by gas-phase absorption in a
quartz tube. The fully deuterated sample was synthesized
using higher isotopic purity D2 (Cambridge Isotope La-
boratories, 99.98%%u D). Except for x =0.9, the "ideal"
Y(H„D& „)zcompounds were prepared by loading with

premixed gases to a nominal (H+D)/Y ratio of 2.005 at
873 K to ensure full t-site occupation, followed by evacu-
ation at 773 K to remove any excess octahedrally coordi-
nated (o site) hydrogen, which is unstable at this tempera-
ture. ' The Y(H09DO, )2 sample was prepared by first hy-

drogen loading to a H/Y ratio of 1.80 at 1073 K followed

by deuterium loading to a D/Y ratio of 0.20, cooling to
1023 K and allowing to equilibrate for 16 h, and finally
evacuating at 773 K. After cooling to room temperature,
all the samples were transferred to a He-filled glove box,
pulverized, and loaded into thin Al-plate cells. All mea-
surements were performed below 10 K using the BT-4
spectrometer at the Neutron Beam Split-Core Reactor at
the NIST. Two instrumental configurations with the
Cu(220) monochromator were used. The low-resolution
configuration consisted of 40'-40' collimations and a Be-
filter analyzer, yielding a full width at half maximum
(FWHM) resolution 5E that increased from -6 to 7'/jan of
the energy loss E as E increased from 80 to 200 meV.
The high-resolution configuration consisted of 20'-20'
collimations and a composite Be-graphite-Be-filter
analyzer, yielding a 5E/E that increased from -2.4 to
2.8% as E increased from 80 to 140 meV. The resolution
is depicted in the figures by horizontal bars. All illustrat-
ed spectra are corrected for the fast-neutron background.
The spectra are not normalized with respect to concen-
tration or integrated intensity; rather, relative scales are
adjusted solely for the purpose of clarity.
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FIG. 1. Low-resolution vibrational spectra of Y(H, D& „)2
for various values of x. Lines through the spectra are drawn as

guides to the eye.

RESULTS AND DISCUSSION

Figure 1 shows the low-resolution optic-vibrational
spectra of YH2, YD2, and a range of isotopically diluted
samples. The DOS of the t-site hydrogen and deuterium
in the isotopically pure samples possess significant fine

structure and are clearly much broader than the instru-
mental resolution. These spectra are typical of the
CaF2-type dihydrides, and in particular, the t-site spec-
trum for YH2 is in agreement with that reported previ-
ously. The H and D optic bands display a bimodal struc-
ture centered at —123 and 90 meV, respectively. The
multiphonon "overtone" corresponding to the D optic
band is evident at —175 meV. Dilution of the isotopical-
ly pure samples produces dramatic transformations of the
DOS. In both cases, the optic-band broadening disap-
pears and is replaced by a sharp defect-mode feature.
These transformations appear even more pronounced
when measured under high-resolution conditions, as illus-
trated in Fig. 2. The H- and D-defect mode energies are
found by Gaussian fits to be 126.2 and 88.1 meV, respec-
tively. The observed D-defect overtone at —175 meV for
x =0.9 in Fig. 1 indicates the approximate harmonic na-
ture of the t-site potential. This behavior of the t-site
DOS with isotope dilution clearly demonstrates that the
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FIG. 2. High-resolution vibrational spectra of Y(H D, )&

for various values of x. Lines through the spectra are drawn as

guides to the eye.
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FIG. 3. Multicomponent Gaussian fit (solid curve) of the
high-resolution, D-defect-mode, vibrational spectrum for
Y(HO 9DO &)2. Component features are indicated by the dashed
curves. The central peak represents isolated D atom vibrations;
the doublet represents the acoustic and optic components of D-
D pair vibrations. Details are described in the text.

broadening in the isotopically pure samples is entirely a
manifestation of H-H and D-D dynamic interactions as
opposed to the presence of H and D absorbed in more
than one type of interstitial site and/or in a t site with
less than cubic local symmetry.

It is interesting to note the effects of varied dilution on
the DOS of Y(H, D& „)z.For example, for x =0.2, each
H atom is not sufficiently diluted with D to be completely
isolated from the other H atoms. In this case, minor con-
tributions from H-H interactions tend to smear out the
H-defect feature, as seen in Fig. 1. Increasing the degree
of dilution further to x =0.02 more completely isolates
the H defects leading to a sharper feature than for
x =0.2. The narrowness of this feature is emphasized by
the high-resolution spectrum in Fig. 2. It is also striking
to note the sharp H-defect feature evident even in the
sample with x =0.00 (Fig. 1}. Even though the actual
isotopic purity of the gas used was 99.98% D, the intensi-
ty of the H-defect feature indicates that, in reality, the H
fraction is larger than expected with x =0.001. This is
not unreasonable, since some residual H in the original
metal sample and/or from the gas-absorption apparatus
can easily explain the minute yet larger than expected
fraction of H in the deuterated sample.

The effects of finite dilution are also evident for the D-
defect feature for x =0.9 in Fig. 2, where the high resolu-
tion allows one to discern both higher- and lower-energy
wings roughly coinciding with the major features in the
YD2 spectrum. These wings likely represent the bimodal
DOS due to the local "acoustic" and "optic" modes
along the bond axis of nearest-neighbor D-D defect pairs,
similar to that previously observed ' for D-D and H-H
c-axis-directed pairs present in a-YD„and a-YH„solid
solutions. Figure 3 shows a multicomponent Gaussian fit
of the D-defect spectrum. All features were constrained

to have identical widths and the components of the dou-
blet were constrained to have the same intensity. This
yielded a fitted width of 2.2-meV FWHM, which was
very close to the instrumental resolution. The positions
of the acoustic and optic modes were located at 85.7 and
90.8 meV, respectively, split by -5 meV. A comparison
of the peak intensities yielded a D»,„d/D;so&„,z vibration-
al intensity ratio of 0.39.

One can calculate the theoretical intensity ratio upon
the assumption that the D vibrations along the three
principal (and orthogonal) crystallographic directions are
independent of each other and statistically identical.
Hence the statistical problem becomes one-dimensional
and one need only consider the arrangement of D and H
atoms along any one crystallographic axis. In this case,
one can equate the D „,~/D; &„,d intensity ratio to the
probability that a given D atom is a member of a D-D
pair, divided by the probability that it is isolated. The
probability that a D atom is isolated is just x, which is
the probability that both nearest-neighbor t sites are oc-
cupied by H atoms. The probability that a D atom is a
member of a D-D pair (and not a D-D-D triplet, etc.) is
equal to 2x (1—x), which is the probability that only one
of the nearest-neighbor t sites is occupied by a D atom,
which in turn is followed by an H atom. Thus, the
theoretical D „„d/D;~„„dintensity ratio =2(1—x)
=0.2, roughly half of what is observed. If one considers
all other nonisolated D atoms (e.g., D-D-D triplets, etc.)
as also contributing to the paired D DOS, then the
theoretical ratio becomes the probability that a D atom is
nonisolated, divided by the probability that it is isolated.
Noting that the sum of the probabilities of an isolated
and nonisolated D atom is unity, the D„,„;&„,~/D;„&„,~
intensity ratio =(1—x }/x =0.23, which is close to the
case considering only D-D pairs and still much smaller
than observed.

Due to the different synthesis procedure used for this
sample (i.e., sequential addition of H2 and D2 followed by
high-temperature equilibration), it is certainly possible
that the split DOS feature due to paired D atoms is
enhanced by incomplete statistical mixing of the D and H
isotopes among the t sites. The observed D „„~/D;„&„,d
intensity ratio of 0.39, when equated to 2(1—x), yields an
effective D fraction of (1—x)=0.2, which is twice the ac-
tual value. The hydrogen diffusion coefficients report-
ed' ' for P-YHz indicate that the H and D mobilities are
relatively slow even at 1023 K, suggesting that isotopic
mixing, especially within the larger metal-hydride grains
in our sample, may not be complete. Alternatively, al-
though less likely, it is conceivable that the D-defect
atoms in the predominantly YHz lattice are indeed sta-
tistically mixed, yet have a tendency toward forming D-D
pairs. In the limit of a complete pairing of all D defects,
one of the three orthogonal vibrations for each D atom
would be a pairlike vibration along the D-D axis; the oth-
er two would be degenerate vibrations perpendicular to
the D-D axis and akin to those of an isolated D defect,
since in these directions, the D atom has only H nearest
neighbors. In this situation, one would obtain a
D pz&&ed /D '

p]&ted intensity ratio of 0.5, which is larger than
but closer to what is observed. Further measurements of
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the same sample, after attempting a more prolonged iso-
topic mixing at high temperature, as well as additional
new samples with appropriate isotope ratios carefully
synthesized with premixed gases are needed to clarify the
cause of the larger than expected D „„z/D;„&„,~ intensi-

ty ratio.
Leaving aside the nonideal intensity ratios, one can ap-

ply a simple, one-dimensional, coupled-harm. onic-
oscillator model, similar to that used previously to de-
scribe the spectroscopic splitting along the c direction for
a-YH„ to define a splitting bE =E,z/k, where E, is
the energy of the acoustic mode (i.e., the lower-energy
component}, a is the D-D coupling force constant, and k
is the Y-D force constant. This model also predicts that
the energy of the isolated D vibrations bisects the
pairing-induced doublet at E;„„„~=E, + b,E /2, which is
consistent with what is observed. Upon substitution of
the measured splitting and acoustic mode energy into the
model, one obtains z/k=hE/E, =0.06, implying that
the D-D coupling constant is ™6%%uo of the Y-D force con-
stant. This is consistent with the value of 6.6+0.9%%u/o

determined from the analysis of the optic-phonon disper-
sion curves of single-crystal CeD2 &2. It should be fur-
ther noted that the D-D coupling constant determined
for next-nearest-neighbor D atoms in the CeD2, 2 study
was a factor of 10 lower than that found for nearest-
neighbor D atoms. Assuming a similar ratio in the
present case, this translates into an expected spectroscop-
ic splitting for next-nearest-neighbor D-D pairs of -0.5

meV, which is too small to be resolved with the current
instrumental resolution. Hence, this further justifies our
assertion that the observed 5-meV spectral splitting is due
to the interaction of nearest-neighbor D-D pairs.

Efforts to extract similar quantitative information
about H-H pair vibrations from the H-defect DOS for
x =0.02 in Fig. 2 were limited by the lower proportion of
H-H pairs, the poorer instrumental resolution (3.4-meV
FWHM} at 126-meV energy transfer, and the narrow en-

ergy range scanned. A slight broadening of the H-defect
peak is evident, but a quantitative study of H-H pairs will

require measuring isotopically dilute systems with slight-
ly larger x values (to increase the relative proportion of
H-H pairs) over a larger energy range and with somewhat
better instrumental resolution.

Besides the effects on the defect features, the degree of
isotope dilution also influences the host DOS. For
x =0.2, the D-host DOS in Fig. 1 exhibits a less-
prominent fine structure compared to that for YD2, due
to a breakup of the perfect D-host sublattice by the
significant fraction of H defects. This is also evident for
the H-host DOS with x =0.9, and to a lesser extent, even
for the D-host DOS with x =0.02.

We have also applied simple mass-defect theory to de-
scribe the IDNS results. According to this theory, the
dynamics of the isolated H or D defect (d) atoms diluted
within the otherwise pure host (h) sublattice of the com-
panion D or H isotopes are described by' '

gI, (E)dE
E2 E2 ~E2

where gz(E) is the energy-dependent DOS of the host
phase normalized so that fgI, (E)dE =1, Ez is the local-

mode energy of the defect, and e = ( m z
—mz ) /m z, where

II, and mz are the masses of the host and defect atoms,
respectively. In effect, this equation indicates that the de-
fect atom tends not to vibrate within the dispersion-
broadened DOS of the surrounding host atoms ri.e.,
Ez E —in Eq. (1) would become zero at E =Ez, making
the integral too large to equate to the right-hand side].
Rather, the defect undergoes a localized vibration that is
detached from the host phonon band and involves the
participation of only a few neighboring atoms. For the
case of lighter H-defect atoms surrounded by heavier D-
host atoms, e= —,', and the H-defect mode must be located
aboue the energy cutoff for gD(E). Conversely, for the
case of heavier D-defect atoms surrounded by lighter H-
host atoms, e= —1, and a D-defect mode must be located
below the energy cutoff for gu(E). This effect is visually
evident from a comparison of the positions of the H- and
D-defect modes relative to the broad H and D vibrational
bands of YH2 and YD2 in Fig. 2. The H- and D-defect-
mode energies of 130.2 and 87.1 meV were calculated
from Eq. (1) by an iterative process using the appropriate-
ly normalized high-resolution spectra of YH2 and YD2 in

Fig. 2 as the host DOS. An attempt was made to im-

prove this calculation by excluding the estimated contri-
bution of the multiphonon high-energy tails from the
DOS used in the calculation. The resulting defect-mode
energies of 127.8 and 86.6 meV were still only in fair
agreement with the corresponding experimental values of
126.2 and 88.1 meV, and in effect, overestimate the up-
ward shift of the H-defect mode and the downward shift
of the D-defect mode away from their respective host
DOS. Lack of exact agreement is not unexpected since
simple mass-defect theory is based on the ideal assump-
tions that the t-site potential is harmonic and the lattice
constants and interatomic force constants are identical
for YH2 and YD2. The ratio of the overtone energy to
the main D-defect mode energy for x =0.9 in Fig. 1 of
1.99 implies that the t-site potential is indeed very close
to harmonic. Yet, the DOS for YH2 and YD2 overlap by
multiplying the YD2 energy scale by a factor of —1.38,
smaller than the ideal factor of 1.41. This is consistent
with the fact that the lattice constant for YDz (0.5195
nm, at room temperature) is -0.25% smaller than that
for YHz (0.5208 nm), ' ' which should result in slightly
stiffer interatomic force constants for YD2. The ideal re-
sult for identical interatomic force constants is easily seen
from Eq. (1) for the situation where the host DOS gz(E)
is a 6 function at EI, (i.e., no H-H or D-D interactions).
In this case, the equation simplifies to EI, /E&
= 1 e= mz/mz, w—hich yields En/ED =&2 as expected
for either isotope-dilutiog case. Hence, the small devia-
tions of the data from simple mass-defect theory suggest
that, although nearly harmonic, the t-site potentials of
the defect atoms differ slightly from those of the host
atoms. The presence of the defect atoms causes a pertur-
bation of the corresponding t site. For D defect atoms,
the corresponding t site contracts slightly compared to
the rest of the lattice, causing a local stiffening of the in-
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teractions of the D defect with its Y and H neighbors.
On the contrary, for H-defect atoms, the corresponding t
site expands slightly compared to the rest of the lattice,
causing a local softening of the interactions of the H de-
fect with its Y and D neighbors.

It is interesting to incorporate these nonidealities into
an "effective" ff, ff,ff= 1 (m—d /m„)of 1 —(md /kd )/
(ms/ks ), where (md/m& ),ff is an effective-mass ratio of
the defect and host isotopes that compensates in a sorne-
what crude fashion for the differences in the force con-
stants, kd and ki„involving the defect and host atoms, re-

spectively. The effective mass ratio is extracted from the
value of ff,ff determined from Eq. (1) using the experimen-

tally observed D- and H-defect energies. This provides a
rough measure of the force-constant perturbations in-
duced by the defects compared to the isotope-dependent
differences in force constants observed in the isotopically
pure materials. This approach yields an (mD/mH), ff ra-
tio of —1.94 for both types of defects. Although smaller
than 2, it is somewhat larger than the value of
(1.38) =1.90 calculated from the square of the energy-
scale factor that was necessary for spectral overlap of the
YDz and YH2 DOS. From these results, we estimate

kH/kD values =0.97 for both types of isotopically dilute

samples and =0.95 (assuming a harmonic model where

E„/ED=[(k„/m„)/(kD/mD)1 f« the isotopically
pure materials. This suggests that the force constants as-

sociated with the defect atoms are indeed perturbed with

respect to those of the host lattice but the differences are
not as pronounced as the difference in interatomic force
constants associated with H and D in the isotopically
pure materials. Thus in the isotopically dilute samples,
the host lattice appears to mitigate yet not completely
prevent changes in the size of the t sites containing the
defect atoms.

SUMMARY

The power of IDNS to probe H-H interactions in
condensed-phase materials has been exemplified. The
data can be characterized reasonably well by simple
mass-defect theory and clearly demonstrate that
significant interactions in the t-site sublattice of YH2 and

YD2 are the cause of the observed optic-band broaden-
ing. The 5-meV spectral splitting associated with isolated
D-D pairs implies a D-D/Y-D force-constant ratio of
-6%. On a more general note, this study illustrates the
capability of IDNS to investigate the behavior of heavy
D mass defects in an otherwise purely hydrided material,
which to our knowledge has not previously been attempt-
ed because of the much larger neutron-scattering cross
section for H compared to D. This capability should
have many applications in future studies of metal hydride
and hydrogenous molecular systems.
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