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We have examined the electronic structure of ScH, YH,, and LuH, using optical absorptivity and
thermoreflectance techniques in the photon energy range from 0.2 to 5 eV between 4.2 and 340 K. The
measured quantities were used to determine the frequency-dependent dielectric functions and the dependence
of the dielectric functions on temperature modulation. The results show that the low-energy properties
(hv S 1.5 eV) are dominated by intraband absorption and a plasmon falling near 1.5-1.8 eV. Interband
absorption is observed to be strong and structured above the interband onsets of ~ 1.25, ~ 1.6, and ~ 1.9
eV for ScH,, YH,, and LuH,, respectively. The observed interband features can be interpreted in terms of
the self-consistent band calculations of ScH, and YH, presented in the companion paper, and experimental
features can be related to specific bands in particular parts of the Brillouin zone. The systematics observed in
these three trivalent metal dihydrides can be correlated well to theory. Extensive studies with samples of
varying hydrogen to metal ratio (x) within the dihydride phase were carried out to examine the influence of
hydrogen sublattice disorder on the optical properties and electronic structure. It was observed that, for x
approaching 2, interband features which could be related to d-band absorption were broadened by increasing
lattice disorder, and new features in the interband absorption spectra were observed which could not be
interpreted without postulating the hydrogen occupancy of significant numbers of octahedral sites. The strong
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x dependence of the optical features emphasizes the importance of studying well-characterized samples.

I. INTRODUCTION

Metal hydrides and metal-hydrogen systems have
intrigued researchers ever since Graham first ob-
served that Pd metal could absorb (occlude) large
amounts of hydrogen.! The resulting literature of
hydrides is voluminous with the PdH (PdD) system
having undoubtedly been studiedsmore than any of
the others.? Today, hydrides are playing an in-
creasingly important technological role, a role
that certainly will increase as we move toward the
postulated “hydrogen economy” and realize some
of the numerous potential applications of hydrides.
It is interesting and perhaps surprising that, al-
though these systems have had a long and active
technological history, many of the fundamental
properties of H in metals remain rather poorly
understcod. For example, the nature of the chem-
ical bond remains uncertain and controversial.

The technological need to characterize H in met-
als is responsible for a considerable amount of the
recent activity. The discovery of such interesting
properties as the enhanced superconductivity and
inverse isotope effect’™® in PdH (PdD) has similar-
ly lead to a redoubling of efforts aimed at revealing
the fundamental physics and chemistry of metal
hydrides.

Our recent interest in the hydrides has focused
on the electronic structure as it can be examined
through optical and photoelectron spectroscopy and
through one-electron band-structure calculations.
Preliminary measurements with ScHz,6 and NbH,

- TaH,,” showed the feasibility of experimental op-
tical studies and indicated that existing models of
the electronic structure needed refining if quanti-
tative agreement between theory and experiment
was to be obtained. Indeed, although pioneering
work had been done by Switendick,® many of those
studying the various hydrides were still attempting
to interpret experimental results through older,
qualitative models (anion model, proton model,
etc.). In our photoemission work with the thorium
hydrides,® ThH, and Th,H;, we sought to show that
the older models were inadequate to interpret the
observed electronic structure and that additional
calculations following Switendick’s proposed model
were in order.

In this paper, we discuss our optical studies of
the dihydrides of Sc, Y, Lu and, by inference, the
lanthanide dihydrides. In the companion paper,!®
self-consistent band calculations will be presented
and the predictions of those calculations compared
with experimental results. In this way, we shall
show that there is excellent agreement between ex-
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periment and one-electron band-model calculations
for these dihydrides. It is hoped that these two
papers, combining experiment and theory as they
do, will serve to guide future thinking vis-4-vis

the electronic properties of hydrides. In subse-
quent papers, we shall draw heavily on the back-
ground material presented here and, as a result,
shall provide herein more detail regarding the ex-
perimental aspects than usual.

The outline of this paper is as follows: (i) in-
troductory comments concerning hydrides and op-
tical techniques; (ii) experimental technique and
sample preparation; (iii) presentation of the data,
data analyses, and discussion including x depen-
dences. In the companion paper by Peterman et
al.,! the discussion will be extended and the inter-
pretation of interband features based on concurrent
calculations made more quantitative.

As we shall show in the present paper, there are
several aspects of these dihydrides that are im-
portant and revealing as far as the electronic
structure is concerned.

‘The low-energy absorptivity spectra show that
the dominant absorption mode is intraband for
hv< 1 eV and a sharp plasmon edge occurs in the
near infrared (1.4-1.9 eV). This edge and the
character of subsequent interband absorption,
which becomes increasingly important above about
1.5 eV, govern the physical appearance of these
materials: they are dark with colors ranging from
grey for ScH, (low, nedrly constant reflectance in
the visible) to blue for LuH, (the magnitude of the
reflectance changes significantly in the visible).

Thermoreflectance spectroscopy makes it pos-
sible to emphasize transitions involving Fermi-
surface states and critical points; as we will show,
these are important for the dihydrides, more im-
portant than has been found to be the case for met-
als themselves which tend to have structures
formed from volume effects rather than critical
points.'*'*2 Such results make it possible tobe quan-
titative in our comparison with the predictions of
theory.

Studies with samples with different compositions
or ¥ values (x =H/M ratio as in ScH,, for example)
have shown that the interband features between
~1.5-2 and 5 eV (our high-energy limit) can be re-
lated to the relatively localized, d-derived states,
i.e., they show little dependence on hydrogen sub-
lattice vacancies. Further, the results with sam-
ples of various concentrations indicate that there
remains some uncertainty as to the kind of inter-
stitial site occupied as x— 2.0. In particular, we
find that YH, has electronic structure which can be
interpreted very well by the calculations of YH,
only for lower values of x near 1.7 (close to the di-
hydride phase boundary). For x approaching 2.0,
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additional interband structures appear at low ener-
gy, which cannot be related to dihydride band states
since the band structure reveals no possible inter-
band transitions near 0.5-1 eV. We tentatively -
attribute this behavior to the occupation of octa-
hedral interstitial sites and appeal for further cor-
roborating studies.

II. PRELIMINARY COMMENTS
A. Metal hydrides

The recent observation that the addition of H to a
metal can enhance the superconducting transition
temperature T, contradicted the conventional wis-
dom and served to motivate a considerable amount

‘of fundamental research (both experimental and

theoretical); the PdH and PdD systems, with
T.(PdH) <T.(PdD), have been the most intensively
studied.?® Other intense efforts have involved
technological applications related to hydrogen
storage (the density of interstitial H in a metal
lattice can exceed that of H in liquid or solid H)
and hydrogen embrittlement (in general, the ab-
sorption of H causes the normally ductile metal
to be brittle). Some of these and other intriguing
features of hydrides have recently been discussed
by Westlake, Satterthwaite, and Weaver.!?

In our present study of Sc-group dihydrides (in-
cluding the lanthanides as part of that group), we
consider those dihydrides which crystallize in the
fcc CaF, structure shown in Fig. 1. As can be
seen, the metal sites define the fcc lattice with
interstitial hydrogen occupying tetrahedral sites
(shown) or octahedral sites (not shown). In princi-
ple, the dihydrides with x =2 would have completely
occupied metal and hydrogen sublattices; vacan-
cies would appear in the tetrahedral hydrogen sub-
lattice for x <2 and octahedral sites would be fil-

FIG. 1. Crystal structure of the CaF, fcc dihydride.
The metal atoms occupy the fcc sites and proton occu-
pies the tetrahedrally coordinated sites as shown. Oct-
ahedral sites are not shown but correspond to positions
halfway between metal atoms on the cube edge.
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led for x > 2, In practice, the minimum energy
configurations of the various systems inhibit or
enhance modifications of this simple scheme,!*
some systems (TiH, for example) exhibiting tetra-
gonal distortions for x approaching 2 and others
seeming to allow simultaneous tetrahedral and
octahedral occupation for x < 2. Switendick® has
discussed some aspects of the problem, but a com-
plete and comprehensive model has not yet been
formulated. .

Metal hydrides can be prepared in a variety of
different ways including ion implantation, electro-
lytic charging, and charging from the gas phase.
A summary figure showing the metals which do
form hydrides and the structure of each can be
found in Ref. 13; other detailed information can be
found in several reviews of hydrides.? !

To date, there have been relatively few hydrides
that have been prepared as single crystals; excep-
tions include NbH, (NbD,), CeH,, and PdH,. Some
hydrides are relatively unstable and will decrepi-
date when exposed to laboratory air (e.g., YH, will
blister when exposed to moist air; LaH, will
quickly be reduced to finely divided powder). Oth-
ers such as ScH, and LuH, are very stable.

B. Optical spectroscopies

The reason for our interest in optical spectro-
scopies is that the quantity which is determined
[the complex dielectric function éw)] reveals the
character of the electronic band structure, i.e.,
structure in the dielectric function can be related
to K-conserving electric dipole interband trans-
itions from an initial state |i) to a final state |f)
separated by an energy hv. In the low-energy
range before the onset of interband absorption, the
dielectric function reveals the characteristics of
intraband absorption (relaxation time, plasma fre-
quency, static lattice dielectric constant). Since op-
tical techniques directly probe the electronic
states, they give results which can be compared to
first-principles band calculations through

2,2
2 ___67[ 3 . 2
wley =ity ‘Z';fkdk](z|p{f)|

X6(Es(K) = EfK)-fiw). (1)

Hence, the approximations and assumptions under-
lying a band calculation can be tested by comparing
the predictions of Eq. (1) with experimental re-
sults.

In this paper, the results of two different kinds
of measurements will be used to gain insight into
the electronic structure of dihydrides. These are
static absorptivity measurements and modulated
thermoreflectance measurements. In the first, the

dielectric function of the static system is deter-
mined by measuring the absorptivity (or reflect-
ance since A =1 —R) then computing the dielectric
function €=¢; +1ie,; structure in €, can then be com-
pared to the predictions of band theory [i.e., Eq.
(1)]. In the modulation measurements, additional
band-structure information is obtained by modu-
lating one of the parameters of the system, tem-
perature in the present case, and comparing the
results with predicted dependence of €, Thermo-
modulation also makes it possible to examine plas-
mon modulation and assess the importance of mod-
ulation of the broadening parameter and the plas-
ma frequency.

In the static absorptivity measurements, A (or
R) is measured as a function of photon energy. R
can be defined as R =77* =I/I, or the ratio of in-
cident to reflected light intensities; #=7¢'® is the
reflectance coefficient and ¢ is the phase shift of
the reflected wave relative to the incident wave.
Further, 7= -1)/(N +1), &w)=NN*, and the
dielectric function can be determined algebraic-
ally once R and ¢ are known. R can be measured
directly and ¢ can be determined through Kram-
ers-Kronig analysis, viz.,

® InR(w)
mdw.

2
P(wy) = 7, (2)
Hence, from our measured reflectance (or absorp-
tivity) spectrum, we can calculate ¢ and deter-
mine €, for comparison with theory.

In the modulation measurements, we are more
interested in changes in R (and hence changes in
€) than in the static quantities. In our thermore-
flectance measurements, we hoped to emphasize
critical point and Fermi-surface transitions, for
example. These interband transitions have well-
defined line shapes in AR/R (the measured quanti-
ty) and in A€ (the determined quantity), and the
spectra can be compared with predictions from
theory.

An ideal comparison between theory and experi-
ment involves a computation of Eq. (1). Generally,
Eq. (1) is simplified by assuming the matrix ele-
ments are slowly varying functions of K and do not
introduce structure (though they might distort
structures). Under that assumption, Eq. (1) is
proportional to the joint density of states (JDOS)
and emphasizes the geometric character of pairs
of bands. Structure in the JDOS can be compared
to experiment; e.g., two bands which are parallel
over an appreciable volume of K space have a large
JDOS and might be responsible for structure in e,.

In the remainder of this paper, we will discuss
the experimental aspects of determining € and
AE, In the companion paper,!® calculations of the
band structure, the JDOS, and simulated thermo-
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modulation of the bands will be presented and com-
pared with the experimental results. As will be
seen, the agreement is excellent.

III. EXPERIMENTAL TECHNIQUES

The reflectance of a material R can be deter-
mined by measuring the intensities of the incident
and the reflected photon beams; alternatively, the
absorbed and reflected beams can be measured
to determine the absorptivity A =1 —-R. The latter
technique has the advantage that when R approaches
unity, as it does for metals in the infrared, a méa-
surement of A to 1% of A is more precise than a
measurement of R to 1% of R. For the measure-
ments discussed here, we have determined A at
near-normal incidence, 4.2 K, between 0.2 and
4.4 eV,

The technique employed here has been termed
calorimetry because it makes use of the tempera-
ture increase of the sample which results from the
absorption of radiation. Briefly, the sample is
illuminated by monochromatic light, some fraction
of the light is absorbed by the sample and the re-
mainder is absorbed by a Au-black-coated absorb-
er. Both the sample and absorber are at 4.2 K
and, because of their low heat capacities, both are
heated (mK) when illuminated. By interrupting the
radiation and duplicating the temperature increase
of each element through joule heating, it is possi-
ble to determine the energy absorbed by each ele-
ment (uW) and hence the absorptivity. Further
details of the experimental procedure can be found
in Ref. 15.

The details of the thermoreflectance technique
can also be found elsewhere,!? but a few points
should be reiterated here. "The measurements
were conducted at near-normal incidence between
0.5 and 5 eV using PbS and photomultiplier detec-
tors. The sample was in thermal contact with a
thin-film Cr heater which was pulsed at 2 Hz. The
resulting temperature variation at the sample sur-
face (a few Kelvin) produced the modulation in the
reflectance. This ac signal was measured with
lock-in amplifier techniques. Signals of parts in
10* were detected with accuracies of better than
5%. The ambient temperature of the sample was
varied by changing the cryofluid (liquid N,, dry
ice plus acetone, or ice water) and/or the rms
power dissipated in the heater. For the measure-
ments reported here, the ambient temperature of
the sample was =~140 K or =340 K.

IV. SAMPLE PREPARATION

The preparation of well-characterized speci-
mens of metallic hydrides requires considerable
care. The large effects of impurities in the start-
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ing metals and the wide stoichiometry range of
many of these compounds can lead to marked dif-
ferences between nominally similar compositions.
The available information on the phase diagrams

is usually incomplete and sometimes wrong or con-
tradictory. Surface layers of metal oxides or oth-
er compounds may make exchange of hydrogen with
a hydrogen gas pressure depart markedly from
equilibrium at temperatures below 875 K. This
surface resistance to the transfer of hydrogen can
be a particular problem when dealing with hydride
powders as it allows the individual particles to
deviate widely from the average concentration of
the specimen and these composition differences are
not removed by heating to moderate temperatures.

All of the samples used in our studies were bulk
samples prepared from high purity polycrystalline
metal obtained within the Ames Laboratory U. S.
Department of Energy. These metals contained
less than 5 ppm of any metallic impurities and
typically about 30 ppm oxygen, 5 ppm nitrogen,
and 10 ppm carbon. The metals were electropol-
ished to leave a clean surface, wrapped in 0,05
mm- thick tantalum foil and heated under vacuum
in the charging apparatus to 1125 K to outgas the
specimen and to increase the surface permeabil-
ity to hydrogen. The tantalum foil wrapping pre-
vented contamination of the specimen by the Vycor
or stainless-steel furnace tubes. Also, the tanta-
lum foil allowed hydrogen to pass through readily
but would react with carbon and oxygen bearing
gases before these could contact the specimen.
Pure hydrogen from thermal decomposition of
UH; was used for the charging runs at one atmos-
phere hydrogen pressure or below. The charging
runs that used higher hydrogen pressures up to
100 atmospheres were made with special purity
tank hydrogen. The temperature and hydrogen
pressure were chosen, based on the pressure com-
position data reported in Mueller, Blackledge, and
Libowitz,' so as to give the desired hydrogen con-
centration. The sample was then cooled quickly
by removing the furnaceso as to reduce the amount
of additional hydrogen absorbed during cooling. A
given set of charging conditions did not always
produce hydrides of the same hydrogen concentra-
tion. Specimen size and the time at temperature
had an influence on the concentration that was ob-
tained. In all cases, however, the concentration
within a single hydride specimen was always uni-
form and no evidence of concentration gradients
within a specimen were observed by optical metal-
lography or by hydrogen analysis.

The hydride phase composition limits are all
wider at higher temperatures than at low tempera-
ture and so there may be precipitation of either
hydrogen-saturated metal phase or of the metal tri-
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TABLE I. Lattice constants of ScH, and YH, at several
compositions.

Lattice constant,

Composition (f\)
SCHi.Si a 4,782
ScHy gg 4,783
SCHLQS 4,783
Mueller, Blackledge,

and Libowitz 4,784
YH; 472 5.207
YHy 45?2 5.208
YH, o 5.207
YH; g¢ 5.204

. YDy.g5 5.195

Mueller, Blackledge,

" and Libowitz 5.199-5.209

2 MH, + metal phases.

hydride during cooling. The specimens were al-
ways examined by optical metallography to deter-
mine whether one or two phases were present.

The grain size of the hydride phase was usually
quite large with individual crystals up to several
millimeters across. The hydrogen concentration
of the specimens was determined by a hot-vacuum-
extraction method. The hydrogen was pumped from
a weighed sample at 1225 K into a calibrated vol-
ume. The accuracy and precision of this analyti-
cal technique is about one relative percent.

X-ray diffraction Debye patterns were used to
obtain the lattice constants of the hydride compo-
sitions. The data in Table I show that there is no
change in the lattice constant of ScH, and only a
small change in YH, over the indicated composition
range.

The specimen surfaces were prepared for the
optical measurements by wet grinding one surface
flat with 600 grit abrasive paper. This surface
was then polished by hand with Linde A abrasive
(0.3 um alumina) on a rotating wax wheel. These
hydrides are quite hard and this polishing proced-
ure produced flat surfaces with very little strain
or structural damage. Most of these metal dihy-
drides of the Group-VII B and lanthanide metals
cannot be electropolished successfully. The lutet-
ium hydride sample was electropolished in a per-
chloric-acid—methanol electrolyte at 200 K and
this surface gave essentially the same absorption
curve as the abrasive prepared surface. ScH, and
LuH, are relatively inert to ambient moisture and
will remain unchanged in appearance for several
months when exposed to air. YH, is much more
sensitive, however, and after a few hours will"
show surface eruptions and decrepitation; so it
was stored under argon.

The samples used in the calorimetric measure-
ments were typically 8 X12X2 mm; those used for

the thermoreflectance were much smaller (2X3X
0.1 mm) so that their thermal mass was small and
the time constant of the sample was compatible
with 2-Hz modulation. In all cases, the samples
were mechanically polished, then transferred to
the experimental chamber and sample holder, and
evacuated. The measurements themselves were
conducted at 4.2 K (calorimetry) or ~140 K and
~ 340 K (thermoreflectance). :
The measurements reported here involve sam-
ples of ScH, with 1.61 sx<1.98; YH, with 1.73
<x<1.96; YD, with x =1.88; and LuH, with 1.83
<x<1.98. These results extend over the range of
composition of the dihydride phase as reported in
the literature.!* As we will show, the dptical mea-
surements are an excellent means of identifying
the deviation from purely tetrahedral occupation
for YH,, and we will suggest that for x approach-
ing 1.9 or greater, there are significant octahedral
sites occupied. '

V. RESULTS AND DISCUSSION

The measured optical absorptivities of ScH,,
YH,, and LuH, are shown in Fig. 2. For visual
clarity, the results for ScH, and YH, have been
displaced upward and the horizontal lines extend-
ing from the left represent the respective zeros.

ABSORPTIVITY

0 L . I 1 : 1

(o] | 2 3 -4
PHOTON ENERGY (eV)

FIG. 2. Optical absorptivity of ScHy, YH,, and LuH,
at 4.2 K and near-normal angle of incidence. The
results for ScHy; and YH, have been displaced upward for
clarity. The results shown are for samples with hydro-
gen concentrations of ScHy g1, YHy 73, and LuHy g3.
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The H-to-M ratios of the samples shown in Fig. 2
are x =1.61 for ScH,, ¥ =1.73 for YH,, and x =1.83
for LuH,. These samples are single phase dihy-
drides as determined through microscopic examin-
ation and x-ray analyses. Comparison of the com-
position with phase diagrams from the literature
indicates that the samples lie close to the termin-
us of the dihydride phase. For these samples,
then, we can expect that the hydrogen occupies
only tetrahedral sites and 8% (LuH,) to 20% (ScH,)
of those sites are vacancies. As we shall argue

in the next paragraphs, the results shown in Fig.

2 are the most representative of the dihydrides
because samples closer to stoichiometry (H-to-M
ratio of 2) can have octahedral hydrogen as well

as tetrahedral hydrogen. After first discussing
our studies of the x dependence of the absorptivity
of ScH, and YH,, we shall return to the results of
Fig. 2 for detailed data analysis and interpretation.

A. Concentration dependence

The dependence of the electronic structure on
stoichiometry has been an interesting (and com-
plicated) problem that has confronted those study-
ing interstitial alloys in general (e.g., carbides,
nitrides, oxides, sulfides). It was our feeling
when these hydride studies were undertaken that
they offered a unique opportunity to examine the
x dependence of the electronic structure and to
relate changes to disorder-induced broadening of
the band states. These hydrides have metal sub-
lattices which are nearly perfect and hydrogen sub-
lattices which can tolerate ~20% vacancies. It had
been predicted that band states for x ~2 would have
well-defined eigenenergies but that, when x devi-
ates from 2, those energies would broaden if the
corresponding wave functions sampled the disorder
by having appreciable amplitude at the (hydrogen)
disorder site.!® States that are more localized,
such as the d-derived states, would be less sensi-
tive to broadening. Hence, optical transitions in-
volving the d states would not change significantly
while those involving H-derived s-like states would
have large x dependences.

The results for studies of ScH, (x =1.61 and
1.98), YH, (x=1.73 and 1.96), and LuH, (x =1.83
and 1.98) are shown in Fig. 3. Not shown are the
analogous spectra for samples of ScHy, g1,4.88,

YH,, g3, 1.93, and LuHy ¢3. As can be seen, the struc-
tures in the absorptivity spectra above the maxi-
ma near 1.8 eV are less sensitive to concentration
than are those at lower energy. Changes in the
higher energy features reflect a broadening or re-
duction in sharpness which accompanies the ap-
proach to stoichiometry of a H-to-M ratio of 2.0.
Those results suggest that the interband features

10

Absorptivity

3 4
Photon Energy (eV)

FIG. 3. Optical absorptivity of ScHy, YHy, and LuHy
showing the x dependence of the absorptivity. For ScHy, the
magnitude of the absorptivity increases but shows no
structure at low energy. For LuH,, the background .
increases and a clearly defined interband feature devel-
ops near 0.4 eV. For YHy, there.isa progressive in-
crease in the magnitude of the structure near 0.3 and
1.1 eV for increasing x. These low-energy structures
are tentatively interpreted as due to occupation of octah-
edral sites. Measurements of YDy show the same behav-
ior and no isotope effect.

are due to interband transitions involving d-derived
states and that the disorder in the lattice increases
instead of decreases for x —.2.

The results shown in Fig: 3 show that the optical
properties change very markedly with x in the en-
ergy range below 1.8 eV. For ScH, the absorptivity
increases at low energy and the maximum shifts
to lower energy for x increasing from 1.61 to 1.98.
For LuH,, the same increase in magnitude is ob-
served, the peak again shifts to lower energy, but
a new low-energy structure near 0.5 eV is also
seen to appear for x =1.83—+1.98. For YH,, not
only does the magnitude increase and the peak
shift but first a structure near 0.4 eV grows and
then is joined by the “bite” near 1.25 eV. The ex-
treme spectra are shown in Fig. 3 but the develop-
ment of those features can be seen in the samples
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FIG. 4. Optical conductivity spectra of 0= €,E /47 %
for YH; ;3 and YH; g5 show the strong x dependence of the
optical properties of YHy. For x— 2, the two prominent
features at low energy appear and the interband features
at higher energy are broadened. In the inset, the re-
sults for slow-cooled and quenched YH; gy are shown;
quenching has the effect of freezing in more octahedral-
site hydrogen.

with intermediate hydrogen concentrations.

The sensitivity of these low-energy structures
to hydrogen concentration indicates that hydrogen-
induced states participating in the interband ab-
sorption are very near the Fermi energy. In the
band structure of YH, one would then expect to see
hydrogen-derived states close to Er. However, as
is discussed by Peterman ef al. in the companion
paper, there are no bands in CaF,-structured YH,
that could account for these states. Instead, the
hydrogen occupation of octahedral sites is shown.
to be a plausible explanation.

The tendency of hydrogen to occupy octahedral
sites should show a dependence on the size of the

octahedral hole or equivalently the lattice constant.

For the three dihydrides under discussion here,
the lattice constant increases from about 4.78 A in
ScH; to 5.03 A in LuH, to 5.2 A in YH,. As can be
seen in Fig. 3, the appearance of the low-energy
“octahedral” structure follows the same trend:
though the absorption increases in ScH,, there is
no observed structure; structure is observed in
LuH, near 0.5 eV; and two features are observed
in YH, near 0.35 and 1.25 eV.

To test the hypothesis of octahedral site occupa-
tion, we first prepared a sample of YH;, g9, slowly
cooled it from 500°C, and measured the absorptiv-
ity spectrum as usual. The sample was then re-
heated in argon to'500°C and quenched in ice water
to freeze in a higher concentration of octahedral
hydrogen. The absorptivity spectrum for that

quenched sample showed the structures at 0.5 and
1.25 eV to grow from shoulders to well-defined
features more nearly like the spectrum shown in
Fig. 3 for x =1.96. Those results are consistent
with the octahedral site occupation proposed here.
In Fig. 4, the optical conductivity spectra, cr:ezE/
4n7, for YH,, gy quenched and slow cooled are
shown to make the point clearly (the discussion of
the derivation of €, or o will follow in Sec. V B).
Clearly, then, one must know not only the bulk
H-to-M ratio but also the history of the sample.
The implication is that studies which are sensitive
to the electronic structure (specific heat, magnet-
ic susceptibility, Compton profile, etc.) must take
into account the deviation of the sample from pure-
ly tetrahedral-dihydride character.

In a subsequent paper, we shall discuss the re-
sults of additional calculations beyond those pre-
sented in Ref. 10 and will present the results of
studies of dihydride-trihydride systems that allow
for higher concentrations of hydrogen, i.e., for
1.8 <x <3, with no crystal structure change.

There remains a considerable amount of work to
be done before x dependences can be understood
and the character of these hydrides can be con-
sidered known.

Optical absorptivity measurements have also
been performed with a sample of YD, 43 to exam-
ine any isotope effect. Those results showed that, -
within the uncertainty in preparing identical sam-
ples of hydride and deuteride, the deuteride pos-
sessed the same low energy (O-T) structure; above
2 eV, the interband features were practically iden-
tical to those of the dihydrides. The differences
which are observed can be understood in terms of
sample preparation. The temperature of charging,
the rate of cooling, and the hydrogen pressure
must influence the degree to which O sites are oc-
cupied; to our knowledge, however, there has been
no systematic study of these parameters.

For the remainder of this paper, we shall em-
phasize the results shown in Fig. 2, the quantities
derived from them, and thermoreflectance results
with the same samples.

B. Low-x dihydrides

The absorptivity spectra for the low-x samples
of ScH,, YH,, and LuH, are shown in Fig. 2. For
each dihydride, the absorptivity rises smoothly
and without structure as iv increases above 0.15
eV (our low-energy limit). The absorptivity of
each has a sharp edge (maximum slope near 1.37
eV for ScH,, 1.53 eV for YH,, and 1.73 eV for

\LuHZ) with A reaching ~0.90 at the maximum. The

absorptivity spectra above the edge are qualitative-
ly similar for each dihydride. The strength of the
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absorption minimum near 3 eV can be seen to in-
crease for ScH, to YH, to LuH; (Fig. 2). The sys-
tematic increase in that feature accounts for the
characteristic physical appearance of these.dihy-
drides. That is, the reflectivity for ScH, (which
is dark grey) is nearly constant from 2 to 3 eV
while that of LuH, (which is deep blue) is nearly
four times as great at 3 eV as at 2 eV. The other
lanthanide dihydrides have analogous features.!

A comparison of the optical results for these di-
hydrides with the analogous spectra for the metals
Se, Y, and Lu (Ref. 18) shows how radically differ-
ent the optical properties, and hence the electronic
structure, of the dihydrides are from those of the
metal. In particular, the low-energy optical prop-
erties of the dihydrides reflect intraband absorp-
tion and the plasmon edge near 1.5 eV; the low-
energy optical properties of the hcp metals are
strongly anisotropic and are dominated by inter-
band absorption. The results of Fig. 2 (dihydrides)
and Ref. 18 (pure metals) show that any attempt to
rearrange the bands of the metal to account for hy-
drogen-induced changes would be doomed to fail-
ure: These hydrides cannot be viewed as “metal-
like”; ScH, is not “like” Sc metal.

As was discussed in Sec. III, the interpretation
of the optical results can best be made through
considerations of the dielectric function, €, - The
Kramers-Kronig integral [Eq. (2) above] was used
to determine €. The results of Fig. 2 (0.15-4.4
eV) were extended to zero and infinite energies to
satisfy the limits on the integration. The infra-
red extrapolation was determined by fitting the
absorptivity spectra between 0.15 and 1 eV with
Drude parameters, then using those parameters
at lower energy. The extrapolation to 25 eV was
guided by unpublished!® reflectance spectra (2.5
<hv <25 eV), then extended to 10* eV by assuming
that the core level absorption of the dihydrides
would qualitatively resemble those of the metals
themselves. This latter assumption, although not
completely valid, allowed us to satisfy the sum
rules on the dielectric function.

The results of the Kramers-Kronig analyses are
shown in Fig. 5 for the low-x dihydrides of Sc, Y,
and Lu. The dielectric functions reflect the simi-
larities of these dihydrides as observed in Fig. 2.
In each case, the low-energy behavior is domin-
ated by intraband or Drude absorption. This ac-
counts for the large but monotonically decreasing
magnitudes of € and the large, negative, decreas-
ing behavior of €;. For ScH,, the Drude behavior
is extended semiquantitatively (dashed line) into
the region where interband absorption is domin-
ant; also shown is the interband onset near 1.2 eV.

The intraband region of absorption can be treated
quantitatively because € can be calculated within
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FIG. 5. Dielectric functions for ScHy g, YH; 73, and
LuH, g3 as derived from the results of Fig. 2. Below
about 1,5 eV, the dielectric function is dominated by
Drude absorption; at higher energy, interband effects
are responsible for the increased absorption and struc-
ture. For ScH,, the interband onset is sketched semi-
quantitatively.

the framework of the Drude model, namely,

fw) =¢,— 0 /wlw=-1i/T), 3)

where 7 is the electronic relaxation time (or recip-
rocal phenomenological broadening parameter
T'=i/7), €, is the static dielectric function, and

w, is the plasma frequency. Analyses of the di-
electric functions of Fig. 5 give the following Drude
parameters for the samples studied: ScH,: 7w,
=4.1 eV; e,=5.6; T/ =8.TeV™'; YH,: fw,=4.09 eV;
€,=4.8; 7/m="1.0 eV?; LuH,: fiw,=4.4 eV; €,=5.2;
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7/%=5.2 eV-l. Theseparameters describe thebe- -
havior of the dielectric function below the onset

of interband absorption (less than 1.0-1.5 eV) and
were determined by plotting €, vs w? and €W VS
w?. Though they are useful in describing the in-
frared behavior, some caution must be employed
because we have observed that the optical prop-
erties, and hence the Drude parameters, of these
dihydrides are x dependent.

The plasmon behavior can be examined through
the volume loss function, Im(-1/é), which repre-
sents the probability that a propagating energetic
electron will excite a volume plasmon. For a
Drude system free of interband absorption, the
plasma frequency corresponds to the energy at
which ¢; passes through zero. In a system in which
interband absorption can overlap the region of the
intraband absorption, the plasmon will be hybrid-
ized and screened (low-energy dispersion in ¢,
due to. interband absorption will shift the zero
crossing of ¢,—see Dietz ef al. in Ref. 20 for a
discussion of screened plasmons).

The loss functions for our dihydride samples
have been calculated from the dielectric functions
and are shown in Fig. 6. As can be seen, a sharp
peak is observed at 1.78 eV for LuH; g3, 1.64 eV
for YH;, 13, and 1.47 eV for ScH; ¢. As was shown
in Ref. 6, the shape of that loss function peak can
be approximated by a Lorentzian and deviations
can be related to interband absorption which ac-
counts for the increasing backgrounds in Im(-1/¢€)
and the structure in €,

The spectra in Fig. 6 for ScH;, 43 and ScH; ¢ re-
veal the effects on the loss function of weak, struc-
tureless interband absorption which occurs near
hw, and increases for x—~ 2 (octahedral effects).
The plasmon peak is seen to shift from 1.47 eV for

“x=1.61 to 1.39 eV for x=1.98 and broaden (full-
width at half- maximum increases from 0.21 to
0.30 eV). This shift is in contrast to what should
be observed for a simple Drude system in which the
plasma frequency would shift toward higher ener-
gy as vx. The results for LuH, show the analogous
broadening of the plasmon and a greater shift to-
ward lower energy. For LuH,, the shift can be re-
lated to low energy dispersion in ¢; and €, due to
the weak interband absorption near 0.4 eV. The
results for YH, show the effects of strong inter-
band absorption near ~ 0.3 and 1.3 eV which is
“turned-on” as the hydrogen-to-metal ratio ap- -
proaches 2.0. The plasmon is screened by low-
energy interband absorption and is dominated by
the interband structure in Im(-1/¢€) at 1.05 eV in
YH,, g6

Thermoreflectance studies were undertaken to
learn more about the low-energy plasmons and the
interband features. The results of those studies
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FIG. 6. Loss function for ScHy, YHy, and LuH, cal-
culated from the results of Fig. 5. Each dihydride exhi-
bits a strong low-energy plasmon, and the effects of
stoichiometry on the plasmon are shown. For ScHj g
the plasmon is shifted slightly and broadened. For
LuHj, o3, it is shifted by the weak interband structure
near 0.4 eV and broadened. For YH; g, the strong
“octahedral” interband absorption accounts for the sev-
ere distortion of the plasmon structure and for the fea-
tures at about 0.3 and 1.1 eV.

of low-x ScH,, YH,, and LuH, are shown in Fig. 7.
For convenience, the thermoreflectance spectra
AR/R are shown with arbitrary units. The thermo-
reflectance magnitudes were typically a few parts
in 10° and scaled with the temperature excursion
AT of the sample. As usual, AT was controlled

by experimental conditions such as the efficiency
of thermal coupling of sample to heater, the rms
power dissipation, and the modulation frequency.
For our work, AT ~3-5 K and 7' ~140 K.
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FIG. 7. Thermoreflectance spectra of ScHy ¢, YH; 13,
and LuHj g5 at about 140 K with bulk samples. The
lowest-energy feature is interpreted as due to mixed
plasmon and interband modulation while the higher-
energy features reflect interband temperature modula-
tion. YH; ¢3 has a very weak structure at 2.45 eV, which
is not visible on this scale; the corresponding structure
is stronger in ScHy ¢ but not observed in LuHj gg.

The spectra of Fig. 7 again reveal the similari-
ties in the electronic structure of these dihydrides.
The dominant structure in each is the low energy,
derivativelike feature near 1.5-1.8 eV. A measure
of the width of that structure can be taken as either
the separation at half maximum of the positive and
negative lobes (350-400 meV) or as the energy
separation of the positive and negative peaks (147
meV for LuH,, 125 for YH,, and 140 for ScH,).

The zero crossing of AR/R occurs at 1.41 eV for
ScH,, 1.675 eV for YH,, and 1.791 eV for LuH,

at 140 K. The proximity of this structure to the
volume plasmon (1.47, 1.64, and 1.78 eV for ScH,,
YH,, and LuH,) and to the onset of interband ab-
sorption (see Fig. 5) makes the identification of its
origin based only on the thermoreflectance spectra
rather difficult. Modeling of the line shape of AR/
R can be done in the simplest case where only the
contributions arising from the temperature modu-~
lation of the broadening parameter and plasma
frequency of a Drude gas free of interband absorp-
tion need be considered. Such modeling would be
less reliable here because of the need to include
interband contributions from band states at Ep

which may have mixed angular momentum charac-
ter.

The features in AR/R above ~ 2 eV can be related
to interband absorption. Two structures can be
seen near 2.5 eV for ScH,, but in YH, the lower-
energy one of the pair is very weak (2.45 eV) and
it is not observed at all in LuH,. Each dihydride
has a strong minimum near 3.2 eV. The three fea-
tures at higher energy in ScH, and YH, are prob-
ably of the same origin though the background is
different and they have different relative strengths.
The energy positions of those structures suggests
a widening of the d bands of the hydride for the pro-
gression from ScH, to LuH, since the interband
features in YH, appear at higher photon energy
than in ScH, (by #0.35 eV) and only the first (near
4.4 eV) can be observed in LuH,. Thermoreflec-
tance measurements above ~ 4.5 eV should reveal
the other two features.

'Additional insight into the plasmon-interband
structure near 1.5-1.8 eV can be gained by con-
sidering the temperature induced changes in the
dielectric function, Ae; and Ae,. Those spectra
can be determined through Kramers-Kronig analy-
sis of the AR/R results to obtain Af and by using
the optical constants determined from Fig. 5 for
the calculation of the Seraphin coefficients'? de-
fined as A and B in

Ae,=3AAR/R +BAG, Ae,=3BAR/R - AAS,

A=n(e—1)-ke,, B=k(e, —1)+ne,. 4)

The resulting A¢ spectra are shown in Fig. 8. As
can be seen, the low-energy region between ~1 and
~2 eV now has two or three features in Ae¢, and
corresponding structures in A¢;. The modeling of
these structures cannot be done in any straight-
forward or transparent way. Nevertheless, it is
possible to model the temperature modulation of
the dielectric function for a free-electron gas by
using the linear coefficient of expansion, the tem-
perature coefficient of resistance and the change
in temperature at the sample surface. From those
calculations, it can be seen that no structure in
Ae; or A€, should be expected from a modulation of
a free electron gas. Hence, the features shown in
Fig. 8 between 1 and 2 eV can be related to inter-
band onset absorption. In the following paper, self-
consistent band calculations for ScH, and YH, will
be presented and discussed. The interband struc-
tures presented here will be interpreted in some
detail based on those energy bands in that paper.
Th~ changes in the volume-loss function induced
by temperature modulation, AIm(—1/€), are shown
for ScH,, YH,, and LuH, in Fig. 9 and were cal-
culated from the results of Fig. 8. The dominant
structure occurs in each case near the plasmon
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FIG. 8. Temperature dependence of the dielectric
function calculated from the thermoreflectance spectra
of Fig. 7. The intraband modulation accounts for the
monitorically decreasing background below ~ 1,5 eV;
interband modulation is responsible for the higher
energy features as discussed in detail in Ref, 10,

frequency. Above 2 eV, the spectra are multiplied
by the scale factor shown alongside each curve.
The dashed curve for YH, represents the differen-
tial loss function for the high-concentration YH, 4,
sample and shows the effects of strong mixing of
the “octahedral” interband structure and the vol-
ume plasmon. From Fig. 9, we see that the mini-
mum in the differential loss function occurs for

T ~140 K at 1.79, 1.66, and 1.44 eV for LuH,, YH,,
and ScH,, respectively, in agreement with the re-
sults of the loss function (Fig. 5).

Some indication of the magnitude of the tempera-
ture .dependence of the broadening parameter and
the plasma frequency can be gained from measure-
ments of AR/R at different temperatures. Qur re-
sults for LuH, at 140 and 340 K show that the width
of the AR/R structure (energy separation of the
maximum and minimum) increases from 147 meV
at 140 K to 174 meV at 340 K. The broadening
parameter can be roughly estimated from the
zeros of the differential loss function to be 190

Alm (—1/&) Differential volume-loss- function

Photon Energy (eV)

FIG. 9. Differential volume loss function calculated
from the results of Fig. 8. The strong feature at lowest
energy corresponds to the plasmon with the minimum
occurring at the plasma frequency. The higher-energy
features are multiplied by the scale factors indicated.
The dashed curve for YHy corresponds to the differ-
ential loss function of YH; ¢; and shows the effects of
interband overlap on the plasmon.

meV for 140 K and 220 meV for 340 K. Similarly,
the shift in the plasma frequency can be estimated
by the shift in the minimum in AIm(-1/¢) from
1.79 eV at 140 K to 1.77 eV at 340 K. Hence, AT/
AT~1.5%10™ eV/K and Aw,/AT ~0.9 10 eV/K.

VI. SUMMARY

In this paper, we have presented and discussed the
results of optical reflectance and thermoreflectance
studiesof ScH,, YH,, and LuH, for arange of compo-
sitions. We have shown that the low-energy optical
properties of YH, are strongly x dependent with new
structures appearing at low energy. These probably
have no relation to the energy bands of the dihydride
having only tetrahedral hydrogen but instead reflect
the effects of octahedral site occupation. Our studies
of ScH, show no analogous interband features and
the results are nearly independent of x. The in-
sensitivity of higher energy interband structures
in each dihydride suggests that they are due to largely
d-derivedbands; we have observedno features which
showed the strong x dependence that could be attri-
buted to hydrogen-derived band states. The intra-
band or Drude region has been discussed indetailin
this paper and we have sought insight into the low-en-

ergyplasmonnear1.5-1.8 eV. Interband structures
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have not been interpreted in detail but are deferred
until the companion paper for comparison to theory
presented therein.
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