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On the basis of parameter-free electronic structure calculations f@; ¥Hvas predicted that the total
energy of the high symmetry HgBstructure deduced from neutron powder diffractidiPD) experiments on
YDj could be lowered by small displacements of the hydrogen atoms. Subsequent, more detailed NPD experi-
ments failed to observe any such symmetry-breaking displacements, but neither could they be ruled out.
Moreover, a new broken symmetry structure which is slightly different to that predicted by total energy
calculations was proposed. Analysis of the phonon modes measured very recently using Raman spectroscopy
yields the first clearcut experimental evidence for symmetry breaking. Here we present the results of
parameter-free lattice dynamics calculations for each of three structures currently being consideregl for YH
The results are obtained within the harmonic model starting from a force field which is calculated from first
principles in a supercell geometry. Comparison of the calculated phonon densities of states with the experi-
mental spectrum determined by inelastic neutron scattering gives clear evidence for a broken symmetry struc-
ture. The Debije-Waller factors for some of the hydrogen atoms are exceptionally large and we speculate on the
importance of the large zero-point motions of these atoms for the structure of YH
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I. INTRODUCTION mation (LDA) to density functional theoryDFT), Dekker
et al® and Wang and Chdfl considered a number of pos-
Interest in metal-hydrogen systems was rekindled by theible lattice structures for Yibut did not succeed in finding
discovery of reversible effects which occur when hydrogen isa structure with a band gap. At the time, the only evidence
absorbed and desorb&df Huibertset al® found that, when that YH; had the structure first determined for HpDy
exposed to hydrogen gas, thin films of yttrium and lanthaMannsmann and Wallatewas a rather brief early report of
num exhibit a metal-insulator transition as a function of thea neutron diffraction structure determination for YDy
hydrogen content. Th@-YH, phase is formed when suffi- Miron et al*? This quite complicated HoPstructure has 24
cient hydrogen has been absorbed to form a dihydride. Thatoms in a hexagonal unit cell which is tripled in the badal
resistivity of this phase is about a factor 5 lower than that ofplane. The HoD structure of YIQ was recently confirmed by
pure metallic yttrium and Yhlis a good reflector for visible Udovic et al*® in neutron powder diffractioiNPD) experi-
wavelengths. Further increase of the hydrogen content leadaents and even more recently by Rembab#l 1 for epitaxi-
to nucleation of they-YH; phase. At a hydrogen-to-yttrium ally grown films of the type used in the switching
ratio of about 2.8 the resistivity increases sharply and thexperiments? For the Hol} structure, both theoretical stud-
film becomes transparent to visible light. From the positionies found a band structure characteristic of a semimetal with
of the absorption edge in substoichiometric YH with 6  a large band overlap of about 1.3 éRef. 10 at the center
~0.1, an optical gap close to 2.7 eV was deddcefbr  of the Brillouin zone.
YH3. The large increase in resistivity when the trihnydride The failure of DFT-LDA calculations to explain the large
phase is formed, as well as its negative temperature coeffband gap in YH and LaH, prompted theoretical work into
cient and inverse proportionality #®in YH;_ 5 suggest that the nature of the band gap in these materials. Ketlyal.
YH; is a true semiconductor. However, so far the size of theargued that the zero-value band gap found by LDA for }.aH
fundamental gap has not been determined experimentally. for instance, made the problem similar to Ge, which also has
the H, pressure is reduced sufficiently, hydrogen desorbs uma vanishing gap in LDA. In fact it is well known that DFT-
til the dihydride phase is recovered. Since the process dfDA severely underestimates band gabs’ Approxima-
switching between the reflecting dihydride and the transpartions based upon an improved treatment of the long-range
ent trihydride phase is reversible, these “switchable mirrors”electron-electron interaction—more specifically tl@wW
may become suitable for a number of different applicationsapproximatiot®'%—reproduce experimental band gaps of
At the time of their discovery a good understanding of thesemiconductors and insulators very welt?*Our recentGW
mechanism underlying the metal-insulator transition in thesealculations predict a fundamental gap of 1 eV for »Yid
materials was lacking. The properties of YHad been stud- the HoD; structure?® The optical gap is much largéB eV)
ied by Weaveret al®’ and successfully interpreted on the due to vanishing matrix elements for optical transitions at
basis of self-consistent electronic structure calculations byower energies. These results are in general agreement with
Petermanet al® However, straightforward application of experiments on the yttrium hydrides and a more detailed
band theory to YH failed to produce a gap. Using band discussion can be found in Ref. 23.
structure calculations based upon the local density approxi- In this paper we focus on the structure and lattice dynam-
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ics of YH;,. Although DFT-LDA is not very suitable for cal- calculate the root mean square displacements of the atoms in
culating excitation spectra, it does give accurate ground stafeach of the Cartesian directions, the Debije-Waller factors, as
properties, such as the charge density and the equilibriuryell as the ellipsoids of thermal and zero point motion using
structure. Kellyet al. found from such a calculation that the eigenvalues and eigenvectors of the dynamical matrix.
small displacements of hydrogen atoms in yfhich break The Debug-WaIIer factors can be co_mpared directly to the
the symmetry of the Hopstructure, lower the total energy V&lues derived from the NPD experiments for ¥DThey

and open up a gap in the LDA band structéftés GW cal- may reveal whether the additional peaks expected for a bro-
culation of the quasiparticle spectrum also produces a larg en symmetry structure have escaped detection as a result of
gap for YHs in the broken symmetry structure. Its band arge zero point motions. We also compare the calculated

truct look ite similar to that of YHin the H eigenvalues of the dynamical matrix directly to the energies
structure flooks quite similar o that ol %rin the .OQ_ _and symmetries of the observed optical modes in the Raman
structure, so from optical experiments it will be quite diffi-

It 1o distinguish between the two structuf experiments. In addition we interpret the neutron vibrational
cu Inothes nglIJDSexp(Zril“ﬁZnts eby SdSO\;Ji:tualeSén YD, 12 spectroscopyNVS) data for YH; obtained by Udovicet al.

hich p . " using inelastic neutron scatteriAg>2 From the calculated
which were refined using the HgfStructure, unusually large  ojqenyectors we can identify the modes of vibration which
anisotropic temperature factors are found for the deuteriu

Mredominate in particular energy ranges. We will show that

atoms, in particular .for the so-called “metal-plane”_ d_eute- the experimental results are better explained by a broken
rium atoms located in or close to the planes containing th(=symmetry structure rather than the HoBtructure

yttrium atoms. Udovieet al. proposed a measure of disorder In Sec. Il the computational methods for calculating the

on the *metal-plane” deuterium sublattice and incorporated,,yice vibrations are briefly discussed, Secs. Il and IV con-

this in their refinement by defining additional, fractionally tain the main results on Yiand YD, respectively, and in

Bec. V the main conclusions are discussed. The Appendix

“fractional disorder” are exactly those atoms which are dis- o, ains 3 short discussion of the lattice vibrations of Si, and
placed from their high symmetry positions in .the prOposed'serves as a check on our computational method.
broken symmetry structure. The small additional Bragg

peaks which should be associated with the proposed
symmetry-lowering however were not found in low tempera- II. CALCULATION OF LATTICE VIBRATIONS

ture NPD experiment®’ It is conceivable though that large A thorough discussion of lattice dynamics in the harmonic
hydrogen zero point motion could reconcile the measuregypproximation can be found in textbook&ee, e.g.,
powder diffraction pattern with the broken symmetry Madelung® and monographésee, e.g., Bresci*). Here we
structgrez.6 Solid state nuclear magnetic resonatbR)  present a short account of the theory, mainly to clarify the
experiment&’ which probe the local symmetry of the deute- notation. The crystal potential energy is expanded up to sec-
rium sites, could not be interpreted using the Halructure,  ond order in the displacements,,; of the atoms from their
which would indicate a symmetry breaking. In addition, in agquilibrium positions, where labels the unit cellse the

more recent paper on neutron diffraction experiments on thirtoms in the unit cell, anilthe three Cartesian directions
epitaxial YD; films it was suggested that the diffraction data

are not only consistent with thB3cl space group of the U=U 1 S e’ L
HoD; structure, but also with the less symmetR&;cm - 0+§ ~ nai  Unaillnarivs @
space group® These results have reopened the discussion on n'a'i’

the lattice structure of YK . .
Recently Kiereyet al® performed Raman spectroscopy where U, is the nelgﬁfgy of the equilibrium structure. The

Raman-active phonon modes they concluded that thei yHforce on atome in the nth cell in theith direction when
films must have eitheP6;cm or P65 symmetry. The latter atoma’ incelln’ is displaced in direction’. Making use of

is the space group of the “broken symmetry structure” with the lattice periodicity, the solutions of the lattice dynamical
the lowest total energy from the LDA calculations. LDA cal- p_roblem can be labeled b.y a wave vectprThey are the
culations on YH with a lattice structure constrained to have €igenmodes of the dynamical matrix

P6;cm symmetry result in a total energy which is between

those of the HoB and theP65 broken symmetry structures; Daq/( )= 1 2 P01’ i (Rog'~Rng) @)
its band structure is almost identical to that of the HoD ai (=== s Phai ’
structure. o

In the present work we reconsider the prediction of thewherem,, is the atomic mass of atom andR,,, gives the
LDA total energy calculations that YHhas the structure equilibrium position of atomx in unit cell n in real space;
with P65 symmetry, and give a full account of a recent shortunit cell 0 is chosen as the reference unit cell. In principle the
report of a parameter-free lattice dynamics study on, ¥H summation in Eq(2) extends to unit cells at infinity, but in
We present the calculated phonon dispersion curves of YDpractice it can be truncated since the reaction forces become

and YH; in the HoD structure P3cl symmetry, in the  Negligibly small at large distances.
broken-symmetry structureP6; symmetry and in the re- It is possible to determine the force constaﬁ%i' from
cently proposed lattice structure with6;cm symmetry. We  DFT-LDA calculations without introducing any arbitrary fit-
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ting parameters. There are basically two ways of doing this. v A [N (T)+ 3]

The linear response method approaches the problem by cal- <U§i>= R — f |Qjai(Q)|2m—dQ-
culating the inverse of the dielectric maff¢®and has been (2m)° Mo 7T Jez wi(q)
successfully applied to a number of semiconduct6réand (4)

metals®® It can to calculate the dynamical matrix for,, . . . . .
etals. "It can be used to calculate the dynamical ma ° It is evident from this expression that light atoms, such as

generalq vectors. Lo . -~
In the so-called direct method, the force constants arqulrogen: vibrating at low frequencies exhibit large zero
calculated using a supercell geometry. In the method use pint motions. To calculat.e Eqa) we use Eq(S) to_trans-
rm the sum over modesand g vectors into an integral

here, we displace a specific atom in a specific direction and’, . , . . .
calculate the forces on all the other atoms in the superceﬁv.hICh includes the partial density of stat@gi(w)_. The off-
diagonal elementgu,;u,;) can be calculated in an analo-

from the self-consistent charge density of the disturbed sys fashi
tem via the Hellmann-Feynman theordsee, e.g., Ref. 40 gous tashion.

This calculation is repeated for each symmetry independen Th? therm_al and Zero point motion pf the atoms is often
atom and direction. The direct method was used for simpl escribed using the matrix of anisotropic temperature factors

metals**?for semiconductor&® and for insulatoré**° Cal- (see, e.g., Willis and Pry}. For atom it is defined by

culated phonon frequencies are usually very accurate and
agree with the experimental data within a few percent. In
semiconductors and insulators with nonvanishing Born effecD
tive charges the longitudinal opticdlO) modes afg=0 are
not obtained correctly within a finite supercell since the in-
complete electrostatic screening in such systems leads
long-range interatomic force constaftsThe long-range in-
teractions can be included in the dynamical matrix if the
Born effective charge tensors and the dielectric constéant
are knowr®®>~*'These quantities can be obtained using linea

48,49 ;
response _theori?. From the interplanar force constants provide a way to check the internal consistency of the calcu-
obtained in supercell calculations Kunc and Mattihave lations

used an alternative way to calculate the correct frequencies The relative intensity of a diffraction peak corresponding

ftor thellLOt_V|br.at|gnts..|!<erret '?IL hat\r/]e.recently dr(]ascrlbed to reciprocal lattice vectoK in a powder diffraction pattern
its application in detail; we will use their approach. can be obtained from

The eigenvalues of the dynamical matrix of Eg) are

Bij (@) =87(UiUy)- )

iagonalizing this symmetric matrix yields the lengths and
directions of the main axes of the ellipsoid of thermal or zero
oint motion. Evidently, the form oB is restricted by the
mmetry of the atomic site in the crystal. For example, the
full cubic symmetry in silicon restricts the ellipsoids of vi-
bration of the atoms to spheres. Moreover, equivalent atoms,
the positions of which are related by a symmetry operation,
have ellipsoids related by symmetry. These symmetrie® of

the squared eigenfrequencie§(q) of the oscillators. The 2
band indeX labels the 8 phonon branches of a solid with [(K)~|2, exp(iK-Rg,)f.(K)exd —W,(K)]| . (6)
atoms in the unit cell. From the phonon band structure @

;j(q), itis straightforward to find the corresponding density
?rgf;a:ﬁz'j;rhhiﬁ (')%%r;]\/?ﬁ(t)%% D\Z/I\/(fh) 3\/2?;;”52;2; tcoo?:]relbgitls?n arel§ independent and can be found in standard tables. The
placement of atona in the directioni; they describe which Debije-Waller factotW,(K)

atoms are moving in which direction for each mode. We can .
Icalculate partial densities of states which tell us how particu- W, (K)= S KKiB; (a) &
ar atoms move in particular directions as a function of pho- 1672 i

non energy, which is very useful for the interpretation of

inelastic neutron scattering experiments. The partial phonodescribes the reduction of the scattered intensity agsult-
density of states for displacement of atenin directioni is  ing from the thermal vibration of atom. Consequently, the
given by intensity of the peaks in the diffraction spectra that corre-
spond to largeK in combination with largeB;; are most
affected by atomic motions.

The atomic scattering factors for neutron scatteringK)

Gai((‘)):

Y,
-3 | 0@l w @l
(2m)° 7 JBz
&) Ill. RESULTS FOR YH 3
In order to estimate the accuracy of the calculated phonon
whereV is the unit cell volume. The total phonon density of spectra test calculations were made for silicon using the di-
states is then obtained by a summation oveandi. rect supercell method with supercells containing 54 and 250
For a solid at a temperatur€ the mean number of atoms. The results show good agreement with experiment
phonons with energyi w;(q) is given by the Bose-Einstein and are summarized in the Appendix; very reasonable disper-
distribution njq(T)={exp[ﬁwj(q)/kBT]—l}*1. The mean sion curves are already obtained using the smaller supercell.
square displacement of a single quantum mechanical hafn this section we present our results for Ykh the HoD;
monic oscillator,(u?)=(A/mw)(n+3), is easily general- and broken symmetry structures. We begin by describing
ized to that of a single atora in the directioni as these structures in more detail.
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A. The proposed lattice structures for YH; them by about 0.0, one third by about-0.07c, and the

The HoD; and broken symmetry structures are closely’®St by about 0.03[see Fig. wb)]. The displacements are
related. They are shown schematically in Fig. 1. One caflifferentfor H(M) atoms which are related by a translation
describe these structures starting from a hexagonal lattic@f ¢/2 in thez direction. For example, when a Nl) atom in
consisting ofABABstacked planes of yttrium atoms. In Fig. the lower metal plane moves up by abot0.07, the re-

1 the yttrium “metal” planes are indicated by solid lines; one 'ated atom in the upper metal plane moves up by aboutc0.03
is positioned az= +c/4 and the other at= —c/4. The hex- and vice versa. The remaining related pair ofj(atoms
agonal lattice contains two interstitial sites per metal atorrf'® displaced by the same amount with respect to the metal
which have local tetrahedral symmetry. Of every three hyPlanes, i.e., by about 0.07c. Comparing this structure to
drogen atoms in Ykitwo are found close to the tetrahedral the HoD; structure we observe that the glide and inversion
sites; we shall denote these atoms byrH(The third hydro- symmetries of the Hontructure are broken. They are re-
gen atom, which we shall denote M(, is located in, or Placed by a screw axis through the M| atoms that are
close to, the metal plane. Optimizing this structure with adisplaced by—0.07c. The space group for this broken sym-
Y ,Hg unit cell results in the so-called LgRtructure. It has Metry structure isP6;. Again, the H{) atoms are also
one HM) atom in each of the two metal planes, while the slightly displaced as compared to their positions in thejlL aF
four H(T) atoms (which are not shown in Fig.)Imove Structure. . _

slightly away from their ideal tetrahedral positions and are Recently a new lattice structure with6;cm symmetry
located in planes at aboat= =0.0% andz=+0.41c. The has been proposed in which all the M) atoms are also
equilibrium unit cell is about 15 % larger than the unit cell displaced out of the metal plane. As in the Ho&ructure,
volume of pure metallic yttrium, almost entirely as a result ofthe displacements are identical for M§ atoms which are
an elongation of the axis. related by a translation af/2 in thez direction. Two out of

The HoD; and broken symmetry structures can be ob-every three Hi) atoms are displaced by about GcOand
tained from the Laf structure by tripling it in the basalb ~ the remaining H) atoms by about-0.07c, see Fig. {c).
plane such that there are three metal-plane hydrogen aton®nce all the HW) atoms are displaced out of the metal
in each metal plane. In the HaBtructure, two of these three plane this structure has no inversion center. Instead, there is
atoms move slightly away from the metal plane. One move&oth a screw axis through the M( atoms that are displaced
to a position about 0.@7above the metal plane, the other to
a position about 0.7 below the metal plane. The third  TABLE I. Wyckoff positions of the yttrium(Y), tetrahedral hy-
H(M) stays exactly in the metal plane. This displacement iglrogen H(T)], and the metal-plane hydroggH(M)] atoms in the
sketched schematically in Fig(a in a plane containing the proposed lattice structures of tih the HoD; structure withP3c1
c axis and the H{) atoms. The lines represent the metal Symmetry, and the broken symmetry structures witB; and
planes and the open circles represent thj@toms. The P6;cm symmetri_es. The numbers are optained_upon optimizing
plane shown is a glide plane with a translation vectoc/af ~ these structures in a (22X 2) supercell usind’-point only sam-
in the z direction; the space group of the HgBtructure is  Pling of the Brillouin zone.

P3cl. Asa consequence of the out-of-planevi(displace-

; ; P3cl P63 P6scm
ments the H{) atoms are also slightly displaced, as de-
scribed in detail in Refs. 10 and 24. The tripled hexagonaly 6f 6c 6¢c
unit cell contains 24 atoms with a stoichiometryHg. The x=0.663 x=0.667 x=0.669
total energy of the HoB structure is lower than that of the y=—0.003
LaF; structuret® 7=0.250 7=0.250
In the broken symmetry structure which corresponds to
the lowest total energy in LDA calculations the unit cell is Hi(T) 129 6¢ 6¢
also tripled with respect to the LaBtructuré?* But nowall x=0.348 x=0.345 x=0.306
the H(M) atoms move out of the metal plane, one third of y=0.025 y=-0.015
z=0.093 z=0.093 z=0.091
° o © o © o Hy(T) 6¢ 6¢
o © o x=—0.308 x=—0.354
o o © O 0 y=-0.042
Yo o o z=-0.093 z=-0.092
@ ®) © H (M) 4d 2a ab
FIG. 1. Schematic outline of the proposed lattice structures for z=0.181 z=-0.316 2=0.200
YH,, with (a) the HoDy structure withP3cl symmetry, and the H,(M) 2a 2b 2a
broken symmetry structures with) P65 and(c) P6;cm symmetry, 2=0.184 2=0.324
respectively. The horizontal lines indicate the planes formed by the
yttrium atoms in theb plane. Thec axis is in the plane of the paper H;(M) 2b
and the open circles denote the Ml{ hydrogen atoms; the H) z=-0.216

atoms are not shown.

094302-4



STRUCTURAL AND DYNAMICAL PROPERTIES OF YH PHYSICAL REVIEW B 68, 094302 (2003

by —0.07, and a glide plane, which is the plane containingThis sum rule should hold for each directiorand for each
thec axis and the H{1) atoms. In Table | we summarize the atoma’ displaced in each Cartesian directidn Small de-
details of the three proposed lattice structures forzYH viations from the sum rule due to nonharmonic contributions
In the following discussion we shall focus especially uponor numerical errors result in the frequencies of the acoustic
the positions and the zero point motion of theMH(atoms in  modes not going to zero g&=0. To enforce the sum rule we
the c direction. These atoms play a key role in the symmetrychange for each and for eache’ andi’ the force constant

lowering when going from the HoDstructure to either of q,0¢1" by the difference between the force on the displaced

the P6scm or P63 broken symmetry structures. We note y5m and the sum of all forces on the atoms which were not
that, starting from the Hobstructure, a symmetry lowering gispjaced. These corrections are small but ensure that the

can be achieved in four different but equivalent ways. Fory, stic modes behave physically nepr0. The other
example, the four representations of t@; broken symme-  ,54s show negligible changes. '

try structure can be transformed into each other by applying  once the time-consuming self-consistent supercell calcu-

those symmetry elements of the HpBtructure which N0 |a4ions have been performed and the force constants have
longer apply to this broken symmetry structuglide and e optained, the dynamical matrix is constructed forany
inversion. The “average” of the_se four equivalent broken .4 diagonalized, see E€@). Since this is only a 7272
symmetry structures has the high symmetry of the EoD mayix for a solid with 24 atoms in the unit cell, this last step
structure. is not computationally demanding.
The ground state properties of the supercells described in
B. Computational details this work are calculated using a Car-Parrinello type elec-

. _ tronic structure code&>>® For reasons of efficiency we
We use the direct supercell method for calculating the 4

; . o . sample only thd™ point of the Brillouin zone. We comment
phonon dispersion curves for %Hvithin the harmonic ap- b y P

- . . upon this in the next subsection. The one-electron wave
proximation for the three lattice structures described abovey,\tions within DET-LDA are expanded in a plane wave

The superce[l is qefin_ed by d_oubling the unit cell in each 0fbasis, including functions up to a kinetic energy cutoff of 30
the three lattice directions; this §22) cell contains 192 Rydberg. Soft Troullier-Martins pseudopotentials were

atoms. The inequivalent atoms in the reference unit cell used®® which were generated as described in Refs. 10 and
are displaced one at a time by 0.1 a@.052918 Ain each 57 Nonlinear core correctioffsare included for yttrium.
of the three Cartesian direction$ and the self-consistent

charge density is recalculated for each perturbed structure.
Using this new charge density we determine the Hellmann-
Feynman forces on all other atomsg in the supercell, see The accuracy of the calculated phonon eigenvectors and

Egs.(1) and(2). The force constarﬂ)ﬂgi'i' between the dis- e€igenfrequencies depends on the size of the supercell used to
placed atomr’ and an arbitrary atom in the supercell is then calculate the atomic force constants. Ideally it should be so
given by the ratio of the force in a particular direction on thelarge that all forces vanish at the boundaries of the cell, but
atom nai in the supercell and the amplitude of the giventhis is never fully achieved in practice. As a result of this,
displacement. In order to remoysmal) contributions from ~ &toms inside the supercell experience forces not only from
third order(and higher odd ordgterms in the crystal poten- the displacement of the atom inside their own cell but also
tial, we use displacements in positive and negative directioffom the periodic images of that displaced atom. Atoms out-
and average the force constants. The full space group syngide the supercell on the other hand, are considered not to
metry of the solid is used to keep the number of calculationgXperience any forces. Both of these effects contribute to
to a minimum. systematic errors in the dispersion curves. Phonon frequen-
Having generated all the force constants we symmetriz&i€S of modes that fit within the supercell geometry do not
the results by applying the symmetry elements to all atom§uffer from this type of error. N _
and averaging the resulting force fields. For a finite supercell, A problem related to the use of a finite supercell is the
the force constants resulting from atoms on the boundary oPProximation of the Brillouin zone summation in the calcu-
the supercell are small, but not zero. Following Parlinskilation of the self-consistent charge density and the total en-
et al,** we include images of atoms that lie on the boundaryerdy by a singlek point, in our case thé" point. Since the
of the supercell. Each image of these atoms is included in thE-Point approximation becomes better as the supercell size is
calculation with a fractional weight which depends upon theincreased, and we need a large supercell to calculate the
geometry of the supercell. We include all the generated forcéorce constants anyway, we have not attempted to calculate
constants in our calculation of the phonon bands, also ithe forces with an improvel-point sampling. We have car-
shells of atoms are incomplete as a consequence of the shafed out a number of tests of the BZ summation in order to
of the supercell. In this way we almost perfectly obey theestimate the reliability of thel’-point sampling for the
translational sum rule, which demands that the sum of all thef agH144 supercell €2X2X2XY¢H;g) used in most of our

forces in the supercell vanishes: calculations.
We compare a number of highly converged total energy
differences, calculated with primitive unit cells and dense BZ

S poe'i'—, ) samplingsi®?* with those obtained with the j§H,44 super-
na Y cell and I'-point sampling. As a reference we use a high

C. Supercell and Brillouin zone sampling
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FIG. 2. Calculated phonon dispersion curves forzYid the FIG. 3. As the previous figure for YHin the HoD; structure.

broken symmetry structure witR6; symmetry. The numbers be- For the soft mode solutions with?<0 we plot the real quantity
tween H and A give the total number of bands starting from 0 meViw.

related phonon bands. Unfortunately there are no experimen-
tal g-resolved spectra with which we can compare, since
bulk YH; crystals of the type needed for neutron scattering
measurements disintegrate into powder because of the large
volume change associated with the hydrogen absorption.
However, in the next section we will use the vibrational den-
sity of states to interpret NVS data, which can be obtained
from powder samples.

The nearly complete decoupling of the eigenmodes of the
yttrium and hydrogen sublattices and the fact that pure yt-
trium is also hexagonal allows for a comparison of the cal-
culated low frequency modes with dispersion curves which
have been measured for pure yttriffiThe energies and
dispersions are found to be quite comparable and the differ-
ences can to a large degree be attributed to the substantial
elongation of thec axis in YH;.

For YH3 in the broken symmetry structure which corre-
sponds to an electronic band structure with a gap, we have
Yehecked in detail the relevance of long-range force constants

and vanishing density of states at the Fermi "?Ve' for theoy explicitly using the correction method described by Kern
HoD; and broken symmetry structures, respectively. For &t al5! for the dispersions alonfA. The planar force con-

(nea _semiconductorg gpecia]—point type of sampling ShOUIdstants between a displaced atom in the center and the plane
be quite good and this is achieved using the supercell. of atoms on the edge of the supercell give an upper bound
for the effect of long-range forces. Including such correc-
D. Phonon band structures tions only slightly modifies the frequencies of the LO modes
The calculated phonon band structure for iH the bro- ~ atI'. It does not change the frequencies of other spegial
ken symmetry StructureF(Gg symmetry, F|g 1|5 shown in pOintS which fit exaCtIy in our Supercell geometry. As the
Fig. 2 along some high symmetry directions in the Brillouin dispersions of the optical modes are very small anyway, we
zone. With 24 atoms in the unit cell there are in total 72have neglected these corrections in further calculations.
bands. The lowest 18 branches are dominated by the low We have also calculated the lattice dynamics fors¥ihi
frequency motion of yttrium which, with an atomic weight of the HoD; structure P3cl symmetry, Fig. % the corre-
89, is essentially decoupled from the hydrogen motion. Thesponding phonon band structure is shown in Fig. 3. Since
hydrogen atoms are well separated from one another by theoth structures are very similar, so are their phonon bands.
large yttrium atoms. This and the tripling of the unit cell However, there is one major difference. For the Habruc-
leads to a large number of almost dispersionless hydrogenure we find a soft mode close 16 where, because?<0,

symmetry Y;Hg lattice in which the hydrogen atoms are lo-
cated in the tetrahedral Hij and octahedral HY) positions
of the hexagonal yttrium lattice. Increasing the nearest
neighbor H{)-H(T) distance from 0.25 to 0.3@, and
moving the HO) atoms into the metal planes to become
H(M) atoms we find from our supercell calculations a de-
crease in the total energy of 985 meV/Yhich is to be
compared to the values of 980 meV/Ylkported by Wang
and Chou'® and 965 meV/YH reported by Kellyet al?*
The total energy difference between the Haofructure and
the broken symmetry structure witlP6; symmetry is
16 meV/YzH.5, as compared to 40 meV found by Kelly
et al>® For thel"-only Y ,gH; 4, supercell, the total energy of
the lattice structure witfP6;cm symmetry lies between the
total energies of the HoPstructure and of the broken sym-
metry structure withP65 symmetry.

We conclude from these tests that fhgoint sampling is
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200 TABLE Il. Comparison of the experimentally observed Raman
frequencies by KiereyRef. 30 with the calculated frequencies of
180 - - . the correct symmetry, for the broken symmetry structures ®Réh
e o and P6;cm symmetry. The energies are in meV.
—_— 3Cm symmetry 9
160 — B e
—— SN Symmetry EXp. P63 P6scm
140 | g
= e — PEN—= Ex 19.0 18.8 18.7
£ 120 A, 23.3 24.0 22.9
3 SE— Ay 54.9 58.5 58.6
5 100 | % 1 A, 60.5 617 61.6
g %Zﬁm\:’é Ay 76.9 78.1 80.0
s 80¢ = - o] A, 81.2 83.6 80.7
o _,,./“i“"\_> E, 90.0 88.8 89.8
60 = = | E, 92.2 90.3 92.4
0L T A, 97.2 96.7 95.0
18 E, 112.3 115.7 1135
20 | E, 161.2 161.0 162.0
.
0
K M r K H A r structure for YH. In Table Il we compare our calculated
FIG. 4. As the previous figure for YHin the broken symmetry - phonon frequencies with the frequencies obtained from the
structure withP63cm symmetry. Raman experiments, labeled with their point group symme-

try atI". We omit the results we have obtained for the HoD
we plot the real quantityw. This shows that the Hopstruc- ~ Structure because these have an incorrect symmetry. Both for
ture is unstable, i.e., there are atomic displacements whicHe P6scm structure and th€6; structure the calculated and
can lower the energy. The position of the minimumas is experimental frequencies agree reasonably well; one would
atq=0. This implies that a lower total energy structure ex-Perhaps have a slight preference for #éscm structure
ists in the same unit cell. Inspection of the calculated eigenfrom these data. It should be borne in mind, however, that
vector of the soft mode reveals that it moves bothVHi( this conclusion is based upon the fact that of the many modes
atoms which are exactly in the metal plane in the HoD of the system only a limited number appear in the experi-
structure, out of this plane. This is indeed the essential difméntal Raman spectrum. o
ference between the HaDand broken symmetry R65) A few vibrational modes were also identified by Lee and
structures. The soft mode for ¥Hn the HoD; structure is a  ShifF in optical experiments on Y1 ,; their corresponding
restatement of the earlier finding by explicit energy minimi- frequencies are 77, 112, and 156 meV. They can be identified

zation that the broken symmetry structure has a lower totafom the list of calculated frequencies of both tR€;cm
energy?* andP63; symmetry structures, see Table Il, but again the data

For YHs in the lattice structure wittP6,cm symmetry, ~ are insufficient to distinguish between these two structures.

Fig. 1, we obtain the band structure shown in Fig. 4. The N _
phonon band structure is quite similar to that of tR6; F. Densities of states and NVS experiments

symmetry structure of Fig. 2. There is no soft mode in Fig. 4 The densities of state®O0S) corresponding to the pho-
although YH in the P65 structure has a lower total energy. non dispersions shown in Figs. 2—4 are plotted in Fig. 5. The
This is because the displacements needed to transform thgytron vibrational spectroscop)VS) experiments on YH
P6scm structure into thé>6; structure do not simply corre- (3ng LaH) powders by Udoviet al2®*2measure the energy
spond to an eigenmode of ¥Hn the P6;cm structure. In - |oss of inelastically scattered neutrons which is closely re-
detail there are important differences between the calculateglteq to the phonon total density of states. The experimental
lattice dynamical properties of thB6;cm and P63 struc-  hjgh resolution da are plotted in Fig. &) for x nominally

tures, which are discussed below. equal to 3. From the partial densities of states calculated
using Eq.(3), we find that the low energy vibrational modes
E. Raman and infrared spectra (below 30 meV are dominated by yttrium and that hydrogen

i ) i atoms hardly participate in the motions at these energies.
The calculated phonon eigenfrequencies and eigenmod&griym vibrations account for the lowest 18 bands in Fig. 2.

atI" can be compared to the results of the Raman experirhe vibrations at energies above 40 méke remaining 54
ments by Kiereyet al3° From a sy.mmetry analysis of the bands involve almost exclusively hydrogen atoms.
experimentally observed modes Kiereyal. concluded that In all three structures the frequencies of the hydrogen vi-
there is no inversion symmetry in the Hattice. The HOR  prations are grouped in bands separated by gaps, which re-
structure has?3cl symmetry which includes an inversion sults in well-defined peaks in the phonon density of states,
center. Consequently, on the basis of these Raman expegee Fig. 5. We observe large differences between the fre-
ments the HoB structure was ruled out as a possible latticequencies of modes corresponding to vibrations in &te
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FIG. 6. Partial phonon densities of states for B@; symmetry
structure calculated by projecting ¢@ the H(T) and(b) the H(M)
atoms, and oscillations in the basab plane (solid lineg and in
c-axis directiongdashed lines respectively.

energies between 150 and 170 meV. The separation in energy
between basal plane and longitudinal vibrations of th&)H(
sublattice is smaller. The correspondigplane oscillations
have energies between 80 and 100 meV, and between 110
and 130 meV. The vibrations of the H( atoms in thec
direction have frequencies mainly between 130 and 160
meV. As it turns out, the pattern of splitting of the peaks can
be rationalized reasonably well in terms of local vibrations of
hydrogen atoms about the symmetry-independ@riyickoff)
positions. The relative intensities of these peaks then corre-
spond to the occupation ratios of the Wyckoff positions.
Where appropriate, this simple rationalization will be used to
interpret the results.

In Table Ill we compare the peak positions in the calcu-
lated phonon density of states of the three structures to the
peak energies obtained from the NVS experiments fog YH
(exp). Most calculated peaks have energies that compare

the broken symmetry structure \_Nifh(‘?3 symmetry. The data have reasonably well to the experimental data, but there are essen-
been broadened using a Gaussian line shape of width 12 meV. They| gitferences. We will discuss these starting from the low

numbers indicate the maxima, or peak positidis.Experimental
neutron vibrational spectroscopy data taken from Ref.(@9Cal-

culated total phonon densities of states for;YiRithe structure with
P65;cm symmetry andd) the HoD; structure withP3cl symmetry,
respectively.

plane and those in which the atoms oscillate in ¢hdirec-
tion. This is illustrated by Fig. 6 where the partial densities

TABLE lIl. Positions of calculated peaks in thdroadeneg
phonon density of states for the three possible structures. The ex-
perimental data are obtained from the high-resolution NVS spec-
trum of Udovicet al. (Ref. 29. The energies are in meV.

P63 P3c1 P6s;cm Exp. Vibrations

of states of thd®65 broken symmetry structure is plotted for 52 39 52 52 HU)|c
the H(T) and H(M) atoms, projected onto displacements in 61 59 57 HM)|c
the basal plane and along theaxis. The difference is most 69 68 68 68 HW)||c
striking for the HM) atoms. These can move relatively 85 84 82 H{)Llc
freely in open channels along tlealirection but are laterally 91 90 92 95 HT)Lc
constrained in thab plane by the metal atoms in that plane. 118 118 122 120 H()Lc
The former motion leads to low frequency modes with ener44¢0 139 138 137 HO)||c

gies between 50 and 100 meV, whereasah@lane oscilla- 153 159 159 157 HY)Lc

tions of the HM) atoms give high frequency modes with
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frequency modes which are dominated byMJ(vibrations ~ metry structures, both of which are equally occupied by six
along thec direction. In theP65 broken symmetry structure hydrogen atoms. In the Hastructure all 12 tetrahedral hy-
the H(M) atoms are divided over three different Wyckoff drogens correspond to a single Wyckoff position. In the bro-
positions, see Fig. (b), which gives rise to three peaks at ken symmetry structures all of the metal-planevtj(hydro-
S“ghﬂy diﬁerent energies_ Each Of these peaks represengens are displaced out Of the metal p|aneS. As a I’esu|t Of th|S
two bands; they include bands 19 to 24, see Fig. 2. In thélSo the HT) atoms above the metal planes experience a
calculations we find two sharp peaks at 52 and 61 meV andifferent local enwronment.than the H) atoms below the

a broad peak at 69 meV. That these peaks indeed correspofiftal planes. These two different types ofThi(atoms thus

to H(M) vibrations along the direction can be seen in Fig. also experie_nce a slight_ly_ different local f°r°? fields. Al-
6. In the NVS experiment, there is a single strong peak at 510ugh the size of the spilitting of the two peaks is apparently

meV and a shoulder at 52 meV. In the HpBtructure with underestimated in our calculations, the peak splitting itself

— i can be readily understood in terms of a broken symmetr
P3cl symmetry there are only two Wyckoff positions for structure y y y

the HM) atoms with an occupatio_n ratio of 2:1. Udovic _ The peak around 120 meV in the experimental spectrum
et al. suggested that the two experimental peaks and the%orresponds to bands 37—48 in Figs. 2—4 which are mainly

relatLv eﬁmten_gty are ev!dence prthhe elils;nce of gz';lsyz tWocomposed of vibrations of the Hij atoms in theab plane,
Wyckoff positions consistent with the HgDstructure: see Figs. 5 and 6. All three structures give this peak reason-

Inste%%, WeVsuggest thzt the rt])rol;ad fgaturek in ghge N\</S d"’gﬁbly well. Only theP6;cm structure gives a feature which is
near meV corresponds to the broad peak at 69 meVin t aearly split with maxima at 113 and 122 meV. It is not clear

calculated density of states of 65 broken symmetry ;5" \whether or not there is a low energy shoulder below
structure. In the low energy range 40—70 meV, the calculatef20 meV in the experimental spectrum in Figbp Bands

density Of_ states of he;cm Symmetry structure of Fig. 5 49-60 correspond to vibrations of the H(atoms along the

(c) also gives very gopd agreement with expenmep_t. In thec axis with energies roughly in the range 140-150 meV.
P6ycm symmetry again only_two_ H) V\./kaOff_ positions Again all three structures give a density of states in this
are present which are occupied in a ratio of 2:1. The_ Slngl3fange which agrees reasonably well with experiment.
occupied Wyckoff site corresponds to the atoms which are 1,4 high energy range above 150 meV is dominated by

d|sp_laced slightly further from the metal plane. To@xis vibrations of the HM) atoms in theab plane corresponding
motions of these atoms have a f_requency of about 68 meVyy pands 61-72 in Figs. 2—4. The highest frequency peak is
The calculated phonon density of states for the BlOD a1 yibrations in thab plane of the H) atoms that are
structure P3c1) is shown in Fig. &) where we have ig- in or closest to the metalb plane, see Fig. 1. In the HaD
nored the soft mode and its imaginary frequency. The agreestructure these atoms are tightly confined exactly in the metal
ment with experiment is much poorer. The peak correspondplane in the center of an equilateral triangle of yttrium atoms,
ing to the motion along the axis of the HM) atoms located  and these consequently have a high vibrational frequency of
exactly in the yttrium plane, cf. Fig.(d), which corresponds 170 meV. In the broken symmetry structures this effect is
to the bands 19 and 20 in Fig. 3, has an energy of 39 me\4tjll present but weaker because these atoms are slightly out
which is too low compared to the experimental feature ajpf the metal-plane. The vibrations of the MJ atoms that
52-57 meV. It even partially overlaps with the highest fre- gre further away from the metal planes in tteplane direc-
quency yttrlum vibrations. Part of its intenSity is lost to the tion show up at a S||ght|y lower energy around 160 meV.
soft mode at imaginary frequencies. The peak related to thghis peak has an intensity which is roughly twice that of the
vibrations along the axis of the out-of-plane H{l) atoms  hjghest energy peak, which again reflects the occupancy of
(the 4 bands 21-24 in Fig) & at 68 meV, which is about 10 the corresponding hydrogen sites. In the experimental high
meV higher than the experimental feature. resolution data of Ref. 29 a double peak at 157, 165 meV
The next feature in the experimental spectrum is formedyith the right intensity distribution can be clearly identified.
by two relatively strong peaks at 82 and 95 meV. All threeThe splitting agrees rather well with the broken symmetry
lattice structures exhibit Strong phonon DOS peakS in thi%tructures and the agreement with the Hoﬁructure is
energy range, but their shapes and splittings differ. The peakglightly worse. Finally, it may be observed that the high-
corresponding to bands 25-36 in Figs. 2—4 are mainly comenergy density of states above 150 meV for B broken
posed of vibrations of the H{) atoms in theab plane, see symmetry structure is in better agreement with experiment
Fig. 6. In the HoR (P3cl) structure all 12 bands lead to than theP6scm broken symmetry structure, compare Figs.
essentially one peak at 90 meV, Figdh whereas in the 5(a)-5(c). This is mainly so because the gap between the
P6;cm and P65 broken symmetry structures we find two H(T) c-axis vibrations below 150 meV and the M) ab
peaks at(84, 92 and (85, 91 meV, respectively, each of plane vibrations is too large in the latter structure.
which corresponds to 6 bands. In the experimental spectrum Whereas the agreement between the calculated phonon
there is a clear splitting between two peaks at 82 and 95 medensity of states and the experimental NVS data is rather
with approximately equal intensity. It will be obvious that good for the broken symmetry structures, there are discrep-
this agrees reasonably well with the broken symmetry strucancies with the density of states of the Hpfructure, espe-
tures, but poorly with the Hopstructure. In simple terms cially in the energy range below 100 meV. Distinguishing
the splitting into two peaks is related to the two differentbetween the two broken symmetry structures is more diffi-
Wyckoff positions for the H{) atoms in both broken sym- cult. The calculated phonon density of states of BP@;
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structure gives a slightly better agreement with the experi- TABLE IV. Calculated temperature factor matrix elements f A
mental data in the energy range above 100 meV. This struglong the lattice axes for each of the Wyckoff positions of the
ture is also the one that has the lowest total energy in &(M) atoms in YD in the P63 structure at 295 K. These are
DFT/LDA calculation. compared to the experimental temperature factors obtained by as-
suming a HoD structure. By symmetryB,,=B,,=2B,;=2B5,.
The other elements are zero by symmetry.

IV. RESULTS FOR YD,

Using the atomic force constants calculated forgyftis ~ Aom position Wyckoff Bu Bag
straightforward to recalculate the phonon bands for; YiD theory
the broken symmetry structure simply by doubling the cor
responding masses when setting up the dynamical matrix E1(M) —0.07c 2a 0.98 242
(2). Because of the almost perfect decoupling of the hydroD,(M) +0.07c 2b 0.97 3.14
gen and yttrium vibrations, the low frequency yttrium modesD3(M) +0.0% 2b 0.94 3.88
turn out to be almost identical to those in Ylnd the fre-
guencies of the deuterium modes in Y@8iffer from those of .
hydrogen in YH by almost exactly the factor {2 expected experiment
for simple scaling of the frequencies according to the masses(m2) +0.07c 4d 0.84 2.8
We therefore refrain from showing the ¥[phonon bands p(m1) 0.0@¢ 2a 05 6.7

explicitly. We next calculate the anisotropic temperature fac
tors for the broken symmetry structure, both at zero tempera-

ture and at 295 K. The experimental data at 295 K were
refined in detail by Udoviet al!® The B matrices of tem- plane, (M) to atoms closer to the plane at about 0cd3n

perature factors, Eq5), possess the symmetry propertiesour calculations we have .chosgn a representation for the bro-
imposed by a particular sit& matrices of symmetry-related €N Symmetry structure in which both,(M) and Dy(M)
sites should transform into one another by applying the sym@reabovethe metal plane.
metry operations of the space group. These symmetry prop- The calculated values @55 are large, and largest for the
erties were checked explicitly and found to hold within 1%. D3(M) atoms which are located closest to the metal planes.
For the yttrium atoms we find almost isotropic tempera-The numbers extracted from experiment for out-of-plane at-
ture factors(which is not imposed by symmetryThe zero oms[D(m2) in Ref. 13; theD(m1) atoms are exactly in the
point motion results in analmos} isotropic B of about metal plangare also large. In particular, the value is huge for
0.11 A. This number increases to about 0.39 & 300 K  the deuterium atom which is assumed by Udwf@l. to be
which is reasonably close to the experimentally determinedn the metal plane. The value of 6.7 corresponds to a root
value of 0.34 & found by Udovicet al. in their model Il mean square displacement of about 0.3 A which is about
(Ref. 13 for YDj3. Direct comparison is difficult though, 1.3 % of the lattice constant in theedirection. For hydrogen
since the experimental data are refined assuming a differefitis even larger (0.02c), and of the same order of mag-
structure. For those atoms that vibrate in modes which arg@itude as the size of the symmetry-breaking hydrogen dis-
similar in both lattice structures, we do find values in gOOdeacements(vO.OS c) predicted from the LDA calculations.
agreement with the experimental values. As before, we de- Udovic et al?® tried to refine the diffraction data using the
note the deuterium atoms in the tetrahedral and metal plangoken symmetry structure suggested by Kelly. Since they do
positions by D) and D(M), respectively. For the D))  not find the small additional peaks which should be present if
atoms, the calculated value Bz is 1.08 &, the experimen-  the high symmetry is broken, they concluded that;Yi#s
tal value is 1.13 A The calculated numbers in tiematrix  the HoD; structure. In particular, they focused on tti€3)
for the D(T) atoms which correspond to an in-plane motionreflection, repeated the experiment at low temperature and
are about 50 % larger. took more data. They found no significant structure corre-
Most interesting are the ) atoms, for which the ther- sponding to th€103) reflection. Using the broken symmetry
mal and zero point motion is strongly anisotropic. Becaus@jeometry we have calculated the Debije-Waller factors at
the motion of these atoms is so confined in the basal plangero temperature and compare the reduction of intensity of
and so large in the direction, the ellipsoids of vibratiofEq.  the (103)-reflection peak to the corresponding reduction of
(5)] for these atoms are cigar shaped. Because of the thregeighboring peaks. Although the reduction for {163 re-
fold rotation symmetry of this site, tH&-matrix elements are flection is somewhat larger than for other peaks, it is only
related byB,;=B,,=2B,;=2B;,; consequently only the reduced by about one third compared to the intensity in the
symmetry independent valuBg, andBsz are given in Table absence of zero point motion. This is not sufficient to make
IV evaluated for 295 K. At 295 K the zero point motion still this peak unobservable in the diffraction experiments. It con-
accounts for more than 50% of the root mean square dissequently seems to rule out the possibility that the symmetry
placements of these deuterium atoms, so the results at zebpeaking is being masked in diffraction experiments by a
temperature are very similar. In the broken symmetry structarge zero point motion. However, it does not rule out the
ture the three different Wyckoff positions for the B} at-  possibility that the system is actually in a superposition of
oms are labeled with an index.;(M) and D,(M) corre-  broken symmetry states. In the next section we will speculate
spond to deuterium atoms at about 0O®dTrom the metal on this possibility in more detail.
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V. DISCUSSION
We have calculated the lattice vibrational properties of 0 0
YH; and YD; within the harmonic approximation for three
proposed lattice structures for HApart from a calculated

soft mode in the HoBstructure the phonon bands look quite
similar for the three structures. The soft mode reflects the

fact that the Hol structure P3cl symmetry is unstable in

DFT/LDA calculations?* The vibrational frequencies dt

agree reasonably well with the Raman spectra of Kierey

et al® for the two broken symmetry structures which have O 0

P65 and P6;cm symmetry, respectively. On the basis of
these measurements, there is no clear preference for one or g 7. schematic picture of the quantum averaged broken sym-

the other broken symmetry structure. metry structures as in Fig. 1. The ellipsoids give an impression of
The phonon bands can be divided into groups that arghe quantum delocalization of the M() atoms.

reasonably well separated, giving rise to distinct peaks in the

phonon density of states. The latter can be compared to th§/mmetry structure and the6 broken symmetry structure
experimental NVS spectrum of Udovit al?*** From the s small*® it is in fact smaller than the calculated total zero
calculated eigenvectors we can identify for each peak in th@oint energy 60 meV) of the two modes in the6 bro-
calculated phonon density of states which atoms in whictken symmetry structure which are relevant for the symmetry
direction have a dominant contribution to the vibrations repreaking. Therefore it is not unlikely that the system is not
resented by that peak. The lowest frequency modes below 3hnfined in a particulaP6; structure but instead in a quan-
meV correspond almost exclusively to yttrium vibrations, tum superposition of broken symmetry states. This would
and are comparable to the modes in pure yttrium; modes 3éad to the picture given schematically in Fig. 7. Refining the
higher energies are mainly due to motion of the hydrogerexperimental powder diffraction data using all available sites
sublattice. In these modes we find distinct differences bem such a superposition of four representations of the broken
tween the calculated spectra of the three suggested lattieggmmetry structure is very complicated due to the large
structures. On the low energy side below 100 meV, the NVSumber of degrees of freedom in that case. Therefore it is not
spectrum is in poor agreement with the phonon density ogasy to prove or disprove this model by a refinement of the
states of the Hog)structure. The agreement with the density neutron powder diffraction da‘PéThe huge temperature fac-
of states of the broken symmetry structures is clearly muchors are the only experimental support at present.

better; there are only small differences betweenRlbg and The recent solid state NMR experimefitare difficult to
P6scm structures. Comparison of the data in the high energynterpret. The results of these experiments for;¥dhow that

range above 100 meV gives slightly better agreement witljeuterium sites of different local symmetry exist in the ratio

the P63 structure, which is also the lowest energy structure approximately 1:1:1. In thé3c1 (HoDs) structure the
from a DFT/LDA calculatior?* vy

i ratio of hydrogen sites of different symmetry is 12:4:2,
The agreement between the NVS experimental data angnich, is very different from the NMR results. For the two
the phonon density of states is not perfect. For instanc

Eroken symmetry structures the 12'H(atoms are divided
are split by 13 meV. The calculated splitting is qnly 6 and Sdiqsl:ﬁgﬁtg;eorvz\ﬁv\\llgy \(/:\,I;ch{(oa??g:ir;;nl?ﬁ éN{r;tﬁ;to;ls iﬁrtehe
meV for the P65 and P6;cm structures, respectivelland  pg_ o structure and equally distributed over three Wyckoff
next to zero for the HoBP3c1l structure. This could indi-  positions in theP64 structure. This would lead to a ratio of
cate a shortcoming of the LDA in describing the energy land:6:4:2 for theP6,cm structure and 6:6:2:2:2 for the6,
scape or be an indication for anharmonic effects, which Westructure. Thus for both these structures the splitting of the
have neglected here. At this stage it is not feasible to testj(T) sjtes is compatible with the NMR results. However for
better approximations, but it is not urgent either since thgne H(M) sites the NMR results indicate the presence of
agreement with the available experimental data is quite goognore symmetry than one would expect on the basis of either
Note however that the assignments we have made for thgf the broken symmetry structures. This may point towards a
peaks of the NVS spectrum could be checked by measurguantum averaging that leads to indistinguishable NMR fea-
ments on single crystals, which can give more detailed inforyres for the HM) atoms. Due to their quantum motion all
mation. _ _ of these metal plane hydrogen atoms have a large probability
The calculated zero point motions for the hydrogen andg pe out of the metal plane, as sketched in Fig. 7. This may
deuterium atoms are very large and anisotropic. This is Palgive rise to similar NMR patterns for all the () atoms. To
ticularly true for the H\) atoms which are involved in the pe consistent we have to assume, however, that the quantum
symmetry lowering when going from the HgBtructure to a  motion of the H{T) atoms is smaller, since they still give rise
broken symmetry structure. Since the higBcl symmetry to two different features in the NMR data.
of the HoD; structure can be broken in four different but ~ One might wonder what the influence of the large zero
equivalent ways, the LDA Born-Oppenheimer surface hagoint motions of the hydrogen atoms is on the band structure
four global minima. The energy difference between the highand, in particular, on the band gap. In a quantum averaged
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picture the electronic properties are given by averaging the 100
electronic structures corresponding to the ionic configura-
tions encountered during the zero point moti@ssuming 90
that the Born-Opperheimer approximation does not break
down and the electrons are always in their instantaneous
ground statg In general, this electronic structure average
can be different from the electronic structure corresponding
to the average high symmetry lattice structure. However,
since our recenGW calculationé>?®for YH; result in sub-
stantial band gaps for both the HgBtructure and the bro-
ken symmetry structure, it is likely that the average elec-
tronic structure also has a substantial gap. 40 k J
It would be very interesting to explicitly include the quan- ; / """" .
tum character of the hydrogen or deuterium atoms, and to s0b - -.' NS J
solve the Schidinger equation for the hydrogen atoms in the 4{‘ e /
potential landscape. This can be done in principle using the 0F /¥ \
ab initio path-integral molecular dynamics meth8dThis
method was recently used to include the quantum character 10 1
of hydrogen in simple molecules, and clearly showed the
effect of quantum tunneling of the hydrogen atdt&* Ap- 0
plying this method to a solid is a formidable computational
task requiring at least an order of magnitude more computer FIG. 8. Calculated phonon bands for silicon using force con-
time than a “classical” Car-Parrinello molecular dynamics stants from the smaller supercé&blid lines and the bigger super-
simulation. Unfortunately, this is at present out of reach. cell (dashed lines Some experimental values taken from Ref. 67
are given by the filled circles.
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APPENDIX The calculated frequencies at the zone boundaries agree
within 3.5% with the experimental data taken from Ref. 66.
We tested our codes by calculating phonon band structsing the much smaller (83 3) supercell also leads to

tures for silicon using the direct supercell method to calcuvery reasonable results. At the zone boundaries of the Bril-
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