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and optical properties

W. Wolf
Materials Design s. a. r. |., 44, av. F.-A. Bartholdi, 72000 Le Mans, France

P. Herzig
Institut fir Physikalische Chemie, Universitsvien, Waringer StraRe 42, 1090 Vienna, Austria
(Received 9 July 2002; published 20 December 2002

The crystallographic structure of switchable mirror material;¥iB still under debate. Aiming at a final
structure assessment, currently considered structure modBRadf, P6;cm and P6; symmetry are studied
by means ofab initio methods. The relative stability of these candidate structures is investigated by a com-
parison of total energies, where the structural parameters are derived from experiments, and in addition are
calculated by geometry optimization. TiR&5 structure is found to yield the lowest energy, followed, in this
order, by theP6;cm and P3cl structures. The energy differences between these structures, however, are as
small as 0.01 eV per unit cell of six formula units and are thus too small for definitive structure assignments.
In addition, electric-field gradients for the D and Y atoms were calculated for the three structures applying the
optimized structural parameters, and are compared to experimental data obtained recently by deuteron mag-
netic resonance for Yfyg as well as substitutions for the Y nucleus. Best agreement is observed for the
structure withP6;cm symmetry. For thé®65cm structure we also calculated the band structure and the optical
transitions on the basis of the screened-exchange local-density approximation, and obtained a medium-band-
gap semiconductor. The relative position of valence and conduction band edge states as well as other states
close to the Fermi level seem to be in agreement with available experimental data.
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I. INTRODUCTION The latter structure is energetically more favorable than the

P3cl structure and also leads to a band gap even within the
Since the important discovery in 1996 by Huibestsal"  |ocal-density approximatiofiLDA), but seems to contradict
that yttrium and lanthanum hydride films have switchablethe neutron-diffraction resulf§:**In structures withP65cm
optical properties at ambient temperatures, these hydridegdpP6, symmetry all octahedral H atoms are shifted out of
ible metal-insulator transitions for stoichiometries close toj the following the structure symbols | and Il refer to two

three H atorsns per metal atérhave been known for quite different, correspondingly designated structural models by
some time’”® For a Y-H system ther_e are three Well-qlefme_d Udovic et al® with P3c1 symmetry, while the structures
phases at room temperature. Particularly for the mhyd“d%vith P6.cm and P65 symmetry are denoted as structures Il
phase a large number of experimental and theoretical inve%{nd IV, respectively.
tigations have been carried out. However, a final answer to | | o,rder to solve the structure problem a few approaches
the question about the exact crystal structure of the COMRave so far been chosen Kiereyal 16investigated the first-
pound YH; can still not be provided. A first neutron powder J 4 po a0 spectra of.YHand Y.Dg’ The number ofA
diffraction study 30 years ago assigned to ¥KRef. 7) the N ' !

. = _ modes observed by these authors is not compatible with a
ideal HoD; structure with itsP3c1 symmetry. This structure

is derived f he Li h I | P3c1 structure, but their findings seem to be in agreement
IS er|v§ drolm.t € IllEstructlur(.a wherela non—fmﬁta ator?s with the noncentrosymmetrie6s;cm and P65 structures. In

at octahedral sites lie exactly in the planes of the metal aty ;e approach van Gelderenhal® calculated phonon
oms. In the ideal HoBstructure two-thirds of the octahedral

H atoms are shifted slightly above and below the metafjenSItIeS of étates for thé’3ct structure dang the broker|1
planes. Later Udovicet al® found, from neutron-powder- symmetry P63) structure, and compared them to results

diffraction experiments, an unusual displacement of the hyfrom neutron vibration spectroscopy. 'Lhese authors found a

drogen atoms from their ideal positions. The greater stabilitgignificantly worse agreement for tie3c1 structure than

of the latter structure was confirmed by total energy calculafor the broken symmetry structure. Furthermore, Herzig
tions based on first principlés.Recently Udovic and etal’’ and Zogat et al'® used the electric-field gradients
co-workers®*also assumed a noncentrosymmetric structurd EFG’S) for D in YD3 to draw conclusions about possible
with P630m symmetry to be Compatib|e to their neutron- structure models by Compa_ring the eXperimental results with
diffraction data. Apart from these structure models providedesults calculated for th®3cl and P6;cm structures. It

by the experimentalists a further proposal came fadrini-  turned out that a better agreement is found for the latter of
tio molecular dynamics calculations by Kelst all? for a  the two structures in accordance with Kieretyal 1
structure with space group65 (originally given asP3). The purpose of the present paper is to provide further
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material for a final structure assessment forsYfihe phase Mation, and have been performed by the linearized aug-
stabilities of the three candidate structures are explored bynented plane-wavéLAPW) method® in its full-potential
total-energy calculations based on structural parameters a€rsiori°>° (FLAPW) using an exchange-correlation poten-
characterized experimentally and as calculated by minimizatial by Hedin and Lundqvist?**
tion of atomic forces and stress tensors. An efficient and The parameters in the FLAPW calculation have been cho-
accurate projector augmented wave scheme was chosen $80 as follows and are the same for all yBructures except
the most suitable for this task. Moreover, EFG’'s have beenvhere indicated explicitly. For theexpansion of the poten-
calculated for all the candidate structures with structural patial and the electron density inside the muffin-tin spheres
rameters optimized by the previous step. In order to satisfyerms up td =8 were taken into account. In agreement with
the very high accuracy requirements for the treatment of alpur previous calculationé*®the muffin-tin radii for Y and D
electrons of the system necessary to obtain reliable EFG'syere set to 1.4027 and 0.7062 A, respectively. Plane waves
an all-electron full-potential augmented plane wave approacfor the wave functions in the interstitial region were included
was pursued for this task. Finally, the semiconducting natur&ip to a length of 4.0 in units of 2/a, a choice which cor-
of the P65cm structure of YH is demonstrated. The band responds to circa 1700 basis functions per unit dell six
gap and possible optical transitions are calculated by the alformula units of YDy). While in our recent papéf, for the
electron full-potential method enhanced by the screenedP3c1 and P6scm structures, a £9x9 Monkhorst and
exchange local-density approximati¢eX-LDA),**?in or-  Pack! mesh was employed in the self-consistency procedure
der to overcome the inability of standard density-functionalfor the valence state@orresponding to 88 and @0 points
theory to accurately predict excitation energies. for the two structureés we now used a X 7 X7 mesh in all
cases(corresponding to 44, 32, and &6 points for the

P3cl, P6;cm, and P6, structures, respectively The
A. Projector augmented wave structure optimization higher-lying Y core states @and 4p) have been treated as
and total-energy calculations band states in a second energy window for which we now

An optimization of structural parameters and calculationused a 3 3x3 Monkhorst and Pack megtorresponding to

of total energies was performed by the Vieratginitio simu- ¢ K points for theP3cl and 6k points for theP6;cm and
lation package(VASP).21"23 VASP solves the Kohn-Sham _P63 s'Fruc_ture$|n_stead of a X5Xx5 mesh in our previous
equations of density-functional thedfy® with periodic investigation. This reduction Ef the number kfpoints is
boundary conditions by an iterative diagonalization. We emijustified as was tested for tHe3cl structure where no sig-
ployed a conjugate gradient technique for the diagonalizanificant changes in the EFG results have been observed.
tion, and projection operators were accurately evaluated in The reciprocal-space integration has been performed by
reciprocal space. The method is based on plane waves atde linear tetrahedron methd® including the Blahl

the electron-ion interaction is described either by means oforrection®* For maximum accuracy of the EFG’s, the non-
the projector augmented way@AW) method®?’ or ultrasoft ~ spherical terms of the matrix elements have been calculated
pseudopotentiafs (USP’9. The yttrium PAW potential in-  for the full Hamiltonian without any approximation.

cludes 44p5s4d, whereas USP’s consider thep3s4d The EFG’s have been calculated by taking tke2 com-
configuration as valence states. Most of our study is based geonents of the Coulomb potential near the Y or D nuclei. The
the rigorous and accurate PAW scheme, but the USP schenfigrmalism by Herzid? and Blahaet al** has also been em-
has also been applied for some cases to enable comparisgiioyed to split the calculated EFG components into the con-
Exchange and correlation are treated within the LDA in thetributions from the surrounding electrons within the respec-
functional form given by Perdew and Zund@in addition, tive muffin-tin sphere (“sphere contribution) and the
nonlocal corrections are taken into account by the generakemainder that comes from outside this sphélattice con-
ized gradient approximatiofGGA) of Perdewet al.>° Re-  tribution”). This partitioning depends, to a small extent, on
ciprocal space sampling was performed using 727  the choice of the muffin-tin radii. The valence contribution
Monkhorst-Packl meshes and reciprocal-space integrationcan be split further intsd, pp, dd, pf, andff contributions
has been performed by the linear tetrahedron méfiidéh-  which provide useful information about the influence of par-
cluding the Bl@hl correctior®® Optimization of structural ticular I-like wave functions on the EFG¥%.

parameters was achieved by a minimization of atomic forces In the followingV,, is the EFG component with the larg-
and stress tensors applying the conjugate gradient techniquest absolute value and,, the one with the smallest absolute
For this task two levels of accuracy were chosen to test thealue. Since the EFG is a traceless tensor the condition
convergence of the results of geometry optimization and total

energies, i.e., a typical setup with a cutoff energy of 312.5 eV

II. COMPUTATIONAL DETAILS

and a perfectly converged setup with a cutoff energy of about Vixt Vyy+ V=0 @
1115 eV. For both cases, Fourier grids are chosen to be large
enough to avoid wraparound errors. must hold. The asymmetry parametgiis defined as
B. All-electron EFG calculations
The all-electron calculations are based on the density- :M_ )
functional theory"?° (DFT) and the local-density approxi- Vzz
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TABLE |. Total energy per unit cell6 formula unit$ in eV relative to the total energy of structure Il1.

Structure Expt. structural parameters Calc. structural parameters
LDA GGA GGA setup
FLAPW PAW USP PAW USP Typical Converged

I (P3c1) 0.0169 0.0189 0.0187 0.0245 0.0238 0.0113 0.0095

Il (P3cl) —0.0058 —0.0019 -0.0017 —0.0005 —0.0006 0.0123 0.0096

Il ( P6scm) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

IV (P63) - - - - - —0.0095 -0.0119

C. Screened-exchange LDA band-gap calculations VASP and the FLAPW approach. In a first step, structural

Density-functional theory has proved to be very suitableParameters of types I-Ill were taken from experimental stud-

for an accurate prediction of ground-state properties, such d€s (structure 1V has not been characterized experimentally
equilibrium structural parameters, phase stabilities, elastiénd the resulting total energies are compared in the left sec-
constants or electric-field gradients. However, excitation ention of Table | for most relevant computational options. In
ergies and band gaps of semiconductors and insulators afact, these options reflect the most important approximations
definitively beyond the scope of a theoretical concept dethat need to be imposed to obtain a computationally feasible
signed for the ground state. Consequently, band gaps aspproach. We compare the results for different approxima-
typically obtained much too small by conventional DFT. In tions to exchange and correlation, i.e., LDA versus GGA,
particular, DFT calculations of the band structure of theand the type of potential, i.e., USP versus PAW. It turns out
HoD; structure type of YH yielded a semimetal with a large that the results are quite insensitive to the choice of these
band overlap at th& point™*’ In our study of the band gap approximations. Structure Il is found to be the lowest in
and optical properties of semiconducting Ybf type Il itis energy irrespective of the computational procedure. Structure
thus necessary to choose an approach beyond densityr js aimost as low in energy as structure II, and structure |
functional thecgry. To this end we apply a FLAPW s tound to be of highest energy. This hierarchy is reproduced
mplgmentaﬂoﬁ of thelgsgoreened-exchange local-density 8Py any of the chosen computational options for VASP. As a
proximation(sX-LDA),™"which has proved to be very Suc- ner test the total energies of the three structures have also
cessful in predicting band gaps, band topology and effeCtIV‘E)een calculated by the all-electron FLAPW method within

masses of a wide range of semiconductdrs. the LDA reproducing the VASP results. For all of these com-

The sX-LDA concept is based on a separation of theputational options, relative energy differences between these

exchange-correlation operator into two parts: a weakly WaVeqirctures are in the range of 0.0245 and 0.0005 eV per unit

function-dependent part is still approximated as a functional : .
of the density within the LDA, whereas the remainder iSceII (six formula unit$ and are thus very small. Therefore, at

room temperature all of these structures are accessible.
treated exactly. The exact nonlocal Hartree-Fock exchange As a further step toward consistency, the structural param-

operator is .evalluated_ with a scree_ned Coulomb mteracUoneters of all four structures were not taken from experiments
The screening is static, and local-field effects are not take

into account. Since the Thomas-Fermi wave vector of th ut were calculated by atomic forces and stress tensor mini-

screening term is calculated from the average density in th ization. As mentioned in Sec. Il A, two different energy
g 9 y Cutoffs for the plane wave basis were applied, corresponding

ggftal, this approach does not rely on any empirical paramg "~ typical and a highly converged setup. As can be ob-

For the calculations presented in this work the non-local erved on Fhe right hand side of Taple .l' where the relative

screened exchange operator was built on x3%3 otal energies after geometry optimization are summarlzed,
khorst and Pack arid vielding 27 points in the full both levels of convergence yield a very similar ranking of
grci)lrouin zone. The sX-Ig_DA>\//vave ?unctigns were iteratively structures, which is, _however, different from that one ob-

improved unti self-consistency was reached. The screenintamed from the experimental structures. The broken symme-
cutpoff could be reduced down o 2.5 in units o.era, repro- gy structure IV is now lowest in total energy, but is followed

quci ; | ithin 0.05 eV The band struct by structures Il and I/1l. Structures | and Il are of the same
ucing eigenvaiues within 1.Us ev. ihe band SWUCtureé Wagg,,.yre type with different structural parameters and thus
calculated on a grid of 11R points along the chosen path

oo . should yield identical total energies after geometry optimiza-
through the Brillouin zone. Other computational parametergi - The discrepancies of 0.001 and 0.0001 eV for both

were chosen identical to those used for EFG calculatises computational setups provide an estimate of the errors in-

Sec. Il B. volved. Also after geometry optimization the differences in
total energies are very small, and are thus only capable of
providing indications for stability, but are not well suited for
a definitive structure determination.

The phase stability of the candidate structures is investi- Table Il compares the structural parameters as obtained
gated based on comparison of total energies calculated Hyom geometry optimization and from experimental studies.

Ill. STRUCTURAL PARAMETERS AND TOTAL
ENERGIES
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TABLE II. Structural parameters obtained from experiments and from structure optimization. Lattice
parameters andc are given in A.

Structure model Parameter Experimental Optimized
Normal basis Huge basis
| a 6.3442 6.3013 6.3408
c 6.5999 6.5567 6.6061
Y: 6f X 0.6665 0.6631 0.6628
D(T): 129 X 0.3542 0.3502 0.3521
y 0.0311 0.0283 0.0303
z 0.0902 0.0923 0.0918
D(m2): 4d z 0.1874 0.1847 0.1875
Il a 6.3440 6.3001 6.3409
c 6.5997 6.5569 6.6099
Y: 6f X 0.6637 0.6631 0.6630
D(T): 129 X 0.3521 0.3505 0.3523
y 0.0321 0.0287 0.0301
z 0.0903 0.0922 0.0918
D(m2): 4d z 0.1882 0.1853 0.1873
I} a 6.3441 6.2987 6.3441
c 6.5998 6.5544 6.6117
Y: 6¢ X 0.6717 0.6699 0.6704
z 0.25 0.2507 0.2502
D(1): 6¢ X 0.3054 0.3039 0.3026
z 0.0898 0.0924 0.0915
D(2): 6¢ X 0.3601 0.3540 0.3556
z 0.4090 0.4081 0.4077
D(3): 2a z 0.3166 0.3191 0.3157
D(4): 4b z 0.2073 0.2023 0.2068
\ a 6.3017 6.3441
c 6.5517 6.6081
Y: 6¢ X —0.3291 —0.3287
y —0.3320 —0.3322
z 0.2505 0.2506
D(1): 6¢ X —0.0178 —0.0183
y —0.3647 —0.3667
z 0.0924 0.0922
D(2): 6¢ X 0.3030 0.3017
y —0.0040 —0.0042
z —0.0912 —0.0911
D(3): 2a z 0.1822 0.1870
D(4): 2b z 0.2806 0.2788
D(5): 2b z —0.1898 —0.1929

Whereas typical deviations from experimental data are obdata, these calculations are performed by the FLAPW
served for the results of the typical setup, the convergednethod. In contrast to the PAW method the FLAPW ap-
setup yields outstandingly good agreement of all computegroach is a true all-electron method where core-electron
structural parameters with those from experiments. This magtates are also iteratively adapted to the crystal potential dur-
again serve as an indication that our computational approadhg the SCF procedure.
is very well suited to tackle the problems under consider-
ation.

The structural parameters obtained by the converged setup
are now used for calculating EFG’s for these compounds. In The comparison of calculated and experimental EFG's is
order to achieve the highest possible accuracy for the EF®ery suitable to exclude structure models for which there is a

IV. ELECTRIC-FIELD GRADIENTS
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disagreement in the EFG's. Therefore, the available experi- TABLE Ill. Comparison of calculated EFG’s for the structure

mental and theoretical information shall be reviewed and dismodels |, 1I, 1ll, and IV with experimental results. The, values

cussed with regard to the first-principles results reported i€ in units of 18 V/im? and the lattice parameters in A. The ex-

the present paper. perlmental results for D are from Ref. 18 and f8Ta at the Y
The following three experimental investigations haveP0sition from Ref. 50.

been performed up to now. Usin§*Ta-doped YH in per-

turbed angular correlation measureméhtee EFG at the Y Positional  Lattice
site has been obtained. A direct EFG determination for Y g Structure model parameters Ve 7
not possible becaus®, the only naturally occurring iso- Y- 6 f x=0.6628 a=6.3408 23.0 0.33
tope, has a nuclear spin f NMR measurements for the D D(T): 129 x=0.3521 c=6.6061 —1.9 0.80
atoms in YD, have been performed by Balbaehal>! and y=0.0303
by Zogat et al,'® although explicit EFG values are given 7=0.0918
only by the latter authord: D(m1): 2a 56 00
Until now E_FG calculations have only been performed for D(m2): 4d  z=0.1875 51 0.0
the D atoms in YD (see Refs. 17 and 18In the present
study we give results also for the Y atoms. Furthermore, allll Y.6¢ x=0.6704 a=6.3441 22.7 0.54
EFG calculations refer to the optimized structural param- z=0.2502 c=6.6117
eters, and thus consistent EFG data also become available for D(1): 6¢ x=0.3026 -2.3 0.50
structure IV for which measured structural parameters are z=0.0915
not available. D(2): 6c  x=0.3556 1.7 062
The EFG'’s for the relaxed structures I/11, 1ll, and 1V, to- 7=0.4077
gether with the structural parameters used for the calculation, D(3):2a  z=0.3157 -52 0.0
and the experimental EFG values for Y,Dare presented in D@4): 4b  z=0.2068 _52 0.0
Table I1I. It should be noticed that for the experimenitgl,
values the signs cannot be measured, and are therefore uN- Y:6c  x=06713 a=6.3441 233  0.51
known. For the calculated results for the unrelaxed structures x=0.6713 ¢=6.6081
[, I, and lll, see Ref. 18. As in our previous investigation z=0.2506
agreement is best for structure Ill, although the structure re- D(1): 6c x=-0.0183 2.0 0.84
laxation shows that for the deuterium EFG’s the asymmetry y=—-0.3667
parameters are quite sensitive to small structural changes. z=0.0922
TheV,, values are rather similar for all three structures. The D(2: 6c x=0.3017 -2.2 0.63
calculateds values for D) and X1) for structures I/l and y=—0.0042
IV, respectively, are too high. z=-0.0911
Inspecting the Y EFG’s, better agreement is found be- D(3):2a z=0.1870 —5.2 0.0
tween the experimental value ff,, (Ref. 50 and the cal- D@4): 2b  z=0.2788 -53 0.0
culated results for structure 11l and IV than for structure I/11. D(5): 2b  z=-0.1929 _5.2 0.0
However, the results obtained from perturbed angular corre
lation measuremer$studying the quadrupole interaction in Expt. Y (**'Ta) 29.0 0.8
18Hf-doped YH; have to be considered with care because of D 2.3 0.59-0.05
the probable trapping of hydrogen by the relatively high con- D 5.6 0.0

centrations(0.5 at. % of Hf and its daughter product Ta.

New experiments might therefore be useful to obtain more ) o )
reliable information. axes for the various contributions shall be related to particu-

Now the EFEG results shall be discussed in more detaill@’ atomic neighbors in the crystal lattice, and will therefore
This requires a splitting of the sphere contribution to the@lSO be adopted here. .
calculated EFG's intdl '-like contributions. Since the Carte-  1he Y EFG is almost completely determined by the
sian components of the EFG tensor are normally given wittfPhere contribution, the main components of which zpe
respect to its principal axes, two different approaches ar€d, and semicorep and are given in Table IV. Comparing
possible. On the one hand, the principal axes are obtained fghe component axes fafy andV{J with the bond directions
the total EFG and its different contributions are given with ) ’ . ) )
respect to these fixed axégollective axes”). On the other TABLE IV. Split of the Y EFG's for YD into their main com-
hand, the different contributions can also be defined relativ@°Nents: I-&,pp. dd, and semicor@p. TheV,, values are in units
to their own principal axeg“component axes). The first of 10° Vi/m?.
procedure can be employed for the partitioning of the total

dd SC
V,, into its contributiongsuch that the sum of the contribu- Structure model Vaz Viz Ver vee™
tions yields the total The corresponding results for the Y 11 23.1 40.2 5.0 -22.1
and D atoms in the different model structures are displayed 1 22.7 40.4 5.0 —-22.6
in Tables IV and V, respectively, and will be discussed be- v 23.3 405 4.9 —222

low. The second procedure is advantageous if the principal
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TABLE V. Spilit of the D EFG’s for YD; into lattice and sphere  ments provided indication for thB6;cm symmetry(struc-
contributions. For the latter its main componestl) is given. The  tyre type Il)) as being the most promising candidate. Since
V, values are in units of £8 v/m?. the optical appearance of %Hand its dramatic change with
decreased hydrogen contents is the outstanding property that

Model D atom Vaz Vi Vi Vaz attracted so much attention, it is desirable to investigate the
1 D(T) -1.93 -2.80 0.87 0.71 optical properties of structure Ill in detall.
D(m1) -558 —8.27 2.69 2.20 Among the structural models considered here, electronic
D(m2) -513 —7.38 2.25 1.94 band-structure calculations have so far been published only
i D (1) 229 332 103 0g7 fortheP3cl symmetry(structures | and )l Studies based
D(2) 172 251 —079  —0.60 on standard density-functional theory did not confirm the
semiconducting state, but rather yielded a band overlap
D(3) —5.22 —7.46 2.24 1.94 : 45.46
D(4) 595 _771 246 206 of about 1.0-1.3 eMpseudopotential methog$*>¢ and
of about 0.7-0.9 eVall-electron methodqRefs. 47 and 58
\Y; D(1) -2.00 -—2.87 0.87 0.71 around theI" point. Optical transmission and reflection
D(2) -222 =321 0.99 0.84 experiments, however, clearly indicate an optical band gap
D(3) -519  —7.46 2.27 1.97 in the range of 2.3-2.8 e\#**® The fundamental band
D(4) -532 -7.92 2.60 2.15 gap was given as 1.8 eV in the original experimental
D(5) -5.23 -7.53 2.30 1.96 study on switchable mirror systerhsThe most recent

reflectance, transmittance, and ellipsometry measure-
ments specify an optical band gap of 2.63 eV, and provide
shows that in all structure models the valuesV@f andV{¥  indications of a fundamental band gap at 1-1.8 eV
are negative and correspond to interactions of Y with neightower energy® The discrepancy between experiment and
boring Y atoms and with octahedral D atofiesignated by theory with regard to the band gap gave rise to different
D(m1) and D2) for model I/ll, by D3) and D4) for  speculations. Although it is well known that standard
model IIl, and O3) to D(5) for model IV in Tables II, lll,  density-functional theory usually tends to underestimate
and V]. These D atoms are at a distance of circa 2.14 A fromne size of band gaps, the discrepancy of 3—4 eV is excep-
Y. For the tetrahedral D atontat a distance of roughly 2.26 (ionajly |arge. Errors of this magnitude have been observed
A) V! are positive, and therefore indicate a weaker Y-Din ransition-metal oxides, where strongly correlatedlec-

interaction. . _ trons are poorly represented by standard DFT. It was
The dd EFG components are mainly determined by they, s gyggested that similar strong correlation effects of

Z'Y interr]?ctions. 'I(;heyfare sm_all(;ar t_?ﬁ.n tqu comp(r)]nenlts electrons on hydrogen sites may be responsible for the large
by roug yfotrr]]:jorl e{ 0 rgagn!':u e. tIhS IS ule to the Sowe(rﬁand gap’ ™ A fairly different explanation for the large
increase of Inel electron density near ths NUCIEUS Compar€tyand-gap error argues with a strong electron-phonon cou-

. 44
to thep density, as shown by Blatet al pling effect revealed by first-principles calculatiofs.

The semicorepp components for Y do not depend di- . .
rectly on the atomic neighbors about the Y atom, but resultSymmetry-breakmg displacements of hydrogen atoms were

from polarizing effects of the valence electrons on the semifound to reduce the total energy of tR3c1 structure. The
core 4p states. This leads to opposite signs for the valencéesulting structure model hasR6; symmetry(structure type
and semicore EFG components. In this way an energeticalll¥) and exhibits a small band gap of 0.8 eV even within a
and electrostatically favorable arrangement is reached.  standard LDA description. The remaining discrepancy to the
Finally, the D EFG’s are discussed. The results are veryneasured optical band gap can thus be considered clearly
similar for the different structure models, but striking differ- within the usual magnitude of the failure of standard DFT. A
ences exist between the tetrahedral and octahedral D atonfarther attempt to understand the optical properties of; YH
Larger negative/,, values belong to the octahedral D atomswas pursued byb initio quasiparticle band-structure calcu-
with their Y neighbors at circa 2.14 A, and smaller negative|ations of theP3c1 4546 LaF,,%54680and the Bif (Ref. 60

or positive values to the tetrahedral D atoms whose nearest diructural models within th&W approximation. This com-

neighbors are about 2.27 A apart. Table V shows that Irbutational approach overcomes the deficiencies of DFT, al-

contrast to the Y atoms with their negligible lattice contribu-; . . .
tions, for the D atoms the lattice contributions are muchlowmg band-gap prediction with an accuracy of a few tenth

larger than the sphere contributions. Here the sphere contr§ @n eV. For theP3cl structure a fundamental band gap of
butions are dominated by tred components in contrast to only 1.0 eV afl" is calculated. It is, however, argued that the
the Y EFG's wherepp and, to a lesser extendd are the fundamental band gap arises from backfolding of the con-
main components. duction band aK of the Lak to I' of the P3cl structure
and, therefore, corresponds to a forbidden excitation that
cannot be observed in the optical spectra. The first visible
transition may involve the second lowest conduction state

Comparison of electric-field gradients as calculated forat I', yielding an optical band gap of 2.8 eV as observed
several suggested structures with those obtained from expegxperimentally.

V. OPTICAL PROPERTIES
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FIG. 1. LDA band structure for Yk (structure type Ill, space FIG. 2. sX-LDA band structure for Y (structure type I,
group P63;cm). space grougP6;cm).

Whereas in all these contributions optical properties of For a unique identification of optically active transitions it
YH3 were theoretically studied assuming tR8cl or sim-  is necessary to calculate optical matrix elements. We have
pler structures, the present work focuses on Hfcm  systematically calculated optical matrix elements for transi-
structure that has been identified as the most promising carions at and in the vicinity of th& point within the sX-LDA
didate according to our EFG results. The band structure ohpproach. As a matter of fact, the matrix elements of transi-
YH; within the LDA to standard DFT is given in Fig. 1. tions corresponding to the fundamental band gap as well as
Within this approach we find Ykito be a semimetal with a those for the assumed optical band gap are almost vanishing.
single band overlap of about 0.7 eV at thiepoint. Qualita-  The same is true for all other investigated transitions in the
tively, this result is in accordance with other standard DFTenergy range below 5 eV. Consequently, we cannot provide
calculations for thé®3c1 structural model. In order to over- clear evidence of the transitions involved in absorption pro-
come the well-known inadequacy of standard DFT in reprecesses. It is noted, however, that the situation might change

senting excitation energies and band gaps of semiconductoggmpletely once symmetry lowering effects caused by off-
and insulators, we adopted the screened nonlocal exchanggichiometry or impurities are taken into account.

approach®?° A brief description of the approach and the
computational details are given in Sec. Il A. The sX-LDA
band structure is shown in Fig. 2. The band overlap aas
disappeared, and a direct fundamental band gap of about
1.85 eV has opened up in accordance with the value of 1.8 AN unambiauous structure assignment for the semicon-
eV reported in Ref. 1. The second conduction band is Iocateg . guous st IgNME .
about 2.9 eV above the valence band edge at'tpeint and uct|_ng YH; phase is stlll_an open issue in understanding _the
may be interpreted as responsible for the experimentally ob2YSICs of switchable mirror systems. Directly approaching
served optical band ga@bsorption edge this open question, structural op_t|m|zat|o_ns and total-energy
In comparing the sX-LDA band structure of thi6scm calculations based on the density-functional theory are re-

structure model with th&W band structure for th@3c1 ported. Unfortunately, the obtained energy differences are

symmetry from Ref. 45,46, the most obvious difference igtoo small to provide a decisive answer. Based on optimized

the much smaller fundamental band gap of 1.0 eV provide(ﬁnOdel structures, EFG's o_f the candidate_structures were cal-
by the GW result. Part of the difference is already containedculated and compared with results obtained experimentally
in the larger band overlap, the more important part, howeverf,rom nuclear magnetic resonance studies. The deuterium
is a smaller band shift for the conduction band edge due t&FG's of thePéscm structure show the best agreement. Fur-
the GW approach. Nevertheless, the second conduction statfermore, calculated yttrium EFG's are found to be rather
at T is equally located 2.8—2.9 eV above the valence-bangimilar for theP6;cm andP6; structures, but different from
edge. It seems, however, that the origin and characteristics ¢fiose found for thé3c1 structure. Unfortunately, Y EFG’s
this band might be entirely different. Currently, a clear sepacannot be measured directly, and suitable substitutions need
ration of methodological and structural effects is not possiblgo be identified. PAC experiments for a Ta substitution pro-
and further investigations are required. vide EFG’s quite close to those calculated for thé;cm

VI. CONCLUSIONS
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