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GW quasiparticle band structure of YH3
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We present anab initio calculation of YH3 using theGW approximation~GWA!. Although a density-
functional calculation incorrectly gives a metallic state unless we assume a very complicated structure, the
self-energy correction with the GWA removes the band overlap, and reproduces insulating behavior. Hence,
the failure of the density-functional calculation can be attributed to an electronic origin. The role of the
self-energy is to raise the unoccupied Y 4d band rather than to decrease the bandwidth of the occupied H 1s
band.
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I. INTRODUCTION

Among continuous researches on metal hydrides for
cades, the recent experiment by Huibertset al.1 on yttrium
and lanthanum hydrides (YHx and LaHx) occupies a specia
place in the sense that hydrogen induces dramatic chang
the electronic and optical properties. Yttrium and lanthan
can absorb a large quantity of hydrogen. YH2 and LaH2 are
known to be metallic but, when the hydrogen concentratiox
is increased, the materials show a metal-insulator transi
at aroundx52.8 and turn transparent. Unlike other met
insulator transitions, the transition in yttrium and lanthanu
hydrides is reversible and it occurs in the visible ran
thereby making them attractive for application as opti
switches. Consequently, these materials have drawn m
attention among both experimentalists and theorists. O
experiments followed for deeper understanding of
phenomenon,2,3 and now it is known that the transition i
common in a wide range of lanthanide hydrides.4 There is
also evidence that by choosing suitable rare-earth eleme
the transition can be made very quick, which is desirable
optical switching applications.

The electronic structure of yttrium and lanthanide h
drides is unfortunately poorly understood. Theoretical wo
on these materials has followed several lines. Band-struc
calculations based on the local density approximation~LDA !
of density-functional theory predict YH3 and LaH3 to be
metals, with a band overlap of about 1 eV, instead of
experimentally observed semiconductors.5,6 In the case of
yttrium hydride, the transition is accompanied by a structu
transformation from cubic to hexagonal. The electro
structure for several possible structures, such as the LaF3 and
HoD3 structures, have also been calculated but the b
structures still show metallic behavior. This stimulated fu
ther analysis.

The discrepancy could be due to a structure effect. Th
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may be a more complicated structure which is more sta
and insulating. Kellyet al. conducted a study along this line
Starting from the HoD3 structure, they found a broken sym
metry structure, which is slightly more stable than the Ho3
structure and has a LDA gap of 0.75 eV.7 However, there is
controversy as to whether the structure is consistent w
neutron diffraction data.8,9 Actually, the relaxation energy is
so small~less than 0.1 eV per Y6H18) that thermal and quan
tum fluctuation could easily smear out the distortion. In a
dition, it is known that the gradient correction to the LDA
significant for systems including hydrogen. A more care
analysis is thus required. Another difficulty with the expl
nation based on the broken symmetry structure is that
transition of lanthanum hydrides occurs without structu
transformation: The system remains cubic during
transition.3 This suggests that the transition is not connec
with the structure and has an electronic origin.

Considering these observations, some theories, as
shall describe later, have been proposed that claim that e
tron correlation at the hydrogen site is crucial to open
gap.10,11 However, these arguments are based on sim
models. To look into the many-body effects beyond t
LDA, further study with anab initio scheme is desirable
From this point of view, in the present work, we calculate t
quasiparticle band structure with theGW approximation
~GWA!.13 We shall show that the self-energy correction
large enough to open a gap, although band narrowing is
observed. In the light of our results, we discuss poss
mechanisms that are likely to explain the electronic struct
of the yttrium and lanthanide hydrides.

II. METHOD

In the GWA,12,13 the self-energy is expressed as

S~r,r 8;v!5
i

2pE dv G~r,r 8;v1v8!W~r,r 8;v8!, ~1!
16 491 ©2000 The American Physical Society
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W~r,r 8;v!5E d3r 9e21~r,r 8;v!v~r 92r 8!. ~2!

In practical calculations, the Green functionG is constructed
from the LDA wave functions$cLDA% and eigenvalues
$eLDA%. This Green function is used to calculate the inve
dielectric functione21 within the random phase approxima
tion ~RPA!. The quasiparticle energyEkn

QP is then calculated
from the self-energy as

Ekn
QP5ekn

LDA1Zkn^ckn
LDAuS~ekn

LDA !2Vxc
LDAuckn

LDA&, ~3!

whereVxc
LDA is the LDA exchange-correlation potential, an

Zkn[@12]Skn(v)/]vuv5ekn
LDA#21 is the renormalization

factor.
In addition to this non-self-consistent procedure, we ha

also employed a semi-self-consistent procedure in calcu
ing the self-energy.14 We start from the LDA Hamiltonian
and calculate the self-energy correction. The main effec
the self-energy correction is to raise the conduction b
which is primarily of Y 4d character. In the next iteration
we then introduce a potential of the formauY4d&^Y4du with
a chosen such that the shift due to the self-energy correc
from the previous iteration is reproduced. The wave fu
tions and the eigenvalues for the shifted potential are use
evaluate newG and e, from which the new self-energy i
calculated. This process is repeated until the self-energy
rection does not change the value of the gap.

Our calculation is based on the linear-muffin-tin-orbi
~LMTO! method within the atomic-sphere approximation15

The atomic-sphere radii used in the present work are
same as those in Ref. 5. The response function and the
energy are expressed as the products of wave function
order to reduce the computational task, we apply the prod
basis method proposed in Ref. 16. Typically 50–100 prod
basis functions are needed per atom. The band structu
calculated with an 83838 k-point mesh for the BiF3 struc-
ture. For the LaF3 structure with a larger unit cell, we use
63634 mesh. The frequency dependence of the dielec
function is treated fully without resorting to simplification
such as the plasmon-pole approximation. Details of the te
nique are found in Ref. 17.

III. BAND STRUCTURE

A. BiF3 structure

We begin with the calculation of the BiF3 structure. In
this structure, Y atoms form a fcc structure. Two hydroge
~per one Y atom! are at the tetrahedral interstitial site, an
one occupies the octahedral interstitial site.

In Fig. 1 the LDA density of states is shown. The valen
band is predominantly hydrogen 1s with a mixture of Y (5s,
5p, and 4d) whereas the conduction band is dominated by
4d with some mixing of hydrogen 1s. The hydrogen band is
very broad with a width extending to 10 eV, which is mu
larger than the estimated value ofU of 2 eV.11

In Fig. 2~a!, we show the band structures obtained by
LDA and the GWA. TheGW self-energy correction does no
change the valence band very much.~The band is raised up
slightly as a whole. However, this should be cancelled ou
the Fermi energy is adjusted to conserve particle numb!
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FIG. 1. The LDA density of states~DOS! of YH3. The DOS is
projected on~a! yttrium and~b! hydrogen at the octahedral site, an
~c! hydrogen at the tetrahedral site. The number of hydrogens a
octahedral~tetrahedral! site is 1~2! per formula unit. The solid line,
short dashed line, and long dashed line are the contributions f
thes, p, andd orbitals, respectively. The gray line is the sum of t
three.~d! Total density of states. The energy is measured with
spect to the Fermi energy.

FIG. 2. ~a! The GW quasiparticle band structure of YH3 with
the BiF3 structure. The filled circles~empty triangles! denote the
valence ~conduction! bands. The solid line represents the LD
band.~b! The same as~a! but the LDA Y 4d bands are shifted up
by 1.2 eV. The dotted horizontal line denotes the location of
Fermi level of the LDA band.
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The self-energy correction is much larger for the conduct
bands. It shifts up the bands by about 2 eV.

The LDA band structure shows a band overlap at theG
point5 with a magnitude of, in our estimation, 0.8 eV. Th
highest occupied state is triply degenerate and of Y 4d char-
acter. It shifts up by 2.2 eV when we add the self-ene
correction. On the other hand, the lowest unoccupied st
with H 1s character, changes by only 0.3 eV. As a result,
order of the two states is reversed, and consequently
quasiparticle band becomes insulating with a gap at thG
point of 1.2 eV. In the present calculation, the conduct
band minimum is located at theL point, although the energy
difference between this point and the lowest unoccup
state at theG point is small.~As we shall see later, and als
in Ref. 5, the position of the minimum gap depends on
structure. It is thus difficult to distinguish whether the gap
the real material is direct or indirect.!

Considering the rather poor starting Hamiltonian with
band overlap of almost 1 eV, this one-iteration result is v
reasonable. MostGW calculations on real materials are pe
formed with one iteration. In those materials where the LD
Hamiltonian already gives a reasonable band structure,
iteration calculations have turned out to give very good
sults. In this respect, it is interesting to bring up a quest
about the starting Hamiltonian. We obtained an insulat
state starting from a metallic state. This means that
charge density given by the LDA is different from the re
one. The screening effect will be overestimated, and so
self-energy correction may be quantitatively incorrect.
simple and reasonable way to overcome this difficulty is
shift the bands so that the starting Hamiltonian has a sm
gap. We shifted the Y 4d LMTO orbital after the self-
consistent LDA calculation, and did an extra LDA calcul
tion for one iteration. Starting from thisshiftedHamiltonian,
we estimated the self-energy correction, and added the
rection to theunshiftedLDA eigenvalues. This procedur
gives a quasiparticle band shown in Fig. 2~b!. The overall
picture is the same as Fig. 2~a!. The valence band is un
changed, while the conduction band is raised. The ga
larger than the unshifted one because of less screening
is estimated to be 1.9 eV.

What happens then if we shift the Y 4d band further? In
Fig. 3, we plot theGW gap against the gap of the shifte
Hamiltonian from which the self-energy is calculated.~Here

FIG. 3. TheGW gap (DeGW) against the gap of the startin
Hamiltonian (Destart) in which the Y 4d band is shifted up com-
pared to the LDA bands. The solid line isDeGW5Destart, plotted
for comparison.
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a negative gap means band overlap.! As we increase the
shift, theGW gap increases monotonically. The self-ener
correction, however, decreases, and theGW gap becomes
smaller when we start from a very large gap. The two ga
match when they are 3.2 eV. The experimental gap is 1.8
~Note, however, that the structure used in the present ca
lation is different from the experimental one, whose deta
are not known.!

This simplified self-consistent procedure turned out
overestimate the gap somewhat, similarly to the case
NiO.14 On the other hand, according to a recent calculat
for Si, a fully self-consistentGW calculation using the
dressed Green function also results in a too large gap.18 In
the fully self-consistent procedure, the response funct
does not have a clear physical meaning either. UnlikeP5
2 iG0G0, with G0 given by the LDA Green function, which
is the response function of the noninteracting system
scribed within the LDA, the quantityP52 iGG, with G
given by theGW Green function, does not in general corr
spond to some non-interacting system anymore. Indeed,
leads to the disappearance of the plasmon satellite, whic
unphysical.19

An alternative and physically sound scheme needs to
developed for the quantitative description of systems
which the LDA does not give a good starting point. It see
that a fruitful procedure is the ‘‘bestG bestW’’ approach.
The definition of the bestG is ambiguous but the idea is t
use the calculated self-energy to construct a better star
Hamiltonian. One can imagine a sort of self-consistent p
cess when the one-particle spectrum is not significantly
tered by the self-energy. We then take the correspond
Hamiltonian as the final starting Hamiltonian for a on
iteration calculation. The feasibility of such a scheme is
lustrated in the present work, albeit in a crude way.

Going back to our results, we find that the valence ban
insensitive to the self-energy correction. For the unshift
shifted case shown in Figs. 2~a!/2~b!, the quasiparticle band
width is 10.5/10.2 eV compared to that of the LDA, 10.
10.7 eV. The GWA is expected to narrow bands who
widths are overestimated by the LDA.20,14 It is therefore un-
likely that the mechanism of gap opening is due to ba
narrowing. The renormalization factorZ is typically 0.8–0.9,
and is even larger than those of semiconductors. These
suggest that electron correlation is not very strong in t
system, as sometimes assumed.

B. LaF3 structure

To investigate whether the semiconducting state is str
ture dependent, we now perform a calculation for the La3
structure. In this structure, Y forms a hcp lattice. Amo
three hydrogens per one Y atom, one is on the metal pla
and the other two occupy the tetrahedral site which is
tween two metal planes.

In Fig. 4, we show the band structure. The LDA band
semimetallic with a band overlap of 1.4 eV. As is the case
the previous section, the conduction band is shifted up
about 2 eV by the self-energy. The valence band does
change significantly in either width or location of the cent
When we look at the detail, however, the self-energy corr
tion is highly state dependent. For example, the shape of
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band is modified in the occupied part of theH-K and M -L
lines. We have analyzed the character of the states,
found that the self-energy correction raises the energy
about 1 eV when the state is of tetrahedral hydrogen cha
ter, while it shifts the energy down when the state has li
tetrahedral hydrogen component. As for the hole pocket,
of the two bands atG is of tetrahedral hydrogen characte
and is shifted up by about 1 eV. The net contribution of t
self-energy correction decreases the band overlap from
eV ~LDA ! to 0.8 eV~GWA!.

The decrease of band overlap changes the charge de
of the ground state. This, as in the case of the BiF3 structure,
requires adjusting the starting Hamiltonian so that the ini
band structure is close to the real one. We shifted the ba
just enough to open up a small gap and used this shi
Hamiltonian to estimate the self-energy. This results in
insulating state with a gap between theG point ~valence
state! and theK point ~conduction state! of 1.1 eV. Follow-
ing the same simplified self-consistent procedure as in
fcc case, we would obtain a curve similar to the one sho
in Fig. 3. This result suggests that the band gap is contro
mostly by the electronic interaction rather than by the crys
structure.

IV. OPTICAL ABSORPTION AND LOSS SPECTRA

In addition to the quasiparticle energies, we have a
calculated the following dielectric function:

e~q,v!5
1

VE dr dr 8e2 iq•re~r ,r 8;v!eiq•r8, ~4!

with smallq. The imaginary part ofe(q,v) gives the optical
absorption, and the imaginary part ofe21(q,v) gives the
energy loss spectrum. The calculation is done with a
312312 k-point mesh for the BiF3 structure. The optica
property is obtained in the limit ofq→0. However, our code
works for a finiteq only, so we use the smallestq vector

( 1
12 , 1

12 , 1
12 )(2p/a) as a substitute forq5(0,0,0).

In Fig. 5~a! the optical absorption spectra from the tw
methods are compared. In the LDA case, the LDA wa
function and eigenvalues are used. In the shifted case, on
other hand, the Y 4d band is shifted in the same way a
described in Sec. II so that the gap is the same as the ex
mental one. The wave function and eigenvalues for t
modified LDA potential are used to calculate the spectra

FIG. 4. The quasiparticle band structure for the LaF3 structure.
Filled circles ~empty triangles! denote the valence~conduction!
bands. Solid line represents the LDA band. The dotted horizo
line denotes the location of the Fermi level of the LDA band.
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the LDA the system is metallic and the spectrum accordin
shows a Drude peak at low energy. This is in contrast to
spectrum calculated using the quasiparticle energies, w
shows a gap. Experimental spectra would be valuable in
sessing the quality of the different band structures. The sp
trum shows a multiple peak structure at around 5 eV a
additional peaks at about 12 eV and 19 eV.

The loss spectra, on the other hand, are not sensitiv
the one-particle energies as can be seen in Fig. 6~a!. This is
because the main excitation is dominated by the plasm
whose energy is large and it is essentially fixed by thef sum
rule. The peak around 15 eV may be identified as a plasm
excitation. This energy agrees very well with an estim
based on the electron gas formula. The two secondary p
at 11 eV and 20 eV may be traced back to the two peak
Im e at 12 and 19 eV, respectively, described in the previo
paragraph. No experimental data are available so far
comparison of either the optical absorption or the energy l
spectra.

It is interesting to compare the real part of the dielect
function calculated in the LDA and in the self-energ
corrected LDA@Fig. 6~b!#. As can be understood from Eq
~2!, Re(1/e) characterizes the strength of the screening.
clearly see a significant difference in the values of Re(1/e) at
low frequencies. The LDA inverse dielectric function
small since the system is metallic, whereas the shifted L
one is considerably larger since the corresponding syste
an insulator. The small value of the LDA inverse dielect
function, which implies too much screening, is probably
sponsible for the insufficient self-energy correction wh
only one iteration is performed. Redefining the starti
Hamiltonian by taking into account the self-energy corre
tion from the first iteration should give a more realistic ba
structure. This results in a larger inverse dielectric funct

al

FIG. 5. The dielectric function functione(q,v) at q

5( 1
12 , 1

12 , 1
12)(2p/a) for the BiF3 structure.~a! The imaginary part

and ~b! the real part.
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and the difference in the screening enhances the openin
of the band gap in subsequent iterations. The situatio
similar to the NiO case14 and in general we expect to obser
a similar behavior in cases where the LDA band structu
deviate a great deal from the true quasiparticle ones. T
for a one-iterationGW scheme to work successfully,
seems important that the starting one-particle spect
should be as close as possible to the true quasiparticle o

V. COMPARISON WITH OTHER THEORIES

There are a few theories proposed in the literature to
plain the semiconducting nature of the yttrium and la
thanide trihydrides based on electron correlation. Now
will discuss them in detail. Nget al. studied the correlation
problem in metal hydrides using a model Hamiltonian.10 The
Hamiltonian is divided into three terms: the hydrogen pa
the yttrium/lanthanum part, and a mixing term. Since
hydrogen band is fully occupied, the hydrogen should be
the H2 state. A single H2 ion is a bound state and the
assume that the ionic picture is valid. They studied the ef
of correlations on the H2 bandwidth using the correlate
Chandrasekhar wave function and arrived at an expres
for the hopping integral between neighboring hydrogens
addition, they also included the effect of the crystal fie
which was found to significantly reduce the hopping integr
by about 60%. A feature of the model is the constraint t
the total occupation number of the hydrogen site is alw
greater than 1. This corresponds physically to the fact
the two electrons in the H2 ion have very different energies
the inner one is tightly bound whereas the outer one is m
bile. In other words, the model prevents the presence of
holes on the hydrogen site. The parameters in the mode
determined by a combination of microscopic calculations

FIG. 6. The inverse dielectric function 1/e(q,v) at q

5( 1
12 , 1

12 , 1
12)(2p/a) for the BiF3 structure.~a! The imaginary part

and ~b! the real part.
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the hopping integrals between the hydrogen sites and L
calculations for the hybridization between La and H. T
model is then solved using the Gutzwiller method, predict
LaH2 to be metallic and LaH3 to be an insulator. The essenc
of their result is that the opening of the band gap is caused
the reduction in the hydrogen bandwidth due to correlatio
in H2 ions.

Another related theory was proposed by Ederet al.11 The
model is based on the observation that the radius of the
drogen is very sensitive to the occupation number. Thus f
neutral hydrogen the radius is 0.26 Å whereas the radiu
H2 is 1.54 Å. This strong dependence on the occupat
number is incorporated into the model by having a no
hopping integral which depends on the occupation numbe
the hydrogen. This results in the formation of a local singl
like bound state involving one electron on H and one on
neighboring metal orbitals. Already, at the mean-field lev
the occupation-dependent hopping integral introduces a
nificant correction to the potential at the H site, lowering t
hydrogen band, which in turn opens up a gap. This mo
and the previous model have something in common in t
both treat the hydrogens as impurities in the background
the yttrium/lanthanide metals. The mechanism for gap op
ing, however, is quite different. In the previous model, t
gap opening is a result of hydrogen band narrowing, wher
in the model of Ederet al. the gap opening is due to a shift i
the potential at the hydrogen site~scissor operator! retaining
the broad hydrogen band.

If we now put in perspective the theories discussed ab
in the light of our results, we could say the following. I
contrast to the LDA results, ourGW calculations show that it
is not necessary to have a broken symmetry structure to o
up the gap. Both the calculations with cubic and hexago
structures produce the band gap and thus the gap is of e
tronic origin rather than structural. Regarding the hydrog
band, there is no indication of band narrowing as sugges
by the model of Nget al. Such a band narrowing in th
GWA must come from the long-range screening, whi
should be at least partially captured by the RPA. We a
observe that the calculated renormalization factor (Z factor!
for the hydrogen states,Z50.8–0.9, is actually larger than in
normal semiconductors. This large value means that the
drogens participate little in plasmon excitations associa
with long-range screening. The renormalization factor u
ally indicates the strength of correlations and such a la
value suggests that correlations beyond the LDA are no
large as anticipated. This value is to be compared with tha
Ni (Z50.5) or Gd (Z50.3). Thus we could say that, if it is
true that the hydrogen band is narrowed, this must be du
short-range correlations which are not accounted for in
GWA. We cannot therefore rule out the model of Nget al.
although our results show that the mechanism of gap ope
is rather similar to that in normal semiconductors, where
upward shift of the conduction band results from sta
dependent self-energy. In this respect, the model of E
et al. conforms better with our results, although in the
model, the gap opening is affected by shifting down the h
drogen band whereas in our case the gap opening is du
the shifting up of the conduction band.

It is pointed out in the literature that LDA calculation o
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YH3 produces a large band overlap of almost 1 eV, wh
means that a correction of about 3 eV is needed since
experimental gap is 1.8 eV. This then is taken to be an in
cation of strong correlations. On the other hand, the LDA
known to underestimate, and sometimes collapse, a band
so that a poor LDA result in this case does not necessa
imply strong correlations. Moreover, the hydrogen ban
width is much larger than the estimated value of the Hubb
U ~2 eV!,11 so that the usual criterion of strong correlation
far from satisfied. Our results suggest that YH3 is a normal
semiconductor. The fact that a one-iterationGW calculation
does not immediately give the correct gap is likely due to
poor starting LDA Hamiltonian. When a simplified sel
consistent procedure is applied, the gap becomes large
though the final self-consistent gap is too large. This cru
procedure, however, requires some refinements. One ne
sary requirement is to have a self-consistent one-par
starting Hamiltonian, and work along this line is now
progress.

VI. CONCLUDING REMARKS

We have calculated the quasiparticle band structure
YH3 within theGW approximation. Neither band narrowin
nor strong renormalization is observed. This suggests
correlations beyond the LDA are not as strong as someti
.
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assumed. The main role of the self-energy correction is
raising the conduction band, as in semiconductors such a
This shift is large enough to remove the band overlap
served in the LDA. Therefore, the discrepancy between
LDA calculation and experiments can be explained in ter
of an electronic origin rather than a structural origin. T
large discrepancy between the LDA and the experime
results could well be due to the poor performance of
LDA in the band gap rather than to strong correlation
When an attempt is made to improve the starting Ham
tonian in theGW calculations by a simplified self-consiste
procedure, the gap indeed becomes larger, although for m
quantitative discussion of the gap, a more careful analys
required on self-consistency. In this sense, our results s
gest that YH3 is a normal semiconductor like Si. Our resul
partially support the theoretical model proposed by E
et al., but a photoemission experiment is crucial in resolvi
the electronic structure of metal hydrides.
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