
VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997
Electronic Structure of Lanthanum Hydrides with Switchable Optical Properties
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Recent dramatic changes in the optical properties of LaH21x and YH21x films discovered by Huiberts
et al. [Nature (London)380, 231 (1996)] suggest their electronic structure is described best by a local
model. Electron correlation is important in H2 centers and in explaining the transparent insulating
behavior of LaH3. The metal-insulator transition atx , 0.8 takes place in a band of highly localized
states centered on the H vacancies in the LaH3 structure. [S0031-9007(97)02330-2]

PACS numbers: 71.30.+h, 71.15.Mb, 71.55.Ht, 72.15.Eb
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Recently Huibertset al. [1] reported dramatic changes
in the optical properties of lanthanum and yttrium hy
dride films with changing hydrogen content, e.g., films th
switch from a shiny mirror to a yellow transparent window
in a time of order seconds. Although many metal-insulat
transitions are known [2], it is very unusual and potential
of technological importance that the transition leads
spectacular effects in the visible. Huibertset al. [1] point
out that the electronic structure that underlies this beha
ior is poorly understood—indeed standard local dens
approximation (LDA) calculations do not predict a meta
insulator transition at all [3,4]. In this Letter we examin
the role of electron correlation in these hydrides and arg
it justifies a local description that derives from an ioni
starting point.

The structural changes are especially small in t
LaH21x films. The La atoms always form a fcc lattice
with two H atoms always occupying tetrahedrally coord
nated sites. Asx changes from 0 to 1, the octahedrall
coordinated site goes from empty to fully occupied an
a good metal (LaH2) evolves to a transparent insulato
(LaH3). The metal-insulator transition in the dc con
ductivity [1] occurs at an intermediate concentratio
x , 0.8, far removed from a lightly doped semiconducto
This in turn suggests highly localized states associa
with H vacancies in LaH3. The key challenge is, first,
to understand why the structural changes with changi
hydrogen content are remarkably small, but the changes
spectral properties are dramatic at energy scales up to
visible, and, second, to understand the origin of the high
localized states at intermediate concentrations. We sh
address these issues in turn.

We have performed self-consistent LDA calculations o
LaH2 and LaH3. In agreement with previous results [3
there are two sets of states—low energy primarily1s-H
states and higher energy states of mainly5d-La character.
These results suggest assigning a formal valence H2. In
LaH2 the H2 bands are filled leaving one electron pe
unit cell in the5d-La conduction bands leading to metallic
behavior [3]. In LaH3 the H2 bands can hold all six elec-
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trons per unit cell, but in the LDA calculations there is
overlap between the H2 and 5d-La bands leading to a
semimetal rather than the observed transparent insulato

The LDA calculations give an interesting insight why
atomic H is easily incorporated in this structure. The ne
charge change between LaH2 and LaH3 is found to be
remarkably small. The charge at the octahedral site [with
a sphere of 2.533 atomic units (a.u.) radius] in LaH3 is
1.588e, while the charge in an empty sphere of the sam
radius in LaH2 is 0.568e. From the viewpoint of the charge
distribution, LaH21x can be interpreted as neutral H atom
moving into or out of the octahedral interstitial sites, with
negligible changes in the lattice structure [5].

The neutral H and H2 ions are difficult cases for LDA.
To study the H2 ion, a careful treatment of the correlation
between the two electrons is required [6–8] to obtain th
binding energy (.0.7 eV). This led us to examine the ef-
fect of correlations on the width of the H2 bands. The
form of the H2 bands in a many body theory is determined
by the spectrum of the states obtained by removing a
electron from a lattice of H2 ions. For a single pair of ions
a H2

2 ion results. The ground state manifold of H2
2 splits

into odd and even parity states and this splitting determin
the hopping matrix element of a single hole,tsdd. Note
H2

2 is a bound negative ion [9] for proton separation
d . 3 a.u.—the range of interest here. Knowingtsdd
we can extend the calculation to a lattice of H2 ions
(ignoring for the moment the La ions) using standard tigh
binding methods and obtain the band structure of a ho
quasiparticle in a lattice of H2 ions.

Let cis1, 2d be the ground state wave function of two
electrons in H2, and fis1d be the ground state of hy-
drogen atom. The three electron states of the H2

2 with
odd (2) and even (1) parities may be constructed us-
ing the single site (i and j) states:C6  Fi,j 6 Fj,i ,
where Fi,j  Afcis1, 2dfjs3dg, and A is an antisym-
metrizer. The corresponding energies are given byE6 
kC6jhjC6lykC6jC6l, where h is the Hamiltonian for
the H2

2 system, including the kinetic and Coulomb ener
gies [10]. We choose a variational state of Chandrasekh
© 1997 The American Physical Society 1311
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[7] for H2:

cs1, 2d  se2ar12br2 1 e2ar22br1d s1 1 cj$r1 2 $r2jdx ,
(1)

wherer are the electron radial coordinates,x is the spinor
for a singlet, anda  1.075, b  0.478, c  0.312 in
a.u. This simple wave function describes two intra-atom
correlated electrons well, and its energy is very close
the best estimate of Hylleraas [8] involving 24 variationa
parameters. The states for H2

2 thus constructed become
exact in the limitd ¿ 1. The effective hopping integral
for an electron between two H sites can be obtaine
tsdd  sE2 2 E1dy2. At d  4, the ground state energy
estimated in this method isE2  21.032 a.u., very
close to the best available result of21.034 a.u. for H2

2

using the more complicated variational method [9]. Th
suggests that the ground state of H2

2 at these separations
is very well described by a linear combination of H2 and
H states, and justifies our approach.

The two shortest interhydrogen distances in LaH3 are
those between nearest neighbor (nn) tetrasites and o
sites (denoted as Htet and Hoct) and nn tetrasites which
are denoted ast2 andt1, respectively. These distances arp

3 a0y4 and a0y2 (a0: the lattice constant), respectively
(4.58 and 5.29 a.u.), giving valuest2  20.748 eV and
t1  20.523 eV. The H2 bands in tight binding repre-
sentation are the eigenstates of the Hamiltonian

Htb 
X

$k

cys$kdMs $kdcs $kd , (2)

wherecys$kd is a three-component vector, representing t
three H states in a unit cell, and

Ms $kd 

0BB@ ´t t1as $kd t2bs$kd
t1as$kd ´t t2bps $kd
t2bps $kd t2bs $kd ´o

1CCA , (3)

with

as$kd 
X

tx,y,z
2 cosskty2d , (4)

bs $kd 
X

s1,s261

eiss1kx 1s2ky 1s1s2kzdy4. (5)

Note we now use the lattice parametera0 s5.60 Åd as the
length unit. The atomic energy levels at Htet and Hoct

(´t and ´0) we estimate using the LDA calculations a
follows. At the high symmetryG point, one can identify
in the LDA a four by four matrix corresponding to the
three H and one La-6s states in a unit cell of the fcc
lattice. We can map this matrix onto a three by thre
submatrix describing the effective three H bands with th
same three lower eigenenergies. The highest energy ba
representing the La-6s state, is pushed well above the
bottom of the La-5d conduction band due to the strong
hybridization, and can be projected out. We define t
1312
ic
to
l

d,

is

cta-

e

e

s

e
e
nd,

e

bottom of the La-5d conduction band in the LDA to be
zero energy level, and thus obtain the LDA values
´LDA

t  23.2 eV, and´
LDA
0  22.6 eV. In the LDA,

the H2 ion eigenvalue lies above the energy zero, so th
the actual atomic energy levels in our appraoch should
lower than the LDA values by 0.7 eV. We thus obtai
´t  23.9 eV, and´0  23.3 eV.

In Fig. 1(a) the resulting energy bands are plotted. W
find a small gap, which is not sufficient for a transpare
insulator. However, we have neglected the La31 ions in
estimatingst1, t2d. In an ionic picture the La31 ions gen-
erate a crystal field at the H sites whose effect can be e
mated as follows. Let the interaction between an electr
in H2

2 and the other ions beh0  2
P

$R Zs $Rde2yj$r 2 $Rj,
with Z  3 for La31, and Z  21 for H2 ions, and $R
the ion position. The energies for H2

2 of two Htet are
modified, due to the crystal field, toE0

6, which is obtained
by addingh0 to h. The reduction oft1 due to the crystal
field is found to bedt1  0.230 eV, where the contribu-
tion from within a cubic unit cell is 0.085 eV. The esti
mate fort2 is more complicated because of the Madelun
constants. Assuming the same percentage reduction,

FIG. 1. The valence bands of LaH3 calculated from the single
hole hopping in H2. The dashed lines indicate the bottom
of the conduction bands in LDA. (a) Without crystal fields
(b) With crystal fields.



VOLUME 78, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 FEBRUARY 1997

al

es

ti-

l
y

d-

it
e

estimate the hoppings in the presence of the crystal fie
t̃1  20.293 eV, t̃2  20.419 eV. The estimate is based
on an ideal ionic approach, and neglects the screening
fect, so that the actual reduction oft’s are surely smaller.
With the new valuesst̃1, t̃2d, we obtain strongly narrowed
H2 bands (see Fig. 1) and a transparent insulating grou
state. This idealized ionic approach overestimates the n
rowing and neglects the effects of hybridization on the ho
ping integrals. These, however, are weak at the top of
H2 bands and are mainly important only at energies w
below the Fermi energy.

Turning to the metal-insulator transition in LaH21x as
x increases, we can view it starting either at the metal
sx  0d or insulatingsx  1d end points. In the former
case, the introduction of a neutral H atom into a Hoct
site creates as  1y2 magnetic impurity, which couples
to the conduction5d-La electron spins. The effective
Hamiltonian is a Kondo model,

Heff 
X
$k,s

´s$kddy
$k,s

d$k,s 1 J
X

i

$Si ? $si , (6)

wherei runs over all the occupied Hoct, $S and $s are the
electron spins of the neutral H and of the conduction ele
tron [annihilation operatordk with energy ´s $kd] states.
The latter represent linear superposition of the La-5d-eg

states around three degenerateX1 points, which is ofs-
wave symmetry and can couple to the1s-H state. The anti-
ferromagnetic couplingJ , 0.7 eV in free space [11], and
may be renormalized by a numerical factor in hydrides.
this Kondo description conduction electrons are captur
by the neutral H atoms at Hoct sites to form tightly bound
singlets and LaH3 is viewed as a Kondo insulator with a
large band gap.

Starting from insulating LaH3, removing neutral H
atoms causes vacancies at octasitessHV

octd which donate
an electron to the conduction band. In a convention
semiconductor such as in the doped Si, the impurity st
is described by an effective mass theory, and the res
is a hydrogenlike bound state with a large effective Bo
radiusap

B of the order of100 Å due to the light mass and
the large dielectric constant. The critical impurity conce
tration xc at which the system becomes metallic is give
by Mott criterionxc , slyap

Bd3, wherel is the interatomic
distance. Because ofap

B ¿ l, xc is very small (0.1% for
Si). The vacancy state in LaH21x is very different, how-
ever. Experimentally, it is found that the semiconductin
states extend tox  0.25 for lanthanum hydrides, and to
an even larger value for yttrium hydrides [1,12]. Below
we shall show that the vacancy state in lanthanum hydrid
is an octahedrals-like La-eg state with an extremely small
size.

The La-5d-eg and Hoct electrons hybridize strongly to
form bonding (mainly H) and antibonding (mainlyeg)
states. A vacancy of Hoct breaks the bonds locally and the
eg electron becomes locally nonbonding, which has a mu
lower energy than the antibondingeg states away from the
ld,
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vacancy. Therefore, in addition to serving as a positive
charge center as in conventionaln-type semiconductors,
HV

oct creates a potential well for theeg state electron. The
latter is nonperturbative, and is responsible to the unusu
concentration dependence of the semiconductor.

Consider ans-symmetric octahedraleg state (S-state
hereafter) around a HVoct as shown in Fig. 2. The HVoct
vacancy breaks the bonds on the octahedron and reduc
the anitbonding energy of theS-state. ThisS-state is
very localized because the neighboring octahedrals-state is
antibonding and has a much higher energy. We can es
mate the depth of the potential well,V0, within a perturba-
tion theory up to the second order inVsds , the hopping
integral between an atomicd3z22r2 and its neighboring
Hoct with the orbits towards each other. LetD be the
atomic energy difference between La-5d and Hoct, then
V0  26V 2

sdsyD. This is 2y3 of the antibonding energy
9V 2

sdsyD at theX1 point in LaH3. The latter is estimated to
be,6 eV from LDA [13], so thatV0 , 24 eV. We may
also compare thisS state to the nonbondingt2g state. The
latter is the lowest energy conduction state of LaH3, and
would be a starting point for an effective mass theory in
conventional semiconductors. TheS state has much better
kinetic energy as evidenced from LDA for LaH2 [3,13,14].
A more detailed calculation based on a tight binding mode
of nn hopping between La sites estimates the kinetic energ
gain of theS state over thet2g state is,0.9 eV. This is
about enough to compensate for the loss of the antibon
ing energy of theS state with the neighboring occupied
Hoct atoms, which is1.5V 2

sdsyD , 1 eV. TheS state has
better Coulomb attraction to the vacancy, because its orb
is oriented towards the central effective charge. Therefor

FIG. 2. Diagrammatic illustration of the proposed Hoct va-
cancy state in LaH3. The center circle represents a H vacancy,
forming ann-type impurity center. The surrounding orbits rep-
resent phases for the locals-like octahedral La-5d-eg state.
1313
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theS state should have lower energy than thet2g state, and
be the lowest energy state for Hoct vacancy. The localized
vacancy state here is similar to the carbon vacancy stat
TiC, where the C vacancy leads to the well localized im
purity states [15]. We emphasize that the potential w
generated by the Hoct vacancy is primarily short ranged
different from the ideal long-range Coulomb force. Th
effective radius of the impurity state is only half of the la
tice constant.

The localized nature of the vacancy state in LaH21x is
consistent with the temperature dependence of the re
tivity data. Shinaret al. [12] reported a phase transition
at temperature around 250 K forx between 0.8 and 0.9.
Above that temperature the resistivity shows variable ran
hopping; below that temperature, it is caused by coher
state of the defect band. Localized states are a prerequ
for variable range hopping. The coherent state accom
nies the onset of superlattice order in the HV

oct vacancies.
The precise nature of the transition in optical properti

is not well understood yet. Since the dc conductivi
is insulating only in the disordered state of HV

oct, and is
metallic in the ordered one, we argue that the transiti
should be a disorder driven Anderson transition, inste
of a Mott type correlation driven transition.

In conclusion, we have studied the electronic structu
of LaH21x starting from the H2 ionic picture emphasizing
the electron correlation. Our calculations give an ins
lator for LaH3, in agrement with the recent experiment
We propose that a H vacancy in LaH3 introduces ans-
wave state centered at the vacant octasite, with a hig
localized form. This state of the vacancy explains wh
the semiconducting behavior LaH21x is so stable over a
wide range of concentrationx (0.8 , x , 1), and is con-
sistent with the experimental observed variable range h
ping mechanism for the resisitivity in these materials. T
recent experiments of Huibertset al. [1] have raised many
interesting questions in the study of metal hydrides. T
precise nature and criterion of the optical transition fro
transparent to reflecting needs be examined. The role
quantum diffusion of the hydrogen at low temperatures, t
order-disorder transitions, and the interactions between
tahedral H vacancies are all interesting open questions
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