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Nature of the insulating state in LaH;
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This paper reports a combined first-principles and many-body study of the nature of the insulating state in
LaH3;, focusing on the role of the electron correlation, which has been suggested as the mechanism responsible
for the observed insulating behavior. The first-principles local-density-approxim@tinA) calculation pro-
duces a correct lattice constant but results in a semimetallic ground state, contrary to a recent optical experi-
ment that showed that LaHs an insulator with a gap of 1.8 eV. An extended Hubbard model is constructed
for LaH; with its parameters extracted from the results of LDA total energy calculations. An exact-
diagonalization study is then carried out to study the effect of the many-body correlation. The results show that
the model produces an insignificant reduction of band overlap, thus demonstrating that the insulating ground
state of LaH, is not a Hubbard-type correlation-driven insulaf®0163-182@07)51732-2

The hydrogen-metal system has been the focus of a comround state, in which the electrons and holes are localized,
siderable amount of research activitteBesides important leading to the insulating state. However, the nature of this
applications such as hydrogen storage, the changes of physixcitonic state is not well understood, and it is generally
cal properties as functions of hydrogen concentration anéxpected that the excitonic gap would be small. However,
temperature are often the issues of interest. In particular, thiéne optical and other experiments as discussed by Huiberts
metal-insulator transition that occurs in several rare-earth hyet al:* have clearly demonstrated that the ground state is an
drides has been intensely studfetRecently, Huibertet al.  insulator with a gap of 1.8 eV.
reported drastic changes of the optical property of LaH In light of the failures of LDA calculations in producing a
with a small amount of hydrogen concentration change. Aband gap, in particular the lack of a gap after extensive LDA
film of La hydride could switch from a mirror to a transpar- calculations on lattice distortion and hydrogen displacement,
ent window in a few seconds. The technological applicatiorit is generally believed that the insulating state is caused by
of such a reversible fast switching mirror can be far-the electron correlation effects. However, to quantitatively
reaching. approach the problem from first principles is prohibitively

The crystal structure of Laklis cubic, with La atoms complicated. Recently, Nget al. calculated the electron
forming an fcc lattice, and hydrogen atoms occupying botthopping parameters in the hydrogen sublattice using a corre-
the tetrahedral and octahedral sitese Fig. 1 The addition lated molecular wave function of 41 They then estimated
of a hydrogen atom to the La crystal produces threghe effect of the crystal field on the hopping parameters,
s-character bands below the ldaband. There is strong hy-
bridization between the La band and the hydrogemband
that causes a large gap in thdand complex. The conduc- *
tion bands are the Ld bands. A band gap would appear if
the bottom of the Lad band is above the top of the three A /)
occupieds bands. In such a case the La can be viewed as
fully ionized.

An early non-self-consistent band-structure calculation on % j\( ‘Z\(
LaH4 showed that thed band was indeed above the top of *
the s bands, resulting in a direct gap of 1.6 eV. However, N Vs
later self-consistent calculation shovfeconvincingly that Q s
the early success was fortuitous. In fact, to date no self- . <
consistent calculation based on local-density approximation *
has produced an insulating ground state for the rare-earth ¥ <
trihydrides.

The possibility of lattice distortion or hydrogen displace- LaH
ment causing a gap has been studiédvas found that even a 3
with large hydrogen displacement, there is still no gap in the
LDA ground state. It was proposgthat the ground state of FIG. 1. Crystal structure of LaH The stars show the fcc La
trinydrides is semimetallic with low density of states, andlattice, while open circles are the tetrahedral hydrogen atoms. Only
that Peierls instability of the lattice causes an excitonicone octahedral hydrogen is shown as the filled circle.
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assuming that the La and H are point charges. It was shown 1.0
that the crystal field reduces the hopping parameters by 46%,
and the reduction is large enough to narrow the valence
bands and open a gap, making Lakisulating.

In this paper, we report a study of LaHising a combi- =
nation of LDA and many-body calculation schemes. A simi- 2£-3.0
lar approach was employed in the study of the insulating B
behavior of alkali atoms adsorbed on a GaA$) surface b
with satisfactory result3.Our approach is to construct a re- & —5.0
alistic model Hamiltonian in the Hubbard formalism with its
parameters extracted directly from LDA calculations. The —7.0
goal is to investigate whether such a realistic model can cap-
ture the electron correlation that is responsible for the insu-

RN

lating behavior. The results show that the electron correlation —9:0

in the model has little effect on opening up the insulating r X W K
gap, thus indicating that La{ is not a Hubbard-type

correlation-driven insulator. FIG. 2. Band structure of Lak] obtained from the LDA calcu-

We model the system with an extended Hubbard modektion.
with on-site and nearest-neighbor intersite interaction terms. ) )
The single-particle spectrum is described by an orthogondfV, making the ground state metallic. The overlap we found
tight-binding (TB) model. Although charge-density analysis 'S larger than earlier calculatloﬁS(yhlch could be due to the
showed that there is a considerable amount of charge on th&ifferent LDA exchange-correlation schemes used.
La site, the top of the valence band is dominated by hydro- A typical procedure to determine the specific TB model
gen character. Accordingly, our TB model has three sites pet,hat is sufficient to describe the system is to include param-

unit cell centered on the hydrogen atoms. The Hamiltonian i§t€rs up to a certain neighboring distance, and then deter-
mine their value by least-squares fitting to the first-principles

" ; band structure. To make sure that the parameters determined
H= E EiCiUCiUJFZ tiiCisCjo through such a fitting scheme are physical, we have analyzed

| stetocty e the symmetry of the LDA bands and performed TB fitting in
1 + + N s each symmetry subbands.
+§i2 UichCiotl ,Ciopt 2 KijCigCicCjy Cjo- We first performed TB fitting to the band structure of

(ii)io0’ LaH,, where there is no octahedral hydrogen. There are only
(1)  two hydrogen-induced bands and we started with a TB

, . . model with hopping parameters up to third neighbor. Notice
Here thee.s are the on-site energies folr tetrahedral and OC%om the structure(Fig. 1) that there are two inequivalent
tahedral sites, antd andK are the on-site and the nearest-

. . N . hopping parameters along thEl1] direction, one across the
neighbor intersite interaction terms. pping p g (L]

. . . La and the other across tliempty) octahedral site. So the
With six electrons per unit cell thél bands are fully TB model with up to third neighbor has four hopping param-

g th t of ; lectron f h Bters. Our fitting results show that a good fit can be achieved
Lng Ie tehnergy CO? I% Ir_er_r:ovmg Onc? lee_c ron from i € SYSyith only two hopping terms. They are the nearest neighbor
em. 1n the mean-neld fimit, our model gives a Negative eX-,,,4ing" along thg100] direction and the third neighbor

pitation energy, reﬂecting the fagt that the LDA ground Statehopping along thd111] direction across the La. We label
is metallic. The goal of this work is to examine if many-body themt, andt,, respectively. It is easy to see thatis im-

interaction, as described in the Hubbard formalism, can OpeBortant because of the positive La ionic potential. The TB

a gap in the excitation spectrum. R . -
The standard local-density functional approach is used tgand structure is given by the following-22. matrix:

calculate the electronic structure and total energy. A norm- € ty (k) +t,8(K)
conserving pseudopotential metfdd used to generate La ( . ) (2
pseudopotential. A smoother hydrogen pseudopotential is tia(k) + 1,57 (k) €t

formed to reduce the high Fourier component. Plane waveglerek is thek vector (2/a) (ky Ky .k,), and

up to a kinetic energy of 20 Ry are used to expand the elec-

tronic wave functions. A grid of 1% points in the irreduc- a(k)= 2 2c08 ki), 3)

ible Brillouin zone(BZ) is used throughout. =5,z

To test the LDA setup, the equilibrium lattice constant of
LaH; was determined by minimizing the total energy. The ) )
lattice constant was found to be 10.6 a.u., in good agreement B(k)=4[_ [T cogmkp—i I sin Wki)]- (4)
with other LDA calculations. After obtaining the equilib- e e
rium lattice constant, the band structure is calculdkgg. 2.  The LaHz; band structure is fitted with four hopping param-
The calculated band structure is also in good agreement witbters. The additional parameters are the octahedral to tetra-
earlier LDA studie$® The main feature is the three hedral hopping along thgL11] direction,t, and the octahe-
hydrogen-induced bands formed below thed.&and. The dral to octahedral hopping along thELQ] direction,t,. The
overlap between these bands and thalllzand is about 1.2 TB Hamiltonian is
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& tia(k)+t8(k)  ty(k) 1.0
tia(k) +t8* (k) & ty* (k) -

ty* (k) ty(k) €0t tox(k) : /
(5) L
where y(k) and y(k) are defined as .
aa o : |
5(_"' ( )] © | \
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7(k)=4[i=]:[ cog >k +i_=H sin Eki =50
Y, Z 1=X,Yy,Z — ]
and -7.0 - _
x (k)= 4{cog 7k,) cog 7k,) + cog 7k, ) cog 7k,) -9.0
+cog k,) cog mky)}. 7 r X W K
With four hopping parameterd t,, t, andt,) and on-site FIG. 3. Band structure of Lak]j obtained from the tight-binding

energies for the octahedral and tetrahedral sites, a very goadodel.
TB band structure is obtainddee Fig. 3 The values of the

hopping parameters, together with the on-site energies a
interaction parameters, are listed in Table I. We have notice
that the values of; andt, for LaH; are the same as for

nd With all the Hamiltonian parameters extracted from LDA
8alculations, we proceed to study the many-body correlation
effects using a symmetry projected exact diagonalization

LaH,, so the presence of octahedral hydrogen does not alt&pphroacﬁ. Since gnlly theHhsnes arzexplllcnlly con3|_dﬁred
significantly the hopping parameters between tetrahedral h)m the present .rg]lo €l \r’]\'er? o?se a 'OT y cluster W':{A\ 323:{“
drogen atoms. This is consistent with LDA charge anafysis metry compatible with the fcc crystal structure. S
which shows that octahedral hydrogen behaves very muchydrogen(S octahedra}lland 1.6 tetrahe.draluster with pert-
like a neutral hydrogen atom added to the octahedral sit@dic_boundary conditions is used in the calculation. It

without affecting the crystal field. This also demonstrates théamples thd“,_thrgex, and ':;3“”‘ points of the fcc E’Zl Th_e
importance of self-consistency in estimating the crystal-fielosymmetry projection procedure maps out states belonging to
effect on the hopping parameters. different irreducible representations of the space group of the

The interaction parametertl and K are determined cluster, Whi(’fh is the direct product Of. th(_a point grolipand
through fitting the mean-field energy of the model Hamil- the t_rans_,latlonal _group of .the periodic c!uster structure.
tonian (1) to the LDA total energy as described previou$ly. Hamiltonian matrlcgs of deﬁmte symmetry |nd|ces are con-
Various occupation schemes are employed and seltructed and numerically dlagonahze_d. In th_ls work, we fo-
consistent LDA total energies are calculated. The total ene£Us ON the effects of the many-b_ody_mteracnon on the.band-
gies are then fitted to a polynomial, and the coefficients of"”dth and the band edge Bt A significant band harrowing
the second order are equated to the energy terms in tHY downward shift of the top of thel band atl’, or both, will
model Hamiltonian that are second order in occupation num®Pen a gap and produce an insulating state. .
bers. To ensure the occupation of either the octahedral or the W€ have calculated the many-body electronic structure

tetrahedral sites the-point W in the BZ is used. At this  USINg the parameters in Table I. T.he results show that inter-
point, the tetrahedral and octahedral orbitals belong to differ2ction indeed reduces the bandwidth and lowers the top of
ent representations of the symmetry group so there is nghe *?a”‘?'(atr poind, as expected from thg many-body cor-
mixing. Only symmetric charge-transfer schemes are used t£/ation in general. The top of the band is lowered by 0.23
avoid creating an artificial electric dipole field affecting the €V @nd the overall bandwidtfas measured at tHe point is
total energy. And for schemes that add or remove electroneduced by 0.38 eV. However, the magnitude for both is too
from the system, a compensating uniform charge backgrounga!l t0 produce an insulating state, since the overlap be-
is added to ensure charge neutrality. tween the La 8 bgnd and the top of thld_ bandis 1.2 eV in
The first scheme adds charge to either the tetrahedral §f€ LDA calculation. A careful analysis of the calculated
octahedral sites, the second scheme adds charge to both sitg&sults revealed that the on-site interactidnhas limited
and the last scheme transfers charge between tetrahedral dpfuence on the many-body electronic structure, wHilaf-
octahedral sites. For each scheme the amount of chardgCts Significantly both the bandwidth and the band edge.
added is kept at less than 0.6 electrons per unit cell, while thi/€vertheless, there is no gap produced when the parameters

remaining 5.4 electrons are distributed on a grid ofkl9 TABLE |. The single-particle and interaction parameters for
points used for lattice-constant calculations. It is found, agyamiltonian(1), all in units of eV. The symbols are explained in
expected, that th&) term for the octahedral and tetrahedral the text.

site are of the same size at 0.9 eV. Interestingly, the intersite

interaction parametek, is negative at—0.08 eV. Table | € -3.9 € -3.6
lists all the hopping and interaction parameters. The reliabil- ty -0.2 t, -0.4
ity of the parameters is estimated based on the variations due t -07 to 0.2

to different occupation schemes. The accuracy for ontsite U 0.9 K —0.08

value is within 0.1 eV, and foK it is within 0.04 eV.
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were varied within a reasonable range of uncertathffhe  other effect is on the effective electron hopping between the
sensitive dependence of the shift of the band edge oithe hydrogen atoms as pointed out by Kgal. in Ref. 7, which
term can be understood by the fact that the negdfivia- is not included in the present work.
creases the energy of a hole on the octahedral site as com- The Lad orbit is not explicitly included in the present
pared to a hole on the tetrahedral site, and since the top of theodel. A strong correlation between the valence bands and
I' point is mainly of the octahedral component, the statethe d orbit may result in a high quasielectron energy in the
lowers when interaction parameters are turned on. La d band and produce a gap. However, we do not think this
We have performed the exact diagonalization calculationss a likely scenario. On the other hand, our model only has a
using a 12-hydrogen cluster to check the finite-size effectingle orbit per site, hence the intrasite correlation is not
and have found little difference in the calculated band narfully included. Although the LDA calculations for interac-
rowing and shift of the top of thel band atl”. This indicates tion parameters have included, to a certain degree, the cor-
that the finite-size effect is not an issue of concern here. Weelation effect within a site, the dynamical effect may not
have also performed the calculation with various TB modelshave been adequately accounted for.dt@l. calculated the
for both the 12-hydrogen and the 24-hydrogen cluster. Théopping parameters from a correlated molecular wave func-
results are consistent with those presented above, althougion, but as mentioned before, it is difficult to include the
some slight quantitative differences do exist, as expected. crystal-field effect in a realistic and self-consistent way. Cal-
In summary, we have constructed a realistic modekulations with fully correlated crystal wave functions using,
Hamiltonian for LaH; with all the parameters extracted from for example, the variational quantum Monte Carlo metfiod
first-principles LDA calculations, and have performed an ex-that can treat both the intrasite correlation and crystal-field
act diagonalization calculation to study the role of electroneffects may be able to better address this issue but is beyond
correlation in determining the nature of the ground state. Ithe scope of this work.
has been found that the correlation effects, as modeled in the
Hubbard formalism, are unable to produce the experimen-
tally observed insulating state. However, it should be made Support by the National Science Foundation under Grant
clear that there are two correlation effects in this problemNo. OSR-9353227 and the Department of Energy EPSCoR
This work has accounted for the Hubbard-like effect. An-program is gratefully acknowledged.
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