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Ab initio calculation of the quasiparticle spectrum and excitonic effects in LiO
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We report anab initio calculation of the binding energies and the nature of the excitonic states in the
near-gap absorption spectrum of a real soligOLiWe calculate the ground-state properties using density-
functional theory together with soft pseudopotentials. Applying Hedg¥s8 approximation for the self-energy
corrections to the band structure, we determine the minimal gap about 1 eV above the measured absorption
onset. Finally, we obtain agreement with experiment by solving an effective two-particledBafgnequation
for the electron-hole pair§S0163-18207)00116-1

Lithium oxide is a material of technological interest, with the KS eigenvalues, there is no quantitative agreement be-
possible applications in deuterium-tritium fusion reactors asween theory and experimett.
blanket breeding materfaland in solid-state batteriés. In fact, these approaches still suffer from the neglect of
Therefore, many experimentaind theoretic4l studies are many-body effects in the description of the absorption pro-
devoted to its defects, from the properties of simple pointcess: the interaction of the electron with the hole left behind
defect$ to the formation of Li colloids under irradiatioh. in the valence state can be strong and lead to bound states
The electronic structure is needed to understand the results 8fd/or strong deformations of the spectrum. Up to now, these
many of the applied experimental techniques, such as Opticﬁxcitonic effects h{ave only bgen r.a.rely calculated fpr realistic
absorptiorf -8 However, at present, calculations are essenSystems, mostly in a semiempirical wdy,® or with an
tially limited to Hartree-Fock investigations of the occupied LDA-based self-consistent-fieldASCH approaci® Re-
valence state3. cently, the inclusion of excitonic effects starting from the QP

Ab initio calculations, mostly density-functional theory— energies in the calculation of the absorption spectrum of a
local-density approximatiofDFT-LDA) applications, are small sodium clustét greatly improved the former rather
currently performed for even complicated systems in order t¢00r agreement between calculated and experimental absorp-
determine the ground-state properties and the Kohn-Sha##Pn spectra. The extension of this approach from a finite
(KS) electronic structur&® However, it is well known that cluster to infinite solids is obviously of general inter&st*
excited states, and hence the true electron addition and re- Our procedure starts with a DFT-LDA calculation of the
moval energieS, are not Correcﬂy described by the KS eigerground'state prOpertieS and the KS electronic structure. We
values. These energies should be obtained by using the triext determine the QP energies to obtain the occupied and
electron self-energ® (instead of the DFT-LDA exchange €Mpty bands of LO. Finally, we calculate the optical tran-
correlation potentia”n an equation similar to the KS one. sition energies, inClUding excitonic effects. This calculation
Using Hedin’sGW approximation for3,,** this self-energy allows us to analyze in detail the nature of the electronic
correction to the KS band structure has been successfull§xcitations contributing to the results.
evaluated for many materiatd®the resulting quasiparticle ~ Lithium oxide has antifluorite structure and can be de-
(QP) energies, i.e., the electronic structure, are generally iscribed by a fcc cell with one oxygen and two lithium atoms.
excellent agreement with experiment. The calculations caiVe have determined the ground state properties within the
be rather involved; in the case of oxides, the strongly attracDFT-LDA pseudopotential-based Car-Parrinello metfibd.
tive p Component Of the oxygen pseudopoten(m raises We used the MartinS'TrOU”idMT) PP generation SCheI‘He
the necessity Of a |arge p|ane_wa\/e basis (S Calcu'a_ to re.duce the nL-meel‘ of plane waves needed. We h.a.Ve f_irSt
tions on oxides can either be performed by applying furthe@pplied the relatively smooth MT PP for oxygen described in
approximations or by introducingoftnorm-conserving PP Ref. 26. This potential achieved convergence with a plane-
for the oxygen, as done in Ref. 15. In thk initio DFT-LDA ~ Wwave cutoff of 80 Ry. To further reduce the computational
framework, optical properties are usually calculated fromeffort we have investigated a smooth versiowith cutoff
one-electron transitions between KS stafeat this simple  radii r.=2.30 a.u. for thes component and 1.95 a.u. for the
level, the computed absorption spectrum is not correct, sincéocal p component ¢p). In this case, the required cutoff
e.g., the direct gap is generally wrong by 50% up to 100%energy is 50 Ry. For the lithium atom we chose a MT PP
However, even when realistic QP energies are substituted favith r.=1.75 a.u. for both the loca as well as the com-
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15 U — 15 with the small dispersion of the top valence and bottom con-
duction bands, suggests that the electron-hole interaction
should be large, which would lead to optical transitions at
energies well below the QP gap.

Following the approach of Ref. 21, we compute the bind-
ing energies of the excitons from a two-particle effective
equation derived from Green's-function thedfy2* Unlike
for a finite system, band dispersion has to be taken into ac-
count here. We limit ourselves to the case of zero momentum
15 | 115 excitons, i.e., direct transitions with,=k. =k and, as in Ref.

PO SORPRTRPes [y SOUPOI DT T 5 U 21, neglect dynamical effects, nagnely the energy dependence
of the inverse dielectric matrix 5., (g, ) in the Coulomb
-23 e s 23 interaction?® This approximation is well justified, since the

T X W L r K=U X exciton binding energies turn out to be much smaller than the
band gap. Then the equation, which includes the screened
electron-hole interaction as well as the unscreened electron-
Hhole exchange term, reads in momentum space as

Eigenvalues (eV)

FIG. 1. QP(full lines) and DFT-LDA (dashed linesband struc-
ture of Li,O for the valence and the first unoccupied bands. The to
of the LDA valence bands dt is set at—3.9 eV.

t 6p), the latt ted f lightl ited AT 1 iG.
ponent &p) e latter one created from a SI% y excite (Eqe—E, ) A° kJFEE 2 [22 |—(ck|e'G 1] k)

atomic configuration. Using two specikl points?’ we ob- o o G|?
tained good agreement with experinférfor the lattice con-
stant and the bulk modulugcalculation: a,=4.534 A; X(v'k'|e”1®"2|c’k")
B=0.90 Mbar; experimentala,=4.573 A, B=0.90 Mbaj .
with both PP configurations. Characteristically for a strongly ege(A) (- G)- 1t Lt
ionic bond, the valence charge is almost entirely concen- _E, W<Ck|e He'k’)
trated around the oxygen atom. e

Although the Kohn-Sham LDA eigenvalues were con- _ )
verged to better than 10 meV for the two PP configurations, X (v'k’[e”"(@*C) 2|1k} 5y s
we found that with the low cutoff one the gap is slightly
overestimatedabout 0.15 eY. This error can be tolerated: | oc4-field effects are considered it taken from theGW
the minimum LDA gap is direct, at thE point, and as large  c5\cylations. The one-particle energy levEls, are identi-
as 5.3 eV. As expected, the LDA gap underestimates thgeq with the QP energies. The basis set for the exciton states
value of the onset of optical absorption, found experimenyq given by the products of the calculated occupied and

tally at about 6.6 eV.The dashed lines in Fig. _1 show our empty LDA stateguk). The exciton eigenstate is then de-
results for the LDA band structure. The occupied bands arg.iped by

due mostly to oxygen (22p) and are very flat. The lowest

unoccupied band is also mostly localized on the oxygen at- . -

oms and is very flat along thEX direction, consistent with IN >:; gt AT LI N), @
the geometry of the underlying oxygen sublattice.

The LDA eigenvalues and eigenfunctions are then used aghere|N) is the ground state angj,, creates an electron in
input to the evaluation of the random-phase-approximatiorthe LDA statenk). This is consistent with the standard per-
screened Coulomb interactiow/, and theGW self-energy turbative GW formulation, where the Green’s function is
>. Every matrix element oV ¢/(g, ) is calculated at two constructed using the LDA eigenstates.
imaginary energies, and the energy dependence is fitted to a In the crystal, attention has to be paid to the limits of
plasmon-pole model along the imaginary energy /e  vanishing wave vectors in the exchange and Coulomb matri-
evaluate the QP energies in first-order perturbation theory iges. The divergence in the Coulomb term is integrated out
SV, 1213 over a small volume aroundg=0. In the exchange matrix,

Using ten speciak points theGW corrections open the the G=0 contribution actually has to be understood as the
gap at thd” point by 2.1 eV, yielding a minimum direct gap limit k,—k_, and gives a finite contribution that we evaluate
of 7.4 eV. Comparison of the corrections shows that shiftan k-p perturbation theory. This limit is nonanalytical, which
are identical to within 30 meV for both pseudopotentials, ads at the origin of the transverse-longitudinal splitting for
expected from a first-order perturbation correction. Roughlydegenerate band$.
the unoccupied bands are shifted down and the occupied Finally, we find the exciton eigenvalues and eigenfunc-
ones are shifted up by about 1 eV in either cdSg. 1). The tions by diagonalizing the effective Hamiltonian matrix. The
band dispersion is only slightly modified, up to 0.40 eV. Inexplicit knowledge of the coupling of the various two-
spite of the well-established reliability @b initio GW cal-  particle channels, given by the coefficie&&*, allows us to
culations, we have hence found a QP gap that differs bydentify the character of each transition. In order to obtain
almost 1 eV from the measured “optical gap® However, convergencewithin 30 me\), we had to use 19 specil
screening in LjO is weak: as a byproduct of ti@W calcu-  points in the irreducible Brillouin zone, eight bands, and
lation, we obtain the macroscopic dielectric constapf  about 300 plane waves. We find the lowest exciton eigen-
which is 3.5 for both PP configuratiof$This fact, together value at 6.6 eV for the two transverse transitions with a smalll

AC/V’k’:(gACVk. (1)
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FIG. 2. Difference between the charge density in one of the two lowest excited states and the ground-state charge der&itp)in the

plane, in units of electrons per crystal volume. Pdaglpositive,(b): negative contributions. Crosses indicate Li and O atoms, with oxygen
in the center. Distances in a.u.

split of about 50 meV to the longitudinal component; this 4, (1), by evaluating the expectation value of the charge-

value is of the order of the global precision of our density operator in the exciton eigensté2g
calculations’® The dominant contribution comes from the

transitions from the threefold degenerate [2ands to the 8 .
band mostly due to the oxygen. The corresponding electric p* (r)—p(r)=2, >, [ — > AN A Ky, (1), (1)
Cv !

dipole transition is allowed. Thus, this lowest eigenvalue k

corresponds to the onset of the optical absorption, consistent

with experiment. 2 ATATRIEM (D | )
In Fig. 2 we visualize the infinitesimally small perturba- c

tion of the charge density caused by the electronic excitation

by plotting the difference between the excited state density?anel(a) shows the positive and pangd) the negative con-
p*(r) and the ground-state densipfr) as the number of tributions for one of the two degenerate lowest excited states.
electrons per crystal volumghereas the densify(r) is usu-  The infinitesimal excited dipole is localized on the oxygen
ally shown as the number of electrons per unit celVe  atom; the charge density of the electron is very similar to that
obtain p*(r), in terms of the one-electron wave functions of the LDA bottom conduction state.



55 AB INITIO CALCULATION OF THE QUASIPARTICLE . .. 10 281

The fact that transitions to or from other bands contributeat the same level of approximation as the QP corrections,
little to the exciton state allows us to analyze our result fromthough neglecting dynamical effects. The optical absorption
the point of view of the effective-mass approximatidwe  onset was determined in agreement with experiment. Our
can roughly fit our envelope functioh®’* to the hydrogen-  approach allows us to study in detail the various two-particle
like resultA(k)/A(k=0)=[1+(kae,)?] ? in order to extract channels contributing to each eigenstate, and enables us in
an estimate for the model exciton radiag,. We obtain a principle to construct the complete absorption spectrum, in-
binding radius of about half the lattice constant, consistengjyding excitonic effects for a wide class of materials.
with the large binding energy of the exciton.

It is also possible to analyze the higher transitions, using We are grateful to F. Beuneu, R. Del Sole, R. Dovesi, and
the A% and the dipole matrix elements between the LDAP. Vajda for many useful discussions. We thank R. Godby
states to compute the absorption spectrum. However, thifor using his computer code for first-principl€W calcula-
would require a largek point set in order to obtain the tions, and F. Finocchi and M. Meyer for their contributions
necessary precision, and is beyond the scope of the presentgenerating and testing the soft pseudopotentials. S.A. ac-
work on the optical gap. knowledges support from the State of Bavaria and hospitality

In summary, we have performexb initio calculations of — at the Laboratoire des Solides Irrasfigcole Polytechnique.
the ground-state properties of,0, using efficient smooth This work was supported by the European Community Pro-
pseudopotentials. Small imprecisions thereby introduced igram Human Capital and Mobility through Contract No.
the DFT-LDA eigenvalues are neither removed nor enhanceBRB CHRX CT 93 0337, and in part by the European Fusion
by the subsequently appligdW corrections, which mainly Technology program TASK-UT-M-CM1. Supercomputer
open the LDA gap without notably altering the dispersion.time was granted by IDRISproject CP9/9505440n the
We have evaluated two-particle corrections by calculatingCray C98, where the numerical calculations have been per-
the excitonic binding energies for zero momentum excitongormed.
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