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We have calculated the dielectric matrix for Sr§i@nd BaTiQ perovskites and for Nb metal by the
extended linear augmented plane wakge-method. Dipole-allowed transitions from localized semicore states
generate strong local fields, which shift the optical absorption band arising from the semicore excitations to
higher energies by several eV from the position suggested by one-electron energy differences. In the far UV
range, the neglect of local field effects leads to dramatically overestimated values of reflectivity and absor-
bance[S0163-182699)52048-1

The ultraviolet spectroscopy has been a powerful tool torhe elements, of the dielectric matrix is most important;
probe the electronic structure of solit’$The unambiguous its contribution to the macroscopic DF can be separated us-
interpretation of the experimental data requires calculationing the matrix identity
of optical absorption and reflection spectra from first prin-
ciples. A way to perform such calculations is offered by the
random-phase approximatiéRPA),® which connects the di-

electric matrixegg/(g,w) to a one-electron energy band _ . _
structure? whereSis a submatrix ot restricted toG,G’ #0. The effect

of the full matrix is referred to as the local fie(HF) correc-
tion ASLFZS_SO().
ze/(0,) In interpreting optical measurements it is usually assumed
that the local field effects are sméaf. Then, strong
e2 dipole-allowed transitions are immediately recognized
f k as peaks in optical absorption spectrgu(w)
Bz =(\2w/c)\|e(w)[—Ree(w), and the energy positions of
the peaks are thought to give the energies of the electronic
1) excitations.
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Ey(k+q)—Ey(k)—how+ihy In this paper, we study the influence of local fields on the
shape of absorption and reflection spectra. It can be stated
Hereq is the wave vector of the macroscopic fie@landG’ priori that in the case of dipole-allowed transitions between

are reciprocal lattice vectors, arft| (k) and|k\) are band localized states, the LF corrections should be included. For

energies and eigenstates. The summation runs through ocdiansitions, say, between semicore Badnd unoccupied &

pied A and unoccupied’ states. The optical response of a states, the magnitude of the density matrix elements for

crystal is determined by the long-wavelength limit of the small G vectors is easy to estimate. Owing to the spatial

macroscopic DFe(q, ), which is given by the matrix in- localization of the P states, the matrix element

verse ofegg/, (5d|exp(Gr)|5p)/G can be approximated by an integral
over a sphere surrounding the Ba atom:

1
e(w)=lim
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FIG. 1. Imaginary part of the elemeng of the dielectric ma-
trix of BaTiO3. Solid line: momentum matrix element8IME) are
calculated from original all-electron wave functions. Dashed line:
MME are calculated from the plane-wave decomposition of gouged FIG. 2. Convergence of the absorption coefficient spectrum of
wave functions. The maximum at 18.5 eV results form the transi-SrTiO, with increasing the rank of the dielectric matrix. The upper
tions from Ba % semicore band located at10 eV to Ba $  curve does not include the LF corrections; the maximum at 23.5 eV
resonance centered at 8.5 édhergies are relative to the valence in this curve reflects the transitions from Sp 4emi-core band
band maximum located at-14.5 eV to Sr 4] resonance centered at 8.5 eV. For the

) ) . dielectric matrix of size 5% 57 a pure RPA result is shown by the
Only the terml=1 in the Rayleigh decomposition of the yashed line.

plane wave survives, and no selection rules additional to the

dipol_e ones are introducgd. The o_nly differe_nce to the dipol§,antum matrices are performed only once for a given crystal
matrix element is the radial operafa(Gr)/G instead of the  qreniial. For the calculation of the dielectric matrix, it is
dipole operator/3, which is theG—0 limit of j1(Gr)/G.  important that also the transfer matrix between the APW and
The Ioca!lza_tlon rad|u§ of p states is~3 a.u. In that range 4 pure plane wavéPW) representation of the wave function
the functionj;(Gr)/G is smaller tharr/3 by not more than s independent. Having obtained the all-electron eigenfunc-
a factor of 2. The same estimate is valid ®rp andd  ons we change to a PW representation, which facilitates
—p transitions. Thus, the microscopic fields associated Withne calculation of the matrix elements in Hd).

semicore excitations are not negligible in comparison with e element o, of the dielectric matrix is calculated in

the bare diagonal response, aatulinitio calculations of the e APW representation using the standard formalism for
full dielectric matrix are necessary to describe optical abynomentum matrix elementé. To calculate the matrix ele-
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sorption in the UV range. , __ments of the density operaték\'|exp(Gr)|k\) the wave
The macroscopic dielectric function has been extensively
studied usingab initio methods of band theory* Most of ; s s s

the studies were devoted to the wave-vector dependence of - - - -
the energy loss spectra; optical properties were considered in
Refs. 10—14see also references in Ref.)1The authors did
not observe a strong influence of the local fields on the op-
tical spectra. The loss functionlm[e(q,»)] ! is, however,
very sensitive to small changes irf{q,); indeed, the LF
corrections were found important for the loss funcfiort?
Aryasetiawan and co-workers recognized an important role
of core electrons in generating the local fields and discussed
the implications for the plasmon dispersibh.

In the majority of the calculations of the dielectric matrix,
a pseudopotential plane-wave formalism is used, e.g., in
Refs. 12—14. Only a few all-electron calculations have been
reported: with the modified augmented plane-wave method
by Bross and co-workerd:**and with the linear muffin-tin
orbital method within the atomic sphere approximation by
Aryasetiawan and co-workefs®

In the present study we employ the extended linear aug-
mented plane wavéELAPW)-kp method™® Thekp formal-
ism reduces th&-point dependence of the APW basis setto  FIG. 3. Reflectivity spectra of SrTiDand BaTiQ with local
a multiplication of the APW's with a reference Bloch vector fields (solid lineg and without local fields(dashed linegs Open
ko by the function exfi(k—kg)r]. Thus, the time-consuming circles show reflectivity measurements byuae et al. (Ref. 20
operations of setting up the Hamiltonian, overlap, and mo{%»>10 eV) and by CardonéRef. 2)) (Aw<10 eV).
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FIG. 4. Reflectivity and absorption coefficient of Nb. Theoreti- 10 20 30
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cal spectra are shown by solid linésith LF and XC corrections
dotted lines(with LF but without X0, and a dashed linewithout FIG. 5. Lower panel: imaginary part of the dielectric matrix of
LF). The structure at 30.5 eV marks the onset of transitions froms,Tio,. The elementey, is shown by a solid line. The diagonal
Nb 4p band located between 31 and—29.5 eV relative to the  element of the first coordination shell is shown by open circles. The
Fermi level to the unoccupied part of Ntd4and. Open circles  “wing” of the dielectric matrix (G=0, G’+#0) gives rise to a
show the experimental data of Weawral. (Ref. 22 (0.1<fi@  single independent functiofashed curve Upper panel: the local

<36.4 eV) as tabulated in Ref. 2. The spectrum measured bye|d correction to the macroscopic DF by HE) (solid lineg and
Truong et al. (Ref. 23 (6.6<%w<23 eV, not presented herés by Eq.(3) (dashed lines

very close in shape to that of Weaver al, but their reflectivity

values are consistently higher than those of Weave. (e.g., near
8 eV: 53% vs 40%; near 20 eV: 25% vs 1b%nd agree better with
our calculations.

up tofiw=50 eV for the perovskites and up to 70 eV for
Nb. These values were taken as upper limits in the Kramers-
Kronig integration. Fok oo w), the contribution to thé sum
rule from the energy region considered was 98% for Nb but
functions g, (r) =(r|k\) are expanded in plane waves us- only ~85% for perovskites. FoB+ 0, the spectra are more
ing the gouging technique described in Ref. 17. Each atom iextended: in the first coordination shell, the integral amounts
surrounded by a small sphere of radRg inside which the to 66% of thef sum (Nb) and 68%(perovskites The dis-
wave function is damped by multiplyingy, (r) by a func-  crepancy grows rapidly with increasir|@|. Nevertheless,
tion g(r) [g(Rg)=1; g(r) goes smoothly to zero with the ultimate results were stable to the imperfections of the
—0]. In contrast to the original all-electron wave function, Kramers-Kronig analysis. We checked that by extrapolating
the PW decomposition of the damped function convergesliagonal elementsgg(w) with slowly decaying tails so as
very fast, and only a small contribution to the matrix elementto satisfy thef sum rule.
from the close vicinity of the nuclei is lost. The damped The band structure was calculated self-consistently within
wave functions are then used to calculate @& 0 matrix  the local density approximatiofi.DA). The method of con-
elements in Eq(1). structing the nonmuffin-tin potential and typical computa-
That the above approximation works well is shown bytional parameters of the ELAP\Wp method are presented
Fig. 1, in which we compare the functieny(w) of BaTiO;  elsewheré’
as given by true wave functions and by damped ones. The The effects of exchange and correlatiofC) in the in-
radii Ry were 1.4 a.u. for Ba and Sr, 0.4 a.u. for Ti and O,duced fields were taken into account within the time depen-
and 0. 7 a.u. for Nb. For the perovskites, the PW set comeent adiabatic LDA® The macroscopic DF was obtained by
prised all the waves witls<10.5(2r/a) (4945 PW’g, and  inverting the dielectric matrix of size 5¢57 in perovskites
for niobium it was G<16.7(2w/a) (9861 PW’3S. The and 79<79 in Nb. Figure 2 shows the convergence of the
damped wave functions are seen to reproduce the spectruatsorption coefficien(w) of SrTiO; with increasing the
with a good quality, especially in the far UV regidiBa rank of the dielectric matrix. In perovskites convergence
5p—5d transitions. For niobium the two curves practically over the entire spectrum was achieved with Q7vectors
coincide(not shown. (three coordination shellsThe local field effects are seen to
To calculate the imaginary part @fss/(w) the integra-  be negligible up to the onset of transitions from $rdands
tion over the Brillouin ZongBZ) in Eq. (1) was performed at 20 eV. The Sr p—5d absorption band shifts to higher
with the tetrahedron methdd. Both for the perovskites energies by 3 eV and its maximal intensity decreases by
(simple cubic latticeand for Nb(bco we used 286 points  35%. The neglect of the XC corrections slightly overesti-
in the irreducible BZ, which was thereby didvided into 1000 mates the effect: the shape of the spectrum remains the same,
tetrahedra. The real part efss/ (w) was obtained by the but the maximal intensity further decreasesb%0%.
Kramers-Kronig analysis.The numerical accuracy of the The effect of the local fields on the reflectivity is even
ELAPW-kp method ensured reliable laxg: (w) functions  more dramatic. In Fig. 3 we compare our theoretical spectra
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with the reflectance measurements of Refs. 20 and 21. WitH-orentzian curves centered at approximately the same en-
out local fields the UV part of the spectra is completely in-ergy, 7w, (see Fig. 5 That implies that Regg: (wq)
correct, but the full dielectric matrix yields satisfactory ~s55,, and it follows at once from Eq(3) that atw~ wq
agreement with the measurements. In the low-energy pathe LF correction to Inz is negative. A simple analysis of
(0—7 eV) discrepancies are seen, which are presumablgq. (3) suggests that the correction is also negative over a
due to our neglect of quasiparticle effects. However, thefinite energy interval [wy—Aw;we]. The local-fields-
gross features of the spectra are well reproduced by the magduced decrease of Imseems to be a rather general phe-
roscopic dielectric function. nomenon, the neglect of which leads to misinterpretation of
In metals, the quasiparticle effects are less pronouncegxperimental UV absorbance spectra.
which explains the better agreement with the experiment for To summarize, we observe a strong influence of the local
Nb (Fig. 4). The LF corrections influence the optical spectrafields on the far UV part of the optical spectra of
in the same manner as in the perovskites: the far UV absorpar'rio3, BaTiO;, and Nb, but a negligible effect over the
tion band shifts by 3 eV upwards, and the reflectivity in theyisible and near UV range. The local fields are strong when-
interval from 30 to 40 eV decreases by a factor of 5. Theever strong dipole-allowed transitions occur and they tend to
high-energy reflectivity in Nb is much lower than in the per- shift the absorption band due to semicore excitations to
ovskites and the spectrum turns out to be more sensitive thigher energies and to reduce its intensity by more than 50%.
the XC corrections. However, as in the perovskites, the effecthe effect is caused by the Hartree contribution to the local
brought about by the Hartree local fields predominates.  fields. The exchange-correlation contribution is important for
To understand why the LF corrections should be expecte¢he accurate description of such excitations: it tends to
to reduce the UV absorbance let us assume that the nonditightly reduce the effect.

agonal elements of the matr&in Eq. (2) are small as com- A pronounced disagreement between theoretical results
pared to its diagonal elements. Then the maBixan be  that do not include a full dielectric matrix and experiment in
inverted analytically andwithin the RPA we have the UV region may produce the impression that a one-
2 electron description of semicore excitations is completely in-
Agp(w)~— Leco(@)]” ‘ (3)  correct. On the contrary, our results show that the LDA-
7o egglw) based band structure describes semicore states with the same

Figure 5 suggests that the approximation is plausible for thguallty as valence states.

p—d transitions we consider. For a smalk7 matrix, the We thank O. Krasovska and F. Starrost for helpful discus-
approximateA e, ¢ function is close to the exact result, and sions. One of the authol&.E.K. gratefully acknowledges
even for a large 557 matrix the picture is qualitatively support by a grant of the Alexander von Humboldt-Stiftung.
correct. In the case of transitions from narrow semicoreThis work was included in Project No. 05SB8FKA7 sup-
bands, the functions Imgg (w) can be represented by ported by the BMBF.
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