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Semirelativistic technique for k-p calculations: Optical properties of Pd and Pt
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A semirelativistic two-component extended linear augmented plane-kgvenethod is described. In order
to ensure a high accuracy of tkep method, it is necessary to include into the radial-basis set, which is used
for the augmentation of the plane waves, functions that are neither solutions of theliSghreequation nor
their energy derivatives. The usual scalar relativistic procedure, which is nonlinear in energy, is not applicable
to such basis sets. As an alternative, we suggest an approximation to the Foldy-Wouthuysen Hamiltonian that
produces an explicitly Hermitean matrix in the augmented plane wave representation. The technique is applied
to the calculation of the full dielectric matrix and optical properties of palladium and platinum metals over the
photon energy region up to 100 eV. Special attention is paid to the far ultraviolet absorption by the excitations
of semicore Pd g and Pt % and 4 states. A strong effect of local fields is observed in the far UV region.
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[. INTRODUCTION which is an infinite angular momentum series. For a given
Im, the number of orbitals is finite, but their radial parts are
Optical properties of metals in the far UV frequency not solutions of the radial Schidnger equation. Such orbit-
range have been extensively studied experimentatipw- als do not cause any inconveniences in nonrelativistic calcu-
ever, theoreticahb initio studies for photon energies above lations, where the properties of the Hamiltoniam + V(r)
20 eV are still very rare. It is no straightforward task to are simple and the energy variation principle is clearly for-
generate the band structure in a wide energy range with sufbulated, but in the relativistic case the inclusion of such
ficient accuracy of eigenenergies and wave functions withirP'Pitals is not straightforward. o
reasonable computer time. The problem is complicated b¥ In band structure calculations, relativistic effects can be
the need to compute a full dielectric matrixg (w): the aken into account eltggr Wthm the fuIIy-reIat!wsnc four-
microscopic fields generated by the optical excitations offomponent proceduft.’ in which no approximations to the

semicore electrons may dramatically change the intensit'i':r;n'I;?]rgﬁpt(jcrﬁn;nbgggl_i%eediaggrbg ars:cmhlLe;astmztI; df/";ﬂ:
and shape of the far-UV absorption spectriiffhe calcula- P que. PP

. . . . ... _tage that the basis functions can be chosen to be pure spin
tion of thee g Matrix is very time consuming because it is

) . functions, which may be useful in magnetic calculations; in
necessary to evaluate the matrix elements of thdiéxp addition, in many cases the spin-orbit coupling can be

operator for severdb shells. A way to facilitate such calcu- omitted—this leads to one-componéatalay functions and
lations is provided by thé&- p band-structure approach. strongly reduces the computer time.

Thek- p formalism reduces thle-point dependence of the |, the linear methods of band thed3the scalar relativ-
basis set to a multiplication of the basis functions with ajgtic corrections are routinely included using the technique of

reference Bloch vectok, by the function exfi(k—kor].  koelling and Harmor(KH).” The radial functions(r) are
Thek-p formulation is convenient when the functions have e solutions of the equation

sophisticated numerical representation, as, e.g., in the ex-

tended linear augmented plane wa APW) method® be- (A, — E)y(r)=0 1)
cause the time-consuming operations of setting up the ' '

Hamiltonian, overlap, and momentum matrices are per- 1 2 1(1+1)

formed only once for a given crystal potential. In calculating H=—>—r+ +V(r)—Hg(E), 2)
the dielectric matrix, we take advantage of the fact that the rdr? r2

transfer matrix between the augmented plane wWa@RW)
and pure plane wavéPW) representation is also indepen-
dent. Having obtained the all-electron eigenfunctigiis we

where the relativistic terntz(E) depends explicitly on the
energyE chosen in advance:

change to a PW expansion ¢rﬁ to evaluate the matrix ele- 1 dv d [E-V(N)7]?

ments(km|exgiGr][kn).? Hr(E)= -5 — —+———, (3
That the basis set of &-p method is not Bloch-vector 2¢’M(r;E) dr dr c

adjusted causes the accuracy of the method to deteriorate

with the distance\k=|k —kg| from the reference point. The E-V(r)

problem is especially severe in the case of localized states, M(r;E)=m+ ? (4)

such as semicore states astates of noble metals. For ex-
ample, to reproduce an orbitab,,(r)=®,(r)Y,,(r) the Withthe functions¢ one has a simple rule for energy inte-
trial function has to take the formb,,(r)exd —i(k—kgr],  grals:(¢|H|¢)=E(&|4). What values should be ascribed to
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integrals( £|H| ») with arbitrary orbitalst and ? This prob- ~methods cannot provide a decent approximation to the ki-
lem arises in any variational method that employs a fixed'etic energy eigenfunctiong.e., Bessel functions which
basis set. One aim of this paper is to develop a semirelativealls for a technique that does not involvg%diagonaliza-
istic band structure technique that is based on an explicition scheme. At the same time, in view of the limited varia-
expression for the Hamiltonian and can thereby be used in #ional freedom inside the atomic sphere, one can avoid the

k-p method. problem of the unboundegf operator by restricting the rela-
An approximate Hamiltonian that operates on two-tjyistic corrections to the interior of the atomic spheres.

component wave functions can be obtained by a unitary |n Sec. II, our approximation to the Foldy-Wouthuysen

Foldy-Wouthuyser(FW) transformatioft' on the relativistic  Hamiltonian is presented and compared to the method of

Hamiltonian. The(scalay FW Hamiltonian reads Fehrenbach and Schmidt. We describe the radial basis set of
, 5 the ELAPWKk-p method in Sec. Ill. The computational pa-
~5 a ., « rameters of the band structure and dielectric matrix calcula-
+ ——p*+— ; . . )
p - VI(r) 4P 8 [AVID], ©) tions are presented in Sec. IV. Optical properties of Pd and

. Pt in a wide photon energy region are discussed in Sec. V.
wherep= —iV is the momentum operator amad= 2/c is the

fine structure constant. This expression cannot be immedi- Il. SEMIRELATIVISTIC HAMILTONIAN
ately used in a direct variational method because the expec-

tation values of the mass-velocity term a2ﬁ4/4 are not
bounded from below. An additional problem arises from th
nucleus contribution to the Darwin tera®AV(r)/8: for a

In order to restrict the effect of the mass-velocity term to
ecthe interior of the atomic spheres and at the same time keep
the Hamiltonian matrix Hermitean, we replace the operator

point nucleus it is a-function. p* with a “screened” operator
Douglas and Kroff? suggested an alternative transforma- ~ ~
tion, which leads to a Hamiltonian that is bounded from be- p = x(r)p x(r). (7)

lOW. and does not conta}ln Slngu'lar operators. The Ham'IHereX(r) is a smooth function that equals unityrat O and
tonian has a relatively simple momentum-space ,nishes with its derivative at the sphere radiisn actual
representation, and when an orbital basys setis employed tQ:%llculations, the screening functigr{r) was equal to unity
matrix el_ements can be eyaluated t_)y s_thchmg toa NEW "eRyjithin a sphere of radiufR,=0.7S, which is about 1 A,
resentation that diagonalizes the kinetic-energy matrix. Thl%Ind forr>R.. it was
approach was proposed by Hé3syho implemented it in the ' o
Gaussian-type-orbitalfGTO) method and applied it to 1 r—Ry 2
atomic calculations. Recently Boettda@xtended the proce- x(r)=1-—-— cos{ 7T) —1} .
dure to band structure calculations. 4 S=Ro
_An attempt to use a Foldy-Wouthuysen-type Hamiltonian \ye \yould like to use the solutions of E¢L) as radial
in @ band structure calculation has been made by Fehrenbagfiqis functions also for=0, in which case the functions
and Schmidf who developed a semirelativistic procedure . 2,2 . .
for the spline APW(SAPW) method™* The SAPW basis set diverge as with r—0 (hereZis the atomic number
includes both plane waves and potential-independent orbitT.hIS causes a probllem In treating the singular r?”.C'e“S con-
als, whose radial parts are spline functions. To avoid thé”bu“on.tO the.Dgrwmt_erm.We circumvent the d|ff|_cult_y by
unbounded matrix elements of the mass-velocity term, th troducmg a finite raq!us of the nuclgus. The radius is de-
inatioA— a2h%/4 with th i ermln_ed by the condition t_hat for a given ene_r@yhe ex-
authors replaced the combinatiph—a“p®/4 with the posi- e ctation value of our Hamiltonian for the solution of Eg)
tive definite operator coincide with this energy. Then we use the same radius for
all functions. The results are practically independent of the
32( 1+ a?p?—1). ©) ghoice of the energE; usually we choose it in the valence-
a and energy region.
To appraise the quality of the modified FW Hamiltonian
A direct application of the operator would require a conver-we have calculated the scalar relativistic energies of the core
gent expansion of the basis functions in terms of eigenfuncstates of Ag using the traditional radial basis set of the
tions of the kinetic-energy operator. Similarly to the methodLAPW method® so that the deviations from the energies
of Hess™ the authors change to a new radial-basis set thavbtained with the Koelling-Harmon techniqustem solely
diagona”zes the Opera'[6|2 in the Subspace of Sp|ine-radia| from the inaCCUracy of the Hamiltonian. In Table | we com-
functions. pare our results to those of Fehrenbach and Sclnoiot
In contrast to GTO or SAPW methodsl the strategy in thetained with the SAPW method. To understand the differ-
linear methods is to include only a small number ofences between LAPW and SAPW we compare also the
potential-adjusted radial basis functions, namely, the solunonrelativistic energiesthe first two columns Here the
tions of Eq.(1) and their energy derivatives. Routine calcu- Hamiltonian is justp®+V(r), and the energy deviations
lations are performed with 2—4 functions per angular mo-{from the exact scalar relativistic energies SAPW are
mentum channel—compare with 33—65 spline functions imoverestimated by 2—-10% in comparison to the LAPW re-
the SAPW. With their modest radial basis sets the lineasults. This is apparently due to the variational character of
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TABLE |. Semirelativistic and nonrelativistic energies of some core states of Ag by the SURe¥W8
and LAPW methods. Presented are the differerfge®Ryd) between the exact scalar relativisti€oelling-
Harmon energies and those obtained with the nonrelativistic Hamiltori@rbscriptN) or a Foldy-
Wouthuysen-like Hamiltoniasubscript FW. In the latter case, SAPW employs the express@&)rfor the
mass-velocity term, and LAPW the approximatigh. In LAPW, for a given Hamiltonian, one can choose
radial basis functions in two different ways: the FW results are shown for both the nonrelativistic functions
(superscript N and the scalar relativistic ondsuperscript R The columnsAE and AEﬁW show the
expectation values of the energy derivative functigng, see Eq(9).

SAPW LAPW SAPW LAPW LAPW LAPW LAPW

AEy AEy AEgry AERy AERy AERy AER,
2p 7.248 6.798 0.495 -0.146 0.183 0.357 6.499
3s 3.581 3.510 -4.650 0.060 0.348 0.024 3.503
3p 1.675 1.570 -0.089 -0.044 0.046 0.013 1.563
3d 0.392 0.378 -0.079 -0.006 0.001 0.001 0.371
4s 0.710 0.689 -0.903 0.060 0.072 0.000 0.676
4p 0.305 0.273 -0.014 -0.008 0.009 -0.001 0.257

&The nucleus radius was determined for that energy.

the SAPW radial functions: with only 33—-65 spline basis 4 , function differs from the relativistic one just because the
functions the asymptotics at—0 seems to be not accurate energyE is different, and it is the large radii that give the

enough. dominant contribution to the energy integtaée Fig. 1. The

The next two columns compare two versions of the semlAEN values are seen to be very close to those inAEg,
relativistic Hamiltonian, namely, the LAPW results based Oncolumn which reflects the “short-range” character of the

the approximatiori7) and their SAPW counterparts obtained L :
: relativistic corrections.
mth the ope(;ato(f6). The.ter(‘jrors by th?&? tmetr;ods ?rehof Owing to the neglect of the terms of higher orderairin
the san:ﬁ %r ffg kr]nagkrju uh e—gxgeﬁ dta es tor w IIC bld the FW Hamiltonian5), the error grows with increasing the
€ method of Fehrenbach and Schmiat 1S not applicabi€q e nymbper. Apart from that, an error is introduced in

Th(’?\ {a_robllem W'tgs sttates is ct?utsedt ltagéthetfallure (.)f the treating the spin-orbit coupling when the dependence of the
variational procedure 1o correctly trea unction Coming 5 gial functions upon the quantum numbeis neglected?

frombthe tDa_lrvr\]nt? terma:t s_holuléj %e. ntot?rc]i, tnat T‘f’?f””_“"’.? th .e., the so-called second-variational treatment is adopted.
can be straighttorwardly inciuded into the ramittonian It th€ ;4 461 de the spin-orbit interaction only inside the atomic
basis set is composed of nonrelativistic radial solutions

which are finite at the nucleus. This approximation gives'Spheres in the form derived by Koelling and Harrhon

much better results than the SAPW, as one can see from the

fifth Co_Iumn,AEQW. - o - _ . 1 1 dV(r) o
At first glance, using nonrelativistic radial solutions in- 5T g oL, (10
stead of scalar relativistic ones, does not actually lower the [2cM(r;E)]= T ar

quality of results: the errordE},, and AER,, are close in
magnitude, but have opposite sign. However, it is important
to have relativistic solutions for the energy derivative func-

tions ¢. The functiong, satisfies the equations

(H—E)¢i(N=a(r), (d]¢)=0, (8)
and its energy expectation value is equakEto
<¢I||:|r|¢l>_ _ 9) 1 lativisti
- = =V. = S§calar relativisuc
(¢ | &) Ag3p == nonrelativistic
The last two columns demonstrate that when the opekitor (1)

is taken to be the FW Hamiltonian this equation is fulfilled
with a good accuracy for relativistiep, but not for the

nonrelativistic ones. Indeed, the atomiclike states decay as \/' i ()

exp(~ry—E)/r for larger, and the functiong,;, which

asymptotically obeys the equatiodl(— E) ¢, =0, grows as FIG. 1. Scalar relativistic and nonrelativistip 3adial functions
expfv—E)/r. Thus, far from the nucleus the nonrelativistic of Ag.
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FIG. 2. Comparison of the band energies for fcc Pb obtained FIG- 3. Scalar relativistic 8 bands of Cu. Solid lines show the
with the FW-type Hamiltoniarifull triangles lefy to those by the —€xact ELAPWE(k) curves. In thek-p calculations the reference
KH technique with the same basis é&ill triangles righ} and tothe ~ POint Ko is atT". In the lower panel the dot-dasheo_l lines show an
results of MacDonalcet al. (Ref. 15 by the KH techniqugopen  attempt to solve thé-p problem with only ¢ and ¢ functions,
triangles left and by the relativistic APWopen triangles right namely the radial solutions with the number of nodes from 1 to 7

for s, from 0 to 6 forp and ford, and from O to 4 forf functions.

the relativistic mas (r;E) [see Eq.4)] being energy in- One ¢ function perl channel was included. The dashed lines
dependent in our calculations and takerEat0. present the ELAPV-p results Awith only the functions of the

In Fig. 2 we compare band energies of the fcc Pb calcufirst order inAk, ®,_y(r)rYfi,(r), added to the minimal basis
lated with our version of the FW Hamiltonian to our KH set(i.e., to the traditionakp and ¢ pairs, see Ref. J0 Extending
results and to the LAPW-KH and relativistic APRAPW)  the set by the second-order function®,_,(r)r2Y™(r) and
energies of MacDonalét al'® The errors due to our semi- ®,_,(r)r2YM,(r), results in the dotted lines. The two bars in the
relativistic approximation do not exceed 15 mRy; they arejower panel show the distance from the center of gravity of the fcc
smaller than the discrepancies between the KH results of thiz to its most remote pointpoint T'). In the upper panel, the
present work and of MacDonakt al., which are apparently dotted curves result from a calculation in which the radial basis set
caused by the differences in crystal potential and in basis setvas further extended by functions to take into account correc-
The p4/, states are known to suffer stronger than flyy,  tions of order higher than second k.
states from the neglect of the dependence of the radial
function,”® compare, e.gl'g andl'y energies in LAPW and tum decomposition of the factor ebpkr], expand the
RAPW. Again, this error is seen to be larger than the inacBessel functions into the Taylor series of the argumeki,
curacy of the FW approximation. Falrstates of 8 metals, and keep only the radial functions proportional to the first
the errors are smallgwithin 10 mRy), which is to be ex- and second power afk. This brings five new types of or-
pected as thal electrons do not approach the nucleus aspbitals to be included in constructing the trial function,
closely as thep electrons do. _ _namely two orbitals of the first order ik, ®,(r)rY{".,(r),

We infer from the above discussion that the approxima- . P TEN
tion to the Foldy-Wouthuysen Hamiltonian that involves theand three orpltals of thg second.ord@r,(r)r Yi(r) and
“screening” of the mass-velocity term, Eq7), and the fi- ~ ®1(r)r?Y{L,(r). The orbitals we intend to reproduce are
nite nucleus radius for the divergeatradial functions is close to linear combinations af,, and ¢,,, so we include
sufficiently accurate to be used in spectroscopic calculationgyoth d,= ¢, and®,= ¢, orbitals.

Figure 3 illustrates the effect of the functions of the first
and the second order ikk on the quality of the semicorep3
states of Cu. The inclusion of the functions up to the second

The k-p representation of the orbitakb,,(r) is  order provides an acceptable accuracy within Mleradius
@ (r)exd —i(k—kgr]. Let us perform the angular momen- of 0.7(2w/a) (dotted curves i.e., the entire irreducible Bril-

Ill. RADIAL SET OF THE ELAPW-k -p METHOD
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TABLE Il. Energy parameters and radial basis set of the ELARMy-method for Pt. The radial functions
are arranged in pairs; each of@xcept for the seconslpair) comprises a solutiog and its energy derivative
¢, which describe one logarithmic derivative branéhThe Pt & branch is rather narrow, so we had to
include also the § one in order to describe the required energy region. Energies are given in Rydbergs
relative to the muffin-tin zero.

=0 =1 |=2 |=3 |=4
E Ese=—6.59  Egp=—3.24 Eoy=0.45 Ey=—4.26 Esg=3.47
El Ege=0.30 Egp=1.71 Egq=4.25 Eq=3.47
E! E,=6.52
1st pair ¢Ss ’ ¢Ss ¢5p a¢5p d’Sd a¢5d ¢4f :¢4f ¢5g 1¢59
2nd pair bes: 75 Pep  Pep Pbed s Ped Pst , bt Ot bst- T
3rd pair Psp s Psp T ¢sd s Psa T Pt s T $sd g T
4th pair bsp ,d>5p-r2

louin zone(IBZ) is covered if the reference pointis placed in ~ The dielectric matrix was calculated in the framework of
its center of gravity. the random phase approximatiéRPA),'"8 the effects of

In the original formulation of the ELAPW-p method®  exchange and correlatiofKC) in the induced fields were
the idea was to take advantage of the fact that the functiongken into account within the time-dependent adiabatic LDA
®rN can be expanded in a convergent series of the radigTDLDA).'° The matrix elements of the epifsr] operator
solutionsg,,, for a givenl’. (Indeed, the functiong,,» with  were calculated using a decomposition of the all-electron
the same logarithmic derivativ®,, are eigenfunctions of a wave functions into 11 935 plane waves. A detailed descrip-
Hermitean operator, and a function with a different logarith-tion of the methodology can be found in Ref. 2. The
mic derivative, e.g.¢,;, must be added to the set to bring £sc’(w) matrix was computed for five coordination shells
the function®,rV to that Hilbert space With a small num- (51 G vectorg. The real parts of the matrix elements were

ber of functionse,;, and &, the quality was satisfactory determined out of their imaginary parts by the Kramers-

for the extended states of the conduction bahdwever, for ~Kronig integration with the energy cutoffwma=150 eV
semicore states or the states of noble metals the series (60 bands In the unoccupied part of the energy spectrum had
converges very slowly. In practice, the accuracy cannot béo ie conS|dte:je)d ing to th lect of thed q f
further increased by merely extending the radial basis se S expected, owing 1o the neglect o epenadence o

: T ) the radial functions, the spin-orbit splitting of semicqre
\év&t:\]/erg(i);eéibg”"é which is demonstrated by the dot daSheOlbands was considerably underestimated: it was 4.3 eV for Pd

Our experience shows that for valence-band states—eve‘hD af_‘d 13.5 eV_ for Pt_ﬁ states, whereas the fully rel_ativistic
in transition and noble metals—it is necessary to inclugetomic calculations give 4.5 and 15.0 eV, respectively. The

: : : . _ splitting of Pt 4 states was reproduced with a better accu-
only the functions of the first order ink, and the higher racy: 3.40 eV instead of 3.46 eV in the atomic calculation.

qrder corrections can b_e performed by exgraand 4’ func- We considered the Pdpdand Pt 4 errors tolerable, but in
tions. Extra radial SOIU.t'OnS are anyway present in W'd.e ®Nihe case of Pt p, we had to interfere: at the stage of calcu-
Sre%?(/atir\?:%erangzlécé”;telzog)sbebggggﬁse dseveral Iog"’mthm'ﬁ:ating the spectral functions we shifted thp,5 band by 1.2
: eV to lower energies and thepg,, by 0.3 eV to higher en-
ergies in order to bring their positions relative to thi;4
IV. COMPUTATIONAL METHODOLOGY and 4f,,, bands in agreement with the fully relativistic cal-

) ) culation for a free atom.
The self-consistent potential of Pd and Pt metals was con-

structed within the local density approximatidrDA) of the
density functional theory with the full-potential augmented
Fourier components technique described in Ref. 16. The Let us first consider the photon energy range below the
Kohn-Sham equations were solved with the ELARWs  absorption edges of the semicqrstates. Thab initio mac-
method. The basis set included 89 energy-independembscopic dielectric functiom (w) as well as the normal inci-
APW’s (energy cutoff 13.7 Ry and the extension of the dence reflectivity and the electron-energy-loss spectra
radial basis set contributed another 98 basis functions. Th€EELS) for Pd and Pt are shown in Figs. 4 and 5, respec-
extension was introduced following the prescriptions of thetively. The optical spectra are compared to the results de-
preceding section; an example of the radial basis set for Pt isved by Weaveret al® from different measurements; the
presented in Table Il. The Brillouin zon®Z) integrations  dots in both figures are taken from the tabulation in Ref. 1.
were performed by the tetrahedron method with a mesh of As in our previous calculatidrfor Nb we do not observe
413k points that divides the BZ into 82 944 tetrahedra, 1864a strong effect of local fields below the semicore excitation
of which are inequivalent. energies. Only in the EELS spectrum, which is very sensitive

V. OPTICAL PROPERTIES OF Pd AND Pt
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PHOTON ENERGY (eV) FIG. 5. Reflectivity R(w), macroscopic dielectric function

e(w), and loss function Ifin-e(w) 1] of Pt. Solid lines: theory,

FIG. 4. Reflectivity R(w), macroscopic dielectric function dots: experiment of Ref. 1.

e(w), and loss function & (w) 1] of Pd. Solid lines: theory,

dashed line: theoretical loss function with local field effects ne-

glected, dots: experiment of Ref. 1. the band structure itself. A corre@uasiparticle band struc-
ture would have resulted from a one-particle equation that
includes the many-body effects through the exact self-energy

to small variations of the dielectric function, the effect is operatori 25

visible. In the lowermost panel of Fig. 4 we show also the '

spectrum without the local field effects, i.e., the Im

[ —eoo(w) 1] curve (dashed ling The peak positions are

seen fo remain unchanged, but the difference in 'ntens'%hereﬁll describes the kinetic energy and Coulomb interac-

steadily grows with increasing the energy. , - . .

We did not observe any tangible effect of the spin-orbittion and the operatok is, in general, energy dependent,
coupling on the spectra of both Pd and Pt below 40 eV. Ounonlocal, and not Hermitian. In our calculatiors, is re-
calculations are in excellent agreement with available opticaplaced with a local exchange-correlation potengig(r) ob-
data?°-?2and they do not reveal any inadequacy of the onetained within the LDA. At the present-day level of the many-
electron approach—the discrepancies between theory and elfedy theory it is not possible @ priori estimate the error of
periment seem to be within the experimental uncertaintythe simplified one-electron calculations, and the comparison
The positions of the theoretical EELS maxima agree satiswith the experiment remains the main argument in judging
factory with the energy-loss measurements discussed in Redn the adequacy of approximations. It is therefore important
24, but above 10 eV the intensity and overall shapes of théhat theab initio results be produced with numerical accu-
spectra rather disagree: calculated EELS of Pd and Pt aracy high enough to reveal the limitations of the theory and
similar, whereas their measured counterparts are very diffethat the parameters affecting the peak positions and intensi-
ent. ties be clearly understood.

It should be kept in mind that apart from the approximate In this respect, a recent study of the EELS of Pd by
RPA-TDLDA treatment of the exchange and correlation, ourFehrenbac#t needs to be commented on. The spectrum for
calculation, as well as the majority of the state-of-the-arthw<30 eV was obtained with the SAPW method and a
calculations, suffer from the neglect of many-body effects inmixed basis representation of the inverse dielectric matrix

[A+2(E)l¢)=E|y), (11)
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FIG. 7. Absorption coefficient of Pt wittsolid line) and without
(dashed linglocal field effects. Dots are the experiment of Dietz
: . 5'0 : . : . 1(')0 ! et al. (Ref. 31). Triangles show the positions and relative magnitude
of maxima (triangles up and minima(triangles down in the ex-
PHOTON ENERGY (eV) periment of Haensekt al. (Ref. 30. (The triangles are shifted

downwards by %X 10° cm ! to avoid the overlap with the other
curves in the pictur¢ Longer bars show the LDA-derived energies
of the semicore bands, and shorter bars the XPS results of Wer-
theim and WalkefRef. 32 and Wertheim(Ref. 33.

was used. It is claimed in Ref. 26 that “even at low frequen-
cies it is necessary to include a large part of the spectrum ...
in order to describe the structure of EELS correctly.” In thatthat both of the previous calculations suffered from a lack of
work 500 conduction bands were includeghergy cutoff of numerical accuracy. In LMTO the main problem is known to
several hundred Rydbergand the work by Maziret al?’ come from the small basis set, which is especially inefficient
was criticized for using only 16 valence and conductionin the interstitial region, and in SAPW it apparently comes
bands. Our experience does not support that conclusion. THEom the variational character of the radial functidsse the
energy cutoff corresponding to the 16 band is about 45 e\discussion in Sec. )l
so the contribution from the omitted part of the spectrum to Optical data for far-UV frequency range—the absorption
the Kramers-Kronig integrals fokw<30 eV is a slowly coefficientu(w)—are shown in Figs. 6 and 7 for Pd and Pt,
varying function and it does not strongly affect the peakrespectively. The figures illustrate the strong effect of the
positions. Moreover, in our 16-band calculation for Pd alsonondiagonal dielectric respori§eon the optical absorption
the intensity of the If— eyo( @) ~1] spectrum changed only by semicore excitations. In Pd, the local fields redistribute
slightly, so that the “underconverged” curve lied betweenthe absorption intensity of the transitions from the,4
the solid and the dashed lines in the lowermost panel ofbinding energy 52.7 eMand 4o, stateg(48.4 eV) into two
Fig. 4. maxima at 55.5 and 69 eV—in a satisfactory agreement with
The majority of the measurements locate the low-energghe measurements by Weaver and OI$bFor Pd, the rela-
plasmon peak in Pd near 7.6 éRefs. 1,20,21,24—in per- tivistic splitting of the 40 band has proved unimportant: ow-
fect agreement with our calculations. The nonrelativistic caling to the absence of narrow final-state bands, the widths of
culations by Fehrenbath and by Maksimov and the 4p;, and 4pg, partial contributions to theegg:(w)
co-workeré”8 [with the linear muffin-tin orbitals method curves are much larger than their spin-orbit splitting.
(LMTO)] give the plasmon energy at 8.2 and 8.4 eV, respec- In both Pd and Pt, the shape of théw) curves on a large
tively. The theoretical EELS curves of Refs. 26 and 28 are irenergy scale is determined by tpg,, excitations. The Pt
poor agreement with available experimefitdn Ref. 26  5pg, binding energy in our calculation was 48.7 eV—very
many-body effects or relativistic corrections not included inclose to the Pd g3, energy of 48.4 eV. Because of that, the
the calculations were suggested as a possible source of tispectra between 40 and 100 eV are rather similar. In contrast
disagreement. According to our calculations, a complete exto the measurements on PY,the experimentalu(w)
clusion of relativistic effects does not strongly change thedata®3!on Pt resolve an interesting double structure around
EELS curve: the plasmon moves from 7.6 to 7.9 eV and theg’2 eV. The shape of the structure is determined by the over-
maximum at 17 eV becomes less pronounced. We concludapping contributions from g,,,, 4fs,, and 4f;, bands(the

FIG. 6. Absorption coefficient of Pd. Solid lines: theory, dotted
line: experiment of Weaver and Ols@Ref. 23.
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compare the solid and the dashed curves in Fig. 8. The dis-
crepancies between thab initio theory ( Fig. 7) and the
experiment can be ascribed to the LDA potential being em-
ployed as a self-energy operator, Etjl). However, since it
only causes rigid band shifts, the XC potential of the LDA
appears to be a plausible first guess for the self-energy. It is
possible that a more accurate prescription for the XC opera-
tor, which would exclude the electron self-interactifn,
would lead to a semicore band structure more appropriate
also for optical properties. Indeed, the more localized the
states the stronger the self-interaction corrections, and in our
case one can expect thé 4tates to be more strongly shifted
from their LDA positions than the b states—that sort of
correction might be needed to reproduce the experiment.

W) (10° em™)

VI. CONCLUSIONS

PHOTON ENERGY (eV)

The inclusion of radial functions coming from the product
FIG. 8. Absorption coefficient of Pt calculated with the energiescbI (r)exd—i(k—ko)r] into the basis set of the ELPAW-
of the semicore bands changed so as to agree with the XPS data I?fg method considerably increases the accuracy of the
Refs. 32 and 33shown by vertical bays Solid line is theory with ethod and makes it possible to treat localized semicore
and dashed line without local fields. Circles are the experiment o . -
; states within thek-p formalism.
Dietz et al. (Ref. 31. . . . .
We have developed an approximation to the semirelativ-
energy location of the bands in our calculation is shown byistic Foldy-Wouthuysen Hamiltonian that is applicable to
longer bars in Fig. ) Although the energy location and the such basis sets and showed its accuracy to be acceptable b
y p y
separation of the two peaks around 72 eV in the measureesting the technique on Ag and Pb metals. The two method-
mentas1 by Haensedt al® (triangles in Fig. 7 and by Dietz  ological developments make it possible to perform accurate
et al™ (doty disagree by 0.5-1 eV, they both agree in thatrelativistic calculations of the dielectric matrix and optical
the experimental structures—especially the minima—argyroperties of crystals in a wide photon-energy range includ-
much more pronounced than in our calculations. ing the excitations of deeply lying semicore electrons.
Presumably, we are here confronted with the many-body \ye have calculatedb initio the dielectric matrices for Pd
effects not included in our calculations. It should be noted,q pt metals within the RPA-TDLDA approach in the pho-
that our calculated binding energies are in disagreement with, | energy range up to 100 eV. We have not observed a
tf;((laag/alues derlvedtfrgmv\;or?]/ photogls\(/:trﬂ%; S‘;:?[CAE][OSCOp%trong effect of the microscopic fields on the optical con-
( ) measurements by Wertheim an atkeor 72 stants of the metals below the excitation energies of the

gnd 4% bandst; T]%jz ggdgmr;g gg/,gan\(;l t_)l_):] W)t(agg@drhir ; semicore states. For the semicore excitations, the nondiago-
P32 and 5y, bands, 51.9 a ~ ev. 1he ala ar | dielectric response is essential: both in Pd and Pt the
displayed in Fig. 7 by shorter bars. Although the experimens

tal binding energies cannot be directly associated with théocal f'elis cause a de_crease of the absorption intensity by
one-particle energies entering the RPA expresSitor the about 50% and dramatically (_:hange the sha}pe of the spectra
dielectric matrix, the deviations of the LDA energies from O @ large energy scale to bring the theoretical curves into a

the XPS data give the order of magnitude of the theoretica0d agreement with the experiment both in the peak posi-
uncertainty. It is interesting to study the effect of such cor-ions and in intensity. .
rections on the absorption spectra. We have recalculated the The absorption minima at-49 eV in both metals mark
wu(w) curve with the energies of the semicore states changeidie onset of the transitions from the semicpeg states. The
so as to coincide with the XPS data. As can be expected thiéne structure of the.(w) spectrum of Pt between 68 and 78
result is that the minimum at 49 eV moves to higher energie€V is caused by the overlapping contributions from the
away from its measured position. On the other hand, th®pi., 4f7;, and 4 5, excitations. Our calculations have not
situation around 72 eV considerably improves: the minimaevealed an inadequacy of the LDA-derived Rt & Pd 4p
acquire the experimentally observed sharpness and the shalpands to optical properties, whereas for the Ptands the
and energy location of the double structure now perfectlyself-energy effects not included in the calculation have been
accord with the experiment of Dieet al3! (see Fig. 8. found important. The deficiency of the Pt énergies can be
One can see that by manipulating the band energies of theorrected by shifting the Aband by~6 eV to lower ener-
localized states one can bring the theoretical spectrum to @ies, the manipulations of one-electron energies being nec-
rather close agreement with experiment over the entire highessarily accompanied by the recalculation of the full dielec-
energy spectral range. Most important is that cannot béric matrix. Thereby the entire energy range up to 100 eV
achieved without taking into account the local field effects:turns out to be well described by the one-electron theory.
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