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K-emission spectra of Zn, ZnS, and ZnSe within dipole and quadrupole approximations
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The present work deals with the x-r&y3, s-emission bands and the electronic structures of Zn metal as well
as ZnS and ZnSe compounds. The above-mentioned compounds were chosen the subject of the investigation
because they are ideal materials to study tietp hybridization since the Zd band is about 10 eV below the
Fermi level and therefore th€B, andK B5 spectra are quite well separated from each other.KiBgspectra
of ZnS and ZnSe compounds are found to be largely caused by the quadrupole radiation. The electronic
structures of the investigated materials are obtained by using the linear muffin-tin orbital method. The calcu-
lations show that for cubic crystals the quadrupole spectra can have a strong polarization dependence although
the dipole spectra are independent of polarization. The theoretical spectra of the investigated materials are
treated in the framework of the full band-structure representa®®163-182608)06927-4

I. INTRODUCTION portance. In the energy range pfadiation one could expect

a quite large quadrupole contribution to the spectrum, but in
. : . . .the case of x radiation the quadrupole contribution is usually
science and technology. ZnS is an important raw material IR mitted. However, for hard x rays the quadrupole spectrum

mining industry for the production of Zn metal. ZnSe tWMs .,y give an important contribution. The quadrupole contri-
out to be a useful compound in semiconductor technologyy tion is definitely measurable as Fabigtral 12 have shown

Due to its wide band gap, ZnSe has been a promising mat§s; metallic selenium. For metallic gallium a similar feature
rial for the development of blue-light lasers For the de-  has also been observHA Zn atom in a solid provides an
velopment of new materials the knowledge of their elec-igeal case to study th&-emission spectra in dipole and
tronic structure is most important. X-ray emission quadrupole approximations. This is because the drb&nd
spectroscopyXES) offers an ideal experimental tool for the is concentrated at the bottom of thg valence band. Due to
investigation of semiconductors and insulators because of this property, the 8 band can be clearly separated from the
absence of the charging effects. On the other hand, thesmain s-p valence band, but at the same time it is energeti-
experiments give detailed information concerning the eleceally not too far from the valence band so that a considerable
tronic structure of valence electrons. Furthermore, XES meainteraction between thed3ands-p valence electrons is ex-
surements are site dependent as far as the different atomigcted. The dipole spectrum of pure Zn has been calculated
types of the investigated compounds are concerned. This sitearlier!* In the present work, we discuss the Kremission
dependence is caused by the creation of the localized cokpectra of Zn, ZnS, and ZnSe in terms of the dipole and
hole of a specific atom by an x-ray photon. One of the firstqguadrupole approximations and use the obtained theoretical
x-ray investigations of th&-emission bands of ZnSe is due spectra to analyze the experimenkgB, s spectra of the in-
to Drahokoupil and Bnunek® For recent investigations deal- vestigated materials. '
ing with the ZnS and ZnSe compounds we pay attention to
Refs. 5-10.

In order to interpret experimental x-ray emission bands Il. THEORY
theoretical investigations are needed. The local-partial den-
sity of stategDOS) gives information concerning site depen- o ) )
dent electronic states. In the linear muffin-tin orbital  FOr valence-band x-ray emission the intensity of the ra-
(LMTO) (Ref. 11 band-structure calculation method the diation is determined by the density of states ofA the valence
local-partial DOS is obtained in a natural way. Consideringelectrons and by the matrix elemefifexp(—ik-r)e-pli),*
the interaction of electromagnetic radiation with matter thewhere(f| and|i) refer to the final and initial states of the
obtained energy spectrum of the radiation is of special im€lectronic system, which we assume to be nonmagnletic,

Zn compoundgZnS, ZnSe are well-known materials in

A. Spectra in dipole and quadrupole approximations
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andr are the wave vector of the emitted x radiation and the B. Symmetry considerations

position vector in real space, respectivalyis the polariza- The polarization vectog and the direction of the wave

tion vector of the radiation angl is the momentum Operator e .yori of the emitted radiation can be expressed in spheri-
of the electron. Expanding the exponential function in terms.4| coordinates as

of the power series exp(k-r)=1—ik-r—(k-r)%2+---

leads to the series representation of the matrix element. In A . . .

this series the first term leads to the dipole term. The electric e=(sin § cos ¢, sin 4 sin ¢, cos ), 3)

part of the second term containimng-r leads to the quadru-

pole term. The dipole term gives a nonzero contribution if k=(cos# cos ¢ cos —sin ¢ sin ¢, cos sin ¢ cos

the angular momentum quantum numbdisdf the (f| and

i) states differ by oneXl= =1, dipole selection rule The

guadrupole term gives a nonzero contributionAif= *2. . . .

For soft x rays(small |k|) the quadrupole and higher terms where the angle,/x specifies the direction dt in the plane

are small compared to the dipole term, which gives the leadperpendicular ta. Using the spherical tensors representation

ing contribution to the observed spectrum. Thus, the relativécf. Ref. 223 we get for the cubic symmetry

intensities of the dipole and quadrupole spectra depend on

the absolute value of the wave vectorof the emitted x Io(E,e)=199E),

radiation. (4)
According to Fermi’s golden rule we can obtain the inten-

sity of the dipole and gquadrupole radiation from the follow- | o(E, & R)_|<0 °>(E)+ [35 sirfd cofd coLy

ing expressior® J14

+cos ¢ sin ¢, —sin 6 cos ),

+5 sirf 6 sify—4
2

|(flexp(—ik-r)e p|i)PS(E;—Ei+hw), +5 sirfg(cos 6 cogy cos 4p— sy cos 4p
(1) —2c0s#0 sin ¢ cos iy sin 4¢)]IS"°)(E)

Wﬂ:hmzc3

and for the hexagonal symmetry
where w is the angular frequency of the radiation amdis

the mass of the electroi; andE; are the energy eigenval-

ues of the initial and final states, respectively. To calculate Io(E,e)=12%E)— i(g cog6—1)I29(E),

the emission spectrum of a solid one has to consider the V2 )
transition from the valence states to the corresponding core

state. Therefore, one gets for the dipole and quadrupole L 5

radiatiort® o(E,ek)=152(E)+ \/14

X (3 sirfo sir? y—1)1$O(E)

In(E,e)=CE>X, X (®|r(e1)|¥p)f? 1
kb ¢ + ——(35sirfd co£d coSy

X S(Eg— Epp+E), @ V14
+5sirfo sinfy—4)15°0(E).

2 occ.
5 2 2 According to Egs(4) and(5) the dipole intensity has no
o(Es e’k)_ CE z E KT (e Nk r)m}kb)l angle dependence in the case of the cubic symmetry. How-
ever, in hexagonal crystals the intensity of the dipole transi-
X S(Ec—EgptE). tion depends on the angle of the polarization vector tocthe
axis of the crystal. Two measurements with the polarization
vector parallel and perpendicular to theaxis allow us to

H H — 3,2 4.3 —rr
Ehe ;:;Etar;ﬁ Itshegl\e/ﬁZrby gi_e8n7;r/a(|au/e(sh (;:f )thzn\?arle_n::re. an (ﬂetermine ther and 7 components of the dipole spectrum in
kb c gy €19 exagonal crystald|,(E)=10%E)+12YE)/\2, | ,(E)

core states, respectivelg=7%w is the energy of the emitted 0.0 20

radiation, andb is the band index. The first sum is over the :I(D’ )(E)I— \/EI_(D’,)(E)]_' Th_e angular dependence of the

occupied valence states and the second sum is over the ri]l-’adrﬁpo e radiation given in qu(gt) and(5) can be used toh

evant core states. The explicit forms of the electronic stateli"d the optimum experimental conditions producing the
maximum and minimum values of the quadrupole intensity.

&, and V¥, and the matrix elements are shown in the A
kb b . The unpolarizedisotropig spectra are obtained by averag-

pendlx Since we are interested only in the relative magni-
tudes of the dipole and quadrupole spectra the common ndf ing over the directions of the polarization and wave vectors.

merical factorC was left out from the above spectra in our 1
calculations. The tensor operator formalism was used to cal- T _ J' Ve

: ; Ip(E)=— E,e)sin 6 d6 d¢,
culate the dipole and quadrupole matrix eleménts. o(E) € ¢
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. 1 o the x-ray emission process. We analyze the experimental

lo(BE)= —Zf Io(E,€,k)sin 6 do d¢ dy, (6) valence-band ZiK-emission spectra of pure Zn as well as
87 the ZnS and ZnSe compounds by considering the theoretical

which leads for the cubic and hexagonal symmetry to emission spectrum in both the dipole and quadrupole ap-

o proximations[Eq. (2)].

Ip(E)=15"%(E),

(7 :
A. Unpolarized spectra
T, —1(00
l(BE)=1g""(E). In our earlier work® we came to the conclusion that the
K Bs spectrum of Zn and the Zn compounds is probably as-
Ill. RESULTS AND DISCUSSION sociated to a considerable extent with the quadrupole transi-

tion. The analysis in our earlier work is, however, based only

In the following we discuss the experimental x-ray . o .
K-emission spectra in the framework of the dipole and quad®" the electronic DOS being in that sense incomplete. In the

rupole approximations. Quite often the dipole spectrum defollow'ing.we will reanalyze our experimgntal Qatg in a more
pends on the polarization and the quadrupole spectrum gduantitative level by using t_heoretlcal flrst-prlnmple_s dlpole
pends on both the direction and polarization of the emitted"d guadrupole spectra. This approach allows a direct inter-
radiation. The dipole selection rule is assumed to be approxiretation of the experiment# 8s spectra. .
mately valid in XES, which allows one to investigate the ~Our measurements were made for polycrystalline
electronic structure of materials by using XES data and théamples. These kind of samples consist of microcrystals with
partial DOS and transition matrix elements. In high-energyrandom orientations and therefore the measured spectra are
x-ray spectroscopic studies some quadrupole lines may bénpolarized. Thus the theoretical spectra have to be averaged
found since the dipole selection rule may be only approxi{Ed. (7)] over the polarization and direction of the radiation
mately valid. This could happen, e.g., in analyzing the emisbefore comparing them with the experimental spectra. Con-
sion spectra of heavy elements. The intensity of the quadrwsidering the experimental x-rajl-emission valence-band
pole line (1s~*—3d™!, a hole moves from theslto the 3 spectrum of pure ZnRef. 18 one observes two distinct
state$ should be lower than that of the corresponding dipolepeaks; the major peak is just below the Fermi energy and the
line (1s"*—4p~1). Due to this property it has been difficult minor peak is at about 9 eV below the Fermi energy. It has
to measure the quadrupole contribution and correspondinglipeen shown that the major peak 8,) can be related to the
in theoretical considerations the quadrupole part has beep-DOS of pure Zn metal® but in the case of the minor peak
usually discarded. This has led to the debate of the origin ofK Bs) it is not clear to what extent the peak intensity should
the peaks of theK-emission spectra observed at energiesbe related to th@-DOS (hybridization of the 4 states with
where bothp andd valence states coexist. The availability of the 3d states—dipole radiatigror to thed-DOS (quadrupole
first-principles theoretical emission spectra may help to deradiation.
sign and interpret XES experiments, which can be used to In Fig. 1 the calculated unpolarized Zn dipole and quad-
separate experimental spectra into dipole and quadrupoleipole K-emission spectra of Zn, ZnS, and ZnSe are shown.
components. Usually, thK 85 spectrum is associated with Since we are mainly interested in th€B8s spectrum, we
the quadrupole selection rule and @, spectrum with the concentrate on the energy region of the Zhgand. Within
dipole selection rulgFig. 2 in Ref. 18. The experimental this energy region the theoretical spectrum consists mainly
K-emission band possesses the lifetime broadening ofghe lof the dipole part in pure Zn, but in ZnS and ZnSe the quad-
level, which has been calculated to be about 1.672%M.  rupole and dipole contributions to the total spectrum are of
addition, the effect of the instrumental broadening is of thethe same order of magnitude. The intensity of the dipole
same order of magnitude. Therefore, the experimental spespectrum in thek 85 energy region decreases considerably
tra are smoother than the theoretical ones. when going from pure Zn to ZnS and ZnSe, whereas the
Analyzing experimental x-ray emission spectra by com-intensity of the quadrupole spectrum does not change so
paring them with the calculateldresolved electronic DOS much. In the following we compare the integraté@s in-
has been quite successful in increasing the understanding te#nsities of ZnS and ZnSe with those of pure Zn. As Fig. 2
the electronic structure of materials and the relation betweeshows, the dipole part df 35 in ZnS is only 17% of that in
the electronic structure and the chemical composition of mapure Zn. In ZnSe the corresponding ratio is 22%. For the
terials. Very often the positions and intensities of experimenguadrupole part oK 85 these ratios are 50% and 78% for
tal emission peaks can be identified with the correspondin@nS and ZnSe, respectively. Figure 2 also reveals the impor-
guantities in the calculated DOS curve. However, in manytance of the matrix elements in the calculation of the spectra.
cases one needs a more accurate theoretical description thifuthe matrix element is omitted, the obtained intensity ratios
the DOS curves can give. For instance, the question whethevill be considerably higher than those calculated by using
the peak in th&K-emission spectra of Zn and its compoundsthe matrix elements. This increase varies from about 200%
at the binding energy of 6—9 e\K(Bs) is due to the quad- for the dipole transition in ZnS to about 25% for the quad-
rupole or dipole radiation has been under discussion for aupole transition in ZnSe. The general trend is that in the
long time, but no definite answer has been obtained so far. Idipole transitions the effect of the matrix element is more
the following we hope to shed more light on this matter byimportant than in the quadrupole transitions and for ZnS it is
combining the first-principles electronic structure calcula-more pronounced than for ZnSe as far as the spectral quan-
tions with the full treatment of the transition probability in tities of ZnS and ZnSe are compared to those of pure Zn.
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FIG. 1. The theoretical unpolarized dipalsolid line) and quadrupolédashed ling x-ray K-emission spectra of Zta), ZnS (b), and
ZnSe(c). The top of the occupied part of the band is at 0 eV and the spectra are renormalized to one at the highest peak.

The total intensity of the calculated minor spectral peak aportant for pure Zn, it would be useful to investigate the
higher binding energie&ipole + quadrupol¢ compared to  dipole and quadrupole intensities by using other theoretical
the intensity of the major peak at lower binding energies ignethods as well.
12% for pure Zn, 6% for ZnS, and 4% for ZnSe. This can be
compared with the ratios estimated from the experimental
spectra, which are 10%, 7%, and 8% for pure Zn, ZnS, and
ZnSe, respectively. The discrepancy in the case of ZnSe can As shown in Sec. Il, for anisotropic single crystals the
be related to the largk 8, intensity. Although the absolute dipole contribution of the emission spectrum depends on the
intensity of the theoreticak 85 spectrum of ZnSe is larger polarization(the quadrupole contribution also on the direc-
than that of ZnS the rati 85/K 8, is smaller for ZnSe than tion) of the emitted radiation. Thus, it may be possible to
for ZnS. This suggests that the theoretical charge transfer ttesolve the emission spectrum into the dipole and quadrupole
Zn 4p-like states would be too large for ZnSe. If the quad-parts by considering the angular dependence of the spectrum.
rupole transitions were not included in the theoretical spectrdhe dipole and quadrupole transitionsremission spectra
the overall agreement with the experiments would be worsare associated with andd valence states, respectively. Be-
since the quadrupole contribution is about 40% of the wholecause the spatial distributions of tppeandd valence states
K Bs5 spectrum of ZnS and ZnSe. However, because converaround an atom are usually quite different from each other,
tional band-structure calculation methods may overestimateesolving the dipole and quadrupole contributions in experi-
the 3d-4p intraband hybridizatioR? which is especially im- mental spectra may give a new insight of the physical prop-

B. Polarized spectra
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100.0 in pure Zn, the quadrupole contribution in the experimental
’ spectrum is expected to be easier to detect for ZnS and ZnSe
than for pure Zn.

80.0 | -

IV. CONCLUSIONS

60.0 - T For the quantitative comparison of the theoretical and ex-

perimental valence-band x-rd§-emission spectra of the in-
400 F i vestigated materials it is necessary to include both the dipole
and quadrupole contributions in the considerations. X-ray
emission measurements for these materials using single crys-

Peak intensity relative to Zn (%)

20.0 1 tal samples would be highly valuable because by measuring
the emitted radiation as a function of the direction of the

0.0 radiation one can experimentally distinguish between the di-

’ ZnS(d)  ZnSe(d)  ZnS(g)  ZnSe(q) pole and the quadrupole spectra. By comparing the experi-

mental and theoretical spectra one could also draw conclu-
FIG. 2. The relative intensity of th 85 peak of ZnS and ZnSe, sions aiboui the feasibility of the one_—pgrticle local-density-
compared to pure Zn, in the dipold) and quadrupoleq) approxi-  @PProximation  picture for the _descrlptlon of_ the valence
mations. The black bars show the situation without the matrix ele£l€ctrons of transition metals with the interaction of electro-
ments(DOS dati. magnetic radiation. Besides analyzing the experimental spec-
tra the first-principles theoretical emission spectra can be
used to design new XES experiments in an optimal way. Our

. fthe i tiqated materials. Effect due t thcalculations suggest that for pure Zn tKg8s spectrum is
erlies of the investigated materials. ltects, €.g., dué 1o ainly due to the dipole transitions, but for ZnS and ZnSe

chainge iri volume, crystal distortion, and composition coul he quadrupole contribution is substantial too.
be investigated by this method.

The polarizedK -emission spectra of hcp Zn have been
measured by Diger and Brinmer (Ref. 21, and references
therein. The shape and the intensity ratio of the experimen- Discussions with E. Ojala are gratefully acknowledged.
tal KB, 7 andK 8,0 spectra can be reproduced quite well by The financial support of the Academy of Finland, Grant No.
using Shaw’s pseudopotential methidd=or hcp metals the 34942 (R.L., J.AL., and K.K) and the Turku University
peak intensity rati® of the maxima of the experimentd), ~ Foundation(K.K.) is acknowledged.
andl , spectra depends on the ratio of the lattice parameters
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(c/a) as follows:Qs1 if c/a=1.633%! Our theoretical di- APPENDIX: CALCULATIONAL PROCEDURE
pole spectra contain the hybridization peak due to the @n 3 h band struct d funct f th
states lying at about 9 eV below the Fermi endrigig. 3(a)]. € energy band structure and wave functions of the va-

This peak is missing in the theoretical dipole spectra of Renl_ence electrons and the corresponding core wave function

nert et al 4 because they did not have the Zd States in needed in Eq(2) were calculated using first-principles meth-

. ; ods. For the valence wave functions we used LMTO-type
their basis set. The overall shapes of auando spectra are ¢, +ions
rather similar except in the energy region of 0-5 eV below

the Fermi energy, whelle, is considerably more intense than

| _. Good agreement with the experim@ris obtained as far Wiep(r )IZL i[AS buq1(IT—a )+ B b
as the intensity rati@ is concerned. It is also interesting to a
note that inl . the 3d-4p hybridization occurs in a wider X ([r—=q])]|I,m,ms), (A1)

energy range than ih,. . . . .
The Zn quadrupole spectfa|(1,0,0) andk in yz pland whereq is the position vector of an atom in the unit cell and

PR P L=(l,m) and mg are the orbital angular momentum, mag-
?r_e shown in Fig. ®). The quadrupole peak is highest when netic, and spin quantum numbers, respectivielis the band
k is parallel to thez axis. The peak gets gradually lower and

= _ . index andk is the wave vector of the electronrefers to the
broader when thi& vector is rotated in thgz plane from the | MTO reference energg, . AEE and BEE are coefficients,

z-axis alignment to the/-axis alignment. Our calculations which depend on the crystal structure and potential of the

suggest that using a high resolution technique it may be pos- ; : ;
sible to detect the quadrupole contribution in the experimenﬁ\—lczszt}gﬁﬁ%rlsﬁfiTjé’g"a(r;)y ggsv(gﬁ%(r%hzrsortgiw;a;;al

tal Kgs spectrum by fixing the polarization and rotating theis localized in the region of a specific atom and can be ap-
direction of the radiation.

In Figs. 3¢) and 3d) the quadrupole spectra of ZnS and proximated by an atomiclike state
ZnSe are shown. The calculated ca$&$(1,1,0) ande| D) =Ry (Nlj,,m). (A2)
(0,0,9 and (1;-1,0)] are such that one expects largest pos-
sible differences between the obtained speti@ecause the The radial wave function depends on the atomic type at the
relative intensity of the quadrupole part compared to the disite g, n is the principal quantum numbeyj, is the total
pole part inK Bs is larger in ZnS and ZnSe compounds thanangular-momentum quantum number, angis the corre-
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FIG. 3. The theoretical dipole
. and quadrupole x-rayk-emission
spectra of Zn, ZnS, and ZnSe in
the energy region of the Zm
band. (a) Dipole spectra of Zn;

Energy (eV)

|
-7.0 solid line,I . ; dashed linel,, . (b)
Quadrupole spectra of Zne

=(1,0,0); solid line,k=(0,0,1);

dashed line, k=(1/2)¥30,1,1);
d and dotted lin& = (0,1,0).(c) and
(d) Quadrupole spectra of ZnS
and ZnSe, k=(1/2)¥41,1,0);
solid line, €= (0,0,1); and dashed
line, e=(1/2)43%(1,—1,0).
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sponding magnetic quantum number. Finally the dipole and

Energy (eV)

guadrupole matrix elements have the following form:

where

K kb r
E I (AqL’quI,vI’
qL’

xXM2 S,

jlmj 17m mg~a.9e’

kb nar
+Bg M

qnl,vl’)

J Rgm(r)ér(r)(ﬁyq |/(r)r2dr,

M;nl,vl’:
M;nl,ul’:j Rgnl(r)ér(r)ﬁ.byq |/(r)r2dr,
Mim, 1, = (0L My OF K17, m” mg),

(A3)

(Ad)

(A5)

(AB)

-7.5 -7.0
Energy (eV)
o'(ry=r, O¥r)=er, (A7)
O'(r=r2 OAr)=(er)(k-r). (A8)

The electronic energy bands and wave functions needed
for the spectrum calculations were obtained by using the
scalar-relativistic LMTO method including the combined
correction terms and the atomic-sphere approximation. The
lattice parameters used in the calculations aeb
=2.66 A, c=4.95 A for pure Zn, anca=5.41 A anda
=5.67 A for the ZnS and ZnSe compounds, respectively.
The crystal structures of pure Zn and the compounds are the
hexagonal(hcp and cubic zinc blend€ZnS), respectively.
However, since ZnS and ZnSe possess a relatively open crys-
tal structure we have to introduce empty spheres in the unit
cell to obtain a good convergence in the calculations. The
number ofk points in the irreducible wedge of the Brillouin
zone was 112 for pure Zn and 55 for ZnS and ZnSe. For the

and where we have assumed that the atom with the core hotetails of the band-structure calculations we refer to our ear-
is located at §=q.). In the dipole and quadrupole transi- lier study'® where the experimental x-rd§-emission spectra
tions the radial and angular operators are, respectively,

have been analyzed using the calculated DOS.
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