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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-rayKb2,5-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 the 3d-4p hybridization since the Znd band is about 10 eV below the
Fermi level and therefore theKb2 andKb5 spectra are quite well separated from each other. TheKb5 spectra
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 representation.@S0163-1829~98!06927-6#
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I. INTRODUCTION

Zn compounds~ZnS, ZnSe! are well-known materials in
science and technology. ZnS is an important raw materia
mining industry for the production of Zn metal. ZnSe tur
out to be a useful compound in semiconductor technolo
Due to its wide band gap, ZnSe has been a promising m
rial for the development of blue-light lasers.1–3 For the de-
velopment of new materials the knowledge of their ele
tronic structure is most important. X-ray emissio
spectroscopy~XES! offers an ideal experimental tool for th
investigation of semiconductors and insulators because o
absence of the charging effects. On the other hand, th
experiments give detailed information concerning the el
tronic structure of valence electrons. Furthermore, XES m
surements are site dependent as far as the different at
types of the investigated compounds are concerned. This
dependence is caused by the creation of the localized
hole of a specific atom by an x-ray photon. One of the fi
x-ray investigations of theK-emission bands of ZnSe is du
to Drahokoupil and Sˇ imu̇nek.4 For recent investigations dea
ing with the ZnS and ZnSe compounds we pay attention
Refs. 5–10.

In order to interpret experimental x-ray emission ban
theoretical investigations are needed. The local-partial d
sity of states~DOS! gives information concerning site depe
dent electronic states. In the linear muffin-tin orbit
~LMTO! ~Ref. 11! band-structure calculation method th
local-partial DOS is obtained in a natural way. Consider
the interaction of electromagnetic radiation with matter
obtained energy spectrum of the radiation is of special
PRB 580163-1829/98/58~3!/1272~7!/$15.00
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portance. In the energy range ofg radiation one could expec
a quite large quadrupole contribution to the spectrum, bu
the case of x radiation the quadrupole contribution is usu
omitted. However, for hard x rays the quadrupole spectr
may give an important contribution. The quadrupole con
bution is definitely measurable as Fabianet al.12 have shown
for metallic selenium. For metallic gallium a similar featu
has also been observed.13 A Zn atom in a solid provides an
ideal case to study theK-emission spectra in dipole an
quadrupole approximations. This is because the Zn 3d band
is concentrated at the bottom of thes-p valence band. Due to
this property, the 3d band can be clearly separated from t
main s-p valence band, but at the same time it is energ
cally not too far from the valence band so that a considera
interaction between the 3d ands-p valence electrons is ex
pected. The dipole spectrum of pure Zn has been calcul
earlier.14 In the present work, we discuss the ZnK-emission
spectra of Zn, ZnS, and ZnSe in terms of the dipole a
quadrupole approximations and use the obtained theore
spectra to analyze the experimentalKb2,5 spectra of the in-
vestigated materials.

II. THEORY

A. Spectra in dipole and quadrupole approximations

For valence-band x-ray emission the intensity of the
diation is determined by the density of states of the vale
electrons and by the matrix element^ f uexp(2ik•r ) ê•pu i &,15

where ^ f u and u i & refer to the final and initial states of th
electronic system, which we assume to be nonmagnetik
1272 © 1998 The American Physical Society
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andr are the wave vector of the emitted x radiation and
position vector in real space, respectively,ê is the polariza-
tion vector of the radiation andp is the momentum operato
of the electron. Expanding the exponential function in ter
of the power series exp(2ik•r )512 ik•r2(k•r )2/21•••

leads to the series representation of the matrix elemen
this series the first term leads to the dipole term. The elec
part of the second term containingik•r leads to the quadru
pole term. The dipole term gives a nonzero contribution
the angular momentum quantum numbers (l ) of the ^ f u and
u i & states differ by one (D l 561, dipole selection rule!. The
quadrupole term gives a nonzero contribution ifD l 562.
For soft x rays~small uku) the quadrupole and higher term
are small compared to the dipole term, which gives the le
ing contribution to the observed spectrum. Thus, the rela
intensities of the dipole and quadrupole spectra depend
the absolute value of the wave vectork of the emitted x
radiation.

According to Fermi’s golden rule we can obtain the inte
sity of the dipole and quadrupole radiation from the follo
ing expression:16

Wf i5
ve2

hm2c3
z^ f uexp~2 ik•r !ê•pu i & z2d~Ef2Ei1\v!,

~1!

wherev is the angular frequency of the radiation andm is
the mass of the electron.Ei andEf are the energy eigenva
ues of the initial and final states, respectively. To calcul
the emission spectrum of a solid one has to consider
transition from the valence states to the corresponding c
state. Therefore, one gets for the dipole and quadrup
radiation15

I D~E,ê!5CE3(
kb

occ.

(
c

z^Fcur ~ ê• r̂ !uCkb& z2

3d~Ec2Ekb1E!,
~2!

I Q~E,ê,k̂!5
p2

h2c2
CE5(

kb

occ.

(
c

z^Fcur 2~ ê• r̂ !~ k̂• r̂ !uCkb& z2

3d~Ec2Ekb1E!.

The constantC is given by C58p3e2/(h4c3) and r5r r̂ .
Ekb and Ec are the energy eigenvalues of the valence a
core states, respectively,E5\v is the energy of the emitted
radiation, andb is the band index. The first sum is over th
occupied valence states and the second sum is over the
evant core states. The explicit forms of the electronic sta
Fc and Ckb and the matrix elements are shown in the A
pendix. Since we are interested only in the relative mag
tudes of the dipole and quadrupole spectra the common
merical factorC was left out from the above spectra in o
calculations. The tensor operator formalism was used to
culate the dipole and quadrupole matrix elements.17
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B. Symmetry considerations

The polarization vectorê and the direction of the wave
vector k̂ of the emitted radiation can be expressed in sph
cal coordinates as

ê5~sin u cosf, sin u sin f, cosu!,
~3!

k̂5~cosu cosf cosc2sin f sin c, cosu sin f cosc

1cosf sin c, 2sin u cosc!,

where the anglec specifies the direction ofk̂ in the plane
perpendicular toê. Using the spherical tensors representat
~cf. Ref. 22! we get for the cubic symmetry

I D~E,ê!5I D
~0,0!~E!,

~4!

I Q~E,ê,k̂!5I Q
~0,0!~E!1

1

A14
@35 sin2u cos2u cos2c

15 sin2u sin2c24

15 sin2u~cos2u cos2c cos 4f2sin2c cos 4f

22cosu sin c cosc sin 4f!#I Q
~4,0!~E!

and for the hexagonal symmetry

I D~E,ê!5I D
~0,0!~E!2

1

A2
~3 cos2u21!I D

~2,0!~E!,

~5!

I Q~E,ê,k̂!5I Q
~0,0!~E!1A 5

14

3~3 sin2u sin2 c21!I Q
~2,0!~E!

1
1

A14
~35 sin2u cos2u cos2c

15 sin2u sin2c24!I Q
~4,0!~E!.

According to Eqs.~4! and ~5! the dipole intensity has no
angle dependence in the case of the cubic symmetry. H
ever, in hexagonal crystals the intensity of the dipole tran
tion depends on the angle of the polarization vector to thc
axis of the crystal. Two measurements with the polarizat
vector parallel and perpendicular to thec axis allow us to
determine thes andp components of the dipole spectrum
hexagonal crystals@ I s(E)5I D

(0,0)(E)1I D
(2,0)(E)/A2, I p(E)

5I D
(0,0)(E)2A2I D

(2,0)(E)#. The angular dependence of th
quadrupole radiation given in Eqs.~4! and~5! can be used to
find the optimum experimental conditions producing t
maximum and minimum values of the quadrupole intens
The unpolarized~isotropic! spectra are obtained by avera
ing over the directions of the polarization and wave vecto

Ī D~E!5
1

4pE I D~E,ê!sin u du df,
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Ī Q~E!5
1

8p2E I Q~E,ê,k̂!sin u du df dc, ~6!

which leads for the cubic and hexagonal symmetry to

Ī D~E!5I D
~0,0!~E!,

~7!

Ī Q~E!5I Q
~0,0!~E!.

III. RESULTS AND DISCUSSION

In the following we discuss the experimental x-ra
K-emission spectra in the framework of the dipole and qu
rupole approximations. Quite often the dipole spectrum
pends on the polarization and the quadrupole spectrum
pends on both the direction and polarization of the emit
radiation. The dipole selection rule is assumed to be appr
mately valid in XES, which allows one to investigate th
electronic structure of materials by using XES data and
partial DOS and transition matrix elements. In high-ene
x-ray spectroscopic studies some quadrupole lines may
found since the dipole selection rule may be only appro
mately valid. This could happen, e.g., in analyzing the em
sion spectra of heavy elements. The intensity of the qua
pole line (1s21→3d21, a hole moves from the 1s to the 3d
states! should be lower than that of the corresponding dip
line (1s21→4p21). Due to this property it has been difficu
to measure the quadrupole contribution and correspondi
in theoretical considerations the quadrupole part has b
usually discarded. This has led to the debate of the origin
the peaks of theK-emission spectra observed at energ
where bothp andd valence states coexist. The availability
first-principles theoretical emission spectra may help to
sign and interpret XES experiments, which can be used
separate experimental spectra into dipole and quadru
components. Usually, theKb5 spectrum is associated wit
the quadrupole selection rule and theKb2 spectrum with the
dipole selection rule~Fig. 2 in Ref. 18!. The experimental
K-emission band possesses the lifetime broadening of ths
level, which has been calculated to be about 1.67 eV.19 In
addition, the effect of the instrumental broadening is of
same order of magnitude. Therefore, the experimental s
tra are smoother than the theoretical ones.

Analyzing experimental x-ray emission spectra by co
paring them with the calculatedl -resolved electronic DOS
has been quite successful in increasing the understandin
the electronic structure of materials and the relation betw
the electronic structure and the chemical composition of m
terials. Very often the positions and intensities of experim
tal emission peaks can be identified with the correspond
quantities in the calculated DOS curve. However, in ma
cases one needs a more accurate theoretical description
the DOS curves can give. For instance, the question whe
the peak in theK-emission spectra of Zn and its compoun
at the binding energy of 6–9 eV (Kb5) is due to the quad-
rupole or dipole radiation has been under discussion fo
long time, but no definite answer has been obtained so fa
the following we hope to shed more light on this matter
combining the first-principles electronic structure calcu
tions with the full treatment of the transition probability
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the x-ray emission process. We analyze the experime
valence-band ZnK-emission spectra of pure Zn as well a
the ZnS and ZnSe compounds by considering the theore
emission spectrum in both the dipole and quadrupole
proximations@Eq. ~2!#.

A. Unpolarized spectra

In our earlier work18 we came to the conclusion that th
Kb5 spectrum of Zn and the Zn compounds is probably
sociated to a considerable extent with the quadrupole tra
tion. The analysis in our earlier work is, however, based o
on the electronic DOS being in that sense incomplete. In
following we will reanalyze our experimental data in a mo
quantitative level by using theoretical first-principles dipo
and quadrupole spectra. This approach allows a direct in
pretation of the experimentalKb5 spectra.

Our measurements were made for polycrystall
samples. These kind of samples consist of microcrystals w
random orientations and therefore the measured spectra
unpolarized. Thus the theoretical spectra have to be avera
@Eq. ~7!# over the polarization and direction of the radiatio
before comparing them with the experimental spectra. C
sidering the experimental x-rayK-emission valence-band
spectrum of pure Zn~Ref. 18! one observes two distinc
peaks; the major peak is just below the Fermi energy and
minor peak is at about 9 eV below the Fermi energy. It h
been shown that the major peak (Kb2) can be related to the
p-DOS of pure Zn metal,18 but in the case of the minor pea
(Kb5) it is not clear to what extent the peak intensity shou
be related to thep-DOS ~hybridization of the 4p states with
the 3d states—dipole radiation! or to thed-DOS~quadrupole
radiation!.

In Fig. 1 the calculated unpolarized Zn dipole and qua
rupoleK-emission spectra of Zn, ZnS, and ZnSe are sho
Since we are mainly interested in theKb5 spectrum, we
concentrate on the energy region of the Zn 3d band. Within
this energy region the theoretical spectrum consists ma
of the dipole part in pure Zn, but in ZnS and ZnSe the qu
rupole and dipole contributions to the total spectrum are
the same order of magnitude. The intensity of the dip
spectrum in theKb5 energy region decreases considera
when going from pure Zn to ZnS and ZnSe, whereas
intensity of the quadrupole spectrum does not change
much. In the following we compare the integratedKb5 in-
tensities of ZnS and ZnSe with those of pure Zn. As Fig
shows, the dipole part ofKb5 in ZnS is only 17% of that in
pure Zn. In ZnSe the corresponding ratio is 22%. For
quadrupole part ofKb5 these ratios are 50% and 78% fo
ZnS and ZnSe, respectively. Figure 2 also reveals the im
tance of the matrix elements in the calculation of the spec
If the matrix element is omitted, the obtained intensity rat
will be considerably higher than those calculated by us
the matrix elements. This increase varies from about 20
for the dipole transition in ZnS to about 25% for the qua
rupole transition in ZnSe. The general trend is that in
dipole transitions the effect of the matrix element is mo
important than in the quadrupole transitions and for ZnS i
more pronounced than for ZnSe as far as the spectral q
tities of ZnS and ZnSe are compared to those of pure Zn
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FIG. 1. The theoretical unpolarized dipole~solid line! and quadrupole~dashed line! x-ray K-emission spectra of Zn~a!, 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.
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The total intensity of the calculated minor spectral peak
higher binding energies~dipole 1 quadrupole! compared to
the intensity of the major peak at lower binding energies
12% for pure Zn, 6% for ZnS, and 4% for ZnSe. This can
compared with the ratios estimated from the experime
spectra, which are 10%, 7%, and 8% for pure Zn, ZnS,
ZnSe, respectively. The discrepancy in the case of ZnSe
be related to the largeKb2 intensity. Although the absolute
intensity of the theoreticalKb5 spectrum of ZnSe is large
than that of ZnS the ratioKb5 /Kb2 is smaller for ZnSe than
for ZnS. This suggests that the theoretical charge transfe
Zn 4p-like states would be too large for ZnSe. If the qua
rupole transitions were not included in the theoretical spe
the overall agreement with the experiments would be wo
since the quadrupole contribution is about 40% of the wh
Kb5 spectrum of ZnS and ZnSe. However, because conv
tional band-structure calculation methods may overestim
the 3d-4p intraband hybridization,20 which is especially im-
t
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portant for pure Zn, it would be useful to investigate t
dipole and quadrupole intensities by using other theoret
methods as well.

B. Polarized spectra

As shown in Sec. II, for anisotropic single crystals t
dipole contribution of the emission spectrum depends on
polarization~the quadrupole contribution also on the dire
tion! of the emitted radiation. Thus, it may be possible
resolve the emission spectrum into the dipole and quadru
parts by considering the angular dependence of the spect
The dipole and quadrupole transitions inK-emission spectra
are associated withp andd valence states, respectively. B
cause the spatial distributions of thep andd valence states
around an atom are usually quite different from each oth
resolving the dipole and quadrupole contributions in expe
mental spectra may give a new insight of the physical pr
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erties of the investigated materials. Effects, e.g., due to
change in volume, crystal distortion, and composition co
be investigated by this method.

The polarizedK-emission spectra of hcp Zn have bee
measured by Dra¨ger and Bru¨mmer ~Ref. 21, and reference
therein!. The shape and the intensity ratio of the experime
tal Kb2p andKb2s spectra can be reproduced quite well b
using Shaw’s pseudopotential method.14 For hcp metals the
peak intensity ratioQ of the maxima of the experimentalI p

and I s spectra depends on the ratio of the lattice parame
(c/a) as follows:Q"1 if c/a:1.633.21 Our theoretical di-
pole spectra contain the hybridization peak due to the Znd
states lying at about 9 eV below the Fermi energy@Fig. 3~a!#.
This peak is missing in the theoretical dipole spectra of R
nert et al.14 because they did not have the Zn 3d states in
their basis set. The overall shapes of ourp ands spectra are
rather similar except in the energy region of 0–5 eV belo
the Fermi energy, whereI s is considerably more intense tha
I p . Good agreement with the experiment21 is obtained as far
as the intensity ratioQ is concerned. It is also interesting t
note that inI s the 3d-4p hybridization occurs in a wider
energy range than inI p .

The Zn quadrupole spectra@ êi(1,0,0) andk̂ in yz plane#
are shown in Fig. 3~b!. The quadrupole peak is highest whe
k̂ is parallel to thez axis. The peak gets gradually lower an
broader when thek̂ vector is rotated in theyz plane from the
z-axis alignment to they-axis alignment. Our calculations
suggest that using a high resolution technique it may be p
sible to detect the quadrupole contribution in the experim
tal Kb5 spectrum by fixing the polarization and rotating th
direction of the radiation.

In Figs. 3~c! and 3~d! the quadrupole spectra of ZnS an
ZnSe are shown. The calculated cases@ k̂i(1,1,0) andêi
~0,0,1! and (1,21,0)# are such that one expects largest po
sible differences between the obtained spectra.22 Because the
relative intensity of the quadrupole part compared to the
pole part inKb5 is larger in ZnS and ZnSe compounds th

FIG. 2. The relative intensity of theKb5 peak of ZnS and ZnSe
compared to pure Zn, in the dipole (d) and quadrupole (q) approxi-
mations. The black bars show the situation without the matrix e
ments~DOS data!.
e
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in pure Zn, the quadrupole contribution in the experimen
spectrum is expected to be easier to detect for ZnS and Z
than for pure Zn.

IV. CONCLUSIONS

For the quantitative comparison of the theoretical and
perimental valence-band x-rayK-emission spectra of the in
vestigated materials it is necessary to include both the dip
and quadrupole contributions in the considerations. X-
emission measurements for these materials using single c
tal samples would be highly valuable because by measu
the emitted radiation as a function of the direction of t
radiation one can experimentally distinguish between the
pole and the quadrupole spectra. By comparing the exp
mental and theoretical spectra one could also draw con
sions about the feasibility of the one-particle local-densi
approximation picture for the description of the valen
electrons of transition metals with the interaction of elect
magnetic radiation. Besides analyzing the experimental sp
tra the first-principles theoretical emission spectra can
used to design new XES experiments in an optimal way. O
calculations suggest that for pure Zn theKb5 spectrum is
mainly due to the dipole transitions, but for ZnS and Zn
the quadrupole contribution is substantial too.
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APPENDIX: CALCULATIONAL PROCEDURE

The energy band structure and wave functions of the
lence electrons and the corresponding core wave func
needed in Eq.~2! were calculated using first-principles met
ods. For the valence wave functions we used LMTO-ty
functions

Ckb~r !5(
qL

i l@AqL
kbfnq l~ ur2q u!1BqL

kbḟnq l

3~ ur2q u!#u l ,m,ms&, ~A1!

whereq is the position vector of an atom in the unit cell an
L5( l ,m) and ms are the orbital angular momentum, ma
netic, and spin quantum numbers, respectively,b is the band
index andk is the wave vector of the electron.n refers to the
LMTO reference energyEn . AqL

kb and BqL
kb are coefficients,

which depend on the crystal structure and potential of
investigated system.fnq l(r ) and ḟnq l(r ) are the radial
wave function and its energy derivative. The core stateFc(r )
is localized in the region of a specific atom and can be
proximated by an atomiclike state

Fc~r !5Rqnl
c ~r !u j ,l ,mj&. ~A2!

The radial wave function depends on the atomic type at
site q, n is the principal quantum number,j is the total
angular-momentum quantum number, andmj is the corre-

-
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FIG. 3. The theoretical dipole
and quadrupole x-rayK-emission
spectra of Zn, ZnS, and ZnSe i
the energy region of the Znd
band. ~a! Dipole spectra of Zn;
solid line,I p ; dashed line,I s . ~b!

Quadrupole spectra of Zn,ê

5(1,0,0); solid line,k̂5(0,0,1);

dashed line, k̂5(1/2)1/2(0,1,1);

and dotted linek̂5(0,1,0).~c! and
~d! Quadrupole spectra of ZnS

and ZnSe, k̂5(1/2)1/2(1,1,0);

solid line, ê5(0,0,1); and dashed

line, ê5(1/2)1/2(1,21,0).
n

ho
i-

ded
the
d

The

ly.
the

rys-
unit
he

n
the
ar-
sponding magnetic quantum number. Finally the dipole a
quadrupole matrix elements have the following form:

(
qL8

i l 8~AqL8
kb Mqnl,n l 8

r
1BqL8

kb Ṁqnl,n l 8
r

!

3M jlm j ,l 8m8ms

a dq,qe
, ~A3!

where

Mqnl,n l 8
r

5E Rqnl
c ~r !Ôr~r !fnq l 8~r !r 2dr, ~A4!

Ṁqnl,n l 8
r

5E Rqnl
c ~r !Ôr~r !ḟnq l 8~r !r 2dr, ~A5!

M jlm j ,l 8m8ms

a
5^ j ,l ,mj uÔa~ k̂!u l 8,m8,ms&, ~A6!

and where we have assumed that the atom with the core
is located at (q5qe). In the dipole and quadrupole trans
tions the radial and angular operators are, respectively,
d

le

Ôr~r !5r , Ôa~ r̂ !5 ê• r̂ , ~A7!

Ôr~r !5r 2, Ôa~ r̂ !5~ ê• r̂ !~ k̂• r̂ !. ~A8!

The electronic energy bands and wave functions nee
for the spectrum calculations were obtained by using
scalar-relativistic LMTO method including the combine
correction terms and the atomic-sphere approximation.
lattice parameters used in the calculations area5b
52.66 Å, c54.95 Å for pure Zn, anda55.41 Å anda
55.67 Å for the ZnS and ZnSe compounds, respective
The crystal structures of pure Zn and the compounds are
hexagonal~hcp! and cubic zinc blende~ZnS!, respectively.
However, since ZnS and ZnSe possess a relatively open c
tal structure we have to introduce empty spheres in the
cell to obtain a good convergence in the calculations. T
number ofk points in the irreducible wedge of the Brilloui
zone was 112 for pure Zn and 55 for ZnS and ZnSe. For
details of the band-structure calculations we refer to our e
lier study18 where the experimental x-rayK-emission spectra
have been analyzed using the calculated DOS.
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