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Electric quadrupole transitions in x-ray spectra: 3d transition-metal oxides
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The intensities of the electric quadrupole transitions in the x-ray spectra of the 3d-transition-metal
monoxide diatomic molecules were calculated using the discrete variational method of the local-density
approximation. The quadrupole transition intensities have been found to be negligible for the left-hand-
side 3d metal oxides. It was shown that the electric quadrupole transitions can appreciably contribute to
the MK 35 emission spectra of the right-hand-side 3d metal oxides, along with the dipole transitions.

PACS number(s): 33.20.Rm, 33.70.Ca, 33.70.Fd

I. INTRODUCTION

The subject of the present study is closely related to the
interpretation of the x-ray emission MK 5 spectra of 3d-
transition-metal compounds. The mere fact that the
high-energy satellites in the region of the x-ray MK ;s
transitions are symbolized by the MK [ (1s<«-3d transi-
tion in terms of the atomic spectroscopy) shows that the
satellites were originally interpreted [1] as the quadrupole
x-ray transitions from valence states to the ls level of a
metal. The reason why the quadrupole transitions have
been invoked for an explanation of the origin of the K ;s
spectra was that the 3p states of the 3d metal lie
sufficiently deep and seemingly have not appreciably con-
tributed to the valence region, and the 4p states of the
free 3d metal atom are unoccupied. There are several
points of view at the origin of the Kf3; spectra: (a) the
spectrum is formed due to the dipole transitions from the
valence states; therewith the 4p states of the metal ad-
mixed to the valence states mainly contribute to the in-
tensities of the spectral lines [2—4]; (b) the spectrum is
formed due to the dipole transitions as well; however, the
3p states of the metal (but not the 4p ones) appreciably
contribute to the valence states and make the main con-
tribution to the intensities of the spectral lines [5-7]; and
(c) the spectrum is formed due to the quadrupole transi-
tions from valence states which have an admixture of the
M3d atomic states [8]. Kawai [7] noted, on the basis of
the estimations of the electric dipole and quadrupole
transition probabilities for the hydrogenlike ions [9], that
it is reasonable to interpret the KB; of elements with
Z 230 as due to the quadrupole transitions, but for
lower-Z elements the quadrupole transition probability is
negligible. However, as far as is known by the authors of
the present study, there have been no calculations of the
electric quadrupole transition intensities for molecular or
solid-state systems.
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The main aim of the present work was to estimate a
possible contribution of the electric quadrupole transi-
tions to the x-ray spectra of the 3d-transition-metal
monoxides. The monoxide diatomic molecules have been
chosen for the investigation instead of the solid-state
monoxides, in order that an influence of the cluster mod-
eling of the solid-state monoxides, for example the extra
negative charge, be excluded. Evidently, the mechanisms
of formation of x-ray spectra of molecular systems do not
differ in principle from that of solid-state systems.

II. INTENSITIES OF ELECTRIC DIPOLE
AND QUADRUPOLE TRANSITIONS IN A SPECTRUM

The probability for emitting a photon with the momen-
tum L, the momentum projection M, and the parity
(—1)F in a unit time is expressed by the well-known for-
mula [10] (from here on we shall use the atomic units)

_ 2L +1)(2L + 1)t !
L[(2L +1)1]}%c?t 2
where o is the energy of the photon, c is the velocity of

light, and Q;,, is the electric multipole momentum of the
X «—I transition:

Winm 1Qruml?, (1)

— 1 Ly |:
QLM ‘/m <x|r YLM|I> ) (2)
where r is the module of the radius vector, and Y ,, is the
conventional spherical function.

For characterizing a line intensity in a spectrum, it is
conventional to use the absolute oscillator strengths of
the dipole transition defined as follows:

D wai 3 . 2
X 3 2 2 |<XMxIK|lMi)|
Vx k=1 M, M,

(emission x<—i), (3)
40

3
= > 3 [(vM,|kIxM, )|
3 k=1 MM,

fo=
(absorption x —v) , (4)
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TABLE I. The interatomic distances for molecular 3d metal monoxide diatomic molecules (in atom-

ic units). References are in the brackets.

TiO VO CrO MnO FeO CoO NiO CuO ZnO
3.061 3.003 3.052 3.343 3.073 3.118 3.194 3.258 3.401
[12] [12] [12] [12] [14] [15] [12] [16]

where w,; =1, — I, I; is the ionization potential of the ith
one-electron state; k is assumed to be x, y, and z; y, is the
spatial degeneration of the initial x state; and the summa-
tion is carried out over all spatial projections of both the
initial and final states.

The numerical calculation of the {x|r|i) matrix ele-
ment within the discrete variational method [11] is very
simple:

M
(xlrli)=Eﬂk‘l’;(rk)rk‘lf,-(rk) ’ (5)
k=1

where (), is a weight of the point with the r; radius vec-
tor; ¥, (ry)and ¥, (r; ) are the values of the one-electron
wave functions of the initial |x ) and final |i ) states at the
point with r; radius vector; and the summation is carried
out over all points of the selected grid. Quadrupole
operator matrix elements are calculated in a similar
manner.

Let us now introduce the quantities for the quadrupole
momentum operator, which are similar to the dipole ab-
solute oscillator strengths

3. s

Fl=——2 5 S (xM,lq liM)]?
c%40y, = MM, !

(emission x<i), (6)

3
1) 5
fe==—53 3 KvM,lglxM)|?
20c” =1 MM,
(absorption x —v), (7)
where
1 2 2
q1—7§-(r —3z°),
q,=2xz ,
9;=2yz ,
damxiey? (8)
qs=2xy .

III. DETAILS OF CALCULATIONS

The electronic structure and the absolute oscillator
strengths were calculated by the discrete variational
method of the local-density approximation with the use
of a computer program DVMKLS [11]. The self-
consistent-field procedure was used for all calculations.
The Hartree-Fock-Slater form for the local exchange-
correlation potential (X, potential with a=1) was used.

The numerical basis set of neutral atom wave functions
(0:1s-2s,2p ;M :1s-4s,2p-3p,3d ), extended by the polar-
ization Slater-type 4p function of the 3d metal with an ex-
ponent of 1.5 has been chosen. The Hamiltonian and the
dipole and quadrupole operator matrix elements were
calculated by three-dimensional (3D) numerical integra-
tion using a grid of 4833 points. The interatomic dis-
tances for the monoxide molecules are listed in Table 1.

IV. RESULTS AND DISCUSSION

A. Diatomic molecules

As is seen from Fig. 1 and Table II, the intensities of
the electric quadrupole transitions in the MK B5-emission
spectra (for convenience denoted further as M 1s 1) are
negligible for the oxides from TiO to CrO. The intensi-
ties of the quadrupole transitions in the M 1s ~! spectra
become significant beginning with CoO. The most in-
tense quadrupole transition in the Cols ~!-emission spec-
trum is the 10«18 transition from the 18 molecular or-
bital (MO), which is pure 3d, to the 10 MO (Cols level).
The quadrupole transition from the 47 MO which con-
tains a major contribution from the 3d atomic states [C3,
coefficient in the representation of MO as a linear com-
bination of atomic orbitals MOLCAO) is 0.84] is reason-
ably intense as well. Note that the dipole electric transi-
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FIG. 1. The integral intensities of the electric quadrupole
transitions from the valence MO’s in the M1s~! and M2s~!
emission spectra relative to the dipole intensities and the ratio
of the total Q;; to Q3;, Mulliken’s populations for the valence
MO’s of the 3d-transition-metal molecular oxides.
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TABLE II. The integral intensities of the quadrupole electric
transitions from the valence orbitals to the core levels of the
metal (emission) and from the core levels to the vacant states
(absorption) in percents of the respective dipole intensities for
the transition 3d metal molecular monoxides.

Spectrum TiO VO CrO MnO FeO CoO NiO CuO ZnO

Emission
157! 0.2 0.7 1.1 70 8.0 19.0 464 548 217.0
257! 1.6 3.2 9.2 27.0 200 42.0 106.0 160.7 539.0
357! 31.0
Absorption
1s~! 07 15 30 56 160 100 3.0 4.1
25! 2.8 3.8 84 100 300 120 4.0

tion 10«18 is forbidden for the C_, point symmetry
group due to the selection rules. It is of interest that the
quadrupole transition intensities in the M2s ~!-emission
spectra become appreciable even for CrO (Table II).
From Table II it will be obvious that the relative intensi-
ties of the quadrupole transitions in the M2s ~! spectra of
the oxides under investigation are larger than that of the
M 1s ! spectra. In the case of ZnO the intensities of the
quadrupole transitions are significant in the M3s ™! emis-
sion spectra as well (Table II).

It is hardly surprising that the quadrupole intensities
are comparable with the dipole ones in the M2s ™! and
M3s ™! emission spectra, insofar as the matrix elements
squared for 2s<3p,4p and 3s<«3p,4p dipole transitions
and 2s<-3d and 3s<-3d quadrupole transitions are ap-
proximately same order of magnitude. For example, the
calculation of the matrix elements of the dipole operator
d and quadrupole operator § for the Zn free atom yields
the results

|{1s]d|3p )|?=1.413Xx107*,
|{1s[q|3d )|*=4.683%x 1077,
[{2s]d|3p )|>=6.333%x107*,
[{2s14|3d )|>*=3.019%x 1073,
|(3s|d|3p )|>*=4.901x10"",
[(3sq/3d )|>=3.845%x107!,
[{1s|d|4p )|>=3.905% 1076,
|{2s|d|4p }|>=1.579x107*,
|{3s|d|4p }|>*=4.031x 1073,

where Slater-type 4p functions were used [17].

Within the limits of the one-center approximation and
MOLCAO approach, the intensity of the jth dipole line
of a spectrum with the ns initial vacancy is expressed as
follows:

IP~C%,|(nsld13p ) 12+ C2, 1 ns|d|4p ) |?

j3p

+2C}3,C;q,(ns|d|3p ) (ns|dl4p) , )
where C;; are the coefficients for the linear combination
of atomic orbitals (LCAO) expansion of the jth MO (the

contribution of the 2p states to the intensity is negligible
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because of negligible C,, coefficients). The intensity of
the jth quadrupole line in the spectrum is expressed as
follows:

I2~Ch,1(nslql3d)|*. (10)

Furthermore, the C;, and C,, coefficients for the 8o
molecular orbital, which yields the most intense dipole
lines in the Znls ™!, Zn2s ™! and Zn3s ! spectra, are
0.037 and 0.025, respectively. The C;; coefficients for
the 37 and 18 orbitals, which give the most intense quad-
rupole transitions, are equal to 1 for both the orbitals.
With these data and with the calculated energies of the
Znls, Zn2s, and Zn3s levels, which are equal to 9538,
1184 and 147 eV for ZnO, using formulas (3) and (9) and
(6) and (10) it is easily seen that the small C3, and C,,
coefficients with comparable dipole and quadruple matrix
elements for the transitions to the Zn2s and Zn3s levels
are the reason why the intensities of the quadrupole tran-
sitions are comparable to the dipole transition intensities
for Zn2s ~! and Zn3s ~! emission spectra.

The analysis of the results of the calculations shows
that the magnitude of the contribution of the 3p and 4p
atomic states to the valence region is the quantity that
predominantly defines the intensities of the quadrupole
transitions relative to the dipole ones. This can be illus-
trated by the VO and ZnO example. The C;, and C,,
coefficients for the 70 MO of VO, which yields the most
intense dipole transitions, are 0.2185 and 0.0257, respec-
tively, and the squares of the C;, coefficients for the 7o
MO of VO and for 8¢ MO of ZnO differ by one order of
magnitude, so the respective dipole intensities differ by
one order as well (f?, =3.21X10"* for VO and
f2.,=1.01X1077 for ZnO).

It is of interest to study how quantities which mainly
determine the value of the quadrupole transition intensity
relative to the dipole one depend on the 3d metal atomic
number. As seen from Figs. 2 and 3, the values of the
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FIG. 2. The matrix elements squared for the electric dipole
transitions Ms '«<~M3p in the neutral 3d-transition-metal
atoms.



1060

2.2

20 Quadrupole transitions

6
2

2
66669 Iq1s,3d|2 X1O

gra-eea Iq2$,3dl2
ae—ttt | Q3 34

18 x10
1.6
1.4
1.2
1.0
0.8
0.6

0.4

matrix element squared

0.2

o br e e bev b b b b e b ea b ool

00 +——7T—— 7T 7 T
22 24 26 28 30 32

atomic number

N
o

FIG. 3. The matrix elements squared for the electric quadru-
pole transitions Ms ~'«<~M3d in the neutral 3d-transition-metal
atoms.

matrix elements squared for both the dipole and quadru-
pole transitions decrease when the atomic number in-
creases. On the other hand, for the monoxides the ratio
of the total Mulliken population of the metal 3d atomic
states for the valence MO’s (Q,,) to the population of the
3p states increases when the atomic number increases

TABLE III. The orbital energies €; and the absolute oscilla-
tor strengths for the emission (absorption) dipole f2 and quad-
rupole f€ electric transitions from the valence orbitals to the
core levels (from the core levels to the vacant states) in the spec-
tra of the ZnO molecule (ground-state configuration 90247*18%).
The vacant orbital are starred.

N. V. DOBRODEY AND YU. V. LUNIAKOV s1

(Fig. 2). The character of the change of the Q53,; /03, ra-
tio with changing metal atomic number is in complete
agreement with the change of the relative intensity of the
quadrupole transitions (Fig. 1).

It should be noted that a variation of the interatomic
distance also can influence the intensity of the quadrupole
transitions relative to the dipole ones. The overlap in-
tegrals between the O2s and O2p and M3p and M4p
atomic orbitals decrease as the M-O distance increases, it
follows that the contributions of the M 3p and M4p states
to the valence MO’s decrease and the intensities of the di-
pole transitions in the Ms ! spectra decrease as well.
The C;; MOLCAO coefficients for the valence MOs
which have the highest quadrupole intensities, on the
other hand, practically have not undergone a change
when the interatomic distance increases, so the absolute
intensities of the quadrupole transitions in the Ms !
spectra do not change. To illustrate an influence of the
interatomic distance variation on the dipole and quadru-
pole transition intensities the calculation of the spectra
for ZnO have been performed for Zn-O distance of 3.2
a.u. References to Tables IIT and IV show that the quad-
rupole transition intensities actually are not altered when
the Zn-O distance increases, whereas in so doing the di-
pole transition intensities decrease.

The intensities of the quadrupole transitions in the
M1s~! absorption spectra are significant only for the
FeO and CoO (Table II). The quadrupole transitions

TABLE IV. The orbital energies €; and the absolute oscilla-
tor strengths for the emission (absorption) dipole f2 and quad-
rupole f¢ electric transitions from the valence orbitals to the
core levels (from the core levels to the vacant states) in the spec-
tra of ZnO molecule (ground-state configuration 90247*18*).
The vacant orbitals are starred. The results were obtained at
Zn—O interatomic distance of 3.2 a.u.

Spectrum MO —g; V) fE fg Spectrum MO —g; (eV) fE f2
Znls ! To 29.02 0.0 8.34X107°¢ Znls ™! To 31.62 5.00X107¢  6.11Xx107¢
8o 24.48 1.01X107%  6.00Xx107% 8o 28.50 1.41X1075  1.86X107°
90 10.70 1.50X107%  6.00x107% 90 14.94 5.40X 107° 0.0
Znls ! 100* 7.63 1.07X107*  3.60Xx1077 100* 11.28 1.36X107*  1.08Xx107¢
3 28.67 9.00X1077  1.50X107° 37 30.54 4.00xX1077  1.46X107°
4 9.76 6.80X107%  4.29X107° 41 14.42 1.34X107°  3.86X107°
18 28.67 1.42X107° 18 30.52 1.41X107°
Zn2s ! To 29.02 2.00X107%  7.01X107° Zn2s ! To 31.62 2.80X107°  4.82X107°
8o 24.48 4.40X107%  6.10X107° 80 28.50 6.20X1075  2.85X107°
90 10.70 6.00X107¢ 2.00x1077 90 14.94 2.20X1075  2.00x1077
100* 7.63 4.57X107*  4.00%x1077 100* 11.28 5.78X107*  6.00%x107’
37 28.67 2.00X107%  1.53x107* 37 30.54 1.00X107%  1.54Xx107*
4 9.76 1.70X 1073 0.0 4 14.42 4.10X107° 0.0
18 28.67 1.53x 1074 18 30.52 1.54X107¢4
Zn3s ™! 7o 29.02 1.00X107%  9.73X107¢ Zn3s ! To 31.62 2.70X107%  7.14X107¢
8o 24.48 1.24X107*  3.60x1077 8o 28.50 1.87X107*  2.70X107¢
90 10.70 1.40X 1073 0.0 90 14.94 4.30X107° 0.0
100* 7.63 8.85x10~* 0.0 100* 11.28 1.17X107°  4.00x1078
3 28.67 2.50X107%  2.01Xx107° 37 30.54 1.10X107°  1.95x107°
47 9.76 0.0 1.70Xx 1077 A 14.42 1.70X1075  1.90Xx 1077
16 28.67 1.99X 1073 18 30.52 1.95X 1073
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TABLE V. The integral intensities of the quadrupole electric transitions from the valence orbitals to
the core levels of the metal (emission) in percents of the respective dipole intensities for the MO4!°~

clusters.

Spectrum V0,0~ MnO,'°~ FeO¢'°~ Co0'°~ NiO!°~ CuO¢'°~
1s ™! 2 8 17 23 22
257! 2 9 20 28 32

make a noticeable contribution to the M2s ~! absorption
spectra for the oxides from CrO to CoO (Table II).

B. Solid oxides

Since the relative intensities of the quadrupole transi-
tions are very sensitive to the admixture of 3p and 4p or-
bitals of the metal to the valence states, it is instructive to
consider systems with coordination bonds. For solid-
state monoxides we used the traditional cluster approach
within the framework of the usual ionic limit model. In
this case the minimal cluster is MO}°~. The results are
presented in Table V. As in the case of the diatomic mol-
ecules, the quadrupole transitions make appreciable con-
tributions to the 1s ~! and 2s ~! emission spectra of the
clusters beginning with MnO}°~. It is hard to tell wheth-
er the quadrupole contribution can appreciably affect the
shape of the KBs of the right-hand-side 3d metal solids
monoxides because these compounds are referred to as
Mott insulators, and the intensities of spectral lines for
such objects cannot be calculated within a one-electron
approach [18-20].

V. CONCLUDING REMARKS

As can be seen from Table II, the intensities of the
quadrupole electric transitions in the M1s~! emission
spectra become appreciable beginning with MnO. Unfor-
tunately, a comparison of the M 1s ~! emission spectra,
calculated within the framework of the one-electron ap-
proach, with the experimental data is meaningless be-
cause of strong many-electron effects accompanying the
ionization of both the core and valence levels of the
right-hand-side 3d metal monoxides [18-20]. Let us
briefly discuss this problem. Many-electron interactions
result in appearance of bands of additional transitions
(shake-up, shake-down, shake-off, and Coster-Kronig sa-
tellites) in the region of an emission spectrum where only
the diagrammatic lines are situated within framework of
the one-electron approximation. For every band there is

a specific one-electron orbital, in this case a distribution
of intensity within the band coincides with the intensity
distribution within the respective band of photoelectron
spectra (the so-called correspondence theorem [21]). As a
consequence of such correspondence the sum rules for
emission spectra are formulated [22]. The integral inten-
sity of the k —x band in the emission spectrum coincides
with the intensity of the kK —x line calculated within the
frozen-orbital approximation. Because of this, the rela-
tive integral intensities of the quadrupole transitions cal-
culated for the 3d metal monoxides cannot be
significantly wrong.

VI. CONCLUSION

The calculations of the absolute oscillator strengths for
the dipole and quadrupole electric transitions in the x-ray
spectra of the 3d-transition-metal molecular monoxides
show that the quadrupole transitions can make an appre-
ciable contribution to the M1s ™! and M2s ™! emission
spectra of the right-hand-side 3d-transition-metal monox-
ides, whereas their contribution to the spectra of the left-
hand-side metal oxides is negligible.

The following may be concluded about the origin of
the MK Bs-emission spectra.

(1) The emission MK s spectra of the left-hand-side
3d-transition-metal monoxides are formed mainly due to
the electric dipole transitions from the valence MOs.

(2) The electric quadrupole transitions can contribute
appreciably to the MK s emission spectra of the right-
hand-side 3d-transition-metal monoxides along with the
dipole transitions.
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