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Method for evaluating chemical shifts of x-ray emission lines in molecules and solids
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A method of evaluating chemical shifts of x-ray emission lines for period four and heavier elements is
developed. This method is based on the relativistic pseudopotential model and one-center restoration approach
[Int. J. Quantum Chem. 104, 223 (2005)] to recover a proper electronic structure in heavy-atom cores after the
pseudopotential simulation of chemical compounds. The approximations of instantaneous transition and frozen
core are presently applied to derive an expression for chemical shift as a difference between mean values of
certain effective operator. The method allows one to avoid evaluation of small quantities (chemical shifts ~0.01-1
eV) as differences of very large values (transition energies ~1-100 keV in various compounds). The results of
our calculations of chemical shifts for the Ko, Ky, and L transitions of group-14 metal cations with respect
to neutral atoms are presented. Calculations of K«;-line chemical shifts for the Pb core transitions in PbO and
PbF, with respect to those in the Pb atom are also performed and discussed. The accuracy of approximations

used is estimated and the quality of the calculations is analyzed.
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I. INTRODUCTION

One of the most efficient methods of experimental study
of the electronic density distribution on atoms in materials
is analysis of chemical shifts of the x-ray emission spectra
(XES) [1]. This method is based on the fact that the radiation
caused by an electronic transition between atomic core shells
depends on the redistribution of densities of the valence and
outermost core electrons from one compound to another. The
typical order of magnitude of XES energies is 1-100 keV for
one-electron transitions in atoms with Z 2 30; such electrons
are designated below as transition core (TC) electrons, empha-
sizing that the electronic states involved in the transitions are
spatially localized in the atomic core regions.

The XES chemical shift is the difference between energies
of the same characteristic x-ray line in different compounds;
to describe the redistribution of electronic densities based on
experimentally observed chemical shifts, which usually range
within ~0.01-1 eV, one needs to compare the experimental
data with theoretical calculations of different atomic configura-
tions. This comparison allows one to determine the occupation
numbers of d3/, and ds, shells in transition metals and those
of f shells in lanthanides and actinides [2]. These shells are
spatially localized in the atomic core region, while they can
be rather considered as valence from an energetic point of
view. As a result, the partial charges of d and f elements
in different compounds can be studied and some information
about the electronic spin densities of these shells can also be
extracted. However, the occupation numbers of the outermost
valence (s and p) shells cannot be identified unambiguously.
Nevertheless, taking more x-ray transitions into consideration,
a clearer picture about the state (electron configuration) of
a given atom in a compound can be extracted, meaning the
outermost core- and valence-electron densities.
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The well-known theoretical studies of chemical shifts are
usually based on analyzing isolated atoms. A chemical shift
is then represented as a function of occupation numbers of
valence shells and the aim of these studies is reduced to
calculating these occupation numbers to better reproduce the
experimental chemical-shift values.

Below we give a short review of papers devoted to the
chemical-shift theory during the last decade and related to the
subject of our paper.

Raj et al. [3] showed that it is possible to obtain the 3d
electron population in a transition metal in various compounds
by comparing the experimental data of Kp-to-Ka x-ray
intensity ratios with results of the atomic multiconfiguration
Dirac—Fock computations (see Refs. [4,5] and references
therein). It is shown in Ref. [4] that the experimentally
determined valence electronic structures for all the metals
except V, Cr, and Mn agree reasonably well with the results of
augmented plane-wave band-structure calculations.

In 2004, Batrakov et al. [6] studied the influence of
relativistic effects on the chemical-shift values of XES in
compounds of uranium. The authors considered the chemical
shift as a sum of two values: the first one being the chemical
shift of the centroid energy of the x-ray line (which is
an average of the chemical shifts over the corresponding
multiplet), while the second one is a correction to the
chemical shift due to the spin-orbit interaction. These terms are
represented as functions of occupation numbers (or “charges”)
of valence shells. The experimental data on the chemical shift
of uranium L lines in UF, and UO; with respect to UO, as the
reference are tabulated. Interpreting these data with the help of
atomic Dirac—Fock-based analysis, the changes in occupation
numbers of the 5 f and 6d shells of uranium in the compounds
above are determined with respect to those in UO;. On the basis
of these calculations, the authors conclude that the relativistic
correction to the total value of the chemical shift is independent
of the oxidation state of uranium and is determined by an
intra-atomic redistribution of the electron density between the
subshells 5 f5> and 5 f7>. Thus, it is shown that the relativistic
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component of XES chemical shift allows one to determine the
distribution of f-electrons within subshells.

The form of the K x-ray line of medium and heavy
atoms was studied by Polasik et al. [7] in 2006. Based
on multiconfiguration Dirac—Fock calculations with quantum
electrodynamic corrections, the K line and its satellites on
Pd, Tb, Ta, and Th with and without the natural linewidths
are modeled. The theoretical decomposition of the spectrum
allows one to predict the overlap and the resolution of different
groups of lines. The authors study effects of removing the
electrons from 3 p and 3d shells on the structure and shapes of
x-ray spectra. The x-ray study of the K -line form allows one to
perform reliable quantitative analysis of the experimental data.

To attain a qualitative agreement between ab initio com-
putations of small XES chemical shifts in molecules (and,
especially, in materials) and experimental data, the molecular
calculation must be performed with an accuracy that is usually
a challenge in practice to modern computational methods.
The transition energy is ordinarily calculated as a difference
between total energies of two low-lying many-electron states
of the system containing a given atom. In turn, the chemical
shift is a difference between the transition energies in the
studied system and a reference system. Therefore, when using
“direct” computational procedures, the small chemical-shift
value is obtained as a “double difference” of large energy
eigenvalues and its magnitude often lies within the error margin
of the calculation.

The papers discussed below are devoted to evaluating
binding energies and ionization potentials of the core electrons
in different compounds.

Takahata and Chong (2003) [8] analyzed the problem of
computing the binding energies of the atomic core electrons
in light-atom molecules within the framework of density
functional theory (DFT). The authors calculated the binding
energies as differences between the total molecular energies of
the Kohn—Sham solutions for the ground state and states with
a core hole. It is shown that the accuracy of the calculation
strongly depends on the chosen density functional and basis
set. For various combinations of the functionals and basis
sets, 59 binding energies of the core electrons are determined.
For the most accurate studies, the average absolute deviation
from the experimental values is 0.16 eV. Segala and Chong
(2010) [9] calculated the ionization energies of the 1s electron
of sulfur or phosphorus in different compounds using DFT.
The ionization energies were calculated as differences between
total energies of the corresponding states. The authors used
various density functionals in their studies. The deviations
from the experimental data are within 0.5 eV. The authors
also analyzed how the hybridization of orbitals affects the
ionization energy of the 1s state. It should be emphasized,
however, that the quality of evaluated energies within DFT
significantly depends on applied functionals. Moreover, there
are some problems in choosing the appropriate functional
for certain heavy atoms and systems (e.g., see Ref. [10]
and references therein), whereas for systems containing light
atoms, one can usually estimate the errors associated with
the density functional approximations by comparing the DFT
results to those obtained within ab initio approaches.

The method of computing the core electron energies
based on second-order Mgller—Plesset perturbation theory was
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discussed by Shim with colleagues (2011) [11]. This method
was applied to obtain the binding energies of core electrons of
the C, N, O, and F atoms. The key feature of this method is in
using the mixed basis set which consists of all-electron basis
functions for the considered atom (with ionized core state) and
the reduced basis sets for all the other atoms of the compound
to be applied together with the pseudopotentials for the atoms.
The authors show that the accuracy of developed method is
about 0.16 eV.

Holme et al. (2011) [12] evaluated chemical shifts of the
ionization energies of the 1s electron in carbon for a variety
of organic compounds with errors of no more than 20 meV
for chemical shifts and no more than 30 meV for ionization
potentials. This level of accuracy comes close to that of modern
experiments. Chemical shifts are calculated using various
methods: Hartree—Fock, Mgller—Plesset perturbation theory,
coupled clusters, and DFT. The authors show that the errors
for determining the chemical-shift values by DFT are about
three times larger than those from the coupled cluster theory.

In 2010, Lee et al. [13] presented a systematic study of 12
ferric and ferrous K 8 lines in different compounds. The factors
contributing to the shift of the main line of the spectra and its
satellites are studied both experimentally and theoretically.
It was shown that the shift of the main line depends mainly
on the spin state of Fe, while the valence-to-core region of
the spectra (with the electronic transitions from valence shells
to core) have greater sensitivity to changes in the chemical
environment. DFT is used to calculate transition energies
and intensities at the one-electron-approximation level. The
authors estimate the errors of the methods used in the studies
within a few tenths of eV. It is shown that the electric dipole
transitions from the np to ls shells of iron dominate in the
spectra.

DeBeer and Neese (2010) [14] proposed a method of
evaluating the x-ray absorption spectra based on DFT. This
method requires a preliminary calibration based on experi-
mental data. Contributions to the transition energies due to the
scalar relativistic effects are taken into account. The authors
estimate the errors in calculating transition energies from the
method at the level of magnitude of 0.1 eV. Lancaster et al.
(2011) [15] studied the form of K 8 lines for neutral and singly
ionized ferrocene. The claim that XES provides information
about molecular orbital energies is justified by studying the
valence-to-core regions of these spectra. The DFT calculations
show that the valence-to-core electronic transitions occur due
to admixture of Fe 4p orbitals to the valence orbitals of the
considered compounds.

To summarize, the computational errors for energies of
x-ray emission and absorption spectra, presented in papers
discussed above [8,9,11-15] and listed in Table I, are at
0.1 eV by the order of magnitude. The accuracy of the
methods applied in these studies is generally sufficient for
evaluating the chemical shifts of x-ray lines for light atoms
or low-energy x-ray transitions (typical chemical-shift values
are within 0.5-1 eV). However, in the case of the x-ray
transitions between inner core shells of heavy atoms, the errors
of evaluating the corresponding energies are in general notably
greater than the chemical-shift values for the transitions. This
problem is aggravated by the computational complexity of
the relativistic calculations required for studying heavy-atom
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TABLE I. Typical errors in ab initio calculations of ionization
potentials, core-electron binding energies, and x-ray chemical shifts.

Computational details Average error (eV)

Takahata and Chong (2003), DFT/PW86-PW91* 0.16

Segala and Chong (2010), DFT® 0.2

Lee et al. (2010), DFT® 0.1-0.5

DeBeer and Neese (2010), DFT¢ 0.1

Shim et al. (2011), MBPT® 0.163

Holme et al. (2011), HF, MBPT, CC, DFTf 0.03(CC)
-0.1(DFT)

*DFT study of core-electron binding energies of C to F elements with
exchange-correlation functional PW86-PW91 [8].

°DFT study of ls ionization energies for P- and S-containing
molecules with exchange-correlation functional becke0Oxx(xc) [9].
°DFT study of the ferric and ferrous K 8 line energies with exchange-
correlation functional BP86 [13,15].

4DFT study of sulfur K -edge x-ray absorption transition energies [14]
with a range of contemporary functionals.

*MBPT study of 1s core-electron binding energies for the C, N, O, F
atoms in molecules [11].

fStudy of 1s carbon energies for a variety of organic compounds using
various methods: Hartree—Fock, Mgller—Plesset perturbation theory,
coupled clusters, and DFT [12].

systems. We illustrate this in Sec. V taking the inner-core
transitions in lead as an example.

Our paper is devoted to the development of an ab initio
approach to calculate XES chemical shifts in heavy-atom
compounds. The approach is based on precise relativistic
pseudopotential models [16—18] and one-center restoration
techniques [19,20] to simultaneously provide an optimal
combination of computational savings and high accuracy.

II. FEATURES OF CHEMICAL SHIFT THEORY
IN HEAVY-ATOM SYSTEMS

The precise ab initio study of heavy-atom compounds is
a complicated problem from the technical point of view due
to the importance accounting for relativistic and correlation
effects simultaneously. Below we consider the one-electron
K,L .M transitions in bound and free atoms starting from
period-four elements, i.e., the transitions of interest take place
between the core shells. For the electrons occupying these
shells, the relativistic effects are important. Straightforward
relativistic treatment of such properties requires applying
four-component techniques for all electrons in a compound,
and not just for the core region of a given atom where the
electronic transition takes place. The total number of electrons
can be very large in polyatomic systems (solids, clusters,
supramolecular structures, etc.) which are of primary interest
in practice, and this brute force way of evaluating chemical
shifts is extremely consuming. However, the specifics of the
problem under consideration allows one to introduce a number
of sufficiently valid approximations, considered below, and to
avoid the use of an all-electron relativistic treatment when
studying heavy-atom systems. The proposed approximations
allowing one to reduce dramatically the efforts are based
on a natural supposition that one may divide the set of
one-electron states of the system into the following groups
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taking into account their role in the considered inner-core
electron transitions:

Ic: The group of the states which are localized in a small
inner-core (Ic) region of a given atom; their wave functions
(described by four-component one-electron spinors) are nearly
the same in different compounds containing this atom. One
can treat these states as “frozen” with an accuracy sufficient
for applications (see Sec. IV); correlation effects for these
states can also be neglected. We will consider below the x-ray
transitions between the shells belonging to this group only.

Oc: The group of states belonging to the outer-core (Oc)
region, which are relaxed only slightly in a given atom
chemically bound in one compound against the other, but
the energy contributions to the chemical shifts from their
relaxation can be of the same order of magnitude as those
from the valence shells (see below). Nevertheless, one may
take account of small differences between the corresponding
wave functions of the atomic Oc states in distinct compounds
by using the lowest orders of perturbation theory.

V: The group of valence states (V). We assign to this
group either all the valence states of the system (rather for
few-atom molecules), or only those valence states (bonding or
antibonding orbitals, etc.) which have notable wave-function
amplitudes in the valence area near a given atom (in polyatomic
compounds).! The occupation numbers and space distribution
of these states can differ significantly for various compounds.
These states usually form or contribute notably to the chemical
bonds of the considered atom with its neighbors. Some of basis
functions which are most important to take into account for
the correlation of the Oc and V electrons can also be assigned
to this group.

W: We denote the combined group of the states belonging
to either V or Oc subspaces by the symbol W; W = Oc | J V.
We will use this designation when the distinction between the
states from groups V and Oc is not important.

R: All other one-electron states, which are not attached
to one of the former groups, are assigned to group R (rest);
in particular, core states of other atoms in the system belong
to this group. It is shown below that the influence of these
states on the properties of interest are not essential (since their
densities in the inner core of a selected atom are negligible) and
the states R can be excluded from consideration concerning
chemical-shift theory.

The total number of the valence states in the case of rather
complex systems, solids, etc. can be too large to be treated explicitly
for the chemical shift’s evaluation. After some electronic structure
calculation of a complex system, the valence states are usually
represented as combinations of either localized (Gaussian) basis
functions or plane waves. In these cases all these valence states may
be re-expanded in a spherical region around the given atom on partial
waves. The radius of the sphere must be greater than the radius,
where one-electrons states are smoothed within the pseudopotential
treatment [ 16], but less than the distance to the nearest atom. For each
valence state in this re-expansion only the terms which significantly
contribute to the chemical shift (see next sections) should be saved.
Thus, the computational complexity is reduced due to minimizing the
basis-set size used in calculating the system.
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One-electron states may be classified in such a way
already after preliminary self-consistent-field (SCF) treatment
of low-lying electronic states of a given atom, thus avoiding
calculation of the whole system of interest. The given classi-
fication allows us to take into account a number of features of
the problem under consideration to construct a robust model
describing chemical shifts. This approach establishes a direct
link between observable chemical shifts and the corresponding
quantum-mechanical expectation values and leads to serious
savings at the computational stage:

(i) Typical times of transitions between the Ic shells are
T ~ 10719 to 10713 s (for heavy atoms), the times of transitions
of Ocand V electrons are T’ ~ 10~'2 to 10~% s [21]; thus, the V
and Oc shells do not change significantly during the Ic electron
transitions. In the present study, the many-electron effects such
an Auger transitions of Ic electrons or radiative transitions of V
and Oc electrons are not considered. Effects of the relaxation
of the system during the fast Ic transition are usually small
and are not taken into account here.? These constraints allow
us to compute transition energies as differences of ionization
potentials from the final and initial shells. Note, however, that
the given constraints are used rather for the manifestation
of our model and are not mandatory in general when some
electron relaxation effects are taken into account.

(ii)) One may very accurately take into account the rela-
tivistic effects for valence and outer-core electrons in heavy-
atom compounds by using the pseudopotential approach [18].
Contributions to the energy of the considered Ic transition
in a given atom from interaction of TC electrons with those
occupying the group-R states and nuclei of other atoms largely
compensate each other; therefore, they can be neglected for the
considered problem with good accuracy (see Appendix B for
details).

III. THEORY OF CHEMICAL SHIFTS FOR X-RAY
EMISSION SPECTRA

Denote the many-electron wave functions of initial and final
states, which are obtained after electron ejection from some
Ic shell and after transition of the other electron to the vacant
Ic state (accompanied by x-ray emission), as |W;) and |W),
correspondingly. Since we can usually neglect the correlation
effects for the Ic electrons, these shells are well described
within the Dirac—Fock model.

We define a parent state of the system under consideration
with completely occupied Ic shells, in which the system was
before electron ejection, as the ground eigenstate | W) of some
appropriate Hamiltonian H, describing our system:

Hy|Wo) = Eo|Wo). (1

In the sudden-transition approximation, the many-particle
states |W;) and |W ;) can be obtained from the parent state

21t can be shown that the latter corresponds to the approximation
in which all the transitions between the states belonging to some
fixed initial and final shells, / and F, have equal probabilities and
the energies differ from each other by the values which are much
less than the linewidth. For the case of interest typical values of these
linewidths are I' ~ 2 to 60 eV.
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by removing an electron occupying the one-particle |i) and
| f) states belonging to the Ic shells I and F, respectively,
whereas all the other one-particle states of the system are
considered unchanged. Below we use the frozen-inner-core
approximation, i.e., neglect the effects of correlation and
relaxation of the inner-core one-electron states (see next
section for details). Let us write the Hamiltonian H, in the
second-quantization representation:

1
Hy, = Zhl,qa;aq + 5 Z qu”a;a;a,as, ()
Pq pqrs
h=T+VA+ Y v~ 3)

A£A

In this expression the one-electron operator / includes the
kinetic energy of electrons, their interaction with the nucleus
of atom A in the core of which the transition occurs, and the
interaction with nuclei of the other atoms A’ in the system.
The two-electron operator V = 1/r|, takes into account the
Coulomb interaction between electrons (in general, one can
easily include the relativistic interactions between electrons as
well, see Ref. [17]).

In the sudden-transition approximation, the final and initial
states |W ) and |W;) can be written as

W) = ar[Wo), [Wi)= a;[Wo). “4)

In the framework of the frozen-core approximation, the
energies of these states E,(x = f,i) are

Ex = EO - hxx - (\Il0| Z(vxxm - erxs)a:ras|ly0)a (5)

where the summation indices r,s and the indices of the
transition core states do not overlap.

Using the one-electron density matrix p,; = (Wola as| W),
write E, as

E. = Eq — hyx — Tr[Fy,p], (6)

where F% = Viyap — Viaxs-

Let us use the projectors on the introduced above subspaces
W, R, and Ic: Py, PR, and P.. Acting on p by the projectors
P + Pw + Pgr = 1 from the left- and right-hand sides we
obtain

p = Pic + Pw + PR + PWR + PRW,
p1ic = PrcpPre,

pw = PwpPyw, (N
PR = Prp PR,
Ppwr = PwpPr, prw = PrpPyw.

In the above expression the off-diagonal terms Pi.p Py,
Picp PR, and Py p Pgr, as well as their Hermitian conjugates,
vanish because of the frozen-core approximation used.

Substituting this expression for the density matrix into (6),
we obtain

E.,=Ey— EF —¢,, (8)
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where
Ef = Tex+ Vi, + Ti[Frprc,

=Y VA +TrlFe(pw + prw + pwr + pr)].
A'#£A

The one-electron state |x) and corresponding energy &,
are eigenvector and eigenvalue of some effective one-electron
operator 7°f defined on the subspace X of one-electron Ic
states. The matrix elements of this operator are

hepf; = Z Vﬁq/ + Tr[Fp,(pw + prw + pwr + pR)],
~

)
pP.q € X.

Let us mark out a spherical area around the atom where
| f) and [i) are localized. The radius of this area, R, is such
that the amplitudes of the Ic states are negligible outside the
area, whereas the amplitudes of the R states are negligible
inside. Denote a submatrix pw of the density matrix which
corresponds to the electron distribution inside the introduced
spherical area, pw(r,r’) : |r|,|r'| < R, (see Appendix A), as
D. Then we can rewrite expression (9) as

% = Tr[Fpy D]+ V5. (10)

The operator VX' describes the interaction of the TC electron
with atomic nuclei and electrons outside the sphere with radius
R.. For r < R, we can represent this operator as local (see
Appendix A):

Vert a ZUkmr"Ykm(Q), for r < R.. (11)

km

Let us consider transition energies AE ¢; and AE ;/;», where
states | f), | f') belong to the F shell and |i), |i’) belong to the
I shell. In the case of interest these energies differ much less
than the natural linewidths.?

Thus the experimentally observed transition energy is
practically equal to the average over all the transition energies
between the states from shells F and I:

P 1
AEpi =+ ), AEsts, (12)
feF,iel

where N = Y reF.iel §fis and ¢ ; are the relative probabilities
of transitions between one-electron states | /) and |i).

Let us use the average relativistic configuration approx-
imation and consider the probabilities of all the transitions
from F to I to be equal to each other. Then ¢; =1,

3Energies &, and &, (corresponding to states |x) and |x’) from
the same shell) do not coincide with each other in general because
of spherically asymmetric contributions from the interaction of the
TC electron with the valence electrons and the other atoms of the
system. Typical values of their differences are less than 10 meV
(see Appendix B). This is much less than the Ic-transition linewidths
(typical values for which are 2 eV by the order of magnitude for
sufficiently heavy atoms).
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N = (2jr + 1)(2j; + 1), and the average transition energy is*
N 1 )
AEp ~ Ef = Ef + (Tl f1h] )]

— Tr[(i |} )). (13)

The expression above differs from the exact average energy
due to the inequality of the probabilities of the various
transitions from F to 1. The value of this difference is mainly
determined by spherically asymmetric contributions in 4.

Within the framework of the relativistic average-
configuration approximation, the expression for AEg; can
be written as

AEp; = Ef — EF + TilXr D1 + V= V¥, (14)
where Y7 and @ are

1 1
rs — FVS _ FVS’
XF[ 2]F+IZ XX 2]1+1Z XX

xeF xel

1
V= —— "V, X=IF.
2‘]X +1 xeX
Traces of the matrices (f|h"| ') and (i|h%|i’) are indepen-
dent for the basis sets used. Let us compute them in the basis of

functions with fixed values of the magnetic quantum number.
We obtain®

VN = Uge. (15)

The spherical part Uy, depends only on the density of valence
electrons in the region » > R, and is the same for shells 7 and
F. Thus, the last two terms in expression (14) vanish. Matrix
elements of the ¥ r; operator are (see Appendix C)

m” = 8j,,j58m,,ms [7rs(F) - 7rs(l)
- ?rs(F) + ?rs(l)]’

2j + 1
(%) = {rxlIVollsx) | 3 s
Keo(X) =) (rxl|lVillxs), X=F,I.  (16)

k

“The values of E*, x =i, f are contributions to the transition
energy from the kinetic energy of the TC electron and from the
interaction of the TC electron with other (frozen) inner-core electrons
and with the nucleus of the considered atom. Due to the spherical-
symmetry approximation used for these states, E = E = E¥.

SWith the help of the Wigner-Eckart theorem (see Ref. [22]), one
can write VX', x € I, F as

ko )
0 m, )’

where the reduced matrix element (x||V™||x) is independent of m,.
It follows from the identity

> (_Jm 6 ,{1)=ako¢2j+1

that, after averaging this expression over all projection values m,,
only the term with k = 0 survives.

Ve = Y V) (_f;l
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TABLE II. Chemical shifts of Ko, and Ko, lines for the doubly charged cations of group-14 elements, Pb>*, Sn>*, Ge>*, Si**, and
corresponding quadruply charged cations with respect to the neutral atoms.®

A%* with respect to A

XKey (meV)? Ay, (MeV)P° Ska (%) XKa, (meV)* Ao, (MEV)° Skay (%)
Pb 127 130 2.3 150 150 0.3
Sn 116 123 5.1 170 166 2.3
Ge 214 228 6.5 228 214 6.1
Si 671 981 46 981 671 31

A** with respect to A

XKay (meV)? Ao, (MEV)P Skay (%) XKay (MeV)? XKy (MEV)° Ska, (%)
Pb 347 359 34 362 355 1.9
Sn 379 400 5.5 441 423 4.1
Ge 741 789 6.4 741 789 6.4
Si 1990 3538 77.2 3538 1990 77.2

2The results of all-electron calculations of the chemical shifts.

"The results of the chemical shift calculations with the frozen inner core.

“The relative errors arising from neglecting the inner-core relaxation are §; = |( le' — x1)/ x| . In the frozen-core calculations, the inner cores
of Pb and Sn cations were taken from evaluation of the relativistic average configuration for the Pb and Sn atoms and from the nonrelativistic
average configurations for the Ge and Si atoms. In these studies, the inner-core shells are 1s to 4 f for Pb, 1s to 3d for Sn, 1s to 2p for Ge,

and 1s to 2p for Si.

The final expression for the transition energy in the
relativistic average-configuration approximation is

AEp; = Ef — EF + Tr[x7D]. (17)

Terms E¥ and EY do not depend by definition on the
environment of the given atom and, therefore, they do not
contribute to the chemical-shift value. As a result, the chemical
shift of the transition core energy in a compound M with
respect to that in the reference neutral atom A, yr;(M,A), can
be written as

xr1(M,A) = AEp;(M) — AEp(A)

= Tr[XF1I[D(M)—D(A)]]. (18)

Thus, the chemical shift depends only on the change of
the part of density matrix localized (on both variables) in the
region r < R, where the core transition takes place and does
not depend directly on any changes of the electronic densities
out of this sphere.

IV. CALCULATION OF CHEMICAL SHIFTS IN ISOLATED
ATOMS AND IONS

The chemical shifts of Koy and Ko, transition energies
in cations of group-14 metals Pb, Sn, Ge, and Si are studied
with respect to the reference transition energies taken from
calculations of the relativistic average ground-state configura-
tions of given neutral atoms. Comparison of chemical shifts
in calculations with frozen and relaxed Ic shells allows us (1)
to estimate the computational errors, which arise as a result
of neglecting the relaxation of Ic states of a given atom in
its various compounds, and (2) to optimally divide the core
electrons into Ic and Oc groups. The evaluation of chemical
shifts is performed in few steps:

(1) Computation of transition energies using the Koop-
mans theorem.

(2) Partitioning the electrons into groups (see Sec. II).

(3) Calculation of ionic states obtained by removing the
electrons from the valence shells. In this calculation the
inner core states are treated as frozen after the reference-state
computation (and marked as “frozen” below in the text and
tables).

(4) Computation of the cations with relaxed inner-core
shells.

(5) Evaluation of a chemical shift as the difference of the
corresponding transition energies.

In our calculations, the Ic groups were chosen to include
all the states belonging to 1s—4 f shells of Pb, 1s—3d shells
of Sn, and 1s5s-2p shells of Ge and Si. The chemical-shift
values for the doubly and quadruply charged cations are
listed in Table II. One can see from these data that the
inner-core relaxation contributes only several percent of the
absolute chemical shift values for the period four and heavier
elements. We have also calculated the chemical shifts of
L-transition energies in Pb?>* compared with those in Pb (see
Table III). The L-line energies are of much smaller magnitude
than the Ko and Ko, energies. Moreover, they are greatly
influenced by relaxation of some core shells, which have the
principal quantum numbers n = n, — 2, where n, stands for
the principal quantum number of the outermost valence shells.
Such shells are usually considered as the Ic shells and can be

TABLEIIL. The chemical-shift values of XES L lines of Pb** with
respect to the neutral Pb atom. The N = 0 column corresponds to
computations with relaxation of all electronic shells; [Kr], [Kr]4d'°,
and [Kr]4d'%4 f'* denote computations with the frozen shells from
1s to 4p, 4d, and 4 f, correspondingly.

Frozen shells: Nff =0 [Kr] [Kr]4d' [Kr]4d'04 f14
XL, (MeV) 10 11 18 21
XLay (MeEV) 30 30 37 39
XLey (mMeEV) 35 34 42 44
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frozen when studying chemical and spectroscopic properties.
However, in accordance with the partitioning rules given in
Sec. II these shells should be assigned to the Oc group, at least
for evaluating the given chemical shifts.

The results presented in Table III demonstrate that one
should account for relaxation of the 4d and 4 f shells of Pb
together with relaxation of the outer-more shells in order to
evaluate the chemical shifts for L XES lines in Pb with an
accuracy within a few percent. Calculations of neutral Pb and
Pb%* are performed in two ways: First, using the all-electron
four-component atomic code HFD [23,24] that utilizes spherical
symmetry and, second, employing the molecular spin-orbit
direct configuration interaction code SODCI [25] together with
the relativistic pseudopotential and core-restoration codes
MOLGEP and CORE. The MOLGEP-CORE codes implement the
two-step approach [18,20] to study the properties of heavy-
atom compounds, described by operators heavily concentrated
in atomic cores, with moderate efforts. Comparing the results
of different chemical-shift computations, one can estimate
errors of the pseudopotential and core-restoration method
advanced in the paper to include the chemical-shift evaluation.

Explicit treatment of the outer-core electrons in chemical-
shift evaluation by the molecular code corresponds to a relaxed
outer core in the case of using the atomic code. The results
with and without explicit treatment of the outer-core electrons
are given in Table IV. The computation of the configuration
[Hgl6p? 1 for the neutral Pb ground state is used (with atomic
code), whereas the ground-state configuration of Hg is used
for the Pb?* case. The jj-coupling scheme is exploited in the
Dirac—Fock calculations. The outer core 5525 p°®5d'0 is treated
as frozen after the calculation with nonrelativistic average
configuration 6526 p? for the valence electrons.

For a given state W of an isolated atom or its ion one
can evaluate a mean value of the spin-angular projector P;; =
Yo lim){ljm|, Njj[W] = (W|P;|W), that can be interpreted
as the average number of electrons occupying all the one-
electron states with some fixed quantum numbers / and ;.

The N;; values are not necessarily integers in atomic corre-
lation calculations, particularly employing the A-S coupling
scheme. Having been obtained in SODCI calculations for Pb
and Pb%*, the N, ; values are given in Table V. The N;; values
obtained in correlation calculations of the ground state of a
neutral Pb atom differ by less than 10% by order of magnitude
from integer numbers (corresponding to the one-configuration

TABLE IV. The chemical-shift values of the Pb>* K«jand Ko,
lines with respect to the neutral Pb atom.

Line x* @meV)® xM@meV)> x*FmeV)e xM (mev)?
Ko 130 88 145 145
Ko, 150 33 165 156

2Chemical shift calculated with the atomic code HFD [23]; the outer
core is unfrozen.

bChemical shift calculated with the atomic code HED [23]; the outer
core is frozen.

“Chemical shift calculated with the molecular code MOLGEP-SODCI
[25-27]; the outer core is unfrozen.

dChemical shift calculated with the molecular code MOLGEP-SODCI
[25-27]; the outer core is frozen.
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TABLE V. The occupation numbers N;; of one-electron p,,, and
p32 states of the neutral Pb atom and Pb*" cation in the ground
states evaluated as the mean values of the spin-angular projectors
P; =Y, lljm){ljm| for 22-electron MOLGEP-SODCI calculations
with frozen 5 p from ionic Pb ground state (“OC-frozen”) and relaxed
5p (“OC-relaxed”).

Pb Pb**
NPI/Z Nm/z NPI/Z NP3/2
OC-frozen® 1.8 0.2 0 0
OC-relaxed 3.9 4.1 2.0 4.0

*The occupation numbers of 5p;,, and 5pj3,,, 2 and 4, correspond-
ingly, are added for comparison with the OC-relaxed case.

Jj j-coupling case) both for the frozen-outer-core treatment and
for relaxed and correlated outer-core cases. The chemical shifts
for the isolated Pb>* cation with respect to the neutral atom
are approximately proportional to the difference between the
corresponding values of N, P thus, we can conclude that the
relative difference between chemical shifts obtained in various
calculations is approximately equal to the difference between

their N, , values:

N

SXFI ~ ‘ 8NP1/2
P2

XFI

The xr; quantity is a chemical shift obtained in the correlation
calculation, the &xp; quantity is the difference between
chemical shifts obtained in correlation and one-configuration
calculations, and the N, , quantity is the difference between
corresponding values of N, ,.

It is clear from the results for chemical shifts listed in
Table IV that the difference between their values obtained in
Jjj and A-S couplings is much greater than could be expected
from the Nj; values given in Table V in the relaxed-core case
while it is consistent with the case of the frozen-outer-core
calculation. This is due to interaction of the TC electrons
with the outer-core electrons; the interaction gives a much
greater contribution—more than one order of magnitude in
our case—to the transition energy as compared with the energy
of interaction of the TC electrons with valence electrons. In
the case of the one-configuration atomic calculation, one can
represent the density matrix as a direct sum of the valence
pv and outer-core poc terms: D = py + poc. In particular,
the contributions from these terms to the Koy and Kap
transition energies in the neutral and double-charged lead
atom are listed in Table VI. One can see from these results
that the contribution from the interaction of TC electrons

TABLE VI Contributions to the energies of K« and Ko,
transitions arising from interaction of the TC electron with the valence
(6s,6p) and outer-core (5s,5p,5d) electrons.

Pb Pb>+
Ka £°C (eV) 13.788 13.816
eV (eV) 0.543 0.387

Kas £°C (eV) 11.538 11.561
eV (eV) 0.501 0.327
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with outer-core electrons is almost independent of the atomic
partial charge as opposed to that with the valence electrons.
The chemical-shift value (computed as a difference of the
mean values of a given one-electron operator in the cases of
the neutral atom and its cation) is the residual between two
very close values, each of them is determined with an error
of 10% by the order of magnitude in calculations given in
Table VI. Taking into account the outer-core contributions
to the XES chemical shifts on a high and identical level
of accuracy (quality) in calculations of different heavy-atom
systems is a challenging problem for modern relativistic
quantum chemistry because of limited sizes of the used basis
sets (leading to the basis-set-superposition error problems;
see Ref. [28] and references therein) and limited levels of
correlation treatment in practical calculations of polyatomic
systems which are of mainstream interest. The discussed
outer-core contributions are rather large and difficult to control
by absolute values in different types of chemical bonding
of a given atom with others. Such kinds of calculation of
chemical shifts between molecules or/and periodic structures
may be numerically unstable due to this fact because of
the inevitable use of the approximate computational methods
for many-electron systems. To minimize the uncertainty, the
contribution from the outer-core relaxation must be taken into
account by some way directly (e.g., by using the perturbation
technique for outer core, etc.) and not as a small difference
between two big values.

V. CHEMICAL SHIFTS OF Pb K«; LINE IN PbO
AND PbF, MOLECULES

We have studied the chemical shifts of K«; transition
energies on Pb in the PbO and PbF, molecules with respect
to the neutral lead atom (the experimental value of neutral
Pb Ko, line energy is 74.970 11 keV [30]). The oxidation
number of Pb in these molecules is +2, therefore, their
chemical shifts are compared to those of Pb’>* and presented
in Table VII. The results of calculations differ strongly for
the molecules compared to Pb?* since the chemical bonds in
both molecules are not purely ionic but have notable covalent
admixtures, particularly in the oxide. Partial Mulliken and
electronegativity-based charges of lead in PbO are +0.9 and
40.86 [31], respectively. However, the change of the total
charge of p electrons is much less in the area significant for
the Ko, line chemical-shift values. The considered area is
limited by the sphere with radius R, = 0.5 a.u. and R, is
selected in such a way that the 2p shell of Pb has negligible
density outside the sphere.

To analyze particular contributions to the chemical shift
in compounds of Pb compared with atomic lead given in
Table VII, we introduce the quantities qu which describe
the partial-wave charges (corresponding to the total electronic
densities for the states with fixed / and j) concentrated in
the spherical region with radius R, = 0.5 a.u., in which the
one-center restoration of electronic structure in the Pb core
is performed. These values are calculated by the following
expression for the compound M:

q;; (M) = Tr[D(M) P;;], 19)
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TABLE VII. Ko, chemical shifts and partial wave charge values
in lead compounds.*

100g° lOOq;l/2 100:1;3/2 Xko, (MeV)

Pb 1.814 0.903 0.1

Pb** 2.162 0 0 145
PbO* 1.767 0.432 0.456 40
PbOP 1.789 0.381 0.496 41
PbO° 1.789 0.455 0.503 23
PbO (expt. value) 5448
PbF, 1.950 0.153 0.254 85

“q;; is the part of the total charge of all the valence electron shells with
given orbital and total-angular-momentum (“partial waves’) numbers
within a sphere of radius R. = 0.5 a.u. and centered on the lead
nucleus; xkq, is the chemical shift of K« line with respect to the
neutral Pb atom. Calculations with the oxygen basis set taken from
Ref. [29].

bCalculations with the extended oxygen basis set.

“Calculations with neglecting the oxygen orbital contributions at the
core-restoration stage.

4The experimental chemical-shift value of the K o; lead XES lines in
the PbO crystal with respect to the crystalline metallic lead (see the
discussion in text).

where D(M) is the valence and outer-core electron density
matrix restricted to the spherical region (see Appendix A), and

Pyj is the spin-angular projector P; = Z',’”:_,- |ljm){ljm| on
the states with given quantum numbers / and ;.

One can see from Table VII that significant contribution to
the chemical shift, at the level of 10% by order of magnitude,
is coming from the interaction of TC electrons with electrons
occupying the perturbed 6s states. The fraction of the latter
in the atomic core is increased due to disappearance of the
electronegative potential from 6 p electrons in this region in the
case of Pb?*, while the perturbation of 6s states is relatively
small in the PbO case due to a high covalent share in the Pb—O
bond and influence of the valence electrons of oxygen.

To estimate the chemical-shift contribution from the atomic
orbitals of oxygen, we have also presented the results of
evaluation of chemical shifts without atomic oxygen orbitals
taken into account at the core-restoration stage. The molecular
calculations are performed within the GRECP—configuration-
interaction method [18] by using the MOLGEP-SODCI codes
[25-27].

The study is performed with the frozen outer core of Pb
including the 5575 p? ,5p3 ,5d3,,5dS , shells. The interatomic
distance is 4.2 a.u. according to the experimental datum for
the PbO molecule given in Ref. [32]. The distance between Pb
and F atoms in PbF, is taken to be 4.2 a.u. [32]; however, we
have considered the linear geometry of PbF, here assuming
the comparison with further chemical-shift measurements in
cubic crystalline PbF,.

The experimental chemical shift of the Pb K«; line in
the crystalline PbO with respect to that of metallic lead is
54 +£8 meV [33]. It should be emphasized that one can
compare atomic and molecular Pb and PbO computations
with the experimental solid-state data only qualitatively, since
the difference in the electronic structures of the atomic and
metallic lead as well as of crystalline and molecular PbO is
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significant. Nevertheless, we can conclude that the agreement
between experimental data and our results is satisfactory; both
the experimental and theoretical results differ notably from the
chemical-shift values based on the ionic model and Mulliken
occupancy analysis that gives the Pb partial charges ~0.9 in
PbO and ~1.5 for PbF,.

VI. CONCLUSIONS

A method of evaluating the XES-line chemical shift is
developed. This method can be used to study the electronic
transitions in cores of elements starting from period four of
the Periodic Table and below. An analytic expression for the
chemical shift as a difference of mean values of a proposed
effective one-electron operator being calculated in two systems
containing a given element is obtained. It is shown that the
influence of changes in the electronic densities outside the
atomic core, where the TC electrons are localized, on the XES
chemical-shift values is mainly negligible.

The expression for the chemical-shift value is obtained
in the relativistic configuration-average approximation; the
sudden-transition and frozen-inner-core approximations are
also employed. Applying the sudden-transition model, one
neglects the relaxation of the valence and outer-core electron
densities during the transition. This approximation is good
enough for the issues considered, because typical transition
times for inner-core electron are 10~1—10~13 s, whereas the
transition (relaxation) times for the outer-core and valence
electrons are v/ ~ 10712-1078 s [21]. Using the frozen-core
approximation for the inner-core one-electron states of a given
atom we assume that their changing in the atom is negligible
when its chemical environment varies from one compound
to the other. The relaxation effects due to the x-ray-induced
ejection of a core electron preceding the considered core
transition is also neglected. Note that using the one-electron
approximation for the inner-core electrons does not assume the
same level of treatment for outer-core and valence electrons
which can be explicitly correlated. The latter is particularly
important to optimize the computational efforts for chemical-
shift evaluation in the systems with complicated valence
structure in contrast to other known theoretical approaches
(mainly based on DFT).

Corrections to the proposed chemical-shift expression
restricted by the relativistic average-configuration approxima-
tion are analyzed. They are shown to be mostly a few percent
compared to the average chemical-shift values.

Atomic calculations of chemical shifts of Koy and Ka»
lines for the group-14 transition metal cations compared to
the neutral atoms are performed with the HFD code [23,24].
There are two variations used in our calculations, either with
or without taking account of the inner core relaxation. As one
can see from the results, neglecting the inner-core relaxation
leads to a few percent increase of the chemical-shift errors for
group-14 elements starting from Ge. However, the chemical-
shift error for Si is 78% because the partitioning of the core
shells onto the inner- and outer-core subspaces is meaningless
here.

Study of L XES chemical shifts on the lead cations with
respect to the neutral Pb atom is performed. It is shown that
one needs to account for relaxation of the 4d and 4 f core
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shells to attain the level of accuracy for chemical-shift values
within 10%.

The GRECP-configuration-interaction study of the Ko
line chemical shifts for Pb>* with respect to the neutral Pb
atom as reference is performed with the SODCI code. The errors
due to the electronic structure restoration approximation used
for the valence and outer-core orbitals in atomic cores are
estimated.

The GRECP-configuration-interaction calculations of the
K ay-line chemical shifts for Pb in PbO and PbF, with respect
to the neutral atom are also performed. The obtained chemical
shifts for PbO are in a reasonable agreement with available
experimental data for the crystalline PbO.

ACKNOWLEDGMENTS

We are grateful to V.V. Fedorov for the initiation of this work
and useful comments, to A.V. Zaitzevskii, N.S. Mosyagin,
AN. Petrov, L.V. Skripnikov, A.D. Kudashov for many
important remarks, and to A.A. Petrunin, A.E. Sovestnov,
and E.V. Fomin for discussions. This research was partially
supported by the RFBR Grant No. 13-03-01307a.

APPENDIX A: PARTITIONING ONE-ELECTRON DENSITY
SUBMATRICES INTO “OUTER” AND “INNER” PARTS;
EXTERNAL ELECTRIC FIELD IN ATOMIC CORE

Let us define the one -electron W-group density submatrices
D, py, py~,and pg;” in coordinate representation using step
functions 8. (7 ) = 8(R.—|F]) and 6. (F ) = 1—0_(¥):

pw(F,r) = DE )40, Fr)+05" G +o57 7o),
DG, = py (For') = 0-(F)pw(F,r0(r),
W Fr) = 6.F)pw(F.re= (),
W Er) = 0. )pw(F. o),
W E = 0-F)pw(F. o= ().

(AL)

Consider the off-diagonal submatrices pwr = Pwp Pr and
PrRW = Prp Py defined in Eq. (7) in coordinate representation.
For pwr(#, r) the radius vector 7 corresponds to states of
group W and ' to states of group R; for prw(7, r) P
corresponds to R, and r’ to W. We define the submatrices
pwr and pyr such that pwr = pyy + pwyr analogously to
Eq. (Al):

PiR(F.r) = Pk = 0<F)pwr(F.r)):
pr(Fr) = pyg = 0-(F)pwr(F. ).

Similarly, we also define pgy, and pgy -

Furthermore, substitute pwr = pyr+Pwr and prw =
PrwTPrw into Eq. (9) and consider the traces of product
of operators F,, with these submatrices in coordinate rep-
resentation. Taking into account that the one-electron states
of group R have negligible densities in the Ic region of atom
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A (see Sec. III), we can write

THF 2 pigg] = / dF /  dPFL(Powr ),
[F|<R. [r'|>Re
(A2)

where F (¥ ,;’ ) is defined as a sum of Coulomb and exchange
terms, correspondingly:

FoGr) = 8G—r) / ARV G =)l (P

— OFF ) TV (F=r).

One can easily realize that expression (A2) vanishes because
the integration domains over 7 and r’ are not overlapping and
the TC state ¢, (¥ ) amplitude is vanishing outside the sphere
withradius R.. Analogously, the expressions for chemical shift
with the submatrices pgy,, o3, and p3,~ will also be zero.

Thus, only the following parts of the total density matrix
can contribute to the chemical-shift value: pr, p3r» PRWOW >
P1c, and D.

Let us represent the contribution to TC energy arising from
the interaction of the TC electron with nuclei of other atoms
and the electronic components corresponding to pr, Pyg» Prw>
and py,” submatrices with the domains localized outside the

sphere: |F|,|r’| > R. as action of a “crystal” (or “molecular”)
external-field operator V':

VR =2 Va
A
+ Z (pR+pV>VR+pEW + p\>y>)” (Vixrs = Varxs),

x=1,f.

With appropriate choice of R., when the tails of the core states
in the region with |F| > R. become small enough, the exchange
terms V., are negligible and V' inside the sphere becomes
a local operator that can be written as a multipole expansion
on the nucleus A:

VEGE) XD U Yim( Q). 7 < Re.

km

(A3)

(A4)

APPENDIX B: FIRST-ORDER PERTURBATION THEORY
ANALYSIS OF ERRORS ARISING FROM ASSUMPTION OF
EQUIPROBABILITY OF TC ELECTRON TRANSITIONS

Evaluating a chemical shift for core-to-core transition
energies, we average them over all the projections of total
angular momenta both for the initial and final one-electron
states. As is shown in Sec. III, the chemical-shift contributions
arising from interactions of TC electrons with electronic
densities localized outside the sphere with radius R, (centered
on the nucleus of a given atom A or all the other atoms in
the considered system) vanish in this case. Such an averaging
corresponds to a situation in which all the transitions between
I and F shells have equal probabilities. We can estimate
the errors arising from this approximation when considering
only the electric-dipole transitions for simplicity. Then, after
averaging the initial and final states over all the total-angular-
momentum projections, m; and m,, we have to take into
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account the constraint on possible values of m; and m ;:
m; —my| < 1. (B1)

Note, however, that the electric-dipole approximation works
well for light atoms. For compounds containing heavy atoms,
the magnetic and higher multipole electric transitions become
significant due to relativistic effects and perturbation of the
spherical symmetry of atomic cores in compounds; therefore,
the constraint Eq. (B1) is weakened in practice. Thus, using
Eq. (B1) we can only estimate the upper bound on the
errors arising from assumption of equal probabilities for the
transitions between / and F shells with different m; and m f.

Let us estimate the difference in the average transition
energies evaluated with and without condition (B1). Consider
the case when all the final and initial states are eigenvectors of
the projection of the total-angular-momentum operator, which
can have different energies:

1
AEp; = I

> erm, — Erm,s (B2)

[m;j—mg|<1

where €7, and ep., , are energies of the one-electron states
belonging to the I and F shells, with the projections m; and
m ¢, correspondingly. The coefficient N takes the following
values:

N =32j;—-D+4, ji=jr
N = 3[2min(j;,jr) + 11,

(B3)
Jir # Jr-
The constraint (B2) does not influence the averaging over m;
and m y only for J; = Jp = % otherwise, the independent and
constrained averages do not coincide. Let us write the energies
of one-electron states ¢;, &7 as

&y =&x + (6x — €x), (B4)

where €x = ) _y &, is the average orbital energy for shell
X=ILF.
After substituting ey, into expression (B2) we obtain

AEp; = (Er —€1) + bery,

Serr = —% > (erm, —Er). (BS)
lm 1> jr -
lm g 11> jr
Note that the dependence of der; on the initial / shell arises
from dependence of the summation index limits in the above
equation on the total angular momentum j;.

Consider the matrix elements of effective one-electron
Hamiltonian Eq. (10), A%, = (x|h°|x’), where |x) and |x')
are eigenvectors of the total-angular-momentum projection
operator; they belong to the Ic shell X with a fixed total angular
momentum jy,X = I,F. According to the Wigner—Eckart
theorem, matrix elements of hif)f can be written in the form

x ko Jx
heff — X heff X i B6
o Z.<||k||> - (B6)
0<k<2),
where m, and m, are projections of total angular

momentum of the corresponding states, (x||hiff||x/) =
(x||VE|x")+(x || Tr[F D]||x") are the conventional reduced
matrix elements [22] for the k-rank operators given in the

062511-10



METHOD FOR EVALUATING CHEMICAL SHIFTS OF X- ...

spherical tensor representation, and the terms (x||V™||x’) and
(x||Tr[F D]||x’) are defined below.

Only the terms with k # 0 contribute to the average
orbital energy correction 8¢ ;. Estimate the (x||V,*||x’) and
(x||Tr[FrD]||x") terms by their order of magnitude. The
external field (A4) V' = 3", Upnr* Y (Q) is created by
the other atoms of a compound and the electronic density
outside the sphere with radius R, centered on the considered
atom. For electroneutral compound, Uy, can be estimated as
<Qv/ Rl“,“, where Qy is the valence of the given atom and
Ry > R, is the radius of its valence shells.

Let us write matrix elements (x ||V [x”) as®

l 2 1
<x||v;“||x/>:Uka;;(g 0 g) (B7)

where the radial integrals R, are defined as

Ry = / drr* 2 lex ().
r<R.

Consider the contributions to §eg; correction to the average
energy of electronic transitions from the shell with j; = 1/2
to the shell with jr =3/2 of the lead atom (in standard
notation: p3/»—>S1,2, d3j2—> p1,2) arising from interaction with
the external field. For K-series transitions (np — ls), the
energy correction for the s shell is zero, whereas the correction
for the p shell is determined by the matrix elements

2

(x|VH') = Rz 2,X (X[ Yim|x").

m=-2

Let us estimate now contributions to the ez; correction
from the terms (x||Tr[F; D]||x’) by their order of magnitude
and, therefore, consider only the direct Coulomb interaction
terms with assessment (x||Tr[F¢D||x’) ~ (x||Te[J D]||x’).

Write (x||Tr[Jx D]||x’) analogously to Eq. (B7):

(x|ITe[J DUIX) ~ Rix (B8)
where the radial integral R is

+
R = [ an [ anTieeotevey. @9
ri<R. <R

r<

and the valence-electron density py (7) is

pv(r) =Y Dysp(r)@i(r).

The values of the radial integrals R;y and R;y" for the
inner-core shells of Pb in the case of k = 2 are given in Table
VIII.

®One may estimate the upper bound of the radial integral R as
Ry < (rx),

where (ry) is the average radius of the X shell. Thus,

Qv ()
VE!XI .
VI < (—RV )
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TABLE VIII. The values of Ry and R for outer-core nps)»
and nds; shells of the Pb atom when k = 2.*

X RS (meV) R5 (meV)
3]73/2 130 243
3ds) 120 240
4p3/2 430 163
4ds)y 460 163

#The core radius R. = 3.16 a.u. is enlarged here (compared to the
value R, = 0.5 a.u. used elsewhere in this paper) to cover inside the
4p3/2 and 4d3/2 shells.

To derive the final estimation for correction to the average
transition energy one has to take into account the value of N !
in expression (B2):

Oy ) (jF 2 jr ) < v 2 jv)
88 ~ R<<+ <> ; . : .
Y <R3 ) \GE 0 —jr) \=jv 0 jy

Ir 2 1p\ (lyv 2 Iy
X

000 000/
where jp and [p are the total and orbital angular momenta
of the final TC shell, jy and Iy are quantum numbers for
the most populated valence shell. The corresponding product
of the angular multipliers and % is ~1/50 by the order of
magnitude for p and d shells. Multiplying the latter by the
radial integrals R7;y and R, we obtain that the order of
magnitude of §ep; corrections is 10 meV or less, whereas the

experimental uncertainties for chemical shifts in most cases of
common interest are larger.

(B10)

APPENDIX C: DERIVATION OF CONTRIBUTION
TO INNER-CORE TRANSITION ENERGY FROM
INTERACTION OF TC ELECTRON WITH
VALENCE AND OUTER-CORE SHELLS IN
SUDDEN-TRANSITION APPROXIMATION

In Sec. III we show that the chemical shift of Ic transition
energy in an atom bound in some compound M compared
to the free neutral atom A, xp;, in the relativistic average-
configuration approximation is a difference of the correspond-
ing mean values of the one-electron operator X ;.

Let us denote the one-electron states belonging to shells F'
and I with fixed projection numbers m s and m; as | f) and [i).
The operator x 7; is a combination of Coulomb and exchange
operators:

Xpi=J(H)—J0 - K(f)+ K@), (CH
the matrix elements of which are
Trs(x) = (rx|rp'|sx),
K, s(x) = (rx|r1_2] lxs), x=1,f.

For the case of unconstrained averaging (over all the
possible indices m; and m f), the average operator Xy is the
sum of average operators J and K:

Xr1 = J(F) = J() — K(F)+ K(). (C2)
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Applying the Wigner—Eckart theorem, one can express the
corresponding two-electron matrix elements as follows (e.g.,
see Ref. [34] for details):

(rxlry [sx) = ) (= DF Rt e[V [sx) -
k

.x k 'x 'r k .s
% J J J J . (C3)
—my 0 m, -m, 0 my
(rxlry xs) = Y (=1 Ik e [V xs) -

kq
ok 3 ok
X(]x J )( Jx Js)’ (C4)
my —q —m, —My q Mg

where m,, m,, and m; are magnetic quantum numbers of
the corresponding one-electron states; (rx||Vi||sx) are the
reduced matrix elements which are independent of the m,, m,,
and m, indices. These matrix elements are proportional to the
radial integrals Ry(rxsx). In the case of Coulomb interaction
between electrons, V = rl_zl, and for «,B,y,6 € W, Ic, the
former integrals are equal to

R, R, 5 5 rk
Ri(afys) = / / PR 3drs g, (P50
0 0 >
{=a,B,y.0,
()

P (r) = pe(NPL(r) + ge(r)g; (&,

In these expressions pg(r),ge(r) are the large and small
components of the one-electron state |£).

Let us first consider the direct Coulomb matrix elements
Jrs(x). Using the equality [22]

ok
Zev (G

m

;) = Srov/2j + 1,
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we obtain

_ 1 B
Tr(X) = 71 Z(rxlrdlsx)

[2j, +1
(rx||Vollsx) m%rmﬁjniw

Consider the exchange matrix elements (r)c|r1_21 |xs). Taking
into account
<ji ko Jr ) 2o,
my —q —my

m;—q—m, =0, (C6)

one can write

(_1)j,—m,+j,'—mx+k—q — (_1)l+j,-+ji+k. (C7)

Using the equalities [22]

Jrods de\ (B ds
m, mg My o —m, —mg; —ny

X (_])j¢1+js+jx’

Z JroJs x Jr s ]; _ (Smxm}‘ijjx’
= \m, mg m.) \m, mg m 2je+1°
we obtain
7 5mum381},13
K s(x) = LN x| Villxs).  (C8)

Qjr + DQ2jx +1) =

The final expression for the )X r; matrix elements with
independent averaging over m; and m ; is

Xr1 =85, 8m,m,(Jrs(F) = J (1) — Ko (F) + K 5(1).

[1] K. Siegbahn, Nishina Memorial Lectures, Vol. 746 of Lecture
Notes in Physics (Springer Japan, Osaka, 2008), pp. 137-228.

[2] O. I. Sumbaev, Phys. Usp. 21, 141 (1978).

[3] S. Raj, B. B. Dhal, H. C. Padhi, and M. Polasik, Phys. Rev. B
58, 9025 (1998).

[4] S. Raj, H. C. Padhi, P. Palit, D. K. Basa, M. Polasik, and
F. Pawtowski, Phys. Rev. B 65, 193105 (2002).

[5] E. Pawlowski, M. Polasik, S. Raj, H. Padhi, and D. Basa, Nucl.
Instrum. Methods Phys. Res., Sect. B 195, 367 (2002).

[6] Y. FE. Batrakov, A. G. Kirivitsky, and E. V. Puchkova,
Spectrochim. Acta, Part B 59, 345 (2004).

[7] M. Polasik and M. Lewandowska-Robak, J. Phys. B 39, 1169
(2000).

[8] Y. Takahata and D. P. Chong, J. Electron Spectrosc. Relat.
Phenom. 133, 69 (2003).

[9] M. Segala and D. P. Chong, J. Electron Spectrosc. Relat.
Phenom. 182, 141 (2010).

[10] A. Zaitsevskii and A. V. Titov, Int. J. Quantum Chem.
113, 1772 (2013).
[11] J. Shim, M. Klobukowski, M. Barysz, and J. Leszczynski, Phys.

Chem. Chem. Phys. 13, 5703 (2011).

[12] A. Holme, K. J. Bgrve, L. J. Sethre, and T. D. Thomas, J. Chem.
Theory Comput. 7, 4104 (2011).

[13] N. Lee, T. Petrenko, U. Bergmann, F. Neese, and S. DeBeer, J.
Am. Chem. Soc. 132, 9715 (2010).

[14] S. DeBeer George and F. Neese, Inorg. Chem. (Washington, DC,
US) 49, 1849 (2010).

[15] K. M. Lancaster, K. D. Finkelstein, and S. DeBeer, Inorg. Chem.
(Washington, DC, US) 50, 6767 (2011).

[16] A. V. Titov and N. S. Mosyagin, Int. J. Quantum Chem. 71, 359
(1999).

[17] N. S. Mosyagin, A. N. Petrov, A. V. Titov, and L. I. Tupitsyn,
Progr. Theor. Chem. Phys. B 15, 229 (2006).

[18] N. S. Mosyagin, A. V. Zaitsevskii, and A. V. Titov, Rev. At. Mol.
Phys. 1, 63 (2010).

[19] A. V. Titov, N. S. Mosyagin, A. N. Petrov, and T. A. Isaev, Int.
J. Quantum Chem. 104, 223 (2005).

[20] A. V. Titov, N. S. Mosyagin, A. N. Petrov, T. A. Isaev, and
D. P. DeMille, Progr. Theor. Chem. Phys. B 15, 253 (2006).

[21] L. N. Labzowsky, Atomic Theory. The Quantum Electrody-
namics of Electronic Shells and Radiation Processes (Nauka -
Fizmatlit, Moscow, 1996), p. 304 [in Russian].

062511-12


http://dx.doi.org/10.1070/PU1978v021n02ABEH005519
http://dx.doi.org/10.1103/PhysRevB.58.9025
http://dx.doi.org/10.1103/PhysRevB.58.9025
http://dx.doi.org/10.1103/PhysRevB.65.193105
http://dx.doi.org/10.1016/S0168-583X(02)01106-0
http://dx.doi.org/10.1016/S0168-583X(02)01106-0
http://dx.doi.org/10.1016/j.sab.2004.01.002
http://dx.doi.org/10.1088/0953-4075/39/5/015
http://dx.doi.org/10.1088/0953-4075/39/5/015
http://dx.doi.org/10.1016/j.elspec.2003.08.001
http://dx.doi.org/10.1016/j.elspec.2003.08.001
http://dx.doi.org/10.1016/j.elspec.2010.10.002
http://dx.doi.org/10.1016/j.elspec.2010.10.002
http://dx.doi.org/10.1002/qua.24429
http://dx.doi.org/10.1002/qua.24429
http://dx.doi.org/10.1039/c0cp01591a
http://dx.doi.org/10.1039/c0cp01591a
http://dx.doi.org/10.1021/ct200662e
http://dx.doi.org/10.1021/ct200662e
http://dx.doi.org/10.1021/ja101281e
http://dx.doi.org/10.1021/ja101281e
http://dx.doi.org/10.1021/ic902202s
http://dx.doi.org/10.1021/ic902202s
http://dx.doi.org/10.1021/ic200822b
http://dx.doi.org/10.1021/ic200822b
http://dx.doi.org/10.1002/(SICI)1097-461X(1999)71:5<359::AID-QUA1>3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-461X(1999)71:5<359::AID-QUA1>3.0.CO;2-U
http://dx.doi.org/10.1007/1-4020-4528-X_11
http://dx.doi.org/10.1002/qua.20418
http://dx.doi.org/10.1002/qua.20418
http://dx.doi.org//10.1007/1-4020-4528-X_12

METHOD FOR EVALUATING CHEMICAL SHIFTS OF X- ...

[22] D. Varshalovich, A. Moskalev, and V. Khersonskii, Quantum
Theory of Angular Momentum: Irreducible Tensors, Spherical
Harmonics, Vector Coupling Coefficients, 3 Nj Symbols (World
Scientific Publishing Company, Incorporated, Singapore, 1988).

[23] I. I. Tupitsyn, G. B. Deyneka, and V. F. Bratzev (1977-2002),
Program for Atomic Finite-Difference Four-Component Dirac—
Hartree—Fock calculations on the Base of the HFD Code [24].

[24] V. F. Bratzev, G. B. Deyneka, and I. I. Tupitsyn, Bull. Acad. Sci.
USSR, Phys. Ser. 41, 173 (1977).

[25] A. B. Alekseyev, H.-P. Liebermann, and R. J. Buenker
(2003), Quantum-Chemical Program Package for Multirefer-
ence Single- and Double-Excitation Direct CI Calculation of
Molecules with Relativistic Effective Core Potentials Account-
ing for Spin-Orbit Effects.

[26] K. Andersson, M. R. A. Blomberg, M. P. Fiilscher, G. Karlstrom,
R. Lindh, P.-A. Malmgqyvist, P. Neogrady, J. Olsen, B. O. Roos,
A.J. Sadlej et al., (1999), Quantum-Chemical Program Package
MOLCAS, Ver. 4.1.

PHYSICAL REVIEW A 88, 062511 (2013)

[27] A. V. Titov, N. S. Mosyagin, A. B. Alekseyev, and R. J. Buenker,
Int. J. Quantum Chem. 81, 409 (2001).

[28] F. B. van Duijneveldt, J. G. C. M. van Duijneveldt-van de Rijdt,
and J. H. van Lenthe, Chem. Rev. 94, 1873—-1885 (1994).

[29] A. N. Petrov, A. V. Titov, T. A. Isaev, N. S. Mosyagin, and
D. P. DeMille, Phys. Rev. A 72, 022505 (2005).

[30] R. D. Deslattes, E. G. Kessler, P. Indelicato, L. de Billy,
E. Lindroth, and J. Anton, Rev. Mod. Phys. 75, 35 (2003).

[31] S. S. Batsanov, Electronegativity of Elements and the Chemical
Bond (SO AN SSSR, Novosibirsk, 1962) [in Russian].

[32] D.P. Lide (ed.), CRC Handbook of Chemistry and Physics (CRC
Press/Taylor & Francis Group, Boca Raton, FL, 2010).

[33] A. 1. Egorov, J. P. Smirnov, A. E. Sovestnov, M. B.
Trzhaskovskaja, A. V. Tjunis, and V. A. Shaburov, Sverhprovodi-
most: Fizika, Himija, Tehnika 5, 1048 (1992) [in Russian].

[34] 1. P. Grant, in Relativistic Effects in Atoms and Molecules, edited
by S. Wilson, Vol. 2 of Methods in Computational Chemistry
(Plenum Press, New York and London, 1988), Part 1, pp. 1-71.

062511-13


http://dx.doi.org/10.1002/1097-461X(2001)81:6<409::AID-QUA1010>3.0.CO;2-0
http://dx.doi.org/10.1021/cr00031a007
http://dx.doi.org/10.1103/PhysRevA.72.022505
http://dx.doi.org/10.1103/RevModPhys.75.35



