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In the previous investigations of the chemical shift of x-ray lines in relatively heavy (Z 2: 37) atoms,
principal attention was paid to the Ka 1 line. Accordingly, the method used to study the structure of
the crystal- chemical bonds on the basis of this effect was essentially a one-parameter method. In
the present paper it is ascertained what study of other lines can contribute to an understanding of
the physics of the effect. The shifts of the K~ 1,."' Ka,_.,1,3 , and Kf3."•]4 lines following removal of valence
s(p), d, or f electrons are measured. They are also calculated [heoretically on the basis of the
Hartree- Fock- Slater method, with allowance for relativistic effects. Similarity of the theoretical
and experimental shift vs. line type curves is noted, the curves for the s(p), d, or f electrons having
different but characteristic shapes. The mechanism governing these dependences is discussed, as
well as the causes (or consequences) of consistency of the theoretical and experimental curves, and
also the possibility of using these dependences to investigate the structure of crystal- chemical bonds.
~

1. INTRODUCTION

IN our earlier investigations of the effect of the chemical shift of x- rays we measured the Ka 1 shifts .6E
= ERomp- E~et for a large number of compounds (inal
a1
eluding oxides and chalcogenides), covering more than
30 elements of the periodic table in the region 32 ::::. Z
:::: 74. The general systematics of these experimental
data was considered in a review by one of the authorsC 1 J.
It was shown that the main mechanism of the effect is
the screening mechanism and that the effect is sensitive
in the main to the distribution of the valence electrons
over the l sublevels (valence configurations) and can be
described approximately by a very simple relation of
the type
1\E:::: icr I:m,C,,

icr= 1-(m/N)exp(-0,25~X");

(1)

where Cz is the change of the energy of the Ka 1 line
following complete removal of one valence electron of
the l(s, p, d, f) type, M = :Emz is the valence, mz is the
number of valence electrons with given quantum number
l, icr is the degree of ionicity of the bond after
Paulingt:2J, N is the coordination number, and .6X is the
difference between the electronegativities of the bond
partners[ 3 J.
The results obtained to date pertain mainly to the
Ka 1 line only, and the method of investigating chemical
bonds on the basis of this effect is accordingly of the
single-parameter type. However, relation (1) contains
several unknown parameters, and in the determination,
say, of the valence configurationsC 4 J it was necessary to
use the calculated (after Pauling) values of the degree of
ionicity of the bond. The hope of making the method
multiparametric is based on the use of the remaining
intense lines of the K series other than Ka 1 , namely
K131 ,3 (1s-3p transition) and K132 ,4 (1s-4p). It is therefore important to ascertain the degree to which the notions concerning the mechanism of the effect and its
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properties, pertaining to the shift of the Ka 1 lines, remain valid also for the harder lines of the K series,
where, in principle, the superposition of several mechanisms is possible[ 5 J. The most complete answer to this
question concerning the main mechanism of the effect
for all the K-series lines can be obtained by a quantitative comparison of the experimental dependences of the
shift .6E on the type of the line (Ka 1 , 2 (1s- 2p);
K131 ,3 (1s- 3p); K132 ,4 (1s- 4p), i.e., on the initial level
of the transition 2p, 3p, 4p) with theoretical calculations
say, by the Hartree- Fock method. If the main mechanism of the effect is still screening, which is most correctly accounted for by self-consistent calculations, then
the experimental and theoretical relations are expected
to coincide.
The behavior of .6E(np) as a result of the mutual
screening mechanism can be qualitatively predicted,
for example, by using the results of Mikhal.lov and
KhanonkindC 6 J. They considered, in the first orders of
petrubation theory, the change of the line energy as a
result of perturbation of the atom potential when a valence electron is removed. Fi·gure 1 shows schematically
the plot of the potential for a valence electron with density uniformly distributed over a sphere of radius ro
(dashed) and for a case closer to the real distribution
(continuous curve). It is important that the potential

Is

Zp Jp 4p

,.

FIG. I. Character of the behavior of the potential of the valence
electron (used to explain the mechanism of the chemical shift of x-rays) .
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for the f electrons. The course of the ~E(np) dependence
produced by the real electron inside the atom is a funcwill begin with negative values for the Ka 1 lines, with a
tion that increases monotonically with decreasing r.
possible transition into the positive region for the K132 ,4
The first order of perturbation theory takes into account
lines.
the interaction of the valence electron with internal
Thus, from physical considerations one can expect
electrons in the states 1s, 2p, 3p, ... without allowance
the shift to exhibit a characteristic dependence on the
for the change of the wave functions of the remaining
type of the investigated line. A comparison of the exelectrons of the atom. Removal of the valence electron
perimental and theoretical dependences can yield inleads in this case to unequal increases in the binding
formation on the nature of the effect and on the physical
energies of the internal electrons (the closer the internal electron to the nucleus, the larger the increase),
significance of the theoretical and experimental data.
i.e., to a positive shift of the x-ray lines due to the
(1s-np) transitions (see Fig. 1) 1 J. The second order of
2. CALCULATION OF THE CHEMICAL SHIFTS
perturbation theory takes into account the compression
WITHIN THE FRAMEWORK OF THE RELATIVISTIC
of the wave functions of all the electrons remaining in
HARTREE- FOCK- SLATER APPROACH
the atom following removal of the valence electron, i.e.,
A systematic study was made of the character of the
it leads to a situation opposite to that in first order,
shift of the Ka 1 , 2 , K {:h, 3 , and K J32 , 4 lines for the elements
namely an increase of the electron density in the region
with 37 ~ Z ~ 64. The eigenvalues of the electron enof the levels 1s, 2p, ... and consequently to a negative
ergy tnlj were obtained by using the procedure of the
shift of the x-ray lines.
self- consistent fields of the ions and atoms in the relaFor the s-p valence electrons penetrating into the
tivistic Hartree- Fock- Slater (HFS) approximation. Here
region of the 1s, 2p levels of the atom and having consequently the steepest potential, the first order is decisive, n is the principal quantum number, l the orbital number,
and the shift is positive and increases in absolute magni- and j the total angular momentum of the electron. The
shifts ~E on going from the neutral atom to the ion were
tude on going from the Ka 1 to the K82 ,4 line (this correcalculated
as the differences of the corresponding elecsponds in Fig. 1 to the transition from the segment a- b
tron energies. For example, for the Ka 1-line shift we
to a-d). The contribution of the second-order terms will
have
be negligible, since the s-p valence electrons are loca!1B = [e(1sy,)- e(2p•;,) hon- [e(1s•;,)- e(2p•;,)] atom
(2)
ted on the outermost shells of the atom and their removal leads to insignificant deformations of the wave
Without presenting the details, we confine ourselves
functions of the remaining electrons. To the contrary,
to a listing of the main premises. It is assumed that the
for the 4f electrons, the second order is decisive, since
charge of the nucleus is uniformly distributed over a
the electrons filling the 4f shell lie even deeper in a
sphere of radius r 0 = 1.2 A113 F (A is the mass numradial direction than the filled 5s and 5p shells, and
berPJ. The exchange part of the potential acting on the
therefore their removal leads to a strong deformation
electron in the field of the atom was assumed, following
of the wave functions of many electrons. On the other
SlaterC 8 J, to be proportional to the cube root of the
hand, having a radial wave function with one maximum,
the 4f electrons penetrate least into the internal 1s and
2p shells of the atom, and the first order will make
150
a minimal contribution. Thus, when the 4f electron is
5s Rb
removed, a negative shift of the Ka 1 , 2 lines is expected.
:>too
On going from the Ka(1s- 2p) line to the K8 (1s-3p, 4p)
e
lines, the values of the second-order terms increase in
~
analogy with the increase of the first order in this tran""~5o
sition. For the K81 , 3 lines, this should lead to an increase of the shift (of negative sign), since the first
order, which gives a positive contribution, is still
negligible.
FIG. 2. Comparison of the experimental (dashed) and theoretical
However, on going to the K82 , 4 (1s-4p) line, a quali(solid) plots of the shift against the type of line for RbCl-Rb.
tative change sets in: the maximum of the distribution
of the 4f electrons lies approximately at the same distance from the nucleus as the maximum of the 4p elec~-----------.
I
trons; this causes a strong increase of the first-order
100
&--·---·
\
terms, i.e., a decrease (in absolute magnitude) of the
\
shift of the K 82 ,4 line. On the whole, the ~E(np) depen;;..
KtXt
\
dence for the 4f electrons lies in the region of negative
s ol------'---------~-'--1-~-------i
values of ~E and has a V-shape. The d-type electrons
~
constitute an intermediate case and it is therefore more
""'-100
difficult to predict the ~E(np) dependence for them,
.f.rAg
although it can be stated that the role of the secondorder terms in the shift will be smaller for them than
-zoo
a uniformly charged sphere, the shift of all the levels will be
the same, and consequently will not lead to a change in the line energy.
I) For

zz
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FIG. 3. The same for AgCl-Ag (dashed) and Ag2 S-Ag (dash-dot).
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FIG. 4. The same for SnO-~Sn (dashed), Sn0 2 -a Sn, C 5 ,
dot) and Sn0 2 -aSn, C 5 , theor (dash-double-dot).
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(dash-

charge density of all the electrons of the atom with a
proportionality coefficient equal to unity. (A changeover
to the coefficient 2/3, for which individual cases were
also calculated, changes the shift little). The calculations were performed both for a potential with Latter's
correctionC 9 J (HFSL), and without this correction. The
results differ strongly only in the case of ions with
vacancies in the s and p valence shells of the atom. In
all other cases HFS and HFSL calculations gave close
values of the shifts.
Since lack of space does not permit a detailed analysis of the calculation results, we note that the calculated dependences of the shifts on the type of line, given
in Figs. 5 and 6 for Zr and Mo, for vacancies in the 4d
shells (continuous curves) are of the same character
for all the elements of the Mth period. Similarly, Fig. 7
for Eu, for a vacancy in the 4f shell, is typical of all
the rare- earth elements.
A somewhat more complicated picture is observed
for vacancies in the s and p shells. The character of the
shifts in this case can be traced in Figs. 8a and 8b. The
solid and dashed curves represent shifts calculated for
HFS and HFSL potentials, respectively. Attention is
called to the following circumstance: in the HFS model
the direction of the K 132 -line shift depends significantly
on whether the atom in the neutral state has one external s or p electron, or more than one. Figure 9 shows
the shifts of the K/3 2 lines following removal of an s
electron, as a function of Z. We see that the points

45

4J

47

E, keV

FIG. 7. The same for EuF 3 -EuF 2 (dashed) and SmF 3 -SmC1 2 (dashdot)(the figure should read K/32, 4 instead of K~ 1 , 2 ).

calculated at the HFS potential lie on two curves-! and
II. Curve I passes through elements that have one valence s electron in the neutral state. Curve II passes
through elements having in the neutral state more than
one electron of the sp group. For example, the point
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FIG. 8. Calculated energy shifts L1E (meV) of lines Kal' K~ 1 , and
on going from neutral atoms to ions with vacancies in the s or p
shells: a-removal of 5s (37 <;;; z <;;;50) and 6s (z =55, 63) electrons; bremoval of 5p electron. The abscissa scale is chosen such as to make the
distances from EK to EK~ and from EK~ to EK~ respectively equal
for all Z. The so!irl"iine pert~ins to HFS cal~ulation;, and the dashed one
to HFSL calculations. The circles represent the points calculated by the
Hartree-Fock method for Mo [ 10 ]. Figure 8b shows the data for the nonstrandard Mo** configuration 4d~/2 4d~ 12 5p~ 12 .
K~ 2

·j

0 1 - - - - - - - - - - t ' t -' -- I

~-roo_

Z=JJ

!DO tlld~:ZJjJ¥-fiJ''Js~

'q

~

o-------~
_J..____c_

I
I
Dt---------t+--t

> 100

lld''Js 'fr 3-l;d 10Js 1Jtz

lid 10Jt 3Js 1-4d 10Jt 3Js 0
lOll

I

E. V. PETROVICH, et al.

938

ergy within 2 x 10-8 • The screening function <p(r)
= V(r)r/Z was calculated with an absolute error~ 10-7 •

FIG. 9. Calculated shifts L".E (meV)
of the energies of the K13z lines following removal of aSs electron for elements of the fifth period, as functions
of Z. The dashed line pertains to HFSL
calculations, and the solid lines to HFS
calculations. Curve I passes through
elements in which there is only one Ss
electron in the neutral state (Rb, Nb,
Mo, Ag). Curve II passes through elements having more than one electron
of the sp group (Sr, Y, Mo*, Sn). For
Mo*, the calculations were performed
for the non-standard configuration
4d~ 12 5s~ 12 .

3. EXPERIMENTAL SHIFTS OF Ka 1 , 2 , Kf3 1 , 3 , AND K13 2 ,,
LINES DUE TO s, p, d, OR f VALENCE ELECTRONS,
AND THEIR COMPARISON WITH THE CALCULATIONS
We measured the chemical shifts (~E) of the Ka 1,
K131 , and K82 ,4lines for ionic-compound-metal pairs,
using the usual procedure employed by us (see, for example[4J). The experimental results are listed in Table
II. a(~E) are the rms errors determined mainly by the
scatter of the individual experimental runs. In addition
to the values of ~E, we give also the degrees of ionicity
of the bond icr for the compounds under consideration,
and the coordination numbers N of the crystal lattices,
which are needed for the calculation of the ionicity (the
same Pauling ionicity scale was used for all cases, see
the Introduction); the ionicities of the metals were assumed to be equal to zero. From the experimental
shifts of the Ka 1, K81 , and K82 ,4 lines (for definite configurations and degrees of bond ionicities) we determined, using ( 1), the values of the coefficients C~xp,
which, as already mentioned in the Introduction, represent the change of the energy of the corresponding line
following complete removal from the atom of one valence electron, and can be compared with the calculated
ones by means of a relation of type (2).
The experimental and calculated values of Cnz for
the Ka 1, K131 , and K/3 2, 4 lines, i.e., the ~E(np) dependences, are compared in Table III and in Figs. 2-7.
The coordinates in the figures are the line shift (~E/i
= Cz) and the line energy (E).
a) The ~E(np) dependences for the 5s electrons were
investigated using ionic compounds of Rb and Ag as examples. The choice of these elements was dictated by
the fact that they have one valence 5s electron each (in
excess of the filled shells [Kr] for Rb and [Xe] 4d10 for
Ag). Rubidium, as is well known, is one of the most
electropositive elements and forms classical ionic compounds with halogensC 11 J. It is therefore natural to assume that the formation of the chemical bond in RbCl is
due to one 5s electron, and.the valence configuration of
this compound is [Kr] 5.s 1 - 1 ; for Ag2S, the valence configuration [Kr] 4d10 5s 1 - 1 was determined in one of our
earlier papersC 12 J. The values of
obtained under

with K = 50, pertaining to aSn with one valence 5s electron and three 5p electrons, lies on curve II. This
shows that the character of the shift depends on the
total number of the s and p valence electrons.
It can be concluded from Figs. 8 and 9 that the shifts
in the HFS and HFSL models have the same character
for atoms containing in the neutral state more than one
electron of the sp group, and are different for atoms
with one s electron. It is of interest to compare these
results with Hartree- Fock calculations. The circles in
Fig. 8a show the level shifts for Mo, calculated from the
data of[ 10 J. They have a character analogous to the
shifts in the HFS model, i.e., latter's correction makes
the result worse in this case.
Comparison of Figs. 8a and 8b shows that the character of the shifts following removal of valence s and p
electrons is similar.
The calculations have shown that the difference between the shifts, as a function of the total angular momentum of the electron, i.e., between Ka 1 and Ka 2 etc.,
does not exceed 20% for the heaviest element considered by us (Gel) and is less than 2% for Rb.
The dependences of the effects on the number of removed electrons, which characterize the degree of
additivity, are shown in Table I.
·The effects under consideration have a relative value
aE/E ~ 10-5 -10- 7 • The calculation accuracy should exceed the indicated quantity by at least one order of magnitude. We performed calculations with the BESM-4
computer, which operates with nine-digit decimal numbers, and special measures were therefore taken to
keep the relative error in the K-electron binding en-

c;J'P

Table I. Calculated energy shifts ~EK(meV) of lines Ka 1 2,
Kj;Ji, 2, Kf3 1, 3 , and Kf3 2, 4 on going from the neutral atom to 'the
ion, as a function of the number m of the removed electrons

Sym·ll
bol
uMo

sosn

b&Ce

I

Removed
electrons

I I

K~·

m

I

I

4d~l:

1

-156

-153

-99

-102

453

500

4di,,4d}l:

2

-363

-356

-140

-148

1430

1548

4d~.4d~.

3

-614

-604

-101

-119

2961

3167

5p},,

1

60

58

78

77

104

107

5p~/.5p},.

2

163

157

218

216

311

321

spy,sp}1,

3

307

295

430

425

662

683

4/~,

1

-752

-688

-1950

-1921

-846

-680

41~.

2

-1665

-1522

-4294

-4236

-1508

-1121
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Table n. Experimental shifts ~E (meV), Ecomp - Emet of
the x-ray lines Ka 1, 2, K13 1, 3 , and K/32, 4 in ionic compounds
Compound

Kal (l8-2P)

RbCI-Rb

+2Bl:10

+21±4
+51±4

A~zS-A~
AgCI-A~

SnOr-:xSn

I

berN

0.95
0.56

+131±22
-125.±:15

+59±10

Coordinationnum-

icr

+122±5
+204±11

-t-129!-9

-104 ':16

0.88

+193;_;16

{+1~~-~~~

0.64

+122J:1t
-149 ]:8

-r-89±21
+480215

0.85

-1:'17_±5

+224J.J5

0.39

-1730J.:50

-300,,65

0.96; 0.95

8; 9

-1360_':50

-415.:;50

0.90; 0.94

9; 9

Sn0-j3Sn

+81~5

Zr0 2-Zr

-229 c_5

MoOa-Mo

-~~•.±:5

EuF 3 -EuF~

-6441:11

-582_:t:J

-1450_1:.40

SmF..--SmCI 1

-606J:14

-48':J_!:;Hl

-1455 .±:40

1

Ka.l

K~a

these assumptions are given in Table III and in Figs. 2
and 3 (dashed and dash-dot lines), together with the
values c~geor calculated for the same valence configurations as used to determine c;~ (continuous lines in
Figs. 2 and 3). It should be noted that the coefficient
C5 s for Rb is much smaller than the average values obtained by us earlier (see, for examplePJ ). This is
probably due to the weak bond between the valence 5s
electron of Rb and the atomic core [Kr] , as is evidenced also by the minimum value of the ionization potential. It is also important that the D.E(np) curves of
the K{:! 2,4 lines of Rb and Ag (for 5s electrons in both
cases) go in opposite directions (the effects have opposite signs).
b) The D.E(np) dependence for 5p electrons was obtained from the experimental shifts for the pairs
Sn02-aSn and Sn0-J3Sn. As is well known, aSn is a
classical example of a covalent compound with a valence configuration 5s 1 5p 3 ; the valence configuration
5s 1 - i5p 3 <1 - i> of Sn02 was determined earlier (see, for
example,(IJ). The magnitude of the effect D.E(Sn02 -aSn)
will thus consist of contributions made by one 5s and
Table

IK~···(l&-4p) I

Klll(ls-:Jp)

I

Kr"

0.8~

three 5p electrons. In calculating the shift due to one 5p
electron (C~tp) it is therefore necessary to take into
account also the relatively small contribution (RJ 1/4 of
the effect) of the 5s electron. This can be done by using
either the value C~~eor (see Table IV) calculated for removal of one 5s electron from a tin atom with configuration 5s 1 5p3 ' or the experimental value of c~;p for an
element having a relatively close value of Z, say Ag.
This gives rise, accordingly, to two variants of experimental values of ~E(np). Both are given in Table II and
in Fig. 4 (dash-dot lines). It is also possible to determine the ~E(np) dependence for the 5p electron from the
experimental data for SnO-{:!Sn. In this .case, the employed valence configurations 5s25p2<l-U and 5s 25p 2 are
less reliably established, but there is no need to introduce a correction for C5 s· The values C~~ obtained
from these experimental data are also given in Table III
and in Fig. 4 (dashed).
c) The ~E(np) dependences for the 4d electrons were
determined from the measured values of D.E in Zr02
and Mo0 3 relative to the metallic Zr and Mo. The val-

m. Comparison of experimental and calculated values of chemical shifts Cz (meV) of the
x-ray lines due to removal of one valence electron

Type I
ofelec-

Compound

Configuration

Kal (ts- 2P)

K~l (18- 3P)

+22±&
+3

+30±11

tron

[Kr[ 5s1 ~

. . . 5,,(l-il
•••

5s'

Ag,S-Ag

[ Kr ]4d105s1 ~

•••

5s(l-i)

+91±7

+105±18

-22'•±28

AgCI-Ag

[Kr]4d"5•' ~ ... 5s<1-;l

+139±6
+117

+146±10
+74

-118±18
-87

+68±8

--\-59--\-10

+120±15

+80±6

--!-79±8

+30±10

+60

+78

+48±3
+58

--t-72+7

Calculation

Calculation

5p

.. •

5s'

[Kr]4d 105s15p" ~ ... 5s(l-i) 5p 3 (l-;)

SnO,-cxsn

[Kr]4d"5s15p• ~ ... 5s(l-;) 5p3 (l-;)

Calculation
Calculation
ZrO,-Zr
Calculation

MoOa-Mo
Calculation

4/

[Kr]4d 105s1 -

SnOo-cxSn

SnO-~Sn

4d

4p)

[Kr]5s 1 ~

RbCI-Rb
5s

IK~···(''-

SmFa-SmCh
EuFa-EuFo
Calculation

[ K r) 4d 1•5s'5 p'

~

· · • 5sl5 p 2

[Kr]4dl05s'5p' ~ ... 5s'5pZ(H)
[Kr]4d 105s2 5p2 ~

• ••

5s"5p1

+53±13
+93

+76

-119±2
-220

-103

+760

(Kr]4d55s1 ~

• ..

4d5 (l-;) 5s(l-i)

[ Kr ]4d55s1

•• •

4d45s 1

-122±3
-157

-85±3
-109

+124±8
+440

[Xe)4/ 1 ~ • • • 4/6
[ Xe I 4f'6s' ~ · · · 4f'6s'

+199±6

-82±3

Kao

Kal

-488±19
-582±15
-605

-606±14
-644±11
-671

K~,

-1360±50
-1730±50
-1648

c5, exp from Ag
c5, calc for Sn

+106

[Kr]4d25s' ~ · · · 4d15s2

[Xe]4/'~···4/ 5

Notes

+138±23
+120

-\6

[Kr]4d'5s' ~ ... 4d3(H) 5s(l-i)

-

I

K~l

-1455±'10
-1450±40
-1682

-415±50
-300±65
-852

c5, calc for Zr

c5, calc for Mo
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Table IV. Calculated values of the x-ray line shifts
t.E (meV) due to removal of one valence 5s electron
from the atom, used to determine the experimental
t.E(np) dependences

ence configurations of the metals and of the limiting
oxides Zr02 and Mo03 were determined earlierC 4 J,
namely 5s14d3 for Zr(Zr02) and 5s14d5 for Mo(Mo03).
In the calculation of the values of
a correction was
introduced for the contribution made to the effect by one
5s electron; this correction obtained theoretically as
the shift of the corresponding lines between the configurations 5s14d3 - 5s0 4d3 for Zr and 5s14d5 - 5s0 4d 5
for Mo (see Table IV). The obtained values of c;;p are
given in Table III and in Figs. 5 and 6 (dashed), where
they are compared with the calculated values (continuous line).
d) The t.E(np) dependences for 4f electrons were obtained from the experimental shifts of the lines Ka 2,
Ka 1, K133 , K/31' and K132 ,4 between the compounds
EuF3-EuF2 and SmF3-SmCb. In these compounds, with
a bond ionicity close to 100%, the valence electrons
have been almost completely removed from the Eu and
Sm atoms. This makes it possible to regard Eu and Sm
as doubly- and triply- charged ions, respectively, with
configurations 4f' - 4e and 4f 5 - 4f 6 ( seel: 13 J). The line
shift is thus completely governed by the unity change in
the number of 4f electrons, i.e., it is possible here to
compare the values of the experimental and theoretical
quantities directly, with practically no corrections for
the degree of ionicity of the bond. It should also be
noted that the 4f electrons, being internal and isolated
from the external actions by the filled 5s and 5p shells,
are least subject to the influence of the crystal lattice.
Consequently, the experimental shifts produced when
the number of 4f electrons is changed should coincide
in best fashion with those calculated for isolated atoms.
The experimental values for Eu and Sm are given in
Table III and in Fig. 7 (dashed and dash-dot lines,
respectively), where they are compared with the calculated values (continuous line) for Eu using the configurations (Xe]4e6s 2 - (Xe]4f 6 6s 2.

between the numerical theoretical and experimental
quantities is observed for the lines K,a 2,4 • This may be
due to the fact that the K(3 2,4 {1s-4p) transitions are connected with the 4p level close to the valence shells,
where a strong influence of other mechanisms and of
the nature of the ligands is possible. In addition, different modifications of the theoretical- calculation
scheme (i.e., modifications of the allowance for the
screening mechanism itself) sometimes give noticeably
different results just for the K132,4 lines. For example,
such a relatively small change in the calculation scheme
as the replacement of the HFS model by the HFSL model
(see Fig. Ba) makes the curves of Mo, Nb, and Ag assume the characteristic shape of the Rb curve, and
exerts practically no influence on the shifts of the Ka 1
and Kt:h lines.
The self- consistent calculations can be made nume rically accurate to within 10-8 • The question arises,
however, whether the last digits in the values of ~ are
physically significant. The accuracy of the values of ~
themselves, treated as binding energies, apparently do
not exceed 10-2; however, since the investigated quantities AE constitute second differences of ~, one can
hope to obtain them by means of relations of the type (2)
with the same relative accuracy, i.e., 10-1 -10-2. The
observed agreement between the theoretical and experimental values of t.E confirms this assumption.
While noting the agreement between experiment and
theory, it should be recognized that the theoretical
values were obtained for free atoms (ions) while the
experimental ones were obtained for a solid, where the
wave functions of the outer electrons experience considerable deformations. As shown by the calculations of
Griffin et alP 4 J, the transition from the free atom to the
actually existing dimensions of the Wigner- Seitz sphere
can lead to effects on the order of 100 meV. However,
since one measures differences of line energies in two
solid compounds, the shift will include only a certain
fraction of the total compression effect; this fraction is
proportional to the difference between the metallic
(ionic) radii of the compared compounds2>. It should
also be noted that, with the exception of the case of the
4f electrons, the quantities crxp include also the somewhat indeterminate bond-ionicity parameter. The observed agreement between the absolute values of the
shifts means apparently that the Pauling scale of the
crystal ionicities (at least for the compounds investigated by us) gives values close to the true ones 3>.

4. DISCUSSION OF RESULTS

5. CONCLUSIONS

A comparison of the experimental and theoretical
t.E(np) dependences for different types of valence electrons reveals a sufficiently good agreement between the
experimental and theoretical quantities, not only in the
characteristic shape of the AE(np) curve, which is different for each type of valence electron, but also in the
absolute values. The general picture of good agreement
between the experimental and theoretical quantities
allows us to conclude that for sufficiently heavy atoms
(Z 2. 37), for all the intense K-series lines, the main
mechanism of the chemical x-ray line shift is mutual
screening, taken into account within the framework of
self- consistent calculations. The greatest discrepancy

1. We have shown that the effect of the chemical
shift of the fundamental x-ray lines of the K series
(Ka 1 2, K,a 1 3, Ka2 4 ) in relatively heavy atoms ( Z 2. 37)
is determined mainly by the mutual screening mechanism and can be calculated within the framework of the
self- consistent models of the Hartree- Fock type. A
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Configuration

I [Kr
]4d 5s' ~ ... 4d 5s•
[Kr]4d 5s
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3

1 ~ • ••
[Kr]4d"5s15p' ~.
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I
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I K~l I K~···
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I 100.0
78.1
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(is- 4P)
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-46.0
99.0
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2>The influence of the crystal field (interaction of the Madelung
type) does not lead to a change in the energy of the K-series x-ray lines,
since it causes an identical shift for all the internal levels (see Introduction, Fig. I, dashed curve).
3>one cannot exclude, however, the possibility that the errors due
to compression and ionicity cancel each other in some way.

CHEMICAL SHIFTS OF THE Ka

1 , 2 ,

comparison of the experimental and theoretical values
shows, in general, that they are in good agreement.
2. The dependences of the values of the shift on the
type of line (on the initial level of the transition) are
different for different valence electrons (s(p), d, or f
electrons), are unique "facsimile" representations of
the corresponding electrons, and can be used to identify
events connected with the change in the number or distribution of these electrons 4 >.
The use of intense K-series lines other than K0! 1
makes it possible to make the method multiparametric.
For example, if one compares the shapes of the curves
and not the absolute values of the shifts, knowledge of
the degree of ionicity of the bond is no longer necessary.
In conclusion, the authors consider it their pleasant
duty to thank Professor D. M. Kaminker for interest in
the work, A. I. Egorov for synthesis of a number of investigated compounds, and A. E. Sovestnov for ensuring
normal operation of the electronic apparatus.
4>Exceptions are probably the sand p electrons, whose "facsimiles"
are similar or differ only for the K~ 2 , 4 line, where the experimental and
theoretical situations are least clear.
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