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Mossbauer charge density for $'Ni*+ (3d?®) is calculated using Hartree-Fock wave functions. All the core s
functions ¢,, (n = 1, 2, and 3) of Ni**and their overlaps with six O~ ~ arranged in an octahedron corresponding
to NiO are calculated as a function of interatomic distance R. Similar calculations for Zn** in a tetrahedral
environment of O™~ ions, appropriate to ZnO, are also performed. It is found that the isomer shift is given

approximately by a “power law” ~ R~".

INTRODUCTION

The isomer shift of MOssbauer lines was dis-
covered by Kistner and Sunyar,'! who noted a ve-
locity shift in the recoil-free emission and res-
onant absorption of the 14.4-keV nuclear y ray of
*"Fe in Fe,0, compared with that in stainless steel.
They also observed that the s electrons are in ef-
fect removed in going from *'Fe in metal to 5'Fe
in Fe,O;, and that a charge radius smaller for
57Fe™ in the excited state than for 57Fe in its
ground state would produce a shift in the correct
direction. Using a classical form for the nuclear
potential for a finite-size nucleus, this shift can
be written®

AS' = (4mc Ze?r b7y /5E,)[$(0)|?, @

where e is the electronic charge, Ze is the nuclear
charge, 7y is the nuclear radius, 67y is the change
in nuclear radius upon emission, c is the velocity
of light, E, is the y-ray energy, and ¥(0) is the
electronic wave function at the site of the nucleus
which determines the electronic charge density
e|¢(0)|2. A good knowledge of the charge density
is necessary for proper calibration of the spectra
and for the determination of the change 67y in the
nuclear radius. The electronic probability density
[zl)(0)|2 at the nucleus is, however, not well known
and is significantly altered in the solid as com-
pared with the free-ion value. Some of the effects
that have been confirmed include the following:
Overlap effect. It wasfirstdemonstrated by Fly-
gare and Hafemeister® that the effect of overlap of
the electronic wave functions of the Mossbauer nu-
clei with those of the nearest-neighboring atoms
produced important changes in the charge density.
However, their work was limited to 2°I" only.
Later, Simafiek and co-workers® extended the cal-
culations of these overlap effects to 5’Fe nuclei.
Covalency effect. Since the electrons of the
neighboring atoms may be partially transferred
onto the vacant orbits of the Mossbauer atom and
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vice versa, this covalency effect alters the s am-
plitudes at the site of the nucleus through the Cou-
lomb interaction.

Potential distortion. Walch and Ellis® have con-
sidered some of the possible terms which affect
the charge density through the change in local po-
tential for the case of >"Fe.

Relativistic effect. The electronic charge den-
sities obtained from the solution of the Dirac equa-
tion are different from those obtained from the
nonrelativistic Schrodinger equation. The Dirac-
Fock values appear to be consistently larger than
the Hartree-Fock values, which are not too easily
predicted because of the difficulty in defining the
boundary conditions.® Relativistic calculations for
the core s functions have been performed for 5"Fe
by Trautwein et al.”

Phonon-induced effect. The changes in the elec-
tronic charge density as a result of the spin-pho-
non interaction have been calculated by the present
author®® and realized in the experiments per-
formed by Perkins and Hazony,® Brunot,'! and
Kalvius et al.’? in ¥"Fe and '*'Eu nuclei.

There are some further effects, such as the ex-
pansion of wave functions in going from the free
ion to the solid state, which are not investigated.

In the present paper, we calculate the effect of
the overlap of the central-ion functions with those
of the nearest-neighboring atoms for ®Ni** in the
configuration 3d® for the octahedral NiO and for
57Zn**(3d'°) in the tetrahedral ZnO, which dom-
inates over other effects. Although experimental
measurements of the isomer shift of ' Ni in sev-
eral compounds have been performed*? ' and ef-
forts have been made® to obtain the relative change
in the nuclear size, overlap calculations have not
been done before. In the case of ¥’Zn**, the Moss-
bauer effect being weak, no shifts have been mea-
sured properly, although the effect itself has been
detected by several workers!®?? and experiments
on the line shift are feasible. We present the first
calculation of the MOssbauer charge densities for
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57Zn** nuclei, including the effect of nearest-neigh-
boring O™" atoms as in ZnO, using an overlap mod-
el. From our calculations an interesting “law” of
the dependence of the isomer shift on the inter-
atomic separation emerges, namely, AS'~R™7,

SINi** IN NiO

We present a Hartree-Fock calculation of charge
density for ®Ni** in an octahedron of O*" ions, as
in NiO, including the overlap of Ni?** s functions
with six nearest-neighboring atoms.

For ®!Ni?* the MOssbauer energy is 67.4 keV and
the relative change in the nuclear size is of the or-
der of 6¥y/7y=~10"%. The isomer shift is deter-
mined by the amplitudes of the electronic wave
function at the site of the nucleus. Only the s func-
tions have nonzero amplitudes at the nucleus; thus
they are the only ones that need be considered.
However, there are significant overlaps of these
functions with those of the nearest-neighboring
atoms in the solid. We consider a Ni**(34°%) ion
surrounded by six O? ions arranged on the cen-
ters of six surface planes of a cube with a Ni**
ion at the cube center. The local symmetry is
then octahedral and all functions are required to
transform as the irreducible representations of
the octahedral group. The 3d functions transform
as t,, and e,. The wave functions of the six O*
ions have to be linearly combined to transform as
the irreducible representations of the octahedral
group. The e, (3d) mix with s and p, (p,=Y?9,
1=1, m =0) functions of the nearest neighbor,
while the 4,,(3d) mix with the p, combination of
p.=1N2(-Y+Y") and p,=i/N2(Yi+ Y['). The
bonding orbitals which are dominantly on the near-
est-neighboring atoms are orthogonal to the anti-
bonding orbitals transforming like e, and 7,,. All
of these functions have almost vanishing ampli-
tudes at the site of the central nucleus of Ni**.

The only functions which give large contributions
to the Mdssbauer charge densities are ¢, ¢,
and ¢, of Ni**. They overlap with linear combi-
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nations of O?" functions s and p,, transforming as
the A,, representation of the octahedral group.
Ignoring the charge transfer within the framework
of an overlap model,®

O = 36,0 (1+ %), @

where the sum over » is over all s functions of the
Ni?* ion which are doubly occupied. The sum over
k is over all neighbors, which are six O%" in our
problem. The overlap integrals

Snsk = <¢ns’xk(02-)> (3)

give the mixing of the core s functions with those
of nearest neighbors of appropriate symmetry.
We use the Ni?* Hartree-Fock wave functions from
the work of Clementi and Roetti?® and the O*>" func-
tions from Watson’s paper.?* All of the pertinent
overlap integrals which we computed using a com-
puted program written by Switendick and Carbato®®
are given in Table I and the core s electron prob-
ability densities are given in Table II. As the in-
tegrals are sensitive functions of interatomic sep-
aration, this parameter is varied from 1.8 to 4.0
A. Except for the separation, which is given in fiv
all other values are in atomic units. The integra-
tion is reliable up to six places after the decimal
point, although eight digits are shown by the com-
puteg output. For an interatomic separation of

1.8 A,

12]¢p, 4(0)] %, ¢|xzs)? = 0.08,
12],,(0)] X 2elxzs)* = 0.28
12]5,(0)] X pqlxas)? = 1.57,
12{65; 5(0)| Kb/ xzp0° = 1.10,
12{h5(0)] APl 25 = 521,
12|34 (0)] X byl xse)? = 17.42,

where a factor of 6 arises from six neighbors and
a factor of 2 arises from the double occupancy of
the core s functions. The total 25.64 a.u. of the

(4)

TABLE I. Overlap integrals between core s functions of Ni* ¢, and the 2s and 2p functions
Xns,p Of 0% as a function of interatomic separation.

RA)  (¢islxp) @15l X257 (P s [Xap) (Pas | Xos) (D35 lXop)  (PaslXas)
1.8 -0.00368609 -0.00083111 0.02621133 0.00607775 0.12819517 0.03852378
2.0 -0.00264181 -0.00047091 0.01881795 0.00344696 0.09420997 0.022680 37
22 —0.00190638 —0.00026635 0.01359447 0.00195112 0.06922191 0.01323731
2.5 —-0.00118546 —0.00011250 0.00845983 0.00082483 0.04375358 0.00580992
3.0 —0.00056353 —0.00002640 0.00402045 0.00019378 0.02094936 0.00143108
3.5 —0.00028402 -0.00000613 0.00202474 0.00004500 0.01051170 0.00034382
4.0 —0.00014961 —0.00000142 0.00106592 0.00001040 0.00550491 0.000081 32
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TABLE II. Core s electron Hartree-Fock charge
densities for Ni% (3d%).

1s 2s 3s
Gns(0) -82.14 —25.148 9.40
|6 5(0)|2 6746.94 632.42 88.36

TABLE III. Dominant overlap contributions to charge
densities as a function of interatomic separation R in
NiO. a;= 12[@15(0”2(‘1’15 !sz) 2 ay= 12|¢23(0)|2(¢2s IXu) 2,
@3=12(¢55 (0) (D35 Xop) ¥ @y =12[6 55 (0) |2 (g 55 [xs) %

above is not negligible compared with |¢,,(0)|?
=88.36 a.u. We therefore conclude that the iso-
mer shift produced by the overlap effect is not
small. The dominant terms are given in Table III.

The isomer shift then consists of two types of
terms,

AS? =K<Z": |62+ a,.>, 5)

i
where
K =4ncZe?rybv y/5E,. (6)

The first term 27, |¢,,(0)]|? = 14935.44a3, after in-
troducing a factor of 2 to take into account the
spin double occupancy, is a constant. If we now
multiply it by a relativistic correction factor of
1.34, we obtain 1367.38 X 10%¢ cm™. This value
is much larger than the free-ion value 1329.63
X 10%¢ ¢m™ calculated by Love et al.® from the
Herman-Skillman wave functions. These workers
also indicate the difficulties in defining the bound-
ary conditions for performing the integration.
Using the Wigner-Seitz model, the s amplitude is
found to vary with the Wigner-Seitz radius 7ys.
For rys of 0.529, 1.587, and 10.583 A, the elec-
tronic amplitudes for the 3d® configuration are
calculated to be 1325.92, 1329.68, and 1329.58
x 10%¢ ¢cm™, respectively. These values are
smaller than our calculated value of 1367.38 X 1026
cm™. It may be noted that this value, calculated
from Watson’s wave functions,?® is about 1364.65
% 10%¢ cm™,

The second term in (5),

2 4= 20 216wl Q)

is a function of interatomic separation R. The
overlap contribution 2J; a; is plotted in Fig. 1. It
is found that

—81n(AS?)
8InR

6

~17,0 8)

at R~2 A, so that the isomer shift appears to

vary approximately as R~ in our model, although
the predicted variation is, in fact, more compli-
cated than just a “power law.” At large distances

R (A) a, a, a, a, i @i
1.8 1.1 5.21 17.43 1.57 25.31
2.0 0.57 2.69 9.41 0.55 13.22
2.2 0.29 1.40 5.08 0.19 6.96
2.5 0.11 0.54 2.03 0.04 2.72
3.0 0.03 0.12 0.47 0.002 0.62

3.5 0.01 0.03 0.12 0.0001 0.16

the power is closer to 9 than to 7, so that the ap-
proximate power is ~8.0 +1.0.

67Zn** IN ZnO

There has been a considerable amount of inter-
est in the study of the °Zn 93.3-keV transition®-22,
The isomer shift which is inversely proportional
to the y-ray energy and directly proportional to
the nuclear charge Ze is smaller for the 93.3-keV
y ray of 57Zn than for the 67.4-keV 7y ray of ®Ni
by a factor of about 0.79. The Zn"™ ion, being in
the electronic configuration 3d'°, forms a singlet
ground state with S=0, L=0, and J=0.

We write the core s functions ¢,, of Zn**, in-
cluding that combination of x;(0?") wave functions
that transforms as the A,, irreducible representa-
tion of the tetrahedral group, as

oL

FIG. 1. Natural double-logarithmic plot of predicted
overlap contribution to the Méssbauer isomer shift in
®INiO as a function of interatomic separation. At small
separations an inverse seventh power is indicated by
the dashed line. At large distances the power is about
inverse ninth, so that the behavior of isomer shift is
obtained by a power law of R78*1,
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TABLE IV. Overlap integrals between the core s functions ¢, of Zn%* and the O*~ 2s and 2p
functions X;, in a.u. reliable up to six decimal places.

21785

R (A) (P 1s [X2s) (G 1s 1Xop? (@95 | Xys? (@ as |X0p) (@35 [Xas? (D36 [X2p)
1.8 —0.00074979 —0.00331846 —0.00544934 —0.02344786 0.03282633 0.11368620
1.9 -0.00056507 —0.00280864 —0.00411117 —0.01986592 0.02513225 0.09728074
2.0 —0.00042468 -—0.00237737 -0.00309273 -0.01683014 0.01915886 0.08312714
2.1  -0.00032009 -0.00201970 —0.00233314 -0.01430815 0.01462580 0.07118231
2.2 —0.00024061 -0.00171692 -0.00175520 -0.01217011 0.01112352 0.06091389
2.3  —-0.00018071 —0.00146235 —0.00131927 —0.01037018 0.00844515 0.05216347
2.5 —0.00010170 —0.00106784 —0.00074350 —0.00757648 0.00484548 0.03837876
3.0 —0.00002389 -0.00050768 —0.00017514 —0.00360210 0.00118241 0.01833923
35 —0.00000565 —0.00025588 —0.00004076 —0.00181426 0.00028217 0.00920447
4.0 —0.00000128 —0.00013478 —0.00000943 —0.00095508 0.00006642 0.004 82425
Pas = Nos( 035 = 2 (Basxids @, =8]¢1, 0 X1 Xap?s @ = 8]925(0)] Xz
3s 3s 3s - 3slAi/AG | 1 1s 1slA2p/ » 2 2s 2slA2p/ s
1
( l az = 8|¢’3s(0)| 2<¢3s|x2p>2: a, = 8l¢3s(0)l 2<¢3slxzs>27
TS (TR DLCA Y (©)
Bs s\ ves 21: aslbalti) a5=8|¢25(0)|2<¢23|x25)2, ag= 8|¢ls(0)|2<¢ls|X23>2!
(12)
d)ls:le <(ib{s - Z<¢ls|xi>xi),
¢ where a factor of 8 arises because of the tetra-
where the normalization constants are hedral symmetry in which one considers four
neighbors, compared with a factor of 12 arising
Ny = <1+ > Kesdxal 2>'1 2 in octahedral symmetry from six neighbors as in
i the expression (4). We use the Hartree-Fock wave
- functions of Zn** from the tables of Clementi and
Nys={1+ Z |<¢;s|xl>, 2> 1/2’ (10) ;23 - s 24
7 Roetti® and those of O*" from Watson’s work.

Nys= <1 + 2 CHOW 2> A

As a result of overlap with nearest neighbors, the
orthogonality amongst the ¢, is slightly destroyed
and is to be reestablished. If we keep only the
largest terms, the contribution of overlap effects
to the isomer shift is determined by

The calculated values are given in Tables IV-VI.
The overlap integrals depend strongly on the in-
teratomic separation. Accordingly, this contri-
bution is calculated by treating the distance be-
tween the Zn** and O*" as a variable, as shown in
Fig. 2. It is found that for R~2 A, the isomer

2 lon©2+ 2o ay, (1)
n i
h the d A tt TABLE VI. Dominant overlap contributions to char e
where the dominant térms are densities for tetrahedral ZnO as a function of the inter-
atomic separation R.
R(4) a a, a a a;  ag 334
TABLE V. Core s electron Hartree-Fock charge 18 073 343 11.63 097 0.15 0.04 17.04
densities for Zn**(3d'%), in a.u 1.9 0.53 2.50 8.51 0.57 0.11 0.02 12.23
’ o 2.0 0.37 1.79 6.22  0.33 0.06 0.01 8.79
1s 9s 3s 2.1 0.27 1.30 4.56 0.19 0.03 0.01 6.37
2.2 019 0.94 3.34 0.11 0.02 0.00 4.61
2.3 0.14 0.68 2.45 0.07 0.01 0.00 3.35
-91.20 28.14 10.
Pns(0) 9 8 60 2.5 0.07 0.37 1.33 0.02 0.01 0.00 1.79
[¢ns(0)]? 8316.83 791.77 112.47 3.0 0.02 0.08 0.30 0.00 0.00 0.00  0.40
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FIG. 2. Predicted behavior of isomer shift of Zn as
a function of interatomic separation. At small distances
the dashed line indicates a slope of 6.7, whereas at
larger distances this value changes to about 8.3.

shift arising from the overlap varies as R™%7,

This result may be verified by studying the effect
of hydrostatic pressure on the Mossbauer spectra
or by studying the line positions in several oxide
lattices. The result AS!~R™ is also pertinent for
predictions of the effect of thermal expansion. The
The core s contribution 18 442.14 a.u. is constant
and predicts a center shift required for proper
calibration of velocity.

CONCLUSIONS

We have calculated the MOssbauer charge den-
sity for ®Ni** in NiO and found that as a result of
variation of overlap integrals between the core s
functions and the nearest-neighbor ligand func-
tions, the isomer shift varies with interatomic
separation. For small variations the shift is pro-
protional to the inverse seventh power of inter-
atomic distance. This result predicts an effect
of thermal expansion of the host lattice as well
as variation of line shift for the same nuclei in
going from one material to another.

We have also calculated the Mossbauer charge
density for *"Zn in ZnO from first principles. We
find that the isomer shift appears to depend on the
interatomic separation, and a new power law, R™,
is predicted. This is the first calculation for the
Mossbauer charge density in %"Zn, although there
are no measurements of this effect to date.
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