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Using solid state multiple pulse techniques the magnetic shielding tensors a of the 19F nuclei in 
a single crystal of KZnF 3 have been measured. The F~-site symmetry in KZnF3 , D 4 h , allows 
axial anisotropy of a and determines fully the principal shielding directions. Using CaF 2 as the 
reference compound, the average shielding is + 85 ppm and the shielding anisotropy is 
+ 18.4 ppm. These results are discussed in terms of shielding contributions from (a) the closed 
shell electrons of the F~-ion whose shielding is considered, (b) the closed shell electrons of the 
neighbouring metal and fluorine ions and (c) weak admixture of covalency to the predominantly 
ionic Zn+ +—F~ bonding. 

1. Introduction 

The deve lopment of mul t ip le pulse techniques 
[1, 2] has m a d e possible the measu remen t of nuclear 
magnet ic shielding tensors of 19F nuclei in the solid 
state. The 19F shielding has been s tudied in the past 
in a variety of c o m p o u n d s with ei ther dominan t 
ionic or covalent bonding , and the results have been 
discussed in terms of the bonding [3]. 

In this communica t ion we repor t on measure-
ments of the shielding tensors of the f luorines in 
K Z n F 3 . Crystals of this c o m p o u n d are thought to 
be strongly ionic. W e expected and indeed found 
that the 19F-<T tensors reflect the dominan t ionic 
character of the bonding , but at the same t ime it is 
interesting to investigate to what extent the admix-
ture of weak covalency affects the 19F magnet ic 
shielding. A m a j o r par t of the discussion of our 
results is concerned with this quest ion. 

In most of the fluorides s tudied so far the shield-
ing is isotropic as a result of cubic f luorine site 
symmetry [3]. In K Z n F 3 the F~-site symmetry per-
mits an axially symmetr ic shielding anisotropy. 
Other cases where symmetry permits shielding 
anisotropy are M g F 2 , ZnF 2 and SnF 2 . The 19F 
shielding tensors repor ted for these compounds 
[4, 5] are, therefore , best suited for compar ison pur-
poses with our results f rom K Z n F 3 . 
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By using the radioact ive 2 0F nucleus ( / = 2) 
Ackermann et al. [6] have recently measured the 
electric field gradient ( E F G ) tensor at the f luorine 
site in K Z n F 3 . We discuss the quest ion whether and 
how the nuclear magnet ic shielding tensor <T, which 
can be measured by comparat ive ly s imple RF- tech-
niques, can be related to the E F G tensor whose 
measurement requires techniques and equ ipmen t 
f rom the arsenal of the nuclear physicist. 

2. Symmetry Considerations 

KZnF 3 has a perowskite-l ike structure [7]. Fig-
ure 1 shows the a r rangement of the ions in the unit 
cell. Each f luorine sits on a fourfold axis which is 
colinear to the Z n - F — Z n bonds. The local sym-
metry at the F"-si te is D 4 h . This symmetry imposes 
axial symmetry on the 19F-<r-tensor. Its un ique 
direction must be along the Zn—F—Zn direction, 
i.e., along one of the pr imit ive crystal axes. There 
are three symmetry related f luor ine ions in the unit 

Fig. 1. Packing of the ions in the unit cell of KZnF 3 . Open 
spheres: F~; full spheres: Zn + + , speckled sphere: K+ . 
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cell. As a consequence of this crystal symmetry 
comple te in format ion about the 1 9F-shielding tensor 
a can be obta ined f rom a single spectrum taken 
with B0 parallel to one of the crystal axes, e.g., 
B0 100. For such a crystal or ientat ion B0 is parallel 
to the Z n — F - Z n direct ion of one, and perpendicular 
to the Z n — F - Z n directions of the other two of the 
three F - - i o n s in the unit cell, see Figure 1. For this 
or ientat ion we expect, hence, two N M R lines with 
an intensity rat io of 1 :2 . T h e smaller of the lines 
reflects a , the larger (7j_, their separat ion gives 
directly the shielding anisotropy A o = o — cr±. 

According to these considerat ions we prepared a 
sample crystal such that its c-axis was parallel to the 
N M R goniometer axis which itself is perpendicular 
to B0. This allows to align the a- as well as the 
b-axis of the crystal parallel to B0. 

For a general or ientat ion of the crystal relative to 
B0 we expect three N M R lines. All these lines must 
coincide for B0 (111). 

ratio of 2 : 1. The separat ion of the lines is 18.4 p p m 
and corresponds, as ment ioned above, directly to 
A a. Fur ther spectra were recorded for di f ferent 
orientations of B0 in the a — b plane. T h e analysis of 
the rotation pattern of the line shifts helped to mini-
mize errors in our final numbers which resulted 
f rom a small misor ientat ion of the sample crystal. A 
sphere of a single crystal of C a F 2 was used as the 
reference compound . 

The chemical shift tensor of the 19F nuclei in 
KZnF 3 derived f rom our da ta is given in Table 1. In 
order to compare our results with theoretical cal-
culations the principal values of a must be given on 
an absolute scale. For 19F such a scale was estab-
lished by Hinde rmann et al. [8]. The second line of 
Table 1 gives a in KZnF 3 on this scale. 

3. Experimental and Results 

The 19F high resolution N M R measurements were 
pe r fo rmed on a 90 MHz Bruker pulse spectrometer 
modi f i ed for mul t ip le pulse experiments . The spec-
tra were obta ined with a phase error and fl ip-angle 
error self correcting version of the M R E V cycle [2], 
T h e width of the n/2 pulses was 0.8 jisec, their 
separat ion 3 psec and 6 usee, respectively. This 
method averages out the 1 9F-1 9F homonuclear part 
of the dipole-dipole Hamil tonian . The heteronuclear 
d ipole interactions, 1 9F-6 7Zn and 19F-39-41K, are only 
scaled down by a factor of | /2/3. The shortest inter-
nuclear distances, and hence potentially the stron-
gest D D interactions, are between the 19F and Zn 
nuclei. For tunate ly , the natural abundance of the 
magnet ic Zn isotope 67Zn is only 4.12% so that most 
of the 19F nuclei have non-magnet ic Zn isotopes as 
their nearest neighbours . T h e other non-averaged 
dipolar interaction, between K and F nuclei, is weak 
since the shortest K—F distance in KZnF 3 is rather 
large (a/] /2 with a = 4.055 A) and the gyromagnet ic 
ratios of both the 39K and 41K isotopes are small. 
These interactions, nevertheless, limit the resolution 
in our spectra. A second momen t calculation of the 
K - F interactions accounts well for the observed 
linewidths. 

A spectrum for B0 (100) is shown in Figure 2. It 
shows indeed two lines with the expected intensity 

18.4 ppm 

Fig. 2. Multiple pulse spectrum of a single crystal of 
KZnF3 : B0 parallel (100). 

Table 1. 19F shielding tensor in KZnF3 (all units in ppm). 

o <7± Ao o 

Experimental 
reference: CaF2 97.4 78.8 18.6 85 

Experimental 
absolute scale3 390 371.4 18.6 377.6 

Contributions 
1. closed shell F~-ion 480.2 480.2 0 480.2 
2. geometricalb 7.3 - 3 . 1 10.4 ~ 0.3 
3. departure from pure 

ionic model c - 9 7 . 5 -105 .7 8.2 -102 .97 
4. diamag. (overlap 

and covalency) - 2 . 1 ~ 1.6 — 0.5 ~ 1.6 
5. paramagnetic (over-

lap and covalency) - 9 9 . 6 -107 .3 7.7 -104 .57 

a Absolute scale according to [8], 
b Calculated using Pascal's constants. 
c Obtained by subtracting contributions 1 and 2 from the 

experimental values on The absolute scale. 
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4. Discuss ion 

The main features of our exper imenta l results 
may be summarized as follows: 

- the unique axis of the axially symmetr ic 19F-ct-
tensor corresponds to the most shielded direction 
and is along the " b o n d i n g " direction Z n - F - Z n . 

- the anisotropy of a is small compared with the 
size of the individual components of a taken on 
the absolute scale. 

The feature of the 19F-<r-tensor which reflects 
most directly the ionic nature of the bonding in 
KZnF 3 is the small size of Ao. This can be seen by 
analysing the di f ferent contr ibutions to <y, see fur-
ther below, but also on a simple compara t ive basis. 
Other fluorides whose 19F shielding has been inves-
tigated by high resolution solid state N M R and 
where crystal symmetry does not p roh ib i t shielding 
anisotropy are Mg F 2 , Z n F 2 and SnF 2 . In nei ther of 
these compounds crystal symmetry forces a to be 
axially symmetric. MgF 2 and ZnF 2 a re typical ionic 
compounds , the dif ferences between the largest and 
the smallest 19F principal shielding components are 
30 p p m (MgF2) and 44 ppm (ZnF2) , see [4], S n F 2 , 
on the other hand, forms rings of te t ramers , Sn 4 F 8 , 
with four different f luorine sites. T h e shielding 
anisotropics, A a = 210, 165, 106 and 97 ppm (sites 
1 - 4 ) are comparable in size to the shielding aniso-
tropics of typically covalently bound fluorides, see 
Table 5.4 of [1]. Along with other evidence the 
" la rge" shielding anisotropics measured in SnF 2 

have, consequently, been interpreted as signalizing 
predominant ly covalent bonding of the Sn4F8 tetra-
mers. The shielding anisotropy, and , of course, 
plenty other chemical and physical evidence as well, 
puts KZnF 3 in one class with MgF 2 and Z n F 2 , i.e., 
in the class of predominant ly ionic f luorides. 

We proceed by analysing the origin of d i f ferent 
contributions to a in K Z n F 3 . 

According to the general theory of the chemical 
shift [9], a can be split into a dia- and into a para-
magnet ic term: 

and 

a = a d + <JP , 

where 

yd. = -'/ 1 2 2 m c~ Z ' j djj ~ I'ki 
i-3 rk 

n ) 

( i ) 

(2) 

jP. = '/ - , 2 2 J 2m c Z ( £ o ~Em) - l (3) 

( n Z hi Vm) (Vm Z lkj/d Vo) 
k k 

+ I 4 / / r k Vm) Wm Z lkj I n 
k k 

y/Q and yjm are the ground- and excited wave func-
tions of the system in the absence of the external 
field BQ\ rk is the vector f rom the nucleus under 
considerat ion to the A:-th electron; lk i is the /-com-
ponent of the angular m o m e n t u m opera tor of the 
electron k about the nucleus of interest. 

<rd involves an average over the ground state y/0, 
whereas the calculation of a p requires knowledge of 
the excited states. In order to avoid the use of 
excited states which in general are not known, one 
often takes recourse to the so-called closure approx-
imation. The paramagnet ic term then becomes 

'5 = — T T Z <Vo lkik'j/ri n ) , (4) c- k,k' 
where the average is taken again over only the 
ground state y/0. The "average" energy splitting A 
must be interpreted as a parameter . y/0 is written as 
a single de te rminant of molecular orbitals (MO) ytf. 

Vo = (2n\yx/1 (5) 

• ^{l)y.{l)^{2)ß{2)...yyn(2n)ß{2n)\, 

where a and ß correspond to the two orientat ions of 
the electron spin. 

The doubly filled molecular orbitals y/j will be 
approx imated by linear combinat ions of a tomic 
orbitals (MO-LCAO) : 

yjj = Z Af (J) <Pf > 
it 

(6) 

where ipf is an a tomic (ionic) wave funct ion of 
2-type centered on nucleus 1. 

Using ( 2 ) - (6) we get 

On = • Azzptn<Pi\r23ij
3

nrj\<P?>, a) m c2
 /a kß r 

rP -
A m2 c2 Z Z ptf<d (Pf) 

Ii kß 

- ^ Z Z p t f p f t 
/a kß 
I'a' k'ß' 

•(cpi l,/r3 ( p f ) (4' lj V f ) (8) 
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where the Pfg = £ 2AJ ( j ) Atß ( j ) are the matr ix 
j 

elements of the charge density matr ix ^[ lO] . 
If the A j ( j ) are real then p t f = p £ f . Before dis-

cussing d i f ferent possibilities of constructing MOs 
for K Z n F 3 we consider the order of magni tude of 
d i f ferent terms in (7) —(8), disregarding the size 
of P f l 

Label the nucleus of interest as / = 0, then: 

- {<p{j lj (pi) either zero or of the order of 
{(pi (pi) = 1. 

r2 Ö — r r I 
~ (<Po ' J d ) and {(pi - j (pi) are ei ther 

r r 
zero or are of the order of ( l / / " ) 0 and <l / / - 3 ) 0 , 
respectively. 

- {(pf lj (pi{) e i ther zero or of the order of ((pf ($) 
= Sftf (overlap integral). The Sfrf are two center 
integrals. 

- {(pf '< lj/r3 (pf) is of the order of {(pf \/r3 ( p f ) . 
This again is a two-center integral but much smaller 
t h a n < l / r 3 > 0 . 

All o ther terms are either three-center integrals or 
products of two-center integrals. 

There fore the main contributions in (7) and (8) 
are expected to come f rom terms proport ional to 
<1 /VV < 1 //-3>0 or <(pf 1 /r ( p f ) and f rom those 
which contain products of the form (l/ /"3)o" S f f i . 
Since the local symmetry of the F1 9-nucleus in 
KZnF 3 is D 4 h , we are interested only in a x x and a : z . 
As the nucleus of interest ( / = 0) is F1 9 we shall take 
as basis for (pi the set 2 s ) , 2 p x ) , 2 p y ) , 2 p . ) . 
Reta in ing only the contributions linear in ( l / / ' ) o , 
< l / r 3 ) 0 and {(pf Mr ( p f ) , (7) and (8) can be brought 
into the following form: 

I n 
lot t 2 ^ A II 2 m 

t — j i ptnrf 
2 m c~ h 

r — x 

_2 

(Pf), 

(Pf) 

(10) 

(11) 

and 

p = — 
h2 

<l/'-3>o 
A m2 c2 

[^ob+ P'ob~ (Poo P'oo~ Poo ^oo)] 

X ( V / ö P-oö PJo) Sfo 
. Iz 
+ (^öo P,6 ~ P& Pfö) 

1 1 PJoPR (<P? lx <P<) rn/h 
i %.ß 

(12) 

rP = -
h2 

A m2 c2 <l/'-3>c 

[Poo + Poo (Poo Poo ~ P'o'o Poo )} 

ZF PXX P*Y _ P>'X P*X\ CA ^r00 r l 0 r00 r /0 ) "J/I 

i I pyy p'J* _ pxy p*y\ ca 
^v^oo r / o roo r /o ) ^n 

l l P l J P f c {<P? L ( p f ) m/h 
I y.ß 

(13) 

The calculat ion of P j£ requires the knowledge of 
y/j. The MOs y/j may be constructed by different 
methods . Since K Z n F 3 is mainly ionic we shall con-
sider the following approximat ions: 

A) The wavefunct ions y/j are purely ionic. In this 
approx imat ion the non-orthogonal i ty of MOs on 
d i f fe ren t nuclei is disregarded. 

B) The M O s are ob ta ined by Löwdin 's orthogonali-
zation method [11]. The y/j are still mainly ionic 
but or thogonal . 

C) Covalent bonding between F~ and Z n + + elec-
trons is taken into account. We shall discuss ap-
proximat ions A to C in turn. 

A) If y/j is purely ionic y/j — (pf 

Ptf= o. 
Equat ions (10) - (13) become 

and P 

ot = 
2e 2 

2e 

m cl 

Z <<Po 

+ L {^f 

I O B I -
/ =t= 0 

+ E ((Pf 
/a 

(Pi) 

(Pf) (14) 

(Pi) 

(Pf) (15) 

a P v = aP : = 0 . 

The first terms in (14) and (15) are the ionic con-
tr ibut ions due to the closed shells of electrons on the 
F~-ion under investigation. For these terms we rely 
on work of Sidwell and Hurst [12] who obtained 
(7xx ( f r e e i ° n ) = °z: ( f r e e i ° n ) = 480 p p m . 
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The second terms in (14) and (15) are the contri-
butions f rom the closed shells of ne ighbour ing ions. 
These contr ibutions, somet imes called „geometr i -
cal" can be calculated by inserting appropr ia t e wave 
functions in ( 1 4 ) - ( 1 5 ) and integration. This proce-
dure was used in [4] for MgF 2 . To take account of 
these contributions, we shall use the phenomeno-
logical magnet ic d ipole model [13]. In this model 
induced magnet ic dipoles are assigned to individual 
ions. The fields associated with these dipoles give 
the following contr ibut ion to the shielding of the 
nucleus of interest: 

r(g) = a d (g ) = ML Z - 3 (x* Rk) R/R5). 
(16) 

g means "geometr ica l" , L is Loschmidt ' s number , 
Xk the molar susceptibil i ty of the Ar-th ion. Fo r the 
evaluation of a (g ) we used for the susceptibil i t ies 
Pascal's constants [14]. T h e summat ion was extend-
ed over 50 neighbours . The results are given in 
line 4 of Table 1. 

Note that the values of ad (g) and rrd (g) are small 
compared with the exper imenta l ones on the ab-
solute scale and as well small compared with a ( f ree 
ion). Note also that the anisotropy Aod (g) is com-
parable in size with A o (exptl.). 

In order to check the reliability of the dipole 
model we calculated <rd (g) for MgF 2 using (16) and 
compared the results with those of [4] ob ta ined by 
integration. The two methods give results which 
differ by no more than 1—2 ppm. We do not con-
sider differences of this size as essential. 

<yd (free ion) and <Td (g) appea r unchanged in the 
approximat ion of M O s to be discussed now and 
therefore will not be considered anymore . 

The values reported in the f i f th line of Table 1 
are obtained by substract ing <yd ( free ion) and <rd (g) 
f rom the exper imenta l values. They reflect the 
contributions b rought in by the depa r tu re of the 
wave funct ions f rom their purely ionic fo rm and 
will be referred to hencefor th as "non- ionic contri-
butions". 

B) Löwdin's or thogonal iza t ion me thod [11] pro-
vides the following set of wave funct ions 

Vi = Vi = Vt ~ Sgf (pi 
kß 

(17) 

which leads to 

M)0 - - 1 +1 (Sfo*)2 

/'a' 

Pg = 2 I Sf'<? Sf't 
/' a' 

= - 2 >/d I Sfr ' S t t 
/'a' 

using (18) and (10) - (13) one obtains 
4 . . 

itO/'X, 

(18) 

rd - . 
5 m c~ 

Z [ S/o " + SJq >/o 

2e2 h2 

A m c /a 

2 
+ 

+ - J T Z 1 ((pf 

(20) 

(21) 

and corresponding expressions for o d . and a?,. 
In ( 1 7 ) - ( 2 1 ) all terms containing overlap inte-

grals of power higher than two were neglected. T h e 
contr ibutions of d i f ferent neighbours are addit ive. It 
should be noted that the same result is obta ined if 
one uses a s impler set of wave functions which 
ensures only the orthogonali ty of wave functions on 
ne ighbour ing ions with those on the ion of interest 
( / = 0 ) : 

¥o 

vi vl' 1 s t i - Z ( ^ ) 2 V / 2 , 
ß I 

(22) 

T h e equivalence appears immediate ly if one ob-
serves that within the same approximat ions (22) 
leads to 

pßß roo + z 
/a 

c*0 2 etc. 

The set of wave funct ions given by (17) and their 
consequence, (20) and (21) have been widely used 
in chemical shift calculations in many predominant -
ly ionic crystals [4, 15, 16]. Nevertheless, (17) or its 
s implif ied form, (22) excludes any covalent effects 
which in the case of metal-halogen (Zn-F) bonding 
may be of the same order of magni tude as the over-
lap contributions as far as the anisotropy A a is con-
cerned. Therefore , detailed evaluations of 20 and 21 
will be given once the covalency effect is taken into 
account. In fact, our calculations (see fur ther below) 
have shown that (20) leads to negligibly small con-
tr ibut ions to A (7d and ad as expected [15, 16]. On the 
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other hand , (21) leads to a calculated value of the 
rat io Aop/op which is almost one order of magni-
tude smaller than that obtained with the semi-
exper imenta l numbers f rom line 5 of Table 1, and 
the sign is opposite. There fore we looked for pos-
sible effects of weak covalent bonding between 
Z n + + and F~. 

C) Covalency may m a k e an impor tan t input to 
the chemical shift tensor since it leads to a strong 
d e r e a l i z a t i o n of electrons and therefore to a more 
impor tant depar tu re of the wave funct ions f rom 
their ionic fo rm than that predicted by (17). 

In the case of KXF 3 crystals it was shown [17] that 
covalency arises mainly f rom the interactions be-
tween (2 s, 2p)-electrons of the F~ and 3d-electrons 
of the X + + - ions , leading to bonding and ant ibonding 
states. W e consider only the interactions between 
F~ (0, 0, 0) and its two Zn-neighbours at (0, 0, ± { ) . 
The bonding (b) and ant ibonding (a) MOs which 
t ransform according to irreducible representat ions 
of D 4 h (F~-site symmetry) are: 

(<?u) - 1 / P > J [ pr) + br /,)], 
(r = x,y) (23) 

<//,a(cu) - \ / ] f N ^ ) [ / r ) - a r f r ) ] , 

V= ( " 2 u ) = l / V W b ( « 2 u ) [ P:> + b; /_->] , 

V ? ( f l 2 u ) = 1 [ - az p:)} ( 2 4 ) 

with 

Xr(eu) =l/l/2K-(+i) + 4r(-i)], 

X:(ci2u) = 1/1/2 [ d : * ( + \ ) - d 2 * ( - { ) ] . (25) 

T h e normal iza t ion factors are: 

= \ + bl + 2ba ^ = 1 + 

with a* = (bz + S a ) / ( 1 + bx S x ) and = ( p x / a >. 
The wave funct ions of electrons on ne ighbour ions, 
K + and F~, which do not part icipate in the bonding 
are taken of the form (22) in order to ensure 
orthogonali ty. This set of wave funct ions leads to 
the following result: 

a ? , = c.Y.Y (N) + a? , ( Z n ) , 

<r?. = op
zz (N) + fjP- ( Z n ) . (26) 

second terms in (26) are: 

4 e2 ti2 

(T.?,(Zn) = - — r y < l / r 3 ) F 2 p 
A m c 

•[ s f r 2 + SIr 2 21/3 5fo'- S7o'-v], 

ffPr(Zn) = - — — <l//-3>F2p 
A nr cL 

Sf(f s tands for the over lap integral be tween the d a 

wave func t ion of Z n + + at (0, 0, + y ) and the p^-wave 
func t ion of F " at (0, 0, 0). 

This result is easily obta ined if one observes that 
the set of wave funct ions (22) and ( 2 3 ) - ( 2 5 ) gives 

M)0 - 1 i + + X sii 2 

kß 

(Tp
x (N) and crP, (N) are given by (21) and reflect the 

overlap contr ibut ions of K + and F~-neighbours. The 

(k runs over the K + , F -neighbours) , 

Pfö = 2 [ b j f 2 N % - fla/]/2A^] for / - 1 ,2 ( Z n + + ) 

and 

Pftf = — 2 Sftf for / =t= 1, 2 ( Z n + + ) 

which , when inserted in (8), give (26) and (27). 
In fact , the result of (27) is also contained in (20) 

and (21). The summat ions in the latter equat ions 
include the Z n + + - n e i g h b o u r s and it can be easily 
shown that their cont r ibut ions are identical to (27). 
It shows that for weak covalent bonding , as long as 
one considers fully occupied bonding and ant ibond-
ing states, the final result depends only on overlaps 
between ne ighbours and is entirely equivalent to 
that ob ta ined with Löwdin ' s set of wave funct ions 
(at least wi thin the present approximat ions) . 

It should be noted that the MOs given in (23) to 
(24) imply a (slight) d e r e a l i z a t i o n of the electrons 
on the F~-ion which results entirely f r o m mixing of 
F~-AOs and Z n + + - A O s . Tha t this is the dominan t 
d e r e a l i z a t i o n is ques t ionable since many results 
ob ta ined by N.M.R. , E.P.R. and optical me thods in 
KXF 3 -crystals (X = Mn, Ni ) could be explained by 
weak covalent bond ing between the central ion (X) 
and its six next f luor ine ne ighbour ions whose elec-
trons were assumed to occupy ligand orbi tals (17). 
Ligand orbi tals imply a stronger d e r e a l i z a t i o n than 
that given by (23). In fact, in these works the 
covalency effects were investigated within the frag-
ment X F 6 (O h - symmetry) . The re fo re we considered 
it interesting to evaluate the chemical shift of F1 9 in 
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this f ragment (X = Zn) using the same type of wave 
functions as in the above ment ioned works and to 
compare the results with those obta ined with the 
previous sets of wave funct ions as given by (17) and 
( 2 3 ) - ( 2 5 ) . The calculations carried out in the 
Appendix give a result which is equivalent to (26) 
and (27) as long as the bonding and ant ibonding 
states are fully occupied. The main advantage of 
considering F~-ligand orbitals is that one may easily 
envisage the effects of non-occupied an t ibonding 
states. We shall turn to this point now. discussing it 
for the XF6 f ragment . An unoccupied ant ibonding 
state may arise f rom the excited state 4 s ) of Z n + + . 
This state t ransforms according to the a ] g - i r reduc-
ible representation of O h and can be coupled to the 
F - - l igand state y (a l g ) to form a bonding-an t ibond-
ing pair in which only the bonding state is occupied. 
It can be shown that in this case (see Appendix) erP_. 
remains unchanged with regard to (26), whereas G?x 

has an addit ional contr ibut ion given by: 

4 e2h2 

a 2 2 A m c~ 
<TPY (COV.) = - < l / / - V | - 6 2 ( a I g ) (28) 

where b (a!g) is the covalency factor [17] specific 
to the aig-states. In the following it will be simply 
labelled as b. Taking into account this contr ibut ion, 
the expressions used for numerical evaluat ions are: 

(TP. = o z : ( O ) , 

2 e2 h2 

A m2 c2 <l/'"3>o b2 (29) 

where a$x (O) and of . (O) are given by (21). 
The overlaps in (29) and (21) will be restricted to 

outer shells, namely: 3d for Z n + + , (3s, 3 p ) for K + 

and (2 s, 2p ) for F~. 
The summat ion in (29) was taken over the follow-

ing groups of neighbours: two Z n + + labelled (1 ,2 ) 
at (0 ,0 , ± y), two F~ (1 ,2 ) at (0, 0, ± 1), four 
K + (1 - 4) at ( + y , + y , 0 ) and symmetry related 
positions, and eight F~ (1—8) at ( + y , 0, 
0 , + 4 , - 4 - ) and symmetry related positions). The 
overlap propert ies which arise f rom the symmetry 
of the problem (e.g., Sjv0

r"Y ;2 = S f ( F ;2 f o r Z n + + , 
ect.) allow to bring (29) to a fo rm which reflects the 
contributions of di f ferent groups of neighbours: 

i e
2 h 2 

<1/'J> rP„ , 2 2 A m cL 

{2 [
 2

 + sf
0
'

:  2

 - 2 Y3 Sir Sfoz + b2/6]2) 

4- A r Csy 2 , O.v.v 2 , ovv 2 , n : : ;2 _ j oyy c : : i 

+ - [ Sfö ~ + Sfö 2 + 2 — 2 SfobxF -

M0 °10 

^20 "̂ 20 ^20 ~ "F S20 

— 2 ( S ^ + >̂ 20 )]gXF_ ) 

2 e2h2 

(30) 

CTP- = - • 
A m2 c2 <l/'-3>c 

. (-) r o .vr , .v 2 , c - v z . j 2 _ o .vr , .x ryz,y-\ 
i - l ^ Zk310 ' l2xZn+ + 

, A r oi.v 2 , oi.v 2 , o.v.v 2 , cyy |2 _ ^ r.xx rvn 
, -) r r . v .v 2 , o v v 2 _ o.v.v o y y - i 

+ ^10 Z ^ 10 ^10 J2xF-

— ~> sxx ^yy -i- 2 -i- l2 -i- cXJf 2 -L <?yy I2 

— *̂20X -̂ 20 ]8XF- J - (31) 

The indices 1 or 2 in each square bracket signify the 
nucleus at position 1 or 2 in each g roup according to 
the previous notation. 

Over lap integrals are usually reported in terms of 
S S ™ or Söa, (17) and (18). Since in general the 
r-axis of the crystal f r ame used to write the ionic 
funct ions does not coincide with the vector between 
two nuclei, we made the necessary transformations to 
express different S*/ in terms of these s tandard 
overlaps. We give the result directly for Aov and <rp: 

\e2U2 , 

A m cL 

• {[ Sfo 2 + Stf 2 - 2 Y3 Stf SIo° + j b2]2xZn++ 

_ [ 2 + (Sfo + 5,f0
CT)2]4xK+ 

1 r eSa 2 I / can C7r7r\2i + [ Ol0 + t^lO ^10 ) l2xF-

+ [ S f t - 2 + ( S f i + Sf§)2]6x F-}, (32) 

A (jP — 

h2 

<l/'-3>o 

Zn4 

3 A m2 c2 /0 

• {[ Sfty 2 + SI•§ I2 - 2 ][3 Sfo S?0° + j b2]2xZn++ 

+ - [ S\0 ' + (Sfo* + STOCT)2]4XK+ 

+ 2[ S\q 2 + («Sfo7 Sf(f)2]2xF_ 

+ 4[ Sfo 2 + (S'fo1 + 5fo r)2]8xF-} (33) 

Several quali tat ive conclusions can be inferred 
f rom (32) and (33): 

— The overlap contr ibut ion to Aa p may be small 
due to cancellation between di f ferent contr ibu-
tions. The stronger is the cancellation, the more 
impor tant is the covalent contr ibut ion to ZICTP. 
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- Fo r strong cancellat ion of overlap and weak co-
valency contr ibut ions, the calculated value of Ao p 

is strongly dependent on the accuracy of the over-
lap integrals (see fu r ther below). 

- The rat io Aop/öp depends on neither A nor 
( l / / - 3 ) 0 . It is therefore well suited for comparison 
with the "semi-exper imenta l" value obtained 
f rom line 5 of Table 1. 

The overlap contr ibut ions A a p ( O ) and ä p (O) 
contained in (32) and (33) are obtained by setting 
b = 0. 

In order to est imate their size we used the follow-
ing sources of overlap integrals: F _ - F ~ and F~—K+ 

overlaps were taken f rom [18] using the interpola-
tion me thod proposed there; the F ~ - Z n + + overlaps 
were assumed to be equal to those calculated for 
F ~ - N i + + in K N i F 3 [17]. The distances between dif-
ferent nuclei in K N i F 3 and KZnF 3 are practically 
the same since the unit cell d imensions are a = 
4.014 A and a = 4.055, respectively. The following 
numbers were used: 5™ = 3.77, Saa = 6.39 for 
F ~ - Z n + + , 5 ™ = 1.379, 5 ^ = 5.546, 5 ^ = 4 . 3 5 4 for 
F~— K + and Sn* = 2.153, S°° = 6.674, Söa = 3.824 for 
F ~ - F ~ . All these values should be mult ipl ied 
by 10~2. 

Using <(l//-3)0 = 43.2 x 1 0 2 4 c m - 3 and <1 /r)0 = 
2.196 x 108 c m - 1 f rom [4] and inserting in (32) to 
(33) the appropr ia te values of the overlaps one 
ob ta in s : ZICJP(O) = - 1.6 x 10~17 1/ZF, CTP(0) = - 1 . 7 
x 10"15 MA. The over lap contr ibutions due to the 
two F~ at (0, 0, ± 1 ) were entirely negligible. The 
expressions for the d iamagnet ic parts which corre-
spond to ( 3 2 ) - ( 3 3 ) are not given here for space 
reasons. They give: 

Aa d (O) = 0.5 p p m , a d = 1 . 6 p p m . 

As long as one neglects the covalent contr ibution, 
the following si tuation emerges: 

- the d iamagnet ic overlap contr ibutions to A a and 
a can safely be neglected as expected [15, 16]. 

- the rat io Aop (0)/ep (O) obtained with the above 
ment ioned overlap values is at variance with 
regard to sign and magni tude with the semiexper-
imental value of Table 1 which is - 7.3 x 10 - 2 . 

There fore it seems that the covalent contr ibut ion 
cannot be neglected. An evaluation of b can be done 
if the rat io Aop/öp as given by (32) and (33) is set 

equal to the semiexper imenta l value ( - 7 . 3 x 10~2). 
One obta ins b = 0.13. 

Such a value is not unreasonable since in the 
closely related c o m p o u n d K N i F 3 , covalency factors 
bn and bc of 0.175 and 0.285 were obtained (see [ 17]). 

On the o ther hand , it should be noted that 
modera t e changes of over lap values may significant-
ly alter the result. As an example we consider the 
case where the F - F overlaps are uniformly increased 
by 15% and the F - Z n and F - K overlaps are de-
creased by 15%. In this case Aop{0)/öp{0) » - 0.1 
and therefore covalency no longer needs to be invoked 
to explain the " semiexper imen ta l " result. Such un-
certainties may easily arise in overlap calculations 
and there fore we face the fact that for weakly 
covalent c o m p o u n d s in which A a p is small it is dif-
ficult to es t imate the covalency contr ibut ion only 
f rom chemical shift data. In the case of K Z n F 3 , 
however , there exist N Q R data which strongly 
indicate that covalency plays an impor tan t role. By 
N Q R measurements on the : o F-nucle i in KZnF 3 [6] 
it was found that the E F G at the F-site is Vzz = 
+ (7.7 ± 1.7) 1 0 1 7 V c m - 2 . We calculated Vzz (see 
Appendix) using the same procedure as for a and 
ob ta ined 

K: = Kz (O) +je(l//-3)0 

•\[b2 + 2]l6S^b], (34) 

where Vzz (O) is given by (A 12). 
Neglecting the covalent contr ibut ion (b = 0) and 

using the same values of overlaps as for a one 
obtains the over lap contr ibut ion to Vzz: Vzz(0)^ 
- 1 0 1 7 V c m - 2 . On altering the value of the overlaps 
in the same way as was done tentatively above, the 
value of V.. becomes even smaller. There fore we 
conclude that a covalent contr ibut ion is essential to 
explain the exper imenta l value of the E F G . As can 
be seen f rom (34) the covalent contr ibut ion is 
increasing the value of Vzz as is required by the 
exper imenta l result. Unfor tuna te ly we have no 
knowledge of the over lap integral ( F - Z n ) 5jo'2 in 
(34) and therefore we can not evaluate Vzz using b 
obta ined f rom the chemical shift data. 

C o n c l u s i o n s 

The anisotropy Aa of the f luor ine chemical shift 
in K Z n F 3 is small compared to a and o± on the 
absolute scale. The main part (57%) of Ao stems 
f rom closed shell electrons of ne ighbour ions ("geo-
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metrical contr ibut ion") . This contr ibut ion is par-
ticularly impor tan t for KZnF 3 because of the filled 
3d shell of Z n + + . In other ionic f luorides which 
have no ions with filled d shells the "geometr ical 
con t r ibu t ion" is m u c h weaker, in M g F 2 , e.g., it con-
t r ibutes only 15% to A O [4]. 

T h e remaining par t of Ao as well as of ö is mainly 
pa ramagne t i c and reflects the depa r tu re of the 
wavefunct ions f r o m their purely ionic form, e.g., 
th rough covalent mixing of wavefunct ions on neigh-
bour ing ions. As long as covalency is assumed to 
give rise to bonding and ant ibonding states which 
bo th are fully occupied the covalency factor does 
not a p p e a r explicitly in the formula for Aop and öp. 
In such a case Ao p and <rp depend only on overlap 
integrals between wavefunct ions on ne ighbour ing 
ions ("over lap contr ibut ion") . The result is then 
essentially equivalent to that ob ta ined by using 
or thogonal ized ionic functions (Löwdin ' s method) 
and not invoking at all the idea of covalent mixing. 

Only bonding states with empty or partially filled 
an t ibond ing counterpar t s bring a contr ibut ion to 
A o p which contains explicitly the covalency strength. 
T h e inf luence of such states to a p is, in general, 
m u c h weaker. This is probably the reason why in 
m a n y t reatments of averaged chemical shifts in 
ionic crystals Löwdin ' s method was considered to be 
a d e q u a t e [4, 15, 16]. W h e n applied to K Z n F 3 Löw-
din 's me thod allows a reasonable qual i ta t ive ex-
p lana t ion of the small value of Ao p : over lap contri-
bu t ions f rom di f ferent neighbour ions tend to cancel 
each other . 

O u r calculations indicate that Löwdin ' s method is 
not suff icient to explain the experimental values of 
A o and ö in K Z n F 3 and that a covalent contr ibut ion 
f r o m a (partially) occupied bonding state which has 
an empty an t ibonding counterpart needs to be taken 
into account. An es t imate based on the "semiempir -
ical" value of Aop/<rp gives a value for the respec-
tive covalency factor of b = 0.13. 

An independent conf i rmat ion of this conclusion 
comes f rom the E F G at the F~-site de termined by 
2 0F N Q R in KZnF3[6], Nei ther its sign nor its mag-
n i tude can be expla ined if only Löwdin 's orthogo-
nalized wavefunct ions , or filled bonding and anti-
bond ing pairs of states are considered. 
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Appendix 

Here we shall out l ine the procedure used to cal-
culate <T (F) in the ZnF 6 f ragment . It is based on a 
set of F~-l igand wavefunct ions used previously for 
est imating other physical propert ies in such a frag-
men t [17, 19]. It allows an easy separat ion of the 
over lap- and covalent bonding contributions to Aop 

and dp. The E F G at the F - - s i t e is calculated as well, 
using the same set of wavefunct ions and approx ima-
tions. The f luor ines in the f ragment are labelled as 
in [17] and [19]: F ] , F 4 sit on the x- , F 2 , F 5 on the y-, 
and F 3 , F 6 on the z-axis. F 3 is taken as the f luorine 
of interest. Hence overlaps of the form Sff are the 
same as Sftf in the text. The central ion ( Z n + + ) as 
well as the l igand (6F~) wavefunct ions which trans-
form according to the irreducible representat ions of 
O h are given in Tables 23 —26 of [19]. The ligand 
wavefunct ion of type Sr (Sr = xy, xz, etc.) belong-
ing to the / - representa t ion can be written 

X(Sr,r) = [N(r)]-1/2YJAJ(Sr,r)<pj, 
lot 

where (pf = px (/), pv (I), pz (/). The ampl i tudes AJ are 
directly taken f r o m Tab le 26 of [19]. For example 

x(xz,%) = [N ( t f g)]" 1 / 2 

with 

= i [ 1 + (Sg - 2 S J f ) + (Stf - 2 S f f ) 2 + . . . ] . 

All overlap integrals appear ing here are easily 
reduced to the usual overlaps Snn, Sa°, S8a\ e.g., 
S3 6 = Snn for F j — F g . In the case of Z n + + we assume 
tha t only 3d electrons par t ic ipate in forming bond-
ing-ant ibonding pairs. Therefore only eg and t2g 

l igand and central ion wavefunct ions couple (see 
Tab le 24 of [19]). 

V/b (S„ r) = [jVb (/-)]-1/2 \x (Sr, r) + b (r)d(Sr, r)} , 

r (Sr, r) = [jVa (/-)]"1/2 [d (Sr, /•) - a (r)x (Sr, r)] (A 1) 



292 R. Grosescu and U. Haeberlen • Nuclear Magnetic Shielding of the l9F-Nuclei in KZnF-, 

with r = e g ; t2g and Sr = (dz2, dx2-y*)\ (dxz, dyz, dxy). 
Orthonormal i ty of i//b and i//a requires 

Nh(r) = \ + &(r) + 2b{r)S{r)1 

Na (r) = \ + a2 (r) - 2a (r) S (r) 

with 

a(r) = [b (/•) + 5 (/•)]/[! + b(r) S (;•)]• 

S (r) = (X (r) d(r)) is easily expressed by the S f f 
between individual F _ and the central (c) Z n + + . 
Ligand orbitals not included in (A 1) are unchanged. 

As long as the bonding and an t ibonding as well as 
" f r e e " ligand states are fully occupied the matr ix 
elements of P corresponding to (A 1) are 

Pff = X \/N (/•) [\/Nb (/•) + a2 (r)/Na (/-)] 
r,ST 

• Af(r,Sr) Aß
k(i\Sr), (/*c, k*c) (A2) 

Pfß = ^ \ / N (/') [b (r)/^Nb(r) - a (r)/]fNa (/-) ] 
r.Sr 

•Af(r,Sr)Bß(r,Sr). (A3) 

Bß is def ined as is Af but refers to the central ion 
(c). In the weak covalency approx imat ion a, b and 5 
are assumed to be small and (A2) and (A3) reduce 
to 

Pff (/*c, k + c) 

= Z UN (/•) Af (r, Sr) A{ (r, SV) [l + S2 (/-)] , 
(A4) 

P f f = ~ Z S { r ) / f N j r ) Af (r, Sr) B? (r, Sr) . 
(A5) 

The first term in (A4) is due entirely to ligand 
states. Inserting (A4) and (A5) into ( 1 2 ) - ( 1 3 ) 
allows to separate the F~-ligand and the central ion 
contributions to <7P: g p = CTp (/) + CTp (C). 

Using the values of the Af(r,Sr) and Bß
c(i\Sr) 

f rom Table (23 — 26) of [ 19] one obtains 

2 e2h2
 7 

VIAC) = -—-ttO/i>O 
A nr c 

- 2 

(TPZ (c) = -
2 e2 h2 

A nr c T < l / ' J ) o 

[ i2 + Si?-2-2S?e*=Sif]. 

U p to a factor of two this result is equivalent to 
(27). The factor of two originates in the d i f ferent 
models used here and in the main text: In the ZnF 6 

fragment considered here, the F"- ion of interest 

interacts with one Z n + + ion. whereas in the Z n + + -
F ~ - Z n + + subunit underlying (27) the F~-ion inter-
acts with two Z n + + ions. The equivalence holds also 
for <Tp (/). 

The fact that the final result is essentially equiva-
lent to Löwdin's me thod is a consequence of (A3) 
which in the weak covalency approx imat ion does 
not contain explicitly the covalency strength as long 
as bonding and an t ibonding states are fully occu-
pied. 

It does not hold if an ant ibonding state is, say, less 
occupied than its bonding counterpart . Such a case 
may arise if one considers the 4s excited state of 
Z n + + . It t ransforms according to A l g of O h and may 
form a bonding-ant ibonding pair of states when 
coupled to the " f r ee l igand" / ( A l g ) state. The 
popula t ion matr ix elements become 

Pfi = P'ti (O) + 2/[N (a l g) y v b ( a l g ) ] 

• Af (a l g ) ( a ) g ) , (for / =t= c , k + c), 

Pff = Pff (O) + 2b/[N (a l g) a l g ) ] 
' Af (a l g ) Bß

c ( a l g ) , (A6) 

where Pff (O) and P f f (O) are given by (A4) and 
(A5). Inserting (A6) into (12) and (13) gives 

4 e2ti2 

A nr c2 6 
b2( a l g ) , (A7) 

(A8) 

f7p
v (O) and rjP: (O) are the contr ibut ions of the 

filled bond ing /an t ibond ing states as well as of states 
on the ne ighbour ing ions which do not take part in 
the covalent bonding. These contr ibutions are well 
described by (21). T h e second term of (A7) is due 
to the unfilled an t ibonding state A l g arising f rom 
the 4s excited state of Z n + + . 

According to the formal ism used in this paper the 
E F G V.. is given by 

3 -2 - r2 

K; = - e I P f f ( 4 ( p f ) . (A9) 

Neglecting small contr ibut ions f rom terms contain-
ing two center integrals (A9) reduces to 

3 - 2 _ .2 
Vzz = ~e X ^ <<PI (Pi) (A 10) 

a=.x,v,r 1 

= | c < 1 / / - 3 ) f 2 p re+ ^ - 2 ^ ] . 
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00, (A 10) U s i n g ( A 6 ) fo r the d i a g o n a l p o p u l a t i o n s P( 

can b e b r o u g h t to the f o r m 

K ; = K 2 ( 0 ) + ^ < l / r 3 > F 2 p 

' 1 [b2 (aig) + 21/6 Sf$'z b ( a i g ) ] , 
w h e r e 

V:: ( O ) = j e <1//-3)F2p • {[(Sfo")2 - (ST<?)2]2Zn+ 

+ [ (5fo f f ) 2 - (Sfo 7 r ) 2 + (Si5off)2]4^ 

(A 12) 

K : ( O ) has t he s a m e sou rces of c o n t r i b u t i o n s as 
( A 1 1 ) <r§x (O) . As can b e seen f r o m ( A 7 ) a n d ( A l l ) the 

unf i l l ed a n t i b o n d i n g s ta te A l g m a k e s a c o n t r i b u t i o n 
w h i c h t ends to increase b o t h Aap a n d V... 
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