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Accurate single-crystal diffraction data have been collected from NiF, at room temperature and in the
antiferromagnetic state at 15 K, and from antiferromagnetic FeF, at 11 K. The y-ray wavelength used

was A=0.0392 A, and the maximum value of sin /A was 1.40 ;\71.

Different wavelengths have been

applied to correct the strongest reflections of NiF, for extinction. On magnetic ordering in NiF, a shift
of the fluorine ions of 3X 10~ % A is found; this confirms a prediction deduced from optical birefringence.
In all cases, the centroids of the atomic charge density agree excellently with the nuclear positions deter-
mined by neutron diffraction. The static charge density is described by a rigid pseudoatom model; the
resulting occupancies of the metal 3d orbitals agree with expectations from crystal-field theory; magnetic
ordering hardly affects the density deformations in NiF,. The critical points of the chemical bonds have
been determined to obtain information about possible covalency.

I. INTRODUCTION

The antiferromagnetic ordering in NiF, has a substan-
tial influence on optical birefringence,! and it has been
predicted that this is caused by a small internal shift of
the fluorine ions.? In the magnetically ordered phase of
isomorphic MnF,, neutron and y-ray experiments yielded
different values for the fluorine positional parameter,®
which has been ascribed to a polarization of the core elec-
tron density. *

The main purpose of the present study is to accurately
determine the centroid of the fluorine electron density in
NiF, and FeF, in order to judge whether the effect of
core polarization at the ligands is a general characteristic
for this class of antiferromagnets. NiF, (T =73 K) has
been investigated both at room temperature (RT) and at
15 K low-temperature (LT), and FeF, (T, =78 K) only at
11 K. The fluorine nuclear positions are already known
from neutron-diffraction studies,” where the same sam-
ples had been examined.

The use of an extremely short wavelength has
numerous advantages compared with standard x-ray
methods: (i) the effects of absorption and extinction are
much weaker, (ii) anomalous dispersion does not occur,
(iii) the design of sample environment is less complicated,
and (iv) reflections of high-momentum transfer are acces-
sible.

Usually, atomic positions and parameters of thermal

vibration are determined by least-squares refinements,
where the form factors are based on spherical
independent-atom models (IAM). In the present work,
the influence of the crystal environment on the charge
density of the atoms is described quantitatively by mul-
tipole parameters of a generalized scattering factor model
(GSF); the multipoles can be converted into 3d-orbital
populations of the transition-metal ions. The chemical
bond is discussed in terms of a topological theory
developed by Bader and Essén.® Additionally, the
maximum-entropy method has been applied to the NiF,
data, but it was found that this “model-free” Fourier in-
version is not suited for an accurate determination of the
charge density.”’

II. CRYSTAL STRUCTURE

Like the other transition-metal difluorides, NiF, and
FeF, show the tetragonal rutile-type structure, space
group P4,/mnm. The cations are located at 0,0,0; 1, 1,1,
and fluorine at +(x,x,0; +—x,4+x,1). Lattice con-
stants®® are given in Table I. Each metal ion is coordi-
nated by a distorted octahedron of F ions (see Fig. 1). In
the antiferromagnetic state of NiF, the spins lie slightly
canted in the ab plane, which results in a weak ferromag-
netic moment along a, lowering the symmetry to ortho-
rhombic (space group Pnnm). In the absence of an exter-
nal field, the crystal forms [110]-twinned magnetic

TABLE 1. Characteristic data of the samples and measurements. The lattice constants are taken
from Refs. 8 and 9. For LT NiF,, the small deviation from tetragonal symmetry amounting to

a—b=1.2X10"? A has been averaged.

NiF, (298 K) NiF, (15 K) FeF, (11 K)
Lattice constant a (A) 4.6501 4.6478 4.6933
Lattice constant ¢ (A) 3.0835 3.0745 3.3007
Reflection profiles (l:\ylHH in seconds of arc) 12-23 14-25 80-100
Maximum sinf/A (A ) 1.33 1.33 1.40
No. of reflections 499 519 500
No. of unique reflections 298 267 335
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FIG. 1. The rutile-type structure. At LT the spins of NiF, lie
in the basal plane and are canted to the b axis by a small angle
8. In FeF, the spins are parallel to +¢ (not shown here). For
the M ion at (4,1, 1) the quantization axes x, y, and z are drawn
in.

domains, which can be made visible by highly collimated
y radiation.!® In FeF, the spins are parallel to the c axis.

III. EXPERIMENTAL DETAILS

Bragg intensities have been measured on the four-circle
y-ray diffractometer at the Hahn-Meitner-Institut. The
most intense line of an Ir-source at 0.0392 A (316.5
keV) was used. The single-crystal specimens were a
parallelepiped of NiF, (3.3X2.8X 1.5 mm?®) and a prism
of FeF, (9.4 mm®). They have been examined by double
crystal y-ray diffraction with a beam divergence of 1.5
sec of arc. The ranges of full width at half height
(FWHH) of the intrinsic diffraction profiles for different
crystal orientations are given in Table I. The high degree
of perfection of the NiF, sample gave rise to a particular
treatment of the extinction, fog' which the additional
wavelengths 0.0265 and 0.0205 A were utilized (see Sec.
1v).

NiF, LT data from an earlier experiment with a
multiple-domain sample did not yield satisfactory results
in the refinements. Therefore, the data have been recol-
lected in the presence of a static magnetic field generated
by coils outside the closed-cycle refrigerator. It has been
verified that the field of ~400 Oe along a was sufficient to
keep the crystal a single domain.

The vast majority of the reflections have been mea-
sured at various ¥ settings (rotations about the scattering
vector). In the case of a large internal deviation with
respect to counting statistics, the corresponding observa-
tion was excluded from the refinements. Thus, contam-
ination of the data due to multiple Bragg scattering can
be ruled out. The acquisition time was about 3 months
for each data set with an initial source activity of 7 X 10!2
Bgq. Long-time stability has been assured by test
reflections, which have proved to be reproducible within
1%.

For an absorption correction of the NiF, data the ex-
perimentally determined linear absorption coefficient
£=0.49(2) cm~! was used; this value is in agreement
with cross sections given by Hubbel et al.!! For FeF,,
©=0.43 cm~!. In both crystals, the transmission for
different hkl varied by only a few percent and, conse-
quently, any error in u affects only the scale factor in the
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structure refinements. In addition, the RT data of NiF,
have been corrected for isotropic thermal diffuse scatter-
ing (TDS); however, the small divergence of the primary
beam requires only a narrow w-scan width (w being the
crystal rotation angle), which limited the maximum con-
tribution of TDS to 3.8% of the Bragg intensity.

IV. EXTINCTION CORRECTION OF NiF, DATA

Kinematic theory assumes that only single elastic
scattering takes place, and it disregards any loss in inten-
sity as radiation propagates through the crystal. Even if
primary extinction is negligible, the rear zone of the crys-
tal may be lighted by a primary beam that is weakened
due to diffraction in the front. This apparent absorption,
the secondary extinction, becomes more severe the small-
er the mosaicity (orientational inhomogeneity) of the
sample. In Zachariasen’s approximation!? the transmis-
sion factor is

| (z)bs -
TR =(1+2QgT)" 2 (1
kin

with the mean path length of the beam T and a mosaic-
spread parameter g. For small Bragg angles, the
kinematical scattering power per unit volume Q is pro-
portional to A? and hence for moderate extinction (1) may
be simplified to

y(A)=1—kA2.

Kinematical structure factors have been obtained by
extrapolation to A=0 as shown in Fig. 2. The 15 strong-
est reflections of each NiF, data set were measured at
three different wavelengths. In all cases where symmetri-
cally equivalent reflections with different mean path-
lengths were available, the extrapolation yielded struc-
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FIG. 2. Examples of strong reflections of NiF,, measured at
three different wavelengths. The values extrapolated to A=0
are used in the refinements. For scaling, weak reflections
without extinction have been used; they lie on horizontal lines
and are not shown here.
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ture factors identical within one standard deviation. As a
further check for the applicability of this procedure, the
slopes of the respective straight lines have been converted
into mosaicities. The obtained values are in satisfactory
agreement with the experimental rocking curve widths.

In standard x-ray and neutron experiments (where the
above approximation is not valid) the extinction correc-
tion is part of the structure refinements, yet without any
knowledge of the mosaic structure of the sample, which
is hardly accessible. In our case, only reflections with
y 20.9 had to be corrected in the refinements, 96% of
them with y >20.97. The resulting parameter g is not
very well defined and seems to be overestimated by a fac-
tor of about 1.5. However, fixing it to the observed aver-
age mosaicity has no statistically significant influence on
the remaining parameters.

Because of a relatively large mosaic spread, for the
FeF, sample it was not necessary to pay special attention
to the effect of extinction: the refined mosaicity is identi-
cal to the observed one.

V. RESULTS

Structure refinements were performed with the pro-
gram system VALRAY (Ref. 13) minimizing the expression
3w, (|FP|2—|Ff°|12)2, The test-reflection stability of
1% was used as lower limit for o(7)/I; apart from this,
the observations were weighted solely by their counting
statistical variances: w;=o; 2. Contrary to common
practice in crystallography, no weak reflections [e.g.,
I=30(I)] have been treated as ‘“unobserved.” For all
cases considered, the form factors of ions (M2?* and F™)
gave statistical indicators slightly better than form fac-
tors for neutral atoms.

A. Conventional analysis

The fundamental parameters of the structure have
been obtained by least-squares refinements based on an
independent-atom model. In the rutile-type structure
there is only one free positional parameter x(F), and the
thermal vibration tensor of each atom contains three in-
dependent components U;;. The expression for the har-

TABLE II. Results of high-order refinements with sin6/A=>0.6 A
—F2%,.)?/2wF4 1'% goodness of fit =[Sw(F2,, —
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monic Debye-Waller factor is

2 2 2
W = exp| —2m> U“h—2+U22k—2+U33l—2+2U12-”~’§~
a a c a

with the constraint U;,=U,,. In order to reduce the
influence from possible charge-density deformations in
the outer shells, high-order refinements were carried out,
taking into account only reflections with sin6/A>0.6
A7'; the results are given in Table II. Furthermore,
NiF, LT data have been evaluated based on the ortho-
rhombic space group Pnnm, where the constraints x =y
and U, =U,, are not valid. However, these refinements
confirmed the results of neutron diffraction:> the fluorine
ions remain on the diagonals and the difference in the
thermal parameters U,; and U,, is insignificant for both
atoms. Hence, it seems justified to neglect the small devi-
ation from tetragonal symmetry. Since the x parameters
are in good agreement with those obtained from neutron
diffraction, there is no evidence for a polarization of the
fluorine electron density.

B. Analysis with generalized
structure factors

The charge density has been modeled within the con-
cept of rigid pseudoatoms as given by Stewart.!* Here,
the atoms are partitioned into a frozen core and a vari-
able valence shell. The valence density is described by a
multipole expansion up to fourth order, a radial scaling
parameter k, and a population parameter P, that allows
for charge transfer between different atoms, under the
constraint of a neutral unit cell.

The radial density functions were based on canonical
Hartree-Fock wave functions, taken from Clementi and
Roetti.!> The multipoles on M2" were constructed from
3d3d orbital products. On F~, the dipole and quadru-
pole terms were based on 2s2p and 2p2p products, re-
spectively; for the higher multipoles with / =3,4 Slater-
type functions with a fixed orbital parameter’> a=5.1
a.u.”! were used. Point symmetry restricts the number
of independent multipole parameters to two quadrupoles
and three hexadecapoles on both M and F positions. Ad-
ditionally, there are one dipole and two octopoles allowed

L WR(F)=[Sw(F,

2010 )2 /(Nobs — Nparam )1'/2. Standard deviations (in

parentheses) refer to the last digits given. The x parameters from neutron diffraction are taken from

Ref. 5.
NiF, (298 K) NiF, (15 K) FeF, (11 K)

wR (F?) 0.029 6 0.0309 0.029 6
goodneosg of fit 1.254 1.577 1.444

M: U, (A") 0.005 81(2) 0.002 57(2) 0.002 07(3)
Us; 0.004 85(4) 0.002 48(3) 0.001 65(3)
U, —0.000 17(12) —0.00007(11) —0.00039(11)

F: x .5 0.303 64(9) 0.30326(8) 0.30121(8)
U, (A7) 0.01031(12) 0.004 83(8) 0.004 30(8)
Uss 0.007 29(19) 0.004 05(13) 0.00345(12)
Ui, —0.004 46(15) —0.00147(11) —0.00144(11)
X peutrons 0.303 65(4) 0.303 32(4) 0.301 20(4)
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on F. The local coordinate system is chosen as shown in
Fig. 1: the z axis lies along the short M -F bond in the
[110] direction, and x is parallel to the crystallographic ¢
axis.

Since information about possible anharmonic thermal
motion of the nuclei is not presently available, it is
difficult to separate deformations of the pseudoatom from
the effect of any anharmonic potential. Therefore, data
have also been analyzed with an IAM, where the Debye-
Waller factor was expanded into a Gram-Charlier series!®
up to terms of fourth order. However, the poor
significance of the anharmonic parameters (especially in
high-order refinements) and their inconsistent tempera-
ture dependence led to the conclusion that the statistical
improvement compared with conventional refinements is
mainly a result of modeling outer-shell deformations by
anharmonic parameters. Thus, we consider a harmonic
potential to be sufficient for describing the thermal
motion.

In Table III the results for the GSF models are listed.
The six population parameters of the M ions, Py, and the
five multipoles, are converted into 3d occupancies by a
(6X6) matrix similar to the one derived by Holladay,
Leung, and Coppens.!” Insignificant multipoles on the
fluorine ion and the values for «, which do not
significantly differ from 1, are not itemized. The U;; are
almost identical to those of Table II, which indicates that
they are sufficiently decorrelated from the effect of as-
phericities. It has been verified that the total model
charge density stays positive throughout the unit cell.

Figure 3 shows static deformation densities from the
GSF models, i.e., the density contributions of multipoles
with /=1 calculated in direct space. The charge de-
pletion at the metal ions in the ligand directions is well
recognizable, and so is the interstitial enhancement. Ob-
viously, in FeF, the asphericities on F are not significant.
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C. Topology of the charge density

In this section the charge density is discussed in terms
of the theory developed by Bader and Essén.® The model
density of pseudoatoms p(r) is calculated in direct space
and deconvoluted from thermal motion. Figure 4(a)
shows a map of the total charge density in the (110) plane
of RT NiF,. The Laplacian of p(r) has negative values in
regions where there is a local excess of density and it is
positive in regions of local depletion. The —Vzp map in
Fig. 4(b) exhibits more details of the density; the shell
structures and a relative depletion at the Ni ion in the
ligand directions are plainly visible.

The Laplacian of p also provides a quantitative cri-
terion for a description of chemical bonds. It may be
written as

2 2 2
Vzp(r)=i%+i%+i%:k1+7\'z+k3
axl ax2 aX3

with the principal curvatures A;. The atomic interaction
can be characterized by the sign of the Laplacian at a
bond critical point r,, where the gradient of p(r) is zero
and the sum of the signs of A; is —1. V?p(r.)<0 indi-
cates covalent interaction, V?p(r,)>0 closed-shell (or
ionic) interaction. In the following, A; denotes the posi-
tive curvature along the bond direction. The two nega-
tive curvatures are perpendicular to the bond.

In Table IV the density, its Laplacian, and its three
principal curvatures at the bond critical points are given
for both the IAM and the GSF model. The IAM model
reveals the expected ionic bond character with a low den-
sity at the critical point where A; strongly overweighs
(A;+A,). Allowing for multipole deformations has a
rather small influence on the total V’o(r); in NiF, the
density tends to decrease and the individual curvatures

TABLE III. Results for the GSF models. The multipole parameters of F are given in units of their

standard deviation if they exceed lo.

NiF, (298 K) NiF, (15 K) FeF, (11 K)
wR (F?) 0.0247 0.0220 0.024 8
goodnoeszs of fit 1.250 1.247 1.334

M: U, (A) 0.005 88(3) 0.002 63(2) 0.002 06(2)
Uss 0.004 70(6) 0.002 29(3) 0.001 68(3)
Uy, —0.00024(19) —0.00001(15) —0.00007(13)
Py 7.81(7) 8.02(7) 5.92(5)

d, 0.91(11) 0.94(8) 1.15(12)
d,, 1.03(13) 1.24(9) 1.04(13)
d, 1.77(10) 1.89(8) 0.88(11)
d,, 2.01(10) 1.88(8) 0.95(11)
d, 2.09(12) 2.0709) 1.90(13)

F: x .’ 0.30367(11) 0.30321(7) 0.301 28(10)
U, (A) 0.010 14(16) 0.004 73(8) 0.004 34(12)
U, 0.007 17(28) 0.003 99(14) 0.003 50(20)
U, —0.003 89(24) —0.00122(12) —0.001 63(21)
QxLyZ l.40
0., —2.9¢ —2.5¢0
H,,, —2.30

x“p“z
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FIG. 3. Density contribution from multipoles with / = 1 in a (3.8 A X3.8 A) area of the (110) plane. (a) NiF, at RT with error map
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Ax =x (RT)—x(LT)=4X10"* agrees both in sign and
magnitude with the predicted value of 4.5X 10 * that
was deduced from optical birefringence. >

From comparison with nuclear positions from neutron
diffraction, neither in NiF, nor in FeF, is there any indi-
cation for a polarization of the fluorine electrons. Al-
though one may in general expect the center of the core
electrons to coincide exactly with the nuclear position,
the achleved experimental agreement down to the order
of 1074 A is not self-evident; it demonstrates the capacity
of combining y ray and neutron diffraction, which, on
the other hand, has revealed a discrepancy of 1.5X 10_3
A in the antiferromagnetic phase of MnF,. Despite the
small influence of magnetic order on the charge density
in NiF, one may consider MnF, a special case because of
the highly symmetrical 3d°> configuration of the Mn?"
ion, which might restrict asphericities to being located
only on the ligands.

The problem of extinction has been solved for the NiF,
crystal by using three different y wavelengths. This
yielded reliable low-order reflections, which determine
the electron density in the outer shells of the atoms. The
use of generalized scattering factors led to 3d-
occupancies, which come up to the expectations for octa-
hedrally coordinated transition metal ions, even though
restrictions like the Pauli principle or a fixed value for the
® total 3d population have not been imposed.

For the 3d® high-spin configuration of the Fe?" ion,
one of its £,, orbitals should be occupied by two elec-
trons. The threefold degeneracy of the ¢,, terms is lifted
by the slight distortion of the F octahedron, so that
E(dyz)>E(dxz)>E(dx2__y2).18 Our diffraction data un-

become smaller. The ellipticity e=A,/A,—1 is almost equivocally implicate the twofold occupancy of thg orbit-
zero for NiF,, indicating that there is no 7 contribution  al of lowest energy, whereas x-ray diffraction experiments

FIG. 4. The calculated total density in the (110) plane of
NiF, at RT (a) and 1ts3 negative 5Lap1ac1an (b). The truncated
values are given in eA " andeA , respectively.

in the bonds. by de Almeida, Costa, and Paixao'® only indicate prefer-
ence for the xy plane. This might be caused by a high

VL DISCUSSION correlation between thermal and multlpole parameters

due to their sinf /A limit of 1.08 A~ !. Since our data sets

In NiF,, a small change in the fluorine positional pa- are much more extended, the multipoles are less

rameter has been observed. The magnetostrictive shift of  influenced by this kind of correlation.

TABLE IV. Bond critical points, derived from the IAM and the GSF models. Values of p in eA 3,
values of V?p and A; in eA”". No standard deviations are given for the IAM models, since here no den-
sity parameters have been varied.

x y z P Vp A Ay A3

NiF,
RT, short IAM 0.152 0.152 0.000 0.44 10.4 —2.4 —2.4 15.2
GSF 0.148 0.148 0.000 0.34(2) 10.5(2) —1.2 —1.0 12.7
LT, short IAM 0.152 0.152 0.000 0.44 10.5 —2.5 —2.4 15.4
GSF 0.148 0.148 0.000 0.36(1) 10.7(1) —1.5 —1.0 13.2
RT, long IAM 0.402 0.402 0.250 0.42 9.9 —2.3 —2.3 14.5
GSF 0.410 0.410 0.246 0.37(1) 10.3(1) —1.6 —1.4 13.2
LT, long IAM 0.402 0.402 0.250 0.42 10.0 —2.3 —2.3 14.6
GSF 0.407 0.407 0.246 0.39(1) 10.4(1) —1.9 —1.6 13.9

FeF,
short IAM 0.141 0.141 0.000 0.28 9.3 —1.7 —1.7 12.8
GSF 0.140 0.140 0.000 0.28(2) 9.2(2) —2.3 —1.7 13.1
long IAM 0.409 0.409 0.268 0.20 6.5 —1.1 —1.1 8.7

GSF 0.411 0411 0.270 0.19(1) 7.2(1) —1.2 —0.6 9.0
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From polarized neutron diffraction and ab initio calcu-
lations of spin densities in the local density approxima-
tion, Brown, Figgis, and Reynolds?*?! arrive at models
for which Py,(Ni)=8.31 (populations of d ,=1.22 and
d,,=1.17) and Py(Fe)=6.15 (d_,=1.13,d,,=1.08).
They obtain a spin delocalization of 28% from Ni to F
(10% from Fe to F) and conclude that this indicates a
very large amount of “covalency” in compounds that
traditionally are thought to be ionic. It should be em-
phasized that we did not refine orbital populations and
especially not those of bond orbitals. Rather, we have
modeled a given shape of charge distribution by mul-
tipoles, which have been converted afterwards into 3d oc-
cupancies (this procedure presupposes negligible overlap
and a 3d3d representation of the valence shell). When
using the GSF model instead of the IAM, the calculated
density in the Ni-F bond should be substantially reduced,
since for a spherical Ni ion all the 3d orbitals are occu-
pied by 8/5 electrons, whereas each e, orbital of the non-
spherical ion contains only one electron. However, the
decrease in charge at the bond critical points is small and
all the curvatures of p(r) become smoother, which may
reflect a considerable covalent contribution. Neverthe-
less, in terms of charge density the bond character is
doubtless “ionic.” In FeF, there is no effect on p(r,); this
may be due to the small difference between 6/5 and 1 be-
ing compensated by a slight covalency. The ellipticities
reflect the strong deformation of the Fe 3d shell arising
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from the twofold occupancy of the dxz—yz orbital. They

can not be ascribed to a contribution from 7 bonding,
since asphericities of the F ion are not significant.

Recently, Dufek, Schwarz, and Blaha?’> have per-
formed band-structure calculations of NiF, with a full
potential  linearized-augmented-plane-wave  method.
They obtain a deformation density which is qualitatively
similar to that in Fig. 3 and they note that the covalent
contribution to the bond is of o rather than of 7 charac-
ter. This agrees with our result from the small ellipticity
of the charge density at the critical points.

In conclusion, extended accurate y-ray-diffraction data
enabled us to analyze details of the charge density in
NiF, and FeF,. The short wavelength allowed use of the
same samples as in neutron experiments; the positional
parameters of the complementary methods are in excel-
lent agreement, denying a polarization of the fluorine
ions. The 3d occupancies confirm the expectations from
crystal-field theory, whereas indications for covalency in
the chemical bonds cannot be directly corroborated.
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