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Covalence in CuCI2. 2D20 from neutron diff'raction
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The magnetic neutron-diffraction data on CuC12. 2D20 have been reanalyzed using a model

which incorporates covalence in the Cu —Cl and Cu —0 bonding interactions, and local-density-

approximation calculations have been performed on the molecule and its dimer to examine the va-

lidity of the model. It was found that the model leads to distinctly different conclusions about the

ground-state wave function than do earlier treatments which assume an entirely ionic model per-

turbed by spin-orbit coupling. The degree of covalence in the bonding deduced is considerable,

with only 80% of the spin remaining on the copper center. The calculations support the degree of
covalence. In addition, by assuming the canting angles on the copper atom and on the ligands

differ, we were able to model adequately the canting of the magnetic moment away from the a
crystal-axis direction.

We are currently investigating the spin and charge den-
sities in M(II) (HpO)6 and M(II, III)C14 ions by means of
polarized neutron diffraction (PND) and x-ray-diffraction
experiments. In order to provide additional information in
this area we reanalyze the neutron-diffraction data of
Umebayashi etal. ' on CuClq 2DqO.

The CuClq 2DqO crystal is orthorhombic, Pbmn, with
copper(II) ions at 0,0,0 and &, &,0. The nuclear struc-
ture has been defined by neutron diffraction. Each
copper site is octahedrally coordinated by two water mole-
cules and four chloride ions. The site symmetry is close to
mrnm with two chloride ions at 2.91 A., two at 2.27, and
water oxygen atoms at 1.93 A. The chloride ions bridge
copper atoms at 0,0,0 and 0,0, 1, and each chloride ion has
one long and one short bond to copper. In that way a
chain structure along c is formed.

Below 4.33 K the crystal is antiferromagnetic. The
Neel temperature, the spin-flop transition, and the anti-
ferromagnetic resonance experiment' initially defined the
phase. Neutron diffraction' confirmed the four sublattice
canted antiferromagnet magnetic structure deduced ear-
lier by Moriya. 6 Subsequent theoretical' and Cu NMR
(Ref. 8) studies are in accord with that structure.

The magnetic moment at 0,0,0 is canted 6(1) deg (Ref.
8) away from a in the a-c plane, the 0,0, 1 site moment is
antiparallel, and the moment at —,', —,',0 is canted at
—6(1) deg to a in the a-c plane. The fourth sublattice is
centered at 2, 2, 1 and is antiparallel to that at 2, 2,0.
This arrangement completely separates the nuclear and
the magnetic neutron-diffraction Bragg peaks into two
sets. Magnetic reflections (h, k, l+ —,

' ) with (h +k) even

sample the component of the moment parallel to a in the
cell, and those with (8+k) odd sample the component
parallel to c. Thus the small canting moment component
is also entirely separated from the dominant antiferro-
magnetic component along a. Umebayashi etal. also
showed that the moment is dominated by spin in the Cu
31„2r2 orbital (z parallel to the long Cu —Cl bond). The
canted moment had a more complex distribution. A con-
traction of 7% in the 3d radial distribution function for Cu
was also noted.

Kirtane and Khan reanalyzed the data on the com-
pound. Their ionic model assumes no covalence in the
bonding between copper and chlorine. The ground-state
wave function contains four adjustable parameters, three
of them related to the spin-orbit coupling. The latter set
has been evaluated from the electron-spin-resonance
(ESR) g tensor. They produce good agreement with the
neutron data for small and reasonable values of the fourth
parameter, which is the mixing coefficient for 3d, i. How-
ever, the agreement may be misleading, given the large
effects even small covalence can have on the ESR data, '

and the consideration of our analysis and calculations
below.

No previous attempt has been made to analyze the
magnetic neutron-diffraction (MND) data for Cu-
Clq 2DqO with the inclusion of covalent effects, notably
spin transfers to ligands. We present the results of such
an analysis, and they show significant covalence. In addi-
tion, we present the results of ab initio discrete variational
Xa calculations of spin and charge density in the com-
pound and a related dimer. They show good agreement
with the experimental covalence and the 3d spin distribu-
tions.

The data are not all on an absolute scale, so we have
normalized the spin population in the compound to unity
in the refinements discussed below.

Only 25 MND reflections were measured for Cu-
Clq 2DqO, so our choice of model for the magnetization
density cannot be as flexible as it has been in other cases
such as CoC14, '' where an extensive data set is avail-
able. For the 20 (5+k)-even data, we refined populations
of the moment along a. These correspond to spherical
functions on the three independent atoms of the ligands,
Cl, 0, and 0, with, respectively, 3p, 2p, and 1s radial
function dependence. On the copper center we refined
3d„2 y2 and 3d, 2 orbital occupation coefficients in a wave
function. This implies that there are 3d, 2 r2 3d 2 and
3d 2 y2 3d 2 mixing densities there. We also refined a
parameter which defines the 3d radial extent. A correc-
tion for the orbital moment scattering based on the dipole
approximation' with g =2.19 was used. Spin-orbit cou-
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pling also mixes the 31„»„,~, orbitals into the ground
state with small coefficients ( (0.1). Since the
coefficients are small and there are no mixing cross terms
there is negligible relativistic correction to the spin density
from this source. This six-parameter model gave a fit to
the data with R 0.039. Since the (It+k)-even data
were presented without error estimates, a goodness of fit
cannot be evaluated. The results of the refinement are
listed in Table I. Refinement of this same (6+k)-even
data without allowing for covalence (viz. the model of
Umebayashi etal. ) gave R 0.070, showing the impor-
tance of its effects.

For the five (5+k)-odd data, we refined populations of
the moment along c. A contribution from a population on
the D atoms was not included since the (It+k)-even
refinement gave no significant population there. We ob-
tained R 0.12 with a goodness of fit of 1.9. The value of
R is higher than for the (h+k)-even data, reflecting the
weakness of the data, and consequently relatively higher
errors. The results of this refinement also are listed in
Table I.

A variety of other test refinements were carried out, in-
cluding varying the 3d configuration on the copper atom
and using sp hybrid orbitals on the ligand atoms, but none
were a significant improvement on the results given in

Table I.
The discrete variational Xa (DV-Xa) scheme has been

described elsewhere in detail. '3 ' It employs numerical
basis functions in the solution of an unconstrained
Hartree-Fock-Slater (UHFS) local-density formalism.
The Coulomb potential is approximated here by a mono-
pole on each atom, viz. the self-consistent-charge method.

We employed basis functions Is-4p on copper, Is-3p on
chlorine, Is-2p on oxygen, and Is on hydrogen, derived
from numerical solutions of atomic calculations on Cu +,
Cl, 0, and H. This is a small set, but because of the nu-
merical nature it is of about double-zeta quality in con-
ventional parlance. It has produced semiquantitative re-
sults in a number of transition-metal complexes and crys-
tals, such as FeF2, NiF2, CsiMo(NCS)s, M(II)(H20)s'
ions, and CuC142 complexes. ' 's " Here we calculated
on a CuC14(OH2)2 complex unit idealized to mmrn

symmetry, and also the triplet state of the dimer

Cu2C14(OH2)4, with symmetry 2/m, in the geometry of
that fragment observed in the neutron-diffraction experi-
ment on CuClq 2D20. The coordinates of the atoms are
listed in Table II. 6000 and 9000 integration points were
used, respectively, and frozen cores were employed, leav-
ing active the 3d, 4s, and 4p orbitals on Cu, 3s and 3p on
Cl, 2s and 2p on 0, and Is on H. Selected spin and
charge populations from the calculation are given in Table
III. Eigenvalues (with notes on the eigenvectors) are
given in Table IV.

We discuss the Xa calculation results first, since our
purpose in performing them was to provide some justi-
fication for the model used for analyzing the experimental
data. With the limited basis sets employed, although we
should see all the major features, agreement with experi-
ment can at best be semiquantitative.

The wave function of CuC14(OHq)2' shows just the
features expected from the bond lengths present in the
structure. The long Cu-Cl bond has little effect, while
the short Cu —Cl and Cu-0 bonds are of roughly compa-
rable importance. The net effect is to give an energy or-
dering for the 3d-dominated molecular orbitals of
3d„i ~» 3d, 2) 3d„, „~„,. The copper dimer shows the
same ordering of the 3d orbitals, and approximate energy
separations. In each case the positive-spin manifold is
about 0.7-1.0 eV more stable than negative-spin, an effect
expected given the spin hole which is equivalent to the 3d
configuration.

Covalence is, however, marked in each case. Only
75-80% of the spin remains on the copper center. 6% of
the spin is delocalized to each chlorine atom, and 4% to
each water molecule, mainly onto the oxygen atom.
Charge transfers between atoms show a similar pattern,
with copper gaining —le, 0.33 from each chlorine atom
and 0.17 from each water molecule. The covalent
transfers from chlorine are evidently more than from wa-
ter. The difference between the terminal chlorine atoms
in the monomer and the bridging chlorine atoms in the di-
mer is significant, but does not alter these qualitative con-
clusions. We might expect similar results from a calcula-
tion which simulates the complete crystal.

TABLE II. Atomic coordinates used in the calculations (A).

Population

CU 3d

a moment

3d„2
3d, 2(constrained)
3d, 2-3d 2

y mixing
r38

0.81(2)
0.01

—O.24(7)
0.79(3)

c moment

o. lo(1)

TABLE I. Population and other parameters from refinements

of the magnetic neutron-diA'raction data on CuC12 2D20. Units
of population: spins. r3q is the effective radius of the 3d orbitals
relative to a free Cu + ion. CU

Cl
Cl
0
H

0
2.279
0
0
0

0
0
0
1.931
2.476

Cu2C14(OD2) 4

CuC14(OD2) 2'

0
0
2.922
0
0.778

Cl

0

0.054(32) —0.085(24)

0.034(16) -0.003(35)

0.001(12)

CU

Cl
Cl
0
H
H

0
1.780

—1.780
0
0.609

—0.609

0
0
0
1.931
2.476
2.476

1.870
3.293
0.477
0
2.354
1.386
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Spin Charge

TABLE III. Selected spin and charge Mulliken populations

from the calculations. Asterisk denotes net charge.
TABLE IV. Calculated eigenvalues. For CuC14(OHq)q' all

values are between 3.3 and 9.6 eV. For Cu2C14(OH2)4 only the
10 eigenvalues with the highest Cu 3d participation are listed.

CuC14(OH2}2'

0.005
0.763
0.000
0.000

-0.003
—0.150

0.765
0.005
0.009
0.779

0.002
0.068
0.022
0.007
0.037

CuqC14(OHp) 4

Cu 3d population
4s
4p
Total Cu

0.753
0.003
0.007
0.763

Cu 3d, 2

3d+ 2
Jp

2

3dy
3d„,
3',
3d, 2-3d„2,, 2 mixing
Total 3d population
4s
4p
Total Cu

Ligand
Cl (long)
Cl (short)
0
H
Total H20

1.967
1.203
2.000
2.000
1.993
0.030
9.163
0.373
0.407
1.057*

—0.892
-0.758
-0.660

0.390
0.120

9.169
0.416
0.436
0.980

Symmetry
label

283g
48),
48) u

482,
48zu
283g
383g
483u
483u
38)g
28pg
282g
382'
383g
7A)g
382g
38)g
8A)g
7A)g'
8A)g

Spin Eigenvalue

CuC14(OHi) 22

Eigen vector

3.694
3.843
3.863
3.867
3.871
3.882
4.015
4.100
4.103
4.150
4.156
4.221
4.228
4.719
4.764
4.955
4.961
5.356
5.373
6.050

0.8 1 3'
ligand
)igand
ligand
ligand
ligand

—0.59 3',
ligand
ligand

0.94 3d y

0.83 3dxz

lig and
0.39 3d,
0.98 3dyz

0.76 3d 2, 0.21 3d 2

0.96 3dxz

0.97 3dzy
0.11 3d 2, -0.86 3d 2 2

0.87 3d 2, 0.11 3d 2 2

0 06 3d 2 0 90 3'
Lig and
Cl (bridging)
Cl (terminal)
0
H
H
Total H20

0.061
0.088
0.030
0.006
0.008
0.044

—0.662
-0.659
-0.683

0.424
0.430
0.171

The copper atom configuration shows large charge
gains in the 4s and 4p orbital occupations, but these
remain spin paired, giving little spin in these diffuse orbit-
als. The orbitals of approximately z symmetry
(3d„~ „,~, ) are almost ionic in composition. Apart from
any necessary orthogonalization, the ligand-copper ir in-
teractions are not large. The orbitals with approximate cr

symmetry interactions are more strongly perturbed by the
covalence. The major effect is donation of charge into the
empty 3d„2 y2 orbital from chlorine and water oxygen
atoms. There is some mixing of the 3d, 2 orbital into the
inainly 3d„2 ~ spin hole, resulting in an observable
amount of 3d, 2-3d„2 —y2 mixing. This latter effect shows
the rhombic distortion from tetragonal symmetry.

Spin-polarization effects associated with the covalence
are thus small. This is a result of the relatively ionic
bonding combined with the small energy difference be-
tween corresponding positive- and negative-spin orbitals,
because the system is one with 5 only 2 . In other systems
of higher spin or covalence, for example, Cr(CN)63
(Ref. 22) and cobalt(II) phthalocyanine, spin polariza-
tion and differential covalence are much more marked.

Last, the t 2g e — lowest unoccupied molecular-
orbital (LUMO) separations of 9500 (monomer) and

Symmetry
label

11Ag
78g
88g
12Ag

11Ag
78g
88'
12Ag
13A I

13Ag

Spin

Cu2C14(OHi)4

Eigenvalue

—4.935
-4.856
-4.701
-4.507
-4.140
-4.030
-3.964
-3.842
-3.333
-2.663

'The highest occupied molecular orbital (HOMO).

mer) cm agree as well as can be expected with the ob-
served peak in the optical absorption spectrum at—12500 cm ' (Ref. 24).

Given these Xa results, in spite of the low local symme-
try, we might expect a rather simple model, invoking only
o donation and 3d, z-3d„2 2 mixing, to provide a relative-
ly good model for the experimental spin density. The
good fit to the (h+k)-even results confirms this. We see
signi6cant covalence, and a copper-atom spin population
of 0.81(2) units. The spin does not appear as far out as
the deuterium atoms, and, although at a low level of
significance, the chlorine atom population is greater than
that of oxygen. Such large covalence must render ionic
models and theories of very limited validity.

The spin on the copper atom is in the 3d„~ 2 orbital,
but we also find a 3d, z-3d 2 y2 mixing coefficient at a
good level of significance. It is of negative sign, and of
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similar magnitude to that predicted in the Xa calculation,
demonstrating the greater covalence in the short Cu —Cl
bond compared to the Cu —0 bonds. The greater co-
valence reduces the density in the x lobe of the 3d„i r ~ or-
bital more than in the y lobe by transfer of spin to the
ligand.

There are experimental features that the Xa calculation
does not predict. The effective radius of the 31orbitals of
the copper atom is 0.79(3) times that of a free Cu + ion.
This difference may be due to the effects of ligation and
covalence, to spin polarization of the ion, or to our neglect
of orbital angular momentum. The latter phenomenon
should contract the apparent 31 radius, as observed. We
are not able to decide between the possibilities on the basis
of our model calculation. If our Xa basis functions were
sufficiently flexible we might be able to see a theoretical
contraction due to ligation and spin polarization, thus dis-
tinguishing covalency from orbital moment effects, as we

noted above.
Another observed effect is in the (h+k)-odd data. The

small c moment, positive on Cu, negative on Cl, and essen-
tially zero on the water molecule, is sufficient to explain
the data. A theoretical account of such a moment would

require a relativistic calculation, since the canting is

known to be due to spin-orbit coupling. It is, however,

very interesting that the canting angle on Cl is much
larger than, and of opposite sign to, that on Cu. The rela-
tive sizes of the moment bear no relation to the amount of
covalence. If they did we would expect negligible c mo-

ment on all ligand atoms.
The canting angle on Cu has been deduced to be 6(1)

deg by the Cu NMR experiment. Our present value of
7.0(8) deg agrees well with that.

Since complications such as n bonding and electron-
electron correlation in the covalence appear to be unim-
portant here, an analysis of the ESR data should give
reasonably reliable estimates of the covalence and mixing
in the wave function. Moriya and Yoshida2' analyzed the
ESR data neglecting covalence. Buluggiu et a/. included
covalence in their analyses. They obtained five coeKcients
in a system of wave functions. If we transform these to
our parameter set, we find their results predict a copper
spin population of 0.69 in the 3d„2—r 2 orbital, a
3d, 2-3d, 2 r2 mixing coefficient of —0.11, populations of
0.10 spin on the chlorine atoms and of 0.05 spin on the ox-
ygen atoms, according to a Mulliken population analysis.
The 3d„, z-bonded population is predicted to be 1.88e.
These results agree well, in relative magnitudes, with both
the ab initio calculation and our analysis of the MND
data.

The small differences between the ESR and MND re-
sults probably reflect use of oversimplified modeling in
both experiments. We believe that we have shown here
that one should first explicitly consider covalence, and
that spin-orbit effects are a further perturbation. The
converse assumption of Kirtane and Khang is based on the
earlier ionic ESR analysis2s and is contradicted by both
the MND results, and by the present ab initio calculation.

The authors are grateful to the Australian Research
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