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The spin-density distribution in antiferromagnetic CuCle+2D;O has been investigated at 1.7°K by
neutron diffraction measurements. No appreciable concentrations of spin density were found except those
localized about the Cu* * positions. The Fourier maps used in analyzing the neutron data did disclose a
markedly aspherical distribution for the Cu* * spin density, however. A satisfactory explanation for the
asphericity was obtained by consideration of the ground-state wave function of Cu* * in an orthorhombic
crystalline field. The resulting wave function was found to consist of an admixture of two dy orbitals,
about 90%, (x2—4?) and 109, (322—72). The neutron study also confirms the existence of a weak antiferro-
magnetic spin component, as predicted theoretically by Moriya. The form factor for this component is
quite anomalous, however, indicating that it does not arise from a simple canting of the ionic moment.

I. INTRODUCTION

N several respects, CuCly- 2H,O can be considered as
typical of the ionic crystal antiferromagnets with
low Néel temperatures. Since the crystal structure is
relatively simple for this class of materials, one can hope
to achieve an understanding of its magnetic properties
in some detail. Consequently, this compound has been
the subject of many investigations since the discovery
of its antiferromagnetic phase below 4.3°K in the
proton-magnetic-resonance experiments of Poulis and
Hardeman.! These investigations have included further
work with proton-magnetic-resonance data,>? Cl nu-
clear magnetic resonance,* neutron diffraction measure-
ments,*® and a number of theoretical studies.”2
The present investigation was undertaken in an
attempt to resolve two important questions which can
best be answered through a detailed neutron diffraction
study of a single-crystal specimen. In the first place,
from the known proton positional parameters® and the
basic antiferromagnetic structure,!'® the anisotropy of
the proton-magnetic-resonance frequency cannot be
explained on the basis of a simple dipole field from the
Cut *ions.? Calculations by Poulis ef al.2 of the internal
field vector at the proton position indicated that the
magnetic moment might be predominantly localized in
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the region between the Cu* + and Cl~ ions. Although Cl
NMR studies?* do not support this conclusion, it would
be an important result if true, and it can be checked in
a straightforward way by neutron diffraction. As
described below, no appreciable concentrations of spin
density were found in the present study except those
localized normally about the Cut * sites; however, a
possible alternative explanation for the proton-reso-
nance results is suggested.

The second question concerns the existence of a weak
antiferromagnetic spin component which was predicted
for this crystal by Moriya!® in his theoretical treatment
of antisymmetric spin coupling. Although the basic
antiferromagnetic spin structure has been determined,®
and indirect support for Moriya’s canted arrangement
has been suggested on the basis of transverse-suscepti-
bility measurements,® no direct experimental evidence
for the latter had been reported until results were
obtained in the present experiment. A preliminary
account of these results has been reported briefly else-
where.4

II. PRELIMINARY DETAILS

A. Experimental

Crystals of CuCly» 2D;0 were grown by slowly cooling
from 40°C a solution of CuCly in 99.99%, D;O. The
deuterated compound was chosen so as to avoid the
large incoherent neutron scattering from hydrogen in
the ordinary hydrate. As shown by Date,’® the magnetic
properties of the hydrated and deuterated salts do not
differ significantly.

A crystal having approximate dimensions of 3X3X6
mm?, with its length along the ¢ axis, was mounted with
this axis parallel to the neutron-diffractometer axis.
Diffraction measurements were carried out at the High
Flux Beam Reactor at a neutron wavelength of 1.17; A.
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Data were collected at temperatures of 1.7 and 4.2°K.
The aluminum sample container was charged with He
gas for heat exchange before mounting in the cryostat,
and was placed in direct contact with liquid He.

Since some of the magnetic peaks were very weak,
especially those associated with the small canted spin
component, elimination of half-wavelength contamina-
tion of the beam was essential. This was accomplished
by employing the (113) plane of Ge for beam mono-
chromatization. Other possible sources of systematic
errors in the data considered were extinction effects
and double-Bragg scattering. The magnetic intensities,
even those associated with the principal magnetization
component, are weak in comparison with the general
level of observed nuclear intensities, and examination of
the latter relative to calculated values showed that
extinction effects were negligible at the low magnetic
intensity levels. Double-Bragg scattering can only arise
in the magnetic data by combinations of nuclear and
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magnetic reflections. Because of the rapid falloff of the
magnetic form factor, the number of combinations
which could have an appreciable effect on the data
is very limited. Therefore, even though the intensity
data for the principal magnetic structure were not
checked for double-Bragg reflection, it is unlikely that
the data are contaminated significantly. Even a small
contribution could be significant in the very-weak-
intensity measurements associated with the small
canted component, however, and checks were made in
this case.

B. Crystallography

CuCl,-2D0 is crystallographically isomorphous with
the ordinary hydrate. Structural data assumed in the
present study were as follows: space group: ortho-
rhombic Pbmn (Dy7); cell dimensions: a=7.41-+0.02
A, 5=8.08+0.02 A, ¢=3.74+0.01 A; atomic co-
ordinates:

40in4(e): +(0,9,0), =, 3+9,0), y=0.2390;
4 Clin4(h): +(x,0,2), =(3—=x, 3, 2), x=0.2402, 2=0.3804;
8D in 8(7): +(x,9,2), £(GZ—x3—9,2),
£(x,9,2), £G—x, 5+, 2);
x=0.0822, y=0.3065, 2=0.1295.

The cell dimensions were measured at room tem-
perature by x-ray diffraction using a small powdered
specimen of the deuterated material. Corrections for
minor changes in the cell because of cooling to low tem-
peratures were made by experimental adjustments
in the neutron-diffractometer settings. The coordinates
listed are those determined by Peterson and Levy® for
the hydrate at room temperature. A least-squares
analysis using a limited number of nuclear (0kI) struc-
ture factors observed at 4.2°K in the present study
yielded a set of y- and 2z-coordinate parameters in close
agreement with those listed above. The latter were
therefore assumed unchanged in calculating intensities
for scaling purposes.

A projection of the crystal structure with the canted
spin structure proposed by Moriya!® superimposed is
shown in Fig. 1. Two chemical unit cells are drawn in
order to show the full magnetic cell.

III. SPIN-DENSITY DISTRIBUTION FOR MAJOR
COMPONENT

A. Experimental Results

The basic antiferromagnetic structure of CuCly: 2H,0
proposed originally by Poulis and Hardeman' was con-

firmed in a recent neutron diffraction study by Shirane
et al® It is represented in Fig. 1 by the major com-
ponents of the spin vectors, i.e., by the array of com-
ponents parallel and antiparallel to the e direction.
This structure gives rise to magnetic reflections with
h-+Fk even and ! having a half-odd-integer value if the

Cu** [ ce”

Fic. 1. Thecrystal structure of CuCls+2D,0 projected on (010).
Arrows represent the moment directions as predicted by Moriya.
Two chemical unit cells are shown.
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reflecting plane is indexed on the chemical unit cell.
Neutron-intensity data for 20 (0k3/) planes of this
type, up to a (sind)/\ value of 0.6, were collected in
the present experiment on CuCly+2DO. These data,
reduced to yield an experimental magnetic form factor,
are plotted as closed circles in Fig. 2. Normalization was
based on agreement between the experimental and
calculated intensities of the (0, 0, $) reflection.

As shown in Fig. 2, the experimental points deviate
considerably from a smooth curve. Note also that the
(0, 0, 41) points fall off more slowly with angle than the
other data. A Fourier spin-density projection, as shown
in Fig. 3, disclosed that these irregularities in the
experimental form factor are not due to a displaced
spin distribution of the sort considered by Poulis
et al.? but rather to a pronounced asphericity in the
localized spin density at the Cut* site. A detailed
examination of the computed numerical values for the
Fourier map indicates that the additional spin density
not associated with the Cu* * ion, if any, is less than 59,
of that localized on the ion. Based on their CI NMR
measurements, O’Sullivan et al.* gave a rough estimate
of 0.1 for the fractional unpairing of the 3p Cl~ orbital.
In view of the present results, this estimate seems to be
on the high side.

An aspherical spin density for the Cut* ion in an
octahedral site is in accordance with the simple Jahn-
Teller picture for the 3d° configuration in which the
degeneracy of the dy orbitals is removed by a tetragonal
distortion (¢/a>1) with the unpaired electron in the
d,2_,» orbital. The actual situation in CuCl,-2D,0 is
rather more complicated. The Cu* ¥ ion is surrounded
by two D;0 molecules, with each oxygen at a distance
1.92 A from copper, and four CI- ions, two at 2.27 A
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Fic. 2. Observed and calculated form factors for the main
magnetic component in CuCl,+2D,;0. The calculated values and
the scaled values of (jo) were obtained with the parameters
«=0.1 and $=0.93, as described in the text.
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T16. 3. Spin density projected onto (100). Density contours are
drawn at intervals of 200, with a scaled peak value of 1000 units.
Broken contours represent regions of negative spin density. The
projected locations of the ClI~ and O~ ~ ions are also shown.

and two at 2.91 A, The latter pair define the long 3 axis
of the distorted octahedron. The over-all symmetry of
the ligand crystalline field is orthorhombic to a very
good approximation, and the three principal axes are
chosen as indicated in Fig. 4. The n axis is parallel to
the crystallographic b axis and is common to the corner
and base-center Cut t ions, while the £ and ¢ axes are
tilted 37.6° and 38.6° from the a and ¢ axes, respectively.
It will be assumed that both the £ and { axes are tilted
by 38° in the calculations which follow.

B. Form-Factor Calculations

The ground-state wave function of a Cut *ion, which
has a single hole in its 3d orbitals, in an orthorhombic
crystalline field has been discussed by Moriya and
Yoshida’ in their calculation of the magnetic anisotropy
of this material. It is written as an admixture of two v
orbitals;

¥o=(1+a?)P[32(12)+1-2)) +a10)], (1)

where 142) and 10) are the free-ion wave functions
with m==2 and 0, respectively; the quantization axis
is taken as the { axis, and « is the real admixture
parameter, which depends upon how strongly ortho-
rhombic the crystalline field is (a=0 for a tetragonal
field). The first term in (1) is one of the two dy orbitals
of the form £—»?, whose density contours are shown
schematically in Fig. 4, and the last term is the other dy
orbital of the form 3{2—p? where o is the position
vector (Ey M ?) .

The aspherical form factor f of a transition-metal ion
in a crystalline environment may be calculated follow-
ing the procedure of Weiss and Freeman'®:

f= [ ¥* exp(—ik- 0)ude, @)
where k is the scattering vector. This integral can be
evaluated by using the tables given by Weiss and

B8R, J. Weiss and A, J. Freeman, J. Phys. Chem. Solids 10,
147 (1959)..
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Freeman,'® with the result that

1"‘6!25 2a
={7 fiiiedis 20 —
f={jo)+ [1 27(3>coso9 1)+

1+4+a® 7
20 15V3

T 14a? 28

where 6 and ¢ are the polar angles of the scattering
vector k in the (&, 9, ¢) coordinate system, and (o),
(72), and (4. are functions of | k| as defined in Ref.
16. Numerical values of the latter have been tabulated
by Watson and Freeman' for various 3d elements
and ions.

Generally speaking, (3) gives different values for
magnetic ions whose coordination axes are differently
oriented, e.g., for the corner and base-center Cut+
ions in this crystal. In the present experiment, however,
the scattering vectors always lie in the (100) plane, and
the coordinate systems for the corner and base ions are
related by mirror reflection parallel to this plane.
Therefore cos?d and cos2¢, and accordingly f, have the
same values in each case.

In calculations carried out over a range of @ values,
good agreement with the general behavior of the
experimental points in Fig. 2 was obtained for a value of
a~0.1. However, a systematic discrepancy was still
evident between the experimental and calculated
values, in that the former had higher values than the
latter at high angles. An additional phenomenological
parameter 3 was introduced to improve the agreement,
by expanding the spherical part of the form factor as
done by Alperin® in his calculation for NiO, such that
the scaled form factor f,(x)={(Jjo)(Bx), where x=
(sing) /X. The best fit was obtained by choosing 8=0.93,
resulting in an improvement of 159, in the standard
deviation compared to the calculation with g=1.
The calculated form factors for «=0.1 and 3=0.93 are
shown in Fig. 2 by the open circles, together with the
scaled spherical form-factor curve f.. The over-all
agreement with the experimental points is satisfactory,
although there are still some unexplained discrepancies
in the low-angle reflections.

The admixture parameter o can also be estimated
from the anisotropy of the g factors, since it may be
expressed as follows”:

g— 8= —8B8ay/(1+0a?), (4)

where it is assumed that the orthorhombic energy
splitting between the two highest de orbitals | 1)4= | —1)
is much smaller than the cubic energy separation, and

17 R, E. Watson and A. J. Freeman, Acta Cryst. 14, 27 (1961);
and (private communication).
18 H, A. Alperin, Phys. Rev. Letters 6, 55 (1961).
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2 3
58 cos2¢ sinzo] (ja)+ [1+6°‘ — (3—30 cos0+35 cosd)

14-a? 56

15 . .
14+a? 8 cosde sm“H] (7, ()

that the ratio vy of the spin-orbit coupling coefficient A
to the energy separations from the ground state for the
two excited states is the same in each case. Taking
vy=—0.032, and g:—g,=0.036, then a«~0.08, which
is in good agreement with the value of 0.1 found above.

The value of 3=0.93 obtained in expanding the
spherical part of the Cut + form factor means that the
spin density is contracted by 7%, in its crystalline
environment in this compound, as compared to the free-
ion spin density predicted by Watson and Freeman.”
The reason for this is not clear, although spin polariza-
tion of the otherwise “paired” orbitals, an orbital-
moment contribution to the form {factor,? and a
covalency effect? have all been invoked to explain the
similar observation of Alperin®® in NiO.

C. Interpretation of the Resonance Data

Since with the accuracy limits of the present experi-
ment the spin density has been shown to be localized at

F16. 4. Crystal-structure environment of the corner and base-
center Cut * jons. The schematic electron-density contour of the
ground-state orbitals and the coordinate system used in the cal-
culation are also shown.
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the Cut * sites, it is of interest to consider the bearing
of this result on an interpretation of the proton-reso-
nance data.? First, one might examine the possibility of
explaining the resonance results in terms of the strong
asphericity in the Cut*+ spin distribution. This was
tested by computing the dipole field at a proton position
in a summation over fifty nearest-neighbor Cu* + ions.
The effects due to asphericity were taken into account
approximately by splitting the ionic moment into four-
point dipoles, displaced at a distance of about 0.4 A
along the bond directions shown in Fig. 4, for the five
first nearest neighbors. This aspherical refinement
resulted in very little change in the dipole-field com-
ponents. Absolute values obtained for the components
were H,=30 Oe, H,=450 Oe, and H,=30 Oe, as com-
pared to experimental values of H,=539 Oe, H,=378
Oe, and H,=380 Oe. The origin of the internal field
must therefore be sought for elsewhere.

An investigation was made into the effects of un-
paired change transfers of magnitudes too small to be
detected in the neutron diffraction experiment. One
possible mechanism was found which could play an
important role in accounting for the internal field. A
transfer of a very small fraction of an unpaired electron
from a Cut * ion to a nearest-neighbor water molecule
can produce effects of about the right order of mag-
nitude. For example, if a moment of only 0.02up is
assumed at an O~ ~ site, a dipole field of about 300 Oe
is produced at a proton position. Moreover, one can
expect an internal field of about 600 Oe, parallel or
antiparallel to the Cu*+ moment, through the Fermi
contact interaction when the 1s orbitals of the water-
molecule hydrogens have a net unpaired electron spin of
0.002up (estimated*® from the hydrogenic 1s wave
function with a screened charge Z=1.2). For a quantita-
tive treatment, a much more detailed knowledge of the
bonding character of the crystalline water is clearly
required.

IV. CANTED SPIN STRUCTURE

From symmetry considerations, an antisymmetric
superexchange interaction of the type Dis- (S;XS,)

TasrLE I. Observed integrated intensities corrected for angle
factor of the minor magnetic peaks in CuCl,+2D,0. ¢ is the angle
between the reflecting plane and the spin axis [001].

Relative
hkl intensity ©
0,1, % 137430 47.2°
0,3, % 235480 19.8°
0,1,32 348430 72.9°
0,3,32 324450 47.2°
0,5, % 115460 12.2°

% R. E. Watson (private communication).
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F1c. 5. Experimental magnetic form factor of the minor spin
component. Error bars were estimated from a combination of
statistical errors and differences in intensity from equivalent re-
flections in different quadrants.

between two Cut* spins should lead to a minor spin
component parallel to the ¢ axis in CuCly»2D,O if a
four-sublattice model is assumed.® The minor com-
ponents form an antiferromagnetic array with a
different configurational symmetry from that of the
basic magnetic structure obtained from the major spin
component. The expected canted spin structure is
shown in Fig. 1.

Neutron-reflection conditions for the minor-com-
ponent structure are 4+% odd and / equal to a half-odd
integer, and hence the diffraction data are completely
independent of the major spin component. Although
the neutron intensities are very weak, the five most
favorable reflections were observed in the present
experiment. The peak-to-background ratio was about
1:6 in the worst case. The observed integrated intensi-
ties, with the sin26 factor removed, are listed in Table
I. The error limits in the table were estimated from a
comparison of data from equivalent quadrants, as well
as from counting statistics. If the intensity data are
processed on the basis of Moriya’s predicted model, a
magnetic form factor is obtained for the minor spin
component as shown in Fig. 5.

Since these data are derived from very-weak-intensity
observations, and the form factor has an unusual shape,
the question must be considered as to whether they
represent valid measurements for the minor spin com-
ponent. The following points are pertinent:

(1) Systematic errors in measurements. Since the
neutron beam was free of 4\ contamination, the only
significant measurement errors that could arise would be
from double-Bragg scattering. Because of the doubled
magnetic cell, the latter could only result from com-
binations of nuclear and magnetic reflections. Experi-
mental checks were made for this for the (0, 1, 3) and
(0, 1, 3) reflections by rotating the crystal about
the scattering vector over a range of several degrees in
each direction from the vertical a-axis setting. No
appreciable changes in intensity were detected, and
therefore any double-Bragg contributions were negli-
gibly small.
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(2) Crystallographic phase change. The weak peaks
disappeared on warming the crystal to the Néel point.
Also, no intensity changes were observed in the nuclear
peaks on passing through the Néel point. These checks
strongly indicate that the weak peaks are truly magnetic
in origin, although the possibility of some small change
in the crystal structure cannot be ruled out absolutely.

(3) Extended spin density of major component. One
question to consider is whether the aspherical major-
component spin density of the Cu** ions, or some
collinear unpaired charge associated with the anions,
could give rise to otherwise forbidden peaks. The ex-
tinction rules for the case of nonzero spin density in
general positions and oriented parallel to the ¢ axis are,
however, the same as those for the Cu* + special posi-
tions. The magnetic symmetry requires, in fact, that
the weak peaks can only result from a spin-density dis-
tribution oriented parallel to the ¢ axis.

From the above considerations, we conclude that the
data confirm the existence of a small canted spin-
density component as predicted by Moriya.® The data
are too few to confirm his model in detail, as will be
considered further below. However, if Moriya’s model is
assumed, the form factor in Fig. 5 is reasonably con-
sistent with his predicted value of 0.1up for the minor-
spin-component magnitude.

From the unusual shape of the form factor, it is clear
that the spin density associated with the minor com-
ponent is quite different from that of the major com-
ponent. This was also observed in the case of a-Fe;O3
by Nathans et al.,* and has been examined theoretically
for that crystal by Kaplan.?® Nathans et al. were able to
account for their observations on the basis of a simpli-
fied displaced-charge model, but because of the small
number of data, they were careful to point out that
their interpretation was not necessarily unique. The
situation with CuCly+2D40 is very similar. Reasonably
good agreement between calculated and observed
intensities can be obtained, for example, by placing
roughly equal unpaired charges on the Cu*+* and Cl,
with the CI~ charge directed opposite to its nearest
Cut + neighbor, but this is probably only one of several
models capable of fitting the data. As in the case of
a-Fey03, the important conclusion to be drawn is that
the Moriya component does not arise from a simple

% R. Nathans, S. J. Pickart, H. A. Alperin, and P. J. Brown,
Phys. Rev. 136, A1641 (1964).
#T. A. Kaplan, Phys. Rev. 136, A1636 (1964).
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canting of the Cut* ionic moment, but rather the
magnetization density must be considered as a vector
function of position in the unit cell.

V. CONCLUDING REMARKS

The neutron diffraction measurements reported here
establish that the spin density associated with the basic
antiferromagnetic structure of CuCly*2D,O is well
localized or the Cu** ions, and that the observed
asphericity of this density can be explained by con-
sideration of the ground-state orbital of Cu*+ in an
orthorhombic crystalline field. Any spin density else-
where in the structure cannot exceed a level of about
0.05u3 in its component parallel to the major component
of the Cut** ionic moment. Arguments involving a
substantial concentration of unpaired charge on or near
the Cl~ ions are therefore invalid, and an explanation of
the results of proton-resonance studies’® must be
based on a different mechanism. Nor does it seem
possible to account for the field at the proton positions
in terms of the marked asphericity in Cu** spin
distribution observed in the present investigation. On
the other hand, it does seem possible, qualitatively at
least, to obtain a field of about the proper intensity by
assuming a very small amount of unpaired charge on
the water molecules. The magnetization density for this
charge is much too small to be detected in an un-
polarized neutron diffraction experiment, however.

The neutron data also confirm the existence of a weak
antiferromagnetic spin component perpendicular to
that of the basic structure, in agreement with the theo-
retical prediction of Moriya.'® The measurements were
insufficient in number to analyze the spin-density dis-
tribution for this component, but it is evident from the
angular dependence of the data that the distribution is
quite different from that associated with the main com-
ponent of the ionic moment. It is difficult to say how the
data in Fig. 5 should be extrapolated to zero scattering
angle to yield an effective moment, but the value of
0.1up predicted by Moriya is not unreasonable.
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