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High-resolution neutron powder diagrams show that CoCl,-6D,0 and CoBr,-6D,0 are subject to a
crystallographic phase transition from monoclinic C2/m to triclinic PT on lowering the temperature from 300
to 4.2 K. The magnetic structure can be described by a simple two-sublattice model, magnetic space group
P,,T. Previous four-sublattice models, proposed by various authors, are shown to be incorrect. Single-crystal
experiments on both compounds show that the reported anomalous magnetic behavior of these crystals, as
deduced mainly from antiferromagnetic-resonance and nuclear-magnetic-resonance measurements, is caused by
the occurrence of crystallographic twinning in the low-temperature phase.

I. INTRODUCTION

In the development of our knowledge on phase
transitions, low-dimensional magnetic systems
play an important role.! At this moment much at-
tention, both experimentally and theoretically, is
directed towards the Stanley-Kaplan (SK) transi-
tion, one of the open spots in our knowledge on
critical behavior. The SK transition,? predicted
only in two-dimensional (2D) Heisenberg and XY
systems, is characterized by a divergence of the
derivative of the order parameter with respect to
the ordering field at nonzero temperature, e.g.,
of the susceptibility x for ferromagnetic com-
pounds or the staggered susceptibility x, for anti-
ferromagnets. Below this Stanley-Kaplan temper-
ature the order parameter (M, respectively, M)
however, remains zero. The SK transition to a
quasiordered state has been questioned by many
authors, but the theoretical evidence, coming
mainly from series expansions, is very strong at
least for the 2D XY model.?

As indicated by the specific-heat data*™® and
susceptibility measurements'®*® the antiferro-
magnetic compounds CoCl, * 6H,0 and CoBr,* 6H,0
are good examples of the 2D XY model**~'8, Long-
range order is established at 2.3 K in the chlo-
ride’*® and at 3.1 K in the bromide.*'® The mag-
netic structure of both compounds was determined
by means of nuclear magnetic resonance
(NMR), #1972 antiferromagnetic resonance
(AFMR),'°?2 and neutron diffraction.?® The transi-
tion to 3D order is caused by small deviations
from the ideal 2D XY model (a small amount of
anisotropy in the easy plane and weak interlayer
coupling). We thought it worthwhile to investigate
CoCl, * 6H,0 and CoBr,* 6H,0 more thoroughly by
means of neutron scattering which is directly re-
lated to the thermodynamic quantities in the crit-
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ical region, in order to establish to what extent
the transition to long-range order is triggered by
the proximity of the SK temperature.

Because of the large incoherent-neutron-scat-
tering cross section of hydrogen, in these experi-
ments a deuterated sample is usually preferred.
Although deuteration hardly affects the ordering
scheme in most compounds, it was reported to
have a striking influence in CoCl,* 6H,0 and
CoBr, *6H,0.2*"2% For both compounds a change in
the magnetic and low-temperature crystallographic
structure upon deuteration has been proposed,?” ~2°
but the 2D XY characteristics seem to be unaf-
fected.®**®*2® In view of this anomalous behavior
we decided to start with a detailed crystallographic
and magnetic structure investigation, in order to
establish the changes that occur upon deuteration.
In this work we report the results of a high-reso-
lution neutron-powder-diffraction experiment on
CoCl,* 6D,0 and CoBr,* 6D,0, from which the low-
temperature crystallographic and magnetic struc-
tures have been obtained.

II. EXPERIMENTAL

The samples used in the present experiment
were grown by slow evaporation at room tempera-
ture from a saturated solution of the anhydrates
CoCl, and CoBr, in D,0. The neutron-diffraction
data were collected on the powder diffractometer,
installed at the high flux reactor at Petten. A
neutron wavelength of 2.57 A was used, obtained
from the (111) reflection of a copper crystal.
Second-order-wavelength contamination was re-
moved by means of a pyrolytic graphite filter.3°
Soller slits with a horizontal divergence of 30’
were placed before the monochromator and in
front of the BF, counter.

In a range of 0.02< sin6/A <0.36 A" powder dia-
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grams for both CoCl,* 6D,0 and CoBr, * 6D,0 have
been recorded in steps of 0.072° in 6 at 300 and
4.2 K, i.e., both above and below the reported
crystallographic phase transition, which occurs
between 77 and 4.2 K.2° To determine the magne-
tic structure, diagrams were recorded at 1.2 K,
well below the Néel temperature of both

CoCl, - 6D,0, viz., 2.39 K,?*3! and CoBr, " 6D,0,
viz., 3.22 K.® For the refinement, Rietveld’s®
profile method was applied, which determines the
estimates of the various parameters by finding a
least-squares fit between the observed and cal-
culated profile intensities y; by minimizing the
quantity

x2=2 w,ly(obs) - y;(cale)|?/v; (1)

w; is the statistical weight of a data point and v
represents the number of degrees of freedom in
the refinement.

In the analysis the scattering lengths were taken
from Shull to be, respectively, 0.250 (Co), 0.958
(C1), 0.679 (Br), 0.580 (O), 0.667 (D), and —0.374
(H) in units of 107'2 cm. The Watson and Freeman??
form factor for Co** was used. Throughout the
paper, standard deviations based on statistics
only are given within parentheses in units of the
last decimal place.

IIl. CRYSTALLOGRAPHIC STRUCTURE

From x-ray studies Mizuno®* determined the
crystallographic structure of CoCL,* 6H,0 at room
temperature to have the monoclinic face-centered
space group C2/m, with unit-cell dimensions a
=10.34 A, 5=7.06 A, c=6.67 A, and B=122°20".
The unit cell contains two formula units. Cobalt
ions are situated on inversion centers and octahe-
drally coordinated by four oxygen and two chlorine
atoms (Fig. 1). The isolated [CoCLO0,] clusters
show approximate fourfold symmetry around the
Cl-Co-Cl axis, which coincides within a few de-
grees with the a * axis. The chemical bonding be-
tween adjacent ab layers must be considered as
relatively weak,'®'?® which is also indicated by the
perfect cleavage of the crystals along the (001)
plane. The hydrogen parameters have been re-
ported by Kleinberg?® to be essentially the same
as in the isomorphous NiCl,* 6H,0.% The cell
parameters of CoBr,* 6H,0 at 300 K, obtained
from x-ray studies, are reported by Stroganov
etal.® It is isomorphous with the chloride and
its unit-cell dimensions are @ =11.00 10\, b=1.16
A, ¢=6.90 A, and B=124°.

The effect of deuteration on the crystallographic
structure as function of the deuterium percentage
x has been deduced mainly from NMR measure-

BASTEN AND A. L. M. BONGAARTS 14

FIG. 1. Face-centered arrangement of the [CoCl,0,
clusters in the ab plane of CoCl,- 6H,0. Cobalt atoms
are small and black, chlorine atoms are shaded, and
oxygen atoms have been drawn as open circles.

ments at liquid-helium temperatures. For x

= 3.5% in the chloride®” and x = 55% in the bro-
mide,?8 the number of zero-field proton resonances
changes from 4 to 6. Analysis of the pure quad-
rupole resonance data in the paramagnetic state
yields only slightly different parameters for
CoBr,* 6H,0 and CoBr,* 6D,0.?® These values are
very sensitive to structural changes and indicate
that the positional rearrangements on deuteration
are only small. From their resonance studies (to
which we return in Sec. IV) Hijmans et al.?® pro-
posed on group-theoretical arguments a doubling
of the crystallographic unit cell along the ¢ axis
and a new monoclinic space group C2/c for the
low-temperature structure of the deuterated com-
pounds.

In the present work the structural parameters
of NiCl, * 6H,0 (Ref. 35) have been used as starting
values of the atomic positions in the refinement of
the room-temperature neutron powder diagrams
of CoCl,* 6D,0 and CoBr,* 6D,0. Convergence of
the refinements was rapid and the C2/m structure
resulted for both compounds at 300 K. The final
parameters, shown in Table I, are only slightly
different from the x-ray parameters of
CoCl,* 6H,0.%* The deuterium percentages in the
samples, as obtained from refinement of the deu-
terium scattering length, are 87(2) at.% in the
chloride and 91(3) at.% in the bromide. In the dia-
grams no evidence was found for the presence of
impurities. The use of different temperature
factors did not alter the final results significantly,
because of the uncertainty in the background at
high angles and the small region of sin6/x covered.

Analysis of the 4.2K diagrams showed clearly
that the low-temperature crystallographic sym-
metry is neither C2/m nor the proposed C2/c. As
can be seen in Fig. 2, striking splittings occur,
especially for the (222) reflection, which forces
us to reject any monoclinic space group and to as-
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FIG. 2. Central part of the neutron powder diagrams
of CoCl,*6D,0 at room temperature and 4.2 K. Only the
most intense reflections are indicated. Especially the
(222) reflection clearly shows a splitting in the low-tem-
perature diagram, indicating that the system has under-
gone a phase transition from monoclinic to triclinic.

sume a triclinic one. Since the inversion center
at the cobalt site has to be maintained, as indi-
cated by the presence of six proton lines in the
NMR spectrum and by NMR measurements on the
halogens,* ™?° the low-temperature space group is
P1. For the sake of simplicity a triclinic unit
cell was chosen, completely analogous to the face-
centered monoclinic one. Note, however, that the
elementary parallelopiped is only half of this unit
cell and contains one molecular unit. The final
parameters of the 4.2 K refinement of both com-
pounds are also presented in Table I. It was found
that the geometry of the three water molecules in
the final structure had the expected values, i.e.,

a distance of O-D=1 A and angle D-O-D= 110°.
The reliability of the final model was tested by
varying the initial values of variables, but all dif-
ferent sets did converge to the same point.

Clearly, the differences between the 300 and
4.2 K structures are rather small. In the P1
structure the vanishing of mirror planes and two-
fold axes leads to a change in the number of in-
equivalent deuterium positions from four to six,
while three inequivalent oxygen positions are
found. Special attention is drawn to the small de-
formation of the rectangular oxygen surrounding
of the cobalt ion. In reciprocal space the angles
a* and y* show a deviation from 90°, as a con-
sequence of the triclinic deformation. The devia-
tion angles are 6=1.457(4)° and €=1.007(4)°, re-
spectively in CoCl,* 6D,0, and 6=0.899(4)° and €
=0.677(4)° in CoBr,* 6D,0.

IV. MAGNETIC STRUCTURE

The magnetic ordering scheme of CoCl,* 6H,0
has been obtained by Kleinberg?® from single-
crystal neutron diffraction. It consists of antifer-
romagnetic (001) planes with an antiferromagnetic
coupling between adjacent planes. A corresponding
doubling of the ¢ axis gives a magnetic unit cell
twice the size of the chemical cell [Fig. 3(d)]. In
the transformed system (a +2c, b, c) the magnetic
space group can be denoted as C,.2/m’ in the no-
tation of Opechowski (C,2/c according to Belov).
The direction of the magnetic moments is in the
ac plane and close to the ¢ axis. The magnetic
structure of CoBr, - 6H,0 is assumed to have the

Model C (P,,7)

Hydrate structure (Cye 2/m”)

FIG. 3. Models, proposed for the magnetic ordering
scheme in CoBr,*6D,0 and CoCl,;6D,0. The monoclinic
four-sublattice models A and B were proposed by Benoit
et al. (Ref. 27) and Hijmans et al. (Ref. 28). The triclinic
two-sublattice model C is the result of this study. Spin
directions are close to the bc plane in these models. For
comparison the magnetic structure of CoCl,*6H,0 (Ref.
23) is also shown (d). Note that the magnetic space
groups of model C and the hydrate structure are denoted
in the notation of Opechowski with respect to the axes,
indicated by primes.
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same characteristics, but here the direction of the
moments deviates 8° from the ¢ axis towards the
c* axis."” The effect of deuteration on the magne-
tic structure of both compounds has been reported
to be rather anomalous for deuterium percentage
x=3.5at.% in the chloride®” and x = 55 at.% in the
bromide.?®

Above these values NMR measurements reveal
a doubling of the internal-field directions on the
halogen atoms. Both sets are related to each
other by mirror symmetry with respect to the ac
plane. Also the AFMR spectrum has been ob-
served to split into two components. Resonance
originally observed with the magnetic field along
the ¢ axis, now occurs in the bc¢ plane at angles
symmetrically around the ¢ axis. Benoit etal.?’
have suggested that the magnetic moments could
be divided into two antiferromagnetic sets, each
turned away from the ac plane, but in opposite
directions. For both compounds the canting angle
¢ should vary continuously with deuterium per-
centage up to ¢=32° in the completely deuterated
samples.?”+28

Since all magnetic single-crystal measurements
showed mirror symmetry with respect to the ac
plane, previous authors assumed that the low-tem-
perature crystallographic structure although un-
known, remained monoclinic. Two possible mag-
netic structures were proposed, which both con-
tain four sublattices and coincide with the hydrate
structure for ¢ =0. In model A [Fig. 3(a)]?"'8 the
moments situated in one ab layer belong to one
antiferromagnetic set and are canted with respect
to the moments in adjacent layers. This structure
was considered the most probable one because of
the relatively weak interactions between moments
in neighboring ad planes. It can be described with
the magnetic space group C,2/c on a crystallo-
graphic cell with a doubled ¢ axis. From this
magnetic ordering scheme Hijmans et al.?® pro-
posed the low-temperature crystallographic struc-
ture to be C2/c. The second model B [Fig. 3(b)]
shows antiferromagnetic dc planes, whereas the
neighboring moments in the ab faces are canted
with respect to one another.?” In the notation of
Opechowski model B has the magnetic space group
P,.2,/a, which is equivalent to P,,2,/c. It is clear
that both models are incompatible with the tri-
clinic crystallographic structure reported in Sec.
III. Even if we permit a slight triclinic distortion,
these four-sublattice models still require a mag-
netic unit cell four times as large as the crystal-
lographic elementary parallelopiped.

In the present study, the neutron powder dia-
grams recorded at 1.2 K show that the crystallo-
graphic structures arethe sameasat4.2 K(Table
I). No evidence was foundfora larger crystallo-

graphic unit cell. The diagrams reveal a simple
antiferromagnetic ordering, consisting of two
sublattices for both compounds. Only magnetic
reflections with k+~2=2n+1 and I =% +3 are pre-
sent, which indicates antiferromagnetic (001)
planes with an antiferromagnetic coupling between
adjacent planes. The magnetic space group can be
denoted as PMI. Because of the small number of
observable magnetic reflections, the determina-
tion of the direction of the moments is rather in-
accurate. For CoCl,* 6D,0 the best fit is obtained
with M,=0.1(4), M,=-1.5(2), M.=1.5(4) and a
total moment of M=2.1(1) in units of Bohr mag-
netons (4g). For the bromide the results are M,
=0.3(3), M,=~1.6(3), M,=1.4(3), and M=2.10(6) y15.
In both compounds the magnetic moments are near
the bc plane and turned away from the ¢ axis over
an angle of some 45(15)°. This magnetic structure
will be called model C and is shown in Fig. 3(c).

The simple magnetic ordering scheme proposed
here seems to contradict the reported NMR and
AFMR measurements on single crystals,?”*?® which
apparently show fwo antiferromagnetic sets of
magnetic moments, each turned away from the
ac plane and related to each other by mirror sym-
metry. However, it is obvious that these phenom-
ena can be caused by the creation of crystallo-
graphic domains (twins) due to the phase transi-
tion from monoclinic to triclinic. It is easy to see
that the deformation of the monoclinic unit cell can
generate two different triclinic cells, related by
reflection symmetry, which in a powder diagram
are indistinguishable.

To detect the presence of such crystallographic
domains, a preliminary neutron scattering ex-
periment was performed at 300 and 4.2 K, using
both a CoBr,* 6D,0 and a CoCl,* 6D,0 single

CoCl,-6D,0 42K ROCKING CURVE IN B¢’ - PLANE
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FIG. 4. Rocking curves of the (002) and (040) reflec-
tions in a single crystal of CoCl,*6D,0 at 4.2 K, in the
reciprocal b* c* plane. In the insert it is shown that the
high-intensity reflections are related to two domains, in-
dicated by primes and double primes, respectively.
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crystal. In the reciprocal b*c* plane, where the
deviation from monoclinic should be the most
clearly visible, rocking curves have been taken to
observe the (002) and (040) reflections. Whereas
at room temperature these nuclear Bragg reflec-
tions are single, at 4.2 K a clear splitting of the
(040) reflection is observed, indicating the antici-
pated domain structure.

For the chloride the effect is most distinct and
the measured profiles at 4.2 K are shown in Fig.
4, The apparent splitting of the (040) reflection
has the expected magnitude, viz., 26 =2.9°, where-
as the (002) reflection is unaffected. Obviously
two dominant regions are present, in which the
ac planes make an angle with respect to one an-
other. This corresponds to a parallel shift of the
hardly distorted ab planes, but in opposite direc-
tions. A minor effect is indicated by the weak-
intensity satellites of the (002) reflection, which
also show a splitting of 26 and which are related
to the small central peak at the position of the
monoclinic (004) reflection. These correspond to
a less-important type of twinning, in which ad-
jacent ab layers are canted in opposite directions.
In the bromide the same features are met, but here
the splitting angles are 1.8°, in agreement with the
value expected from the powder diagram results.

V. DISCUSSION

Analysis of the neutron powder diagrams of
CoCl,* 6D,0 and CoBr,* 6D,0 at 300 and 4.2 K
clearly yields a crystallographic phase transition
from monoclinic C2/m to the low-temperature
triclinic P1 structure, for both compounds. The
P1 structure is completely compatible with the
reported doubling of the NMR-absorption lines due
to the deuterons originally positioned on the mir-
ror plane ac.?”**® The differences between the low-
temperature and room-temperature structures are
rather small. This is in agreement with the small
differences between the quadrupole interaction
quantities at 77 and 4.2 K in CoBr, * 6D,0.° Also
the differences with the hydrated compounds are
only small, as expected.?®
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Neutron-diffraction experiments on single crys-
tals of both CoBr,* 6D,0 and CoCl,* 6D,0 reveal
the occurrence of crystallographic domains below
the transition temperature, at which the compounds
become triclinic. Unit cells in different domains
are related to each other by mirror symmetry.
This explains why previous authors assumed a
four-sublattice model to describe the magnetic
structure of both compounds. The 1.2K powder
diagrams indicate that the only essential change in
magnetic structure upon deuteration is a rotation
of the moments away from the ac plane over an
angle of 45(15)°.

This large angle, responsive to the only small
deformation of the oxygen surrounding of the co-
balt ions, is not surprising and supports the large
amount of isotropy in the bc plane of CoBr,* 6D,0
and CoCl,* 6D,0. Kopinga etal.® calculated that
for the bromide this effect can be caused by an
increase of the anisotropy in the easy plane from
5% up to 7.5%. Recalculations of the internal
fields on the deuterium positions presented in this
work, assuming the domain effects proposed here,
yield a better agreement with experiment than
previous values, calculated from the magnetic
ordering scheme of model A.%"

We can conclude that the main features of the
interpretation of previous measurements on
CoBr,° 6D,0 and CoCl,* 6D,0 are unaffected by the
crystallographic phase transition reported here.
Both compounds appear to be good examples of the
2D XY model. However, the occurrence of crys-
tallographic twins undoubtly will complicate further
critical scattering experiments on these com-
pounds.

ACKNOWLEDGMENTS

The authors wish to thank Professor P. van der
Leeden, W. J. M. de Jonge, J. P. A. M. Hijmans,
and C. H. W. Swiiste for the stimulating discus-
sions and their continuous interest in the investi-
gation. We are much indebted to J. F. Strang,

P. H. J. Disseldorp, and H. H. A. Plas for their
technical assistance.

*Present address: Reactor Centrum Nederland, Petten,
The Netherlands.

ISee, e.g., the compilation of L. J. de Jongh and A. R.
Miedema [Adv. Phys. 23, 1 (1974)].

’H. E. Stanley and T. A. Kaplan, Phys. Rev. Lett. 17,

913 (1966).

*H. E. Stanley, in Phase Transitions and Cvitical Phe-~
nomena, edited by C. Domb and M. S. Green (Academic,
London, 1974), Vol. III.

‘H. Forstat, G. Taylor, and R. D. Spence, Phys. Rev.

116, 897 (1959).

H. Forstat, J. N. McElearney, and P. T. Bayley, Phys.
Lett. 27A, 70 (1968).

K. Kopinga, P. W. M. Borm, and W. J. M. de Jonge,
Phys. Rev. B 10, 4690 (1974).

'W. K. Robinson and S. A. Friedberg, Phys. Rev. 117,
402 (1960).

87. Skalyo, dJr., and S. A. Friedberg, Phys. Rev. Lett.
13, 133 (1964). :

%J. J. White, H.I. Song, J. E. Rives and D. P. Landau,



14 CRYSTALLOGRAPHIC AND MAGNETIC STRUCTURE OF... 2125

Phys. Rev. B 4, 4605 (1971).

107, E. Murray and G. K. Wessel, J. Phys. Soc. Jpn.
24, 738 (1968).

V. Garber, J. Phys. Soc. Jpn. 15, 734 (1960).

125, W. Metselaar and D. de Klerk, Physica 65, 208
(1973).

13T. Haseda, J. Phys. Soc. Jpn. 15, 483 (1960).

1R, B. Flippen and S. A. Friedberg, J. Appl. Phys. 31,
338S (1960).

15J. W. Metselaar and D. de Klerk, Physica 63, 191
(1973).

185, W. Metselaar, L. J. de Jongh, and D. de Klerk,
Physica B 79, 53 (1975).

115, P. A. M. Hijmans, Q. A. G. van Vlimmeren, and
W. J. M. de Jonge, Phys. Rev. B 12, 3859 (1975).

18For a recent discussion of the XY model, see D. D.
Betts, in Phase Transitions and Cvitical Phenomena,
edited by C. Domb and M. S. Green (Academic, London,
1974), Vol. III.

19K, V. S. Rama Rao, W. J. M. de Jonge, and C. H. W.
Swiiste, Physica 53, 621 (1971).

Oy, van der Lugt and N. J. Poulis, Physica 26, 917
(1960).

AR, D. Spence, P. Middents, Z. ElSaffar, and R. Klein-
berg, J. Appl. Phys. 35, 854 (1964).

ZM. Date, J. Phys. Soc. Jpn. 16, 1337 (1961).

BR. Kleinberg, J. Chem. Phys. 53, 2660 (1970).

%Y. Benoit, J. P. Legrand, and J. P. Renard, C. R. Acad.
Sci. B 264, 1556 (1967).

5J. P. Legrand and J. P. Renard, C. R. Acad. Sci. B
266, 1165 (1968).

%B. Lecuyer and J. P. Renard, C. R. Acad. Sci. B 269,
78 (1969).

%H. Benoit, W. Ghidalia, J. P. Legrand, and J. P. Re-
nard, J. Phys. (Paris) 32, C1151 (1971).

BJ. P. A. M. Hijmans, W. J. M. de Jonge, P. van der
Leeden, and M. J. Steenland, Physica 69, 76 (1973).

By, P. Legrand and J. P. Renard, C. R. Acad. Sci.
B 279, 131 (1974).

B. 0. Loopstra, Nucl. Instrum. Methods 44, 181 (1966).

1D, S. Sahri and M. Bloom, Phys. Rev. 159, 482
(1967).

32R. E. Watson and A. J. Freeman, Acta Crystallogr. 14,
27 (1961).

3H. M. Rietveld, J. Appl. Crystallogr. 2, 65 (1969).

343. Mizuno, J. Phys. Soc. Jpn. 15, 1412 (1960).

%R. Kleinberg, J. Chem. Phys. 50, 4690 (1969).

36E. V. Stroganov, S. Andreev, Kochina, and V. Soloviev,
Vestn. Leningrad. Univ. Ser. Fiz. Khim. 16, 114 (1961).
For a comment on this structure determination see
Ref. 10.

3. P. A. M. Hijmans (private communication).



FIG. 1. Face-centered arrangement of the [CoCl,0,)
clusters in the ab plane of CoCl,* 6H,0. Cobalt atoms
are small and black, chlorine atoms are shaded, and
oxygen atoms have been drawn as open circles.



