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Thermal properties of CoCl,, MnCl, and their mixed crystals are investigated by means of
temperature dependent neutron powder diffraction and time-resolved small angle neutron scattering.
The coefficients of thermal expansion of these crystals have been determined as a function
of temperature. The temperature-induced structural variations can be explained by distortions
of CoClg/MnClg octahedra and changes in Co/Mn-Cl bond lengths. CoCl, and MnCl, form
homogeneous solid solutions in the entire temperature range between the solidus and 50 K. There
is no indication of any miscibility gap as predicted from thermodynamic calculations.

1. Introduction

Demixing reactions in solids can be used for the preparation of self-organised
nanoscaled structures if phase separation is dominated by spinodal decomposition.
Controlling its kinetics by suitable ageing conditions allows one to predict the char-
acteristic length scales [1]. A necessary condition for this type of demixing is a pro-
nounced miscibility gap along with a suitable lattice parameter mismatch of the
constituents. In silver-alkali halides, the phase separation process has been studied in
some detail in the past [2—4]. Systems with magnetic ions like cobalt or manganese,
however, are not yet studied even if these could principally be used to generate magnetic
nano-structures. Interestingly, even the phase diagrams are unknown for most of the
binary halide systems. The system CoCl,-MnCl, could principally provide a suitable
magnetic model system since a broad miscibility gap with an upper critical temperature
of about 109 °C has been predicted on the thermodynamic calculations [5]. The crystal
structures of the pure compounds CoCl, and MnCl, have been determined at ambient
conditions by Ferrari et al. [6] and by Tornedo et al. [7], respectively, both exhibit-
ing the trigonal space group R-3m with lattice parameters a = 3.553 A, c=17.39 A
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(a=3.711A, c=17.59 A for MnCl,). The crystal lattice consists of layers perpen-
dicular to the [001] direction built from slightly distorted edge sharing CoClg (MnCls)
octahedra.

To the best of our knowledge, there are no experimental data available for the mixed
system and for other temperatures. Therefore, we have studied the phase behaviour of
the system CoCl,-MnCl, by neutron diffraction as well as neutron small angle scat-
tering in the temperature range between 50 and 500 K. The large contrast of neutron
scattering lengths between cobalt (2.49 x 10~ m) and manganese (—3.73 x 107 m)
guarantees that any phase separation should become visible. These investigations were
complemented by atomic force microscopy.

2. Experimental

CoCl, and MnCl, powders were purchased from Merck KGaA (Darmstadt, Germany)
and ACROS Organics (Geel, Belgium). Polycrystalline samples of the solid solution
with composition Co,sMn,5Cl, were synthesized from the pure CoCl, and MnCl, com-
pounds within sealed quartz ampoules at 750 °C. Due to the hygroscopic nature of
the pure constituents, all further sample preparations were performed under argon-gas
within a glove box. For the AFM investigations, single crystals were grown in quartz
ampoules in a vertical Bridgman furnace. The crystals were cleaved along the [001]
planes.

Temperature dependent powder diffraction experiments were carried out at the
high-resolution powder diffractometer SPODI at the neutron source FRM-II in Garch-
ing [8]. A vertically focussing Ge(551)-monochromator was used to provide neutrons
with the wavelength of 1.548 A at a take-off angle of 155°. The range of scattering
angles up to 160° was covered by an array of 80 position sensitive *He-detectors.

Time-resolved small angle neutron scattering experiments were performed at the
KWS-2 instrument at FRM-II [9]. The wavelength of the neutron beam was 4.5 A.
The detector was a 60 x 60 cm? Anger-type scintillation detector with the spatial reso-
lution of 5.25 x 5.25 mm?. The sample-detector distance was chosen to cover a Q-range
between 0.008 A-* to 0.3 A-! thus allowing to detect precipitates or concentration fluc-
tuations with characteristic length scales between 1 nm and 100 nm.

A high resolution non-contact AFM (Omicron UHV-STM/AFM) was used to the
study the phase imaging of the cleaved surfaces of mixed crystals. The experiments
were performed at room temperature and at a pressure of 10~° mbar.

3. Resultsand discussion
3.1 Diffraction

Neutron powder diffraction data were collected from 50 K to 475 K for pure compounds
CoCl, and MnCl, as well as for the solid solution Co,sMnysCl,. A typical powder pat-
tern is shown in Fig. 1. All diffraction data can be fitted to one single trigonal phase
according to the structural model of [6] and [7]. Even in the case of the mixed crystal,
no splitting of Bragg peaks, or other signatures of phase separation could be observed
within the entire temperature range down to 50 K. Diffraction data thus indicate that
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Fig. 1. Powder diffraction pattern of the solid solution CoosMn,sCl, at room temperature.

CoCl, and MnCl, are miscible in all proportions and form homogeneous solid solutions
even at very low temperatures. Hence, there is a clear discrepancy between the present
experimental findings and the theoretical prediction of Robelin et al. [5]. The choice
of the overall equimolar concentration guarantees that any demixing product would be
visible with reasonable intensity given by the lever rule of thermodynamics, unless the
miscibility gap were extremely off-symmetrical and did not extend over the 50% limit
even at the lowest temperatures. This seems, however, highly improbably since in this
case, the solubility of Mn in CoCl, must be dramatically different from the solubility of
Co in MnCl,. In quasibinary mixtures of ionic compounds, such a behaviour has never
been observed.

The lattice parameters were determined by Rietveld refinement using FullProf and
Jana2006 programs [10,11]. At room temperature, we obtained a = (3.71240.001) A,
c = (17.586 +0.004) A for MnCl,, a= (3.540+0.001) A, c = (17.411 + 0.005) A
for CoCl, and a = (3.629+0.001) A, ¢ = (17.501+0.001) A for CoysMn,sCl,. The
values for the constituents are in good agreement with previous X-ray measurements
[6,7,12,13]. Due to the increased covalency in the Co—Cl bond as compared with
Mn—CI bond, both, a and c, are smaller for CoCl, as compared to MnCl,. The lat-
tice parameters for the mixed crystal correspond, within the experimental error, to the
arithmetic average of both, thus supporting the validity of \VVégard’s rule in this system.

The temperature variation of lattice parameters a and b and the unit cell volume V
are shown in Fig. 2 for the three compounds. Note, that the error bars are always smaller
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Fig. 2. Temperature variation of lattice parameters a (a), ¢ (b) and unit cell volume (c) for MnCl, (M),
CoCl, (a) and their solid solution (O).
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Tablel. Values of the constants in Egs. (1) and (2) describing the thermal expansion along a and c.

a a a G c c2
(A) (10°K1) (10°K2) (A (10°K1) (107 K2
MnCl, 3.696+0.001 4.5+3 71412  17.46+0.01 8+5  11.5+21
CoosMnosCl,  3.614+£0.001 8.7+£0.9 3.3+04 17.3654+0.007 2043 35+1.2
CoCl, 3.51264+0.003 20+8 56428 17.32540.002 41409 8.4+03

than the size of the symbols used to represent the data points. It can be seen that the
lattice parameters, as well as the volume of all crystals increase non-linearly with tem-
perature. The data can well be represented by a polynomial of order 2, as conveniently
represented by:

1
a=a, (l +a T+ §a2T2>

1
C=0 <1+01T+—02T2>

2

V= ?azc. €))
The coefficients as obtained by least squares fits are listed in Table 1. It is worthwhile to
note, that the non-linearity is significantly reduced in the mixed crystal. Consequently,
deviations from Végards rule become visible at low temperatures.

In the mixed crystal, the bond length between transition metal and halide ions in-
creases by about 0.01 A on heating from 50 K to 400 K. At the same time, the distortion
of the CoClg (MnClg) octahedra varies from 4.7% to 5.0%*! providing additional evi-
dence for the anharmonicity of the layered compound.

In first approximation, the coefficients of thermal expansion exhibit a linear tem-

perature dependence according to:

1 0a
ﬂazaﬁ=al+(az_ai)T%al+azT
1 ac
/3c=Eﬁzcl+(C4_Ci)Tmcl+C4T
19V
a= oom = 2fat PN 28+ Gt QA o) T @)

As already seen in Fig. 2, the mixed crystal exhibits a considerably smaller temperature
dependence of these coefficients as compared to the pure constituents. Consequently
the temperature independent parts (a;, ¢; and V;) are found to be much larger for
C0ysMngsCl,.

3.2 Small angle scattering

It is known from investigations of silver-halides systems [2—4] that demixing pro-
cesses might occur within the rigid frame of the halide-sublattice. In these cases

! The distortion is characterised by the relative differences of the octahedra edges.
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Fig. 3. Time evolution of small angle neutron scattering of the CoysMn,sCl, mixed crystal. For compari-
son, the Porod-law is represented by the straight line in this double-logarithmic plot.

spinodal decomposition was clearly observed by small angle scattering and by in-
elastic scattering from phonons while the structural Bragg reflections do not show
the characteristic splitting of the equilibrium product phases. It was concluded that
spinodal decomposition takes place at almost constant lattice parameter leading to in-
ternal coherency strains. Only on a much longer time-scale (of the order of months
in the system AgCI-NaCl), mechanical relaxation of the lattice and the correspond-
ing reduction of these strains lead to the final equilibrium state. In those cases, results
from diffraction alone are not suitable for the determination of phase diagrams. In
order to check whether such behaviour might also be present in the CoCl,-MnCl, sys-
tem we have performed small angle scattering experiments in mixed crystals. After
quenching a mixed crystals from 250°C to room temperature, we performed a se-
quence of the small angle scans over a time scale of several hours. The results are
shown in Fig. 3. The scattered intensity decreases monotonically with wave vector
transfer g and does not change with time at all. The intensity profile can well be
described by the g=*-Porod’s law. In particular, there is no evidence for any character-
istic feature of spinodal decomposition like a correlation peak that would correspond
to concentration fluctuations. If the Porod-behaviour were due to the existence of
separate CoCl, and MnCl, grains, the quantitative interpretation would lead to grain
sizes of the order 5 um — large enough to produce individual and clearly distinguish-
able diffraction patterns. Hence, the small angle intensity must be attributed to the
grain structure of the homogeneous Co,5Mn,sCl,-phase. Consequently, phase sepa-
ration can definitely be excluded and the existence of a miscibility gap has to be
questioned.

This finding is consistent with complementary investigations using atomic force mi-
croscopy of cleaved planes of single crystals. Even on the length scales of nanometers
no indications for structural changes due to demixing reactions and the formation of
precipitates could be observed.
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4. Conclusion

Neutron powder diffraction as well as neutron small angle scattering show that CoCl,
and MnCl, form a homogeneous solid solution between 50 K and the liquid phase.
These is no experimental evidence for the pronounced miscibility gap as predicted by
Robelin et al. [5]. Hence, it must be concluded that the simple cationic substitutional
model (Bragg-Williams) applied by these authors is not adequate to describe the inter-
actions within this system. The temperature variation of the lattice parameters indeed
shows the influence of strong anharmonicity leading to a significant variation of the
coefficients of thermal expansion. Interestingly, this effect is considerably reduced in
mixed crystals that, on the other hand, show a larger thermal expansion at low tempera-
tures as compared to the pure constituents.
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