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A new method of growing potassium cobalt sulfate hexahydrate
crystals from an aqueous solution of K2SO4 and CoCly salts has
been proposed. On the basis of X-ray diffraction researches, the
chemical composition of crystals grown was confirmed. The corre-
sponding transmission spectra in the range 200-800 nm were ob-
tained for the crystallographic orientations (001) and (011). The
pleochroism phenomenon associated with Co?* absorption bands
has been revealed. A relationship between the structural and op-
tical spectral properties of the crystals obtained has been found.

1. Introduction

Studies of crystal optical spectra draw attention of re-
searchers because of necessity in effective optical filters.
In this connection, Tutton salts [1-12] are intensively
studied. Data concerning their structure have been ob-
tained [1-5]. In particular, the authors of work [5] stud-
ied low-frequency vibration spectra of crystalline Tutton
salts with Co, Ni, and Zn ions. Potassium cobalt sulfate
hexahydrate, K2Co(SO4)2-6H,0O (KCSH), is an exam-
ple of Tutton salts. This salt belongs to the compounds
isomorphic to MM (H50)6](SO4)2, where M! is an al-
kaline metal or NHy, and M is a bivalent metal.

The features of the sulfate crystal growing and the
solubility diagrams of those sulfates which are usually
used to grow KCSH crystals were studied in work [6].

Crystals of (NH4)2Co(SO4)2-6H20O salt can be used in
experiments on the adiabatic demagnetization which is
applied to obtain ultralow temperatures [7]. The theory
of magnetic properties of cobalt Tutton salts was devel-
oped in work [8], the theory of paramagnetic resonance
in hydrated cobalt salts in work [9], and experiments on
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proton nuclear magnetic resonance in a number of para-
magnetic salts were carried out in work [10].

Nevertheless, the optical properties of KCSH practi-
cally were not analyzed. Earlier, we studied the spec-
tra of mixed crystals K3Co,Nij_;(SOy4)2-6Ho0 for the
orientation (001) [11]. The low symmetry of crystals al-
lowed us to expect that the position of absorption bands
depends on the direction of light propagation. There-
fore, in this work, we have studied KCSH crystals with
various orientations.

2. Experimental Technique

Specimens to research were grown up by the method of
slow evaporation at room temperature from the aqueous
solution of potassium sulfate K2SO4 and cobalt chlo-
ride CoCly taken in the stoichiometric ratio. A similar
technique has already been applied by us for growing
K2Zn(S04)2-6H20 crystals [12]. To filter out the aque-
ous solution, we used filtering paper with an average
pore diameter of 1-2.2 um. Optically transparent homo-
geneous crystals were grown up for 40-60 days.

The fabricated crystals are exhibited in Fig. 1. The
figure testifies that they are characterized by a well de-
veloped facet. The most pronounced are (001) and (011)
facets. In addition, visually, the crystals have different
colorings in different directions. In particular, they are
light red in the direction (001) and saturated dark red
in the (011) one. This testifies to their pleochroism.

X-ray diffraction studies were carried on a HZG-4A
powder diffractometer. A tube with a Cu anode served
as a source of X-rays (radiation emission with the wave-
length A(Cu K,) = 1.54185 A). Structural researches
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(011)

(001)

Fig. 1. Photograph of grown KCSH crystals

were carried using powder specimens obtained from the
grown single crystals. The structural parameters were
calculated with the help of a CSD universal software
package (version 4.10) developed for the analysis of
structural data of single crystals and powders [13].

The spectra of optical absorption were measured in
non-polarized light at room temperature. We used a Shi-
madzu UV-3600 spectrometer in the range 200 —800 nm
with a step of 0.2 nm. Specimens for research were about
1 mm in thickness, and they were cut out perpendicu-
larly to the directions (011) and (001). The spectral
analysis was carried out by the derivative spectroscopy
method with the use of the Microcal Origin software
package.

3. Research Results

The diffraction pattern of a KCSH powder is shown in
Fig. 2. The total variation range of the angle 6, in which
the measurements were carried out, extended from 7 to
73° (with a step of 0.05°).

According to the results of X-ray diffraction stud-
ies, we may assert that KCSH crystals belong to the
monoclinic spatial group P2;/a (Cy; in Schonflies no-
tation) with the lattice parameters a = 9.0514(6) A,
b = 12.204(1) A, ¢ = 6.1528(4) A, 3 = 104.825(3)°,
v = 657.1(2) A%, Z = 2, and D, = 2.2104(5) g/cm®.
These results agree well with the data of work [2].

Additionally, we made a computer-assisted analysis of
the results of X-ray diffraction researches which allowed
us to obtain atomic parameters of KCSH crystals. They
are listed in Table 1.

On the basis of the results obtained and the data of
work [12], it became possible to specify the elementary
cell of a K3Co0(SO4)2-6H30 crystal which is shown in
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Fig. 2. Diffraction pattern of KoSO4+CoCly powder

Fig. 3. From the figure, one can see that the cobalt ion
is surrounded by an octahedral environment. Figure 3
illustrates the spatial geometry of a CoOg octahedron.
Every octahedral position of the Co?t ion environment
is occupied by an oxygen ion (2x05, 2x06, 2x07). In
addition, the structure clearly demonstrates tetrahedral
groups SO4 which are located between potassium ions.
It is also worth noting that the octahedron CoOg is a
little bit squeezed in the direction O7-Col-aO7. It can

Table 1. Atomic parameters for K2Co(SO4)26H20
crystal
Coordinates, A Equivalent
Atom isotropic
T Yy z temperature
parameter B(is/eq), A2

Co 0 0 0 1.531
S 0411(2) 0.1340(12) 0.725(2) 1.212
O1 0.403(3) 0.232(2) 0.573(4) 0.623
02 0.559(3) 0.068(2) 0.768(4) 0.623
03 0.283(3) 0.066(2) 0.628(4) 0.623
04 0.395(3) 0.171(2) 0.934(5) 0.623
05  0.177(3) 0.115(2) 0.179(4) 0.623
06 -0.174(3) 0.119(2) 0.041(4) 0.623
O7 -0.007(3) -0.067(2) 0.293(4) 0.623
K 0.1311(13) 0.3493(9) 0.349(2) 1.595
H1 0.207(3) 0.093(2) 0.282(5) 0.935
H2 0.244(3) 0.122(2) 0.106(4) 0.935
H3 -0.253(3) 0.105(2) -0.046(4) 0.935
H4 -0.143(3) 0.176(2) 0.009(4) 0.935
H5 -0.071(4) -0.065(2) 0.336(5) 0.935
H6 0.030(3) -0.134(3) 0.338(5) 0.935
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Fig. 3. Elementary cell of K2Co(SO4)2-6H20 crystal

be explained by the presence of hydrogen bonds which
affect oxygen atoms.

The optical absorption spectra of KCSH crystals for
light propagating along the directions perpendicular to
the crystallographic planes (001) and (011) are depicted
in Fig. 4. The figure demonstrates that the measured
spectra, though being qualitatively different, have one
maximum each. In particular, the absorption peak is
more intense for the orientation (001), with that for the
orientation (011) being shifted a little toward lower fre-
quencies.

In accordance with the derivative spectroscopy
method, the plots of optical spectra were used to find
the second derivatives (Figs. 5,0 and b), taking advan-
tage of the computer software package. By analyzing the
band maxima in the negative part of the plots, probable
positions of the maxima of the simplest Gaussian func-
tions were determined. These data were used to approxi-

T able 2. Frequencies of elementary vibrations in a
KCSH crystal at the light propagation perpendicularly to
the crystallographic planes (001) and (011)

(011) (001)

Peak Peak Peak Peak
position amplitude) position) amplitude)
(cm~1) (em™1) (em™1) (em~1)

A — - 19127 4+ 38 25
B 19809 + 40 33 — —
C - - 20229 + 40 18
D 21515 + 41 31 21435 £ 43 19
E 23065 + 46 14 — —
F — — 24654 £+ 49 11
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Fig. 4. Optical absorption spectra of a KCSH crystal for light
propagating perpendicularly to the crystallographic planes (001)
and (011)

mate the spectra concerned by sets of Gaussian functions
(Figs. 5,c and d). The frequencies of elementary band
maxima and the peak values of absorption coefficients
obtained in such a way are listed in Table 2.

As Figs. 5,c and d and Table 2 demonstrate, the ab-
sorption spectra of KCSH crystals contain six different
bands (A-F). Band D manifests itself at both the studied
directions of light propagation which are perpendicular
to the planes (011) and (001). The figure also testifies
that the intensity of this band is different for different
directions of light propagation. Bands B (19778 cm™1!)
and D (20815 cm™!) emerge, when light propagates per-
pendicularly to the plane (011), and bands A, C, and F
when perpendicularly to the plane (001).

4. Discussion

Figs. 4 and 5 (panels ¢ and d), as well as the data
quoted in Table 2, allow us to draw a conclusion that the
pleochroism phenomenon in KCSH crystals is unambigu-
ously associated with the anisotropy of optical absorp-
tion spectra for different directions of light propagation.
For an explanation of the phenomenon observed, we can
consider, as the first approximation, that the splitting of
Co?* ion energy levels occurs owing to the O symmetry,
associated with the octahedral environment created by
oxygen atoms (Fig. 3). However, according to the results
of work [4], only two bands would be observed in absorp-
tion spectra in this case (Fig. 6). At the same time, as
is seen from Fig. 5 and Table 3, six elementary absorp-
tion bands are observed in the spectra. Therefore, it is
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Fig. 5. (a and b) Second derivatives of the absorption spectra for different directions of light propagation and (¢ and d) the approximations

of KCSH crystal spectra by Gaussian functions

evident that the symmetry of the Co ion environment
in KCSH crystals is lower than the octahedral one. To
find the energy level structure, let us take advantage of
the symmetry-lowering method proposed by Bethe [15].
In our case, following this method, we adopt that the
group O contains the subgroup Dy, i.e. the octahedron
becomes deformed along the vertical axis of the fourth
order. The irreducible representations of the groups O
and D, are connected by the relation

P = g% ;x%)*xm (R), (1)

where x© and xP* are the traces of matrices that de-
scribe the representations of the groups O and Dy, re-
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spectively. The quantity Py defines how many times the
representation of Dy is contained in the irreducible rep-
resentation of O. Using the notation of representations
given in work [15], we write

A2g - Blv

Ty — Ay + E,

ng — BQ + E. (2)

As is seen from expressions (2), the representation F
is a unique degenerate representation of the group Dj.
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This degeneration can be eliminated by selecting one
of the second-order axes and lowering the symmetry of
the complex shown in Fig. 3 to the monoclinic one (C53).
Using the table of characters of the group Cs, we obtain,
by analogy with Eq. (1),

B1—>A,
E—>Bg+Bg,
AQ"Bla

By — Bj. (3>

The results of such an analysis concerning the splitting
of energy levels are presented in Fig. 6.

The bases of the representations By, By, and Bj are
vectors directed along the axes z, y, and x, respectively.
Hence, one may expect that the oscillations of the light-
wave electric vector along each of three crystal-physics
axes are accompanied by the appearance of two absorp-
tion bands. From the analysis of the results obtained,
we may assert unequivocally that band A corresponds
to the transition A-Bs(T7), and bands B and C to the
transitions from the ground level to levels By (T3) and
By (Ty), respectively. Band D, which corresponds to the
transition A-Bs(T3), is observed in the spectra of both
specimens under investigation. The appearance of band
D (Figs. 5,c and d) in the spectral decomposition for
two directions of light propagation—perpendicularly to
the planes (011) and (001)—is connected with the fact
that, in both cases, the light-wave vector can oscillate
along the z-axis direction.

Table 2 also demonstrates that all the bands (A to
F) are responsible for the pleochroism phenomenon,
because they either considerably change their inten-
sity at different geometries of experiment (band D) or
manifest themselves only at certain orientations (bands
A, B,C,E, and F).

5. Conclusions

KCSH crystals of a good optical quality have been grown
up from aqueous solutions K>;SO,4 and CoCl,. The re-
sults of X-ray diffraction studies confirmed their struc-
ture. We have revealed the pleochroism phenomenon
which manifested itself as a difference between the crys-
tal colorings, when the specimen was observed at the
orientations (001) and (011). By decomposing the opti-
cal transmission spectra of KCSH crystals into elemen-
tary bands, the corresponding absorption spectra were
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Fig. 6. Splitting of energy levels in a Co?T ion

demonstrated to consist of six bands with the maxima
observed at frequencies of 19127, 19809, 20229, 21435,
21515, 23065, and 24654 cm~!. The analysis carried
out in the framework of the group theory showed that,
owing to a low symmetry of the environment around a
cobalt ion, one should expect that the electric vector of
a light wave propagating arbitrarily in a KCSH crystal
would oscillate in three crystallographic directions, and
two absorption bands should be expected to emerge for
each of them. Therefore, various crystal colorings can be
observed in any direction of light propagation. Such an
effect of pleochroism is very promising for the creation
of controlled optical polarization filters.

1. P. Ballirano and G. Belardi, Acta Crystallogr. E 62, 158
(2006).

2. A. Kirfel, H. Klapper, W. Schafer, and F. Schwabenlan-
der, Z. Kristallogr. 213, 456 (1998).

3. J.M. Whitnall and C. Kennard, J. Solid State Chem. 22,
379 (1977).

4. A.B.P. Lever, Inorganic Electronic Spectroscopy (Else-
vier, Amsterdam, 1984).

5. M.V. Barashkov, A.A. Zazhogin, A.I. Komyak, and
S.N. Shashkov, J. Appl. Spectr. 67, 605 (2000).

6. L.V. Soboleva and L.F. Kirpichnikova, Crystallogr. Rep.
46, 306 (2001).

7. H.A. Farach and C.P. Poole, J. Phys. C 11, 4547 (1978).

8. K. Kambe, S. Koide, and T. Usui, Prog. Theor. Phys. 7,
15 (1952).

9. A. Abragam and M.H.L. Pryce, Proc. R. Soc. London,
Sect. A 206, 173 (1951).

10. V.A. Stolyarov, Pis'ma Zh. Eksp. Teor. Fiz. 6, 476
(1967).

11. II. Polovinko, S.V. Rykhlyuk, V.B. Koman, and
I.D. Karbovnyk, Zh. Prikl. Spektrosk. 76, 126 (2009).

179



I.I. POLOVINKO, S.V. RYKHLYUK, V.B. KOMAN et al.

12. L.I. Polovinko, S.V. Rykhlyuk, and V.M. Davydov, Ukr. TIJIEOXPOI3M ¥V KPUCTAJIAX KAJITFO KOBAJIHTY
J. Phys. 52, 671 (2007). CYJIBOATY TEKCATITIAPATY

13. L.G. Akselrud, Yu.N. Gryn, and P.Yu. Zavalii, in Ab- 1.1 [Tososunxo, C.B. Puzawx, B.B. Koman,
stracts of the 12th European Crystallographic Meeting,  B.M. JJasudos
Moscow, August 20-29, 1989, Vol. 3, p. 155.
PezowMme
14. L.G. Akselrud, Yu.N. Grin, V.K. Pecharsky, and
P.Yu. Zavalii, CSD97 — Universal Program Package for  3aIlpOoloHOBaHO HOBMil METOJ BUPOLILYBaHHs KPUCTaJIB KaJilo Ko-
Single Crystal and Powder Structure Data Treatment, —0anpTy cyibdary rexcarinpary s Bommoro poguunny coneit K2SOq
Version 7 (1997). ta CoClz. Ha ocHOBI peHTTeHOCTPYKTYPHUX JOC/II2KEHD iITBEP-
JPKEHO XIMIYHMI CKJIal BUPOIeHNX Kpucrajiis. OrpumMano ix cre-
15. R.S. Knox and A. Gold, Symmetry in the Solid State xrpm npomyckamnsa B gianasomi 200-800 HM I8 KPHCTAJIOrpa-
(Benjamin, New York, 1964). diynnx opienramiit (001) Ta (011). BusiBjeHo sBuINE IIEOXPOI-
3My, sike moB’si3ame i3 cMmyramu morsunanas Co?t. Beramosieno
Received 10.04.09. 3B’SI30K MiXK CTPYKTYPOIO Ta ONTHYHUMH CIHEKTPAJIHLHUMU BJIACTH-
Translated from Ukrainian by O.I. Voitenko  BocTsIME OTpUMaHMX KPHCTAJIIB.

180 ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 2



