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Twenty-one chromium-containing compounds and solid solutions belonging to ten structural types were
obtained by either solid-state reactions or the Pechini method and studied from the point of view of the
relationship between structure, composition and colour. Formation of single-phase products was assured

by heating on several high-temperature stages and monitoring phase transformations by X-ray diffraction.
Electronic absorption spectra and colour coordinates of the samples were obtained and analysed paying special
attention to the dependence of the colour on the structural characteristics and the presence of chromium in

oxidation states other than Cr(im).

Introduction

At present, there is an increasing need to develop new highly
stable red-shade ceramic pigments, as a result of the imple-
mentation of new technologies and new environmental
requirements. Existing cadmium sulfoselenide red pigments
(CdS; — ,Se,) present rather good chromatic properties, but
their thermal stability is unsatisfactory.! Moreover, they are
suspected of possessing carcinogenic properties and their
manufacture involves the formation of toxic emissions.>>

Chromium-based pigments could turn out to be a safe
alternative to the sulfoselenide, although no chromium pig-
ment has been discovered so far that shows a red shade of
similar intensity in combination with a better thermal stability.
The search for a pigment of such characteristics, led to the
present study, which is an attempt to revise and systematize the
knowledge about the mechanism of colouration of chromium-
doped solids.

Usually the colour of the chromium-doped materials is
explained by the formalism of the crystal field theory applied to
Cr(m). Tt has d* electronic configuration and in oxides prefers
octahedral coordination. Several electronic transitions are
possible in this case and they are given in Table 1 together with
the labels most commonly applied to the corresponding
absorption bands.*

All of these transitions are forbidden by Laporte’s selection
rule due to the equal parity of the ground and the excited state
(g). However, the prohibition imposed by this rule is partially
relaxed by the presence of odd-parity crystal fields and odd-
parity nuclear vibrations. In addition, the transitions corres-
ponding to the R, R” and B bands are spin-forbidden and the
one corresponding to the Y’ band supposes a two-electron
jump in the strong field limit, which is also forbidden. The spin
selection rule is slightly released by spin—orbit interactions and

Table 1 Transitions of Cr(in) in octahedral crystal field and lables used
for their corresponding bands

Transition Band
:Azg — ng (29) R
4A2g g 4T|g (4G) R’
4A2g — 7ng (2F) U
4A7g — ;ng (4G) B
AZg - Tlg ( F) Y
Ase — Tig (°P) Y’

DOI: 10.1039/b201802k

therefore the R and R’ bands are observed, although less
intense than the bands Y and U, which are due to parity-only-
forbidden transitions. The intensity of the Y'band is enhanced
by configuration mixing of the states 4T1g (*F) and 4T1g (*P).

The four bands Y, U, R and R’ appear in the visible part of
the spectrum and their position and form are crucial for the
colour perceived by the human eye. Several parameters, which
are often used to characterise the electronic properties of
transition-element complexes can be derived from the energies
of these transitions. The most important ones are the crystal
field parameter 10Dg, which coincides with the energy of the
maximum of the band U if the octahedral approximation is
considered, and the Racah parameters B and C, which are
calculated by the following formulae:’

_ 2vi=v)(ra—vy)
B= 3(9v; —5v2)

_ V3*9B

=73

Here v, and v, are the energies of the maxima of the U and Y
bands, respectively, while v; can be taken as the average of the
band maxima energies of R and R’.

One has to bear in mind that specific dips denoted
antiresonances may appear sometimes on the sides of the
band U instead of the bands R and R’. Generally, they are
explained as an effect of spin-orbit coupling of the states *E,
and 2T1g with 4T2g. A theory developed by Fano®’ for atomic
spectra and later adapted by Sturge et al® for transition
element electronic absorption spectra is usually used to analyse
the phenomenon.g’lO However, Neuhauser ef al. ! have recently
developed a new more precise theory of the antiresonances, in
which Fano’s model have been shown to be inadequate for
molecular spectra.

It should be pointed out that in addition to the spectral
features discussed above, a band due to charge transfer
transition could appear below 400 nm in the electronic spectra
of concentrated solid solutions of Cr(1m).

It is well known that chromium can be stabilized also in
oxidation states 2, 4, 5 and 6 by variation of the crystal host
type and the synthesis conditions. Cr(i), Cr(iv) and Cr(v) have
4, 2 and 1 electrons, respectively, in their 3d shells, thus d-d
type electronic transitions are also expected to occur in them.
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The Cr(1) has been stabilized in several halcogenides such
as ZnS, ZnSe and CdTe as well as in some glasses.'> '* It is
easily oxidised to higher oxidation states and reducing atmos-
phere is generally required for its synthesis. It will not be
considered in the present work as all the syntheses are carried
out in oxygen atmosphere.

The presence of Cr(v) has been shown in some chromates,
phosphates, vanadates and silicates.'>'® Usually, it is in tetra-
hedral coordination and only the electronic transition 2E — T,
is possible, resulting in a wide absorption band in the near IR
region.

Cr(1v) has been obtained in multiple aluminates, gallates,
silicates, germanates, chromates, fluorides, some glasses ete.?
Most of the studies have been dedicated to Cr(iv)-doped
forsterite’® 2 and yttrium-aluminium garnet (YAG).*’* Also,
there is evidence for the presence of this ion in some chromium-
based pigments as CaSnSiOs : Cr and CaY AlO, : Cr.>> 7 Usually,
it coordinates four oxygen atoms and the lack of symmetry
centre in the obtained tetrahedron is a premise for strong
optical absorption. Three spin-allowed transitions are possible:
*A>CF) — *T i CP), *A2(F) — *T CF) and *Ax(°F) — *T,(CF).
The last transition causes a wide absorption band in the near
IR region and could be used to detect the presence of small
quantities of the ion.

Cr(vr) is the chromophore responsible for the intense yellow,
orange or red hues of PbCrO, pigments.> In most chromates, it
gives two strong absorption bands due to charge transfer
transitions and their maxima are usually located at 27000 cm ™!
and 39000 cm ! (370 and 256 nm respectively).® In spite of the
intense shades which can be obtained with this ion, it is not
appropriate for use as a chromophore in pigments due to its
tendency to photochemical reduction and particularly due to
its carcinogenic properties.

The presence of chromium in a given oxidation state can be
expected to be favoured by specific structural features such as
the type of available structural sites. All of the host structures
studied here possess octahedral cation sites (BOg), with the
exception of ZrO, (see Table 2).3° Cr(im) has a strong affinity
for six-fold coordination and its size is similar to that of the
B-ions in the hosts (AI’*, Sn**, Zr**, Ti*"). However, non-
isovalent substitution has to be considered in stannates, zirco-
nates and titanates.

As already mentioned, Cr(1v) and Cr(v) prefer tetrahedral
coordination. The spinel, garnet and sphene structures possess

tetrahedral sites, but in the spinels they are much larger than
the ionic radii of Cr(1v) and Cr(v).

The ionic radius of Cr(vi) is much smaller than that of the
octahedral (B) and the tetrahedral (C) positions of the hosts,
which together with its much higher charge makes its existence
in most of the studied compounds look improbable. However,
in a previous report we demonstrated the presence of Cr(vi) in
YAG, synthesized by the Pechini method at temperatures as
high as 1200 °C.*® At 1400 °C, Cr(vi) was totally reduced to
Cr(iv) and Cr(m), despite the oxidizing atmosphere, which
suggested that Cr(vi) was stabilized at the lower temperatures
by the presence of structural imperfections. Such a mechanism
could also allow the stabilization of Cr(iv) and Cr(v).

Another factor influencing the colour, besides the presence
and the concentration of chromium in different oxidation
states, is the particular symmetry of the crystal field acting on
the chromophore ions. As it can be seen from the point
symmetry groups shown in Table 2, the symmetries of most of
the octahedral and tetrahedral sites deviate from cubic. This
deviation causes additional splitting of the energy levels and
the corresponding absorption bands. For example, the splitting
of the *T, gand 4T2g levels of Cr(1m) (and the respective Y and U
bands) is a well known phenomenon.

It should be pointed out that the symmetries shown in
Table 2 are the theoretical ones corresponding to the ideal
undoped crystal structures. However, the site symmetries could
change due to structural disorder induced by non-stoichiometry
or by substitution. For example, reduction of the D34 symmetry
of the Al(Cr)Og octahedron to C;, due to removal of the
inversion center was suggested for spinels (MgAl,O4) doped
with small chromium concentrations, based on analyses of their
electronic spectra.*! A decrease in symmetry with removal of
the inversion centre was also deduced for the aluminium site
with Cs; symmetry in garnets.*?

The study of chromatic properties requires the use of an
appropriate system to measure the colour objectively. The
CIE Lab (1976) system of chromatic coordinates will be used
throughout the present work for this purpose.*’ The coordinate
L can vary between 0 and 100 and is interpreted as luminosity.
A value of L close to zero corresponds to black while L close to
100 corresponds to white. There are no limits for the values of
the coordinates ¢ and b and they can be positive or negative
depending on the colour: ¢ < 0 green; a > 0 red; b < 0 blue;
b > 0 yellow. A transformation of the Lab coordinates into

Table 2 Data related to the crystal structures of the compounds studied here

Synthesized structures Structural type

Space group and crystal system

General formula  Coordination polyhedra and symmetry

Al,O3 (corundum) Corundum R3¢ (167), rhombohedral B,O;3 BOg, Cs

Cr,0; (escolaite)

SnO, (cassiterite) Rutile P4,/mnm (136), tetragonal BO, BOg, Doy,

ZrO, (baddeleyite) Baddeleyite P2,/c (14), monoclinic BO, BO,, C

YAIO; Perovskite Pnma (62), orthorombic ABO; AQg, C; BOg, C;

YCI’O3

CaSnO;

CaTiOj; (perovskite)

MgAl,O4 (spinel) Spinel Fd3m (227), cubic AB,Oy4 AOQy, Ty, BOg, Dig
MgCr,0,4 (magnesiocromite)

stl'l207 PerCthre Fd?)ﬂ’l (227), cubic A2B207 1Ac)g7 Dsg; BOG, D3y
Y,Ti,0,

NszH207

NdzZI‘zO7

EI'3A150|2 Garnet Iagd (230), cubic A3B2C3012 AOg, Dz; BO(,, C3i; CO4, S4
Y;3Als01, (YAG)

Ca;Cr,Si301, (uvarovite)

YCaAlO, K,NiF,4 14/mmm (139), tetragonal A,BO, AQy, C4y; BOg, Dy,
CaSnSiOs (malayaite) Sphene A2/a (15), monoclinic ABCOs AO;, Cy; BOg, Ci; COy4, C,
NaZr(POy)3 NZP R3¢ (167), rhombohedral AB>(POy); AOQg, C5;; BOg, Cs

Cay sZry(POy);
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polar coordinates results in other two useful quantities (the
coordinate L does not change). They are the chroma (¢) and the
hue (), which are related to a and b by the following formulae:

c=vVa’+b?

h=arctan(b/a).

The hue / is the closest approximation to our idea for colour
saturation.

A bright red colour is characterized by L ~ 50, a > 50,
b > 30 and & > 50. The visible absorption spectrum of a
material of such characteristics presents very strong absorption
below 600 nm and almost zero-absorption above this value, as
there is a steep transition between the two regions.

Experimental section

The compositions of the samples and the conditions for their
synthesis are given in Table 3. The synthesis by the Pechini
method was carried out using an already established metho-
dology.*** The reagents, which were used, are shown in
Table 4. Aqueous solutions were prepared, in which ethylene
glycol (EG), citric acid (CA) and metal ions (XMe) were taken
in the molar proportion ¥XMe:CA:EG = 1:1:2. Heating
at 120 °C under an IR lamp with simultaneous stirring caused
a gradual increase of the initial viscosity of the solutions,
emission of gases and vapours and, eventually, formation of
amorphous brownish powders which were further used as
precursors.

The solid-state reactions were carried out using the materials
shown in Table 5. The raw materials taken in the correspond-
ing stoichiometric proportion were homogenized using a
planetary ball mill (Fritz Pulverisette) with agate vessels and
acetone as a dispersing medium.

After drying at 100 °C, the precursors obtained by the solid-
state reactions and those obtained by the Pechini method were
placed in mullite crucibles and fired in several stages in an
electrical furnace (Nanneti). The maximum temperature of the
thermal cycles necessary to obtain pure phases was fixed
between 1300-1400 °C in most cases and the soaking time was
4 h (Table 3). The phase purity of the samples was controlled
by a Siemens (model D5000) diffractometer and Siemens
Diffrac Plus software. The electronic absorption spectra were
measured in diffuse reflectance mode employing a Perkin Elmer

Table 3 Synthesized samples and synthesis method

Table 4 Raw materials for syntheses via the Pechini method

Precursor Provider Purity (%)
Y(CH;COO);3-4H,0 Alfa 99.9
ErCl; (anhydrous) Strem Chemicals 99.9 Er
AI(NO;)3-9H,0 Prolabo 98

Cr3;(CH3COO),(OH), Aldrich 24 mass%oCr
C¢HgO5 (anhydrous citric acid) Panreac 99.5
(CH,0OH),, ethylene glycol Panreac 98

Table 5 Raw materials for the synthesis by solid- state reaction

Precursor Provider Purity (%)
Y,03 Prolabo 99.5¢
Nd,O5 Rhone Poulenc 98.8¢
MgO Merck >97
CaCO; Merck 99
v-AlL,O3 Merck 99.0¢
SnO, Merck 99
710, Merck 99
TiO, Prolabo >99
SiO, Esmaltes SA 99.8¢
Cr,05 Merck 99
Na,C,04 Merck 99.8
NH4H2PO4 Merck 99

“Determined by X-ray fluorescence

(model Lambda 19) spectrophotometer. The measurements
were performed with a scanning step of 0.4 nm in the spectral
range from 350 to 1400 nm. The chromatic coordinates CIE
Lab were obtained with the same apparatus from reflectance
spectra scanned in the interval 380-780 nm with a step of 1 nm
and using a Dgs illuminant.

Results
Solids containing chromium as a main component

The spectra of four solids containing chromium as a main
component are shown in Fig. 1. Cr,03 and CazCr,Siz04, are
commercial pigments, sold under the names of Chrome Green
and Victoria Green, respectively."*® None of the samples
exhibit bands in the NIR, which indicates that the spectra
simply show Cr(im) electronic transitions. The Y and U bands
are observed in the visible, and the positions of their maxima

Sample Cr content/mol Synthesis method”

Cr203 2 1P

YCrO; 1 SSR, 1100 + 1400 °C/2 x 4 h
MgCr,04 2 SSR, 1100+2 x 1400 °C/2 x 4 h
Ca3CrQSi3012 2 1P

ALO;:Cr 0.05, 0.08 PM, 1100 + 1400 °C/2 x 4 h
YAIO;: Cr 0.05, 0.2 SSR, 1100 + 1400 °C/2 x 4 h
MgAlL,O4: Cr 0.05, 0.8 SSR, 1100 + 1400 + 1500 °C/3 x 4 h
Y;3Al50¢,: Cr 0.05, 0.1, 0.15, 0.2 PM, 1100 + 1400 °C/2 x 4 h
Er;AlsOps: Cr 0.1 PM, 1100 + 1400 °C/2 x 4 h
YCaAlO,: Cr 0.05 SSR, 1100 + 1400 °C/2 x 4 h
SnO,: Cr 0.05 SSR, 1100 + 2 x 1400°C/3 x 4 h
CaSnO;: Cr 0.05 SSR, 1100 + 1400 °C/2 x 4 h
CaSnSiOs: Cr 0.036 SSR, 1100 + 1400 °C/2 x 4 h
Y,Sn,07: Cr 0.02, 0.05, 0.2, 0.5 SSR, 1100 + 1400 °C/2 x 4 h
Nd,Sn,05: Cr 0.02, 0.05, 0.2, 0.5 SSR, 1100 + 1400 °C/2 x 4 h
CaTiO;: Cr 0.05 SSR, 1100 + 1300 °C/2 x 4 h
Y,Ti,07:Cr 0.05, 0.2 SSR, 1100 + 1300 °C/2 x 4 h
Zr0,:Cr 0.05, 0.2 SSR, 1100 + 1400 °C/2 x 4 h
Nd,Zr,0;: Cr 0.05 SSR, 1100 + 1400 + 1500 °C/3 x 4 h
NaZr,(POy)s: Cr 0.05, 0.2 SSR, 400 + 1100 + 1300 °C/3 x 4 h
Cag sZry(POy)s: 1 0.2,0.5 SSR, 400 + 1100 + 1300 °C/3 x 4 h

“IP = industrial pigment; SSR = solid state reaction; PM = Pechini method.
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Fig. 1 Electronic absorption spectra of solids containing chromium as
a main component.

Table 6 Chromatic parameters of solids containing chromium as a
main component

Sample Color L a b ¢ h

Cr,04 Green 59.24 —6.25 8.72 10.72 —54.37
YCrO; Bright green  60.40 —15.23 18.80 24.19 —50.99
MgCr,04 Greyish green 73.53 —6.41 8.36 10.53 —52.52

Ca;Cr,Siz0, Emerald green 77.91 —8.69 11.66 14.54 —53.30

indicate the presence of Cr(in) subjected to a relatively weak
octahedral field. In the spectrum of the magnesiochromite
(MgCr,0,), these bands are displaced towards higher energies,
which could be attributed to the contracting action of Mg(m)
on the CrOg octahedra. The radius of Mg(i1) with CN = 4 is
71 pm, which is much less than the radii of Ca(i) and Y (i)
(115.9 and 126 pm, respectively, for CN = 8).*’ In addition, the
R and R’ bands are clearly observed in the spectra of YCrOs3
and MgCr,0y,, while they only form a shoulder in the spectra
of Cr,O3; and CazCr,Si3O;,. The bands at 350400 nm are
assigned to the charge-transfer transition from the oxygen 2p
valence band to the chromium 3d conduction band.

As Table 6 shows, all four chromium oxides present similar
green shades, their a-coordinates being negative and their hue
values (4) varying to a very limited extent. This is typical for
octahedrally coordinated Cr(in) in relatively relaxed structures,
i.e. the case of a weak crystal field.

Solid solutions of Cr in aluminates

The spectra of four solid solutions of chromium in aluminates
are shown in Fig. 2. The spectra of the chromium doped
erbium-aluminium and yttrium-aluminium garnets are shown
separately in Fig. 3. The spectra of Al,O; and MgAl,04 doped
with small concentrations of chromium differ from the spectra
of Cr,O3 and MgCr,O4 by the higher energy of the Y and U
bands. This can be explained by the smaller ionic radius of
Al(ur) compared to Cr(mn) (67.5 pm vs. 75.5 pm, respectively,
for CN = 6)* which causes an increase in the octahedral
crystal field strength when chromium is substituted by alumi-
nium. Nevertheless, the spectra of YAIO; and YCaAlO,4 can
not be explained only by the presence of Cr(i). The wide bands
in the NIR and the complex structure of the absorption in the
visible are indications for the presence of Cr(iv). The presence
of Cr(v) can not be excluded on the basis of these observations
only. Since neither YAIO; nor YCaAlO,4 have tetrahedral sites
available these ions are expected to enter into interstitial sites.
The superposition of Cr(1v) bands with Cr(ir) bands results in

2828 J. Mater. Chem., 2002, 12, 2825-2832
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Fig. 2 Electronic absorption spectra of some solid solutions of
chromium in aluminates.

Wavenumber/x10° cm™

28262422 20 18 16 14 12 10 8

| IS P PO T N | n 1 n 1 n 1 n 1
0,25
0.20 Er,Al,0,,:0.1Cr
0,15

A )
0,10 Y,Al,0,,:0.1Cr
0,05
0,00
T T T T T T T M T T
400 600 800 1000 1200 1400
Wavelength/nm

Fig. 3 Electronic absorption spectra of solid solutions of chromium in
yttrium—aluminium garnet and erbium-aluminium garnet.

a strong optical absorption in the visible, and consequently, in
very intense hues which are red in the case of YAIO; (see
Table 7).

A band centered at about 1020 nm in the spectrum of
Y3Al504,:0.1Cr shown in Fig. 3 also reveals the presence of
Cr(1v). As it is expected to replace Al(ir) in the tetrahedral
garnet sites and no element is included in the structure to act as
a charge compensator, an alternative mechanism of compen-
sation is suggested, consisting in the formation of cation
vacancies. The positions of the U and Y bands of Cr(i) cor-
respond to a weak crystal field. The substitution of the yttrium
in the YAG for erbium causes the appearance of several narrow
peaks due to f-f transitions, which overlap the chromium
spectrum. In spite of this, the energy of the 4A2g — 4T2g
transition can be determined and is about 400 cm ™! higher than
that corresponding to YAG, ie. the crystal field is slightly
stronger but it still remains weak. The small increase is due to
the slightly smaller ionic radius of erbium (114.4 pm) compared
to yttrium (115.9 pm). The colour of Er*™ itself is pink but the
crystal field acting on Cr(in) is not sufficiently intense as to lead
to a red shade.

The chromatic parameters of the aluminate samples are
compared in Table 7. The chroma parameters (c) of the
YAIO;:Cr and CaYAIQ,: Cr samples are substantially higher
than those of the other samples, as a consequence of the intense



Table 7 Chromatic parameters of solid solutions of chromium in aluminates

Sample Cr content/mol Color L a b ¢ h
ALO; 0.05 Pink 82.11 6.82 —0.02 6.82 —0.168
0.08 Pink 77.07 7.70 —0.11 7.70 —0.82
YAIO; 0.05 Pink 73.67 15.16 15.33 21.56 45.32
0.20 Red 57.75 16.73 10.38 19.69 31.82
MgAl,O, 0.05 Light pink 91.57 3.73 0.74 3.80 11.2
0.80 Pink 71.79 3.96 6.35 7.48 58.0
Y;Al504, 0.05 Pale green 97.56 -2.71 5.85 6.45 —65.14
0.10 Pale green 97.22 —5.68 6.97 8.99 —50.8
0.15 Green 95.14 —7.55 8.19 11.1 —47.3
0.20 Green 84.78 —5.44 6.86 8.76 —51.6
Er;AlsOq, 0.10 Greenish grey 91.74 —0.51 3.97 4.00 —82.7
YcaAlOy 0.05 Orange 68.18 11.74 21.18 24.21 61.00

absorption in the visible part of their spectra. However, the
colour of CaYAIO,: Cr has a high yellow component (b) which
coincides with data reported by Olazcuaga.*® There are
commercial pink pigments based on the solid solutions of
chromium in alumina and spinels in spite of their relatively low
colour saturation.

Solid solutions of chromium in stannates

The spectra of three compounds of the ternary system CaO-
Sn0,-Si0, doped with chromium are shown in Fig. 4. These
compounds, particularly the cassiterite (SnO,) and the malay-
aite (CaSnSiOs), are of primary importance for the ceramic
pigments industry as combined in different proportions they
form intensely coloured pinks and violets.****® The spectra of
these two chromium-doped structures are very similar in the
visible region. Particularly interesting are the absorption bands
around 700 nm which can be assigned again to the spin-
forbidden transitions of Cr(ur) already discussed. They are
much more intense than in other structures and this fact can
be attributed to the strong distortion of the corresponding
octahedral sites.

There is a band in the near-IR part of the spectrum of the
chromium-doped malayaite (at 1200 nm), which is not found in
cassiterite. Once again it can be attributed to Cr(1v) and in this
case this ion can be stabilized in the tetrahedral SiOy, site. There
are no such sites in the perovskite CaSnOj; but still it has a
similar, though less intense band, whose maximum appears at
about 1200 nm.

The spectra of two chromium solid solutions in tin pyro-
chlores are shown in Fig. 5. The spectrum of the neodymium
variety apparently consists of bands caused by neodymium f—f
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Fig. 4 Electronic absorption spectra of solid solutions of chromium in
three tin-containing oxides.
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Fig. 5 Electronic absorption spectra of solid solutions of chromium in
two tin-containing pyrochlores.

transitions superimposed on Cr(ir) bands. A new band appears
in the spectrum of the yttrium pyrochlore peaking at about
920 nm, which can only be explained by the presence of Cr(v)
or Cr(1v) in interstitial sites. The spin allowed bands of Cr(1)
in the visible are displaced towards higher energies with respect
to those belonging to the neodymium pyrochlore, as a result of
Y3* having a smaller ionic radius than Nd*>* (115.9 pm vs.
124.9 pm, respectively; CN = 8).*’ This same difference could
be the factor responsible for the stabilization of chromium in
one or another oxidation state.

The colour coordinates shown in Table 8 indicate that all
stannate solid solutions present red shades (a is positive), at the
low chromium concentrations present. The chromatic purity
(¢) is particularly high in the pyrochlore and the malayaite-
based solid solutions.

Table 8 Chromatic parameters of the solid solutions of chromium in
stannates

Cr content/

Sample mol Color L a b 14 h
SnO, 0.05 Violet 68.04 7.72 —4.34 8.85 —29.34
CaSnO;  0.05 Maroon 46.36 894 374 9.69 22.70
CaSnSiOs 0.036 Pink 50.18 11.45 553 12.71 2578
Y,Sn,0; 0.02 Pink 5528 1222 1.75 12.34 8.15
0.05 Pink 52.24 12.10 1.70 12.22 8.00
0.2 Brown 4596 8.66 178 8.84 11.61
0.5 Brown 4172 7.01 2.08 7.31 16.53
Nd,Sn,O; 0.02 Pinkish 72.64 6.56 6.51 9.24 44.78
0.05 Pinkish 7241 6.97 322 7.68 2479
0.2 Brown 58.17 7.34 3.16 7.99 2329
0.5 Brown 5740 495 558 7.46 4842
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Fig. 6 Electronic absorption spectra of solid solutions of chromium in
two titanium-containing oxides.

Table 9 Chromatic parameters of solid solutions of chromium in
titanates

Cr content/

Sample mol Color L a b ¢ h

CaTiO; 0.05 Brownish pink 45.25 7.88 4.15 891 27.77
Y,Ti,O; 0.05 Brownish pink 56.34 7.00 3.94 8.03 29.37
0.2 Brownish pink 46.59 5.74 2.48 6.25 23.37

Solid solutions of chromium in titanates

Two titanate hosts were studied and their spectra are shown in
Fig. 6. There seems to be no evidence that they may contain
chromium in oxidation states four or five but a shoulder at
400 nm in the spectrum of the chromium-doped pyrochlore
points out that a charge transfer transition occurs either in
Cr(vi) or between chromium and titanium. Charge transfer
transitions are a common phenomena in titanium-containing
oxides and are pointed out as the cause of the dark brown or
black shades of minerals such as rutile, melanite, tourmaline
and some micas.>!

As Table 9 shows, these solid solutions have low chromatic
purity (¢) and this makes them inappropriate for use as
pigments.

Solid solutions of chromium in zirconium-containing compounds

The last group of studied samples is based on chromium solid
solutions in zirconium-containing hosts. A spectrum of zirco-
nia and a spectrum of neodymium-zirconium pyrochlore, both
doped with chromium, are shown in Fig. 7. The latter is a
superposition of the bands originated by Nd (i) f—f, Cr(1r) d—d
and Cr(vi) CT (charge transfer) transitions. The spectrum of
the chromium-doped zirconia manifests the presence of Cr(1r)
in a weak octahedral field, as well as chromium in higher
oxidation states. The shoulder between 350 and 400 nm is an
indication for the presence of Cr(vi), as in the other spectra, and
the weak and wide absorption band with a maximum at
1390 nm is attributable to Cr(1v) or Cr(v). The zirconium in the
ideal zirconia structure is seven-coordinated, thus the octahe-
dral and the tetrahedral coordination of the dopant cations can
be expected to be achieved by formation of structural defects.

The spectra of chromium in two phosphates with the
so-called NZP structure were also studied in order to verify the
information given in a report, according to which pink shades
could be obtained in similar solid solutions.’> As can be seen
in Fig. 8, only Cr(im) bands are present, and their positions
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Fig. 7 Electronic absorption spectra of solid solutions of chromium in
zirconia and neodymium-zirconium pyrochlore.
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Fig. 8 Electronic absorption spectra of solid solutions of chromium in
two NZP-type structures.

correspond to an extremely weak crystal field. The positions of
the absorption maxima of the Y and U bands are very similar
to those reported by Alamo and Cuadrado.’? However, a
thorough inspection of the high-energy side of the U band
shows that a case of Fano’s antiresonances is present here
in form of two dips, which can be attributed to spin—orbit
coupling of the *E, and °T), states with the state *T,,. Thus, a
more complicated analysis should be carried out in order to
determine the energies of the corresponding transitions.

The colour coordinates of all studied chromium solid
solutions in zirconates are given in Table 10. The values of
L and c indicate that most colours are very pale. The high b
value of the neodimium-zirconium pyrochlore confirms the
suggestion that Cr(vi) is present. The NZP structure proves to
be an inadequate matrix for developing pink chromium
pigments. However, it is interesting to point out that it exhibits
a strong thermochromic effect consisting in beige-to-violet
chromatic change when heated.

Discussion

The energies of the transitions 4A2g — 4T1g, 4A2g — 4T2g, 4A2g
— ?E, and *A,, — Ty, of Cr(m) could be determined directly
only in some cases since the corresponding bands were often
overlapped between each other or by Cr(1v) bands. The energies



Table 10 Chromatic parameters of solid solutions of chromium in
zirconium-containing compounds

Cr content/

Sample mol Color L a b c h
710, 0.05 Green 81.34 —2.23 575 6.17 —68.80
0.2 Green 77.65 —3.37 495 599 —55.75
Nd,Zr,04 0.05 Pinkish 65.38 8.36 8.40 11.85 45.14
beige
NaZr,(PO4);  0.05 Light 85.50 —0.94 5.35 543 —80.03
beige
0.2 Light 87.14 7.15 3.71 8.06 27.42
beige
Cag sZry(POy); 0.2 Light 83.69 6.21 435 7.58 35.01
beige
0.5 Green 74.27 —3.02 6.05 6.76 —63.47

of the last two transitions could be determined in some samples
from the minima of the second derivative of their spectra. The
energies of the transitions and the Racah parameters calculated
from them are given in Table 11.

As it can be seen, the energy of the spin allowed transition
4A2g — 4T2g of Cr(mr), which theoretically coincides with the
crystal field parameter 10Dg, presents wide variations ranging
from about 16300 to about 19900 cm ' depending on the struc-
ture of the host. The NZP structure presents a very low value
of 10Dg = 14000 cm ', which is explained by the influence of
the highly covalent phosphor atoms.

For a given structure, the value of 10Dg is practically
unaffected by the chromium concentration, except for the cases
where complete series of solid solutions are possible, for
example, ALLO3-Cr,03, MgALL,O4~MgCr,04and YAIO;-YCrOs.
Consequently, substantial colour changes (such as from red to
green and vice versa) can be expected only if the chromium is
very soluble in the matrix or, ideally, if a complete series of
solid solutions exists.

The energy of the spin allowed transition 4A2g —4T, o varies
between 21700 and 25600 cm™' according to the crystal
structure type (the NZP structure again shows an exception
with a value of 20400 cm ™ '). The energies of the spin-forbidden
transitions 4A2g — 2Eg and 4A2g — 7T, ¢ present much smaller
variations, the former ranging between 13700-14700 and the
latter between 14400-15220 cm™!. However, their intensities
do vary to a great extent depending on the structure, which
evidences their importance for the colour.

The measured chroma (c¢) of the solid solutions were
generally less than 10 with only 6 from a total of 17 synthesized
solid solutions developing shades with ¢ > 10. In five of these
six solid solutions, both experimental and reference data indi-
cate the presence of Cr(iv). This correlation can be explained by

Table 12 Solid solutions with absorption bands in the NIR

Composition NIR bands/cm ™!

Y3Al504,:0.05Cr 8900, 9600, 11200

YAIO;:0.05Cr 8420, 8890
Y>Sn,05:0.05Cr 10800
CaSn0O;:0.05Cr 8250, 11000
CaSnSiOs:0.036Cr 8400, 11000
CaYAIlO,4:0.05Cr 7260, 8420
Zr0,:0.05Cr 7200

the fact that the optical transitions of Cr(1v) have very high
probability due to the lack of a symmetry centre in its
complexes (tetrahedral), which causes partial mixing of its
d-orbitals with the p-orbitals of the ligands. Some of the
bands overlap the Cr(in) bands in the visible thus causing
strong absorption and intense colouration. The only one
solid solution with ¢ > 10 in which Cr(iv) is not detected
is Nd,Zr,0,:0.05Cr whose intense pinkish-yellow shade is
attributed to Cr(vi). Samples which present IR bands are listed
in Table 12.

The existence of sites with appropriate size and geometry
is required in order to stabilize the chromophores in the
host structures. The substitution of Al(m) for Cr(in) is easily
explained considering their equal charges and coordination
numbers, as well as their similar ionic sizes. However, the
substitution of Sn(iv), Zn(1v) or Ti(1v) for Cr(u) involves the
formation of defects due to the necessity of charge compensa-
tion. Some structures such as the baddeleyite (m-ZrO,) do not
posses octahedral sites necessary for the substitution by Cr(1),
thus their creation involves formation of oxygen vacancies.
On the other hand, the presence of Cr(vi) and Cr(1v) supposes
the existence of tetrahedral sites of appropriate size. In some
structures where these ions appear, for example, Y3Als0;, and
CaSnSiOs, this requirement is satisfied, while in others such as
YAIlO3, YCaAlO,4 and Y,Sn,05, the existence of tetrahedral
positions requires the consideration of defects. Our current
studies by neutron diffraction on pyrochlore solid solutions
Y,Sn,07: Cr confirm this hypothesis, showing an increasing
concentration of oxygen vacancies when increasing the total
chromium concentration. It is inevitable that the defects
originate distortions in the structures. This may cause a change
in the symmetry of the surroundings of the chromophore and
therefore the colour.
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