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HF2EPR investigation of a Cr-bearing gahnite pigment
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Abstract

A pink gahnite pigment, containing the chromophore ion Cr3+, has been synthesised under industrial conditions and characterised by X-ray
powder diffraction (XRPD), electronic spectroscopy, electron paramagnetic resonance spectroscopy (EPR) and HF2EPR. The paramagnetic
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esonance techniques, in particular, have been applied to determine the incorporation of the chromophore in the spinel structure
ts distribution. The pigment was found to be formed by aluminium borate and, mainly, gahnite (ZnAl2O4). The Cr3+ ion was revealed t
e incorporated only in the octahedral site of this latter phase. The chromophore is subjected to a strong crystal field (∆0 = 18800 cm−1),
hich determines its colouring properties. A large zero field splitting interaction was observed in the X-band EPR spectra and i
y comparison with the high-frequency W-band spectra. The axial symmetry of the crystal field surrounding Cr3+ was ascertained by bo

he techniques. The observed spectroscopic features are due to the single ion properties of Cr3+ in a strong field, thus ruling out any possi
lustering of the chromophore within the structure.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

In the last years an extensive research has been dedicated to
haracterise traditional and glass ceramic pigments, with the
im of increasing the number of coloured materials useful for

ndustrial applications and refining of their colouring proper-
ies. In this field, several studies have been focused to the in-
estigation of pink-red Cr3+-doped spinels, due to their chro-
atic and technological properties. The chromophore Cr3+,

n fact, may be responsible of green colours, when subjected
o low crystal field, whereas in high field it induces a red-pink
olour.1 On the other hand, spinels (Me2+Me3+

2O4) belong
o one of the most refractory class of materials. They are sta-
le even in drastic thermal and redox industrial treatments,2
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therefore, the pigment can be used in ceramic applica
as fast firing and in high temperature glazes. The inse
of this efficient chromophore into a very stable structure
been studied, not only to improve and control the relative
thesis, but also to exploit the possible advanced applic
of the new material, in particular in the field of glass ceram
and of optoelectronics.1,3–5

Different spectroscopic techniques have been applie
the characterisation of the colouring properties of severa
doped spinels, via the determination of the relative en
level distribution. In particular, the electronic transition
Cr3+ in the similar octahedral sites of spinel, gahnite
ruby have been interpreted by several authors,1,3,5–7 reach-
ing both a complete attribution of the bands in the UV
vis ranges, and the determination of the crystal field pa
eters. Electron paramagnetic resonance spectroscopy
techniques represent a specific tool to investigate the c
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field surrounding the paramagnetic Cr3+ ion.8–10 Neverthe-
less, only few EPR investigations have been performed on
these materials.11,12 EPR spectroscopy has revealed a great
capability to investigate not only the Cr distribution within
the spinel, but also the partition of this ion between the spinel
and the glass, during the glass ceramic formation.12 A fur-
ther characterisation arises from the use of high-field high-
frequency EPR (HF2EPR) investigation, which discriminate
the single ion properties via the better resolution of the spec-
trum and the characterisation of the field dependent spectral
parameters.

A EPR and HF2EPR study of a traditional Cr-bearing gah-
nite pigment, obtained by an industrial synthetic approach,
has been undertaken, in order to fully characterise the dop-
ing process and the colouring properties of this material. The
characterisation of the pigment has been integrated with X-
ray powder diffraction (XRPD) Rietveld phase and structural
analysis and with electronic spectroscopy, performed in the
UV and vis range.

2. Experimental procedures

A Cr-bearing gahnite pink pigment was prepared by mix-
ing commercial reagents: 42.1 wt.% ZnO, 54.3 Al2O3, 1.6
Cr O as precursor containing the colouring element, and
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termined using DPPH radical [2,2-di(4-tert-octyl-phenyl)-1-
picrylhydrazyl,g = 2.0037] as an external standard. EPR pa-
rameters have been refined by means of spectral simulations.

The HF2EPR experiments were performed using the sin-
gle pass technique,14 using a probe adapted for ultra-wide
band measurements. The source consists of a Gunn effect
diode emitting at 95 GHz. The magnet is a superconducting
magnet (Oxford Instruments) operating at a maximum field
of 12 T. The detector is a hot electron bolometer (QMC In-
struments).

UV–vis investigations were performed by means of a
Perkin-Elmer Lambda 800 UV–vis spectrometer equipped
with an integration sphere. Spectra were acquired from 300
to 800 nm with a step size of 1 nm. The diffuse reflectance
spectra were automatically converted to absorbance spectra
by using the Kubelka Munk function. Spectral absorption
were fitted assuming gaussian line shapes by means of Mi-
crocal Origin 6.0 package.

3. Results

3.1. XRPD characterisation

The XRPD pattern shows the Cr-bearing pigment (PG Cr)
t
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dding 2.0 wt.% H3BO3 as mineraliser. The mixture was h
ogenised and dry milled, to improve the powder react
uring the thermal treatment. The charges were heat
high temperature furnace (Lenton EHF 1700) in alum

rucibles. The thermal treatment consisted in a temper
ncrease from room temperature up to 1400◦C in 6 h, and

plateau of 4 h at 1400◦C. Owing to the fact that the e
ectic point of the ZnO–Al2O3 system occurs at∼1700◦C
82.5 mol% ZnO), the boric acid improved the synthetic p
ess allowing a faster crystallisation and a closer rea
mong the starting powders. At the end of the thermal t
ent, pink-coloured homogeneous powders were obta
fter cooling in air and crumbling. The sample was suc
ively powdered in a ball mill, and checked by means of X
owder diffraction, using a Philips PW 3710 diffractome
ith Cu anode and graphite monochromator, equipped
C-X’Pert Pro software for data acquisition and hand
xperimental conditions were: 20 mA, 40 KV, 10◦–140◦ 2θ,
tep size 0.02◦ 2θ, 2 s/step, plexiglas support. The phase c
osition and the crystal chemistry of the obtained data
efined through the Rietveld algorithm, by using the Rietq
oftware.13

Electron paramagnetic resonance spectroscopy me
ents were performed on powdered samples, dispers
araffin wax to avoid spurious effects from magnetic al
ent phenomena, and kept into amorphous silica c

aries. Data were collected at room temperature usi
ruker ER 200D-SRC spectrometer operating at X-B

about 9.5 GHz) interfaced with DS/EPR software to a
or data acquisition and handling. Theg-values were de
-

o be polyphasic containing mainly gahnite, ZnAl2O4, and
luminium borate, Al18B4O33, as a minor phase (Fig. 1).
his latter phase is a common reaction product, when
dded to the reactants, because of the limited solubili

his ion in the spinel structure.2 No traces of other phase
n particular the reactant Cr2O3 or oxidised Cr products a
bserved but gahnite. The Rietveld quantitative analys

he phase composition of the pigment indicates gahni
epresent the 98(2) wt.% of the total charge, the alumin
orate being the remaining 2(2) wt.%. Considering the

ial composition of the charge, all the boric acid reacte
orm the aluminium borate. The minimum detection limi
he present experimental spectrum is <1 wt.%. The abs
f oxidation products of Cr, the presence of whose is

Fig. 1. XRPD pattern of PG Cr pigment.
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Fig. 2. UV–vis absorbance (A%) vs. wavelength (nm) spectrum of PG Cr.

vant from the health and environmental point of view, is to
be assumed below to this limit.

As concerns the fate of Cr during the firing treatment, the
phase composition of the products suggests a full incorpo-
ration in the gahnite fraction. To verify the liability of this
assumption, a Rietveld crystal chemical refinement has been
performed on the X-ray data in the range 17◦–140◦ 2θ (Fig. 1).
The best refinement of the PG Cr powder pattern (r = 1.80%)
indicates 0.05(2) atoms per formula unit of Cr3+ in the oc-
tahedral (O) site in gahnite, leading to the crystal chemical
formula Zn[Cr0.05Al1.95]O4.

3.2. Spectroscopic investigation

The UV–vis experimental spectrumA% (absorption %)
versusλ (wavelength) of PG Cr is shown inFig. 2, in the
range 300–800 nm. Two main absorption bands, the second
of which exhibits a structured feature, are present in the visi-
ble range, centred at 532 and 400 nm, respectively. The wave-
length of each band component was refined, by means of a
Gaussian decomposition, to 532(2), 425(2) and 388(2) nm
(corresponding to 18,800; 23,500 and 25,800 cm−1, respec-
tively). The intensity and position suggest these bands to be
related to d–d electronic transition. On the contrary, a fourth
intense band, visible atλ < 330 nm, has been attributed to a
m
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Fig. 3. Experimental (upper curve) and simulated (lower curve) X-band
(9.5 GHz) EPR spectra, magnetic field values in gauss (G).

between the two interpretations, the correspondent W-band
EPR spectrum, shown inFig. 4, has been acquired: as pre-
dicted by Stahl Brada and Low,11 the full spectrum appears
evident, with four intense lines at 22,500; 30,000; 35,000 and
42,250 G, which cannot be explained in terms of an axially
distorted coordination for Cr3+.

Simulations of both the X- and W-band spectra were per-
formed with Weihe simulation software.8,15 Problems were
encountered in fact using simulations of the X-band spec-
trum with other simulation program, because the high zero
field splitting effect of Cr3+ prevents the application of the
perturbation approach. The best simulations of the spectra
were achieved at both the used frequencies with a single set
of parameters using the following spin hamiltonian:

H = g‖µBBzSz + g⊥µB[BxSx + BySy] + D

[
S2

Z − 5

4

]

with (S = 3/2, I = 0) g|| = 1.980 and g⊥ = 2.000, and
D = 0.94 cm−1 (∼9400 G).

F band
(

etal-oxygen charge transfer.
The room temperature X-band paramagnetic reson

pectrum of PG Cr (Fig. 3) consists of two signals at abo
800 G and 3400 G, corresponding atg-values of 3.87 an
.05, respectively. The spectral features resemble thos

ermined for a paramagnetic ion in axial symmetry, wi
trong distortion. However, in literature11 a similar spectrum
f a Cr-bearing spinel (MgAl2O4) has been differently in

erpreted, considering a large zero field interaction actin
ground state with a small spin orbit mixing of the exc

evels. According to these authors, the X-band spectrum
ows to reveal only a part of the zero field transitions, wh
mimic” an axially distorted coordination. To discrimina
ig. 4. Experimental (upper curve) and simulated (lower curve) W-
95 GHz) EPR spectra; magnetic field values in gauss (G).
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4. Discussion

The presence of a single phase, able to host Cr3+ ions,
evidences the almost complete incorporation of the chro-
mophore, due to the marked preference of this ions for the
high field O sites of spinels and corundum.7 The results of
the Rietveld refinement also confirm the replacement of Al3+

with Cr3+ in the gahnite O site. The final proof of the pro-
duction of Cr-bearing gahnite is provided by the diffuse re-
flectance data, which may be explained in terms of a Cr3+

ion in a distorted octahedral coordination, without evidenc-
ing spectral features related to Cr3+ in other phases and/or
sites. The interpretation of the UV–vis absorbance spectra,
in fact, has been used to identify the nature of the surrounding
crystal chemical environment of trivalent Cr.1,7

According to the Tanabe–Sugano diagram of d3

ion (Cr3+) in Oh symmetry, three spin-allowed CF
transitions,4A2g→ 4T2g (4F) [band�1], 4A2g→ 4T1g (4F)
[band�2] and4A2g→ 4T1g (4P) [band�3], occur. However,
only the first two bands are generally observed in optical
spectra of Cr3+-bearing minerals, the third band being high
energetic and usually hidden by the charge—transfer transi-
tions. In a lower symmetric coordination, the states4T2g (4F)
and4T1g (4F) of Cr3+ are resolved into two or three additional
levels.6

On this basis, the components of the structured band�2 can
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spin hamiltonian parameters which confirms the goodness of
the model. The system shows an axial symmetry with a rather
high value ofD in agreement with that reported in literature,11

extrapolated from the X-band spectrum of a single crystal
Cr3+-bearing MgAl2O4 spinel. These spectra are determined
by isolated ions in aD3d pseudo-octahedral coordination.

The comparison of all the experimental results points
to the presence of the chromophore Cr3+ in the pseudo-
octahedralD3d site of the gahnite structure. In this site, the
chromophore is subjected to a strong crystal field, with ax-
ial symmetry, which determines all the colouring and spec-
troscopic properties of the PG Cr pigment. No evidence
of short range ordering and/or clustering of the solute Cr
ions in the host gahnite lattice has been identified. No ev-
idence of mineral phases containing Cr in valence states
higher than 3 have been detected, within the specific detec-
tion limits, by all the characterisation techniques adopted in
this study; the synthetic process, therefore, appears fast and
quantitative.

Both electronic and paramagnetic resonance spectro-
scopies represent very powerful indicators of the incorpo-
ration of Cr3+ in gahnite12 and useful tools to investigate
the distribution of this ion in the spinel structure: the two
spectroscopies, therefore, can be profitably used for the char-
acterisation and control of Cr-gahnite based materials.
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e interpreted as due to trigonal compressionD3d of the octa
edral site in spinel,6 in this case, the excited state4T1g (4F)

s splitted into4A2g and4E2g levels.16 Thus, the experiment
ands are assigned to the electronic transition,4A2g→ 4T2g

4F) [band �1], 4A2g→ 4A2g (4F) and 4A2g→ 4E2g (4F)
band �2]. The �1 band provides directly the crystal fie
plitting parameters,∆0. The Racah parameter B was c
ulated by assuming a mean value for the�2 bands, by th
elationship:6

= (2�1 − �2)(�2 − �1)

(27�1 − 15�2)

The calculated parameter values, reported inTable 1to-
ether with those of the literature, evidence a very good a
ent. No information were obtained about the Racah pa
terC, because of the experimental absence of spin-forbi

ransitions.
The EPR spectra performed at X-band and 95 GHz

oom temperature could be simulated with a single se

able 1
rystal field parameters for Cr3+ in spinels (cm−1): (a) reference6, (b)7, (c)
and (d) this study
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