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" The crystal structure of zoisite does
not change for high temperature
annealing between 500 and 900 �C.

" The simultaneous appearance of EPR
lines, at g = 6 and 4, is uncommon
making our result interesting.

" Deconvolution analysis shows 8 EPR
absorption bands which were
attributed to Cr3+ and Fe3+ ions.
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In this study the electron paramagnetic resonance (EPR) and optical absorption (OA) of natural crystal of
zoisite were investigated after c (60Co) irradiation and high temperature annealing. EPR measurements
show that the zoisite from Tefilo Otoni MG Brazil contain Cr3+, Fe3+ and Mn2+ ions and occupy distorted
Al3+ octahedral and tetrahedral sites which are subjected to the action of a strong crystal field in axial
direction. Absorption bands which in principle give rise to sets of EPR lines between 500 and 2500 G were
found using the deconvolution method. The application of high doses of gamma ray and high tempera-
ture annealing has shown no significant effects on EPR and OA spectra. Spin-allowed, spin-forbidden
and crystal field parameters were calculated for 3d3 configuration and interpreted using the spin Ham-
iltonian formalism containing axial and rhombic terms in low symmetries.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Zoisite is a sorosilicate, one of the members of the epidote
group, and like other mineral members of this group, is character-
ized by the presence of double tetrahedron (Si2O7) that links to
the octahedral chains forming orthorhombic structures [1–7].
The presence of Fe3+, Cr3+, Mn2+ and V2+/3+ ions replacing Al3+

in the ideal formula, Ca2Al3(SiO4) (Si2O7) O (OH), causes changes
in the local symmetry of the octahedra and tetrahedra in the crys-
tal such that it acquires very interesting optical and luminescent
properties that have been studied by several authors [3,8–23].
Zoisite samples synthesized with its main components have a
ll rights reserved.

s/n, Universidad Nacional de

llata).
weak blue–green color [18]. However, with the inclusion of transi-
tion metal ions a zoisite acquires several colors. Zoisite becomes
pink colored with the inclusion of small concentrations of Mn2+

ions and is called thulite [21]. Excess of V2+/3+ and Fe3+ ions turns
zoisite to blue and is known as tanzanite and has a high commer-
cial value [6,24–26]. With the inclusion of chromium ions, zoisite
acquires an intense green color and can be used in jewelry and
ornaments [27].

Electron paramagnetic resonance (EPR) studies by Tsang and
Ghose [23] attributed the line at low magnetic field (g � 6) to
Fe3+ ion in position II of the octahedron. On the other hand, Hutton
et al. [13] considered the same EPR line, at low magnetic field, as
being due to transitions of Cr3+ ion. Transitions due to Cr3+ ion in
the octahedral site make the g-factor changes from 2 to 4, this is
due to a transition from � 1

2 to þ 1
2 in a doublet j � 1

2 > of a spin
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system S = 3/2. This transition may be due to a very strong crystal
field in an octahedral environment of low symmetry. Following
this reasoning Czaja et al. [10] studied the effect of the crystal field
on V3+ and Cr3+ ions in tanzanite and attributed the blue color to
the 4A2 ? 4T2 transition in the large non-cubic crystal field.

In the studies of the optical absorption (OA), Schmetzer and
Berdesinski [27] attributed the bands at 662 and 458 nm to the
Cr3+ in an octahedral environment. Koziarska et al. [14] studied
the tanzanite with high concentration of V2+/3+ and Cr3+ ions and
indicated that Cr3+ ion as responsible for the intense luminescence
in tanzanite. Additionally it was shown and suggested that due to
ample luminescent spectrum in the infra-red region, zoisite can be
an interesting material for laser applications.

In recently published works Ccallata et al. [9] and Ccallata and
Watanabe [28] found that zoisite from Tefilo Otoni MG, Brazil,
has uncommon thermoluminescence (TL) sensitivity after high
temperatures pre-annealing. It was found that a maximum TL
emission can be obtained when a sample is pre-annealed at
600 �C. The TL mechanism proposed takes into account Al3+, Ti3+

and E01 centers.
In this paper, EPR and OA properties of zoisite annealed at high

temperatures have been investigated.
The crystal field parameters (Dq, D and B) were determined and

used to analyze the energy levels in the ground state of zoisite.
Using the spin Hamiltonian formalism can be explained both shape
and position of EPR lines.
Fig. 1. Comparison of the powder diffraction file No. 13-0562 of orthorhombic
zoisite with X-ray diffraction data of zoisite samples without heat treatment and
with annealing at 500, 600, 700, 800 and 900 �C.

Table 1
Chemical analysis of zoisite by X-ray fluorescence. The main
oxides of natural sample are shown in the second column and the
oxides in smaller quantities in the last column.

Oxides mol% Oxides mol%

SiO2 40.2 K2O 0.28
Al2O3 23.2 SrO 0.19
CaO 25.1 TiO2 0.14
Fe2O3 2.87 BaO 0.13
MgO 2.55 MnO 0.06
Cr2O3 1.21 P2O5 0.03
NaO 0.90 SO3 0.02

ZnO 0.02
NiO 0.02
Experimental

All measurements were performed on samples of zoisite ob-
tained at Tefilo Otoni in the state of Minas Gerais-Brazil. The crys-
tal is characterized by an intense green color. Enough portion of
the zoisite was ground into powders keeping grains of the size be-
tween 0.080 and 0.180 mm to be used for EPR and TL measure-
ments. Grains smaller than 0.080 mm were used in the X-ray
fluorescence and X-ray diffraction analysis. For the OA experiments
five slabs with 1.0 ± 0.1 mm thickness were cut and well polished.

The chemical composition of the sample has been determined
by X-ray fluorescence analysis using a Phillips PW2404 spectrom-
eter at the Laboratory of Technological Characterization of the
Polytechnic School. To certify that the sample to be investigated
is actually a zoisite, X-ray diffraction analysis was carried out using
MiniFlex II diffractometer in natural sample and samples annealed
at 500, 600, 700 and 800 �C. The EPR measurements have been car-
ried out using Bruker EMX spectrometer with a rectangular cavity
ER4102ST with a microwave frequency of 9.767 GHz (X-band).
Optical spectra were obtained utilizing a Varian Cary Model 500
UV–Vis–NIR spectrometer. All c-ray irradiations have been carried
out at IPEN Institute for Energy and Nuclear Research using a 60Co
source with a dose rate of 4.70 ± 0.09 kGy h�1 at room
temperature.
Results

Fig. 1 shows the diffraction patterns of natural zoisite and sam-
ples that had been annealed at 500, 600, 700, 800 and 900 �C. The
patterns are compared with the powder diffraction file (PDF) No.
13-0562 of synthesized zoisite. The lines that characterize the crys-
talline phase of zoisite, labeled in Fig. 1, remain in the same posi-
tions indicating that the crystal does not change phase at high
temperature annealing. Note that the line at 511 shows high inten-
sity after 800 �C annealing and decreases after annealing at 900 �C.
On the other hand, the line 312 and their satellites, show a small
change in the intensity after 600 and 800 �C annealing. However
despite these small variations in intensity, 90% of lines remain in
the 2h-positions described by the PDF pattern. Other less intense
lines due to impurities are observed and these lines show slight
differences in intensity from one annealing to the another. This re-
sult confirms that the crystal structure of zoisite mineral do not
change with high temperature annealing.

Table 1 shows in the first column besides the main oxides
constituents (SiO2, Al2O3 and CaO), the main impurity oxides, i.e.
Fe 2O3, MgO, Cr2O3 and NaO. In the second column other impurity
oxides are shown which are in smaller concentrations. According
to Game [29] the amount of oxides in a sample of zoisite without
impurities is approximately SiO2 (39.67%), Al2O3 (33.66%), and
CaO (24.68%). This result compared with ours (Table 1) indicates
a deficiency of Al2O3 by 10.46 mol%. This deficit of Al3+ in the struc-
ture can be covered by other oxides such as Fe2O3 (Fe3+), Cr2O3

(Cr3+) and TiO2 (Ti3+).
Fig. 2 shows the EPR spectrum for a sample of zoisite at room tem-

perature. The spectrum shows three sets of lines, R1 (800–1500 G),
R2 (1500–2000 G) and R3 (3100–3900 G). The simultaneous appear-



Fig. 2. EPR spectrum of natural zoisite. Measurements performed with microwave frequency of 9.77 GHz and microwave power of 20.2 MW at room temperature on a Bruker
X-band spectrometer.

Fig. 3. EPR spectra of natural and thermally annealed zoisite at 500, 600 and 900 �C
which have been subsequently irradiated with 50 kGy of gamma dose.
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ance of two sets of lines, R1 and R2, is not mentioned in the literature
making our result particularly interesting. In the EPR studies carried
out by Tsang and Ghose [23] with tanzanite, they attributed the iso-
tropic line at low magnetic field (g � 4.3) to the Fe3+ that substitutes
the Al3+ in the position II of the octahedral site. However Hutton [12]
attributed this line to Cr3+ ion. In the R3 set can be identified the six
intense hyperfine lines of the Mn2+ with typical values of g around
2.028(2) and A = 90(1), note that in the spectrum do not exist hyper-
fine interaction lines such as in other sorosilicate minerals. A similar
study by Srinivasulu et al. [21] with zoisite mineral rich in Mn2+

(Thulite), indicate the same lines due to Mn2+ superimposed to the
intense spin–spin interaction due to Fe3+ ion around g = 2. The
experimental values of g and A are in agreement with those of
Mn2+ in epidote minerals [23].

The EPR spectrum of samples pre-annealed at high tempera-
tures and then irradiated to 50 kGy of gamma-ray is shown in
Fig. 3. The pre-annealing up to 600 �C seems to introduce very
small change, but the intensity of lines in R1 and R2 regions de-
crease for annealing at 900 �C and for the R3 region, six lines of
Mn2+ becomes wider. Notice also the small signal centered at
g = 2.010 that increase with the gamma dose, possibly due to the
peroxy center (OHC) that appear by inclusion of oxygen vacancy
in SiO4 tetrahedrons in the structure [30].

The optical absorption spectrum of zoisite (Fig. 4) shows several
absorption bands in different regions. In the near ultraviolet region,
a band around 385 nm was identified. In the visible region one
band at 427 nm due to aluminum center and three intense bands
at 453, 658 and 691 nm due to allowed transitions of Cr3+ in octa-
hedral positions of structure are observed.

The shape of the broad band between 550 and 750 nm suggest
that transitions due to other ions are covered by the intense band
of Cr3+ (inset of Fig. 4). Additionally the sharp drop at �680 nm
indicates the effect of a strong crystal field in the axial direction
of the octahedral site that contain the Cr3+ ion.

Several absorption bands appear in the near infrared (NIR) re-
gion. A broad band centered at 1400 nm (7143 cm�1) was attrib-
uted to the first and second longitudinal vibration modes of OH�

ion. Similarly intense bands at 1666 nm (6000 cm�1) and
2300 nm (4347 cm�1) were identified as vibration modes of OH
ion. The remaining bands in Fig. 4, i.e. 1847 nm (5414 cm�1),
1935 nm (5168 cm�1) and 2474 (4042 cm�1), were attributed to
water molecules in the crystal structure. OA studies by Hunt
et al. [31] with several natural silicate minerals have been attrib-
uted to the hydroxyl ions related to Fe3+, Al3+, Mn2+ and Cr3+ (me-
tal–O–H) that produce vibrational modes at 2200 and 2300 nm. It
is interesting to note that the Fe2+ band is absent; in many other
silicate minerals it usually appears.

Optical absorption spectra of zoisite annealed at 500, 600, 700
and 800 �C are shown in visible and infrared regions of the spec-
trum in Fig. 5a and b. No changes are observed in the bands except
for an increase in the background of spectrum. The strong crystal
field effect is identified by the sharp drop at 680 nm. The vibra-
tional modes of OH and H2O ions do not change (Fig. 5b). The
strong increase in the background absorption is usually accompa-
nied by the fact that the crystal becomes darker as the annealing
temperature increases.



Fig. 4. Optical absorption bands of zoisite in UV, Vis and IR regions. The inset shows details of the spectrum in the visible region.
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Discussion

Crystal structure

For the discussion of both optical absorption and EPR spectra,
let us consider the structure of the zoisite crystal. According to Dol-
lase [2] the structure contains chains, parallel to y, of edge-sharing
octahedra of two kinds: one is the edge sharing (M2) and the other
a chain of two octahedra (M1) and (M3) attached on alternated
sides along its lengths. M1 and M2 are cations sites that are centro-
symmetric, whereas M3 is non-centrosymmetric. A single tetrahe-
dra (SiO4) bridge the chains of octahedra in the z-axis direction and
double tetrahedra (Si2O7) do the same. The framework formed this
way create relatively large cavities (A) occupied by Ca ions in nine
or ten-fold coordination. The M2 octahedra containing only Al ions,
M3 contains non-Al ions, such as Fe3+ and Mn. The M2 site is coor-
dinated by hydroxyl OH.

The energy diagram of Cr3+ in an octahedral crystal field

Fig. 6 shows Tanabe–Sugano energy level diagram for Cr3+:
3d3(4F) in octahedral coordination.

While 453, 458 and 691 nm bands seem to be attributable to
Cr3+ ion in an octahedral site, the 427 nm band is due to [AlO4/
h]-center. Studies by Fuxi and Huimin [32], indicate that broad
bands are due to allowed transitions of Cr3+ ion in a distorted octa-
hedron in the axial direction. This strong distortion appears in M3
octahedron in zoisite and other epidote minerals. Our results sug-
gest that the broad band centered at 662 nm is broken giving two
bands with maximum around 658 nm and 691 nm. On the other
hand it is well known that in quartz and the many crystals of sili-
cate Al3+ replaces frequently SiO4 in (SiO4) ending in [AlO4/h]-
center.

Schmetzer and Berdesinski [27] attributed 15100 cm�1 and
21800 cm�1 bands as due to transitions m1, 4A2 ?

4T2) and (m2,
4A2 ? 4T1) respectively in zoisite. The Racah parameter B is defined
as:

B ¼ ð2m1 � m2Þðm2 � m1Þ
27m1 � 15m2

ð1Þ
therefore, they obtained Dq = 1510 cm�1 and B = 697 cm�1. Three
spin-allowed crystal field transitions are to be expected in optical
spectra of octahedrally coordinated Cr3+ (octahedra M3 site,
Fig. 34 in Deer et al. [1]) in the transition 4A2 ? 4T2 (4F), band m1,
and also in the transition 4A2 ? 4T1 (4F) band m2. In the present case,
band at 453 nm (22075 cm�1) is the m2 band and 658 nm band
(15197 cm�1) is the m1 band, hence in our measurement,
B = 722 cm�1. Since m1 = D = 10 Dq, the value Dq/B = 2.10 is where
one should look for the above transitions. The 691 nm band
(14471 cm�1) is due to the transition 4A2g (4F) ? 2T1(2G). Table 2
shows transitions, energy and wavelength for natural zoisite.

In many silicate minerals, usually one finds Fe2+-band in the re-
gion of 900 to 1200 nm, for example Yauri et al. [33], Paião and
Watanabe [34] and Souza et al. [35]. In our zoisite sample no
Fe2+-band has been observed, therefore, whole Fe contained in
the sample is in 3+-state. No transition in Fe3+ contributing to opti-
cal absorption spectrum has been observed, however Fe3+ ions do
contribute significantly to EPR spectrum as we will see in
sequence.
Cr3+ and Fe3+ in the EPR spectrum of zoisite

We consider the two sets of signals, called R1 and R2 in Fig. 2
unusual, in the sense that no similar case with such large signals
is found in the literature. The shape and position of the two sets
of lines suggests that Cr3+ and Fe3+ ions are in octahedral positions
with a high degree of distortion. Intense gamma irradiation affects
slightly the intensity of lines at low magnetic field. However it is
interesting to note that with pre-annealing above 800 �C, high radi-
ation dose (50 kGy) causes a decrease of the lines around g = 3.72
and g = 4.13.

On the other hand the six lines of Mn2+ centered at g = 2 and the
broad EPR line of Fe3+ ion due to intense spin–spin interaction are
superimposed. The experimental values of g and A are in agree-
ment with those of Mn2+ in epidote minerals [21,23]. For heat
treatment in 900 �C, it is noted that the signal around g = 2.0 grows
significantly while signals R1 decrease indicating that the Fe3+ ions
with signals in the vicinity of g = 2 increase at the expense of Fe3+

responsible for R2 signals. The results of XRD data (Fig. 1) indicate



a

b

Fig. 5. Optical absorption of natural zoisite annealed at 500, 600, 700 and 800 �C. (a) Visible region and (b) infrared region. Heat treatments above 800 �C cause the breaking
of the slabs used in the measurements.
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that the crystal structure of zoisite resists to the severe heat treat-
ment. Above 800 �C a rearrangement of Fe3+ and Mn2+ ions in tet-
rahedral and octahedral sites of the structure occurs. This
rearrangement favors the proximity of iron ions with a strong ten-
dency to form clusters.

Using the WinEPR program we have found the microwave
absorption bands which in principle give rise to sets of lines be-
tween 500 and 2500 G. Eight absorption bands (Lorentzian-
shaped) were fitted (Fig. 7) to EPR absorption spectrum and the
calculated parameters of each are shown in Table 3.

Note that the deconvolution yields a band centered at g = 4.3
due to Fe3+ ion in an octahedral symmetry. In the EPR study in kao-
linite mineral, Boesman and Schoemaker [36] observed the same
shape and intensity of lines due to Fe3+ in a strong crystal field
(g = 2 and gx = 3.52, gy = 4.20 and gz = 5.00). On the other hand,
works of Landry et al. [37] and Fournier et al. [38] in chromium
glass silicates showed strong lines around g = 5 that increase with
the amount of chromium in the structure. The signal at low field in
our sample can be described by spin Hamiltonian:

H ¼ g0lB B
!� S
!þ D S2

z �
1
3

SðSþ 1Þ
� �

þ E S2
x � S2

y

� �
ð2Þ

where g0 = ge � (gk/D), k spin-orbit coupling constant, D is the sep-
aration between the ground and excited states, ge is the free elec-
tron g value, lB is the Bohr magneton, B

!
is the external

magnetic-field intensity, S
!

is the spin angular momentum opera-
tor. The terms D and E are axial (trihedral or tetrahedral) and ortho-
rhombic crystal field parameters respectively. The parameter D



Fig. 6. Energy level diagram for Cr3+, 3d3, in octahedral coordination calculated
from spectral data for zoisite. Transitions are shown by the dashed line. The
calculated values for the Racah parameters are: B = 722 cm�1, C = 3367 cm�1 and
Dq/B = 2.10.

Table 2
Energy (m) and wavelength (k) of spin-allowed dd band of Cr3+ ion in OA spectra for
zoisite. The positions of bands do not change with increase in annealing temperature.

k (nm) m (cm�1) Center/transition

427 23419 [AlO4/h]
453 22075 4A2 ?

4T1

658 15197
662 4A2 ?

4T2, 4A2 ? 2T1 (forbidden)
691 14471

13,95 6,97 4,65 3,48 2,79 2,32

g fator

1

2
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Experimental
Fit

500 1000 1500 2000 2500 3000

”
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(b)

Fig. 7. (a) Microwave absorption bands obtained from R1 and R2 EPR spectra. (b)
Deconvolution analysis of (a). The curve was fitted with eight absorption bands
using the Bloch equations and the parameters are presented in Table 3.

Table 3
Graphic parameters of the absorption bands obtained of deconvolution spectrum.
B0 (G) is the central magnetic field, DB1/2 (G) is full width at half maximum, I (Arb.
Units) is the Intensity and A (Arb. Units) is the area.

Ion Peak B0 (G) g DB1/2 (G) I (104) A (106)

Cr3+ 1 1167.08 gx = 5.979 120.91 1.79 2.17
2 1279.18 gz = 5.455 198.34 3.60 7.14
3 1419.78 gy = 4.915 230.49 1.87 4.31

Fe3+ 4 1578.52 gk = 4.321 284.00 1.35 3.83

Fe3+ 5 1761.00 gx = 3.963 250.83 2.50 6.27
6 1920.85 gz = 3.633 270.07 3.50 9.46
7 2080.13 gy = 3.355 230.07 1.78 4.09
8 2220.02 g = 3.143 210.54 2.46 5.17
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describes the splitting of the fundamental state, resulting in the
Kramer doublets.

For the case E = 0 and 2jDj > hm, where hm is the energy of the
microwave photon, the effect of the axial field on the 4A2 term is
then obtained by:

H0 ¼ D S2
z �

1
3

SðSþ 1Þ
� �

ð3Þ

The quartet is split into two doublets characterized by mS ¼ � 1
2 and

mS ¼ � 3
2 and separated in energy by 2jDj. In the presence of an

external magnetic field (E – 0) the doublets split with energies:

EmS¼�1
2
¼ �1

2
glB B2

z þ 4 B2
x þ B2

y

� �h i1
2 ð4Þ

and

EmS¼�3
2
¼ �3

2
glBB2

z ð5Þ

The low field peak near g = 5.25 then, barring unusually large indi-
vidual line-widths, transitions within the mS ¼ � 1

2 doublet are ob-
served around g = 2 superimposed to Mn2+ and Fe3+ lines. On the
other hand for mS ¼ � 3

2 doublet, forbidden transitions are expected
at g = 3ge. But if the crystal field components of orthorhombic sym-
metry are present, the two sets of doublets become intermixed and
the selection rule breaks down. Thus, it appears that the presence of
a crystal field component of orthorhombic symmetry could result in
the observed spectra.

An approximate upper bound on the zero-field splitting can also
be obtained. Meijer and Gerritsen [39] have shown that the zero-
field splitting 2D and 4A2 level due to spin orbit coupling to higher
levels in the presence of trigonal fields is given by:

2D ¼ 152
9

k2d

D2 ð6Þ

where d is the difference in energy between the singlet and doublet
split from 4A1 level due to crystal field components of axial
symmetry.

The most pronounced characteristic of the EPR spectrum in the
zoisite sample is the intense line around g = 2. This feature can be
accounted for if the spectrum is attributed to exchange coupled
Cr3+ pairs using:

H ¼ J S
!

1 � S
!

2 þ 2lBB � ð S
!

1 þ S
!

2Þ ð7Þ

S
!

1 and S
!

2 are interacting spins, J represents the isotropic portion of
the exchange interaction. If the exchange term is assumed to dom-
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inate Zeeman term and the line joining the two ions is taken as the z
axis, then, the eigenvalues of Eq. (6) are given by:

E ¼ 1
2
½JS ðSþ 1Þ � S1ðS1 þ 1Þ � S2ðS2 þ 1Þ� þ gelBBmS ð8Þ

For Cr3þ; S1 ¼ S2 ¼ 3
2, and S = 0, 1, 2, 3. Since Cr2O3 exhibits antiferro-

magnetic properties [40], J is taken to be positive. In the case con-
sidered, no transitions can be induced between levels with
different total spin S since J has been taken greater than the Zeeman
splitting at resonance. The allowed DmS = ±1 transition within each
S manifold all occur at g = 2.0. Therefore, the assumption of strong
isotropic exchange coupling is adequate to account for the observed
g-value in our sample.
Conclusions

The EPR spectrum of zoisite at room temperature show three in-
tense set lines at g � 6, g � 4 and g � 2. Signals at 500–1500 G and
1500–2000 G was attributed to Cr3+ and Fe3+ ions respectively,
both in octahedral positions under intense crystal field effects in
axial direction.

On the other hand six lines of Mn2+ centered at g = 2 superim-
poses on the intense spin–spin interaction line due to Fe3+ ion.
High temperature pre-annealing and 50 kGy gamma irradiation
caused very small change in the shape and the intensity of lines
for annealing temperatures below 800 �C. Using the deconvolution
analysis eight absorption bands were fitted to EPR absorption spec-
trum. In particular the line centered at g = 4.3 due to Fe3+ ion in
octahedral symmetry was identified as being similar to the line ob-
served in other silicate minerals studied by different authors. Opti-
cal absorption spectrum shows several bands, the band at 427 nm
is due to the aluminum center and the bands at 453, 658 and
691 nm were attributed to allowed transitions of Cr3+. The sharp
drop around 680 nm indicates the effect of a strong crystal field
in the axial direction of the octahedral site which contains the
Cr3+ ion. Other bands in the NIR region was attributed to vibra-
tional modes of OH�, OH and H2O molecules in the crystal struc-
ture. OA spectra of annealed zoisite do not show changes in the
bands except for an increase in the background absorption.
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