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1. INTRODUCTION 

Oxide spinels AB2O4 with cations occupying the
tetrahedral and octahedral sites in close cubic packing
of oxygen anions belong to the most important and
interesting oxides due to their wide application in sen�
sors, various electron and microwave devices, and as
catalysts [1, 2]. Recently, copper�based oxide spinels
(copper ferrite) were suggested as a good catalyst for
obtaining hydrogen from the oxidized hydrocarbons
[3, 4]. The CuFe2O4 ferrimagnetic spinel is of greatest
interest in this class of compounds. The presence of
the Jahn–Teller Cu2+ ions in its composition leads to
interesting properties of this compound, for example,
the structural phase transition from the tetragonal
phase into the cubic phase upon varying the tempera�
ture. In addition, some diamagnetically diluted cop�
per ferrites were investigated in [5–8]. It was suggested
that the Jahn–Teller transition is the transition of the
order–disorder type, but the exact nature of this tran�
sition still remains unclear. 

It is known that the method of the magnetic reso�
nance allows one to reveal local distortions of the crys�
tal structure, coordination of magnetic ions, and their
nonequivalent sites in the lattice. In order to investi�
gate the distortions of the crystal structure during the
Jahn–Teller transition in oxide spinels, it was neces�
sary to obtain the isostructural diamagnetic analog of
the copper ferrite of the composition Zn1 ⎯ xCuxGa2O4

(x < 0.05), the concentration of copper ions in which
would be sufficient for the observation of the single�
ion magnetic resonance spectra. It was also necessary
to investigate the temperature and orientation depen�

dences of the magnetic resonance spectra in order to
determine the coordination and parameters of the spin
Hamiltonian of copper ions in the crystal and the
character of the Jahn–Teller distortions. 

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

The Zn1 ⎯ xCuxGa2O4 single crystals were grown by
the solution–melt method. The eutectic PbO–B2O3

mixture (88.2 wt % PbO and 11.8 wt % B2O3) with the
melting point of 500°C was used as the solvent. The
molar ratio of ZnO and Ga2O3) was 1 : 1. The ratio sol�
vent/ZnGa2O4 was 4 : 1. The Zn1 ⎯ xCuxGa2O4 single
crystals with x = 0.05 were grown in capped platinum
crucibles at Tmax = 1200°C and a cooling rate of 6°C/h
to 900°C. The solvent was removed from crystals via
boiling in a 20% nitric acid solution. 

The crystal structure of the samples was investi�
gated by the X�ray diffraction for the powders obtained

by grinding the grown single crystals. Space group 
(Fd�3m) with lattice constant a = 8.330 Å was deter�
mined. The crystals had linear sizes up to 2 mm and
the shape of the regular octahedron. The arrangement
of crystallographic axes with respect to crystal faces is
shown in Fig. 1. The fourfold axes come out from the
octahedron vertices, while the threefold axes are per�
pendicular to its faces. 

A fragment of the crystal structure of the cubic
ZnGa2O4 is shown in Fig. 2. Copper ions can occupy
two crystallographic sites, namely, 8a (the tetrahedral
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environment of oxygen ions) and 16d (the octahedral
environment of oxygen ions). 

The magnetic resonance was investigated on
Brucker Elexsys E580 and Radiopan SE/X�2544 spec�
trometers operating in the X band in a temperature
range of 80–560 K. 

3. RESULTS AND DISCUSSION 

The shape of the spectrum with the orientation of
the magnetic field along one of C4 axes (T = 110 K) is

shown in Fig. 3. The spectrum consists of four lines of
almost identical intensity (the left part of the spec�
trum), an intense line in the field 3265 Oe, and weakly
intense lines in the high�field part of the spectrum. 

The angular dependence of the magnetic reso�
nance spectrum with the orientation of the external
magnetic field perpendicularly to one of the fourfold
axes at 110 K is shown in Fig. 4 (Fig. 4 does not show
the locations of resonant lines independent of the ori�
entation and corresponding to the magnetic center, for
which always H ⊥ C4). As the external magnetic field
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–

Fig. 1. Shape of the crystal and directions of the crystallo�

graphic axes connected to facing. The [001] and [ ]
axes come from the vertices of the octahedron, and the

[ ] axes are perpendicular to its faces. 
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Fig. 2. A fragment of the crystal structure of ZnGa2O4. 
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Fig. 3. Magnetic resonance spectrum with the orientation
of the external magnetic field parallel to one of the C4 axes:
(1) experiment and (2) theory (see text). Shown at the top
are the positions of the resonant transitions for copper ions
in sites 1 and 2. 
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Fig. 4. Angular dependences of the magnetic resonance
spectrum (H ⊥ C4, T = 110 K). Points are the experimental
positions of the HFC lines, and the solid and dashed lines
correspond to the theoretical curves for sites 1 and 2,
respectively (see text). 
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deviates from C4 axis, splitting of two low�field lines in
the spectrum is observed (Fig. 4). The analysis of the
obtained angular dependences allowed us to assume
that two nonequivalent copper sites denoted by indices
1 and 2 in Fig. 3 are present in the sample. Both sites
are characterized by three mutually perpendicular
axes C4. The ratio of intensities of sites 1 and 2 allows
us to conclude that site 1 is preferentially populated by
copper ions. 

The magnetic resonance spectrum was theoreti�
cally described in the context of the uniaxial spin
Hamiltonian 

 (1)

where S is the spin of the electron of the Cu2+ ion
(=1/2), I is the spin of the nucleus 63Cu (=3/2), and A
is the hyperfine coupling (HFC) constant. To deter�
mine the parameters of the spin Hamiltonian (1) at
θ = 90° (when the HFC lines in practice merge,
Fig. 4), we used the WINEPR SimFonia v. 1.26 pro�
gram. The obtained constants of the spin Hamiltonian
are presented in the table. The theoretical angular
dependences of the center of gravity of the spectra of
sites 1 and 2 and two HFC components extreme for
each site with the parameters of the spin Hamiltonian
from the table are presented in Fig. 4. The model spec�
trum and the location of resonant transitions for cop�
per ions in sites 1 and 2 are shown in Fig. 3. 

� g||βHzSz g⊥β HxSx HySy+( ) A||IzSz+ +=

+ A⊥ IxSx IySy+( ),

The obtained values of g�factors are typical of the
Cu2+ ions in the octahedral environment [9, 10]. In
this case, the scheme of the energy levels for the Cu2+

ion is shown in Fig. 5, and g�factors are determined by
expressions [9, 11] g|| = 2–8λ/Δ, g⊥ = 2–2λ/Δ for site 1
of the prolate octahedron and g|| = 2, g⊥ = 2–6λ/Δ for
site 2 of the oblate octahedron, where λ is the constant
of spin–orbit coupling and Δ is splitting of levels t2g

and eg in the cubic crystal field. Thus, we can identify
the observed nonequivalent sites 1 and 2 as prolate and
oblate along one of three mutually perpendicular C4

axes of the octahedron, respectively. 

As it was already mentioned above, splitting of the
resonant lines is observed for the resonant spectrum of
the Cu2+ ions in site 1, which is especially noticeable
for first two low�field HFC components (Fig. 4). This
fact indicates that the Jahn–Teller effect leads not
only to the tetragonal distortion of the octahedral
environment but also to the rotation of octahedra (at
least in site 1) by angle θ ≈ 2.6°. 

The modification of the magnetic resonance spec�
trum upon increasing the temperature and arbitrary
orientation of the external magnetic field is shown in
Fig. 6. 

Parameters of the spin Hamiltonian (1) for Cu2+ in ZnGa2O4 at T = 110 K

Site g|| A||, Oe g⊥ A⊥, Oe gav = (g|| + 2g⊥)/3

1 2.3551 1161 – –

2.3552 1162 2.0772 122 2.170

2 2.0181 751 – –

2.0182 752 2.2462 442 2.170
1 Experimental values.
2 The values obtained with the WINEPR SimFonia v.1.26 program (Fig. 3).
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Fig. 5. Electron configuration of the Cu2+ ion in the octa�
hedral environment with a tetragonal distortion: (a) pro�
late octahedron and (b) oblate octahedron. 
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Fig. 6. Modification of the magnetic resonance spectrum
with an increase in the temperature and an arbitrary orien�
tation of the external magnetic field. 
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As the temperature increases, the HFC lines
noticeably broaden, and at 560 K, the spectrum is the
isotropic line with parameters g = 2.116 and ΔH =
373 Oe. This is explained by the fact that at tempera�
tures below 560 K, no transitions take place between
the three vibrational levels of octahedra, which corre�
spond to three equilibrium Jahn–Teller configurations
(distortions along three fourfold axes) with a minimal
energy. As the temperature increases, the thermal
transitions from one equilibrium configuration into
another one become possible (reorientation of dis�
torted octahedron axes). If such transitions are highly
probable, the dynamic Jahn–Teller effect is realized; if
they proceed slowly, i.e., the system is frozen in one of
the states, the static Jahn–Teller effect takes place. In
the dynamic case, the deformations are averaged, and
the pattern becomes spherically symmetric. In this
case, a single line of the resonant absorption with g�
factor gav = (g|| + 2g⊥)/3 is observed. Let us note that
the temperature of the transition from the static Jahn–
Teller effect to the dynamic one, in our opinion, is
rather close to the temperature of the structural phase
transition in the CuFe2O4 copper ferrite, Tc = 633 K
[12]. 

It should be noted that the distinction of the static
and dynamic Jahn–Teller effects for the isolated cen�
ters is not of a principal value since one system with a
characteristic transition time τ ~ �/ω can manifest the
characteristics of the dynamic Jahn–Teller effect in
certain experiments, in which averaging over long time
intervals is performed (for example, in NMR), while
in other experiments, which are characterized by a
short intrinsic time (for example, during the optical
absorption), it can manifest the static Jahn–Teller
effect. 

4. CONCLUSIONS 

The performed investigations have shown that the
copper ions are in octahedral sites 16d of the ZnGa2O4

cubic crystal. The magnetic resonance spectra are
described by the spin Hamiltonian 

 

The Jahn–Teller effect is found, during which the tet�
ragonal distortion (both tension and compression) of
oxygen tetrahedra as well as their rotation by the angle
θ ≈ 2.6° take place. The parameters of the spin Hamil�
tonian at T = 110 K are determined; they characterize
the prolate (g|| = 2.355, g⊥ = 2.077, A|| = 116 Oe, and
A⊥ = 12 Oe) and oblate (g|| = 2.018, g⊥ = 2.246, A|| =
75 Oe, and A⊥ = 44 Oe) octahedra. At temperatures
above 560 K, the static Jahn–Teller effect transforms
into the dynamic effect (the experimental frequency
corresponds to the X band). 
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