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For the first time, the CuFeO2 single crystal has been studied by 63,65Cu nuclear magnetic resonance (NMR).
The measurements have been carried out in the temperature range of  K in the magnetic field

 kOe applied along different crystallographic directions. The components of the electric field gradi-
ent tensor and the hyperfine coupling constants are determined. It is shown that electrons of copper  and

 orbitals are involved in the spin polarization transfer . The occupancies of these orbitals are esti-
mated.
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Fig. 1. Fragment of the crystal structure of CuFeO2 in two
projections and the spin-exchange scheme in the Fe–O–
Cu chain.
1. INTRODUCTION

Research interest in CuFeO2 delafossite is due to
the presence of magnetoelectric effects in this system.
The competition of exchange interactions in CuFeO2

leads to spin frustration and the appearance of various
magnetic structures, including those incommensurate
with the lattice period. Simultaneously with the mag-
netic ordering in the fields of 60–130 kOe in this sys-
tem, electric polarization is observed depending on an
applied magnetic field [1–4].

In AMO2 delafossites with identical magnetically

active  ions but different “nonmagnetic”  ions,
there are different types of magnetic ordering [5, 6],

indicating the significant role of the  ions in the
exchange interactions and the appearance of electrical
polarization.

The Cu+ ions in the CuFeO2 crystal structure are
located between two neighboring planes of Fe3+ ions
(Fig. 1). Using 63,65Cu nuclei as NMR probes makes it
possible to obtain information about the local charge
symmetry and mechanisms of spin exchange between
magnetic Fe3+ ions located in the neighboring planes.
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2. SAMPLES AND EXPERIMENTAL 
PROCEDURE

The CuFeO2 sample studied in this work was a
 mm single crystal prepared by the method

described in [7]. The X-ray structural analysis of pow-
der samples showed that CuFeO2 has a hexagonal
crystal structure with symmetry  and unit cell
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Fig. 2. 63,65Cu NMR spectra obtained on a CuFeO2 sin-
gle-crystal sample at T = 300 K in the external magnetic
field  kOe applied along three orthogonal crystal-
lographic directions.

= 117H
parameters  Å and  Å at
room temperature. These data are in agreement with
the previously obtained results of structural studies
[7].

Nuclear magnetic resonance measurements were
performed on an Avance III 500 spectrometer
(Bruker) with a superconducting solenoid 
117 kOe. In all experiments, the temperature was con-
trolled with an accuracy of 0.5 K by two ITC 4/5 sen-
sors (Oxford Instruments) placed in a cryostat and in
the immediate vicinity of the sample. To exclude spu-
rious signals from metallic copper, we used a reso-
nance silver coil.

We obtained 63,65Cu NMR spectra using the stan-
dard  spin-echo technique. The
duration of the first pulse was  μs and the
power of the RF amplifier was 250–300 W. The repe-
tition time of the experiment was 10 ms. When the
spectra were wider than the frequency band excited by
the RF pulse, the summation of the spectra recorded
in the required frequency range with steps of 100 kHz
was applied. The observation of the 63,65Cu NMR sig-
nal in the paramagnetic phase of CuFeO2 is compli-
cated because of very short spin–spin relaxation times

 μs. Nevertheless, we observed the 63,65Cu NMR
in the studied compounds. Nuclear magnetic reso-
nance spectra were measured with a delay between
pulses  μs.

To calculate the shift of the NMR lines, we used a
program for simulating spectra by numerically calcu-
lating the line shape based on the total Hamiltonian of
the nuclear system, taking into account the Zeeman
and quadrupole contributions [8–10].

To measure the susceptibility in the temperature
range from 2 to 300 K in magnetic fields of 50 kOe, an
MPMS SQUID magnetometer (Quantum Design,
United States) was used. Measurements of magnetiza-
tion were performed at the Collaborative Access Cen-
ter, Mikheev Institute of Metal Physics.

3. EXPERIMENTAL RESULTS
Figure 2 shows NMR spectra of a single-crystal

CuFeO2 sample at T = 300 K in the external magnetic
field  kOe applied along three orthogonal
crystallographic directions. Spectra are two sets of
lines, three lines in each. Such a structure of the spec-
tra is due to the interaction of the quadrupole moment
of 63Cu and 65Cu nuclei (  cm2,

 cm2) with the electric field gra-
dient (EFG) created at the location of the nuclei by
their charge environment. In the presence of such
interaction, three lines should be observed for nuclei
with the spin : the central line corresponding
to the  transition and two satellites
corresponding to the  and
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 transitions [11]. The difference
between the resonance frequencies of the central line
and satellites will be determined by the components of
the EFG tensor  ( ). The EFG tensor is a
symmetric second-rank tensor; in the system of princi-
pal axes, it has the diagonal form with three components

. The orientation dependence of the
NMR spectra obtained on a single crystal, in contrast to
the powder spectra, makes it possible to determine not
only the principal value  of the EFG tensor and the
asymmetry parameter  but also the
direction of the principal axes with respect to the crys-
tal axes.

It is seen in Fig. 2 that the difference between the
resonance frequencies of the central line and satellites
in the direction of the field  is two times
larger than that at  and ; con-
sequently, the tensor has axial symmetry

 with the asymmetry parameter
. The principal axis of the EFG tensor is directed

along the  axis of the crystal and determines the quad-
rupole frequency:  MHz,

 MHz, where  is Planck’s
constant.

The behavior of the magnetic susceptibility  in
the temperature range of 100–300 K is isotropic (does
not depend on the orientation of the sample with
respect to the direction of the external magnetic field)
and is satisfactorily described by the Curie–Weiss law:
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Fig. 3. Dependences (a)  and (b)  of the
NMR line shift in the CuFeO2 single crystal in the external
field applied along three orthogonal crystallographic
directions. Straight lines in (b) are approximations of the
data.

63 ( )K T χ63 ( )K

Fig. 4. Orientation dependence  in two crystallo-
graphic planes at  K, where  is the angle between
the direction of the external magnetic field and the  axis
of the crystal. The line is the approximation of the data by
Eq. (6).

θ63 ( )K
= 300T θ

c

where  emu K/mol is the Curie constant,
 K is the Weiss temperature, 

 emu/mol, , and  is the
Bohr magneton. The behavior of the magnetization
changes sharply near  K and  K,
indicating a magnetic phase transition with the estab-
lishment of the long-range magnetic order in the sam-
ple. All the data obtained are in good agreement with
the results obtained in [2].

Figure 3a shows the temperature dependences of
magnetic (with allowance for quadrupole corrections)

shifts  ( , [110], ) of the 63Cu
NMR line in the region of the paramagnetic state of
CuFeO2 (  K). The measurements of

 were performed on 63Cu because of the higher
natural content of this isotope (69% 63Cu and 31%
65Cu). The  shifts are positive and their tem-
perature dependences repeat the behavior of the mag-
netic susceptibility. The proportionality of the shifts
and magnetic susceptibility is confirmed by  Jac-
carino–Clogston diagrams (Fig. 3b) [12].
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The NMR line shift on the nonmagnetic ion
nucleus, as well as the magnetic susceptibility, can be
represented in the form

(2)

The temperature-dependent spin contribution to
the shift  is proportional to the spin part of the
susceptibility  and is determined by the hyperfine
coupling constant :

(3)

where  is the Avogadro number. Approximating
 by straight lines and using Eqs. (1)–(3), it is

possible to determine  and  [8, 9, 12]:

It follows from these values that the hyperfine
interaction on copper nuclei in CuFeO2 is anisotropic.
To determine the nature of the anisotropy of the
hyperfine interaction, the orientation dependence

 was analyzed at T = 300 K, where  is the angle
between the direction of the external magnetic field 
and the  axis of the crystal (Fig. 4). The crystal was
rotated in two planes  and (110). For the most
accurate determination of the direction of the external
magnetic field  in relation to the crystal axes, we
used the above parameters of the EFG tensor [13].
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4. DISCUSSION
In the general case, the hyperfine coupling con-

stant is determined by the sum of isotropic and aniso-
tropic contributions:

(4)

where  and  are the isotropic constants of the
contact Fermi and core polarization hyperfine inter-
actions, respectively, and  and  are the anisotro-
pic constants of the spin–dipole and spin–orbit
hyperfine interactions with their own electrons,
respectively. The constant of the dipole interaction of
the nucleus with the magnetic moments of neighbor-
ing ions  is also anisotropic.

The dipole coupling constants  can be calcu-
lated [12]. The calculation gives the maximum value

 kOe/  and 
 kOe/ . The Cu+ ion in the CuFeO  crystal

is located between two triangular lattices formed of
magnetic Fe3+ ions (Fig. 1). Such magnetic environ-
ment leads to the orientation dependence of the dipole
coupling constant described by the function

(5)

where  is the angle between the direction of the exter-
nal magnetic field and the  axis of the crystal.

The  values derived from the calculation are
much less than the experimentally determined values
of the hyperfine coupling constants . Conse-
quently, the main contribution to  is due to the
transfer of the spin polarization from magnetic Fe3+

ions to Cu+ ions.
The Fe3+ ions in CuFeO2 are in the high-spin state

and have five half-occupied  electron levels with
total spin , and oxygen O2– ions have the com-
pletely occupied  orbitals (see Fig. 1) [14, 15].
Covalent Fe–O mixing involves only oxygen electrons
with spin down , which will lead to the positive 
spin polarization on O2– ions, which, in turn, can be
transferred to copper ions because of overlapping and
covalent mixing of O ,  orbitals and Cu , 
orbitals. The positive spin polarization on the 
orbital gives the isotropic negative contribution to the
shift of the NMR line caused by  and the anisotro-
pic contributions from  and . However, the
experiment indicates that ; consequently, cova-
lent O–Cu mixing should to some extent involve elec-
trons in the copper  orbital. The nonzero positive
spin density on the  orbital gives only the positive
isotropic contribution to the NMR line shift owing to
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. The participation of copper  and  orbitals in
covalent mixing is a common case for compounds with
monovalent copper Cu+ [16–18].

As is seen in Fig. 4, the behavior of the shift does
not depend on the choice of the direction of rotation
of the crystal, and all the points lie on one plot of the
corresponding function:

(6)

where  and  are constants.

This behavior of the shift indicates a purely dipole
nature of  ( ), which makes it possible to
separate the isotropic and anisotropic parts of the
hyperfine coupling constant. In fact, it was shown in
[19, 20] that covalent O–Cu mixing involves electrons
of the copper  orbital whose  axis is directed along
the  axis of the crystal. In this case, the spin polariza-
tion of the  orbital creates the spin–dipole field, for
which . Then, it follows from

Eq. (4) that  kOe/μB,

 kOe/μB, and  kOe/μB.

Further, using the  value, we find  kOe/μB

and  kOe/μB. The hyperfine cou-

pling constants  depend on the occupancy of the
 orbital  and the average radius

of the orbit  as [15]

(7)

Using the value  cm–3 calculated
for the free ion [21], we estimate .

The hyperfine coupling constant of the core polar-
ization is determined by the expression 

 kOe/ , where  kOe/
is the field created on the nucleus by one electron
(hole) on the  orbital [22]. The known  and 
values make it possible to determine the contact Fermi
hyperfine coupling constant . Using the expression

 kOe/μB, where  2 МOe/μB
is the field on the nucleus from one electron on the

orbital [20], we estimate the occupancy of the
orbital as . The estimates of hyperfine

coupling constants and occupancies of copper  and
 orbitals are given in Table 1.
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Table 1. Hyperfine coupling constants and the occupancy degree on copper  and  orbitals in CuFeO2

Ac

(kOe/ )
Acp 

(kOe/ )
Aso 

(kOe/ )
 

(kOe/ )
 

(kOe/ )
 

(kOe/ )
 

(kOe/ ) (%) (%)

21.7 –0.9 0 1.8 –0.9 1.6 –0.8 0.7 1

4s 23 zd

μB μB μB

c
sdA

μB

ab
sdA

μB

c
dipA

μB

ab
dipA

μB

(3 )n d (4 )n s
5. CONCLUSIONS
It has been shown that the EFG tensor on copper

positions in CuFeO2 has axial symmetry ; the
principal axis of the EFG tensor is directed along the

 axis of the crystal. The quadrupole frequencies for
two copper isotopes have been determined: 

 MHz,  MHz.
The nature of hyperfine fields on nuclei copper has

been determined by jointly analyzing the orientation
and temperature dependences of the magnetic shift of
63Cu NMR lines and magnetic susceptibility data. It
has been established that electrons of the copper 
and  orbitals are involved in the O–Cu covalent
mixing and the occupancies of these orbitals have been
estimated.
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