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ABSTRACT
Field-swept 63,65Cu NMR spectra under magnetic fields up to 8.3 T at a constant NMR
frequency and temperatures T < 12 K on a single crystalline sample of multiferroic CuFeO2 were
measured and analyzed. When the magnetic field is applied along the c axis, a nearly zero internal
magnetic field at the Cu site in magnetic ordered state was observed. This is explained by the
perfect cancellation of the internal fields produced by the 6 nearest neighbor Fe3+ (S = 5/2) ions,
revealing the magnetic structure to be a collinear four-sublattice structure. On the other hand, when
the magnetic field is applied along the ab plane, we observed a finite internal field at the Cu sites,
which is due to the canting of the Fe moments. Strong change in the NMR signal intensity is
observed around 7-8 T, corresponding to the magnetic phase transition from the collinear magnetic
to ferroelectric incommensurate states. The ratio of the two magnetic phases significantly depends
on the history of the change in the external magnetic field and the temperature of the sample. The
details of history dependence of the ratio were discussed.
Keywords: 63,65Cu NMR; frustrated systems; collinear magnetic structure; delafossite structure.

INTRODUCTION
The research interest in CuFeO2 delafossite is caused by the presence of a rich magnetic
field(H)-temperature(T) phase diagram in this system. The competition of comparable exchange
interactions in CuFeO2 leads to spin frustration and the emergence of unusual examples of longrange and short-range magnetic orders [1-10]. In the zero external magnetic field, CuFeO2 exhibits
the magnetic phase transition from the paramagnetic phase (PM) to the partially disordered
incommensurable (IC) magnetic phase (PDIC) at a temperature TN1 = 14 K. In the temperature
range of 10.6 K < T < 14 K, a sinusoidal amplitude-modulated magnetic structure has been reported
and the magnetic state was characterized by a temperature-dependent wave propagation vector (q,
q, 0) [1-4]. Another magnetic phase transition at TN2 = 10.6 K brings the system to a four-sublattice
collinear ground state (4SL) in which the iron spins align parallel to the c axis, forming a
bidirectional two-row order (↑↑↓↓). One of the most intriguing properties of CuFeO2 is the
evolution of its magnetic structures when an external magnetic field is applied. It has been shown
that with the direction of the magnetic field H along the c axis (H || c), the material undergoes a
series of magnetic transitions between phases with different types of magnetic ordering at a low
temperature of T < 10.6 K: at 7 T < H < 13 T (a noncollinear incommensurate structure, the only
magnetoelectrically active phase (FEIC)), 13 T < H < 20 T (collinear state 5SL (↑↑↑↓↓)), 20 T <
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H < 34 T (collinear state 3SL (↑↑↓)), 34 T < H < 53 T (anisotropic canted spin configuration), H
> 53 T (isotropic canted high-field magnetic order). When the magnetic field is applied in the ab
plane, a series of magnetic transitions was also observed, but without the existence of a
magnetoelectric phase [1-3,5,10].
Using 63,65Cu nuclei as local nuclear magnetic resonance (NMR) probes allows us to obtain
the information about spin exchange, local charge distribution and character of magnetic
interaction between Fe3+ ions in neighboring planes [11,12]. In our previous works [13, 14] the
paramagnetic phase of CuFeO2 was investigated by 63,65Cu NMR. It was shown that the
temperature dependences of the NMR shifts of the 63,65Cu NMR line K(T) and the magnetic
susceptibility χ(T) at T > 60 K are well described by Curie-Weiss law. But below T ≤ 60 K, the
behaviors of K(T) and χ(T) are different. The deviation of K(T) from the Curie-Weiss behavior
indicates the development of antiferromagnetic spin correlations between iron planes in CuFeO2
and/or the establishment of a near magnetic order below 60 K [13]. It was also shown that the main
contribution to the 63,65Cu NMR line shift is due to an isotropic field induced on the copper nucleus
by electrons in partially occupied S-orbitals through contact Fermi hyperfine interaction. The
anisotropic contribution to the 63,65Cu NMR line shift originates from spin-dipole and hyperfine
interactions with the electrons in the 3d orbital, as well as the dipole interaction of the nucleus with
the magnetic moments of neighboring Fe3+ ions [14].
The aim of this work is to study the magnetic properties in the magnetically ordered state in
CuFeO2 and its evolution on the magnetic field and temperature from a microscopic point of view
by using nuclear magnetic resonance technique. This paper reports NMR data of a CuFeO2 single
crystal in the temperature range T = 1.6-12 K in the magnetic fields up to 8.3 T.

SAMPLES AND METHODS OF THE EXPERIMENT
The CuFeO2 samples studied in this work were single crystals with dimensions of 2×2×1
mm. The method of sample preparation is described in detail in Ref. [13].
X-ray diffraction analysis of powdered crystals showed that CuFeO2 has a rhombohedral
crystal structure with symmetry R3� m with unit cell parameters a = 3.031(1) Å and c = 17.162(2)
Å at room temperature. These data are in agreement with those previously obtained in Refs. [1517] and were used to calculate the dipole fields presented in the following section.
NMR study was carried out on a homemade spectrometer with a superconducting magnet
(Oxford Instruments) with the ability to scan the magnetic field from 0 to 8.3 T. In all experiments
stabilization and measurement of the sample temperature was carried out with an accuracy of 0.05
K by using two temperature controllers ITC 5 (Oxford Instruments) controlling the temperatures
of the cryostat heat exchanger and the resonance cell in the vicinity of the sample.
NMR spectra of 63,65Cu were obtained using the standard pulse sequence τ–tdel–2τ–tdel–echo
in the magnetic field sweep mode at irradiation frequencies of ν0 = 57, 64, and 76 MHz. The
duration of the first pulse was selected τ ≈ 1 µs. The repetition time of the pulse sequence was 50
ms. Measurements of NMR spectra were carried out at delays between pulses of tdel = 8 - 15 μs.
The spin-spin relaxation time T2 was measured by changing the delay between pulses in the
pulse sequence in the interval tdel = 8 - 100 µs.
To calculate the shape and shift of the NMR lines, the simulation program of NMR spectra
(Simul) was used, in which the shapes of the NMR lines were calculated numerically based on the
full Hamiltonian of the nuclear system taking into account the interaction of the quadrupole
moment of the nucleus with the electric field gradient (EFG) of the environment, dipole-dipole
and hyperfine interactions [18-20].
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RESULTS AND DISCUSSION
The observed 63,65Cu NMR signals in the paramagnetic phase of CuFeO2 are characterized
by very short spin-spin relaxation time T2 ≈ 5 µs and spin-lattice relaxation time T1 < 100 µs
[13,14]. In the temperature range of 10.6 K < T < 14 K, corresponding to the PDIC phase, the
NMR signal of 63,65Cu, unfortunately, could not be observed. The main reason for the lack of a
signal is most likely due to a further shortening of the spin-spin relaxation time. On the other hand,
the 63,65Cu NMR signals were observed in the magnetically ordered phase below TN2 = 10.6 K. It
was found an exponential increase in spin-spin relaxation time as the temperature decreases: from
T2 = 10 µs at T = 10 K to T2 = 80 µs at T = 1.6 K.
Figure 1 shows the typical field-swept 63,65Cu NMR spectra measured at T = 1.68 K and a
frequency of ν0 = 57 MHz for two orientations of the external magnetic field, H || c and H || ab (H
|| [110]). The 63,65Cu NMR spectra (I = 3/2) of the CuFeO2 single crystal represent two sets of lines
corresponding to 63Cu and 65Cu isotopes with gyromagnetic ratios of 63γ/2π = 11.28 MHz/T and
65
γ/2π = 12.09 MHz/T respectively. The NMR signal intensities of 63Cu and 65Cu correspond to
their natural abundances of 69% and 31%, respectively. The NMR spectrum of each isotope
consists of three lines: the central one corresponding to the transition mI = 1/2 ↔ -1/2, and two
satellites - transitions mI = -3/2 ↔ -1/2 and mI = 1/2 ↔ 3/2. The appearance of the satellite lines is
caused by the interaction of the quadrupole moments of 63Cu and 65Cu nuclei (e63Q = 0.220×10–24
cm2, e65Q = 0.204×10-24 cm2) with the electric field gradient (EFG) created at the location of the
nuclei by their charge environment [21]. Narrow lines on NMR spectra near zero shift are
associated with signals from 63Cu and 65Cu isotopes in copper metals contained in the resonance
circuit.
It was established in our previous work [13] that the main EFG-axis in the paramagnetic
phase of CuFeO2 is directed along the c-axis of the crystal, the tensor EFG has axial symmetry
VXX ≈ VYY ≈ 0.5VZZ with the asymmetry parameter η = (VXX – VYY)/VZZ ≈ 0 and the values of the
quadrupole frequencies are 63νQ = e63Q⋅VZZ/2h = 26.6(4) MHz and 65νQ = e65Q⋅VZZ/2h = 24.6(7)
MHz. From the analysis of the NMR spectra observed in the magnetically ordered phase, the
following EFG tensor components were obtained: 63νQ = 26.6(5) MHz, 65νQ = 24.6(8) MHz, and
η ≈ 0. In the structure of CuFeO2, the EFG tensor on the copper nuclei is determined mainly by its
nearest charge environment, which includes two oxygen ions O2-, forming a linear chain O – Cu –
O along the c axis of the crystal (Fig. 2). The coincidence of quadrupole frequencies in the
paramagnetic [14] and magnetically ordered phases indicates that the local charge environment of
copper nuclei (mutual arrangement of copper and oxygen ions) does not change during the
magnetic phase transition. A similar constancy of the EFG parameters at the copper nuclei was
found in the isostructural CuCrO2 [22].
It is noted that the relative intensities of the central line and the quadrupolar satellites in the
observed spectrum are different from those in the simulated spectrum. The difference in the 63,65Cu
NMR line intensities is due to spin-spin relaxation times which are not the same in different
positions of the NMR spectrum. For example, the spin-spin relaxation time (T2) for satellite lines
(63,65mI = -3/2 ↔ -1/2, left satellites) is about 71 µs, for central transitions (63,65m = -1/2 ↔ 1/2 )
T2 ≈ 42 µs, for other satellite lines (63,65mI = 3/2 ↔ ½, right satellites) T2 ≈ 32 µs at T = 1.68 K.
We consider that the difference in spin-spin relaxation behavior relates to the proximity to the
4SL↔FEIC transition. Another factor that affects the intensity of lines may be the coexistence of
the 4SL and FEIC phases in the high field region, as discussed below.
Copper ions in the CuFeO2 structure are located between two adjacent planes containing
3+
Fe ions as shown in Fig. 2. In general, the local field at the non-magnetic copper ion is determined
by both the dipole field Hdip generated by the magnetic moments of Fe3+ ions and the hyperfine
field Hhf, associated with the transfer of spin polarization from the nearest magnetic neighbors:
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𝐇𝐇loc = 𝐇𝐇dip + 𝐇𝐇hf = ∑𝑖𝑖(𝒉𝒉𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖 + 𝒉𝒉ℎ𝑓𝑓,𝑖𝑖 ).

(1)

𝐇𝐇hf = ∑6𝑖𝑖=1 𝐡𝐡ℎ𝑓𝑓,𝑖𝑖 = ∑6𝑖𝑖=1 A𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝛍𝛍𝑖𝑖 .

(2)

Here, hdip,i and hhf,i are local dipole and hyperfine fields on copper ions, which were produced by
Fe3+ ions on i-position in crystal lattice. The main contribution to the induced field on the copper
site in the paramagnetic phase is an isotropic hyperfine field with a constant Aiso = 2.08 T/µB [13].
At T > > TN1 in the absence of correlations between the magnetic moments of iron, the resulting
hyperfine field on copper nuclei is directed along the external magnetic field and is equal in
magnitude to the sum of the hyperfine fields from each of the 6 nearest Fe3+ ions:

Here µi is the magnetic moment of iron ion on i-position. The Fe3+ ions in CuFeO2 are in the high
spin state S= 5/2 (3d5), and the magnetic moment of Fe3+ is reported to be 4.0-4.20 µB from the
neutron diffraction measurements [1,5]. Using the value µ = 4.20 µB [5], we estimate that one Fe3+
ion creates a field on the copper nucleus hhf,1 = Aiso ×µ/6 =1.456 Т.
Now let us consider the details of the magnetic structure in an ideal 4SL (↑↑↓↓) state. There
are fundamentally two different configurations of Fe spins relative to the copper ion as shown in
Figs. 2a and 2b.
The first spin configuration involves the Fe planes, in which four Fe3+ ions out of six
compensate for their induced hyperfine fields on the copper ion, and the other two do not. Figure
2a shows an example of such a configuration ↓↑↑/Cu/↓↑↑, where the order of the arrows
corresponds to the numbers of Fe atoms 123/Cu/456. The magnitude of the induced hyperfine field
on the copper ion from two Fe3+ ions is equal to Hhf =µ 2 hhf,1 ≈ ±2.92 Т. This finite hyperfine
fields will result in two symmetrically NMR lines split by ±Hhf for each copper isotope line relative
to the zero shift value K = 0. This is not observed in the experiment and, therefore, this
configuration of the Fe magnetic moments relative to copper ions ↓↑↑/Cu/↓↑↑ is not consistent
with the observed NMR spectra.
The second possible configuration of the Fe3+ magnetic moments with respect to the copper
ion is ↓↑↑/Cu/↑↓↓ shown in Fig. 2b. In such a structure, the total induced hyperfine field at the
copper ion from the Fe3+ ions is completely cancelled out (i.e., Hhf = 0). In this case, the 63,65Cu
NMR line shift will be determined only by the dipole fields (eq. 1). The calculation of dipole fields
at the Cu site was carried out within the three coordination spheres using the usual expression:
Hdip = ∑i(3ri(µiri) – µri2)/ri5

,

(3)

where ri2 = (x2 + y2 + z2) is the square of the distance Cu–Fei; µi – is the magnetic moment of the
iron ion in the crystallographic position with coordinates (x, y, z). From the calculation, we found
that the maximum projection of the dipolar field is along the a axis with hdipa ~ 0.45 T and the
dipolar field along the c axis is nearly zero (hdipc ~ 0 T). The dipolar field on the copper ions along
the crystallographic с axis in the 4SL phase is nearly zero, therefore, the shift of the 63,65Сu NMR
in H || с should be close to zero, which is actually observed in the experiment. On the other hand,
when H is applied along the ab plane, the dipole field hdipa ~ 0.45 T leads to a Gaussian broadening
of the 63,65Cu NMR spectra. The dashed lines in Fig. 3 show the simulated spectra using the
aforementioned dipolar fields. As can be seen, the observed 63,65Cu NMR spectra are well
reproduced by the simulations for both H || с and H || ab. Therefore, we conclude that the local
magnetic configuration is given by ↓↑↑/Cu/↑↓↓.
Now we discuss the NMR shift of the 63,65Cu NMR spectra for H || ab. The shift is associated
with the second-order quadrupole correction [18,19,21] and the canting of the magnetic moments
along the magnetic field. The presence of such canting in magnetic fields of 0-25 T in the direction
H ⊥ c has been indicated previously [3,5]. The induced hyperfine fields on the copper ion are
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uncompensated in the case of canting of the iron magnetic moments, leading to an additional local
field Hlocab (the inset in Fig. 3b).
Figure 3a shows field-swept 63,65Cu NMR spectra obtained at T = 1.68 K and at frequencies
ν0 = 57, 64 and 76 MHz for H || ab. By simulating each experimental NMR spectrum, Hlocab values
were estimated. The local fields Hlocab at the 63Cu and 65Cu sites are given in Fig. 3b (right scale).
The obtained Hlocab are well approximated by the dependence Hlocab = 0.11(2)×H. Using the known
value of the hyperfine interaction constant Aiso and the local field Hlocab, it is possible to estimate
the angle of the canting of the magnetic sublattice of iron ions (Θ):
Sin (Θ) = Hlocab/µ Aiso

(4)

Figure 3b (left scale) shows the dependence of the angle Θ on the external magnetic field H applied
along the ab plane of the crystal. It is shown that the obtained data are well approximated by Θ =
arcsin(0.013(3)×H).
In H = 7.0 - 8.0 T for H || с [1,2,3], the material undergoes a magnetic transition from the
4SL phase to the noncollinear incommensurate structure (FEIC) phase. An important point for the
magnetic transition is whether external magnetic field is applied or not when the sample is cooled
down passing the magnetic phase transition. As shown in Fig. 4, the 63,65Cu NMR spectra
significantly depend on the conditions of the transition to the magnetically ordered state from the
paramagnetic state. The upper two 63,65Cu NMR spectra were obtained by cooling the sample to T
= 4.2 K in a zero external magnetic field and scanning the field first in the direction of increasing
the magnetic field to H = 8.3 T (upper spectrum), then in the direction of decreasing to H = 0
(middle spectrum). There is a significant difference in the intensities of high-field satellites for
those spectra. When the spectra obtained by cooling the sample in a magnetic field H = 8.3 T
(bottom spectrum), satellite lines in the H region of 6.5 - 7.5 T are not observed at all. This is
probably due to short spin-spin relaxation times of the NMR signals in the FEIC phase, making
the observation difficult. Note that signals observed below 5 T (see the bottom spectrum) are
assigned to those originated from the 4SL phase.
The inset in Fig. 4 shows the dependence of the intensity of the satellite 65Cu NMR line
transition 65mI = 3/2 ↔ 1/2 on the magnitude of the magnetic field during its cycling. The cycling
of the magnetic field was carried out in two stages as follows. In the first stage (blue squares), the
sample was cooled to T = 4.2 K in a zero external magnetic field. After cooling, the 63,65Cu NMR
spectrum was recorded after the magnetic field was increased from 0 to 8.3 T. Then the magnetic
field was lowered to H = 6.7 T and the signal intensity of the 65Cu NMR satellite line was recorded.
Then, followed the reduction of the field to a certain value (HC = 6.25, 6, 5.5, 5 T, etc.), we
measured the signal intensity of the 65Cu NMR high-field satellite at H = 6.7 T. Here it is important
to note that the intensity is proportional to the amount of the 4SL phase in the sample. The intensity
is plotted as a function of НC in the inset of Fig. 4. The intensity of the 65Cu NMR line recovers to
a maximum intensity only when HC is less than 2.5 T.
In the second stage (red circles on the inset of Fig. 4), the sample was cooled to T = 4.2 K
in a zero external magnetic field. After that, the magnetic field was increased from zero to H =
6.7 T, at which the intensity of the 65Cu NMR signal 65mI = 3/2 ↔ 1/2 was recorded. This gives
the maximum intensity corresponding to the case that the all sample is in 4SL phase. To see how
much the 4SL phase changes to the FEIC phase by increasing magnetic field, we increase the
magnetic field up to HC (for example, HC = 7 T) and then decrease H down to 6.7 T where the
signal intensity was measured. We repeated this cycle with different HC and found the intensity
starts to decrease drastically around HC ~7.5 T. The intensity is suppressed down to ~ 10% of the
maximum intensity around 8.2 T. The decrease in the NMR signal intensity corresponds to the
magnetic phase transition from the 4SL to FEIC magnetic phases.
The obtained results indicate the existence of the hysteresis expected for the first order
phase transition between 4SL and FEIC magnetic states. In H = 2.5-8.0 T, the two phases (4SL
5

and FEIC) can coexist. This fact is confirmed by the data on magnetization [1-4]. Interestingly the
hysteresis loop is asymmetric and the slope depends on the field when it cycles in the directions
of increase and decrease (see the inset in Fig. 4). At present, we do not have any clear idea to
explain the different slopes. Further detail studies such as similar measurements at different
temperature will be needed to clarify the origin of the asymmetric hysteresis loops for the 4SLFEIC magnetic phase transition.

CONCLUSION
We have carried out 63,65Cu NMR spectrum measurements on the CuFeO2 single crystal in
the collinear four sublattices (4SL) magnetically ordering state. When the magnetic field was
applied along the c axis, it is found that the induced hyperfine fields at the copper site are near
zero. Based on the observation of the zero internal field, the magnetic structure of the 4SL state
was determined. On the other hand, when the magnetic field is applied along the ab plane, the
finite internal field at the Cu site was observed, which is due to the canting of the Fe3+ magnetic
moments. By measuring the external field dependence of the internal field, we estimated the
magnetic field dependence of the canting angle of Fe3+ magnetic moments from the c axis. It is
also shown that the transition from paramagnetic to magnetically ordered phase in the CuFeO2
crystal preserves the linear configuration of O – Cu – O chains. The transition from 4SL to FEIC
magnetic states depends on the history of cooling of the sample and of the applied magnetic field.
The two phases (4SL and FEIC) can coexist in the region of H = 2.5-8.0 T at T = 1.68 K. The
clear observation of the hysteresis of NMR signal intensities due to the transition between the 4SL
and FEIC magnetic state indicates the magnetic phase transition is characterized by a first order
magnetic phase transition.
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Figure captions

Fig.1. 63,65Cu NMR spectra of CuFeO2 single crystal measured at magnetic field orientations H || c
and H || ab (H||[110]) in the magnetically ordered phase 4SL, T = 1.68 K and ν0 = 57 MHz. The
dashed lines are the result of spectrum modeling: line 1 corresponds to the copper isotope 63Cu,
line 2 to 65Cu, line 1+2 to the total spectrum of lines 1 and 2.
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Fig.2. Image of possible magnetic structures in the magnetically ordered phase 4SL. Two planes
of Fe3+ magnetic moments in the first coordination sphere with incomplete {↓↑↑/Cu/↓↑↑}-(a) and
full {↓↑↑/Cu/↑↓↓}-(b) cancellations of the induced hyperfine field on the copper ion. The order
of the arrows in the designations corresponds to the numbers of iron atoms {123/Cu/456}. The
line passing through the O – Cu – O chain intersects the planes of iron ions in the center of an
equilateral triangle.
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Fig. 3. (a) Field-swept 63,65Cu NMR spectra measured at frequencies ν0 = 57; 64; 76 MHz at H || ab
and Т = 1.68 K. Dashed lines are the result of spectrum modeling (by analogy with Fig.1). (b) The
angle of deflection Θ of the hyperfine field Hhf induced by magnetic moments of iron 1,2,3,4,5,and
6 (Fig. 2) on copper ions, depending on the applied magnetic field along the ab-plane.
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Fig.4. Field-swept 63,65Cu NMR spectra measured at a frequency of ν0= 57 MHz under the
magnetic field H || c with the cooling of the CuFeO2 sample to a temperature T = 4.2 K without
and in an external magnetic field. The inset presents the dependence of the intensity of the 65Cu
NMR transition 65mI = 3/2 ↔ 1/2 on the value of the cycling magnetic field HC (see text).
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