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We have investigated the spin dynamics of triangular lattice antiferromagnet CuFeO2 by measuring powder
neutron inelastic-scattering spectra. A quasielastic component whose half-width oscillates with the magnitude
of the scattering vector appears in the spectra above Néel temperature. A dynamics model representing the
shape of quasielastic components and oscillatory behaviors changes from spin jump diffusion to Heisenberg
paramagnetic �PM� scattering with increasing temperature. These findings demonstrate that CuFeO2 shows a
gradual transition from a spin-liquid phase to the Heisenberg PM phase. The origin of the spin-liquid phase is
discussed in terms of incommensurate short-range spin correlation.
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I. INTRODUCTION

Geometrically frustrated antiferromagnets of triangular,
kagomé, and pyrochlore lattices have received considerable
attention in recent years due to their extraordinary magnetic
properties such as spin-liquid, spin-glass, and spin-ice
phases.1 Since the pioneering work by Anderson and
Fazekas,2 an antiferromagnetic �AF� Heisenberg model on
the triangular lattice has been considered as a reasonable one
for the spin-liquid phase in frustrated antiferromagnets. Al-
though it is now believed that a magnetically ordered AF
phase appears in the isotropic triangular lattice,3–7 recent
theories1,8 suggest that exchange interactions beyond the
nearest-neighbor sites such as the longer-range interactions,
multiple-spin interactions, and incommensurate short-range
correlation, may contribute to stabilize the spin-liquid phase
in the triangular lattice. Experimentally, only a few candi-
dates for spin-liquid phases have been reported in quantum
spin systems �S=1 /2� with a distorted triangular lattice9–11

and in a layered chalcogenide insulator NiGa2S4 with the
exact triangular lattice of Ni spins �S=1�.12

The delafossite-type oxide CuFeO2 is a good example of
the frustrated triangular lattice antiferromagnet due to its lay-
ered triangular lattices of high-spin Fe3+ ions. CuFeO2 shows
successive magnetic phase transitions from an Ising-type
four-sublattice AF phase �↑↑ ↓↓� below Néel temperature
TN1�10.5 K to a paramagnetic �PM� phase above TN2
�14.0 K through a partially disordered �PD� phase �TN1
�T�TN2�.13–16 Despite the Heisenberg spin of the orbital
singlet of Fe3+ magnetic ions �L=0, S=5 /2�, the thermal-
induced magnetic transitions are well explained by the Ising
model. The occurrence of the magnetic phase transitions is
accompanied by second- and first-order structural phase tran-
sitions at TN2 and TN1, respectively. CuFeO2 changes from
the hexagonal structure to a lower symmetry �monoclinic or
orthorhombic� one below TN1.17,18 Recently, some fascinat-
ing quantum phenomena such as field-induced multistep
magnetization changes19 and multiferroics20–22 were found in
this system. To understand these complicated magnetic prop-
erties, neutron inelastic-scattering measurements of CuFeO2
and its diluted compounds were dedicated to reveal magnetic
orderings and spin-wave excitations.23,24 However, a possible

spin-liquid phase of CuFeO2 as a consequence of high
ground-state spin degeneracy has received less attention.

Since the spin quantum number of Fe3+ ions in CuFeO2
has a rather high value �S=5 /2�, the relevant phase should
be primarily a classical spin-liquid phase. As proposed in an
early work by Villain,25 the pyrochlore Heisenberg antiferro-
magnet is a classical spin-liquid or cooperative paramagnet,
i.e., an exchange-coupled paramagnet where spins have a
diffusive motion. Theory predicted that at low T, being under
the Weiss temperature �, the spin autocorrelation function
would decay in time t as �Si�0� ·Si�t��=exp�−cTt�, where c is
a constant.26 In this case, a quasielastic Lorentzian compo-
nent appears in the neutron inelastic-scattering spectrum,
which was confirmed experimentally in the pyrochlore
CsNiCrF6.27 This is also valid for the triangular lattice anti-
ferromagnet because the lattice dimensionality seems to have
very little effect on the dynamic magnetic response.28 In fact,
Simonet et al.29 reported a quasielastic component in the
powder neutron inelastic-scattering spectra of another
delafossite-type oxide CuYO2.5 at 150 and 300 K. By ana-
lyzing the spectrum at 300 K, they concluded that the origin
of the quasielastic component was the Heisenberg PM scat-
tering. Terada et al.23 measured neutron inelastic-scattering
spectra of single crystal CuFeO2 at a specific scattering vec-
tor Q in the PD phase and at 40 K, and presented a quasi-
elastic component due to a diffusive magnetic excitation as-
sociated with strong spin fluctuations. More recently, Okuda
et al.30 found a low-energy magnetic excitation, i.e., a quasi-
elastic component in the spectrum of delafossite-type oxide
Cu0.85Ag0.15CrO2 at �Q�=0.14 Å−1 just above TN. Although
they suggested a relation to many-body singlet excitations in
a spin-liquid-like phase above TN, no further identification
was given concerning its origin.

In this work, we have succeeded in elucidating the spin
dynamics of the spin-liquid phase by measuring the powder
neutron inelastic-scattering spectra of CuFeO2 at several
temperatures. We find a quasielastic component above TN1
whose half-width � shows oscillation with �Q� for the first
time. The quasielastic components below � are well fitted in
terms of jump diffusion31 of Fe3+ spins, while those above �
are attributed to the Heisenberg PM scattering.32 These re-
sults indicate a crossover from the PD phase to the spin-
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liquid phase and finally to the PM phase with increasing
temperature. In addition, we refer to a possibility that the
spin autocorrelation function in the spin-liquid phase of geo-
metrically frustrated antiferromagnets shows a T1/2 depen-
dency.

II. EXPERIMENT

Polycrystalline samples were prepared by a conventional
solid-state reaction described elsewhere.33 The x-ray diffrac-
tion pattern indicated that the sample had a delafossite struc-
ture without any impurity phases. The neutron inelastic-
scattering measurements were carried out using a high-
resolution pulsed neutron spectrometer AGNES, installed at
the C3–1 cold neutron guide of JRR3M in Tokai, Japan.34 A
powder sample of about 10 g was loaded in a cylindrical
aluminum cell �40 mm in height, 14.0 mm in inner diameter�
sealed with an indium gasket. The incident neutrons with the
wavelength of 4.22 Å were pulsed by a Fermi chopper, and
scattered neutrons were detected by 328 detectors with a
scattering angle of 10–130°, covering the scattering vector
�Q� region of 0.20–2.70 Å−1. The energy resolution was
0.12 meV at the energy-transfer values, E, of the incidence
ranging from −4 to 4 meV. The data were collected at several
temperatures in the range between 7.5 and 300 K. The dura-
tion of the measurements was about 24 h for each run. The
neutron inelastic-scattering spectra presented below were
symmetrized considering the differences in the up and down
scatterings and geometrical conditions.

III. RESULTS AND DISCUSSION

Figure 1 shows neutron inelastic-scattering intensity,
S�E�, representing the summation of S��Q� ,E� in the Q space
of CuFeO2. The horizontal axis is the energy-transfer values,
E, of the incidence. The sharp central peaks at 0 meV are the
elastic-scattering components. There is a large and broad in-
elastic peak around �2 meV in each spectrum below 11 K,

corresponding to the spin-wave excitations. As the tempera-
ture increases, the peak position moves closer to the central
peak. The most important feature in this figure is a broad
quasielastic component in each spectrum above 11 K. The
maximum intensity of the quasielastic component is ob-
served at 16 K just above TN2, but the component decreases
with increasing temperature. These results suggest that the
spin dynamics changes from a wavelike regime to a diffusive
one as the temperature increases.

We can see the change in more detail from the intensity
contour map of S��Q� ,E� shown in Fig. 2. At 7.5 K, the low
energy and almost dispersionless spin-wave branch is found
at around 2 meV with an energy gap of �1 meV, which is
consistent with previous works.23,24 Reflecting the peak shift
mentioned above, the energy of spin waves slightly de-
creases with increasing temperature. Above 11 K, it is diffi-
cult to find a clear spin-wave dispersion but instead, the
quasielastic component appears in the whole �Q� range. Note
that the half-width � of the quasielastic components seems to
oscillate as a function of �Q�, and the oscillatory behavior
becomes less �Q� dependent with increasing temperature. A
similar tendency is also observed in the intensity of the
quasielastic components. The oscillation in the intensity be-
comes less evident above 150 K.

Hereafter we analyze the quasielastic component in the
spectra above 12.5 K. As shown in Fig. 3�a�, the quasielastic
components below 50 K �region �I�� are well fitted to a
Lorentzian function, taking the instrumental resolution func-
tion into account, whereas those at 150 and 300 K �region
�II�� are fitted to a Gaussian function, also considering the
resolution function. Thus the corresponding spin dynamics is
different in region �I� and region �II�. Figure 4 shows �Q�
dependent � of the Lorentzian or Gaussian function. The
oscillation amplitude and period are apparently different in
region �I� and region �II�. First, let us discuss the oscillatory
behavior in region �I�. This behavior cannot be explained by
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FIG. 1. Neutron inelastic-scattering spectra of CuFeO2 powder
with varying temperatures from 7.5 to 300 K.

16K 300K

10K7.5K

11K 12.5K

FIG. 2. �Color online� Intensity contour map of neutron inelastic
scattering on CuFeO2 powder at various temperatures. Circles are
experimental data of the inelastic peak.
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the theory for the pyrochlore Heisenberg antiferromagnet,
which predicts that � is proportional to �Q�2.26 An appropri-
ate model that can explain the oscillation found in � of the
Lorentzian function is the jump diffusion model, which is
often used for the ionic impurity diffusion in liquids.31 Given

that local spins jump at a fixed distance l from one pseu-
doequilibrium Fe3+ site to another with the residence time �
between jumps, we obtain

�L =
�

�
	1 −

sin�Q�l
�Q�l 
 . �1�

The oscillatory behaviors are represented by Eq. �1� using a
temperature dependent � and a nearly constant l�7.7 Å.
The value of � stays in the picosecond range, which is quite
low relative to the precession frequency in CuCrO2, which
stays at submicroseconds.35 The jump distance l being longer
than the triangular lattice spacing as well as the interlayer
distance between the triangular lattices may correspond to
the spin-correlation length.

In the PD phase, CuFeO2 shows the incommensurate
magnetic structure with sinusoidal amplitude modulation
along the �110� direction with a period of �7.6 Å,15,18 half
of which is almost equal to l. Considering the two spins
separated by a distance of �7.6 Å, they are aligned ferro-
magnetically along the �110� direction and antiferromagneti-
cally along the �100� or �010� direction. From this fact, we
can expect that incommensurate AF short-range correlation
due to such a magnetic ordering, which is characteristic for a
triangular lattice Ising antiferromagnet, remains above TN2.
This expectation is also supported by magnetic-susceptibility
measurements implying the development of short-range or-
dering below 150 K.14 Consequently, spins perform a diffu-
sive jump to form antiparallel spin sites in the ab plane via
AF exchange interactions. The growing intensity of the
quasielastic component instead of the inelastic peaks with
increasing temperature in the PD phase may indicate that the
magnetic structure along the �110� direction in the PD phase
is disturbed by the diffusive jump of spins. This spin dynam-
ics due to the Ising-type short-range correlation may prevent
possible formation of Z2 vortices,36 which has been recently
proposed for the spin-liquid phase of the chalcogenide
NiGa2S4.37 On the other hand, Petrenko et al.38 claimed that
the Ising model for CuFeO2 was not applicable because the
magnetic susceptibility measured in the field H �c and H�c
was almost isotropic above TN2. In this case, the spin diffu-
sion is not restricted to the ab plane. Although the detailed
spin dynamics remains a matter of research, we tentatively
conclude that the spin-liquid phase is realized in the region
�I� probably due to the incommensurate short-range correla-
tion. In other words, CuFeO2 gradually changes from the PD
phase to the spin-liquid phase around TN2. This is strongly
supported by other experimental facts such as a dull maxi-
mum in the magnetic susceptibility14 or a cusplike heat
capacity39 around TN2.

Next we move on to discuss the �Q� dependence of � in
region �II�. The oscillatory behavior cannot be fitted to Eq.
�1� as can be seen in the right side of Fig. 3�b�. Since the
temperature-dependent magnetic susceptibility of CuFeO2 is
described perfectly well by the Curie-Weiss law above 100 K
�Ref. 38� or 150 K,14 the Heisenberg PM phase seems to be
realized in region �II�. Thus we attempt to explain the oscil-
latory behavior in terms of the Heisenberg PM scattering.
According to the theory,32 the quasielastic component forms

(a)

(b)

Eq.(1)

Eq.(2)

Eq.(1)

Eq.(2)
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FIG. 3. Fitting results of �a� quasielastic components and �b� �Q�
dependence of � of the quasielastic components at 25 and 300 K.

Region(II)

Region(I)

FIG. 4. �Q� dependence of � of the quasielastic components.
The solid and dotted lines are fits to the models of jump diffusion
and Heisenberg PM scattering, respectively.
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a Gaussian function with the half-width �G expressed as

�G = �0�1 −
sin�Q��

�Q��
, �0 
�2

3
NS�S + 1� ·

2J

�
, �2�

where �, N, and J are the distance between nearest neighbors
of Fe3+ ions, i.e., the in-plane lattice constant of 3.035 Å,33

the number of nearest neighbors, and the exchange interac-
tion, respectively. Here we treat � as well as �0 as variable
parameters to include long-range interactions. In the right
side of Figs. 3�b� and 4, one can see that the oscillatory
behavior in region �II� is reasonably explained by Eq. �2�. On
the other hand, the fitting of the oscillatory behavior in re-
gion �I� using Eq. �2� does not yield a good result as shown
in the left side of Fig. 3�b�. These results verify that CuFeO2
is evidently in the Heisenberg PM phase in region �II�. At
150 K, the value of � is as long as the jump distance l in
region �I�, and decreases by half at 300 K. The decrease in �
corresponds to a gradual transition from the spin-liquid
phase to the PM phase in CuFeO2. The transition may un-
dergo at the Weiss temperature � of CuFeO2
��100 K�.14,38,40 We believe that � becomes close to the
distance between the nearest neighbors at higher tempera-
ture, i.e., the nearest-neighbor interactions become dominant.

Finally, we discuss the temperature-dependent change in
� of CuFeO2. Since the temperature dependence of � is not
strongly �Q� dependent, only the data at �Q�=1.8 Å−1 are
represented in Fig. 5. Although � at 11 K is not shown in the
figure, it is larger than that at 12.5 K. The decreasing ten-
dency of � in the PD phase as the temperature increases from
TN1 to TN2 reflects the increase in �, probably due to the
development of local disorder induced by the increasing
fraction of the spin-liquid phase in the PD phase. In the
temperature range TN2�T��, � increases with increasing
temperature following a T1/2 variation, not a T linear varia-
tion predicted in the pyrochlore Heisenberg
antiferromagnet.26 The deviation from a T linear variation
was also found in the pyrochlore CsNiCrF6.27 There is a
possibility that the spin autocorrelation function for the spin-
liquid phase of geometrically frustrated lattices is propor-
tional to T1/2. The T1/2 variation is sometimes interpreted as a
signature of the Kondo effect in heavy fermion systems;41

however, this is not the case for CuFeO2. Although � in-
creases above �, its temperature variation deviates from that
in the spin-liquid phase, an indication of the gradual transi-
tion from the spin-liquid phase to the PM phase. For deeper
understanding of the spin dynamics of CuFeO2, triple-axis
neutron inelastic-scattering experiments and further theoreti-
cal considerations are required. We note in passing that the �
value of CuFeO2 is comparable to those of the pyrochlore
CsNiCrF6 and other delafossite-type oxides CuYO2.5 and
Cu0.85Ag0.15CrO2 �see, Table I�. The � values are taken at
certain temperatures between the magnetic transition tem-
peratures TO and � except for CuYO2.5.

27,29,30 The magnetic
phases and the types of spin dynamics are listed in Table I.
Although CuYO2.5 and Cu0.85Ag0.15CrO2 are in the PM phase
at low temperatures, there is a possibility that they are in the
spin-liquid phase where spins perform the diffusive motion,
which will be examined from the Q dependence of quasielas-
tic scattering intensities.

IV. CONCLUSION

We have measured neutron inelastic-scattering spectra of
the delafossite-type oxide CuFeO2 as a typical triangular lat-
tice antiferromagnet. Due to the high-spin degeneracy of the

Region(I) Region(II)

Spin-liquidPD PMAF

�

~7.6 A or l

5 10 15

FIG. 5. Temperature dependence of � of the quasielastic com-
ponents. Two schematics using the black arrows indicate possible
spin structures for the spin-liquid �center� and PM �right� phases. In
the schematic for the spin-liquid phase, the magnetic structure of
the PD phase is also drawn with gray arrows.

TABLE I. The half width � of the quasielastic component in the neutron inelastic-scattering spectrum of various frustrated materials at
certain temperatures between the magnetic transition temperature T0 and � except for CuYO2.5.

� T0 � Magnetic phase Spin dynamics

CuFeO2 �This work� 0.8 meV ��Q�=1.8 Å−1, 25 K� TN2 �100 K a Spin-liquid Jump diffusion

CsNiCrF6
b 1 meV �Q= �2.5 2.5 0�, 8.3 K� 2.3 K 100�300 K c Spin-liquid Diffusion

CuYO2.5
d 1.5 meV ��Q�=1.8 Å−1, 150 K� Unknown �1 K e PM

Cu0.85Ag0.15CrO2
f 0.4 meV ��Q�=1.4 Å−1, 15 K� 13 K 160 K PM

aRefs. 14, 38, and 40.
bRef. 27.
cRef. 42.
dRef. 29.
eRef. 43.
fRef. 30.

HAYASHI et al. PHYSICAL REVIEW B 80, 144413 �2009�

144413-4



ground state of CuFeO2, the spin-liquid phase is realized in
the temperature range between TN1 and �. The spin-liquid
phase is characterized in terms of the jump diffusion of
spins, and the temperature dependence of the spin autocorre-
lation function obeys the T1/2 variation. To our knowledge,
CuFeO2 is possibly the first spin-liquid material among the
delafossite-type oxides. We expect that several delafossite-
type oxides may also exhibit the spin-liquid behavior. Sys-
tematic study on their spin dynamics using the neutron
inelastic-scattering measurements is underway.
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