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The results of synchrotron x-ray diffraction and magnetization measurements on a triangular lattice antifer-
romagnet CuFeO2 subjected to a pulsed high magnetic field are reported. We find the lattice constant, b,
contracts stepwise with increasing magnetic field in coincidence with the multistep magnetization changes.
These changes in the lattice constant scale with the magnetization changes. We argue that the competition
among the ferromagnetic direct and antiferromagnetic superexchange interactions is a main source for this
phenomenon. With the changes of the magnetic structure under an applied magnetic field, the number of up
spins increases and the lattice contracts to gain the former exchange energy.
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The discovery of new electronic properties, including
high-temperature superconductivity, the colossal magnetore-
sistance effect, and multiferroic modifications has fueled a
resurgence of work on the complex interplay between
charge, spin, orbital, and lattice degrees of freedom.

The compound CuFeO2 �abbreviated CFO hereafter� is an
antiferromagnet on a triangular lattice and has been studied
extensively in the last 15 years.1–11 In an antiferromagnet on
a triangular lattice, one expects to find exotic magnetic prop-
erties such as successive phase transitions, noncollinear mag-
netic structures, and so on, due to the geometrical frustration.
Recently, Kimura et al. reported the observation of ferroelec-
tricity under applied magnetic fields in CFO,10 which could
be explained by the newly developed theories on
multiferroics.12,13 In this Rapid Communication, we report
the observation of stepwise lattice distortions associated with
the field induced multistep magnetization changes in CFO.

CFO has the delafossite structure �space group R3̄m� at
room temperature and the lattice constants are a=3.03 Å and
c=17.09 Å. The structure consists of Fe3+ hexagonal layers
along the c axis, which are separated by intervening two
layers of oxygen and one layer of Cu1+. Therefore CFO is an
ideal system to study the magnetism on a triangular lattice.

Figure 1 shows a schematic phase diagram of CFO in the
temperature, T, versus applied magnetic field, B, plane. At
TN1�14 K, CFO undergoes a transition from the paramag-
netic to a partially disordered �PD� phase2 and at TN2
�11 K from PD to an antiferromagnetic phase. The mag-
netic structure in the PD phase has been a subject of
debate1,2,5,8 and has been finally determined to be a sinusoi-
dally amplitude modulated one. The magnetic structure be-
low TN2 is a collinear four-sublattice one in which spins
point along the c axis and are arranged in a ↑↑↓↓ sequence
along the hexagonal �1 1 0� direction.1,2 When placed in an
applied magnetic field, CFO exhibits successive magnetic
transitions below TN2 as evidenced by magnetization
changes3,4 at Bc1�7 T, Bc2�13 T, Bc3�20 T, Bc4�34 T,
and Bc5�70 T. At Bc1�B�Bc2, the spin structure is an in-

commensurate one and at Bc2�B�Bc3 a collinear five-
sublattice structure, ↑↑↑↓↓, is realized.6 The magnetic struc-
tures in the high field phases at Bc3�B�Bc4 and Bc4�B
�Bc5 have not been determined. As is seen from our mag-
netization data presented in Fig. 2, CFO exhibits a plateau at
Bc3�B�Bc4 with a magnetization �1.6�B/Fe, which is
one-third of the saturation value of 5 �B/Fe.3 Then, we may
assume a collinear ↑↑↓ structure in this field range. Above
Bc4 the magnetization seems to increase monotonically with
increasing B and becomes saturated at Bc5�70 T.3 Fe3+ in
CFO is in an orbital singlet state with spin, S= 5 � 2.2 There-
fore the magnetic properties of CFO should be understood in
terms of a Heisenberg model with weak Ising anisotropy.
Theory predicts that a Heisenberg antiferromagnet on the
triangular lattice with Ising anisotropy exhibits a successive
magnetic transition in zero field and an appearance of the
↑↑↓ magnetic structure in the intermediate field range at low
temperatures.14 The theory also predicts that at the higher
fields above the three-sublattice ↑↑↓ phase, spins on the up

FIG. 1. Schematic temperature vs magnetic field phase diagram
of CuFeO2 when the external magnetic field B is applied along the
c axis. Para: paramagnetic phase, PD: partially disordered phase,
and IC: incommensurate phase. Arrows show magnetic moments.
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sublattices are parallel to each other, making an angle with
B, and the spins on the down sublattice are tilted towards B
to gain the Zeeman energy as shown schematically in Fig.
1.14 According to this theory, the ground state spin configu-
ration is the so-called 120° structure in which neighboring
spins make an angle 120°. This contradicts with the observa-
tion that the low temperature–low field magnetic structure of
CFO is the collinear ↑↑↓↓ one. Recently, Terada et al.9 and
Ye et al.11 reported a structural change in CFO below TN2.
Moreover, Terada et al. observed superlattice reflections
from which they proposed a scalene triangle model. This
local distortion of the triangle partially relieves the frustra-
tion and leads to the collinear structure.9

Single crystals of CFO were grown by a floating zone
method at RIKEN. Synchrotron x-ray diffraction measure-
ments in pulsed high magnetic fields were conducted at the
beamline BL19LXU at SPring-8. The data were taken with a
PILATUS 100 K detector system, a single photon counting
detector.15 The experimental details are given in Ref. 16. We
have made a new magnet �# 4 magnet� for this experiment
that has larger inductance compared with the previous ones.
In combination with an increase of capacitance, the pulse
duration is increased from 5 to 27 ms, which largely im-
proved the statistics of the data. This also makes a precise
measurement of field induced phase transitions possible,
since the change in magnetic field can be smaller for a given
time window. The single crystal was mounted with its c axis
vertical ��B� in a glass dewar that was inserted into the
pulsed field magnet. Incident and diffracted x-ray beams
were in the horizontal ab plane ��B�. The magnetization of
the same sample used in the x-ray diffraction study was mea-
sured at KYOKUGEN, Osaka University, under pulsed high
magnetic fields.

Figure 2 shows the magnetic field dependence of the mag-
netization of CFO. The external magnetic field is applied
along the c axis. The transitions at Bc1�7 T, Bc2�13 T, and
Bc3�20 T show hysteresis indicating that these transitions
are of first order. At Bc2�B�Bc3, the magnetization is al-
most independent of B and the magnitude is about one-fifth
of the saturation value. This is expected from the collinear
↑↑↑↓↓ magnetic structure described above. As already dis-
cussed above, we have the 1 � 3 magnetization plateau at
Bc3�B�Bc4.

Since we can access only the Bragg points in the ab plane
in the present synchrotron diffraction measurements, the in-
dexing of the Bragg points is conveniently made based on
the orthorhombic unit cell9. The relation between the lattice
constants in the hexagonal cell �ah ,ch� and the orthorhombic
cell �aorth ,borth ,corth� is aorth=�3ah, borth=ah, and corth=ch.
Figure 3 shows an image of the diffraction taken at the des-
ignated temperatures and magnetic fields. We have observed

�0 2 0� and �3 1̄ 0� Bragg reflections from which we deduce
the lattice constants aorth and borth.

Figure 4 shows the magnetic field dependence of the lat-
tice constants aorth and borth measured at T=4.2 K. We see
that the lattice constant borth decreases stepwise with increas-
ing B. This result is consistent with the macroscopic mea-
surement by Kimura et al., who observed a discontinuous
change in the magnetostriction at about 7 and 13 T.10 In the
present study, we demonstrate that the phenomenon occurs in
an atomic level. The lattice constant aorth increases slightly
with B. In zero field, Terada et al. observed that aorth con-
tracts, while borth elongates with decreasing temperature be-
low TN2.9 Combining the zero field data and the present re-
sults, we expect that the scalene triangle becomes an
isosceles one with increasing B and finally an equilateral one
above Bc5.

We plot in Fig. 5 a relative change in the magnetization
and that in the lattice constant borth as a function of B. Here,
the magnetization is scaled by its saturation value �5 �B/Fe�
and the lattice constant is scaled as ��borth�B=0 T�
−borth�B�� /borth�B=0 T�, where � is a numerical factor. We

FIG. 2. Magnetic field dependence of the magnetization of
CuFeO2 measured in pulsed magnetic fields. The external magnetic
field is applied along the c axis.

FIG. 3. �Color� X-ray diffraction images obtained at T=38 K
and B=0 T �left�, T=4.2 K and B=0 T �middle�, and at T=4.2 K
and B=32.3 T �right�.

FIG. 4. Magnetic field dependence of the lattice constant aorth

�filled triangle scaled by the right axis� and borth �filled circle scaled
by the left axis� measured at T=4.2 K. The solid lines and dotted
curves are drawn as a guide to the eye.
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see the two quantities are nicely correlated. To the best of our
knowledge, there has been no report on stepwise lattice dis-
tortions which are correlated with field induced successive
magnetic transitions.

We discuss the origin of the stepwise lattice distortions. In
Fig. 6�a� are shown the exchange interaction paths based on
the scalene triangle model.9 In this case, we consider only
the nearest neighbor interactions along the three edges of a
triangle and further neighbor interactions introduced by
Mekata et al.2 are neglected. Figure 6�b� represents the
ground state four-sublattice spin structure in the basal plane
of CFO determined from the neutron diffraction studies.1,2

As noted above, Fe3+ spin in CFO behaves as a Heisenberg
one and we treat it as a classical spin, because the spin value
is large �S= 5

2
�. Writing exchange interaction between spins Si

and Sj as JijSiSj �J�0 for antiferromagnetic interaction�, the
energy per spin of the four-sublattice phase at T=0 K is
given by

− S2�J1� + J2� − J3�� , �1�

and the corresponding quantity of the 120° structure is

−
1

2
S2�J1� + J2� + J3�� . �2�

Therefore the four-sublattice state is realized in the ground
state if �J1�+J2�� /3�J3�. In a magnetic field applied along the
c axis, the four-sublattice state becomes unstable because
this state has no net moment. Then spins will turn their di-
rection from the c axis making an angle with B. The tilted
structure has a net moment. This is reflected in the linear
increase of the magnetization at Bc1�B�Bc2. Because of
the Ising anisotropy, this tilted state becomes unstable at
higher fields. Then, we expect a collinear spin structure will
reappear. Let us start from the ↑↑↓↓ state in Fig. 6�b�. When
we flip the down spins on the third column, we have a ↑↑↑↓
state that has a magnetization half the saturation value. Since
we have not observed a 1

2 plateau in the magnetization curve,
this state is not a stable one. Then, we simultaneously flip the
spins on the third and fifth columns and obtain the ↑↑↑↓↓
state, as observed from neutron diffraction measurement.6

Similarly, we obtain the ↑↑↓ state from a simultaneous flip-
ping of the third, fourth, fifth, and sixth columns of the
↑↑↑↓↓ state. All these changes in spin structure occur along
the borth axis, i.e., the J1� interaction plays an essential role in
the field-induced magnetic phase transitions. This explains
why the change in aorth with magnetic field is small and the
correlation with the magnetization changes is less clear.

As is discussed by Mekata et al.,2 the nearest neighbor
exchange interaction in the basal plane of CFO is a sum of
the direct exchange interaction, which is assumed to be fer-
romagnetic, and the 90° superexchange interaction through
an O2− ion. The latter exchange interaction involves several
mechanisms and the sign is uncertain.17 Kanamori suggested
that the 90° superexchange interaction between spins in the
3d5 system would be antiferromagnetic,17 and we believe
this is the case judging from the antiferromagnetic ordering
in this compound. The experimental evidence that the b axis
elongates at low temperatures in zero field9 implies that the
direct exchange interaction diminishes and the antiferromag-
netic interaction dominates. This stabilized the ↑↓↑↓ se-
quence in the rows of the four-sublattice structure given in
Fig. 6�b�. In the five-sublattice state, one out of five J1� bonds
is coupled by two parallel spins and costs energy. In order to
lower this cost in the exchange energy, borth axis contracts to
resume the ferromagnetic direct exchange interaction. In the
three-sublattice phase, one out of three J1� bonds is coupled
by two parallel spins, so that an additional lattice contraction
along the borth axis is needed. In these field-induced lattice
changes, we expect that a uniform distortion will occur
rather than a local distortion at the “wrong” bonds. This
explains qualitatively the stepwise lattice contractions in
borth associated with the multistep magnetization changes in
CFO.

FIG. 6. �a� The exchange interaction paths in the basal plane. �b�
The spin structure in the basal plane of the four-sublattice ↑↑↓↓
phase. �c� The spin structure in the basal plane of the five-sublattice
↑↑↑↓↓ phase. �d� The spin structure in the basal plane of the three-
sublattice ↑↑↓ phase. Empty and filled circles show up and down
spins, respectively. Spins are directed perpendicular to the plane of
the paper. Here, �d� is a model structure that can explain the mag-
netization and the lattice distortion.

FIG. 5. Magnetic field dependence of the magnetization �filled
circle� scaled by its saturation value and the lattice constant borth

�filled triangle� scaled as ��borth�B=0 T�−borth�B�� /borth�B=0 T�,
where � is a numerical factor.
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In conclusion, we have performed synchrotron x-ray dif-
fraction and magnetization measurements on CFO under a
pulsed high magnetic field. We find the lattice constant, borth,
contracts stepwise with increasing B. These changes in the
lattice constant coincide with the multistep magnetization
changes. We find that the lattice changes are scaled with the
magnetization changes. We interpreted the result by the com-
petition between the nearest neighbor ferromagnetic direct
and antiferromagnetic superexchange interactions. With in-

creasing B, the number of up spins increases and the lattice
contracts to gain the ferromagnetic exchange energy.
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