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Magnetic correlations in YBaCo4O7 on kagome and triangular lattices
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Magnetic correlation in YBaCo4O7 with kagome and triangular lattices was studied through inelastic-neutron-
scattering measurements on a single crystal sample. The broad magnetic excitation was observed below 45 meV
and showed dispersions both within the c plane and along the c axis. The wave vector with the minimum
energy of the magnetic excitation was totally different from the magnetic Bragg point. Our analysis with the
first-moment-sum rule suggests that Co ions in YBaCo4O7 form a unique three-dimensional network with the
geometrically frustration.
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I. INTRODUCTION

Geometrically frustrated magnets have been extensively
investigated [1,2]. One of the three-dimensional frustrated
magnets is a pyrochlore system. A three-dimensional network
of vertex-sharing tetrahedra in the pyrochlore lattice forms a
frustrated magnet when the nearest neighbor interactions are
antiferromagnetic ones. The strong magnetic fluctuations are
expected to induce a variety of the interesting magnetic prop-
erties. Dy2Ti2O7 and Ho2Ti2O7 are well known as a spin ice
system which has no long-range order even at low temperature
(T ) [3]. In the similar pyrochlore system Yb2Ti2O7, a Higgs
transition from a magnetic Coulomb liquid to a ferromagnet
has been reported [4]. Antiferromagnetic pyrochlore-lattice
systems, such as ZnCr2O4, often have both lattice distortion
and long-range magnetic ordering [5]. Geometrically frus-
trated magnets are good targets for studying unique magnetic
properties.

The RBaCo4O7 (R = Ca, Y, and rare-earth elements) is one
of geometrically frustrated systems. The RBaCo4O7 has the
alternating structure of the kagome and the large triangular
lattices formed by CoO4 tetrahedra, as shown in Fig. 1(a)
[6,7]. RBaCo4O7 with R3+ has three Co2+ and one Co3+

ions. The charge ordering has not been detected clearly, and
the mixed valence with Co2+ and Co3+ is expected. The
network of Co ions in RBaCo4O7 is similar to that of the
tetrahedra in the pyrochlore system where the kagome and
the large triangular lattices stack along the [111] direction [2].
In RBaCo4O7 the Co ions form not the tetrahedron but the
hexahedron because of the different stacking of the kagome
and the large triangular lattices. The large antiferromagnetic
interaction estimated from the magnetic susceptibility [6,8]
is expected to realize the unique magnetic property with the
geometrically frustration.

In our previous study on YBaCo4O7 two transitions
were found at temperatures Tc1 = 70 K and Tc2 = 105 K

[9,10]. Below Tc2 the magnetic reflections were observed
at the Q points (h0 ± 1/2, k0, l0), (h0, k0 ± 1/2, l0), (h0 ±
1/2, k0 ± 1/2, l0), and (h0 ± 1/3, k0 ± 1/3, l0) (h0, k0, and
l0 = integers). Here the first three Q points are defined as Q1/2
points, and the last Q points are defined as Q1/3 points. Below
Tc1 the magnetic ordering grew rapidly with decreasing T . The
estimated magnitudes of the magnetic moments suggest that
Co ions have the high-spin state. The similar behavior with the
combination of the commensurate and the incommensurate
propagation vectors was also observed in LuBaCo4O7 [10,11].
On the contrary, Khalyavin et al. reported that the magnetic
reflections in YBaCo4O7 appear only at Q1/2 points [12]. In
the neutron diffraction experiment studied by Manuel et al.,
the long-range ordering along the c axis and the short-range
120◦ configuration in the c plane were further reported just
above Tc2 [13]. The several neutron diffraction studies on
single crystals RBaCo4O7 [9,11–13] have been reported, but
the magnetic model in RBaCo4O7 remains controversial.

Neutron scattering is a very useful technique on the de-
termination of the magnetic model including the magnetic
correlation. Dispersive magnetic excitations in magnets give
the information about the exchange interactions [14,15]. Clus-
ter magnets produce the dispersionless magnetic excitations
corresponding to the energy level [16]. In several pyrochlore
and spinel systems, magnetic modes with the discrete energies
have been observed in magnetically ordered phases [5,17,18].
The kagome lattice of herbertsmithite with a quantum spin-
liquid state induces a gapless magnetic excitation [19]. The
geometrically frustrated magnets show a wide variety of
the magnetic excitation spectrum in the inelastic neutron
scattering.

In this paper a neutron scattering study has been carried out
on a single crystal sample of YBaCo4O7 in order to clarify
the magnetic correlation in Co ions with the triangular and
kagome lattices. The result reveals that the magnitude of the
exchange interaction within kagome lattice is similar to that
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FIG. 1. (a) Schematic structure formed by Co ions in YBaCo4O7.
(b) J1 is the exchange interaction between the Co moments in
the kagome lattice. (c) J2 is the exchange interaction connecting
kagome and triangular lattices. (d) Temperature dependence of the
magnetization with H = 1 T. Closed and opened circles show the
magnetization on a δ = 0.15 sample with H//ab plane and H//c
axis, respectively. Closed and opened squares show the magnetiza-
tion on a N2-annealed sample with H//ab plane and H//c axis,
respectively.

connecting kagome and triangular lattices. In YBaCo4O7 the
exchange interactions between Co moments form the unique
three-dimensional network with the geometrically frustration.

II. EXPERIMENTAL DETAILS

Single crystals of YBaCo4O7 were grown by a floating
zone method. Y2O3, BaCO3, and Co3O4 were mixed with
proper molar ratios. The mixtures were pressed into a rod
and sintered at 1000 ◦C for 15 h. By using the obtained
rod, the YBaCo4O7+δ single crystals were grown in air, and
the crystal was annealed at 1000 ◦C for 60 h in air. In the
previous study we used the above crystal, where the oxygen
content was estimated to be δ = 0.15 [9]. In the present study,
the crystals were reannealed at 500 ◦C for 60 h in nitrogen
[20]. The decrease of the sample weight was 0.4(1)% by
the nitrogen anneal. The single crystals were checked not to
have an appreciable amount of impurity phases by a powder
x-ray measurement. It should be noted that the crystal has a
very slight impurity of YBaCo2O5+x, which shows a weak
ferromagnetism between 150 and 300 K, as the previous
study [9,21]. The magnetizations M were measured using
a Quantum Design SQUID magnetometer under a magnetic
field H = 1 T. The sample alignment has been carried out by
using a high energy x-ray Laue system installed in ISSP, The
University of Tokyo [22].

Neutron measurements were carried out by using the
cold-neutron chopper spectrometer CNCS [23,24] installed
at SNS, ORNL, USA, and the high resolution chopper spec-
trometer HRC [25] installed at MLF, J-PARC, Japan. In the
measurement focusing on a low energy region at CNCS,
incident neutron energy Ei was 15.1 meV, and the energy
resolution at an elastic position was about dE/E = 6%. The

FIG. 2. Elastic neutron scattering intensities measured in a
CNCS spectrometer. (a) Contour plot of the elastic neutron intensity
in the (H K 0) plane at T = 10 K. (b) Elastic neutron intensities at
(1.5 − K ′, 2K ′, 0) for three T values.

sample was cooled using a liquid helium cryostat. In the
measurement focusing on a high energy region at HRC, Ei

was set to 103.4 meV, and the energy resolution at an elastic
position was about dE/E = 4.5%. The sample was cooled
using a GM-type refrigerator. For both experiments, the single
crystals were oriented with the [100] and [010] axes in the
horizontal plane; throughout this paper we use a hexagonal
unit cell, where lattice parameters are a = b = 6.308 Å and
c = 10.260 Å. The distortion of the crystal structure with
orthorhombic or monoclinic symmetry has been reported
[12], but we cannot discuss the correct crystal structure in
the present study. Here we used the simple hexagonal unit
cell without the distortion. In the expression of Q point, the
(−1, 2, 0) vector and its miller index K ′ are also used as
the axis perpendicular to both a∗ and c∗ axes. By rotating
the sample in the horizontal plane, we measured the neutron
spectra in the c plane. The neutron intensities along the c axis
were measured simultaneously by position-sensitive detectors
settled along the vertical axis.

III. RESULTS

A. Magnetization

Figure 1(d) shows the temperature dependence of
the magnetization taken at H = 1 T under the condition
of the zero-field cooling with H//ab plane and H//c axis.
The magnetization with the air-annealed sample (δ = 0.15),
which was used in the previous study [9], are also shown.
By annealing the sample with N2, the magnetization has the
large change with both H//ab plane and H//c axis. The
observed magnetization is almost consistent with that reported
by Khalyavin et al. [12]. Furthermore, we found the 0.4(1)%
decrease of the sample weight in the N2 anneal; the ideal
weight change from δ = 0.15 to δ = 0 is 0.42%. Then we
concluded that the oxygen content of our crystal with the N2

anneal was almost δ = 0.

B. CNCS experiment in low energy region

Figure 2(a) shows the contour plot of elastic neutron inten-
sity measured at 10 K in the (H K 0) plane using the CNCS
spectrometer with Ei = 15.1 meV. In addition to fundamental
reflections and Al-powder lines, superlattice reflections were
observed at both Q1/2 points and Q1/3 points although the
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neutron intensities at Q1/2 points are much larger than those
at Q1/3 points. This is consistent with our previous results [9].
Although the magnetic reflections at the Q1/3 points were not
detected by Khalyavin et al. [12], the observation of those with
even small intensities is obvious in YBaCo4O7. The profiles
of the elastic neutron intensities along (1.5 − K ′, 2K ′, 0) at
10, 110, and 300 K are also shown in Fig. 2(b). Superlattice
reflections were observed only at 10 K. On the other hand, the
characteristic magnetic-diffuse scattering, which connects the
Q1/2 points and the Q1/3 points, was observed at 110 K. This
is the same as the line shape of magnetic-diffuse scattering
reported by Manuel et al. [13]. It should be noted that we
cannot observe the nuclear superlattice reflection clearly at
300 K, as shown in Fig. 2(b). Furthermore, the monoclinic
distortion reported by Khalyavin et al. [12] cannot be detected
at 10 K because the splitting of the peak is expected to be very
small.

Figures 3(a), 3(b), and 3(c) display neutron spectra in
the (H K 0) plane sliced at energies 4, 7, and 11 meV,
respectively. The magnetic excitation has a sixfold symmetry
in (H K 0) plane. It should be noted that the realization
of the hexagonal symmetry is unnecessary here because the
domain of the crystal structure with the monoclinic symmetry
is expected at low temperature [12]. The magnetic spectra
in the six-membered-ring shape with a focus on (0,0,0) and
the similar spectra around (2,2,0), (4,−2, 0), and (−2, 4, 0)
were observed. This characteristic spectrum exists in all mea-
sured energy region 2 < h̄ω < 12 meV. At Q points (2,2,0),
(4,−2, 0), and (−2, 4, 0) the neutron intensities induced by
the phonon were also observed. Figures 3(e) and 3(f) display
neutron spectra sliced at energy 4 meV at 110 and 300 K,
respectively. Even above Tc2 the similar magnetic spectra in
the six-membered-ring shape were observed.

The inelastic neutron spectra along the (H ,0,0) at 10, 110,
and 300 K are shown in Figs. 3(d), 3(g), and 3(h), respec-
tively. The magnetic excitation intensity at 10 K has a broad
maximum at around Q = (1.25, 0, 0) and h̄ω = 3.5 meV, in-
dicating that the energy gap exists at low T . This Q point with
the strong intensity is different from the magnetic Bragg point
(1.5,0,0). The magnetic excitation at around Q = (1.25, 0, 0)
is very similar to that of Y0.5Ca0.5BaCo4O7 [26]. In all
measurements at 10, 110, and 300 K, the neutron intensities
at around Q = (0.8, 0, 0) and h̄ω = 1.5 meV remains, and
the strong intensity was observed even at 300 K. Then we
concluded that the intensity at around Q = (0.8, 0, 0) and
h̄ω = 1.5 meV was not induced by the magnetic origin. At
110 and 300 K, the energy gap of the magnetic excitation
spectrum disappears, and the large intensities from the mag-
netic excitation were observed even at h̄ω = 0 meV. The
T dependence of the neutron spectrum at around transition
temperature, where the neutron intensity is centered at h̄ω =
0, is similar to those observed in the spinel systems [5,18].

C. HRC experiment in high energy region

Figures 4(a) and 4(b) show the contour plots of neutron
intensities at (H ,0,0) and (−1.5, 0, L), respectively, measured
by the HRC spectrometer with Ei = 103.4 meV at T = 10 K.
The broad magnetic excitations were observed below 45 meV
and the excitation energy approaches zero at around Q =
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FIG. 3. Neutron scattering intensities measured in a CNCS spec-
trometer with Ei = 15.1 meV. (a)–(c) Contour plots of the inelastic
neutron intensities sliced at the energies (a) 4 meV, (b) 7 meV, and
(c) 11 meV in the (H K 0) plane. (d) Contour plots of the inelastic
neutron intensities along the (H ,0,0) at 10 K. (e) and (f) Contour plots
of the inelastic neutron intensities sliced at the energies 4 meV in the
(H K 0) plane at (e) 110 K and (f) 300 K. (g) and (h) Contour plots
of the inelastic neutron intensities along the (H ,0,0) at (g) 110 K and
(h) 300 K.

(−1.25, 0, 0) although the magnetic Bragg reflection was ob-
served at Q = (−1.5, 0, 0). This is consistent with the low en-
ergy measurement. Since the dispersions were observed both
within the c plane and along the c axis, a three-dimensional
network of the exchange interactions between Co moments is
expected.
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FIG. 4. Neutron scattering intensities measured in HRC spec-
trometer with Ei = 103.4 meV at 10 K. (a) and (b) Contour
maps of the inelastic-neutron spectra measured at (a) (H ,0,0) and
(b) (−1.5, 0, L).

It should be noted here the strong intensity observed at Q =
(−4, 0, 0) and h̄ω = 20 meV. Figures 5(a) and 5(b) show
contour plots of the neutron intensities sliced at h̄ω = 20 meV
in the (H K 0) and (H 0 L) planes, respectively. At h̄ω =
20 meV the strong intensity with the same |Q| was observed
for all Q directions. This means that the spotlike intensity at
Q = (−4, 0, 0) and h̄ω = 20 meV is not originated from the
YBaCo4O7 single crystal. Although h̄ω = 20 meV is similar
to the energy of the phonon excitation in aluminum [27],
which is used as the sample holder, we could not clarify the
origin of the strong intensity at 20 meV. The unclear intensity
observed with the same |Q| at h̄ω = 20 meV was considered
as the additional background.

IV. ANALYSIS AND DISCUSSION

To discuss the magnetic model in YBaCo4O7 we employed
the Heisenberg Hamiltonian,

H =
∑
l,m

Jl,mŜl · Ŝm +
∑
l,β

Dβ

(
Ŝβ

l

)2
. (1)

Since the Co ions in YBaCo4O7 are located in the distorted
CoO4 tetrahedra, the electric orbital states determined by crys-
tal field are not simple. Then, there is a possibility that the suit-
able model has the anisotropic exchange interaction. Above
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FIG. 5. (a) and (b) Contour plots of the inelastic neutron intensi-
ties sliced at h̄ω = 20 meV in (a) (H K 0) and (b) (H 0 L) planes.
Strong intensities surrounded by dotted lines correspond to the
additional background with |Q| = 4.8 Å−1. (c) Q dependence of the
powder-averaged intensity at h̄ω = 20 meV. The dashed line shows
the background intensity estimated in 55 < h̄ω < 65 meV. The solid
curve shows the additional background intensity determined by the
fitting of the Lorentzian function in the high Q region. The closed
circles show the data used in the Lorentzian fitting.

Tc2, however, the magnetizations with H//c plane and H//c
axis show almost isotropic behavior [9,12]. Furthermore, the
Heisenberg Hamiltonian without the single ion anisotropy
was applied to explain the magnetic diffuse scattering of
YBaCo4O7 in the Monte Carlo simulation [13]. In the present
analysis, the Heisenberg spin was considered to simplify the
calculation. Here the averaged magnitude of Co spin, which
has the mixed valence with Co2+ and Co3+, was considered.

We apply the first-moment-sum rule [28] because the anal-
ysis of the broad magnetic excitation, where the Q point with
the minimum energy is different from the magnetic Bragg
point, is difficult in the classical spin wave theory. For the spin
Hamiltonian, the first-moment-sum rule can be written as∫ ∞

−∞
(h̄ω)Sαα (q, ω)d (h̄ω) = − 1

2N

〈[
Ŝα

q ,
[
Ŝα

−q, Ĥ
]]〉

= Iα
J + Iα

D, (2)

Iα
J = − 1

N

∑
l,m,β

Jl,m[1 − cos(q · rlm)]

× (1 − δαβ )
〈
Ŝβ

l Ŝβ
m

〉
, (3)

Iα
D = − 1

N

∑
l,β

Dβ (1 − δαβ )

× {
2
〈(

Ŝβ

l

)2〉 − [
S(S + 1) − 〈(

Ŝα
l

)2〉]}
, (4)

where Sαα (q, ω) (α and β = x, y, and z) is a dynamical
structure factor. Sα is an α component of the spin operator.
Since the observed magnetic excitation shows dispersions
both within the c plane and along the c axis, the magnetic
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excitation cannot be explained only by the magnetic inter-
actions in the kagome lattice. Even with hexagonal space
group P63mc, two kinds of bonds between Co ions within the
kagome lattice and two kinds of bonds connecting kagome
and triangular lattices exist. Furthermore, many kinds of
bonds are expected at low temperature as the distortion of the
crystal structure occurs [12]. In the present study, however, we
simply consider two exchange interactions shown in Figs. 1(b)
and 1(c). J1 is the in-plane (ip) exchange interaction of r1

paths within the kagome lattice and J2 is the out-of-plane
(op) exchange interaction of r2 paths connecting kagome and
triangular lattices. Although 〈Ŝβ

l Ŝβ
m〉 depends on the magnetic

structure, we consider the averaged energies

Eip ≡ J1
〈
Ŝβ

r0 Ŝβ
r0+r1

〉
, (5)

Eop ≡ J2
〈
Ŝβ

r0 Ŝβ
r0+r2

〉
. (6)

In the following analysis we focus on the Q dependence
of the neutron intensity because the correct back ground is
not clear. Nonetheless, Eq. (4) originating from the single-ion
anisotropy has no Q dependence. This means that we cannot
estimate the magnitude of the single-ion anisotropy although
the energy gap was observed at low T , as shown in Fig. 3(d).
Since the gap energy (∼3.5 meV) is much lower than the
energy scale of the observed magnetic spectrum (∼45 meV),
it is speculated that the magnitude of the single-ion anisotropy
is much smaller than that of exchange interaction. In the
present analysis we can determine only the ratio between Eip

and Eop, which have the Q dependence.
The observed neutron intensity can be written as(

d2σ

d�dE ′

)
∝ k′

k
{F (q)}2S(q, ω), (7)

where k, k’, and F (q) are initial and final wave numbers
of neutrons, and magnetic form factor, respectively [29]. By
using Eqs. (2), (3), and (5)–(7), the approximate equation

∫ ∞

−∞
(h̄ω)

k

k′

(
d2σ

d�dE ′

)
d (h̄ω)

� −{F (q)}2 2

N

∑
r1,r2

{Eip[1 − cos(q · r1)]

+ Eop[1 − cos(q · r2)]} (8)

can be obtained.
The contour maps of

∫ ∞
−∞(h̄ω) k

k′ ( d2σ
d�dE ′ )d (h̄ω), which is

written as
∫

ωSF hereafter, in (H K 0), (H 0 L), and (H H L)
planes are shown in Figs. 6(a), 6(c), and 6(e), respectively. By
using the neutron intensity at HRC, the energy integration was
performed in the energy region 5 � h̄ω � 45 meV because
in the minus energy region the neutron intensity which is
in proportion to the Bose factor is almost zero at 10 K,
and because the influences of the Bragg intensities and the
incoherent scattering exist in −5 < h̄ω < 5 meV. The

∫
ωSF

in (H, K ,0) plane has a sixfold symmetry and the
∫

ωSF along
c axis also has the characteristic Q dependence.

In order to explain the Q dependences of
∫

ωSF we calcu-
lated Eq. (8) with changing the ratio of Eip to Eop. For the mag-
netic form factor of Co ions, we used the isotropic values [30].
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FIG. 6. (a), (c), and (e) Contour plots of
∫

ωSF in (a) (H K 0),
(c) (H 0 L), and (e) (H H L) planes. (b), (d), and (f) Upper half
of contour plots are the calculated Q dependences of the contrast
ratio with first-moment-sum rule in (b) (H K 0), (d) (H 0 L),
and (f) (H H L) planes. The lower half of the contour plots are
the calculated Q dependences of the contrast ratio including the
additional back ground intensity. White dashed lines indicate the
rough region observed in the experiment.

As the value of Eop/Eip was changed by 0.25 step in the range
of 0 � Eop/Eip � 4, the Q dependences of

∫
ωSF in all (H K

0), (H 0 L), and (H H L) planes were reproduced well for
Eip = Eop simultaneously. The upper half in Figs. 5(b), 5(d),
and 5(f) show the calculated Q dependences of the contrast
ratios in Eq. (8) with applying Eip = Eop (<0) in (H K 0),
(H 0 L), and (H H L) planes, respectively. The calculated Q
dependences of the contrast ratios are roughly consistent with
the observed

∫
ωSF .

Furthermore, we need to consider the additional back-
ground observed at around h̄ω = 20 meV. Figure 5(c) shows
the Q dependence of the powder-averaged intensity at h̄ω =
20 meV. As shown by the solid line, the peak at about 4.8 Å−1

was fitted by Lorentzian function in the high Q region; the
neutron intensity estimated in 55 < h̄ω < 65 meV was used
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as the background. We add the obtained Lorentzian function to
the calculated Q dependences of the contrast ratios in Eq. (8).
The additional background depends only on |Q| and does
not affect the modulation of the intensity. The lower half in
Figs. 6(b), 6(d), and 6(f) show the sum of the background
intensity and the calculated Q dependences with applying
Eip = Eop in Eq. (8) in the (H K 0), (H 0 L), and (H H L)
planes, respectively. The calculated Q dependences of the
contrast ratios are reproduced by the observed

∫
ωSF .

Neutron results suggest that the magnitude of the exchange
interaction within kagome lattice is almost equal to that
connecting kagome and triangular lattices. Our analysis of
the inelastic neutron spectra is consistent with the estima-
tion of the Monte Carlo simulation where the pattern of the
magnetic-diffuse scattering was explained by the exchange
interactions with J1 = J2 [13]. Thus, it is clear that the Co
ions form the three-dimensional network of the triangles.
Since the exchange interaction between Co moments is the
antiferromagnetic one in YBaCo4O7 [6,8], the unique three-
dimensional system with the geometrical frustration is real-
ized. In RBaCo4O7 system, several magnetic phases, such
as the multicommensurate Q [9], the single-commensurate
Q [12], and the combination of the commensurate and the
incommensurate Q phases [11], have been reported. The small
difference of the crystal structure is expected to induce the
variety of the magnetic phase because of the geometrical
frustration.

From the neutron results on our YBaCo4O7 sample,
where the strong intensities at both Q1/2 points and the
weak ones at Q1/3 points were observed, the exchange
interactions with J1 = J2 could be estimated. In the
Monte Carlo simulation with J1 = J2 [13], on the other hand,
the superlattice reflections at Q1/2 points at low temperature
cannot be explained. Furthermore, the Q dependence of the
magnetic excitation was different from the period of the
magnetic reflections. The (H K 0) contour map of the neutron
intensity in the low energy region is very similar to that
observed in herbertsmithite ZnCu3(OD)6Cl2 with kagome
lattice [31]. The quantum-spin-liquid state is discussed

in herbertsmithite, but the similar magnetic excitation in
YBaCo4O7 was observed even in the magnetic ordered
phase. Furthermore, the magnetic excitation in YBaCo4O7

was explained by the network with the three-dimensional
interaction. There is also a possibility that the randomness of
Cu and Zn sites in herbertsmithite realizes the similar crystal
structure and the similar magnetic excitation [32]. In order to
clarify the origin of the broad magnetic excitation with the
characteristic Q dependence in YBaCo4O7, further studies
including the theoretical calculation are necessary.

V. CONCLUSION

Neutron scattering study has been carried out on a single
crystal sample in order to examine the magnetic correlation
in YBaCo4O7 with the kagome and the triangular lattices.
The observed magnetic excitation is very broad and the
Q dependence of the magnetic excitation is different from the
period of the magnetic Bragg reflections. In the low energy
region the Q dependence of the magnetic excitation is similar
to that in herbertsmithite with the spin-liquid state. Our result
suggests that the magnitude of the exchange interaction within
kagome lattice is almost equal to that connecting kagome
and triangular lattices. The YBaCo4O7 system is the unique
three-dimensional frustrated magnet.
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