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We investigated the crystal and magnetic structures of the spin- 1
2 frustrated antiferromagnet Cu3Mo2O9 in which

the spin system consists of antiferromagnetic chains and dimers. The space group at room temperature has been
reported to be orthorhombic Pnma (No. 62). We infer that the space group above TN = 7.9 K is monoclinic P 21/m

(No. 11) from the observation of reflections forbidden in Pnma in x-ray powder diffraction experiments at room
temperature. We determined the magnetic structure of Cu3Mo2O9 in neutron powder diffraction experiments.
Magnetic moments on dimer sites lie in the ac planes. The magnitudes are (0.50 ∼ 0.74)μB. Moments on chain
sites may exist but the magnitudes are very small. The magnetic structure indicates that a partially disordered
state is realized. We consider the origin of the magnetic structure, weak ferromagnetism, and electric polarization.
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I. INTRODUCTION

Several frustrated antiferromagnets exhibit intriguing mag-
netic states such as the quantum spin-liquid state [1], the
chiral ordered state [2,3], the spin nematic or the multipolar
state [4,5], and the spin-gel state [6]. Among frustrated
antiferromagnets, frustrated spin chains provide grounds for
studies of exotic quantum phases caused by combination of
frustration and quantum fluctuation. In the Heisenberg spin- 1

2
chain with antiferromagnetic (AF) nearest-neighbor (NN) and
next-nearest-neighbor (NNN) exchange interactions (JNN and
JNNN interactions, respectively), the ground state(s) are a
gapless spin-singlet state designated as Tomonaga-Luttinger
liquid and two-folded-degenerated gapped spin-singlet states
for 0 � JNNN < 0.241JNN and 0.241JNN < JNNN, respec-
tively [7–9]. In the spin-Peierls substance CuGeO3 [10–12],
both the interactions are considered to exist [13–15]. It is
inferred that a large spin gap observed in Raman scattering
experiments of 3.5% Mg-doped CuGeO3 under high pressures
is generated not only by the spin-Peierls transition but also by
the frustration between the two interactions [16]. In the spin- 1

2
chain with ferromagnetic JNN and AF JNNN interactions in the
presence of magnetic fields, theoretical studies predict various
quantum phases including the vector chiral phase, the spin
nematic phase, phases with multipole order, and the spin-
density-wave phases [17–26]. Several model substances have
been found and are summarized in Table I in Ref. [27] or
Fig. 5 in Ref. [28]. Experimental results are compared with
theoretical results [22,26]. In the frustrated diamond-chain
system, three ground states appear according to relative
intensities among exchange interactions [29]. A spin-liquid
ground state and a 1/3 magnetization plateau were found in
the model compound Cu3(CO3)2(OH)2 [30].

Cu3Mo2O9 provides a different frustrated spin- 1
2 AF

chain [31]. Figure 1 shows schematically the spin system
in Cu3Mo2O9. Here, we assume that the space group SG
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is orthorhombic Pnma (No. 62) [32,33]. There are three
crystallographic Cu2+ sites having spin- 1

2 . Four types of
NN exchange interactions between Cu spins exist. The J4

interaction forms AF chains parallel to the b axis of Cu1
spins. The J3 interaction forms AF dimers in ac planes
of Cu2 and Cu3 spins. The J1 and J2 interactions connect
chains and dimers. The four NN interactions form distorted
tetrahedral spin chains. Magnetic frustration exists in each
distorted tetrahedral spin chain. We also consider interchain
interactions (Jac and Ja interactions) shown in Fig. 1(b). As
will be described later, we infer that the space group above
the transition temperature TN = 7.9 K is monoclinic P 21/m

(No. 11), although deviations from the average symmetry
(Pnma) are very small. In the crystal structure with P 21/m,
corner (α) and center (β) distorted tetrahedral spin chains are
inequivalent.

We determined dispersion relations of magnetic excitations
from inelastic neutron scattering results [34] of a single crystal
synthesized using the continuous solid-state crystallization
method [35]. We observed hybridization of magnetic exci-
tations of the chains and dimers. The dispersion relations can
be explained using the above spin model with J4 = 4.0 meV,
J3 = 5.8 meV, J1 ∼ 1 meV, J2 ∼ 1 meV, Jac = 0.19 meV
(AF), and Ja = −0.19 meV (ferromagnetic) based on a
chain mean-field theory with random phase approximation
[34,36–38] or with J4 = 6.50 meV, J3 = 5.70 meV, |J1 −
J2| = 3.06 meV, Jac = 0.04 meV, and Ja = −0.04 meV based
on a spin-wave theory [39].

Cu3Mo2O9 exhibits both AF long-range order and electric
polarization below TN = 7.9 K, meaning that Cu3Mo2O9 is
a multiferroic substance [40]. Weak ferromagnetism appears
only in finite magnetic fields parallel to the a or c axis [31].
The weak ferromagnetism disappears by slight substitution of
Zn (0.5%) for Cu sites [41]. The electric polarization appears
parallel to the c axis at zero magnetic field and becomes parallel
to the a axis in the magnetic field parallel to the c axis with
H > 8 T. Several magnetic-field-induced phase transitions and
2/3 magnetization plateau appear in the magnetization curves
up to 74 T [42,43]. The magnetic and dielectric properties
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FIG. 1. (Color online) The spin system in Cu3Mo2O9. Here, we
assume that the space group is orthorhombic Pnma (No. 62) [32,33].
There are three crystallographic Cu2+ sites having spin- 1

2 . Gray lines
correspond to lattice constants. (a) A distorted tetrahedral spin chain
parallel to the b axis formed by the four types of nearest-neighbor
exchange interactions. The J4 interaction forms AF chains of Cu1
spins. The J3 interaction forms AF dimers of Cu2 and Cu3 spins.
The J1 and J2 interactions connect the chains and dimers. (b) Corner
(α) and center (β) distorted tetrahedral spin chains projected on the
ac plane. To explain dispersion relations of magnetic excitations,
we consider Jac and Ja interchain interactions in addition to J1 ∼
J4 interactions. We infer that the space group above TN = 7.9 K is
monoclinic P 21/m (No. 11), although deviations from the average
symmetry (Pnma) are very small. The a,b, and c axes in Pnma

correspond to the a,b, and c axes in P 21/m, respectively. In the crystal
structure with P 21/m,α and β distorted tetrahedral spin chains are
inequivalent.

change simultaneously at the transition fields. Temperature–
magnetic field phase diagrams have been obtained [43]. Raman
scattering experiments were performed [44]. The Raman
scattering spectra did not change at TN. Therefore, change
of the crystal structure caused by the multiferroic transition is
negligibly small.

It is important to determine the magnetic structure of
Cu3Mo2O9 to understand the above-mentioned results. An-
other group performed neutron powder diffraction experiments
and reported the magnetic structure of Cu3Mo2O9 [45].
Ferromagnetic behavior parallel to the b axis is expected in
the result, whereas the ferromagnetic behavior parallel to the
a or c axis was observed in our magnetization results of

single crystals [31]. We considered that reinvestigation of the
magnetic structure is necessary. Accordingly, we performed
neutron powder diffraction experiments.

II. EXPERIMENTAL METHODS

We synthesized Cu3Mo2O9 powder using a solid-state-
reaction method at 1023 K in air for 150 h with intermediate
grindings. We performed x-ray powder diffraction experiments
at room temperature using a RIGAKU RINT-TTR III diffrac-
tometer. The wavelength λ is 1.542 Å (Cu Kα). We carried
out neutron powder diffraction experiments at the Swiss
spallation neutron source (SINQ) at Paul Scherrer Institute
(PSI). We used the high-resolution powder diffractometer for
thermal neutrons (HRPT) in the high-intensity mode (�d/d �
1.8 × 10−3) [46] and the high-intensity cold neutron powder
diffractometer (DMC). We used neutrons with λ = 1.886 and
4.507 Å at HRPT and DMC diffractometers, respectively. Pow-
der was filled into a vanadium container with 8 mm diameter
and 55 mm height for the HRPT experiments and that with
10 mm diameter and 55 mm height for the DMC experiments.

We performed Rietveld refinements of the crystal and
magnetic structures using the FULLPROF SUITE program pack-
age [47] with its internal tables for scattering lengths and
magnetic form factors. Symmetry analysis was done by using
ISODISTORT tool based on ISOTROPY software [48,49] and
BASIREP program of FULLPROF SUITE.

III. RESULTS AND ANALYSES

A. Reinvestigation into the crystal structure above TN

The space group of Cu3Mo2O9 at room temperature has
been reported to be orthorhombic Pnma (No. 62) [32,33]. As
will shown later, the symmetry of the crystal structure is impor-
tant to consider weak ferromagnetism and electric polarization.
Therefore, we reinvestigated the crystal structure above TN. We
measured high-statistics x-ray powder diffraction patterns at
290 K to investigate whether reflections forbidden in Pnma

were present or not. As shown in Fig. 2, we found five weak
reflections that were forbidden in Pnma. We estimated the

FIG. 2. (Color online) X-ray powder diffraction patterns of
Cu3Mo2O9 at 290 K measured using a RIGAKU RINT-TTR III
diffractometer (λ = 1.542 Å, Cu Kα). Five reflections forbidden in
Pnma were observed at 001,100,110,012, and 005.
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d values of the five reflections as 14.8(2), 7.59(2), 5.14(3),
5.02(2), and 2.936(3) Å from lower to higher 2θ . Assuming
an orthorhombic crystal structure, we calculated the lattice
constants as a = 7.685(2),b = 6.878(1), and c = 14.650(3) Å
from an x-ray diffraction pattern at 290 K between 2θ = 5
and 80◦. We obtained the d values as 14.650(3), 7.685(2),
5.125(2), 5.014(2), and 2.930(1) Å for forbidden reflections at
001,100,110,012, and 005. We consider that we can assign the
indices to the five reflections. The diffraction results suggest
that the space group at 290 K could have a lower symmetry
than Pnma. In maximal subgroups of Pnma, only monoclinic
P 21/m (No. 11) can have all the forbidden reflections. The
a,b, and c axes in Pnma correspond to the a,b, and c axes
in P 21/m, respectively. We detected, however, neither a split
of reflections nor a broadening of reflections caused by a very
small split. We observed no phase transition above TN in the
specific heat of Cu3Mo2O9 [31]. Consequently, we tentatively
suggest that the space group above TN is P 21/m. The five
reflections forbidden in Pnma are very weak. For example,
the forbidden 005 reflection is weaker than the weak allowed
122 reflection shown in Fig. 2(d), which is only 0.72% of the
largest Bragg reflection at 020. Accordingly, deviations from
the average symmetry are very small. We have to evaluate
48 coordinates of the atomic positions except for special
coordinates in P 21/m instead of 24 coordinates in Pnma. It
is practically impossible to determine the atomic positions of
Cu3Mo2O9 in Rietveld refinements using P 21/m. We cannot
rigorously prove that the space group at 290 K is P 21/m.

The circles in Fig. 3 show a neutron powder diffraction
pattern of Cu3Mo2O9 at 12 K just above TN = 7.9 K
recorded using the HRPT diffractometer with λ = 1.886 Å.
We observed no reflection forbidden in Pnma. It is difficult
to obtain reliable converged results in Rietveld refinements for
the neutron data at 12 K using P 21/m with a lower symmetry
than Pnma. We performed Rietveld refinements using Pnma

to evaluate crystal structure parameters at 12 K. The line
on the experimental pattern indicates the result of Rietveld
refinements. The line agrees well with the experimental
pattern. The refined crystal structure parameters are presented

FIG. 3. (Color online) A neutron powder diffraction pattern of
Cu3Mo2O9 at 12 K (above the transition temperature TN = 7.9 K)
measured using the HRPT diffractometer (λ = 1.886 Å). Lines on the
observed pattern and at the bottom show a Rietveld refined pattern
obtained using the crystal structure with Pnma (No. 62) and the
difference between the observed and the Rietveld refined patterns,
respectively. Hash marks represent positions of nuclear reflections.

TABLE I. Structural parameters of Cu3Mo2O9 derived from
Rietveld refinements of the HRPT neutron powder diffraction pattern
at 12 K. We used orthorhombic Pnma (No. 62). The lattice constants
at 12 K are a = 7.629(1) Å,b = 6.876(1) Å, and c = 14.573(1) Å.
Estimated standard deviations are shown in parentheses. The reliabil-
ity indexes of the refinement are Rp = 3.26%,Rwp = 4.16%,Rexp =
2.75%, and χ 2 = 2.29.

Atom Site x y z Biso (Å
2
)

Cu1 4a 0 0 0 0.23(3)
Cu2 4c 0.1620(2) 0.75 0.1430(1) 0.09(3)
Cu3 4c 0.2064(2) 0.25 0.4373(1) 0.14(3)
Mo1 4c 0.2657(3) 0.25 0.1696(1) 0.18(3)
Mo2 4c 0.1547(3) 0.75 0.3885(1) 0.19(4)
O1 4c 0.0875(3) 0.75 0.0159(1) 0.22(5)
O2 4c 0.2075(3) 0.75 0.2715(2) 0.32(4)
O3 4c 0.4310(3) 0.75 0.0969(2) 0.27(5)
O4 8d 0.2481(2) 0.9636(2) 0.4397(1) 0.31(3)
O5 8d 0.1410(2) 0.0369(2) 0.1373(1) 0.42(3)
O6 4c 0.3029(3) 0.25 0.2857(2) 0.44(4)
O7 4c 0.4692(3) 0.25 0.1103(2) 0.33(5)

in Table I. We performed symmetry analysis and Rietveld
refinements based on both P 21/m and Pnma to determine
the magnetic structure. We expected that atomic positions
determined using P 21/m would be almost the same as those
determined using Pnma because the forbidden reflections are
very weak in the x-ray powder diffraction patterns. Therefore,
we used the values in Table I for the following Rietveld
refinements to determine the magnetic structure. We describe
below the relation between the positions in Pnma and P 21/m.
The basis transformation is given by identity matrix without
origin shift. The Cu1 (4a) position in Pnma is split into Cu11
(2a) and Cu12 (2d) positions in P 21/m. The Cu2 and Cu3
(4c) positions are split into Cu21 and Cu22 (2e), and Cu31 and
Cu32 (2e) positions, respectively. In P 21/m, the corner (α) and
center (β) distorted tetrahedral spin chains are inequivalent.

B. Magnetic structure

We measured neutron powder diffraction patterns at 1.6 and
12 K (below and above TN = 7.9 K, respectively) using the
DMC diffractometer with λ = 4.507 Å. Figure 4 shows the
difference pattern made by subtracting the 12 K diffraction
pattern from the 1.6 K one. Several magnetic reflections are
apparent at 1.6 K. All the reflections can be indexed in the
chemical cell with the propagation vector k = 0.

The magnetic reflections are much weaker than major
nuclear reflections. Therefore, we have performed the analysis
for the difference pattern shown in Fig. 4 to determine the
magnetic structure of Cu3Mo2O9. For k = 0, there are four
one-dimensional (1D) real irreducible representations (IRs)
that enter the magnetic representation decomposition, resulting
in four possible Shubnikov groups based on P 21/m. The
best-fit candidate is P 21/m′, which corresponds to m�−

1 (τ2).
The nomenclature for the IR is given according to Ref. [49]
with Kovalev’s notation in the parentheses. The a and c

components of magnetic moments are allowed on the dimer
sites (2e), whereas the magnetic moments on the chain sites
(2a and 2d) are zero by symmetry of m�−

1 . There are two IRs
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FIG. 4. (Color online) A difference pattern made by subtracting
a neutron powder diffraction pattern of Cu3Mo2O9 at 12 K from that
at 1.6 K (TN = 7.9 K). The diffraction patterns were measured using
the DMC diffractometer (λ = 4.507 Å). Lines on the observed pattern
show a Rietveld refined pattern obtained using m�−

1 (τ2) in P 21/m.
Lines at the bottom show the difference between the observed and the
Rietveld refined patterns. Hash marks represent positions of magnetic
reflections. We described indices of several magnetic reflections.

even by inversion operator m�+
2 (τ3) and m�+

1 (τ1), that allow
nonzero chain moments. We performed Rietveld refinements
using m�−

1 for dimer moments and m�+
2 or m�+

1 for chain
moments. In both cases, the reliability indexes are smallest for
the chain moments close to zero.

As shown in Fig. 4, the experimental pattern can be
explained well by the line calculated using P 21/m′. The
reliability indexes are Rwp = 4.90%,Rexp = 2.85%, and χ2 =
2.95. The magnetic structure is shown in Fig. 5. Magnetic
moments on dimer sites are M21 = (0.57(2),0,0.04(3))μB on
Cu21 sites, M22 = (0.46(3),0,−0.50(3))μB on Cu22 sites,
M31 = (0.27(4),0,0.69(3))μB on Cu31 sites, and M32 =
(0.04(4),0,−0.50(3))μB on Cu32 sites. The magnitude of
the moments is M21 = 0.57(2)μB,M22 = 0.69(3)μB,M31 =
0.74(4)μB, and M32 = 0.50(3)μB. The angle between two
moments in Cu21-Cu32 and Cu22-Cu31 dimers is 90(8)◦ and
116(6)◦, respectively. Two neighboring dimer moments in each

FIG. 5. (Color online) The magnetic structure of Cu3Mo2O9

obtained using P 21/m′. Magnetic moment vectors in dimers are
M21 = (0.57(2),0,0.04(3))μB on Cu21(1) sites, M22 = (0.46(3),0,

−0.50(3))μB on Cu22(1) sites, M31 = (0.27(4),0,0.69(3))μB on
Cu31(1) sites, and M32 = (0.04(4),0,−0.50(3))μB on Cu32(1) sites.
Symmetry operators of moments are shown in Table II. The chain
moments are very small if they exist.

TABLE II. Symmetry operators of magnetic moments in the two
Shubnikov groups. The u,v, and w indicate the a,b, and c components
of ordered magnetic moments.

Shubnikov group Site (1) (2)

P 21/m′ (11.53) 2e (dimer) [u,0,w] [ū,0,w̄]
2a,2d (chain) [0,0,0] [0,0,0]

Pm′ (6.20) 1a,1b (dimer) [u,0,w]
2c (chain) [u,v,w] [u,v̄,w]

distorted tetrahedral spin chain are antiparallel to each other
as indicated by the blue or green line. The chain moments
may exist but the magnitudes are very small, meaning that
spins in chains are nearly disordered. The magnetic structure
indicates that a partially disordered (PD) state is realized. The
magnetic entropy S is shown in Fig. 6(b) in [31]. The value of
S/R ln 2 is about 0.1 at TN where R is the gas constant. The
small magnetic entropy is consistent with the nearly disordered
chain moments. In the previous papers [31,41], we inferred that
the main component of ordered moments in chains was the b

component and that spins in dimers were nearly spin singlet.
The previous inferences are incorrect.

We investigated the magnetic structure assuming Pnma

that has been reported as the space group at room temperature.
As described below, the obtained magnetic structures are
similar to that in Fig. 5. In the case of k = 0, there are
eight 1D real IRs, resulting in eight Shubnikov groups
based on Pnma. The best-fit candidate is Pnm′a, which
corresponds to m�−

4 (τ4). The a and c components of
ordered magnetic moments can be finite on dimer sites
(4c), whereas no ordered magnetic moment on chain sites
(4a) is allowed by symmetry of m�−

4 . In addition, the 001
magnetic reflection observed at 2θ = 17.7◦ is forbidden in
m�−

4 . There are four IRs even by inversion operator that
enter the magnetic representation decomposition for the chain
moments. Among the four, the 001 magnetic reflection is
allowed in m�+

2 (τ7) and m�+
1 (τ1). In refinements using

m�−
4 and m�+

2 for dimer and chain moments, respectively,
we obtained magnetic moments as M1 = (0.085(9),0,0)μB

on Cu1 sites, M2 = (0.555(8),0,0.283(6))μB on Cu2 sites,
and M3 = (0.132(7),0,0.604(6))μB on Cu3 sites. The reli-
ability indexes are Rwp = 5.02%,Rexp = 2.86%, and χ2 =
3.08. The magnitude of the Cu2 and Cu3 moments is
0.62(1)μB. The angle between two moments in each dimer
is 105(2)◦. In refinements using m�−

4 and m�+
1 for dimer

and chain moments, respectively, we obtained magnetic
moments as M1 = (0,0.085(9),0.13(2))μB on Cu1 sites,
M2 = (0.543(9),0,0.289(7))μB on Cu2 sites, and M3 =
(0.141(7),0,0.593(8))μB on Cu3 sites. The reliability indexes
are Rwp = 4.97%,Rexp = 2.86%, and χ2 = 3.02. The magni-
tude of the Cu1, Cu2, and Cu3 moments is 0.16(2),0.62(1),
and 0.61(1)μB, respectively. The angle between two moments
in each dimer is 105(2)◦.

IV. DISCUSSION

A. Origin of the magnetic structure

We consider the origin of the magnetic structure in
Cu3Mo2O9. To avoid complicated explanations, we use Cu1,
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Cu2, and Cu3 to indicate Cu sites. As described, the four types
of NN interactions (J1 ∼ J4 interactions) shown in Fig. 1 gen-
erate magnetic frustration. Six NN interactions influence each
Cu1 spin, whereas only three NN interactions influence each
Cu2 or Cu3 spin. Probably, the frustration is more effective for
Cu1 spins than Cu2 and Cu3 spins. Therefore, Cu1 spins are
nearly disordered, whereas Cu2 and Cu3 spins can be ordered.

In addition to the magnetic frustration, the magnetic struc-
ture of the Cu2 and Cu3 moments allows the nearly disordered
state of Cu1 spins. Two neighboring Cu2 (Cu3) moments in
each distorted tetrahedral spin chain are antiparallel to each
other as indicated by the blue (green) line in Fig. 5. The internal
magnetic fields generated by Cu2 or Cu3 ordered moments are
canceled out on Cu1 sites in the magnetic structure. Therefore,
classical magnetic energy is independent of the direction of
Cu1 moments in the absence of magnetic anisotropy. Cu1
spins can be disordered.

A similar PD state is seen in the frustrated three-leg-
ladder Heisenberg antiferromagnets Cu3(OH)4 AO4 (A = S or
Se) [50,51]. Cu moments within the inner leg remain random,
whereas Cu moments within the two outer legs are ordered.
Six NN interactions influence each inner Cu spin, whereas four
NN interactions influence each outer Cu spin. The frustration
may be more effective for inner Cu spins than outer Cu
spins as expected in Cu3Mo2O9. In addition to Cu3(OH)4AO4

(A = S or Se), a part of spins are perfectly or nearly
disordered in the ordered state in several frustrated Heisenberg
antiferromagnets such as the spinel antiferromagnet GeNi2O4

[52], the pyrochlore antiferromagnet Gd2Ti2O7 [53], and the
triangular lattice antiferromagnets CuFeO2 [54] and Ag2CrO2

[55]. Exchange interactions in long M-M bonds, where M

represents a magnetic ion, play an important role in the
occurrence of the PD states.

Table III shows possible Shubnikov magnetic groups
appearing as a result of mixing of two IRs. Among them,
bond alternation of the J4 interaction is possible in Pm

(No. 6) and Pmc21 (No. 26) [56]. The bond alternation of
the J4 interaction may be the origin of the very small Cu1
moment. Bond alternation of NN interactions generates a
gapped spin-singlet ground state in an AF spin chain as in

TABLE III. Possible ferromagnetic moment (FM) and electric
polarization (EP) in the Shubnikov groups obtained by mixing of two
IRs of the parent space groups. The columns indicate A: the parent
space group to be considered initially, B: the two mixed IRs, C: the
Shubnikov group obtained by the mixing with the number in BNS
settings [49], and D and E: the direction of the possible FM and EP,
respectively, in the basis of the parent space group of the column A
(the Shubnikov group of the column C). The symbol “-” means no
FM or EP. The third and sixth lines are added to indicate that FM and
EP are impossible in Shubnikov group based on single IR.

A B C D: FM E: EP

P 21/m m�−
1 ,m�+

2 Pm′ (6.20) ⊥b (⊥b) ⊥b (⊥b)
m�−

1 ,m�+
1 P 21 (4.7) ‖b (‖b) ‖b (‖b)

m�−
1 P 21/m′ (11.53) - (-) - (-)

Pnma m�−
4 ,m�+

2 Pm′c2′
1 (26.68) ‖c (‖b) ‖a (‖c)

m�−
4 ,m�+

1 Pna21 (33.144) - (-) ‖b (‖c)
m�−

4 Pnm′a (62.444) - (-) - (-)

the spin-Peierls system. The values of ST and ST
z are 0 in a

spin-singlet ground state. Here, ST and ST
z represent a value

and a z value, respectively, of the sum of spin operators. Other
ST

z = 0 states can be hybridized with the spin-singlet ground
state of an AF alternating spin chain by other interactions [57].
States with ST > 0 and ST

z = 0 are magnetic. For example,
ST

z = 0 is zero in a collinear two-sublattice AF ordered state,
although the state is not an eigenstate of the AF Heisenberg
models. As a result, the ground state of the AF alternating spin
chain can be magnetic by the hybridization of plural ST

z = 0
states. When AF long-range order occurs, the magnitude of
the ordered moments is expected to be larger for a smaller
spin gap. The alternation ratio is probably very close to 1 and
a spin gap is very small. The spin gap of Cu1 spins is less than
0.2 meV in inelastic neutron scattering results of Cu3Mo2O9.
Accordingly, the bond alternation of the J4 interaction is not
the origin of the very small Cu1 moment.

The moments in AF dimers are reduced from a classical
value (∼1μB). Probably, the magnetic frustration generates
the reduction of the moments. In addition, character of a
spin-singlet pair may be overlapped and may cause the
reduction of the moments [58]. We do not understand the
reason that the angle between two moments in AF dimers
[90(8)◦ or 116(6)◦] is different from 180◦ (antiparallel con-
figuration). As described, long-distance interactions exist in
several frustrated Heisenberg antiferromagnets showing a PD
state. Long-distance interactions may exist in Cu3Mo2O9 and
may affect determination of the angle between two moments
in AF dimers. The 2/3 magnetization plateau appears in the
magnetization curves of Cu3Mo2O9 [43]. In a Heisenberg
model with bilinear and biquadratic terms [Si · Sj and (Si ·
Sj )2 terms, respectively], the magnetization plateau can appear
as in CdCr2O4 [59]. We are seeking a model that can explain
the magnetic excitations, the magnetization curves, and the
magnetic structure.

B. Consideration of other experimental results

We comment on the signs of the exchange interactions
between spins on chain sites. From the dispersion relations of
the magnetic excitations, the J4 interaction forming Cu1 spin
chains parallel to the b axis and the interchain Jac interaction
are antiferromagnetic, whereas the interchain Ja interaction is
ferromagnetic [34,39]. The signs of the interactions agree with
the signs of the b components on 2a and 2d sites for m�+

2 in
P 21/m and the signs of the a and c components on 2a and
2d sites for m�+

1 in P 21/m, although the chain moments are
nearly disordered. Spin chains can show dispersive magnetic
excitations even in the absence of magnetic long-range order.
The disordered component generates the magnetic excitations
of the chains.

We consider the weak ferromagnetism in magnetic fields
parallel to the a or c axis [31] and the electric polarization
parallel to the c axis at zero magnetic field [40] below
TN = 7.9 K in Cu3Mo2O9. As described in Table III, if the
IR for the chain moments is m�+

2 in P 21/m, the Shubnikov
group for the magnetic structure is Pm′ from the mixing of
m�−

1 and m�+
2 . As described in Table II, dimer sites are 1a

or 1b sites. The a and c components (u and w, respectively)
of ordered moments can be finite. The weak ferromagnetism
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perpendicular to the b axis is possible on the dimer sites
because all the dimer sites are independent. Chain sites are
2c sites. According to the symmetry operators of magnetic
moments, the weak ferromagnetism perpendicular to the b

axis is possible also on the chain sites, whereas the sum of
b components is zero on 2c sites. In P 21/m′, the a and c

components of ordered moments on dimer (2e) sites can be
finite. The sum of a components and that of c components
are zero. Therefore, the weak ferromagnetism is impossible
in any direction. The electric polarization perpendicular to
the b axis is possible in the crystal structure with the space
group Pm. Considering the basis transformation, the b axis in
Pm corresponds to the b axis in P 21/m. Consequently, the
experimental results of the weak ferromagnetism and electric
polarization may be explained by the Pm′ model described in
the first line in Table III [60]. The other models in Table III,
on the other hand, cannot explain the experimental results.

We consider that the origin of the weak ferromagnetism
is the dimer moments because of the following reasons.
The chain moments are very small if they exist. It may be
doubtful that the chain moments can have the observable
weak ferromagnetism. The weak ferromagnetism disappears
by substitution of Zn for Cu sites [41]. We performed neu-
tron powder diffraction experiments on Cu2.88Zn0.12Mo2O9

and Cu2.85Zn0.15Mo2O9 using the HRPT diffractometer. We
observed a few magnetic reflections. Probably, the propagation
vector is k = 0 as in Cu3Mo2O9. We evaluated crystal structure
parameters above TN assuming Pnma. Most of Zn ions enter
Cu3 sites, the remaining Zn ions enter Cu2 sites, and almost
no Zn ions enter Cu1 sites. Influence of Zn substitution is more
effective for Cu2 and Cu3 sites than for Cu1 sites. The results
suggest that Cu2 and Cu3 moments (dimer moments) are
responsible for the weak ferromagnetism. We will determine
the magnetic structure of Cu3−xZnxMo2O9 to investigate the
origin of the weak ferromagnetism and the reason that the weak
ferromagnetism disappears by substitution of Zn for Cu sites.

V. CONCLUSION

We investigated the crystal and magnetic structures of the
spin- 1

2 frustrated antiferromagnet Cu3Mo2O9 in which the
spin system consists of antiferromagnetic chains and dimers.

The space group at room temperature has been reported to
be orthorhombic Pnma (No. 62). We observed reflections
forbidden in Pnma in x-ray powder diffraction experiments at
room temperature. We infer that the space group above TN =
7.9 K is monoclinic P 21/m (No. 11) that is one of maximal
subgroups of Pnma. We determined the magnetic structure of
Cu3Mo2O9 in neutron powder diffraction experiments. The
experimental diffraction pattern can be explained well by
the line calculated using the irreducible representation (IR)
m�−

1 (τ2) in P 21/m. Magnetic moments on dimer sites lie
in the ac planes. The magnitudes are (0.50 ∼ 0.74)μB. The
angle between two moments in dimers is 90(8)◦ or 116(6)◦.
The moments on chain sites may exist but the magnitudes are
very small. The magnetic structure indicates that a partially
disordered state is realized. Probably, magnetic frustration
influences the magnetic structure. If the IR for the chain
moments is m�+

2 (τ3) in P 21/m, the Shubnikov group for
the magnetic structure is Pm′ from the mixing of m�−

1 and
m�+

2 . The weak ferromagnetism perpendicular to the b axis
is possible in Pm′. The electric polarization perpendicular to
the b axis is possible in the crystal structure with the space
group Pm (No. 6). The b axis in Pm corresponds to the b axis
in P 21/m and Pnma. Consequently, the experimental results
of the weak ferromagnetism and electric polarization may be
explained by the Pm′ model, although we cannot prove that
the Shubnikov group below TN is Pm′.
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