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Inelastic neutron-scattering experiments were performed onA3Cu3sPO4d4 sA=Ca, Sr, and Pbd, which con-
sists of one-dimensional array of linear copper spin trimers. It was found that the magnetic excitations are well
described by the linear Heisenberg antiferromagnetic spin trimer model, in which the main interaction is the
nearest-neighbor intratrimer interaction and the weak next-nearest-neighbor intratrimer and intertrimer inter-
actions are expected. The intratrimer coupling constants are determined to be 9.45s3d, 10.04s3d, and 9.13s2d
meV for A3Cu3sPO4d4 with A=Ca, Sr, and Pb, respectively. The other interactions were found to be very small.
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I. INTRODUCTION

Recently, molecular clusters composed by a large number
of magnetic ions have attracted much interest since they are
an ideal model system of nanometer-sized single-domain
magnetic particles with high spin ground state.1 Some of the
systems exhibit fascinating quantum properties such as quan-
tum tunneling in the magnetization. On the other hand, the
magnetic cluster system with a small number of spins with
spin sSd 1

2 is also considered to be interesting since the quan-
tum effect is much enhanced. In theS= 1

2 one-dimensional
s1Dd alternating Heisenberg antiferromagnets the ground
state is a singlet state, in which singlet dimers are coupled
one dimensionally. The alternating interactions are some-
times caused by the spin-Peierls transition, in which the spin-
lattice coupling is important. Another interesting example is
the antiferromagnetic spin trimer system. La4Cu3Mo3O12 is a
model system for the triangleS= 1

2 spin trimer system,
weakly coupled quasi-two-dimensionally. Magnetic suscepti-
bility and neutron-scattering studies showed that the com-
pound is well described by the isolated Heisenberg triangle
spin trimer model,2,3 in which the antiferromagnetic intratri-
mer interactions are frustrated. As a result, the zero-
temperature magnetic structure is very sensitive to the intra
trimer and intertrimer interactions.3

A3Cu3sPO4d4 sA=Ca, Sr, and Pbd is another candidate for
studying the spin trimer antiferromagnetism.4–7 There are
two Cu sites in the compounds. The Cus1d is surrounded by
four oxygens forming a square plane. The Cus2d is sur-
rounded by five oxygens forming a distorted square pyramid.
A schematic view of the structure and the magnetic interac-
tions in the copper chains is shown in Fig. 1.8 The exchange
interaction sensitively depends on the bond angle and bond
length between the Cu spins. Consideration of the crystal
structure and the Goodenough rules9,10 indicate that the ab-
solute value of the nearest-neighbor intratrimer interaction

J1s.0d is much stronger than that of the next-nearest-
neighbor intratrimer interactionJ18 and the intertrimer inter-
actionJ2. Therefore, these compounds are considered to be a
model system for the antiferromagneticS= 1

2 spin trimer in a

FIG. 1. sad Projection of the exchange pathways inA3Cu3sPO4d4

sA=Ca, Sr, and Pbd. The large and filled circles represent the Cu2+

moments. The small and open circles represent the oxygen ions.
The black and gray circles represent the Cus1d and Cus2d, respec-
tively. The thick black and gray lines show the pathways ofJ1 and
J2, respectively.sbd Schematic view of the major magnetic interac-
tions J1, J18, and J2 in the one-dimensional array of copper spin
trimers. J18 is the next-nearest-neighbor interaction between edge
spins in the trimer.
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line. The model Hamiltonian with Heisenberg exchange in-
teractions is described as

H = J1o S3isS3i−1 + S3i+1d + J18o S3i−1S3i+1 + J2o S3isS3i−2

+ S3i+2d. s1d

Since the intratrimer interactions are not frustrated in this
system, it is rather straightforward to compare the experi-
mental results with the theoretical ones in order to under-
stand the trimer antiferromagnetism.

The magnetic susceptibility and heat-capacity measure-
ments onA3Cu3sPO4d4 with A=Ca and Sr show that the
intratrimer interactionJ1s,100 Kd is much larger than the
intertrimer interactionJ2s,3 Kd.11 Magnetization measure-
ments show that there exists a plateau with a saturated value
of 1.15mB.11,12 The magnetic susceptibility measurements
also show a signature of 1D ferrimagnets at low
temperatures.5,11 A long-range magnetic ordering was re-
ported inA3Cu3sPO4d4 sA=Ca, Sr, and Pbd from the mag-
netic susceptibility and heat-capacity measurements.5,13 The
transition temperatures are 0.9, 0.9, and 1.3 K for
A3Cu3sPO4d4 with A=Ca, Sr, and Pb, respectively. These
temperatures are extremely low compared to the fairly large
J1. All these results suggest that these compounds are the
ideal model antiferromagnetic spin trimer systems, in which
intertrimer interaction is small, and the ground state is a state
with S= 1

2.
In the isolated Heisenberg antiferromagneticS= 1

2 trimer
in a line the energy-level scheme is described as follows. The
ground state is a doublet withEs0d=−J1 andST= 1

2, whereJ1

is the intratrimer interaction andST is the total spin of a
trimer. The first and second excited states are a doublet with
Es1d=0 andST= 1

2 and a quartet withEs2d= 1
2J1 and ST= 3

2,
respectively. When the Ising- or XY-like anisotropy is pro-
nounced, the quartet is split into two doublets, whereas the

two doublets remain degenerate. In the extreme cases of the
Ising and XY systems, the first and second excited states are
a quartet and a doublet, respectively.

The neutron-scattering technique is an ideal tool to di-
rectly investigate the energy-level scheme of the spin trimer
system as mentioned above. We have performed inelastic
neutron-scattering experiments on the polycrystalline
samples ofA3Cu3sPO4d4 sA=Ca, Sr, and Pbd. Since a cluster
of the linear spin trimer is well isolated, almost dispersion-
less and sharp excitation peaks are observed even in the pow-
der measurements. Our analysis of the temperature andQ
dependencies on the scattering intensities indicates that these
compounds are well described by the isolated Heisenberg
antiferromagnetic spin trimer model.

FIG. 2. sColor onlined Image plot of the neutron-scattering in-
tensity in"v−Q space at 8 K in Pb3Cu3sPO4d4.

FIG. 3. sColor onlined sad Constant-Q scans at various tempera-
tures in Pb3Cu3sPO4d4. The solid lines are the results of fits with
Gaussians. Fifty counts are added at each successive temperature so
that the scans are compared on one graph. The elastic-scattering
intensity originates from both the nuclear incoherent scattering and
paramagnetic scattering.sbd Q dependence of neutron-scattering in-
tensity at"v=5 meV atT=60 K and at"v=9 meV and 13.5 meV
at T=8 K. For the data atT=8 K, background intensity measured at
a different energy, at which the magnetic signal is almost negligible,
is subtracted from the raw data. For the data atT=60 K, back-
ground intensity measured atT=8 K is subtracted from the raw
data. The lines show the intensity calculated with Eq.s3d.
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II. EXPERIMENTAL DETAILS

The polycrystalline samples ofA3Cu3sPO4d4 sA=Ca, Sr,
and Pbd were synthesized by the conventional solid-state re-
action at 1183, 1183, and 998 K, respectively. About 10 g of
the sample was used in the measurements. Detail of the
sample characterization is described elsewhere.6,7,13

The inelastic neutron-scattering experiments were carried
out on the thermal neutron three-axis spectrometer TAS2 in-
stalled at the guide hall of JRR-3 at Japan Atomic Energy
Research Institute. The fixed final neutron energy was 13.7
meV. Contamination from higher-order beams was effec-
tively eliminated using pyrolytic graphite filters. The hori-
zontal collimator sequences were guide-808-S-808-open. The
samples were mounted in a closed cycle refrigerator. The
measurements were performed well above the transition tem-
peratures, where the spin trimer magnetism is distinct.

III. THEORETICAL BACKGROUND

A detailed formulation for the neutron cross section in the
magnetic cluster system was performed by Furrer and
Güdel.14 Experimentally, the excitations from the trimers as
well as dimers and tetramers were observed in
CsMnxMg1−xBr3, in which quasi-one-dimensional Mn2+ ions
sS= 5

2
d are diluted by the nonmagnetic Mg2+ ions.15 It was

confirmed that the excitations can be well described by the
calculation.

For the isolated antiferromagnetic trimer in a line, the
quantum numbers to describe the spin state are the total spin
quantum numberS=S1+S2+S3 and the additional quantum
numberS13=S1+S3. For S1=S2=S3 the eigenvalues of the
Hamiltonians1d with J2=0 are

EsS13,Sd =
J1

2
fSsS+ 1d − S13sS13 + 1d − S1sS1 + 1dg

+
J18

2
fS13sS13 + 1d − 2S1sS1 + 1dg, s2d

with 0øS13ø2S1 and uS13−S1uøSøS13+S1. For the iso-
lated antiferromagnetic trimer in a line withS= 1

2, the ground
state is a doublet withuS13=1,S= 1

2lsEs0d=−J1+ 1
4J18d. The

first and second excited states are a doublet with
u0, 1

2lsEs1d=−3
4J18d and a quartet withu1, 3

2lsEs2d= 1
2J1+ 1

4J18d,
respectively.

The neutron-scattering cross sections for a powder sample
for a transitionuS13,Sl→ uS138 ,S8l are described as follows:

I u1,1/2l→u0,1/2l ~ 3C0rs0dF1 −
sins2QRd

2QR
G 3 df"v + Es0d

− Es1dg,

I u1,1/2l→u1,3/2l ~ 2C0rs0dF3 +
sins2QRd

2QR
− 4

sinsQRd
QR

G
3 df"v + Es0d − Es2dg,

I u0,1/2l→u1,3/2l ~ 6C0rs1dF1 −
sins2QRd

2QR
G 3 df"v + Es1d

− Es2dg, s3d

where

C0 =
k8

k
F2sQdexpf− 2WsQdg,

rsnd = Z−1 expF−
Esnd
kBT

G .

k andk8 are the wave numbers of incident and final neutrons,
respectively.FsQd, expf−2WsQdg, and Z are the magnetic
form factor, the Debye-Waller factor, and the partition func-
tion, respectively. The magnetic excitations are expected at
Es1d−Es0d=J1−J18, Es2d−Es0d= 3

2J1, and Es2d−Es1d= 1
2J1

+J18.
When the intertrimer interactionJ2 becomes non-

negligible, each excited state should become dispersive. In
powder measurements, this effect broadens the excitation
width in energy.

IV. RESULTS AND DISCUSSION

Figure 2 shows an image plot of the inelastic neutron-
scattering spectra measured at 8 K in Pb3Cu3sPO4d4. There
are two flat excitations at"v,9 meV and,13.5 meV. The
sharp dispersionless excitations indicate thatJ2 is small as
described in Sec. III. A characteristic modulation of the in-
tensity as a function ofQ is also recognized.

Temperature dependence of the inelastic neutron spectra
in constant-Q scans in Pb3Cu3sPO4d4 is shown in Fig. 3sad.
The positions of the excitation peaks at 8 K are shown in
Table I. It was confirmed that the energy positions are almost
independent of temperature. The intensity at 13.69 meV is
about a factor of,2 larger than that at 9.00 meV. With
increasing temperature intensities at 9.00 meV and 13.69

FIG. 4. Temperature dependence of the integrated intensities at
4.9, 9, and 13.7 meV in Pb3Cu3sPO4d4. The lines are calculated
using Eq.s3d.

MAGNETIC EXCITATIONS FROM THE LINEAR… PHYSICAL REVIEW B 71, 144411s2005d

144411-3



meV decrease, whereas a new excitation peak develops at
4.9 meV. Figure 3sbd shows theQ dependence of the peak
intensities of these excitations at"v=5 meV atT=60 K and
at "v=9 meV and 13.5 meV atT=8 K. The solid lines in
Fig. 3sad are the results of fits with Gaussians. In the fittings
the widths of the three excitations are fixed at the same value
to minimize the number of fitting parameters. The energy
resolution is calculated to be 1.7 and 2.3 meV full width at
half maximum at"v=5 and 14 meV, respectively. The exci-
tation width at 8 K is fitted to be 1.87s5d meV, which is close
to the averaged values of the energy resolution at"v=5 and
14 meV. This indicates that the excitations are almost reso-
lution limited and almost dispersionless. It is noted that the
width is almost temperature independent.

The temperature dependence of the integrated intensities
of the 4.9, 9, and 13.7 meV excitation peaks atQ
=1.72 Å−1 is plotted in Fig. 4. The lines are the results of the

calculation with the cross sections, Eq.s3d. We assumed that
WsQd=0. It is noted that the only variable parameter is the
overall scale factor. Other parameters are fixed.R is fixed at
3.6 Å, which corresponds to the averaged distance between
two neighboring copper spins in the trimer. The calculation
describes the observed intensities reasonably well. The only
discrepancy is that the observed intensity at 4.9 meV be-
comes larger than the calculated values above,80 K. One
possibility is that phonon contribution becomes non-
negligible at higher temperatures around 5 meV. TheQ de-
pendence of the intensities shown in Fig. 3sbd is also de-
scribed by Eq. s3d using the same parameters. The
calculation describes the observed intensities reasonably well
although the observed value is slightly larger at higherQ
around 3 Å−1. It is also probable that the scattering from
phonons is superimposed. The very low-Q data, where the
magnetic scattering is expected to increase with increasing

TABLE I. The magnetic excitation energies and the intratrimer coupling constants at 8 K in A3Cu3sPO4d4

sA=Pb, Ca, and Srd.

A Es1d−Es0d smeVd Es2d−Es0d smeVd J1 smeVd J18 smeVd

Pb 9.00s5d 13.69s3d 9.13s2d 0.13s7d
Ca 9.33s5d 14.17s4d 9.45s3d 0.12s8d
Sr 9.93s6d 15.06s4d 10.04s3d 0.11s9d

FIG. 5. sad Constant-Q scans at 8 K in Ca3Cu3sPO4d4. The solid
line is the result of a fit with two Gaussians.sbd Q dependence of
neutron-scattering intensity at 9.5 meV and 14.25 meV. Background
intensity measured at a different energy is subtracted from the raw
data. The lines show the intensity calculated using Eq.s3d.

FIG. 6. sad Constant-Q scans at 8 K in Sr3Cu3sPO4d4. The solid
line is the result of a fit with two Gaussians.sbd Q dependence of
neutron-scattering intensity at 9.9 meV and 15.15 meV. Background
intensity measured at a different energy is subtracted from the raw
data. The lines show the intensity calculated using Eq.s3d.
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Q, are missing because of the kinematical constraints. The
lowest Q we could reach was 0.6 Å−1 at 5 meV. The data
show that the magnetic scattering decreases almost mono-
tonically above 0.5 Å−1, which is consistent with the calcu-
lation.

Figures 5 and 6 show the results of constant-Q and -v
scans in Ca3Cu3sPO4d4 and Sr3Cu3sPO4d4, respectively. The
solid lines in Figs. 5sad and 6sad show the results of fits with
two Gaussians. The positions of the excitation peaks are
shown in Table I. The widths in energy are almost resolution-
limited for both compounds. Therefore, the magnetic excita-
tions are almost dispersionless as in Pb3Cu3sPO4d4. The lines
in Figs. 5sbd and 6sbd show the results of fits with Eq.s3d.
The calculation describes the observed intensities reasonably
well. The consistency for higher-Q data around 3 Å−1 is bet-
ter in these compounds than that in Pb3Cu3sPO4d4, suggest-
ing that the phonon density of states depends on the weight
of A element inA3Cu3sPO4d4. An optical mode probably ex-
ists at 13.5 meV in Pb3Cu3sPO4d4 just accidentally.

J1 and J18 are determined from the values ofEs1d
−Es0d s=J1−J18d and Es2d−Es0ds=3

2J1d as shown in Table I.
Since the dispersion is very flat, it is expected that the inter-
trimer interactionJ2 is considered to be very small.J2 can be
roughly estimated from the results of the magnetization
measurements.12 It was observed that the magnetization satu-
rates at one-third of the value in the fully aligned ferromag-
netic state. The field, at which the magnetization saturates,
was,10 T and,20 T for Ca3Cu3sPO4d4 and Sr3Cu3sPO4d4,
respectively. These values roughly correspond toJ2 so that
the J2 is ,1 meV. This is in contrast to the neutron result
that the excitation width in energy is close to the instrumen-
tal resolution. However, the low magnetic ordering tempera-

tures of,1 K in A3Cu3sPO4d4 sA=Ca, Sr, and Pbd indicate
thatJ2 is the same order of 0.1 meV, which is consistent with
the neutron result. Further study is required in order to
clarify this puzzling feature.

Since the exchange interactions depend sensitively on the
structural parameters, that is, the bond length and bond angle
between the Cu spins, it is difficult to calculateJ1, J18, andJ2
in the real compounds. The averaged distances between Cu-
O bond in the trimer unit are 2.008 Å, 2.035 Å, and 2.030 Å
for A3Cu3sPO4d4 sA=Ca, Sr, and Pbd, respectively. The
angles of the Cu-O-Cu bond are 123.6°, 124.8°, and 124.1°
for A3Cu3sPO4d4 sA=Ca, Sr, and Pbd, respectively. These
values are not directly related withJ1 shown in Table I. We
showed experimentally thatJ1 andJ18 have approximately the
same values andJ2 is very small in the three compounds. As
we described above, all the properties inA3Cu3sPO4d4 sA
=Ca, Sr, and Pbd are consistent with those expected from the
Heisenberg antiferromagnetic spin trimer model. This result
indicates that the anisotropy in the exchange interaction is
considered to be very small in these compounds.

In conclusion, our neutron-scattering studies showed that
A3Cu3sPO4d4 with A=Ca, Sr, and Pb is a model system of the
linear Heisenberg antiferromagneticS= 1

2 trimer. The intra
trimer coupling constants are determined to be 9.45s3d,
10.04s3d, and 9.13s2d meV for A3Cu3sPO4d4 with A=Ca, Sr,
and Pb, respectively. The interaction between the edge spins
in the trimer and the intertrimer interaction were found to be
very small.
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