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We report magnetic properties of ANi3P4O14 �A=Ca, Sr, Pb, Ba�. A spin-1 trimer chain with J1-J1-J2

interactions exists, where J1 and J2 denote two exchange interaction parameters. A magnetic phase transition
occurs and a small spontaneous magnetization appears at low temperatures. The temperature dependence of
magnetic susceptibility above the transition temperature and the magnetic-field dependence of magnetization in
high magnetic fields are consistent with quantum Monte Carlo results for a spin model that consists of trimer
chains with antiferromagnetic J1 and ferromagnetic J2 interactions. The small spontaneous magnetization is
explainable qualitatively by ferrimagnetic long-range order in the chains and by imperfect cancellation of the
net magnetic moments of the chains. To our knowledge, this is the first observation of ferrimagnetic long-range
order whose origin is the periodicity of the exchange interactions in chains.
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I. INTRODUCTION

Studies on low-dimensional quantum spin systems have
contributed greatly to our understanding of quantum me-
chanics. In particular, one-dimensional quantum spin sys-
tems have been studied widely for a long time because
quantum-mechanical effects are conspicuous and because ac-
curate theoretical results are obtainable. As a result, we real-
ize that one-dimensional quantum spin systems show various
magnetic properties. Magnetic long-range order is unstable
even at 0 K because of strong quantum fluctuations. The
ground state and low-lying excitations depend on the spin
value in Heisenberg antiferromagnetic �AF� uniform chains.
The ground state is the quantum-disordered �spin-liquid�
state and the magnetic excitation is gapless in the spin-1 /2
Heisenberg AF uniform chain. The ground state is a kind of
ordered state with a string order parameter and a spin gap
exists in magnetic excitations when the spin value is an
integer.1

Heisenberg AF bond-alternating chains have also been in-
vestigated extensively. A spin gap appears in spin-1 /2
Heisenberg AF bond-alternating chains with 0���1, where
the two exchange interaction parameters are defined as
J�1±��.2 The spin-Peierls transition is a phase transition
from uniform to bond-alternating chains that can occur be-
cause of the magnetic energy gain arising from the bond
alternation.3,4 In contrast, the spin gap disappears at a critical
value �c�0.25 in spin-1 Heisenberg AF bond-alternating
chains.5 The ground state is in the Haldane phase and a
singlet-dimer phase for ���c and ���c, respectively. In
addition, a phenomenon called the magnetization plateau can
appear in magnetic fields.6–10

Recently, trimer and tetramer chains have attracted much
attention because they show interesting magnetism that origi-
nates from the periodicity in the chains. Magnetization pla-
teaus can appear in trimer and tetramer chains irrespective of
the spin value.11 It has been demonstrated experimentally12

that the spin-1 /2 trimer chain compound Cu3�P2O6OH�2

has a 1/3 magnetization plateau and that the spin-1 /2
tetramer chain compounds Cu�3-chloropyridine�2�N3�2

�Ref. 13� and �CH3�2NH2CuCl3 �Ref. 14� have a 1/2
magnetization plateau. Quantum ferrimagnetism caused by
periodicity of exchange interactions is a unique phenom-
enon; it cannot occur in uniform and bond-alternating
chains. The compound Cu�3-chloropyridine�2�N3�2 has a
spin-1 /2 tetramer chain with ferromagnetic-ferromagnetic-
antiferromagnetic-antiferromagnetic interactions. The prod-
uct of the magnetic susceptibility and temperature reaches a
minimum around 10 K, followed by a steep increase upon
further cooling. This temperature dependence suggests that
Cu�3-chloropyridine�2�N3�2 is a quantum ferrimagnet. Ferri-
magnetic long-range order can appear if interchain exchange
interactions exist. However, experimental observations have
not been reported so far.

Very recently, we recognized that the insulating com-
pounds ANi3P4O14 �A=Ca, Sr, Pb, Ba� can have spin-1
trimer chains as shown by their crystal structures.15–19 We
observed that small spontaneous magnetizations appeared at
low temperatures. We can explain the experimental result
qualitatively using ferrimagnetic long-range order in the
chains and imperfect cancellation of the net magnetic mo-
ments of the chains. To our knowledge, this paper reports the
first observation of ferrimagnetic long-range order that is
caused by the periodicity of exchange interactions in chains.

II. EXPECTED SPIN SYSTEM IN ANi3P4O14

„A=Ca, Sr, Pb, Ba…

The crystal structures of ANi3P4O14 �A=Ca, Sr, Pb, Ba�
are identical. The space group is P21/c �no. 14�. As de-
scribed below, we measured x-ray diffraction and calculated
lattice constants. The lattice constants are summarized in
Table I. Only the Ni2+ ions have spin 1. The positions of Ni
and O connecting to Ni are shown schematically in Fig. 1.
Two crystallographic Ni sites �Ni�1� and Ni�2�� exist along
with two kinds of short Ni-Ni bonds. For example, in
SrNi3P4O14, Ni-Ni the distances in the first-shortest and
second-shortest bonds �bonds 1 and 2�, which are indicated,
respectively, as bold and thin bars, are 3.14 and 3.23 Å. The
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first-shortest Ni-Ni bond has two Ni-O-Ni paths. The Ni-
O-Ni angles in the two paths are 93.5° and 100.6°. It is
noteworthy that the center of the two Ni sites in the first-
shortest bond is an inversion center. The second-shortest
Ni-Ni bond has two identical Ni-O-Ni paths whose angle is
102.7°. From the Ni-Ni distances and Ni-O-Ni angles, ex-
change interactions are expected to exist in the first-shortest
and second-shortest Ni-Ni bonds. The respective parameters
of their interactions are defined as J1 and J2. The signs of J1
and J2, however, cannot be judged from the crystal structure
because the Ni-O-Ni angles are close to 90°. We will discuss

the signs of J1 and J2 later. In contrast, a distance of Ni-Ni in
the third-shortest bond �bond 3� is 4.72 Å. Therefore, ex-
change interactions in the other bonds are probably weaker
than the J1 and J2 interactions. As is shown in Table I, the
other compounds have similar Ni-Ni distances and Ni-O-Ni
angles.20

As a result, it is considered that spin-1 trimer �J1-J1-J2�
chains parallel to the b direction mainly determine the mag-
netic properties of these compounds. Of course, as is the case
of many Ni2+ compounds, single-ion anisotropy might affect
the magnetic properties. All the trimer chains in each com-
pound are identical as spin systems. From the viewpoint of
local orientation of nearest-neighbor Ni-Ni bonds, however,
two kinds of chains exist: � and �. The orientations of bonds
1 and 2 in the � chains are not parallel to those in the �
chains. The numbers of the two chains are equal.

III. METHODS OF EXPERIMENTS AND CALCULATION

A crystalline powder of ANi3P4O14 �A=Ca, Sr, Pb, Ba�
was synthesized using the solid-state reaction method in air
for 150 h with intermediate grindings. The sintering tem-
peratures are 1273, 1273, 1173, and 1173 K for A=Ca, Sr,
Pb, and Ba, respectively. We used x-ray diffraction measure-
ment to confirm the formation of ANi3P4O14. Other materials
could not be detected in the powder samples of SrNi3P4O14
and PbNi3P4O14. Very weak peaks of Ni3P2O8 and
BaNi2P2O8 were observed in the powder samples of
CaNi3P4O14 and BaNi3P4O14, respectively. Ni3P2O8 �Ref.
21� and BaNi2P2O8 �Ref. 22� show antiferromagnetic long-
range order without spontaneous magnetization below 17.1
and 23.5 K, respectively.

We measured the magnetization M up to the magnetic
field H=5 T using a superconducting quantum interference
device �SQUID� magnetometer produced by Quantum De-
sign. High-field magnetizations up to H=30 T were mea-
sured using an extraction-type magnetometer in a hybrid
magnet at the High Magnetic Field Center, NIMS. We mixed
the ANi3P4O14 powders and paraffin, unified them by melt-
ing the paraffin, and used the unified sample for SQUID
measurement. We used pressed pellets of ANi3P4O14 pow-
ders for the high-field magnetization measurement. Thus,
alignment of the powders was unchanged in the magnetiza-
tion measurements.

We calculated the susceptibility and magnetization of
spin-1 trimer chains by quantum Monte Carlo �QMC� tech-
niques using the loop algorithm23 and using the directed-loop
algorithm in the path-integral formulation,24 respectively.
The numbers of Ni sites are 120 and 48 for calculations of
the susceptibility and magnetization, respectively. We per-
formed more than 1�106 updates. Finite-size effects and
statistical errors are negligible in the scale of the figures rep-
resented in this paper.

IV. EXPERIMENTAL RESULTS

Figure 2�a� shows the temperature T dependence of M /H
of ANi3P4O14 �A=Ca, Sr, Pb, Ba� below 20 K measured in
H=0.01 T. The dots and solid curves, respectively, represent

TABLE I. Ion radii of divalent ions, lattice constants, Ni-Ni
distances, Ni-O-Ni angles, magnetic phase transition temperature
TF, and spin-flop field HSF of ANi3P4O14 �A=Ca, Sr, Pb, Ba�.

Ca Sr Pb Ba

Ion radius �Å� 0.99 1.12 1.20 1.34

a �Å� 7.330 7.407 7.402 7.526

b �Å� 7.589 7.658 7.673 7.779

c �Å� 9.398 9.440 9.468 9.573

� �deg� 112.1 112.2 112.4 112.8

Structure Bond 1 Ni-Ni �Å� 3.11 3.14 3.15 3.19

Ni-O-Ni �deg� 93.6 93.5 93.8 93.9

98.9 100.6 100.7 101.0

Bond 2 Ni-Ni �Å� 3.21 3.23 3.22 3.27

Ni-O-Ni �deg� 102.6 102.7 102.4 102.7

Bond 3 Ni-Ni �Å� 4.70 4.72 4.73 4.77

Magnetism TF �K� in 0.01 T 15.8 15.3 15.6 14.5

HSF �T� at 2 K 2.2 3.5 3.9 5.0

FIG. 1. �Color online� Schematic drawing of positions of Ni and
O connecting to Ni in ANi3P4O14 �A=Ca, Sr, Pb, Ba�. Small and
large circles denote Ni and O sites, respectively. Bold and thin bars
represent the first-shortest and second-shortest Ni-Ni bonds, respec-
tively. A spin-1 trimer �J1-J1-J2� chain exists. Its Hamiltonian is
expressed as H=�iJ1S�1�2i−1S�2�i+J1S�2�iS�1�2i+J2S�1�2iS�1�2i+1,
where S�1� j and S�2�i are the spin-1 operators at the Ni�1� j and
Ni�2�i sites, respectively. Although all the trimer chains are identical
as spin systems, there are two kinds of chains � and �, because of
the difference in local orientations of nearest-neighbor Ni-Ni bonds.
Thin and bold arrows show schematically the net magnetic moment
of each chain and the total moment in the ordered phase. We do not
determine the actual directions of the net magnetic moment of each
chain and the total moment in this study.
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M /H measured in zero-field-cooling �ZFC� and field-cooling
�FC� processes. First, we explain the M /H curves of
SrNi3P4O14 as representative. A sharp peak appears at 15.3 K
in the ZFC process, and temperature hysteresis is clearly
visible below the same temperature. These results indicate
occurrence of a magnetic phase transition at TF=15.3 K. The
magnitude of M /H increases rapidly on cooling below about
16 K, indicating that magnetic long-range order with spon-
taneous magnetization appears below TF. In the ordered
phase, M /H in the ZFC process shows a broad peak at
around 4.5 K and M /H in the FC process increases mono-
tonically on cooling. Similar magnetic properties are ob-
served in ANi3P4O14 �A=Ca, Pb, Ba�, but a sharp peak at
TF and a broad peak in the ZFC process in the ordered phase
are, respectively, less and more evident in CaNi3P4O14. The
values of the transition temperature TF are 15.8, 15.6, and
14.5 K for A=Ca, Pb, and Ba; they are described in Table I.

Figure 2�b� shows the T dependence of M /H below
300 K in H=0.01 T. Because the maximum of the vertical
axis is 0.12, Fig. 2�b� cannot show M /H at low T. On cool-
ing, M /H increases following the Curie-Weiss law from
300 K. We fitted the formula C / �T+��+	0 to the experimen-
tal M /H above 100 K. Here, C, �, and 	0 represent the Curie
constant, Weiss temperature, and a constant term of the sus-
ceptibility. The evaluated values of the fitting parameters are
well known to depend on the temperature region used in the
fitting. For that reason, we were unable to determine values
of the fitting parameters uniquely, but the evaluated values of
C and 	0 are close to expected values. As for �, both positive
and negative values are possible. We can say, however, that
the magnitude of � is small �a few kelvins or less� in com-
parison with the transition temperatures. Figure 2�c� shows
the T dependence of MT /H below 300 K in H=0.01 T. The
values of MT /H are almost constant at high T and are then
reduced at temperatures less than about 60 K. These reduc-
tions indicate that one or more dominant exchange interac-
tions in each compound are antiferromagnetic.25

Figure 3�a� shows the H dependence of the magnetization
of ANi3P4O14 �A=Ca, Sr, Pb, Ba� at 2 K measured using

the SQUID magnetometer. Hysteresis of the magnetization
curves is readily visible at low magnetic fields. For example,
the slope of the magnetization above 3.5 T is slightly greater
than that below 3.5 T in SrNi3P4O14. Similar behaviors are
observed for the other compounds. This change of the slope
probably indicates a spin-flop transition. Because a rapid in-
crease of the magnetization attributable to the spin-flop tran-
sition is apparent only in H parallel to ordered moments, the
increase is weakened in magnetization of the powder sample.
We describe the estimated values of the fields of the spin-flop
transition in Table I.

The solid curves of Fig. 3�b� show H dependence of the
magnetization at 1.7 K up to 30 T measured using the
extraction-type magnetometer. The magnetization is almost
saturated at 30 T. The small residual magnetization indicates
that the spontaneous magnetization is small. Because the di-
rection of residual magnetic fields is opposite to that of the
applied magnetic fields, the initial magnetization is
negative.26

V. DISCUSSION

Let us consider the mechanism of the appearance of the
small spontaneous magnetization. As described above, the
signs of J1 and J2 cannot be determined from the crystal
structure. Therefore, four kinds of spin models that consist of
trimer chains are possible from the signs of J1 and J2. We
examined whether the four spin models can explain the ex-
perimental results or not; we subsequently concluded that
only the AAF model shown below could account for the
experimental results.

We consider a spin model that consists of spin-1 trimer
�J1-J1-J2� chains with antiferromagnetic J1 and ferromag-
netic J2 interactions. We name it the AAF model. If magnetic
long-range order is stabilized where spins in each chain are
aligned collinearly by the J1 and J2 interactions, the spins on
the Ni�1� sites are parallel to one another, the spins on the
Ni�2� sites are parallel to one another, and the Ni�1� spins are

FIG. 2. �Color online� �a� The temperature
dependence of M /H of ANi3P4O14 �A
=Ca, Sr, Pb, Ba� below 20 K measured in H
=0.01 T. The dots and solid curves indicate mag-
netization measured in zero-field-cooling and
field-cooling processes, respectively. Vertical po-
sitions of M /H for A=Ca, Sr, and Pb are shifted,
respectively, by 4.5, 3.0, and 1.5 emu/Ni mol. �b�
The temperature dependence of M /H below
300 K measured in H=0.01 T. The vertical posi-
tions of M /H for A=Ca, Sr, and Pb are shifted,
respectively, by 0.03, 0.02, and 0.01 emu/Ni mol.
�c� The temperature dependence of MT /H below
300 K measured in H=0.01 T.
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antiparallel to the Ni�2� spins. The Ni�1� sites are twice as
numerous as the Ni�2� sites. For that reason, each chain
shows ferrimagnetism and has a net magnetic moment whose
value is about �2/3�
B/Ni. The experimental residual mag-
netic moments, however, are only 0.1
B/Ni or less. If the
directions of the net moments of the chains are the same in
each domain and if the directions of the net moments of the
domains are random, the residual magnetic moment is
roughly estimated as 2/3�1/2=1/3
B/Ni. Here, the factor
1 /2 comes from the azimuthal average of the net moments of
the domains that are randomly aligned. Consequently, the
small residual magnetic moments indicate that the net mo-
ments of the chains cancel one another imperfectly. As de-
scribed previously, two kinds of chains exist: � and �. The

orientations of the bonds 1 and 2 in the � chains are not
parallel to those in the � chains. The small residual magnetic
moments can remain if the direction of the net magnetic
moment of the chain � deviates a little from the opposite
direction of the net magnetic moment of the chain �. The
speculated magnetic structure is shown schematically in
Fig. 1. Probably, single-ion anisotropy of the Ni2+

spins has a greater influence on the spin structure in the
ordered phase than interchain interactions and causes the
above-mentioned deviation of the moment directions. To
our knowledge, the magnetic order in ANi3P4O14
�A=Ca, Sr, Pb, Ba� is the first example of ferrimagnetic
long-range order that is caused by the periodicity of the ex-
change interactions in the chains.

We compared the experimental results with QMC results
for the AAF model. Because the experimental magnetiza-
tions have a characteristic structure, the onset of saturation
around 22 T, we compared first the experimental magnetiza-
tions with calculated magnetizations. We calculated the mag-
netization for several values of j�J1 /J2. In each calculated
magnetization curve, values of J1 and J2 were determined in
order that the calculated curve was close to the experimental
curve in high magnetic fields. Next, we calculated suscepti-
bilities for the values of J1 and J2 determined above, com-
pared the calculated susceptibility curves with the experi-
mental M /H curves above TF, and chose a calculated curve
that could reproduce the experimental curve best in each
compound. As a result, we estimate that J1=10 K and
J2=−125 K for the Ca and Sr compounds and that
J1=9.6 K and J2=−120 K for the Pb and Ba compounds.
The value of j is −0.08 in all the compounds. The dashed
curves in Fig. 3�b� show the calculated magnetizations. The
experimental and calculated magnetizations in high magnetic
fields coincide with each other. Figure 4 shows the tempera-
ture dependence of the inverse susceptibility. In comparison
between the experimental and calculated data, we added con-
stant terms of the susceptibility with reasonable values �order
of 10−4 emu/Ni mol� to the calculated susceptibilities. The
calculated inverse susceptibilities indicated by dashed curves
are consistent with the experimental H /M above TF. Conse-
quently, the AAF model can reproduce magnetic properties
of ANi3P4O14 �A=Ca, Sr, Pb, Ba� in high magnetic fields
or above TF. In our calculations, however, we did not take
the single-ion anisotropy and interchain exchange interac-
tions into account. It is difficult to perform calculations for
models including all the interactions and to determine
uniquely values of all the interactions because we have only
the magnetization data. Thus, we may have to consider that
the above-mentioned values of J1 and J2 are roughly esti-
mated values. Values of J1 and J2 are probably altered by
introduction of the single-ion anisotropy and interchain
exchange interactions. Therefore, the result that the esti-
mated values of J1 are comparable to the values of TF does
not mean necessarily that the trimer chain model is inad-
equate to explain the magnetic properties of ANi3P4O14
�A=Ca, Sr, Pb, Ba�.

Here, we estimate errors of J1 and J2 in the case that we
consider only the J1 and J2 interactions. In comparison be-
tween the experimental and calculated magnetizations, esti-
mated values of J1 are close to 10 K for all j. Therefore, the

FIG. 3. �Color online� �a� The magnetic-field dependence of M
of ANi3P4O14 �A=Ca, Sr, Pb, Ba� at 2 K measured by the SQUID
magnetometer. The arrows denote the direction of the change of H.
The vertical positions of M for A=Ca, Sr, and Pb are shifted, re-
spectively, by 1.5, 1.0, and 0.5
B/Ni. �b� The magnetic-field depen-
dence of M at 1.7 K measured by the extraction-type magnetometer
�solid curves� and the QMC results of M �dashed curves� for the
AAF model with J1=10 K and J2=−125 K for Ca and Sr and
J1=9.6 K and J2=−120 K for Pb and Ba. Because the solid and
dashed curves overlap with each other above 20 T, the dashed
curves cannot be seen clearly. The circles represent some points of
the QMC results. We draw these circles in order to indicate that two
curves exist. Because the experimental data are powder averages of
magnetizations in the ordered phase, the AAF model cannot repro-
duce the experimental data in low H. Thus, the calculated magne-
tizations below 14 T are not shown. The vertical positions of M for
A=Ca, Sr, and Pb are shifted, respectively, by 1.2
B, 0.8
B, and
0.4
B per Ni.
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error of J1 is small. The result that values of J1 are almost
independent of j means that the value of the saturation field
is mainly determined by the antiferromagnetic J1 interaction.
In the Ca and Sr compounds, calculated susceptibilities with
j=−0.06 and J2=−165 K or j=−0.10 and J2=−100 K differ
a little from the experimental ones. Similarly, in the Pb and
Ba compounds, calculated susceptibilities with j=−0.06 and
J2=−160 K or j=−0.10 and J2=−95 K differ a little from the
experimental ones. Thus, we estimated the range of J2 as
−165 to −100 K for Ca and Sr and −160 to −95 K for
Pb and Ba. We have to estimate values of J2 from the M /H
data above TF, which have monotonic temperature depen-
dence. Accordingly, the errors of J2 are not small.

Next, we consider a spin model that consists of spin-1
trimer �J1-J1-J2� chains with ferromagnetic J1 and J2 inter-
actions. We name it the FFF model. Each chain can have a
spontaneous magnetization. The FFF model, however, can-
not explain magnetism of ANi3P4O14 �A=Ca, Sr, Pb, Ba�
for the following reason. Because the residual magnetiza-
tions are small, interchain exchange interactions are antifer-
romagnetic. If the effect of the interchain exchange interac-
tions is more dominant than that of the single-ion anisotropy,
the spin structure in the ordered phase must be collinear.
Collinear spin structures caused by AF interchain interac-
tions, however, cannot have spontaneous magnetizations.
Thus, the magnitude of the single-ion anisotropy �usually the
D term� is inferred to be larger than that of the interchain
interactions. The values of the spin-flop field �2�5 T� and
saturation field �above 20 T� reflect the magnitudes of the
single-ion anisotropy and AF interchain interactions, respec-
tively. Therefore, from the experimental magnetizations, the

magnitude of the single-ion anisotropy is expected to be
smaller than that of the interchain interactions, which is in-
consistent with the above-mentioned inference. Conse-
quently, the spin system in ANi3P4O14 �A=Ca, Sr, Pb, Ba�
is not the FFF model. In addition, as was described, the
decrease of MT /H on cooling shown in Fig. 2�c� indicates
that one or more dominant exchange interactions in each
compound are antiferromagnetic. This result is not consistent
with the FFF model, because the AF interchain interactions
are expected to be small.

Finally, we consider the remaining two spin models. One
model consists of spin-1 trimer �J1-J1-J2� chains with anti-
ferromagnetic J1 and J2 interactions; it is named the AAA
model. The other consists of trimer chains with ferromag-
netic J1 and antiferromagnetic J2 interactions; it is named the
FFA model. When only the J1 and J2 interactions are taken
into account, two spins on Ni�1�2i and Ni�1�2i+1 sites are
antiparallel to each other. Also, two spins on Ni�2�i and
Ni�2�i+1 sites are antiparallel to each other. The center of the
Ni�1�2i and Ni�1�2i+1 sites is the inversion center. Therefore,
it is quite natural to consider that the magnitudes of the mag-
netic moments of the Ni�1� spins are the same and that the
magnitudes of the magnetic moments of the Ni�2� spins are
the same. Consequently, the spontaneous magnetizations
cannot be generated only by the J1 and J2 interactions even if
the magnitudes of the magnetic moments of the Ni�1� and
Ni�2� spins differ from each other.

We consider the possibility that the spontaneous magneti-
zations are caused by introduction of the anisotropy. In Ni2+

ions, the origins of the anisotropy are the single-ion aniso-
tropy and the Dzyaloshinsky-Moriya �DM� interaction. Be-
cause the center of the Ni�1�2i and Ni�1�2i+1 sites is the in-
version center, the easy axes of the spins on these two Ni�1�
sites are antiparallel to each other; furthermore, the easy axes
of the spins on Ni�2�i and Ni�2�i+1 sites are antiparallel to
each other. Therefore, the single-ion anisotropy does not
change the situation that the Ni�1�2i and Ni�1�2i+1 spins are
antiparallel to each other and the situation that the Ni�2�i and
Ni�2�i+1 spins are antiparallel to each other. The DM inter-
action does not exist between the Ni�1�2i and Ni�1�2i+1 spins
because of the inversion center. The DM interaction, in con-
trast, might exist between the Ni�2�i and Ni�1�2i spins. For
those reasons, the Ni�2�i and Ni�1�2i spins might become
noncollinear. The DM vector between the Ni�2�i and Ni�1�2i

spins is antiparallel to that between the Ni�2�i+1 and Ni�1�2i+1

spins because of the inversion center. Therefore, the Ni�2�i

and Ni�2�i+1 spins are antiparallel to each other even if the
DM interaction exists between the Ni�2�i and Ni�1�2i spins.
As a result, the single-ion anisotropy and DM interaction can
cause no spontaneous magnetization.

VI. CONCLUSION

We measured the temperature and magnetic-field depen-
dence of magnetization of ANi3P4O14 �A=Ca, Sr, Pb, Ba�.
Two kinds of Ni2+ sites exist and form a spin-1 trimer chain
with J1-J1-J2 interactions, where J1 and J2 denote two kinds
of exchange interaction parameters. We observed a magnetic

FIG. 4. �Color online� The temperature dependence of H /M of
ANi3P4O14 �A=Ca, Sr, Pb, Ba� measured in H=0.01 T �solid
curves� and the QMC results of inverse susceptibility �dashed
curves� for the AAF model with J1=10 K and J2=−125 K for Ca
and Sr and J1=9.6 K and J2=−120 K for Pb and Ba. Because the
solid and dashed curves overlap with each other, the dashed curve
cannot be seen clearly. The circles represent some points of the
QMC results. We draw these circles in order to indicate that two
curves exist. In the calculated curves, constant terms of suscepti-
bilities are included. Values of the constant terms are 2, 1, 3, and
2�10−4 emu/Ni mol. The vertical positions for A=Ca, Sr, and Pb
are shifted, respectively, by 90, 60, and 30 Ni mol/emu.
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phase transition and small spontaneous magnetization at low
temperatures. The temperature dependence of magnetic sus-
ceptibility above the transition temperature and the
magnetic-field dependence of magnetization in high mag-
netic fields are consistent with QMC results for a spin model
that consists of trimer chains with antiferromagnetic J1 and
ferromagnetic J2 interactions. The small spontaneous magne-
tization is explainable qualitatively by ferrimagnetic long-
range order in the chains and by imperfect cancellation of the
net magnetic moments of the chains. To our knowledge, this
observation is the first of ferrimagnetic long-range order
caused by the periodicity of the exchange interactions in the
chains. In future studies, the spin structure in the ordered

phase should be determined by neutron-diffraction measure-
ments.
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