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We report the magnetic properties of Sr- and Bi-substituted samples of the one-dimensional alternating S
=1/2 spin chain compound Pb2V3O9. In the Sr-substituted system, we obtained two series of samples synthe-
sized by different heat treatments; one series shows the reduction of the spin gap without antiferromagnetic
long-range order �AF-LRO� and the other shows AF-LRO at low temperatures. We also observed impurity-
induced AF-LRO in the Bi-substituted system. The fitting results of magnetic susceptibilities imply the possible
coexistence of a spin gap and AF-LRO in both AF-LRO systems. These observations of AF-LRO with a small
amount of substitution indicate that the magnetic instability involving a quantum critical point is inherent in the
spin-gap system Pb2V3O9.
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I. INTRODUCTION

A quantum phase transition is one of the greatest topics in
modern science. Spin-gap systems, such as spin-Peierls, spin
alternation, dimer, two-leg ladder, and Haldane chain sys-
tems, do not undergo any magnetic long-range order even at
zero temperature. The nonmagnetic ground state can be
tuned by an external parameter such as the magnetic field or
mechanical pressure, leading to an antiferromagnetic long-
range ordered �AF-LRO� state. Recently, a field-induced AF-
LRO in a spin-gap system was investigated intensively under
the concept of the Bose-Einstein condensation �BEC� of
triplons.1–3

It is known that a spin-gap ground state is tuned to
the AF-LRO state also by chemical impurity substitution.
The impurity-induced AF-LRO of spin-gap systems has
been studied in several systems, such as �Cu1−xMx�GeO3

�M =Zn,4–8 Mn,5 Ni,5,8,9 Mg10�, Sr�Cu1−xZnx�2O3,11

Pb�Ni1−xMgx�2V2O8,12 Tl�Cu1−xMgx�Cl3,13

Cu�Ge1−xSix�O3,14 �CH3�2CHNH3Cu�Cl1−xBrx�3,15,16 and
Sr14−xCaxCu24O41.

17

The substitution effects are classified into two categories:
one is the substitution of magnetic sites by other magnetic or
nonmagnetic ions, and the other is the substitution of non-
magnetic sites by other nonmagnetic ions. The former is usu-
ally called site dilution and the latter, bond randomness.

The site-dilution-type substitution generates unpaired
spins at or near the substituted ions. Using a three-
dimensional interaction, the unpaired spins order at low tem-
perature. The coexistence of AF-LRO and a spin gap has
been reported in several site-dilution-type substituted
systems.18,19

On the other hand, bond-randomness-type substitution
shows somehow different features. Cu�Ge1−xSix�O3 and
�CH3�2CHNH3Cu�Cl1−xBrx�3 are a few examples of bond-
randomness-type systems which undergo AF-LRO. The mag-
netic phase diagrams of both systems are quite different from
each other. The Cu�Ge1−xSix�O3 system shows the co-

existence of AF-LRO and a spin gap, while the
�CH3�2CHNH3Cu�Cl1−xBrx�3 system shows AF-LRO exclu-
sive of a spin-gap, indicating a quantum phase transition.

Quantum Monte Carlo simulations on a spin-gap system
of the site-dilution and bond-dilution effects show interesting
results. Site-dilution-type substitution induces AF-LRO with
a small amount of impurity and shows the coexistence of a
spin-gap and AF-LRO,20 being consistent with several ex-
perimental results. On the other hand, the bond-dilution type,
which can be regarded as an extreme example of bond-
randomness system, undergoes a quantum phase transition
from a spin-gapped to a gapless phase at finite impurity
concentration.21

Recently, we have reported that the ground state of
Pb2V3O9 is of a gapped spin singlet and have also observed
a field-induced AF-LRO with a low magnetic field.22 The
value of the spin gap is � /kB�7 K, suggesting that this
system is near a quantum critical point between the spin
liquid and ordered phases. Therefore, this compound is pos-
sibly a new candidate for observing an impurity-induced AF-
LRO by substituting on nonmagnetic sites. In this paper we
report on the substitution effects on nonmagnetic Pb sites in
Pb2V3O9.

The crystal structure of Pb2V3O9 is shown in Fig. 1. The

compound has a triclinic structure �space group C1̄�. There
are magnetic V4+O6 chains linking alternatively toward the
�101� direction constructing one-dimensional �1D� S=1/2 al-
ternating chains separated by nonmagnetic V5+O4 tetrahe-
drons and Pb ions.23 As shown in Fig. 1, there are two crys-
tallographically different Pb sites which are coordinated to
seven and nine oxygen ions,24 labeled as Pb�1� and Pb�2�,
respectively. Pb�1� and Pb�2� are located between two VO6
chains and on one VO6 chain, respectively.

As substituted ions for Pb sites, we choose Sr2+ and Bi3+

ions. By substituting Sr2+ for Pb2+, we expect the bond-
randomness effect because of the same valence and the dif-
ferent ion size. The �Pb1−xSrx�2V3O9 system is known to be
synthesized by a solid-state reaction method in the whole Sr
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content, 0�x�1. At about x=0.25, a structural transition
from triclinic to monoclinic occurs23 when x is increased. In
the monoclinic phase, V4+ atoms make uniform chains, while
in the triclinic phase they make alternating chains. For the
purpose of studying the bond-randomness effect on the spin-
gapped alternating chain, we investigate the triclinic phase
with x�0.25.

For Bi3+ substitution, we expect an electron-doping effect
as well as a bond-randomness effect because the oxidization
state of Bi is higher than that of Pb. The doped electron
should lower the oxidization state of vanadium more than
that in pure Pb2V3O9. There are three kinds of vanadium ions
in Pb2V3O9 as shown in Fig. 1. Fourfold V ions must be V5+

judging from the ionic radius,25 so that the doped electron
should be on the sixfold V site: namely, an in-chain V4+.
That makes V3+�S=1� sites in places in the chain. Therefore,
this substitution is regarded as the impurity effect of S=1
spin in an S=1/2 spin chain.

II. SAMPLES AND EXPERIMENTS

Polycrystalline samples of �Pb1−xSrx�2V3O9 �x�0.25�
were prepared from mixtures of PbO, V2O3, V2O5, and
SrCO3 using standard solid-state reaction in sealed evacuated
silica tubes. We synthesized two series of Sr-substituted
samples. First, both samples were treated at 550 °C and
made intermediate grindings several times; finally, we kept
the samples at 600 °C �A� and 650 °C �B� for 2 days and
then we cut off the furnace. Then, we successfully obtained
two kinds of sample series with different magnetic properties
that should be caused by a site preference of Sr ions for Pb
sites. The details will be explained later. Hereafter, we call
these systems Sr�A� and Sr�B�.

�Pb1−xBix�2V3O9 �x�0.040� samples were prepared from
mixtures of PbO, V2O3, V2O5, and Bi2O3 by solid-state re-
action in a sealed evacuated silica tube at 600 °C for 2 days
after intermediate grindings. The Bi-substituted system of
Pb2V3O9 has not been reported so far. Bi-substituted samples
have been synthesized in two final heat treatments at 600 and
650 °C. As neither x-ray diffraction �XRD� results nor mag-
netic measurements of the two different heat-treatment

samples show different behaviors, we adopt the 600 °C
samples hereafter.

The obtained samples were found to be in a single phase
for Sr concentration x�0.25 and for Bi concentration x
�0.040 by powder XRD measurements. To analyze the
XRD patterns we use the RIETAN-2000 program.26 However,
it was difficult to determine the atomic positions and occu-
pation ratios because of the low symmetry of the Pb2V3O9
system and numerous atomic sites. Therefore, we only esti-
mated the unit-cell parameters—i.e., the lattice constants a,
b, c, �, �, and � at room temperature. The temperature de-
pendence of the magnetic susceptibility � was measured
down to 2 K at a magnetic field of 0.1 T using a supercon-
ducting quantum interference devices �SQUID� magnetome-
ter for three kinds of substituted systems: Sr�A�, Sr�B�, and
Bi systems. Thermal analysis was performed using a differ-
ential thermal analyzer �DTA� on a Sr-substituted sample in
order to detect any structural change. Specific heat measure-
ments were performed on a Bi-substituted sample by using a
heat-relaxation method down to 2 K.

III. RESULTS

A. „Pb1−xSrx…2V3O9

Figure 2 shows the lattice parameters plotted against x for
the Sr-substituted systems Sr�A� and Sr�B� exposed to 600
and 650 °C heat treatments. The x dependences of the lattice
constants for two series of samples show similar behavior;
the axis lengths a, b, and c are almost invariant or slightly
decreasing and the angles �, �, and � show continuous
changes. The decrease of the unit-cell volumes for both
Sr�A� and Sr�B� systems is observed, which is reasonable
because the ionic radius of Sr2+ is smaller than that of Pb2+.27

The slight difference of unit-cell volumes between the Sr�A�
and Sr�B� samples in the higher-Sr-concentration region sug-
gests differences in the crystallographic structure.

FIG. 1. Crystal structure of Pb2V3O9. Two Pb sites are labeled
as Pb�1� and Pb�2� indicated by light gray and dark gray spheres,
respectively.

FIG. 2. Evolution of the lattice constants of Sr-substituted
samples. Solid circles and open squares represent the data of 600
and 650 °C heat-treatment samples, respectively. The solid lines are
guides for the eyes. The inset shows the unit-cell volume plotted
against x.
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The DTA measurement was done for a Sr-substituted
sample, expecting some structural phase transition between
600 and 650 °C. Nevertheless, we have observed no anoma-
lies between 600 and 650 °C, except anomalies at about
730 °C, indicating a melting point. This result obviously in-
dicates that the difference between Sr�A� and Sr�B� is not
because of the impurity phase generated by decomposition
but is intrinsic. The difference may concern the site prefer-
ence of Sr2+ ions discussed later.

Figure 3�a� shows the temperature dependence of � of the
Sr�A� samples with 0�x�0.25. The temperature depen-
dence of � of the stoichiometric Pb2V3O9 sample shows a
maximum around T=20 K in agreement with 1D magnetic
character. At the high-temperature region, it obeys the Curie-
Weiss law. Below the temperature at which � shows the
maximum, � decreases markedly. The whole shape is ex-
plained in terms of the S=1/2 alternating-spin-chain model.
As x increases, both the broad maximum of � and the tem-
perature where � takes the maximum gradually decrease, in-
dicating suppression of the spin gap. The behavior of �
changes from that of an alternating spin chain to a Bonner-

Fisher-type uniform spin chain as x increases. The low-
temperature upturn, a Curie-Weiss term, is induced for x
	0.10. None of them, however, shows AF-LRO down to T
=2 K.

The temperature dependence of � of the Sr�B� series is
shown in Fig. 3�b�. The behaviors of � are quite different
from those of the Sr�A� series samples. As x increases, the
value of � at T=20 K increases for x�0.06, then decreases
for x
0.10. The broad maximum at about T=20 K is not
suppressed for x�0.06 but is rapidly suppressed for x

0.10 and � below T=10 K is enhanced. For x
0.06, the
upturn below T=10 K indicates a Curie-Weiss term due to
unpaired moments. Above x=0.10, the maximum of � at T
=20 K disappears. At about T=3 K cusps of � are observed
even with a small amount of Sr substitution. The cusps indi-
cate the appearance of AF-LRO, and we defined the tempera-
ture as TN, which weakly depends on x as discussed later and
shown in Fig. 7�b�, below.

B. „Pb1−xBix…2V3O9

In Fig. 4, we show the lattice constants as a function of Bi
content x. One can find a systematic change of the lattice
constants, which confirms a solid solution ranging as far as
x�0.040. The volume of the unit cell estimated from the
lattice constants shrinks as Bi substitution proceeds. This is
consistent with the fact that the Bi3+ ion is smaller than the
Pb2+ ion.27

Figure 5 shows the temperature and x dependences of �
for Bi-substituted samples. As x increases, the magnitude of
� increases and the broad maximum around T=20 K is not
suppressed but gradually masked by an additional Curie-
Weiss term due to the doped electrons on vanadium ions by
substituting Bi3+ for Pb2+. The shape of the temperature de-
pendence of � can be understood by the superposition of
alternating-chain behavior and Curie-Weiss behavior of the
added moments.

The kinks of � appear at about T=3–6 K for samples
with x
0.010. A specific-heat measurement for

FIG. 3. Temperature and x dependences of � of
�Pb1−xSrx�2V3O9: �a� with 600 °C and �b� 650 °C heat treatments.
Two types of Sr-substituted series show quite different magnetic
properties. The peak magnitude and temperature of � systematically
decrease with increasing Sr content x in the Sr�A� series. In the
Sr�B� series, with increasing x, the peak of � at T=20 K indicating
a low-dimensional feature faded and enhancement of Curie-Weiss-
like behavior was observed.

FIG. 4. Evolution of lattice constants as a function of x in
�Pb1−xBix�2V3O9. The solid lines are guides for the eyes. The inset
shows the unit-cell volume plotted against x.
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�Pb1−xBix�2V3O9 with x=0.020 is shown in the inset of Fig.
5. An obvious peak of the specific heat divided by tempera-
ture, C /T, at 5 K indicates the magnetic phase transition
with AF-LRO. The peak temperature of C /T agrees with the
kink temperature of � for x=0.020. Thus we regard the kink
temperatures of � as the Néel-ordering temperatures TN,
which depend on the Bi concentration x plotted later in Fig.
7�c�.

As the substitution proceeds, electrons are doped into the
S=1/2 alternating chain and are localized as S=1 impurity
sites in places. Therefore, the increase of the value of �
should be explained by the increase of unpaired moments in
the chain. The behavior of � which can be explained by the
superposition of the alternating-chain and Curie-Weiss mod-
els, suggests that the spin-gapped part and the extra unpaired
moments coexist in the system.

IV. ANALYSIS

The temperature dependence of � for pure Pb2V3O9 is
well described by an S=1/2 1D alternating-Heisenberg-
chain model.3,23 In order to analyze the substitution effects
on these substituted systems, we attempt to estimate the de-
gree of the deviation of the substituted system from a pure
one by fitting the temperature dependence of � of substituted
samples with the alternating-chain model.

The spin Hamiltonian for the 1D alternating Heisenberg
chain is given by

H = − �
i=1

N/2

�J1S2i−1 · S2i + J2S2i · S2i+1� , �1�

where N is the number of spins, J1 the nearest-neighbor in-
teraction, and J2 the next-nearest-neighbor interaction. The
alternation parameter is defined by �=J2 /J1. The numerical
investigations suggest that the ground state of this model is a
spin singlet when 0���1 for S=1/2.28

In Refs. 29 and 30, and the numerically calculated for-
mula is proposed for � in Eq. �1�,

�alt�T� =
Ng2�B

2

kBT

A + By + Cy2

1 + Dy + Ey2 + Fy3 , �2�

where y= �J1� /2kBT, g is the g factor �now assuming as 2.0�,
�B is the Bohr magneton, and kB is the Boltzmann constant.
The numerical factors A–F are the functions of � given in
the references.

When substitution proceeds, the interaction of V4+-V4+

�J1 or J2� near the substituted site should be changed. Actu-
ally, either J1 or J2 is rearranged by J1� or J2� randomly. It may
be too simplified a picture that we apply Eq. �2� to substi-
tuted systems. However, it should give valuable information
to estimate even an average value of the parameters.

As mentioned above, it seems that the temperature depen-
dence of � in the Sr�B�- and Bi-substituted systems is de-
scribed by the superposition of alternating-chain and Curie-
Weiss behavior. Then, for the analysis of these systems, we
use the following function including a temperature-
independent term and a Curie-Weiss term:

��T� = �alt�T� + �0 +
C

T − 
, �3�

where �0, C, and  are the temperature-independent term of
�, Curie constant, and Weiss temperature, respectively. Fit-
tings are done in the temperature range of 8 K�T�300 K,
because the numerical formula, Eq. �2�, is applicable above
T=0.25J1 /kB ��8 K in this system�.29,30

From the fitting results of the data in Figs. 3 and 5 with
the function �3�, we estimated J1 and � for the substituted
samples. We also estimate the spin-gap value �cal using the
following relation for a S=1/2 alternating-chain system as
noted in Ref. 31:

�cal � J1	1 −
1

2
� −

3

8
�2 +

1

32
�3 + ¯ 
 . �4�

The estimated �cal�15 K from Eq. �4� for a pure sample
is larger than the value �7 K estimated from magnetization
measurements. Although this suggests the importance of in-
terchain interactions in this system, we focus only on the
deviation of the substituted system from the pure one.

Figure 6 represents the typical fitting results of � in each
system. The fitting with Eq. �3� was available only in low
degrees of substitution in each system. This is reasonable

FIG. 5. Temperature and x dependences of � of
�Pb1−xBix�2V3O9. As the Bi concentration x increases, the value of
� increases due to the doped electrons by Bi substitution. The ar-
rows indicate the temperature where � shows kinks, denoted by TN.
The inset is the temperature dependence of the specific heat divided
by the temperature for �Pb1−xBix�2V3O9 with x=0.020. The arrowed
temperature denoted by TN agrees with TN determined by �.
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because the chains should be fragmented by substitution and
finally deviate from the simple model described by Eq. �1� in
the higher-concentration region.

Figure 6�a� shows the fitting results of the temperature
dependence of � of the Sr�A� system with Eq. �3� with C
=0 for 0�x�0.10. Over x=0.10, the temperature depen-
dence of � largely deviated from Eq. �3�, even though � still
shows a low-dimensional feature.

The obtained values of the fitting parameters J1 and � are
plotted against x in the inset of Fig. 7�a�. J1 is almost invari-
ant with the value of about 29 K against x, while � ap-
proaches 1.0. The evolution of � as a function of x indicates
that the system approaches a uniform chain crystallographi-
cally or magnetically gapless phase.

When we assume that the magnitude of the exchange in-
teraction depends only on the distance of the V4+-V4+ bond-
ing, the trend of J1 and � as a function of x can be compre-
hended as below. In this alternating-chain model, J1
corresponds to the interaction of a shorter-distance V4+-V4+

couple and J2 to a longer one. By substituting Pb for Sr, the
average distance of V4+-V4+ becomes shorter, because the
size of Sr2+ is smaller than that of Pb2+. The inset of Fig. 7�a�
indicates that the shorter length corresponding to J1 does not
change, while � increases, suggesting an increase of J2 or a
shortening of the longer bonding. This is reasonable from the
viewpoint of the ion size. The increase of � with x in the

XRD results also suggests that the average length of the
longer bond corresponding to J2 gradually becomes shorter.

We also estimated the value of �cal by Eq. �4�. The trend
of the decrease of �cal as a function of x with the gradient of
d�cal /dx=−140 is clearly seen. The gradual decrease of �cal
by impurity substitution is consistent with the prediction for
a bond-dilution system in Ref. 20 and for bond randomness
in Ref. 32.

In Figs. 6�b� and 6�c�, the fitting results of the Sr�B� and
Bi substitution systems are shown, respectively. In low-
concentration regions, the curves can be fitted by the super-
position of a Curie-Weiss term and an alternating-chain
model. The result implies the possibility of a spin gap and
AF-LRO coexistence. For fitting � in both systems, we fixed
the value of J1 as 29 K, on the analogy of the almost invari-
ant J1 for the Sr�A� system. Without this assumption, it was
difficult to obtain meaningful fitting results with Eq. �3� be-
cause of a lot of variable parameters. From the fitting we
obtained �, C, and . Using the obtained � and fixed J1
=29 K, we also estimate �cal for the Sr�B� and Bi systems.
In Figs. 7�b� and 7�c� we plot TN and �cal as a function of x
for the Sr�B�- and Bi-substituted systems, respectively.

For the Sr�B�-substituted system, we also observed the
decrease of �cal as x decreases with the gradient of
d�cal /dx=−111. The appearance of AF-LRO with a small
amount of Sr substitution and also the possible coexistence

FIG. 6. The typical fitting
curves of � in �a� Sr�A�, �b� Sr�B�,
and �c� Bi systems. Open marks
show the raw data, and solid lines
are fitting curves.

FIG. 7. T-x phase diagram of each substituted system: �a�, �b�, and �c� are for Sr�A�-, Sr�B�-, and Bi-substituted systems, respectively.
Solid circles and open squares represent the Néel temperature TN and spin gap �cal in kelvin, respectively. Solid lines for �cal values are
fitting results by the least-squares method. Dashed lines are a guide for the eyes. The inset of �a� shows the evolution of the fitting parameter
of J1 and � as a function of x in �Pb1−xSrx�2V3O9.
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of a spin gap and AF-LRO have been observed. These be-
haviors are quite different from that of the Sr�A� system.
Above x=0.08, the fitting was unsuccessful.

For the Bi-substituted system, the fit was done in the
cases below x=0.025. We obtained � and �cal as in the Sr�B�
system. Above the concentration x=0.025, the fitting was
unsuccessful. The obtained values of �cal and TN are plotted
in Fig. 7�c�. �cal in the Bi system also decreases with in-
creasing x with a gradient of d�cal /dx=−92.

As information of unpaired moments, we obtained the
Curie constant as 0.0158 and 0.0432 emu K/mol for the
Sr�B�-substituted sample with x=0.06 and Bi-substituted
sample with x=0.025, respectively. We also obtained a 
value of about −5 K, indicating weak coupling of the un-
paired moments.

Comparing the three phase diagrams for the Sr�A�-,
Sr�B�-, and Bi-substituted systems, one can see several fea-
tures as below.

�i� The decrease of �cal with increasing x is observed in
all three phase diagrams.

�ii� The gradient of d�cal /dx of each system is estimated
as −140, −111, and −92 for the Sr�A�-, Sr�B�-, and Bi-
substituted systems, respectively.

�iii� AF-LRO is observed in the Sr�B�- and Bi-substituted
systems.

V. DISCUSSION

A. Sr(A) vs Sr(B)

Although both Sr�A� and Sr�B� systems commonly show
a decrease of �cal with increasing x, the ground states of
these systems are different; the Sr�A� system shows a spin-
liquid state, the Sr�B� system an AF-LRO state. These two
series were synthesized by differently controlled final treat-
ment temperatures. Neither the structural phase transition nor
phase separation was confirmed by DTA measurements be-
tween 600 and 650 °C. As one reason for the different mag-
netic properties of Sr�A� and Sr�B�, we assume a change of
the site preference of Sr ions under 600 and 650 °C heat
treatments. There are two Pb sites with crystallographically

different circumstances: i.e., Pb�1� and Pb�2�. Pb�1� connects
the two vanadium spin chains, whereas Pb�2� connects one
chain as shown in Fig. 1. It is not clear a priori whether Sr
ions are equivalently substituted for the two Pb sites or not,
when the substitution proceeds.

It is likely that Sr2+ is not substituted for the two Pb sites
equivalently in the different heat treatments. That is, the dif-
ference between Sr2+ and Pb2+ is not only in size but in the
existence of a lone pair. A Pb2+ ion has a 6s2 lone pair while
the Sr2+ ion does not. This character with or without the lone
pair possibly causes a site preference �see Fig. 8�.

The structure of Sr2V3O9, the another end side of the solid
solution �Pb1−xSrx�2V3O9, is not isostructual but very close to
that of Pb2V3O9. Sr2V3O9 has two Sr sites labeled Sr�1� and
Sr�2� corresponding to Pb�1� and Pb�2�. Sr�1� and Sr�2� are
coordinated to eight and nine oxygen atoms, respect-
ively.23 The difference in the number of coordinated oxygen
atoms between Pb�1� and Sr�1� is due to the 6s2 lone pair on
the Pb2+ ion. From the crystallographic analysis, the position
and direction of the lone pair have been determined in
Pb2V3O9.24 Due to the 6s2 lone pair, Pb�1� can exist as
seven-coordinated, so that it is, thermodynamically, not de-
sirable for Sr2+ ions to be in a seven-coordinated site without
a 6s2 lone pair.

The difference of the temperature of the heat treatments
may introduce a change of the distribution ratio of Sr-ion
substitution for Pb�1�/Pb�2� sites. The valence bond sums of
Pb�1� and Pb�2� are 1.76 and 1.9, respectively,24 supporting
the conjecture that the more desirable site for the Sr2+ ion to
substitute is the Pb�2� site. In that sense, in lower-
temperature heat treatments, Sr tends to substitute only for
the Pb�2� site. In higher-temperature heat treatments, Sr is
able to be substituted for the Pb�1� site with a large enough
activation energy. This discussion is also consistent with the
fact that no difference in heat treatments was observed in the
Bi substitution system. Because the Bi3+ ion also possesses
the 6s2 lone pair, it shows no site preferences. Once Sr enters
a Pb�1� site, the local structure near the substituted site be-
comes drastically distorted, leading a termination of the spin
chain. That makes a fragment of finite chains in the systems.

In Fig. 9, schematic models of the termination of the spin
chain for alternating chains are presented. The unpaired mo-
ments are possibly generated near the substituted ions by
termination of the spin chain. Pb�1� sites link two magnetic

FIG. 8. Pb cations and 6s2 lone-pair environment. Pb�1� and
Pb�2� are coordinated to seven and nine oxygen ions, respectively.
The shaded planes show �100� planes. The labels of ions are named
following Ref. 24. The distance between Pb�1� and O�1�b ions is
longer than 3 Å, which is almost negligible as a chemical bond. The
6s2 lone pair is located at the open space between Pb�1� and O�1�b.
The 6s2 lone pair on Pb�2� is directed to the open space within the
Pb�2�-O�3�b-O�3�b-O�2�a-O�3�a pentahedra.

FIG. 9. Schematic model to explain how the impurity ion ter-
minates the magnetic chain. There are two ways to terminate the
spin chain: along interdimer and intradimer paths.
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chains in Pb2V3O9. These chains, located next to each other,
have a different phase in the alternation of J1 and J2 so that
the two edge moments are generated in either chain near the
substituted Pb�1� site as shown Fig. 9. That leads to AF-LRO
in the Sr�B� system without intensive electron doping.

The number of unpaired moments is calculated from the
Curie constant for Sr�B� samples with x=0.06. Assuming S
=1/2 free spin, 0.042/ f.u. of unpaired spins are generated by
substitution and are smaller than the 0.12/ f.u. estimated
based on the case that all substituted Sr ions enter the Pb�1�
site and cut the chain making unpaired moments as in Fig.
9�b�. Conversely, we may estimate the degree of Pb�1� site
occupation of the Sr ion based on the above view: 0.042/ f.u.
S=1/2 spins for x=0.06 corresponds to the case that 35% of
the substituted ions are in Pb�1� sites.

For simplicity, one may assume that Pb�1� substitution
acts only as termination of the spin chains without any
change in interaction, whereas Pb�2� substitution causes
weak modulation in the interaction. This hypothesis can ex-
plain why the absolute value of d�cal /dx of Sr�A� is larger
than that of Sr�B�. The ratio of the slants, d�cal /dx, for Sr�B�
and Sr�A� is −111/−140=0.8, giving relatively good agree-
ment with the estimation from the Curie constant. In a word,
almost all the doped Sr2+ ions are substituted for the Pb�2�
site in the Sr�A� system, while the Sr2+ ions are partially
substituted for Pb�1� and Pb�2� in the Sr�B� system.

The impurity-induced AF-LRO with bond-randomness-
type substitution has been observed only in Cu�Ge1−xSix�O3

and �CH3�2CHNH3Cu�Cl1−xBrx�3. This Sr�B� series is a new
example of bond-randomness-type AF-LRO.

B. Sr(B) vs Bi

In both the Sr�B�- and Bi-substituted systems, there is the
possibility of the coexistence of a spin gap and AF-LRO in
the small-x region. Judging from the increase of magnitude
of � as the substitution proceeds, unpaired moments are in-
duced in both systems �Sr�B�, x�0.06�. However, the origin
of the unpaired moments in the Bi system seems to be dif-
ferent from that in the Sr�B� system. In the Sr�B� system, as
mentioned above, they are possibly generated by cutting the
spin dimers.

In a site-dilution-type system, unpaired moments are gen-
erated by the substitution of magnetic ions. That is, in an S
=1/2 spin system, the ions are changed by other ones with
S=0 or S=1, etc. That situation prevents ions from making
dimer pairs, resulting in the appearance of unpaired mo-
ments. The Haldane-gap system is a little bit different but we
discuss it based on the dimer-based system.

In the Bi-substituted system, the unpaired moments
should be due to the doped electrons. As mentioned above,
the electron should be doped on the sixfold vanadium ion
because of crystallographic reasons.

The small number of unpaired moments estimated from
the Curie constant excludes a simple idea that a doped elec-
tron acts as a free moment on dimers. The Curie constant for
the Bi system with x=0.025 is 0.0432 emu K/mol. Assum-
ing an S=1/2 moment, the number of moments is calculated
as 0.115/ f.u. from the Curie constant, which is about twice

as many as that of the doped electrons, 0.05/ f.u., calculated
from the chemical composition. It is even more reasonable to
consider that the S=1 spins on V3+ sites are screened by
spins around them, rather than that the added spins act as
unpaired S=1/2 spins on singlet dimers, because the Curie
constant from S=1 spins is estimated as 0.05 emu K/mol for
the x=0.025 sample.

From our experiment, it is unclear whether the doped
electron is completely localized at one vanadium ion or hop-
ping between bound states even though it seems that the
electron is near the substituted Bi3+ ion for electrostatic rea-
sons.

The ordered moments below TN should be the generated
unpaired moments in both systems. However, the evolutions
of TN as a function of x are quite different from each other. In
the Bi-substituted system, TN increases with x increasing,
showing a “dome”-like shape. This type of TN dependence is
seen in several site-dilution AF-LRO systems. On the other
hand, in the Sr�B�-substituted system, TN is almost invariant
against or weakly dependent on x. The difference between
these two impurity effects on TN may be caused by the type
of generation of unpaired moments. We need further infor-
mation to discuss this problem in detail.

The phase diagram of the Bi-substituted system which
shows a reduction of �cal and possible coexistence of a spin
gap and AF-LRO is quite similar to those of the other site-
dilution systems: e.g., �Cu1−xMx�GeO3, M =Zn2+�S=0� or
Ni2+�S=1�. Since no direct substitution for V4+ but the
indirect substitution effect on V4+ is observed, our
�Pb1−xBix�2V3O9 system is a new type of impurity-induced
magnetic ordering by changing the valence state of magnetic
sites as in the Sr14−xCaxCu24O41 system.17

VI. SUMMARY

We have studied the substitution effects of the nonmag-
netic Pb site on the spin-gap system Pb2V3O9. We observed
an impurity-induced AF-LRO by substituting Sr�B� �with
650 °C heat treatment� and Bi for Pb site. For the Sr�B�-
substituted system, AF-LRO is induced by bond-randomness
effects. In the Bi-substituted system, the enhancement of un-
paired moments with a small amount of substitution results
in Néel order, similarly to the case of other site-dilution-type
systems. To our knowledge this type of impurity-induced
AF-LRO by doped electrons due to nonmagnetic ion substi-
tution with different valence is seldom reported. The success-
ful fitting results of the spin susceptibility suggests that the
substituted systems keep the alternating-chain features. Judg-
ing from these results and a small amount of ordered mo-
ment estimated from the specific-heat result, most of spins
are inactive at low temperatures, implying the possible coex-
istence of Néel order and a spin gap in Sr�B� and Bi systems.
In the Sr�A� doping system with 600 °C heat treatment, re-
duction of the spin gap was observed. No AF-LRO was ob-
served down to T=2 K, just in a gapless phase. Although the
quantum phase transition behavior which is a coincidence of
the disappearance of the spin gap and the appearance of AF-
LRO has not been confirmed in this experiment, a quantum
critical point might be realized in Sr�A�-substitution systems.
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