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Impurity-induced antiferromagnetic phase in a doped Haldane
system Pb„Ni1ÀxMgx…2V2O8
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The impurity-induced antiferromagnetic phase in Pb~Ni12xMgx) 2V2O8 (x50.020, 0.010, and 0.0050! is
studied by means of heat-capacity and magnetization measurements. OneS51 spin is induced by one non-
magnetic impurity, which contributes to the antiferromagnetic phase. The effective interaction between these
impurity-induced spins is weak and the number of the spins is a few percent of all spins, which results in the
disappearance of the antiferromagnetic phase at an anomalously low magnetic field in theH-T phase diagram.
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I. INTRODUCTION

Recent interest in quantum-spin systems is focused
spin-gap systems, which are classified into spin-Peierls, s
alternation, dimer, two-leg ladder, and Haldane1 systems.
The ground state of these systems is a nonmagnetic sin
state and, therefore, the spin correlation decays rapidly.
the valence bond solid~VBS! model, which is an approxi-
mate model for the one-dimensionalS51 ~1D! Heisenberg
model, it decays exponentially.2 A numerical study of theS
51 1D Heisenberg model with open boundary conditio
shows that the staggered moment induced at the edge de
exponentially,3,4 which is consistent with the VBS model
Experimentally, impurity doping to the spin site is a goo
probe for the degree of freedom of edge spins. An electr
spin resonance~ESR! study on impurity-doped NENP
showed theS51/2 states at Ni21 sites around the impurity.5,6

To simplify the situation we draw a picture that one nonma
netic ion induces twoS51/2 spins, which is shown in Fig.
1~a!.

There are several cases for the impurity-induced spins
the next-nearest-neighbor interaction is negligible, one no
magnetic impurity induces two freeS51/2 spins which is
shown in Fig. 1~a!. This was reported in NENP doped with
nonmagnetic impurities6 and many other Haldane materials
If there is a strong coupling between the edge spins in o
separated chain, the configuration of impurity-induced sp
is shown in Fig. 1~c!. The total spin in a chain with an even
number of spins is 0 and the one in a chain with an o
number of spins is 1. In this case two nonmagnetic impurit
induce oneS51 spin on the average, which was observe
only in Y2BaNi12xZnxO5.7 If the next-nearest-neighbor in-
teraction is ferromagnetic and strong, the adjacent impuri
induced spins will be coupled and form anS51 spin. In this
case one nonmagnetic impurity will induce oneS51 spin.
This case has not been reported experimentally in a real
terial. In any case most of the spins are in a singlet state
the system would be mapped to the paramagnetic state w
a reduced number of spins at low temperatures and at
magnetic fields compared to the spin gap energy.
0163-1829/2002/66~17!/174416~7!/$20.00 66 174
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To observe the degree of freedom of spins or to estimate
the number of spins, the heat capacity is one of the best
tools. The heat capacity of free spins is expressed by the
Schottky heat capacity:

C5N
~gmBH !2

kBT2 F ~S11/2!2

sinh2@bgmBH~S12/1!#

2
~1/2!2

sinh2~bgmBH !
G . ~1!

The temperature dependences of the Schottky heat capacit
are shown in Fig. 2~a! for S51/2, 1, and 2. The shapes are
quite different among those for different sizes of spins and
one can estimate the size of spins, the number of spins, and
the g value from the Schottky heat capacity. The magnetic
susceptibility also tells us information on the number of
spins, the size of spins, and theg value. Figure 2~b! shows
the inverse magnetic susceptibility of free spins for fourS
51/2 spins, twoS51 spins, and oneS52 spin. In this case,

FIG. 1. ~a! VBS description when the next-nearest-neighbor in-
teraction is neglected.~b! VBS description when the next-nearest-
neighbor interaction is ferromagnetic.~c! Singlet-triplet model.
©2002 The American Physical Society416-1
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however, the Curie constant is the product of the numbe
spins, the size of spins, and theg value and we cannot know
each value separately.

In doped Haldane materials the paramagnetic stat
strongly fluctuated by quantum effects and the impur
induced spins are usually not in the ordered state even at
temperatures.5–8 If the interchain spin interaction is rathe
large, however, the impurity-induced spins may be in
ordered state as was observed in a different spin-gap ma
doped with nonmagnetic impurities Cu12xMxGeO3.9–12

Pb~Ni12xMgx) 2V2O8 (Ni21: S51, Mg21: S50) ~Refs. 13
and 14! is an example of the impurity-induced antiferroma
netic ~AF! ordered phase in the doped Haldane system
cause the interchain spin interaction is rather large and P2
V2O8 is located in the vicinity of the phase boundary b
tween the ordered phase and Haldane phase.15 The authors of
Refs. 13 and 14 observed the AF transition by means
magnetic susceptibility and heat capacity measuremen
T>2 K in Pb~Ni12xMgx) 2V2O8. However, the Ne´el tem-
perature of this material isT&3.5 K and a lower temperatur
will be required to study the AF phase in more detail. I
small number of spins induced by nonmagnetic ions cont
ute to the antiferromagnetic order, we can map the orig
spin system to the antiferromagnetic spin system with a
duced number of spins. In this mapped system the numb
~impurity-induced! spins and the~impurity-induced! spin in-
teraction would be small. Therefore, all~impurity-induced!
spins would be along the magnetic field and the impur
induced AF phase would disappear at an anomalously
magnetic field.

In Sec. III we performed the heat capacity measurem
down to 0.45 K in Pb~Ni12xMgx) 2V2O8 (x50.020) in the
magnetic field and observed the disappearance of
impurity-induced AF phase at 3–4 T. To complete t

FIG. 2. ~a! The Schottky heat capacities for fourS51/2 spins,
two S51 spins, and oneS52 spin.~b! The inverse magnetic sus
ceptibilities for fourS51/2 spins, twoS51 spins, and oneS52
spin.
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magnetic-field–temperature (H-T) phase diagram we per-
formed a magnetization measurement in Pb~Ni12xMgx) 2V2
O8 up to 38 T. We confirmed the spin-gap phase at the lowe
temperature and the disappearance of the spin gap at h
magnetic field. TheH-T phase diagram is explained by
means of the molecular-field theory very well.

To estimate the degree of freedom of the impurity
induced spins, a heat capacity measurement at lower te
perature range would be required. In Sec. IV, therefore, w
prepared lower-concentration samples Pb~Ni12xMgx) 2V2O8
(x50.005 and 0.010! which have a lower Ne´el temperature
and performed the heat capacity measurements. Fitting
experimental data to the Schottky heat capacity shows t
one nonmagnetic impurity induces oneS51 spin. The ob-
tainedH-T phase diagrams are explained by the molecula
field theory as well as that in Pb~Ni12xMgx) 2V2O8
(x50.020).

Neutron scattering, of course, will be required for a de
tailed study of the impurity-induced AF phase but a sing
crystal of PbNi2V2O8 has not been obtained. This material i
incongruent and it is difficult to find an adequate conditio
for the crystal growth. The intensity of the spin-wave exc
tation in the impurity-induced AF phase is expected to b
very small and neutron scattering by means of a polycryst
line sample would not be an effective method to obtain th
information on the impurity-induced antiferromagneti
phase.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pb~Ni12xMgx) 2V2O8
(x50.0050, 0.010, and 0.020! were prepared by the solid-
state reaction method for heat capacity measurements.
the magnetization measurements, an aligned polycrystall
sample of Pb~Ni12xMgx) 2V2O8 (x50.020) was prepared in
the same way as in Ref. 13. Heat capacity measureme
were performed down to 0.45 K and up to 14.0 T using
commercial heat capacity measurement system PPM
~Quantum Design Co. Ltd.!. The magnetization measure-
ments up to 38 T were performed by means of an inducti
method using a pair of coaxial pickup coils.

III. PB „NI1ÀxMG x… 2V2O8 „xÄ0.020…

A. Experimental results

The disappearance of the AF phase by a magnetic field
observed in the magnetic heat capacity measurements
Pb~Ni12xMgx) 2V2O8 (x50.020), which is shown in Fig.
3~a!. The magnetic heat capacity is obtained by subtracti
the heat capacity in PbMg2V2O8 from that in Pb~Ni12xMgx)
2V2O8 so as to eliminate approximately the contribution o
the lattice heat capacity. The reference compound PbMg2V2
O8 is isostructural with PbNi2V2O8 and the magnetic Ni21

ions are replaced by nonmagnetic ions Mg21. A sharp peak
due to the AF transition is observed atT52.2 K and at 0 T.
The peak is suppressed by the magnetic field and it disa
pears atH;4 T. At H>4 T broad anomalies are observe
and their magnetic field dependence is qualitatively cons
tent with the Schottky heat capacity assuming thatS51/2, g

-
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5 2.1, and the reduced number of free spins,N, is N52
30.0203NA @Ni mol21# or S51, g52.1, and N51
30.0203NA @Ni mol21#. HereNA is the Avogadro number
The Schottky heat capacity, hence, is due to Zeeman split
of impurity levels. The temperature of the broad anomal
(TSchottky) in the higher magnetic field is 3 K&TSchottky& 10
K. The contribution of the spin-gap excitation to heat cap
ity may not be completely negligible, which results in a d
ficulty of quantitative consistence.

The magnetic entropy is shown in Fig. 3~b!. The solid,
dashed, and dotted lines in Fig. 3~b! are the entropies on th
assumption of the models described in Figs. 1~a!, 1~b!, and
1~c!, respectively. The magnetic entropy atH50 T increases
drastically at 0.45 K,&T&TN , because of the antiferromag
netic order. AtTN&T the increase of the entropy is due to th
AF fluctuation of impurity-induced spins and spin-gap ex
tation. The spin gap of PbNi2V2O8 estimated in Ref. 13 is
about 14 K and it is rather difficult to separate the contrib
tions of the AF fluctuation and the spin-gap excitation
However, the magnetic entropy atTN is well above the dot-
ted line in Fig. 3~b! and the model of either Fig. 1~a! or 1~b!
is more adequate than that in Fig. 3~c!. We can safely con-
clude that one nonmagnetic ion induces twoS51/2 spins or
one S51 spin in this system. The degrees of freedom
these spins freeze belowTN , which means that a small num
ber of impurity-induced spins interact with each oth
weakly and are in an ordered state belowTN . The rest of the
spins do not contribute to the entropy or heat capacity at
temperatures, which means that they are in the singlet s
and form a spin-gap mode. Hence, spin-gap and antife
magnetic spin-wave excitations coexist.

FIG. 3. ~a! ~Color! Heat capacity in Pb~Ni12xMgx) 2V2O8 (x
50.020). The suppression and disappearance of the AF trans
by applying a magnetic field is observed. The broad anomaly
H> 4 T is the Schottky-like anomaly and it is not due to a pha
transition. The inset is the enlargement of the low-temperature
low-magnetic field region.~b! Magnetic entropy estimated from th
heat capacity measurements.
1744
ting
es

c-
f-

-
e
i-

u-
s.

of
-
er

ow
tate
ro-

The magnetization in Pb~Ni12xMgx) 2V2O8 (x50.020) in
a field parallel@M i(H)# and perpendicular@M'(H)# to the
chain axis~thec axis! is shown in Fig. 4. Here the chain axis
is also the magnetic easy axis.13 The slope of the magnetiza-
tion curve of 2 K changes at 2–3 T in both cases ofHic and
H'c, which is indicated by arrows in Fig. 4. This corre
sponds to the disappearance of the AF phase which is
served in the heat capacity measurement. AtH*4 T the
impurity-induced spins are along the magnetic field.

At high field an abrupt increase of the magnetization
observed at around 20 T~depending on temperature!. Now
let us compare this result with the magnetization vs magne
field (M -H) curve of pure PbNi2V2O8 shown in Fig. 2 of
Ref. 13. In that figure a sharp change ofdM/dH at 4.2 K
was observed. This fact was one of the clearest pieces
evidence of the existence of a Haldane gap in pure PbNi2V2
O8 and the authors of Ref. 13 concluded that PbNi2V2O8 is a
Haldane-gap system.

The present experiment in Pb~Ni12xMgx) 2V2O8 does not
show such a sharp change ofdM/dH at the same tempera-
ture 4.2 K. However, the magnetic fields of the kinks in bot
samples are almost the same and the overall behavior~except
for the low-field region! is very similar. These facts clearly
suggest that both of the kinks in pure PbNi2V2O8 and
Pb~Ni12xMgx) 2V2O8 originate from the same phenomenon
It leads to the conclusion that even the doped sample ha
Haldane-gap-like excitation, at least just below the magne
field of the kink.

The critical fields parallel to thec axis @Hc
i (2 K)# and

perpendicular to thec axis pHc
'(2 K)] were 20.8 T and 18.7

tion
at

se
and FIG. 4. ~a! Magnetization measurements up to 37.5 T in a fiel

parallel to the chain axis. The arrow indicates the magnetic fie
where the impurity-induced AF phase disappears.~b! Magnetization
in a field perpendicular to the chain axis.
16-3
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T, respectively. Using Eq.~2.13.2! in Ref. 16, which relates
the critical fieldsHc

i andHc
' to the doublet and singlet ga

energiesD i and D' for Pb~Ni12xMgx) 2V2O8 (x50.020),
we obtainD i51.9 meV, D'52.4 meV, the mean gap en
ergy D5(2D'1D i)/352.3 meV, and the anisotropy term
D520.23 meV.17 D is larger than that of pure PbNi2V2O8

@Dpure51.9 meV~Ref. 13!#, which is due to the finite chain
effect.18 It is observed thatHc decreases with decreasin
temperature and, hence,D also decreases with decreasi
temperature as was observed in pure PbNi2V2O8,19 SrNi2V2

O8,15 and other Haldane materials.20

The magnetic-field–temperature (H-T) phase diagram is
obtained by heat capacity measurements and magnetiz
measurements, which is shown in Fig. 5. The suppres
and disappearance of the impurity-induced AF phase are
served but this behavior is quite different from that in t
conventional AF phase in a quasi-1D AF magnet~half-
integer spins!. The conventional one is, generally, suppres
by the quantum fluctuation of the spins. The magnetic fi
suppresses the quantum fluctuation and, therefore, the
phase in the quasi-1D AF magnet is enhanced by
field.21,22 The qualitative behavior of the AF phase in t
integer-spin quasi-1D AF material, CsNiCl3 is the same.23

Pb~Ni12xMgx) 2V2O8 is, however, quite different.

B. Discussion

The reason for the anomalous behavior of the impur
induced AF phase is that the staggered spins which con
ute to the AF order are strongly fluctuated by quantum
fects and that the induced staggered spins de
exponentially.2–4 Hence, we can map the original system
the simplified model: the system with a reduced numbe
spins, which is shown in Fig. 1~a! or 1~b!. In model~a! the
spin isS51/2 and the number of spins isN523x3NA or
~b! S51, N513x3NA , either of which is adequate for th
impurity-induced spin system inPb~Ni12xMgx) 2V2O8. The
interaction between the induced spins is different from
original spin interaction between adjacent spins. We ass
here that the effective interaction is isotropic and we ado
very simple model: the molecular-field approximation. T
model Hamiltonian is

FIG. 5. The magnetic-field–temperature (H-T) phase diagram
in Pb~Ni12xMgx) 2V2O8 (x50.020).
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H5zJeff (
i Pa, j Pb

~^S&aSi1^S&bSj2^S&a^S&b!

2gmBHz( Si
z . ~2!

Herez is the coordination number of adjacent spins andJeff
is the interaction between the impurity-induced spins.a and
b mean the sublattice. There are some relations betwe
molecular-field parameters:

u5
1

2
CA, ~3!

A: molecular field constant A5
2zJeff

Ng2mB
2

, ~4!

M : saturation moment M5NgmzS. ~5!

Hereu is the Weiss temperature andC is the Curie constant.
Using these parameters the saturation fieldH0 is

H052AM. ~6!

From the heat capacity measurements we assumed tha~a!
S51/2 andN523x3NA or ~b! S51 andN513x3NA .
We need not make difference between models~a! and ~b!
when we estimateH0 in Eq. ~6!. The molecular fieldA,
which corresponds to the effective interaction, is estimat
from the Weiss temperature and the Curie constant. These
obtained by Curie-Weiss fitting in the inverse magnetic su
ceptibility which is shown in Fig. 6. Half of the molecular-
field constantA/2 is the y-axis intercept in Fig. 6 andA
563615 emu21 Ni mol is obtained. Hence, H053.1
60.8 T is obtained. This magnetic field is consistent with th
value ofH, where the impurity-induced AF phase disappear

IV. PB„NI1ÀxMG x… 2V2O8 „xÄ0.0050 AND 0.010…

A. Experimental results

In the previous section we showed the disappearance
the impurity-induced AF phase at rather low magnetic fiel
The size of the impurity-induced spins, however, has n
been obtained because the temperature and magnetic fi
ranges are rather high. At higher temperature and magne

FIG. 6. The inverse magnetic susceptibility in Pb~Ni12xMgx) 2

V2O8 (x50.020). The inset is the magnetic susceptibility.
416-4
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field the contribution from Haldane-gap excitation cannot
neglected and a quantitative explanation for the Schot
heat capacity was difficult. We therefore performed the h
capacity measurements in the samples Pb~Ni12xMgx) 2V2O8
(x50.010 and 0.0050!, which have lower Ne´el temperature.

Figures 7~a! and 7~b! show the heat capacity and entrop
of the impurity-induced spins, respectively. These data w
obtained by subtracting the heat capacity inPbNi2V2O8 at
H50 T from that in Pb~Ni12xMgx) 2V2O8 (x50.010) to
eliminate the contribution from phonon and Haldane-gap
citations. The minimum spin gap in Pb~Ni12xMgx) 2V2O8
(x50.020) in global reciprocal space is estimated as ab
20 T in Fig. 5. The temperature and magnetic field are
low for the spin-gap excitation to contribute much to the he
capacity and the subtraction would be valid. An anomaly d
to the Néel transition is observed atT51.3 K and atH
50 T in Fig. 7~a!. This anomaly is suppressed with increa
ing magnetic field and disappears atH;1.75 T. The
Schottky anomaly, in turn, is observed atH*1.75 T. The
qualitative behavior is the same as in Pb~Ni12xMgx) 2V2O8
(x50.020).

The Schottky heat capacity is scaled by the magnetic fi
as we can see in Eq.~1!. We hence show the heat capaci

FIG. 7. ~Color! The heat capacity in Pb~Ni12xMgx) 2V2O8 (x
50.010).

FIG. 8. ~Color! The heat capacity in Pb~Ni12xMgx) 2V2O8

(x50.010) scaled by the magnetic field. The temperature ran
which is displayed here is 0.40 K&T& 5.0 K at higher magnetic
fields.
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scaled by the magnetic field in Fig. 8. AtH&1.75 T the peak
position changes with increasing magnetic field and, on th
other hand, atH*1.75 T the heat capacities overlap in this
scaled temperature. This means that atH;1.75 T the ap-
plied field is comparable to or larger than the effective field
due to the interaction between the impurity-induced spin
and the impurity-induced spins are along the magnetic field
At higher magnetic field the interaction between the
impurity-induced spins can be negligible and the heat capa
ity can be fitted by the Schottky heat capacity which is ex
pressed by Eq.~1!. The dashed line in Fig. 8 is the best fit
when S51. The fitting parameters areg52.24 andN51
30.0133NA . The dotted line is the best fit whenS51/2 and
g52.2. The fitting parameter isN5230.0103NA . We ob-
tain a better result whenS51/2, g52.7, andN;230.01
3NA than dotted line in Fig. 8 but theg value deviates from
2 very much and we fixed theg value at 2.2. The dashed line
is a much better fitting than the dotted line. The imperfectio
of eliminating the contribution from Haldane-gap excitations
may result in a small deviation at higher temperature. Henc
it is concluded that one nonmagnetic ion induces oneS51
spin. The model which is described in Fig. 1~b! is adequate
for this material.

The estimated value ofN5130.0133NA deviates
slightly from N5130.0103NA . The impurity concentra-
tion is low in this sample and the contribution from the in-
trinsic vacancies may not be neglected, which would resu
in the small deviation.

FIG. 9. ~Color! The heat capacity in Pb~Ni12xMgx) 2V2O8

(x50.0050) scaled by the magnetic field. The temperature rang
which is displayed here is 0.40 K&T&2.0 K at higher magnetic
fields.

FIG. 10. The H-T phase diagram in Pb~Ni12xMgx) 2V2O8.
Solid circles, triangles, and squares show the Ne´el temperatures in
the samples ofx50.020, 0.010, and 0.0050.
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Figure 9 is the heat capacity of the impurity-induced sp
in Pb~Ni12xMgx) 2V2O8 (x50.0050) which is obtained in
the same way as in Pb~Ni12xMgx) 2V2O8 (x50.010). The
temperature is scaled by the magnetic field. The heat cap
ties overlap with one another atH*1 T and they can be
fitted by the Schottky heat capacity at this magnetic fie
region. The obtained parameters areg52.15 and N51
30.00613NA when S51 ~dashed line!. WhenS51/2, the
obtained parameter isN5230.00493NA ~dotted line!. The
dashed line is a much better fitting than the dotted line a
the result is consistent with that in Pb~Ni12xMgx) 2V2O8
(x50.010).

The H-T phase diagram at the low magnetic field
shown in Fig. 10. The qualitative behavior is all the same
Pb~Ni12xMgx) 2V2O8. The Néel phases disappear at a
anomalously low magnetic field.

B. Discussion

Here we will estimate the critical fieldH0 in Eq. ~6! for
the disappearance of the Ne´el phase by means of the
molecular-field theory as we did in Sec. III. The molecul
field constant A in Eq. ~4! is estimated to beA589
620 emu21 Ni mol from the magnetic susceptibility mea
surement which is shown in Fig. 11. By means of Eq.~6!,
H052.260.6 T is obtained in Pb~Ni12xMgx) 2V2O8
(x50.010) and this magnetic field is consistent with th
value ofH where the impurity-induced AF phase disappea
The same result is obtained in the sample ofx50.0050.

We can see that the molecular-field constantA is almost
independent of the impurity concentration in Fig. 11. No
that A/2 is the y-axis intercept in Fig. 11. Therefore, th
critical field H0 for the disappearance of the Ne´el phase only
depends on the number of impurity-induced spins. The nu
ber of spins is the same as that of impurity ions and we c
see the approximately proportional relation between the
purity concentrationx and the critical fieldH0 in Fig. 10.

FIG. 11. The inversed magnetic susceptibility i
Pb~Ni12xMgx) 2V2O8.
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The disappearance of the ‘‘impurity-induced AF phase’’ at
anomalously low magnetic field may be observed in dope
CuGeO3. The appearance of the AF phase by impurity dop
ing was reported in the two-leg ladder material SrCu2O3
~Ref. 24! and dimer material TlCuCl3 ~Ref. 25!. If the AF
phase of these materials is of the same type as doped PbN2
V2O8orCuGeO3, the same phenomenon might be observed
These are future problems.

The fact that one nonmagnetic impurity induces oneS
51 spin means the existence of a ferromagnetic nex
nearest-neighbor~NNN! inchain interaction, which is de-
scribed in Fig. 1~b!. The origin of the NNN interaction is
ascribed to the crystal structureofPbNi2V2O8. In this mate-
rial the edge-shared NiO6 octahedra forms a fourfold screw
chain along theb axis.13 In this case the nearest-neighbor
~NN! and NNN interactions would be comparable and a rela
tively large NNN interaction is expected. The existence o
the NNN interaction (JNNN) is, actually, proposed by Zhe-
ludev et al. to explain the spin dispersion in PbNi2V2O8.26

Their discussion is qualitatively consistent with our experi-
mental result. Our fits to the data are good ifS51 is as-
sumed at 0.40 K&T& 5.0 K in the sample ofx50.010 and
at 0.40 K&T&2.0 K in the sample ofx50.0050. We cannot
estimateJNNN from the heat capacity measurements but the
success of the fits indicates thatJNNN is larger than 5.0 K.

V. SUMMARY

~i! Pb~Ni12xMgx) 2V2O8(x50.020): we observed that a
small number of spins are induced by nonmagnetic ions an
they contribute to the impurity-induced AF phase. The dis
appearance of the AF phase at very low field, 3–4 T, is
observed. This is because the number of impurity-induce
spins is small and the effective interaction is also small.

~ii ! Pb~Ni12xMgx) 2V2O8(x50.010 and 0.0050!: the heat
capacity of the impurity-induced spins is explained very wel
if it is assumed that one nonmagnetic ion induces one sp
S51. The existence of a ferromagnetic NNN inchain inter-
action is suggested. The magnetic field for the disappearan
of the AF phase is explained by means of molecular-field
theory.
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