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A comprehensive study of the impurity-induced magnetism in nonmagnetically �Mg2+� and magnetically
�Co2+� doped PbNi2V2O8 compounds is undertaken by both macroscopic dc magnetization and local-probe
electron spin resonance �ESR� techniques. The magnetic coupling between impurity-liberated spins is esti-
mated from the linewidth of the low-temperature ESR signal in Mg-doped samples. In the case of magnetic
cobalt dopants the impurity-host magnetic exchange is evaluated from the Co-induced contribution to the
linewidth in the paramagnetic phase. The experimentally observed severe broadening of the ESR lines in the
magnetically doped compounds is attributed to a rapid spin-lattice relaxation of the Co2+ ions. The exchange
parameters obtained from the ESR analysis offer a satisfactory explanation of the impurity-induced contribu-
tion to the low-temperature magnetization in doped samples.
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I. INTRODUCTION

Integer-spin chains with antiferromagnetic coupling have
been extensively studied experimentally as well as theoreti-
cally over the last two decades. This is due to their fascinat-
ing property conjectured by Haldane.1 Namely, in these sys-
tems a quantum disordered singlet ground state, with spin
correlations decaying exponentially, is separated from the
lowest excited state by a spin gap, in clear contrast to half-
integer-spin chains. In the Haldane chains with only the
nearest-neighbor �NN� isotropic exchange such behavior was
satisfactory accounted for by the valence-bond-solid model,2

which introduced valence bonds emerging and terminating at
neighboring sites. The validity of this model was experi-
mentally confirmed in the spin S=1 compound
Ni�C2H8N2�2NO2ClO4 �NENP� by observing S=1/2 liber-
ated end-chain spins. In this system a portion of the valence
bonds is intentionally broken by introducing impurities
which partially replace the S=1 host spins.3

In general, impurities have often been deliberately intro-
duced to host materials with the purpose to reveal magnetic
character of the hosts. Instructive examples cover a variety of
different low-dimensional quantum spin systems, including
the high-Tc superconductors.4 Moreover, the impurities can
dramatically affect the ground state of the host materials,
leading to unexpected magnetic phenomena. One of their
most astonishing consequences is the induction of long-range
magnetic ordering �LRO�, where the disorder in a form of
random doping induces magnetic ordering in the host mate-
rial. Consequently, this mechanism is known as the “order-
by-disorder effect.”5 The impurity-induced ordering was ob-
served in different spin-gap systems, including, the spin-

Peierls compound CuGeO3 substitutionally doped with
different nonmagnetic6,7 and magnetic ions,7,8 the vacancy
doped two-leg spin-ladder compound9 SrCuO8 and the
coupled-spin-dimer system TlCuCl3 doped with nonmag-
netic impurities.10 Recently, the first Haldane-chain com-
pound PbNi2V2O8 exhibiting impurity-induced LRO has also
been reported. The ordering was observed at low tempera-
tures in materials doped with either nonmagnetic11 Mg2+ or
magnetic12,13 Co2+, Cu2+ and Mn2+ ions at Ni2+ �S=1� sites.
There are several common features of the phase transitions in
the above-mentioned systems, one of them is that even a
very small amount of impurities induces LRO. Therefore, a
quest for a unified picture to explain this effect in different
spin-gap systems, is currently underway.

The way to magnetic ordering in the spin-gap systems is
paved by clusters of exponentially decaying staggered mo-
ments induced next to the impurity sites.14 These clusters are
magnetically coupled through the gaped medium. Weak cou-
pling results in in-gap energy states, which dominate the
low-temperature magnetic character of the doped systems.
However, the picture of the impurity-induced LRO in spin-
gap systems still remains rather unclear. In particular, the
mechanism leading to the development of three-dimensional
intercluster spin correlations is particularly elusive. In order
to elucidate this intriguing phenomenon it is crucial to de-
velop a deeper understanding of the magnetic interactions
within “pockets” of impurity-induced staggered moments, as
well as between them.

Therefore, we conducted a comprehensive magnetic in-
vestigation of the Haldane chain compound PbNi2V2O8,
doped with nonmagnetic Mg2+ and magnetic Co2+ impuri-
ties. The study incorporates macroscopic dc magnetization
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measurements and local-probe magnetic resonance tech-
niques, which already proved invaluable in Mg-doped
compounds.15,16 The results of the electron spin resonance
�ESR� are presented in the current paper, while the findings
of the complementary 51V nuclear magnetic resonance
�NMR� measurements are shown elsewhere.17 Combining
the results of the dc magnetization and the ESR measure-
ments we are able to evaluate the magnetic coupling within
the impurity-induced pockets of staggered moments. We also
highlight the role of the intercluster coupling on the devel-
opment of the long-range magnetic ordering.

II. EXPERIMENTAL DETAILS

Polycrystalline samples were prepared by a solid-state re-
action according to the procedure already published.18 The
efficiency of Mg2+ and Co2+ cations substitutions for Ni2+ to
form solid solutions was experimentally verified by powder
x ray and neutron diffraction.19,20 dc magnetization measure-
ments were performed on a quantum design SQUID magne-
tometer in a magnetic field of 100 mT down to 2 K. For ESR
investigation a Bruker E580 FT/CW spectrometer was used.
Measurements were conducted in the temperature range
5 K�T�300 K at a Larmor frequency of �L�9.4 GHz �X
band�.

III. EXPERIMENTAL RESULTS

A. dc magnetization

As previously reported, doping the PbNi2V2O8 compound
with either nonmagnetic Mg2+ or magnetic Co2+ impurities
results in LRO at low temperatures.11,12,21 Furthermore, evi-
dence for the nature of the ground state arises from the pres-
ence of sharp magnetic Bragg peaks in the neutron powder
patterns.18,20 In addition, the onset of the magnetic ordering
is clearly expressed in the characteristic peaks of the magne-
tization curves, as shown in Fig. 1. The Néel temperature
�TN� in the external magnetic field of 100 mT is around
3.4 K and 7.1 K in the case of PbNi1.88Mg0.12V2O8 and
PbNi1.92Co0.08V2O8, respectively. The significantly different
value of TN is the first rather unusual feature of the observed
phase transition. Such an increase in the transition tempera-
ture for the case of the Co doping, as compared to nonmag-
netic doping, has not been observed in the extensively stud-
ied CuGeO3 compound, which is a prototypical system for
impurity-induced magnetic ordering effects.6–8 However, it
is in line with the enhanced stability of the magnetically
ordered state against the external magnetic field in Co doped
PbNi2V2O8, as experimentally verified by dc magnetization
and NMR measurements in magnetic fields of several
Tesla.17

In the case of the Co-doped samples a hysteresis between
the zero-field cooling �ZFC� and field cooling �FC� measure-
ments is observed in the magnetically ordered state �Fig. 1�.
The observed irreversibility is not a signature of a spin-glass
behavior but should rather be due to the occurrence of a
weak ferromagnetism.13 Indeed, the long-range character of
the magnetically ordered state has already been confirmed by
neutron diffraction.19 However, due to the powder nature of

the samples, “canting” is difficult to be verified, especially in
uniaxial symmetries. The occurrence of the weak ferromag-
netism could be attributed to the presence of the antisymmet-
ric anisotropic exchange, i.e., the Dzyaloshinsky-Moriya
�DM� interaction,22 which is indeed present between Ni
spins.23 In a broader sense, the general anisotropic exchange
between Co2+ impurity and host spins, including both sym-
metric and antisymmetric contributions, could be responsible
for the ZFC/FC irreversibility.

Another distinctive feature is noticeable in Fig. 1.
Namely, although the nominal concentration of the impuri-
ties in both samples is similar, the low-temperature magne-
tization peak is much more pronounced in the Mg-doped
compound, despite the fact that Mg dopants are nonmag-
netic. The uniform static spin susceptibility, which reveals
the same information as the magnetization as long as the
magnetization vs magnetic field curves are linear, can be
obtained from the dynamical spin structure factor Szz�q ,��
=Re�0

�ei�t�Sq
z �t�S−q

z �0��dt; the latter reflects the distribution
of the spectral weight of spin excitations �the brackets �¯�
denote statistical averaging�. Kramers-Kronig relations give
the following expression:

�0 �
1

�
lim
q→0

P�
−�

�

�1 − e−��/kBT�
Szz�q,��

�
d� , �1�

where P stands for the Cauchy principal value. The above
equation reveals that �0 is dominated by the low-energy spin
excitations. The intensity of the low-temperature magnetiza-
tion then gives a clear signal that the in-gap impurity-
induced density of states is peaked at much lower frequen-
cies when magnesium impurities are present. This implies a
stronger magnetic coupling in the case of cobalt impurities,
which shifts the in-gap states to higher energies. Our calcu-

FIG. 1. �Color online� dc magnetization of PbNi2V2O8 �solid
line�, PbNi1.88Mg0.12V2O8 �circles�, and PbNi1.92Co0.08V2O8 �dia-
monds� in the magnetic field of 100 mT; full and open symbols
correspond to field cooling and zero-field cooling experiments, re-
spectively. Inset shows the experimental �symbols� and calculated
�dashed line for PbNi1.88Mg0.12V2O8 and solid line for
PbNi1.92Co0.08V2O8� impurity-induced magnetization, as described
in Sec. IV C.
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lations, based on the parameters obtained from the ESR re-
sults, are in satisfactory quantitative agreement with the
magnetization data, as demonstrated in Sec IV C.

B. Electron spin resonance

As previously reported, X-band ESR absorption spectra of
the PbNi2V2O8 compound are fairly broad at room tempera-
ture and broaden further with lowering the temperature.15

Partial substitution of the magnetic Ni2+ ions with Mg2+ ions
results in additional broadening of the resonance lines. The
broadening increases moderately with the level of doping, as
clearly shown in Fig. 2�a�. On the other hand, Co-doping
results in much more enhanced broadening of the ESR spec-
tra �Fig. 2�b�	, reflecting the magnetic nature of the dopants.
All the spectra can be satisfactory fitted with a broad Lorent-
zian function taking into account the resonant absorption at
positive as well as at negative resonant field. In addition,
some samples require an extra narrow component, which we
attribute to secondary phases present in the sample. The rela-
tive intensities of these spurious signals are very small �i.e.,
below 1%�. Consequently, such impurities are unobservable
by conventional x-ray diffractometry.

With lowering the temperature the diverse nature of the
ESR spectra in Mg-doped samples becomes evident �Fig. 3�.
Based on a linear scaling of the low-temperature ESR inten-
sities with the doping level and the temperature evolution of
the observed g-factor shifts,15 we were able to attribute the
additional low-temperature signal to impurity-liberated end-
chain spins. The end-chain magnetization is delocalized on
the scale of the correlation length 	.24 It was further argued
that the two spins at either site of a particular impurity, were
ferromagnetically �FM� coupled through interchain ex-
change, enabling the three-dimensional magnetic ordering.
Such FM coupling was indeed later experimentally con-
firmed by specific heat measurements reported by Masuda et
al.25 However, the exact origin of the rather broad low-
temperature ESR signals still remains to be resolved. The
ESR linewidth reflects the strength of the magnetic coupling
between liberated spins, which makes its analysis invaluable

for the understanding of the impurity-induced magnetism.
In contrast to Mg doping, the ESR linewidth in

PbNi1.98Co0.02V2O8 is converging towards that of the pristine
compound when decreasing the temperature �Fig. 4�. This
compound, with the lowest cobalt substitution level, is in fact
the only one among our Co-doped samples that allows a
reliable ESR analysis below room temperature. This is a con-
sequence of the extremely broad ESR spectra. To explain this
broadening, as well as a bottleneck type of the impurity-
induced contribution to the ESR linewidth �Fig. 4�, the spin
nature of the dopants is incorporated into the analysis in the
next section.

IV. ANALYSIS AND DISCUSSION

A. ESR measurements in the paramagnetic phase

In the effort to rationalize the impurity-induced broaden-
ing of the ESR spectra at room temperature �Fig. 2�, it is

FIG. 2. �Color online� The X-band ESR spectra of
PbNi2−xAxV2O8 in the case of �a� nonmagnetic A=Mg2+ and �b�
magnetic A=Co2+ dopants. The solid lines represent fits to broad
Lorentzian distribution.

FIG. 3. �Color online� The temperature dependence of the
X-band ESR linewidth in PbNi2−xMgxV2O8 compounds. Inset
shown a linear dependence of the impurity-induced line broadening
at 5 K and 10 K.

FIG. 4. The temperature dependence of the ESR linewidth in
PbNi1.98Co0.02V2O8 �circles� compared to PbNi2V2O8 �diamonds�.
Inset shows the impurity-induced contribution to the linewidth in
the former compound �
B0 corresponds to the pristine compound�.
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worth noting that the impurities do not have any noticeable
effect on the crystal structure of the investigated
materials.19,20 Since the dominant spin anisotropy contribu-
tions are of single ion26 and DM type,23 it can be assumed
that they do not change appreciably at the Ni sites even if
dopants are introduced in the lattice. Therefore, the impuri-
ties must influence the time evolution of the spin correlation
functions, entering the description of the ESR linewidth. The
peak-to-peak linewidth of the Lorentzian line in the
exchange-narrowing limit is given by27


Bpp =
C

g�B

M2

3

M4
�1/2

. �2�

Here C denotes a constant of the order of unity and g is the
g factor. The second and the fourth moment of the absorption
spectra have the following form:

M2 =
��H�,M+	�M−,H�	�

�M+M−�
, �3�

M4 =
�†H − HZ,�H�,M+	‡†H − HZ,�H�,M−	‡�

�M+M−�
. �4�

The Hamiltonian of the system, H=H0+H�, is convention-
ally divided into two parts. The main part H0=HZ+He con-
tains only the Zeeman Hamiltonian HZ and the exchange
Hamiltonian He of the host. The perturbative part H� in-
cludes all the anisotropy contributions of the host as well as
the impurity Hamiltonian Hi=HZ

i +He
i-h+HLS,28 where HZ

i

denotes the Zeeman Hamiltonian of the impurity system,
Hex

i-h the impurity-host exchange coupling, and HLS the im-
purity spin-orbit coupling. All these terms are nonzero in the
case of doping with magnetic dopants.

1. Mg doping

Figure 5�a� illustrates nicely the impurity-induced broad-
ening of the ESR absorption spectra as a function of the Mg
content �x�. It is well established that the spin correlations
determining the ESR linewidth can be significantly affected
by impurities in low-dimensional systems.29 In such systems
the exchange pathways are severely limited and, conse-
quently, the diffusion type of decay in the spin correlations at

longer times may become important.30 The rate of spin dif-
fusion across the impurity sites depends on the impurity spin
and the impurity-host exchange coupling.31 For instance,
nonmagnetic impurities prevent spin polarization to freely
diffuse away and thus diminish effectively the exchange-
narrowing mechanism. As a result, a significant impurity-
induced broadening of the ESR absorption lines is expected.

However, the observed broadening in PbNi2V2O8 is not
that prominent. This could be due to a relatively large inter-
chain exchange coupling J�, �zJ� /J��0.03, where J=95 K
�in units of kB� represents the dominant NN intrachain ex-
change and z=2 is the number of the NN chains.26 As a
consequence, the out-of-chain diffusion rate �J� /�� is larger
than the X-band ESR frequency. The interchain diffusion
should thus effectively compensate for the inhibited diffusion
along the chains, which is also in line with the Lorentzian
line shape of the ESR spectra.30 Second, it is possible that
due to the short-range character of the spin correlations in a
Haldane system,24 these correlations are more robust to im-
purity doping. In fact, also in NENP it has been reported that
nonmagnetic impurities do not induce substantial broadening
of the X-band ESR spectra at high temperatures.32 One
should note that the interchain coupling in NENP is signifi-
cantly smaller than in PbNi2V2O8.

2. Co doping

On the other hand, the broadening of the ESR spectra is
significantly more pronounced in the case of doping with the
magnetic Co+2 ions �Fig. 5�. We attribute the observed ESR
signals solely to magnetic moments of the host �Ni2+� spin
system. The Co2+ magnetic moments, as another possible
source for ESR detection, are strongly influenced by spin-
lattice relaxation, which severely broadens their ESR spectra.
The ground state of these ions involves a significant amount
of the orbital moment that is not quenched even for the dis-
tortion away from the cubic symmetry,33 as in PbNi2V2O8.20

Spin dynamics of Co2+ ions are then affected by lattice vi-
brations through the strong spin-orbit coupling.

Extreme broadening of the ESR lines due to a presence of
small concentrations of Co2+ impurities has been observed
before in several systems.28,34,35 Since Co2+ is a strongly re-
laxing ion, the broadening can be attributed to the interplay
between impurity-host exchange Ji-h and spin-lattice relax-
ation of the impurity itself. At sufficiently low temperatures
the spin-lattice relaxation is far below the impurity-host
cross relaxation, which induces a “bottleneck” in the relax-
ation of the host spins via the impurities to the lattice. Con-
sequently, the bottleneck behavior of the impurity-induced
contribution to the ESR linewidth is expected as the tempera-
ture is raised.34

Such behavior is indeed observed, as presented in the in-
set of Fig. 4. The steep decrease of the impurity-induced
linewidth below 100 K can well be explained by the above-
mentioned model. However, there might be additional
mechanisms contributing to the temperature dependence of
this parameter. Namely, short-range spin correlations should
begin developing below the temperature of the NN exchange
�J=95 K�. As the impurities can affect these correlations,
their modification may provide a second mechanism for the

FIG. 5. Linewidth of the X-band ESR spectra recorded at room
temperature in �a� Mg doped and �b� Co doped PbNi2V2O8.
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temperature dependence of the impurity-induced broadening
at lower temperatures.

The maximum value of the impurity-induced linewidth
contribution 
Bi

max=120 mT, found around 150 K, can be
used for the estimation of the impurity-host exchange inter-
action Ji-h. When the isotropic exchange coupling is the lead-
ing impurity-host interaction, the following expression can
be derived in the high-temperature limit28


Bi
max =

1
3

32

g�B

Ji-h
2 Si�Si + 1�

3��e

x

2
. �5�

Here Si=3/2 denotes the Co2+ impurity spin, while the ex-
change frequency is defined by ��e=M4 /M2. In the case of
the PbNi2V2O8 compound the single-ion anisotropy of the
form DSz

2 was reported to be the leading anisotropy term
�D=−5.2 K�;26 the easy axis points along the crystal c axis
�direction of spin chains�. The exchange frequency �e
=8J /�, obtained from Eqs. �3� and �4�, predicts the
impurity-host exchange of the size Ji-h=14 K. Additionally,
the linear dependence of the impurity-induced line broaden-
ing upon the doping level �Eq. �5�	, is nicely revealed in Fig.
5�b�. The slope k=6.8 T of this line makes an estimation of
the impurity-host exchange Ji-h=15 K, which is in agreement
with the above-predicted value. The sign of Ji-h cannot be
determined from the ESR analysis. However, the magnetiza-
tion measurements corroborate to antiferromagnetic cou-
pling, as argued in Sec. IV C.

The reduction of the Co-Ni exchange Ji-h with respect to
the Ni-Ni intrachain exchange coupling J is not unexpected.
It is well established that the strength of the antiferromag-
netic superexchange decreases with a reduction of the num-
ber of electrons in a 3d orbital. For instance, the Néel tem-
perature of the NiO oxide, with three-dimensional NaCl
crystal structure, is reduced from 525 K to 290 K in CoO
oxide.36 Chemically diverse systems, such as the two-
dimensional K2AF4 compounds �A is a transition metal ion�,
present a similar diminution of the exchange parameter upon
the variation of the A site: JNi=102 K, JCo=16.8 K, JFe
=15.7 K, JMn=8.4 K.35

Finally, we give a short explanation of the downturn of
the impurity-induced linewidth above 150 K �inset of Fig.
4�. When the Co2+ spin-lattice relaxation rate �sl surpasses
the previously evaluated exchange frequency �e of the pure
system the spin fluctuations at Ni sites will become strongly
affected by the spin-lattice relaxation; a result of the strong
exchange coupling with the cobalt ions.34 For �sl��e the
spin-lattice relaxation rate effectively substitutes the ex-
change frequency in Eq. �5�, which results in narrowing of
the absorption lines with raising the temperature due to the
increase of the spin-lattice relaxation rate.37 The rate of the
impurity-host cross relaxation �e

i-h�Ji-h /� equals �sl around
55 K, where the impurity-induced linewidth reaches half of
its saturated value.34 If we assume that Raman spin-phonon
processes are dominant then �sl�e for T100 K. This
corresponds fairly well with 150 K, where 
Bi exhibits its
maximum.

B. ESR measurements within the Haldane-gap regime

At temperatures below the average Haldane gap of the
pristine PbNi2V2O8 compound �
=43 K�,26 the tendency of
the line broadening with lowering the temperature suddenly
alters in the Mg-doped compounds �Fig. 3�. The mid-
temperature range �T�
� is a crossover regime, where the
single almost Lorentzian ESR absorption lines speak in favor
of a strong coupling between the liberated end-chain spins
and the triplet Haldane excitations. At low temperatures
�T�10 K� the Haldane excitations are severely suppressed
due to the Haldane gap. The ESR signal, which is then domi-
nated by the impurity-liberated spins, can therefore be ex-
ploited to evaluate the magnetic interaction between them.
The ESR linewidth exhibits a clear linear dependence upon
the doping level at both 5 K and 10 K �inset of Fig. 3�.
Similar behavior observed in CuGeO3 was attributed to the
interacting delocalized spin clusters induced next to the
impurities.40 In the case of the PbNi2V2O8 compound the
spin clusters exhibit an exponentially decaying spin polariza-
tion, with a correlation length 	�6 �in units of Ni-Ni NN
spacing� at T=0.24 An anisotropic magnetic interaction be-
tween two neighboring clusters is thus a consequence of their
overlap.

In addition, as already mentioned, the two clusters neigh-
boring a particular spin vacancy are ferromagnetically

coupled. Consequently, they form an effective spin S̃=1. At
the limit of zero doping the values of the ESR linewidth can
then be assigned to the intrinsic magnetic anisotropy of such
effective spins. These values are virtually the same at 5 K
and 10 K, i.e., 
Bpp

x→0=180 mT �inset of Fig. 3�, which is in
favor of the above assumption. Due to the gapped nature of
the Haldane excitations, mediating the interactions between

neighboring S̃=1 spins, these effective spins can be regarded
as isolated entities in the limit of x→0. The moderate in-
crease of the linewidth below 10 K, which can be either
due to the critical enhancement of antiferromagnetic
correlations15 or a signature of the temperature evolution of
the correlation length,24 consequently does not affect the
ESR linewidth value at the limit of zero doping.

The value 
Bpp
x→0=180 mT can then be used to estimate

the effective ferromagnetic coupling J̃� within the S̃=1 spin
clusters. This coupling in PbNi2V2O8 is a result of the com-
peting antiferromagnetic next-nearest neighbor exchange of
the pure chain and the ferromagnetic coupling mediated
through the neighboring chains.39 It gives rise to a Hamil-

tonian with anisotropy of the single-ion form D*S̃z
2. In the

case of a uniaxial symmetry the magnitude of the anisotropy
is given by38

D* = −
3�0

4�

�g�0�2

r3 −
3

2


g

g
�2

J̃�. �6�

Here the first term arises from the dipolar coupling and the
second one represents the symmetric anisotropic exchange.
In addition, the DM interaction should also be considered.
The dipolar field at Ni2+ sites can be calculated from the
crystal structure as Bdd=45 mT. This value is far below the
low-temperature ESR linewidths. Consequently, the DM
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coupling d���
g /g�J̃�� should be the dominant broadening
mechanism, since it is first order in 
g /g. The intrinsic fer-
romagnetic coupling between the spins neighboring the same

vacancy, is then of the size J̃�=−2 K. In this estimation the
room-temperature value of 
g /g=0.1, which is not affected
by static spin correlations, was used. Second, we took into
account that the exchange narrowing mechanism is not ac-
tive in dilute magnetic systems.41

C. Magnetization of the impurity induced in-gap states

Using the previously estimated exchange coupling con-

stants J̃� and Ji-h the temperature dependence of the
impurity-induced magnetization can be also quantitatively
explained with a simplified model Hamiltonian. It was
shown by Sørensen et al.42 that the full exchange Hamil-
tonian He+He

i-h of a doped Haldane system at low doping

levels can be replaced by an effective Hamiltonian H̃ for the
low-energy excitations. Following this approach, the effec-

tive Hamiltonian in the low-coupling limit �J̃� ,Ji-h�J� can
be expressed as

H̃Mg = �J̃�Sl · Sr, �7�

H̃Co = �Ji-h�Sl · Si + Si · Sr� + �J̃�Sl · Sr, �8�

where �=1.064.42 The operators Sl, Sr represent the S=1/2
effective spins induced at the “left” and the “right” nearest

neighbors of a particular impurity site. In the case of J̃�,
Ji-h�J bound in-gap states with exponentially decaying cor-
relations are predicted.42

The low-temperature dependence of the magnetization
can be explained by combining the Zeeman Hamiltonian and
the effective exchange Hamiltonians given by Eqs. �7� and
�8�. In the inset of Fig. 1 the calculated impurity-induced
magnetization devided by the magnetic field, Mi /H
=xNAg�B�Sz� /2H, is compared with the experimental values.
The latter are obtained by subtracting the magnetization of
the pristine compound from both doped compounds. The the-
oretical calculation of the expectation values �Sz� took into

account the above-estimated parameters J̃�=−2 K and Ji-h
=14 K.

The theoretical predictions follow the experiment satisfac-
tory. It is worth noting that close to the phase-transition tem-
perature �TN� the emerging static spin correlations make the
simple model unsuitable. Nevertheless, the puzzle about the
size of the impurity-induced magnetization in Co and Mg
doped PbNi2V2O8 can be unambiguously unraveled.

Namely, the ferromagnetic coupling J̃� between the liberated
end-chain spins is responsible for the upturn of the impurity-
induced magnetization in the case of the vacancy doping.

Here, it should be stressed that the size of the coupling con-
stant does not have any significant impact on the magnetiza-
tion in the investigated temperature interval. On the other
hand, the antiferromagnetic coupling Ji-h is responsible for
the substantial suppression of the magnetization in the Co-
doped sample. This coupling shifts the weight of the in-gap
states towards higher energies. Additionally, an anisotropic
exchange is expected in the case of the Co2+ ions, which
further broadens the calculated peak in the magnetization.
Such an exchange could also turn to be important for the
explanation of the observed irreversibility between FC and
ZFC magnetization measurements in Co-doped materials.

For comparison purposes we provide a short comment on
Cu doping. It has been shown experimentally that the mag-
netization curves of Cu doped PbNi2V2O8 above TN are vir-
tually indistinguishable from those corresponding to Mg-
doped compounds when the level of Cu2+ ions is twice that
of doping with Mg2+.11 We note that this finding is in line
with our results. Namely, the antiferromagnetic exchange of
Cu2+ impurities to Ni2+ spins is expected to be appreciable so
that the low-energy excitations are solely given by the ferro-
magnetic coupling of the impurity-liberated spins. The ratio
of the magnetization magnitudes thus reflects the ratio of the

effective spins of the impurity-induced spin clusters, S̃Mg

=1 and S̃Cu=1/2.

V. CONCLUSIONS

The results of the dc magnetization and the ESR measure-
ments were combined to provide an insight into the impurity-
induced long-range magnetic ordering in magnetically and
nonmagnetically doped PbNi2V2O8 Haldane compound. The
ESR approach revealed the strength of the ferromagnetic
coupling between spin degrees of freedom, liberated at both
sites of each vacancy. In addition, the importance of the in-
tercluster magnetic interaction was exemplified by the strong
dependence of the low-temperature ESR linewidth upon the
doping level. From the impurity-induced ESR broadening in
Co-doped samples we were able to evaluate the impurity-
host antiferromagnetic exchange. This coupling proved es-
sential for the appearance of the in-gap magnetic excitations.
Using an effective exchange Hamiltonian it allowed a satis-
factory prediction of the low-temperature magnetization
diminution in Co-doped compounds.
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