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Paramagnetic and antiferromagnetic resonances in the diamagnetically diluted
Haldane magnet PbNi2V2O8
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The impurity-induced antiferromagnetic ordering of the doped Haldane magnet Pb(Ni12xMgx)2V2O8 (0
<x<0.06) was studied by electron-spin resonance~ESR! on ceramic samples in the frequency range 9–110
GHz. Below the Ne´el temperature a transformation of the ESR spectrum was found, indicating an
antiferromagnetic-resonance mode of spin precession. The excitation gap of the spin-wave spectrum increases
with increasing Mg concentrationx in the same manner as the Ne´el temperature, reaching its maximum value
of 80 GHz atx>0.04. At small concentrationsx,0.02 the signals of antiferromagnetic resonance were found
to coexist with the signal of the paramagnetic resonance indicating a microscopic separation of the magnetic
phases.
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I. INTRODUCTION

One-dimensional~1D! magnetic systems exhibit a varie
of different collective quantum states which are of significa
physical interest. The ground state and magnetic prope
of integer and half-integer 1D-spin systems are quite diff
ent. The ground state of the spinS51 chain with antiferro-
magnetic exchange is a singlet, and the excited triplet st
are separated by an energy gapD ~so-called Haldane gap!.1

The uniform S51/2 antiferromagnetic spin chain exhibi
also a singlet ground state but a gapless spectrum of
triplet excitations.2 Both S51 and S51/2 spin chains are
disordered in the ground state: the average spin projec
^Si

z& equals zero for all spins of the chain. Neverthele
there is a difference in the magnetic correlation lengthj
which is infinite for the uniformS51/2 chain and finite for
the Haldane chains.

A spin gap opens also in the spectrum ofS51/2 chains, if
the chains are alternated, i.e., the intrachain-exchange
gral takes in turn two valuesJ6dJ. The correlation length of
an alternated chain becomes finite. The alternating of s
chains may occur due to the crystal structure as, e.g., in
1D magnet (VO)2P2O7,3 or due to the spin-Peierl
transition4 as, e.g., in CuGeO3.5 The magnetic behavior o
spin-gap systems is marked by a characteristic freezing
of the magnetic susceptibility at low temperaturesT
,D/kB .

The impurities embedded in a spin-gap magnet prov
magnetic degrees of freedom on the singlet background
result in a contribution to the magnetic susceptibility at lo
temperatures. The analysis of spin-Peierls6,7 and of Haldane8

systems shows that breaking of spin chains locally destr
the singlet state, and multispin clusters with a local stagge
magnetization~nonzero^Si

z&) occur in the vicinity of impu-
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rity atoms, on both sides of the diamagnetic impurity. T
staggered magnetization decays exponentially with the
tance apart from the impurity atom, thus the cluster includ
spins placed on the chain part of the length of aboutj on one
side of the impurity. These clusters have a net spin and a
magnetic moment. For a broken dimerizedS51/2 chain the
net spin value of a cluster is obviously 1/2. An intriguin
suggestion was made for spinS51 chains stating that spin
vacancies should result in effectiveS51/2 degrees of free-
dom at the ends of the long chain segments.9 Electron-spin-
resonance~ESR! experiments confirmed the multispin natu
of the magnetic defects created by impurities in the sp
Peierls magnet CuGeO3.10,11 The indications ofS51/2 de-
grees of freedom were found in ESR spectra of the do
Haldane system Ni(C2H8N2)2NO2(ClO4) abbreviated as
NENP ~Refs. 9 and 12! and for defects in the Haldane mag
net Y2BaNiO5,13 while theS51/2 effective spins were ques
tioned in Ref. 14 on the basis of specific-heat measureme
A discussion of theS51/2 problem may be found in Refs. 1
and 16 and in the review article, Ref. 17.

Another interesting effect associated with defects in sp
gap systems is impurity-induced magnetic ordering. Dop
of the spin-Peierls compound CuGeO3 with both magnetic
and nonmagnetic impurities and the resulting antiferrom
netic ordering was extensively studied~see, e.g., Refs. 18–
22!, while a spin-vacancy-induced magnetic ordering in
Haldane magnet was only recently reported23 for
PbNi2V2O8. The phenomenon of impurity-induced antiferr
magnetic ordering in a spin-Peierls magnet was explained
the overlap of the wings of the solitonlike clusters of t
staggered magnetization and the interchain exchange.6,7 For
Haldane systems an impurity-induced ordering was predic
taking into account the restoring of antiferromagnetic cor
lations by impurities.24 Both approaches have the sam
physical reason: the staggered magnetization is restored
©2002 The American Physical Society22-1



th
w
in

te

ct
an
d

d
a
to

im
tic
ow
of
lie
n
se

m

e
ru
s

m
an
ra
.
se

f
d
-

en
g

te
f t
a

ea-
so-
m-
ines
ve
he
er

00

ev-
ure

rie-

for

il-

the

di-

e a
a

ing
the

The
ter-
the

us

f

ce-

A. I. SMIRNOV et al. PHYSICAL REVIEW B 65 174422
a number of spins near the defect. The evolution from
isolated spin clusters to the long-range-ordered system
followed by observations of ESR signals for the doped sp
Peierls magnet CuGeO3.10,11,22 The gap in the spin-wave
spectrum and other characteristics of the impurity-stimula
antiferromagnetic phase were derived from the spectrum
the antiferromagnetic resonance~AFMR!.10,25–27

The goal of the present work is an ESR study of defe
and a search for the AFMR signals in the doped Hald
magnet PbNi2V2O8. The diamagnetic dilution is performe
following Ref. 23 via the substitution of a small part ofS
51 Ni21 ions byS50 Mg21 ions. As a result we observe
ESR signals from magnetic defects created by spin vac
cies. Above the Ne´el point the ESR spectrum corresponds
the respectiveS51/2 degrees of freedom. At the Ne´el point
the ESR spectrum observed for a high concentration of
purities exhibits a transformation to an antiferromagne
resonance spectrum of a uniaxial antiferromagnet. At l
concentrations (x<0.02) we observe the coexistence
paramagnetic and antiferromagnetic resonances. We be
that this coexistence reveals the microscopic separatio
antiferromagnetic and paramagnetic phases as in the ca
the spin-Peierls system CuGeO3.22

II. SAMPLES AND EXPERIMENTAL DETAILS

Solid solutions of Pb(Ni12xMgx)2V2O8 with x50, 0.01,
0.02, 0.04, and 0.06 were prepared by means of cera
technology using oxides PbO, NiO, MgO, and V2O5 of high
purity as starting chemical reagents. Annealing was p
formed at 1050 K in air. At higher temperatures an incong
ent melting of PbNi2V2O8 occurs. Single-phase sample
were produced by treating the initial mixture at high te
peratures for 800 h with several intermediate grindings
pressings. The sample composition was controlled by x-
diffraction using the Dmax IIIC diffractometer of Rigaku
According to the x-ray diffraction data, the single-pha
samples have the tetragonal structure of space groupI41cd
and are isostructural with SrNi2V2O8. The cell parameters o
the pure compound are in accordance with those observe
Ref. 23. Partial substitution of Ni by Mg results in a com
pression of the elementary cell with increasing Mg conc
tration. The change of the unit-cell parameters with dopin
presented in the Table I.

The molar concentration of impurity phases is estima
to be less than 1%. The temperature dependencies o
susceptibility were measured with a superconducting qu
tum interference device~SQUID! magnetometer~Quantum

TABLE I. Lattice parameters and unit-cell volume o
Pb(Ni12xMgx)2V2O8 for Mg concentrations 0<x<0.06.

x a (Å) c(Å) V(Å) 3

0 12.251~3! 8.353~4! 1253.6~4!

0.01 12.244~2! 8.349~3! 1251.8~3!

0.02 12.230~3! 8.341~3! 1247.7~4!

0.04 12.228~3! 8.321~3! 1241.9~8!

0.06 12.205~3! 8.315~3! 1238.5~4!
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Design! in the range 1.8–400 K. The ESR spectra were m
sured in a spectrometer with a set of transmission-type re
nators covering the range from 18 to 110 GHz and for te
peratures 1.3–30 K. Magnetic-resonance absorption l
were recorded as a function of the transmitted microwa
power on the applied magnetic field. The reduction of t
transmitted signal is proportional to the microwave pow
absorbed by the sample. In additionX-band~9.5 GHz! mea-
surements were performed with a Bruker ELEXSYS E5
CW spectrometer.

III. EXPERIMENTAL RESULTS

The temperature dependence of the susceptibility for s
eral samples is shown in Fig. 1. The susceptibility of the p
(x50) compound exhibits a broad maximum atT5120 K
and decreases with decreasing temperature. AtT510 K the
susceptibility reveals a minimum and then shows a Cu
like increase due to defects. BelowT510 K the total sus-
ceptibility of the nominally pure sample can be accounted
by 1% of free Ni ions.

Doping with Mg results in an increase of the susceptib
ity which is proportional to the concentration of impuritiesx.
For 1% doping the susceptibility atT,10 K amounts to
about two times the susceptibility of the pure sample. For
samples with the concentrationsx50.02, 0.04, and 0.06 we
additionally observed kinks in the susceptibility curves in
cating the Ne´el transition temperatureTN in good accordance
with data of Ref. 23. Some of the samples demonstrat
nonmonotonous contribution to the susceptibility with
weak smeared-out anomaly close to 8 K. A correspond
anomaly is observed in the temperature dependence of
microwave absorption~see below at the end of the section!,
but is suppressed in magnetic fields larger than 0.2 T.
magnitude of this anomaly depends on the number of in
mediate grindings and annealings and probably is due to
onset of superconductivity within a parasitic plumbo
phase.

FIG. 1. Temperature dependencies of the susceptibility of
ramic Pb(Ni12xMgx)2V2O8 for 0<x<0.06. Inset: susceptibility
below 20 K.
2-2
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PARAMAGNETIC AND ANTIFERROMAGNETIC . . . PHYSICAL REVIEW B65 174422
The ESR lines atT54 K ~this temperature is aboveTN
for all samples! are plotted in Fig. 2. The relatively wea
ESR signal in the nominally pure sample exhibits a com
cated structure consisting of more than four spectral com
nents. In doped samples in the paramagnetic state the
absorption is much more intensive and its spectrum cons
of a single line at the position corresponding to ag factor of
2.2 in the frequency range 9–110 GHz.

The temperature evolution of the ESR spectra of sam
with different doping concentrations is shown in Figs. 3 a
4. One can see that belowTN(x) (TN is 2.4 K at x50.02
and 3.4 K atx50.06) a transformation of the spectral de
sity occurs: the maximum of the microwave absorption sh
to higher fields with respect to the resonance field of
paramagnetic phase. The ESR line transforms into a br

FIG. 2. ESR spectra of ceramic Pb(Ni12xMgx)2V2O8 for 0<x
<0.06 at the frequency 27.4 GHz atT54 K. Narrow lines are
diphenylpicrylhydrazl labels corresponding tog52.0.

FIG. 3. Temperature evolution of the 27.3 GHz ESR lines
x50.02.
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band of absorption. The transition temperature forx50.01 is
on the edge of the temperature range of the susceptib
measurements and was determined to be 1.8 K from the
pearance of ESR-line distortion and from the microwa
anomaly in zero field described below. The transformation
the ESR line atT,TN is accompanied by a strong reductio
of the absorption at the field of the paramagnetic resona
for x50.04 and 0.06, while forx50.01 and 0.02 the absorp
tion in this field remains comparable with that in the pa
magnetic phase. With increasing frequency the band of
sorption becomes wider as documented in Figs. 5 and
Although atx50.01 and 0.02 the local maximum of the ES
absorption remains at the paramagnetic position~see Fig. 3!,
nevertheless, atT,TN the line shape changes from a Loren
zian to a line with additional absorption in the wings. A

r

FIG. 4. Temperature evolution of the 42.6-GHz ESR lines
x50.06.

FIG. 5. ESR lines of the sample withx50.02 for T51.3 K at
different frequencies. The curves are shifted vertically.
2-3
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A. I. SMIRNOV et al. PHYSICAL REVIEW B 65 174422
documented in Fig. 5, there is an enlarged absorption on
right wing of the ESR line at the lower frequencies of 23
GHz and 27.4 GHz and an enlarged absorption on b
wings for the higher frequency of 32.4 GHz.

For the samples withx50.04 andx50.06 thebound-
aries of the absorption band become clearly visible@see Figs.
6~a! and 6~b!, respectively#. They were determined from th
field values at the left and right edges of the band, where
absorption stops to grow or begins to diminish, respectiv
These boundaries are marked in Fig. 6~b! by circles and tri-
angles connected with dashed lines. The frequency-field
pendencies of the left and right boundaries of the absorp
are plotted in Fig. 7 along with the frequency-field depe
dence of the ESR in the paramagnetic phase at 4 K.
absorption-band edges forx50.04 and 0.06 exhibit a patter
typical for a powder of an antiferromagnet~see, e.g., Ref. 28!
revealing an antiferromagnetic resonance gap of 80 GHz

The AFMR gap should be temperature dependent, be
zero atT5TN and reaching its maximum value atT50. This
fact enables the observation of the antiferromagnetic re

FIG. 6. ESR lines of the samples with~a! x50.04 and~b! x
50.06 forT51.3 K at different frequencies. The dashed curves
~a! present the calculated absorption of an antiferromagnetic p
der with the following parameters:v0/2p580 GHz, linewidths of
the upper and lower AFMR branches were chosen equa
0.2v0/2p, and g/2p53.1 GHz/kOe corresponds to theg factor
2.2. Vertical segments mark the calculated boundaries of absorp
at zero AFMR linewidth. The circles and triangles on the curves
~b! demonstrate the lower and upper boundaries of the absorp
bands, respectively. The dashed lines connecting these sign
guide to the eye.
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nance in zero field by recording the microwave absorption
temperature. The temperature dependencies of the trans
ted microwave power at different frequencies are shown
Fig. 8 for x50.06. The inset of Fig. 8 shows the dependen
of the zero-field resonance frequency on temperature de
mined from the maximum absorption at each frequency. T
extrapolation of this frequency to zero temperature allo
one to obtain the AFMR gapv0/2p at T50. The abrupt
change, which is visible in the temperature dependence
the microwave absorption at low frequenciesf !v0/2p,
marks the Ne´el temperature~see the arrow in Fig. 8!. The
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FIG. 7. Frequency-field diagram of the microwave absorption
Pb(Ni12xMgx)2V2O8. Open symbols are boundaries of the AFM
absorption bands atT51.3 K: squares,x50.06, circles,x50.04.
Full symbols are resonance fields in the paramagnetic state, tak
4 K: squares,x50.06; circles,x50.04. Dashed lines are theoretic
dependencies for AFMR frequencies given by formulas 1–3,
the dotted line is the paramagnetic-resonance dependence for
S51/2 with g52.22.

FIG. 8. The dependencies of the microwave power transmi
through the resonator on the temperature atB50 for the sample
doped with 0.06 Mg. Inset: temperature dependence of
antiferromagnetic-resonance gap atx50.06.
2-4
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PARAMAGNETIC AND ANTIFERROMAGNETIC . . . PHYSICAL REVIEW B65 174422
values ofTN obtained by this method are in good agreem
with the results of dc susceptibility for all concentration
The values of the Ne´el temperatures and antiferromagnet
resonance gaps for samples with differentx are shown in Fig.
9. Both values increase approximately linearly forx,0.04
and saturate abovex50.04.

IV. DISCUSSION

A. Residual and substitutional defects

In our investigation we observed that the substitution
Ni with Mg ions strongly changes the magnetic susceptibi
and the ESR spectra of PbNi2V2O8. The influence of inevi-
table impurity phases can be estimated from the resid
low-temperature susceptibility which should tend to zero i
perfect Haldane magnet. The low-temperature susceptib
provided by these phases equals in magnitude the susc
bility due to 1% Mg doping and is definitely smaller than t
susceptibility of the higher-doped samples.

The integrated ESR intensity is a measure of the s
susceptibility in the paramagnetic state. The ESR signa
residual impurities observed in the nominally pure sample
low temperatures is two times smaller than the intens
which results from doping with 1% Mg. Thus the spin su
ceptibility provided by Mg doping prevails over the sp
susceptibility of impurity phases.

The weak ESR signal of the residual defects has a c
plicated spectrum with four lines which are resolved atT
51.4 K and which are smeared into one very broad line
T.25 K. Analogous to Ref. 13 we ascribe this signal p
sumably to the Ni31 ions appearing due to oxygen nonst
ichiometry.

B. Paramagnetic resonance

At 4 K the paramagnetic-resonance frequency of
doped samples is proportional to the magnetic field for f

FIG. 9. The concentration dependence of the Ne´el temperature
and of the antiferromagnetic-resonance gap. The meaning of
symbols is as follows: squares,TN from microwave absorption
open circles,TN from Ref. 23, triangles,TN from dc susceptibility,
full circles, AFMR gap. The line is drawn to guide the eye.
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quencies 9 GHz< f <110 GHz, as shown in Fig. 7 for con
centrationsx50.04 and 0.06. We do not observe a zero-fie
ESR splitting which is usually expected for spinS51 in a
crystal field and which is absent for spinS51/2. From the
data shown in Fig. 7 we derive an upper limit for the zer
field splitting of 0.5 GHz. The absence of a zero-field ES
splitting strongly confirms that the Mg doping provides e
fectiveS51/2 degrees of freedom. The expected value of
zero-field splitting for the single Ni21 ion is determined by
the crystal-field parameterD of the spin-Hamiltonian single-
ion anisotropy termD(Si

z)2. For PbNi2V2O8 the value ofD
was derived from the spectrum of spin excitationsD5
20.23 meV~Ref. 23! andD520.45 meV.29 The discrep-
ancy between these two values is due to different model
the magnetic interactions used for the data analysis. Even
smaller value should result in a zero-field splitting of the sp
S51 resonance mode of about 50 GHz. For the case of
ceramic sample it would result in a wide band of absorpt
which is not compatible with the observed resonance li
shown in Fig. 2. The effect of the single-ion anisotropy
the energy spectrum of the end of the Haldane chain
analyzed in Ref. 16, where it was shown that theD term does
not affect the central peak frequency of the ESR spectrum
long spin chain segments, and thus the spectrum is consi
with the concept of the effective spinS51/2. Our observa-
tions confirm this conclusion.

The samples of PbNi2V2O8 allow a relatively high extent
of doping in comparison with other Haldane magnets~see,
e.g. Refs. 9 and 16!. This relatively high concentration o
dopants enables to detect the interaction between defec
a comparison of the linewidth at differentx. From the ESR
lines displayed in Fig. 2 we see that the linewidth atx
50.02 is about 0.5-T larger than atx50.01. This huge in-
crease cannot be ascribed to dipole-dipole interaction o
exchange interaction of neighboring spins at these concen
tion values. Taking into account the multispin nature of t
magnetic defects we can explain this increase as follows.
staggered magnetization exists on the chain areas with
length of aboutj at the ends of the chain segments. At sm
concentrations the portion of spin-chain segments which
shorter than 2j equals approximately 2xj ~here j is mea-
sured in interspin distances!. Thus at the reasonable value
j'10 a significant portion of chain segments~about 0.4 at
x50.02) should contain strongly interacting clusters, tou
ing each other. This interaction may cause the broadenin
the ESR line because the exchange interaction along with
single-ion anisotropy results in an effective anisotropic e
change giving rise to the line broadening.

C. Antiferromagnetic resonance

By cooling through the Ne´el temperature we observed
significant transformation of the ESR spectra. The conv
sion of a single ESR line into a band of absorption in c
ramic samples may be explained by the opening of an ene
gap in the antiferromagnetic-resonance spectrum and by
dependence of the AFMR frequency on the orientation of

he
2-5
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A. I. SMIRNOV et al. PHYSICAL REVIEW B 65 174422
magnetic field. The observation of the ‘‘temperature re
nance’’ by scanning the temperature confirms the openin
the AFMR gap atT5TN .

The antiferromagnetic spin structure on the tetragonal
tice should be of uniaxial anisotropy, therefore we fitted
boundaries of the absorption bands~Fig. 7! by the formulas
for AFMR frequencies of a uniaxial antiferromagnet:30

~i! Hi easy axis,H,Hc5v0 /g:

v1,25v06gH. ~1!

~ii ! Hi easy axis,H.Hc :

v150,

v25A~gH !22v0
2. ~2!

~iii ! H' easy axis:

v15v0 ,

v25A~gH !21v0
2. ~3!

Hereg52mB /\. For intermediate orientations the resonan
frequencies lie between the values given by Eqs.~1!–~3!.
Thus, the magnetic fields determined by these formulas
resent the boundaries of the absorption bands of the pow
sample at a given frequency. The boundaries calculate
this way are shown in Fig. 7 along with the boundaries
rived from the observed absorption for the samples withx
50.04 and 0.06.

The resonance frequencies for an arbitrary orientation
the magnetic field can also be calculated.30 We modeled the
field dependence of the absorption of a ceramic sample
integration of the absorption over all orientations of the cr
tallites, taking into account the finite ESR linewidth and o
entational dependence of AFMR frequencies and neglec
the dependence of the ESR susceptibility of both AFM
modes on the orientation of the vector of antiferromagnet
with respect to the magnetic microwave field. This negle
ing may result in a loss of a nonresonant but field-depend
factor. The results of this calculation are plotted in Fig. 6~a!
along with the experimental curves. The modeling at fin
linewidths shows the smeared boundaries of the absorp
bands near the field values calculated by Eqs.~1!–~3! which
indicate boundaries of bands in the limit of narrow AFM
modes. These zero-width boundaries are marked in Fig.~a!
by vertical segments.

We find qualitative agreement between the experime
results and the calculated AFMR frequencies plotted in F
7 and between experimental and modeled absorption cu
in Fig. 6. The comparison of modeled and experimen
spectra allows us to estimate the AFMR linewidth as
proximately 20 GHz. Due to this large linewidth the o
served AFMR absorption deviates from the absorption of
usual antiferromagnetic powder,28 for which the boundaries
of absorption were observed as sharp anomalies at the l
ing positions calculated from formulas such as those gi
above.
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D. Coexistence of two ESR modes in low-doped samples

The ESR spectra of the low-doped samples withx
50.01 andx50.02 do not allow to obtain the frequency
field diagram of the boundaries of the absorption band,
cause the paramagnetic resonance line dominates within
complete frequency range. The absorption curve resemb
broad resonance line rather than an absorption band. Ne
theless the gap values can be determined from the absor
vs temperature dependencies in the zero field. The obse
absorption at the paramagnetic-resonance field is defin
different from the AFMR absorption, because at the AFM
gap of 51 GHz the AFMR field for the 18-GHz measureme
should be 1.9 T and not 0.6 T as observed. In addition
field of the maximum absorption is proportional to the fr
quency ~see Fig. 5!. This proportionality distinctly distin-
guishes the paramagnetic-resonance mode from the AF
mode. The presence of a paramagnetic-resonance line of
ficient intensity~see Fig. 5! is not due to an inhomogeneit
of the impurity concentration. An inhomogeneous impur
concentration should smear the Ne´el point and result in mac-
roscopic antiferromagnetic and paramagnetic parts of
sample. Our susceptibility curves demonstrate a well-defi
antiferromagnetic transition with a width less than 0.2
whereas we observe a paramagnetic ESR line atTN2T
.0.8 K.

This coexistence of paramagnetic- and antiferromagne
resonance modes is related to the recent observation
coexistence of these modes in the impurity-stimulated a
ferromagnetic phase of the spin-Peierls magnet CuGeO3.22,26

Unfortunately in the present work we cannot distinguish b
tween the AFMR and paramagnetic modes as clearly a
the case of single crystals of doped CuGeO3 with narrow
ESR lines. The coexistence of these two kinds of resona
signals was explained in Ref. 22 taking into account the r
dom distribution of the impurities and a respective dispers
of the length of spin-chain segments. As a result, there
relatively large antiferromagnetic areas, formed by coup
clusters, and isolated spin clusters, separated from each
by the nonmagnetic spin-gap phase. The isolated spin c
ters ~described in the Introduction! provide a paramagnetic
resonance signal due to their net magnetic moment, w
larger antiferromagnetic areas give rise to AFMR signa
This scenario of the microscopic phase separation may
derived also from the numerically simulated 2D pattern
the stimulated staggered magnetization atT50 obtained
both for spin-Peierls and Haldane magnets with an interch
interaction described in Ref. 31. There are peaks of stagg
magnetization around impurities and areas of a much lo
order parameter between them. Assuming naturally tha
finite temperature the areas of low order parameter will
disordered, we arrive at a pattern of islands of different si
with local antiferromagnetic order.

E. The average spin and the Ne´el temperature of the
impurity-induced order

The concentration dependencies of the AFMR gap and
Néel temperature are similar in the investigated range of c
centrations. They are approximately linear at smallx and
2-6
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PARAMAGNETIC AND ANTIFERROMAGNETIC . . . PHYSICAL REVIEW B65 174422
saturate atx'0.04. The linear increase of the AFMR gap a
of the Néel temperature at lowx may be explained using th
concept of ‘‘magnetic molecules’’24 appearing near impuri
ties. According to this consideration we take a cluster w
the staggered magnetization appearing near an impurity
‘‘magnetic molecule’’ with the number of spins of the ord
of the correlation lengthj. The module of the spin projectio
averaged over the sample is estimated as follows:

^uSi
zu&;xjS. ~4!

The linearx dependence of̂uSi
zu& at the diamagnetic dilution

was also confirmed by Monte Carlo simulation.31

Further, analyzing the interaction of the magnetic m
ecules via the interchain exchangeJ' the following estima-
tion for the Curie-Weiss constant was found in the lo
concentration limit:24

u;xJ'~jS!2;J'^uSi
zu&jS. ~5!

This estimate agrees well with the observed linear dep
dence of the Ne´el temperature on the concentration. In t
molecular-field approximation the AFMR gap is determin
by the expression

\v054AJiD^uSi
zu&. ~6!

Here Ji is the intrachain exchange. From Eq.~6!, using
the measured value ofv0/2p580 GHz and the values ofD
~see above! andJi59 meV determined in Ref. 23, we est
mate^uSz

i u&'0.06 for x50.04. The observed linear conce
tration dependence of the AFMR gap is in accordance w
Eqs. ~4! and ~6!. With the use of the measured value ofTN
and of relation ~5!, we estimate j;10 ~here J'

50.11 meV has been taken from Ref. 23!. This evaluation
of the correlation length is in accordance with the va
taken above for the analysis of the dependence of
paramagnetic-resonance linewidth on concentration and
T

P.

.

hi

17442
h
s a

-

-

n-

h

e
th

the correlation length of the unperturbed Haldane ch
which is known to be approximately seven intersp
distances.8

V. CONCLUSION

We identified the defects created in the Haldane mag
PbNi2V2O8 via the diamagnetic dilution by means of ESR
The absence of a zero-field splitting in the paramagn
spectra confirms the effectiveS51/2 degrees of freedom cre
ated by breakingS51 spin chains. Antiferromagnetic
resonance modes were found for different doping concen
tions below the ordering temperatures. The dependenc
the antiferromagnetic-resonance gap on the impurity conc
tration is similar to that of the Ne´el temperature. At low-
doping concentration the coexistence of paramagnetic-
antiferromagnetic-resonance modes was found. It is in
preted as a microscopic phase separation of the magn
phases at the Ne´el point analogous to the phase separation
the doped spin-Peierls magnet.22 The correlation length is
estimated to be about ten interspin distances. At low dop
the Néel temperature and the antiferromagnetic-resona
gap were found to be proportional to the concentration of
impurities in accordance with the molecular-field theory.
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