PHYSICAL REVIEW B, VOLUME 65, 174422

Paramagnetic and antiferromagnetic resonances in the diamagnetically diluted
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The impurity-induced antiferromagnetic ordering of the doped Haldane magnet Phitdj,),V,0g (0
<x=0.06) was studied by electron-spin resona(f€8R on ceramic samples in the frequency range 9-110
GHz. Below the Nel 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 concentrationin the same manner as the &léemperature, reaching its maximum value
of 80 GHz atx=0.04. At small concentrations<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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[. INTRODUCTION rity atoms, on both sides of the diamagnetic impurity. The
staggered magnetization decays exponentially with the dis-
One-dimensional1D) magnetic systems exhibit a variety tance apart from the impurity atom, thus the cluster includes
of different collective quantum states which are of significantspins placed on the chain part of the length of akoot one
physical interest. The ground state and magnetic propertiegde of the impurity. These clusters have a net spin and a net
of integer and half-integer 1D-spin systems are quite differ/Magnetic moment. For a broken dimeriz8e 1/2 chain the
ent. The ground state of the spB+ 1 chain with antiferro- et spin value of a cluster is obwou_sly 1/2._An intriguing
magnetic exchange is a singlet, and the excited triplet state¥/99€estion was made for sp8=1 chains stating that spin

i hould result in effecti&=1/2 degrees of free-
are separated by an energy gapso-called Haldane gap ~ Vacancies s ! _
The uniform S=1/2 antiferromagnetic spin chain exhibits 99 at the ends of the long chain segmeériEectron-spin-

also a singlet ground state but a gapless spectrum of thréasonancéESR) experiments confirmed the multispin nature

triplet excitation Both S=1 and S=1/2 spin chains are of the magnetic defects created by impurities in the spin-

) i _ . ~~ _Peierls magnet CuGeQ®!! The indications ofS=1/2 de-
disordered in the ground state: the average spin prOjectloarees of freedom were found in ESR spectra of the doped

(S7) equals zero for all spins of the chain. Nevertheless_j,qane system Ni(£gN,),NO,(CIO,) abbreviated as
there is a difference in the magnetic correlation length NENP (Refs. 9 and 1pand for defects in the Haldane mag-
which is infinite for the uniformS=1/2 chain and finite for pet Y,BaNiOs,*® while theS= 1/2 effective spins were ques-
the Haldane chains. tioned in Ref. 14 on the basis of specific-heat measurements.
A spin gap opens also in the spectrumSef 1/2 chains, if A discussion of th&=1/2 problem may be found in Refs. 15
the chains are alternated, i.e., the intrachain-exchange intgnd 16 and in the review article, Ref. 17.
gral takes in turn two values+ 6J. The correlation length of  Another interesting effect associated with defects in spin-
an alternated chain becomes finite. The alternating of spigap systems is impurity-induced magnetic ordering. Doping
chains may occur due to the crystal structure as, e.g., in thgf the spin-Peierls compound CuGg@ith both magnetic
1D magnet (VO)P,0;° or due to the spin-Peierls and nonmagnetic impurities and the resulting antiferromag-
transitior! as, e.g., in CuGeg>® The magnetic behavior of netic ordering was extensively studi¢skee, e.g., Refs. 18—
spin-gap systems is marked by a characteristic freezing o@2), while a spin-vacancy-induced magnetic ordering in a
of the magnetic susceptibility at low temperaturds Haldane magnet was only recently repoffedfor
<Alkg. PbNLV,0g. The phenomenon of impurity-induced antiferro-
The impurities embedded in a spin-gap magnet providenagnetic ordering in a spin-Peierls magnet was explained by
magnetic degrees of freedom on the singlet background anghe overlap of the wings of the solitonlike clusters of the
result in a contribution to the magnetic susceptibility at lowstaggered magnetization and the interchain exch&hgar
temperatures. The analysis of spin-Pefefisnd of Haldan®  Haldane systems an impurity-induced ordering was predicted
systems shows that breaking of spin chains locally destroygiking into account the restoring of antiferromagnetic corre-
the singlet state, and multispin clusters with a local staggereftitions by impuritie$* Both approaches have the same
magnetizatio(nonzero(S)) occur in the vicinity of impu-  physical reason: the staggered magnetization is restored over
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TABLE |. Lattice parameters and unit-cell volume of O | N L N SO A B
Pb(N _,Mg,),V,0g for Mg concentrations &x=<0.06. - o 30 ji ' 0—0 005 | |
i E& v—uyv x;0:04 1
X a (A) C(A) V(A)3 : i’ o0 | AQ% ::: :ig.gf :
0 12.2513) 8.3534) 1253.64) '_é 15 |- ’\\}v\gﬁ\"_° x=0 -
0.01 12.2442) 8.3493) 1251.83) 3 r 0l \;;;;;m%jw-,_a_. 1
0.02 12.23(8) 8.3413) 1247.74) 5 T \ me—e—e—q 1
0.04 12.2283) 8.3213) 1241.98) 2 [ c% : '°~°‘°-°;<.>o—o—o—°—°—;0 ]
0.06 12.2083) 8.3153) 1238.54) = 10k i
a number of spins near the defect. The evolution from the L -
isolated spin clusters to the long-range-ordered system was - .
followed by observations of ESR signals for the doped spin- ghoe b Lo L L i
Peierls magnet CuGeQ%?2 The gap in the spin-wave 0 100 200 300 400
spectrum and other characteristics of the impurity-stimulated T (K)

antiferromagnetic phase were derived from the spectrum of

the antiferromagnetic resonan@eFMR).*%2-%7 FIG. 1. Temperature dependencies of the susceptibility of ce-
The goal of the present work is an ESR study of defectsamic Pb(Nj_,Mg,),V,05 for 0<x=<0.06. Inset: susceptibility

and a search for the AFMR signals in the doped Haldanéelow 20 K.

magnet PbNiV,0Og. The diamagnetic dilution is performed

following Ref. 23 via the substitution of a small part 8f Design in the range 1.8—400 K. The ESR spectra were mea-

=1 Ni?" ions byS=0 Mg?" ions. As a result we observed sured in a spectrometer with a set of transmission-type reso-

ESR signals from magnetic defects created by spin vacarmators covering the range from 18 to 110 GHz and for tem-

cies. Above the Nel point the ESR spectrum corresponds toperatures 1.3—30 K. Magnetic-resonance absorption lines

the respectivés=1/2 degrees of freedom. At the Blepoint  were recorded as a function of the transmitted microwave

the ESR spectrum observed for a high concentration of impower on the applied magnetic field. The reduction of the

purities exhibits a transformation to an antiferromagneticiransmitted signal is proportional to the microwave power

resonance spectrum of a uniaxial antiferromagnet. At lowabsorbed by the sample. In additi¥rband(9.5 GH2 mea-

concentrations X=0.02) we observe the coexistence of surements were performed with a Bruker ELEXSYS E500

paramagnetic and antiferromagnetic resonances. We belie@@V spectrometer.

that this coexistence reveals the microscopic separation of

antiferromagnetic and paramagnetic phases as in the case of IIl. EXPERIMENTAL RESULTS

the spin-Peierls system CuGg& o
The temperature dependence of the susceptibility for sev-

eral samples is shown in Fig. 1. The susceptibility of the pure
(x=0) compound exhibits a broad maximumTat 120 K
Solid solutions of Pb(Ni_4Mg,),V,0g with x=0, 0.01, and decreases with decreasing temperaturd.-AL0 K the
0.02, 0.04, and 0.06 were prepared by means of ceramisusceptibility reveals a minimum and then shows a Curie-
technology using oxides PbO, NiO, MgO, and® of high  like increase due to defects. Beloli=10 K the total sus-
purity as starting chemical reagents. Annealing was pereeptibility of the nominally pure sample can be accounted for
formed at 1050 K in air. At higher temperatures an incongru-by 1% of free Ni ions.
ent melting of PbNiV,0g occurs. Single-phase samples Doping with Mg results in an increase of the susceptibil-
were produced by treating the initial mixture at high tem-ity which is proportional to the concentration of impurities
peratures for 800 h with several intermediate grindings andrFor 1% doping the susceptibility &i<<10 K amounts to
pressings. The sample composition was controlled by x-rapbout two times the susceptibility of the pure sample. For the
diffraction using the Dmax IIIC diffractometer of Rigaku. samples with the concentratiors-0.02, 0.04, and 0.06 we
According to the x-ray diffraction data, the single-phaseadditionally observed kinks in the susceptibility curves indi-
samples have the tetragonal structure of space gréupd  cating the Nel transition temperatur€, in good accordance
and are isostructural with SrNY,Og. The cell parameters of with data of Ref. 23. Some of the samples demonstrate a
the pure compound are in accordance with those observed imonmonotonous contribution to the susceptibility with a
Ref. 23. Partial substitution of Ni by Mg results in a com- weak smeared-out anomaly close to 8 K. A corresponding
pression of the elementary cell with increasing Mg concenanomaly is observed in the temperature dependence of the
tration. The change of the unit-cell parameters with doping isnicrowave absorptiofisee below at the end of the sectipn
presented in the Table I. but is suppressed in magnetic fields larger than 0.2 T. The
The molar concentration of impurity phases is estimatednagnitude of this anomaly depends on the number of inter-
to be less than 1%. The temperature dependencies of theediate grindings and annealings and probably is due to the
susceptibility were measured with a superconducting quamenset of superconductivity within a parasitic plumbous
tum interference devic€éSQUID) magnetometefQuantum  phase.

II. SAMPLES AND EXPERIMENTAL DETAILS
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Pb(Nig 6,M0g 06)2V204
f=426 GHz

Pb(Ni, . Mg,),V,0,

-<——absorption (arb.u.)

f=27.4 GHz
x=0.06 T=4.0K

1 /1 1 1 1 1 1 1 1
2 4

-~ absorption (arb.u.)

FIG. 2. ESR spectra of ceramic Pb{NjMg,),V,0g for 0=<x

=<0.06 at the frequency 27.4 GHz at=4 K. Narrow lines are

diphenylpicrylhydrazl labels correspondingde-2.0.

The ESR lines af=4 K (this temperature is abovE
for all sampleg are plotted in Fig. 2. The relatively weak
ESR signal in the nominally pure sample exhibits a compli-

x=0.06.

B(T)

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

band of absorption. The transition temperaturexter0.01 is
on the edge of the temperature range of the susceptibility
measurements and was determined to be 1.8 K from the ap-

cated structure consisting of more than four spectral coOmp5e5rance of ESR-line distortion and from the microwave

nents. In doped samples in the paramagnetic state the E

omaly in zero field described below. The transformation of

absorption is much more intensive and its spectrum consist$, o SR Jine aff < T, is accompanied by a strong reduction

of a single line at the position corresponding tg tactor of

2.2 in the frequency range 9—110 GHz.

with different doping concentrations is shown in Figs. 3 and
4. One can see that beloW(x) (Ty is 2.4 K atx=0.02

of the absorption at the field of the paramagnetic resonance

i for x=0.04 and 0.06, while fox=0.01 and 0.02 the absorp-
The temperature evolution of the ESR spectra of samplegq, i this field remains comparable with that in the para-

magnetic phase. With increasing frequency the band of ab-
sorption becomes wider as documented in Figs. 5 and 6.

and 3.4 K ax=0.06) a transformation of the spectral den- Ajihqygh atx=0.01 and 0.02 the local maximum of the ESR
sity occurs: the maximum of the microwave absorption Shiﬁsabsorption remains at the paramagnetic positswe Fig. 3,

to higher fields with respect to the resonance field of thg . ertheless qA<Ty

the line shape changes from a Lorent-

paramagnetic phase. The ESR line transforms into a broaﬂan to a line with additional absorption in the wings. As

0

~=—— absorption (arb.u.)

FIG. 3. Temperature evolution of the 27.3 GHz ESR lines for

x=0.02.

PB(Nig gsMdj 02)2V204 -
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23.4 GHz

27.4 GHz

32.4 GHz

T=13K

o
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FIG. 5. ESR lines of the sample with=0.02 forT=1.3 K at

different frequencies. The curves are shifted vertically.
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Pb(Ni, ,Mg,),V,0, T=1.3K 120
x=004 (@
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| :
110 GHz
82.3 GHz
B(T)
75.0 GHz FIG. 7. Frequency-field diagram of the microwave absorption in

absorption bands a&=1.3 K: squaresx=0.06, circlesx=0.04.

Full symbols are resonance fields in the paramagnetic state, taken at
4 K: squaresx=0.06; circlesx=0.04. Dashed lines are theoretical
dependencies for AFMR frequencies given by formulas 1-3, and
the dotted line is the paramagnetic-resonance dependence for spins
S=1/2 with g=2.22.

W Pb(Ni; _,Mg,),V,0s. Open symbols are boundaries of the AFMR

B(T)

nance in zero field by recording the microwave absorption vs
FIG. 6. ESR lines of the samples with) x=0.04 and(b) x  temperature. The temperature dependencies of the transmit-
=0.06 forT=1.3 K at different frequencies. The dashed curves inted microwave power at different frequencies are shown in
(a) present the calculated absorption of an antiferromagnetic powFig. 8 forx=0.06. The inset of Fig. 8 shows the dependence
der with the following parametersso/2m=80 GHz, linewidths of ~ Of the zero-field resonance frequency on temperature deter-
the upper and lower AFMR branches were chosen equal tanmined from the maximum absorption at each frequency. The
0.2w¢/27, and y/l2r=3.1 GHz/kOe corresponds to thefactor  extrapolation of this frequency to zero temperature allows
2.2. Vertical segments mark the calculated boundaries of absorptiopne to obtain the AFMR gamq/27 at T=0. The abrupt
at zero AFMR linewidth. The circles and triangles on the curves ofchange, which is visible in the temperature dependence of
(b) demonstrate the lower and upper boundaries of the absorptiofhe microwave absorption at low frequenciés wq/2,

bands, respectively. The dashed lines connecting these signs aigarks the Nel temperaturgsee the arrow in Fig.)8 The
guide to the eye.

- . . Pb(Nij 94Mgg 06)2V208
documented in Fig. 5, there is an enlarged absorption on the f (GHz)
right wing of the ESR line at the lower frequencies of 23.4 100
GHz and 27.4 GHz and an enlarged absorption on both
wings for the higher frequency of 32.4 GHz.

For the samples witkx=0.04 andx=0.06 thebound-
aries of the absorption band become clearly visibke Figs.
6(a) and @&b), respectively. They were determined from the
field values at the left and right edges of the band, where the

[

102 GHz

v 63.2 GHz
\f_c_@g_GHz

-=— absorption (arb.u.)

absorption stops to grow or begins to diminish, respectively. —~__26:8GHz

These boundaries are marked in Figo)eby circles and tri- w

angles connected with dashed lines. The frequency-field de- 18 GHa

pendencies of the left and right boundaries of the absorption ']\

are plotted in Fig. 7 along with the frequency-field depen- 0 EE— é S '1'0' — '1'5' — '2'0

dence of the ESR in the paramagnetic phase at 4 K. The

absorption-band edges far=0.04 and 0.06 exhibit a pattern T (K)

typical for a powder of an antiferromagnsee, e.g., Ref. 28

revealing an antiferromagnetic resonance gap of 80 GHz.  FIG. 8. The dependencies of the microwave power transmitted
The AFMR gap should be temperature dependent, beinghrough the resonator on the temperaturBat0 for the sample

zero atT = Ty and reaching its maximum valueB&0. This  doped with 0.06 Mg. Inset: temperature dependence of the

fact enables the observation of the antiferromagnetic resantiferromagnetic-resonance gapxat0.06.
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A T T T T T T quencies 9 GH&f=110 GHz, as shown in Fig. 7 for con-
i o R centrationsx=0.04 and 0.06. We do not observe a zero-field
/%” "% © 80 ESR splitting which is usually expected for sp*1 in a
ST ,/'O < crystal field and which is absent for sp8=1/2. From the
5 4 60 (:E data shown in Fig. 7 we derive an upper limit for the zero-
< ,@ o field splitting of 0.5 GHz. The absence of a zero-field ESR
Lz 2r S splitting strongly confirms that the Mg doping provides ef-
I E 140 % fective S=1/2 degrees of freedom. The expected value of the
] = zero-field splitting for the single Ri ion is determined by
Tri 420 the crystal-field parameté of the spin-Hamiltonian single-
_'/ Pb(Ni,_,Mg,),V,04 ion anisotropy ternD(S7)2. For PbNjV,0g the value ofD
] was derived from the spectrum of spin excitatioDs=
I ve—— —0.23 meV(Ref. 23 andD=—0.45 meV?° The discrep-

0 0.04 0.08 0.12 ) ,
ancy between these two values is due to different models of

the magnetic interactions used for the data analysis. Even the
) , smaller value should result in a zero-field splitting of the spin
FIG. 9. The.concentratlo.n dependence of th@INemperature S=1 resonance mode of about 50 GHz. For the case of the
and of the antiferromagnetic-resonance gap. The meaning of thg, o i sample it would result in a wide band of absorption
symbols is as follows: square3, from microwave absorption; hich i t tib ith the ob d i
open circlesTy from Ref. 23, trianglesT from dc susceptibility, whic I_S no, compatibie wi €o ,Serve_ reso,nance INes
full circles, AFMR gap. The line is drawn to guide the eye. shown in Fig. 2. The effect of the single-ion anlsotropy on
the energy spectrum of the end of the Haldane chain was
values ofT, obtained by this method are in good agreemen@nalyzed in Ref. 16, where it was shown that Eheerm does
with the results of dc susceptibility for all concentrations. not affect the central peak frequency of the ESR spectrum of
The values of the N&l temperatures and antiferromagnetic- long spin chain segments, and thus the spectrum is consistent
resonance gaps for samples with differeare shown in Fig.  with the concept of the effective sp®—=1/2. Our observa-
9. Both values increase approximately linearly for0.04  tions confirm this conclusion.

X

and saturate abowe=0.04. The samples of PbiV,0Og allow a relatively high extent
of doping in comparison with other Haldane magnestse,
IV. DISCUSSION e.g. Refs. 9 and 16 This relatively high concentration of
A Residual and substitutional defects dopants e_nables to dgtect_the interaction between defects by
' a comparison of the linewidth at differert From the ESR

In our investigation we observed that the substitution oflines displayed in Fig. 2 we see that the linewidth xat
Ni with Mg ions strongly changes the magnetic susceptibility=0.02 is about 0.5-T larger than &t=0.01. This huge in-
and the ESR spectra of PilNi;Og. The influence of inevi-  crease cannot be ascribed to dipole-dipole interaction or to
table impurity phases can be estimated from the residualxchange interaction of neighboring spins at these concentra-
low-temperature susceptibility which should tend to zero in &jon values. Taking into account the multispin nature of the
perfect Haldane magnet. The low-temperature susceptibility,agnetic defects we can explain this increase as follows. The
provided by these phases equals in magnitude the suscepiaggered magnetization exists on the chain areas with the
bility due to 1% Mg doping and is definitely smaller than the |ength of about at the ends of the chain segments. At small
susceptibility of the higher-doped samples. _concentrations the portion of spin-chain segments which are
The !nye.grgted ESR intensity is a measure of the SPihorter than 2 equals approximately X2 (here ¢ is mea-
susceptibility in the paramagnetic state. The ESR signal ofreq in interspin distancesThus at the reasonable value of
residual impurities observed in the nominally pure sample at.1g g significant portion of chain segmertébout 0.4 at
low temperatures is two times smaller than the intensity,— 02) should contain strongly interacting clusters, touch-
which results from doping with 1% Mg. Thus the spin sus-jnq each other. This interaction may cause the broadening of
ceptibility provided by Mg doping prevails over the spin he ESR |ine because the exchange interaction along with the
susceptibility of impurity phases. single-ion anisotropy results in an effective anisotropic ex-
The weak ESR signal of the residual defects has a COMghange giving rise to the line broadening.
plicated spectrum with four lines which are resolvedTat
=1.4 K and which are smeared into one very broad line at
T>25 K. Analogous to Ref. 13 we ascribe this signal pre- C. Antiferromagnetic resonance

sumably to the Ni" ions appearing due to oxygen nonsto- .
ichiome);ry PP g yg By cooling through the Ne temperature we observed a
' significant transformation of the ESR spectra. The conver-

B. P i sion of a single ESR line into a band of absorption in ce-
- raramagnetic resonance ramic samples may be explained by the opening of an energy

At 4 K the paramagnetic-resonance frequency of allgap in the antiferromagnetic-resonance spectrum and by the
doped samples is proportional to the magnetic field for fre-dependence of the AFMR frequency on the orientation of the
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magnetic field. The observation of the “temperature reso- D. Coexistence of two ESR modes in low-doped samples
nance” by scanning the temperature confirms the opening of |1 gsr spectra of the low-doped samples with

the AFMR gap aff =Ty =0.01 andx=0.02 do not allow to obtain the frequency-

The antiferromagnetic spin structure on the tetragonal latg;q| diagram of the boundaries of the absorption band, be-
tice should be of uniaxial anisotropy, therefore we fitted the

boundari he ab o bans by the | cause the paramagnetic resonance line dominates within the
oundaries of the a sorption . arj( g 7) y the tormulas complete frequency range. The absorption curve resembles a
for AFMR frequencies of a uniaxial antiferromagriét:

i ) broad resonance line rather than an absorption band. Never-
(i) H| easy axisH<Hc=wo/y: theless the gap values can be determined from the absorption
vs temperature dependencies in the zero field. The observed
absorption at the paramagnetic-resonance field is definitely
. . different from the AFMR absorption, because at the AFMR
(i) H| easy axisH>H_: gap of 51 GHz the AFMR field for the 18-GHz measurement
should be 1.9 T and not 0.6 T as observed. In addition the

w1 2= wo* yH. (1)

®1=0, field of the maximum absorption is proportional to the fre-
qguency (see Fig. % This proportionality distinctly distin-
w,=(YH)?~ wj. (2)  guishes the paramagnetic-resonance mode from the AFMR
_ mode. The presence of a paramagnetic-resonance line of suf-
(iii) HL easy axis: ficient intensity(see Fig. % is not due to an inhomogeneity
of the impurity concentration. An inhomogeneous impurity
1= o, concentration should smear thedll@oint and result in mac-
roscopic antiferromagnetic and paramagnetic parts of the
wy= ‘/( yH)?+ w%. ©) sample. Our susceptibility curves demonstrate a well-defined

antiferromagnetic transition with a width less than 0.2 K,

Herey=2ug/#. For intermediate orientations the resonancewhereas we observe a paramagnetic ESR linel\at T
frequencies lie between the values given by E{3$-(3). >0.8 K.
Thus, the magnetic fields determined by these formulas rep- This coexistence of paramagnetic- and antiferromagnetic-
resent the boundaries of the absorption bands of the powdegsonance modes is related to the recent observation of a
sample at a given frequency. The boundaries calculated ipoexistence of these modes in the impurity-stimulated anti-
this way are shown in Fig. 7 along with the boundaries deferromagnetic phase of the spin-Peierls magnet CuBées
rived from the observed absorption for the samples with Unfortunately in the present work we cannot distinguish be-
=0.04 and 0.06. tween the AFMR and paramagnetic modes as clearly as in

The resonance frequencies for an arbitrary orientation ofhe case of single crystals of doped CuGefith narrow
the magnetic field can also be calculatd#ve modeled the ESR lines. The coexistence of these two kinds of resonance
field dependence of the absorption of a ceramic sample byignals was explained in Ref. 22 taking into account the ran-
integration of the absorption over all orientations of the crys-dom distribution of the impurities and a respective dispersion
tallites, taking into account the finite ESR linewidth and ori- of the length of spin-chain segments. As a result, there are
entational dependence of AFMR frequencies and neglectingelatively large antiferromagnetic areas, formed by coupled
the dependence of the ESR susceptibility of both AFMRclusters, and isolated spin clusters, separated from each other
modes on the orientation of the vector of antiferromagnetisnby the nonmagnetic spin-gap phase. The isolated spin clus-
with respect to the magnetic microwave field. This neglectters (described in the Introductiorprovide a paramagnetic
ing may result in a loss of a nonresonant but field-dependenesonance signal due to their net magnetic moment, while
factor. The results of this calculation are plotted in Fige)6 larger antiferromagnetic areas give rise to AFMR signals.
along with the experimental curves. The modeling at finiteThis scenario of the microscopic phase separation may be
linewidths shows the smeared boundaries of the absorptiotlerived also from the numerically simulated 2D pattern of
bands near the field values calculated by Eds-(3) which  the stimulated staggered magnetizationTat0 obtained
indicate boundaries of bands in the limit of narrow AFMR both for spin-Peierls and Haldane magnets with an interchain
modes. These zero-width boundaries are marked in K&). 6 interaction described in Ref. 31. There are peaks of staggered
by vertical segments. magnetization around impurities and areas of a much lower

We find qualitative agreement between the experimentabrder parameter between them. Assuming naturally that at
results and the calculated AFMR frequencies plotted in Figfinite temperature the areas of low order parameter will be
7 and between experimental and modeled absorption curveisordered, we arrive at a pattern of islands of different sizes
in Fig. 6. The comparison of modeled and experimentalyith local antiferromagnetic order.
spectra allows us to estimate the AFMR linewidth as ap-
proximately 20 GHz. Due to this large linewidth the ob-
served AFMR absorption deviates from the absorption of the
usual antiferromagnetic powd& for which the boundaries
of absorption were observed as sharp anomalies at the limit- The concentration dependencies of the AFMR gap and the
ing positions calculated from formulas such as those giverNeel temperature are similar in the investigated range of con-
above. centrations. They are approximately linear at smatnd

E. The average spin and the Nel temperature of the
impurity-induced order
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saturate ak~0.04. The linear increase of the AFMR gap andthe correlation length of the unperturbed Haldane chain
of the Neel temperature at low may be explained using the which is known to be approximately seven interspin
concept of “magnetic molecule* appearing near impuri- distance$.

ties. According to this consideration we take a cluster with

the staggered magnetization appearing near an impurity as a V. CONCLUSION

“magnetic molecule” with the number of spins of the order

of the correlation lengtl§. The module of the spin projection ~ We identified the defects created in the Haldane magnet

averaged over the sample is estimated as follows: PbNLV,0q via the diamagnetic dilution by means of ESR.
The absence of a zero-field splitting in the paramagnetic
(IS)~xés. (4)  spectra confirms the effecti&=1/2 degrees of freedom cre-

ated by breakingS=1 spin chains. Antiferromagnetic-
resonance modes were found for different doping concentra-
tions below the ordering temperatures. The dependence of
the antiferromagnetic-resonance gap on the impurity concen-
tration is similar to that of the N temperature. At low-
doping concentration the coexistence of paramagnetic- and
antiferromagnetic-resonance modes was found. It is inter-
9~xJ, (£S)2~J, (|S)¢S. (5) preted as a microspopic phase separation of the mggnt_atic
phases at the N point analogous to the phase separation in
This estimate agrees well with the observed linear deperthe doped spin-Peierls magrfétThe correlation length is
dence of the Nel temperature on the concentration. In theestimated to be about ten interspin distances. At low doping
molecular-field approximation the AFMR gap is determinedthe Neel temperature and the antiferromagnetic-resonance
by the expression gap were found to be proportional to the concentration of the
impurities in accordance with the molecular-field theory.

The linearx dependence df|S{|) at the diamagnetic dilution
was also confirmed by Monte Carlo simulatith.

Further, analyzing the interaction of the magnetic mol-
ecules via the interchain exchangge the following estima-
tion for the Curie-Weiss constant was found in the low-
concentration limit*

hwo=43D(|S]). (6)
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