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An investigation of the effect of nonmagnetic Mg doping in the Haldane gap system,\PJiD§i is pre-
sented. Specifically, the magnetic properties of the quasi-one-dimensional compound ,Rig\V,0g (X
=0.24), located in the heavily doped region of theg, x phase diagram, have been examined using neutron
powder diffraction, muon-spin relaxationt( SR) and magnetic susceptibility. Neutron-diffraction measure-
ments show that antiferromagnetic long-range orgeopagation vectok=[000]) is established below
=3.2 K. The spins in the Ni sublattice lie either parallel or antiparallel tactheis, which is the magnetic easy
axis of the system. The spin configuration is antiferromagnetic both along thgdki#ns, i.e., the axis of
the crystal structure, and within tlab-plane for the nearest-neighbor Ni atoms. The refined ordered moment
at the NF"-site is u=0.9(1)ug . To our knowledge, this is the first diffraction evidence of the antiferromag-
netic ordering in this system. The static magnetic correlations of the doping-induced magnetic moments along
the Ni chains were probed by zero-figld" SR atT<Ty. The large number of detected spontaneous muon-
precession frequencies (6% ,<3 MHz) implies a nonuniform distribution in the magnitude of the ordered
moments along the spiral Nihains. Bulk susceptibility measurements reveal metamagnetic behavior below
Ty, consistent with the picture of an antiferromagnet with magnetic anisotropy and competing exchange

interactions.
DOI: 10.1103/PhysRevB.66.014428 PACS nuntger75.25+z, 75.50.Ee, 75.30.Gw, 75.30.Hx
[. INTRODUCTION established that the actual ground states are different for in-

teger and half-integer Heisenberg spin systems. Thus, while

In recent years, the magnetic properties of low-half-integer systems can show quasi-long-range drifee-
dimensional quantum Heisenberg antiferromagrieisF’s) ger spin systems have an energy gap in the spin excitation
have attracted a lot of interest both from theoretical and exspectrum and exhibit a singlet, nonmagnetic ground State.
perimental points of viek? The knowledge acquired by rigorous description of the Haldane conjecture is presented
studying these relatively simple systems can be implementebly the valence-bond-solid/BS) model® which allows for a
in understanding physical phenomena in the more complefree S=3 state to be associated with each end of an open
three-dimensional solids. For instance, in the quest for unehain. Electron-spin-resonance experiments on theRad.
ravelling the mechanism of highz superconductivity, ques- 9) and Zn(Ref. 10 dopedS=1 linear-chain Heisenberg an-
tions regarding the relevance of the pseudogap in twotiferromagnet (AF) [Ni(C,HgN,)»(NO,)]CIO, have pro-
dimensional cuprates demanded consideration. To helpided strong experimental evidence in support of the VBS
unravel this interrelationship, a vigorous research effort haground state.
been directed toward analogous low-dimensional spin sys- Among the various factors that can suppress the Haldane
tems, especially those with a spin-gap ground state. To thigap and change the singlet ground state to a long-range-
extent, various quasi-one-dimensiorfdD) materials have ordered(LRO) one, are single-ion anisotropy and 3D inter-
been explored, including the spin-Peierls CuGe@d the  chain coupling, which have been studied extensitven-
Haldane compound »BaNiOs, (Ref. 4 and spin-ladder sys- other possible factor predicted to result in the emergence of a
tems like the two-leg ladder Sr@D;.° Such systems can LRO magnetic state is the creation of spin vacancies in quan-
also serve as a bridge between 1D and complex 2D systemsim chains-? This largely unexplored issue of the suppres-

The pioneering work of Haldafiéed to a breakthrough in  sion of a Haldane gap and the concurrent appearance of LRO
our understanding of low-dimensional magnetism. Haldanelemands new experimental investigations on appropriate
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model compounds. Recent experiments of this type havéor PbNi; ;,dVigo ,.V,05 Were measured in zero applied mag-
shown contrasting behavior, and hence are the source of m@etic field at temperatures between 1.5 and 5 K on the DMC
tivation for further work in this direction. As such dilution- high-intensity diffractometer at the Swiss Spallation Neutron
induced free momentgon substituting Ni sites by non- Source(SINQ), using neutrons with a wavelength of 2.567
magnetic cations, e.gA=Zn’" or Mg*") and quantum A, The 4-g powder sample was contained in a cylindri¢al
fluctuations in chain compounds with a spin-singlet groundcan (#5x50 mn?). An oscillating radial collimator sup-
state drive ¥BaNiOs to a ground state, which resembles thatpressed Bragg peaks from the sample environment. For the
of the VBS;? in contrast to PbNV,0g, which undergoes a purpose of chemical and magnetic structure determination,
transition to long-range ordering. long-statistics scans were collected in the range<20

In the Mg-doped Haldane-gap PBN,Og compound, <90° (in steps of 0.2F over a 24-h period at 2 and 4 K. In
neutron powder diffraction data have unambiguously showmddition, shorter scand @ h each were measured on warm-
the transformation of the disordered ground state to an anting in order to determine the temperature evolution of the
ferromagnetic oné? In this paper, we present a detailed ac- magnetic state. Rietveld refinements of the powder neutron
count of variable temperature neutron powder diffractiongiffraction patterns were performed with theLLPROF (Ref.
(NPD), zero-field muon-spin relaxationu(" SR), and mag- 17 suite of powder diffraction software, using the internal
netic susceptibility results in the PbNi,Mg,V,0s (X  tables of neutron scattering lengths and magnetic form
=0.24) quasi-one-dimensional solid. We describe the spifactors.
configuration of the induced antiferromagnetic ground state. The u*SR data in zero-field were collected on the GPS
Zero-field . * SR reveals that the transition to the LRO AF spectrometer of the.* SR-dedicatedrM3 beamline, on the
state is characterized by a magnetic-field distribution with600-MeV proton accelerator at the Paul Scherrer Institute,
large inhomogeneities. The magnitude of the staggered mavilligen, Switzerland. The instrument was equipped with a
ment, generated by the Mg dopants, is derived by a Rietvelgie-flow cryostat to access the temperature range down to 1.8
refinement of the neutron data. We show that the size of th&, Pressed pellets of the powdered samples were attached
moment and the presence of multiple muon-precession frayith low-temperature varnish on an Ag sample-holder placed
quencies in the ZR" SR spectra of PbNkdVigo2aV/20s  on the sample stick of the cryostat. When 100% spin-
imply a nonuniform ordered moment size along the helicalpolarized positive muons are implanted in the solid sample,
NiOg-chains. We discuss microscopic features of the AFthey come to rest at an interstitial lattice site, and then act as
LRO state based on doping-induced ordering phenomena inighly sensitive microscopic local magnetic probes. In the
quasi-1D compounds. Extended dc and ac magnetiggresence of a nonzero, static internal magnetic field the
susceptibility measurements also show a low-temperaturgiuon spin undergoes spontaneous Larmor precession with

metamagnetic behavior for this composition. frequencyv, = (v,/2m)Hiy, where y,/2m=13.553 kHz/G
is the muon gyromagnetic ratio. TheSR technique in its
Il EXPERIMENTAL DETAILS variants (zero- or longitudinal-field has proven extremely

powerful in the field of small-moment magnetism, and in all

Polycrystalline PbNi_,Mg,V,0g (x=0 and 0.24 pow-  cases, when magnetic order is of random, very short range,
ders were prepared by solid-state reaction of stoichiometrispatially inhomogeneous or incommensurate naftifeor
quantities of PbO, NigD,-2H,0, MgO, and MOs in air.  this reason we employed it in studying the low-temperature
The mixture of the starting reagenfsurities >99.9%9 was transition in the magnetically dilute PbNigVigg 24504
first heated at 550 °C for 24 h to eliminate carbon-containingcompound.
species. Successive sintering cycles at elevated temperatures,
ranging from 750° to 780 °C, were carried out after repeated
grinding and pelletizing of the powders. These high-
temperature reactionollowed by slow cooling to room The present oxides are isomorphous to the alkaline-earth
temperaturgtook place over a period of ten days with three vanadate SrNV,0g,® and adopt a tetragonal crystal struc-
intermediate grindings. The phase purity was established byure (a=b=12.24 A, c=8.35 A, space group4,cd) with
x-ray powder diffraction using a Rigaku D/MAX-2000H ro- arrays of NiQ octahedra forming screw chains along the
tating anodg(12 kW) diffractometer. Data were collected at axis. The chains are separated by M@trahedra and Bb
room temperature during routine scans betweerss2@  jons, resulting in an inherent quasi-1D arrangement Sf Ni
=<80° with a step size of 0.02° and a count time of 3 s/stepspins S=1) with an average intrachain Ni-spin separation
using CuK « radiation with a secondary graphite monochro-of ~2.8 A and the shortest interchain one-65.9 A. These
mator. For the indexing of these x-ray-diffraction patterns,compounds are goatodelsystems to examine the effect of
longer count times of 8 s/step were used. No deviations ofpin-vacancies on inducing LRO magnetism in low-
the crystal structure were found from that reported in thedimensional solids.
literature'® Possibly, an impurity phase limited below the
2% level of the sensitivity limit of the diffractometer is
present. dc magnetization and ac susceptibility measure-
ments were performed with an Oxford Instruments MagLab The temperature dependence of dc magnetic susceptibil-
EXA system in dc magnetic fields up to 7 T, in the tempera-ity, xq{T), measured at 0.1 T, for PbNi,Mg,V,0g (X
ture range 1.8 to 300 K. Powder neutron diffraction profiles=0,0.24) is shown in Fig. 1. It is worth noting the features in

Ill. RESULTS AND DISCUSSION

A. Macroscopic magnetic properties
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the low-temperature behavior (8 <40 K) of the parent
compound x=0). The susceptibility could be fitted well to
the expression for spin-gap compouhtfs

In addition to a T-independent term, y(0)=~1.71
x 10" 2 emu/mol, yqT) exhibits a minimum at~8 K,
while at lower temperatures it follows a Curie law with
=3.66(2)x 10 2 emuK/mol. This behavior has been ob-

Aeff

KT (1)

_ C a
x(T)=x(0)+ ?—I— Wex

served for all samples studied to date, and has been attribute

to the presence of unidentified paramagnetic impurities. Th
Curie moment corresponds o.s~0.17ug per formula unit.
We propose that the upturn in the lolwsusceptibility is due
to the presence of fre= 1 spins at the ends of the chains

terminating on the surface of the grains. Above 8 K, the X _
&FC evolution ofy(T) for PbNi, 7gMgg 24V ,0g under several mag-

susceptibility increases exponentially and exhibits a broa
maximum around 120 K. The third term in Ed. describes
the bulk susceptibility due to the quasi-1D topology of the
Ni?*  spins in the compound, wherea~6.77

X 10~2 emu KY¥9mol is a constant factor anfiy is a finite
effective spin gaf:*® A simple fitting of the susceptibility
data between 1.8 and 40 K to E@) yields an estimate of
the thermal activation energy /k=45.3(1) K (~3.9
meV). This is roughly consistent with the two gaps for non-
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FIG. 1. (a) Temperature dependence of the zero-field-cooled
(ZFC) dc susceptibilityy(T) for PbNLV,0g at H=0.1T. (b) The

netic fields(H=0.1, 1.1, and 4.0 )T Inset: x4 vS T, demonstrating
marginal differences between ZFC and FC conditions. The solid
lines for limited temperature ranges display the fit to the data with
the functions described in Sec. Il A.

quantitative agreement with previous restftsUchiyama
and co-worker$ reported a phase diagram for
PbNiL_,Mg,V,0Oq in the Ty, X phase space, where the tran-
sition temperature rises rapidly at smallthen appears to

interacting chains, as_derived from inelastic neutron-gisplay a maximum of-3.5 K at a composition arounx

scattering (INS) studies?® the transverse gap\, =(A)
—0.5D=4.0(3) meV and the longitudinal ond,=(A)
+1.41D=3.1(3) meV, whereg{A)=0.41] is the Haldane
gap in the isotropic chafh and D is the easy-axis@<0)
anisotropy, estimated to be0.45 meV for PbNiV,0Og. Fur-
thermore, the high-temperature part (£D<300 K) of the
measuredyq(T) curve was fitted to a high-temperature se-
ries expansion derived for =1 1D HAF?2 Having sub-

=0.16, while with further increase it decreases at a slow
rate. These earlier dc susceptibility results indicate that while
the “amplitude” of the peak scales with the concentration of
the nonmagnetic Mg ions, its position depends on the Mg-
impurity content in a nonmonotonic way. This enhancement
may be attributed to the presence of fi@e 3 spins at the
ends of the chains, broken by the substitutional Mg cations.
In Secs. IlIB and 111 C, we discuss the nature of this phase

tracted the Curie term from the data, the best fit was obtainegtansition with the aid of neutron diffraction and" SR ex-

for a nearest-neighbor intrachain exchange energyl/&f
=—-91.9(1) K(~7.9 meVj and a Landdactorg~2.82. The
estimated in-chain coupling constahtliffers by about 12%
from that determined by INS measuremenis:9 meV %
From the susceptibility results on PBNi,Og, we calculate
a ratio A o¢/|J|~0.5, with theory predicting that for isotropic
S=1 HAF chains the ratio would reach an ideal value of
0.412* while deviations would imply important interactions
between chains.

The susceptibility data of the=0.24 Mg-doped sample

periments. It is found to be a paramagnetic-to-
antiferromagnetic phase transformatimnde infra).

The dc susceptibility of PbNiEgMgg24V20g exhibits a
considerable field dependence, and is shown in Fil). 4t
representative fields. We note that very little deviation is ob-
served aff <Ty between zero-field-coole@FC) and field-
cooled measurements at relatively low-fieldsset of Fig.
1(b)]. At higher fields(e.g.,H=1.1T), there are no differ-
ences at all and the characteristic AF maximum is suppressed
while a response suggesting the presence of ferromagnetic

are in sharp contrast to those of the parent compound. Beorrelations is observed. The field dependencg gfT) for

tween 100 and 300 Ky4{(T) obeys the Curie-Weiss law
x(T)=C/(T—6). Alinear fit to they ! vs T curve results

in a Curie constan€=3.41(1) emu K/mol and a large Curie
temperatured=—313.2(1) K, indicating strong antiferro-

PbNi, 71gMgg 24V >Og points to a picture of an antiferromagnet
with large magnetic anisotropy, which as demonstrated by
the INS experiments of Zheludeat al?° is already present

in the parent PbNV,05 compound in the form of a sizeable

magnetic spin correlations. In this high-temperature rangegasy-axis single-ion anisotropyp& —0.45 meV). SinceD

we estimateus;~2.98ug/Ni>", which is close to the ex-
pected value for ais=1 paramagnetic Ni complex. At low
temperatures, a pronounced “peak” ipy(T) appears at

is mainly controlled by the spin-orbit interaction on the mag-
netic Ni sites, low dilution of the Ni sublattice by nonmag-
netic Mg cations will not result in a substantial diminution of

~3.2 K, indicative of a magnetic phase transition. Both theD. In systems of this type, when a field is applied parallel to
peak position and the associated magnitude of the measuréee preferred axis of spin alignme(te., thec-axis, as seen

susceptibility, yqd(3.2 K)~48.1x10 % emu/mol, are in

by NPD), it tends to compete with internal exchange inter-
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FIG. 3. dc magnetic fieldH) dependence of the real part of the
ac susceptibility [x'(H), at h,~=10e, f=1kHz] for
PbNi; 7gMgg.4V,0g at T<Ty. Inset: phase diagram of the same
compound in thed —T plane;H. is the critical field for the transi-
tion from the antiferromagnetiCAF) to the metamagneti¢MM)
state. The line over the points is a phenomenological fit for extrapo-

. . . . lation to the 0-K value oH..
actions. The result is that instead of causing the moments to

flop perpendicular to the fielgspin-flopphasé?), the antifer- increasing temperature and disappear=afly. The critical
romagnet undergoes a first-order transition to a phase with @, efined this wayinset of Fig. 3 can be extrapolated to
net magnetic moment. In the case of PPNMGo 24V 50s, T=0K, reaching an upper value éf;=1.7(1) T. The lat-

this is demonstrated in Fig. 2. The magnetizatMnas a (o1 a5 extracted by a phenomenological power-law fit of the
function of the applied fieldH is shown for temperatures type Ho(T)~H(0)[1— (T/Ty)]", with n=0.6§5).
below and above the AF ordering temperatiig=3.2 K ¢ ¢ N

(under ZFC conditions Well aboveTy, the dc magnetiza-
tion is linear with the applied magnetic field. FOK Ty,
and at a critical fieldH,(T), one observes a significant de-  The neutron powder diffraction pattern measure# K is
viation from linearity, as marked by an “inflection point” shown in Fig. 4a). The chemical structuréspace group
(Fig. 2). However, this is not abrupt, as it would be expected| 4,cd) is described well by the crystallographic model pub-
for a first-order transition, probably due to the polycrystallinelished for SrNjV,05.1° A few very weak extra peak&.g.,
form of our sample. In addition, the averaging out of theat 20~16.2°, 36.6°, and 51.1°which are not indexed in the
magnetization components, along the preferred axis of spigiven space group, may originate from little amount of an
alignment and perpendicular to that, due to the powder nampurity phase or/and from a small deviation from the space
ture of the measured samples results in a nonprominent hygroup. However, they are temperature independent, and thus
teresis effect at low temperatut@set of Fig. 2, for 1.8 K could not be associated with the magnetic transition identi-
as the temperature increases this hysteresis becomes smafied by y4(T). Important changes in the diffraction pattern
and is absent foT=2.8 K. The results support a picture were observed belowy=3.2 K, where the magnetic sus-
where, upon the application of a magnetic field at low tem-ceptibility x(T) shows a prominent peak. The thorough in-
peratures, the material undergoes a transition from a state @g&stigation of the difference pl¢Fig. 4(b)], between the 2-
low magnetization to one with relatively high magnetization.and 4-K neutron-diffraction patterns, showed marked inten-
This field-induced transition is a common feature in othersity changes. All the peaks in the difference plot can be in-
chemical systems, like Fegl exhibiting metamagnetic dexed on the basis of the tetragonal chemical unit cell
behavior?* [a=b=12.2448(7) A andt=8.3592(7) A at 2 K, imply-
Additionally, the dc applied magnetic field dependence ofing that the chemical and magnetic unit cells coindiaeg-
the real component of the ac susceptibility,=1 Oe, f netic propagation vectak=[000]). There is an increase in
=1kHz) for the PbNj,dMgg.4/>0g compound, atT  the intensity of reflections associated with nuclear Bragg
<Ty, shows a characteristic “maximuniFig. 3). Its strong  peak positionge.g., (220] and the appearance of entirely
field dependence is a signature for the metamagnetic phasew reflections, indexed d911) and (031), which are ex-
transition, while the position of the maximum indicates thetinct for the space group symmetry4(cd) describing the
critical field H, for the transformation from the AF state to a chemical structure. Assuming that the spins are located at the
ferromagnetic like state at each temperature. The obtaineti6 Ni 16b sites, we analyzed all spin configurations and their
phase diagram is given as inset in Fig. 3. Thevolution of  orientation with respect to the crystal axes by Rietveld re-
H. demonstrates that the metamagnetic transition exists onfinements of the difference pattern. The absence of certain
belowTy . The transition fieldH ., necessary for the reversal magnetic Bragg reflections, lik€100/(010), (110, and
of the local spin directions along the chains, decreases witfD01), produces strong constraints on the possible magnetic

FIG. 2. MagnetizatiorM as a function of the applied magnetic
field H for various temperatures above and bel®y (3.2 K) in
PbNi; 76Mgg 24V2,0g. The “arrow” marks theM(H) “inflection”
point corresponding to the critical fie[dH .(T) ] for the transition to
the metamagnetic phase. Inset: full hysteresis loop-at.8 K.

B. Powder neutron-diffraction measurements
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figuration of the Ni* ions at 2 K.(b) The temperature evolution of
the antiferromagnetic (03j;)Bragg peak integrated intensity below
Tn=3.2 K. The line over the data points is a guide to the eye. Inset:
the temperature dependence of the integrated neutron intensity for
the (200), and (211), nuclear Bragg peaks.

40 60

20 (deg)

10 20 30 50

FIG. 4. Rietveld-refined neutron powder diffraction data (
=2.567 A) for PbNj 7gMlgg ,4V,05. Observedpoints, calculated

(full curve), and differencgbotton) profiles are shown. The upper .
(N) and lower(M) vertical lines mark the reflections due to chemi- those along the diagonal of the plane are coupled ferromag-

cal and the magnetic structures, respectivay.Full profile two- net'(_:a"y' . i

phase Rietveld refinement at 2 K. Inset: a schematic view of the Figure 4a) shows the results of the Rietveld refinement of

unusual connectivity of the distorted Njctahedral units along the NPD profile of PbNizgMgo2V/,0s at 2 K (R,

one quasi-1D chain of the unit cellb) Purely magnetic neutron =5.4% R.,,=0.6%) with a two-phase model to account for

diffraction pattern obtained by subtraction of the 2-K profile from both the chemicalspace groupt4,cd) and magneti¢space

that at 4 K. group: P1) structures. Table | presents a compilation of the
refined crystallographic parametemRg(,q4=4.1%) together

structures. For example, simple ferromagnetic spirals, antiwith selected bond distances for PhhdMgo 24V>0g. In the
ferromagnetically coupled to each other would give largeinset of Fig. 4a), the deformed rhombic connectivity api-
intensities at the100) or (110 Bragg peak positions (@  cal [i.e., short Ni-@2) and Ni-Q3)] and equatorial Ni-O
%12_0°1170°)_ We have found that the Spin Configuration bonds(Table Il) is shown for the distorted Nig)octahedra
shown in Fig. %a) is the only one that describes the neutronalong thec axis of the unit cell. The medium resolution of
data well. For this model, the calculated profile with thethe neutron data sets a limit for detailed refinement of the
magnetic form factor for Ni" moment and the resulting dif- atom fractional coordinates and their site occupancies. We
ference curve from the observed dajg € 1.55) are shown kept the latter constant to the values corresponding to the
in Fig. 4(b). The 16 Ni atoms are arranged along four four-nominal stoichiometry of the compound. The atomic posi-
fold screw axes running along theedirection of the unit cell,  tions for Ni, Mg, and oxygen were refined, while those for V
resulting in an antiferromagnetic structure, with the spinswere not because of its small scattering length.

lying only parallel or antiparallel to the axis. That is, spins Diffraction patterns with inferior experimental statistids

on the same chairintrachain and those at first nearest- h/temperature were measured in the range £6<5K.
neighbor chains along th@ andb axes(interchain) in each  The temperature evolution of the integrated intensity of the
(00z)-plane are coupled antiferromagnetically, whereasmost intens€031) antiferromagnetic Bragg pedkig. 5b)]
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TABLE I. Structural parameters derived from Rietveld refine- in antiferromagnetic or ferromagnetic substances. The un-
ments of the 2-K PbNizgMgo 24V20g neutron profileNote Vana-  usual reduction of the experimentally deduced ordered mo-
dium fractional coordinates were not refined but kept constant to thenent poses certain questions about the microscopic mecha-
position determined by earlier signal-crystal X-ray work on the iso-pjsm responsible, which warrant further examination.
structural SrNiV,Og (Ref. 16. Space group:l4,cd. a=b  Ajthough low-dimensional “zero-point” spin fluctuations or
=12.2448(7) A andc=8.3592(7) A. nickel-oxygen covalency effeé®® cannot be excluded as
being responsible for moment reduction in this compound,
Wyckoff we also need to examine this effect within the framework of

Atom position  x/a y/b ze Oceupancy  gijytion-induced ordering phenomena in quasi-1D HAE's.
Pb 8 0 0 0 0.5

Ni 16b 0.32629) 0.33037) 0.171414) 0.88 C. Muon-spin relaxation measurements

Mg 16b  0.32629) 0.33037) 0171414 012 One may wonder how the magnetic structure shown in
v 16b  0.2596  0.0802 0.1015 1.0 Fig. 5@ can represent the real physical picture when we
O(1) 160  0.1581) 04952 -0.0972) 1.0 have drawn spins at all the Ni sites, whereas for the
O(2) 16 0.3382) 0.6581)  0.4342) 1.0 =0.24 doping level we expect two out of the 16 Ni atoms in
0(3) 16b  0.1612) 0.6891)  0.6712) 1.0 the unit cell to have been randomly replaced by Mg cations.
04 16b  0.3301) 0.4991)  0.1992) 1.0 Neither diffuse scattering nor peak broadening that would

directly support spatial inhomogeneity in the moment size
was evident in the neutron-diffraction experiments. The spa-
confirms that a LRO magnetic state starts to grow below dial inhomogeneity of ordered moments can be examined by
characteristic temperatuiig,=3.2 K. local probe techniques such as muon-spin-relaxation
In many systems, however, the large anisotropy in thg ™ SR) spectroscopy.™ SR has a superb sensitivity to di-
interactions may promote canting, which leads to a wealute and/or small magnetic momenfsand for this reason we
ferromagnetic(FM) ground state. Therefore, we examinedemployed it in its zero-field (ZF) form to study
whether our NPD data could allow for any “rotation” of the PbNi; ;gVigg 24V20g. In Fig. 6, we present the Fourier trans-
local spin directions away from the “easy-axi& axis) spin  form of the ZFw " SR time spectrum at 1.82 K, and compare
configuration shown in Fig. (8). In the simplest case, if it with that in the parent material. The spectral distribution in
there is a FM component which is added to the main AFthe two compounds displays important differences related to
configuration, effectively leading to canting, it should give the nature of their associated ground states. The presence of
rise to some intensity contribution to the nuclear Bragg‘peak structure”(i.e., atv,~0.5, 1.5, and 2.6 MHgzin the
peaks. The inset of Fig.(B) shows the temperature depen- Fourier transform of the doped compound suggests that the
dence of the integrated neutron intensity for select2a() ZF-u" SR signal is the result of theonvolutionof more than
and (211), nuclear reflections. The lack of any temperatureone static internal magnetic fieldsH;,) at which the muon
variation in their intensities, compared to that of #@31) spin performs Larmor precession. No such features are evi-
AF reflection, and a Rietveld fit of th€2—4 K) difference  dent in the Fourier spectrum of PhiVi,Og, in support of
pattern to the canted AF configuration, suggests that spithe disordered character of its nonmagnetic, dynamically
canting, if present, will account for less thar20% of the  modulated spin-liquid ground state.
AF moment. Earlier ZF-u*SR work on the doping effects on the
From the best Rietveld fit to the 2-K dat®4,q=20%), linear-chain spin-Peierls (Gu,Zn,)(Ge _,Si)O; com-
we extracted the average size of the magnetic momengound’ demonstrated that induced staggered moments
per Ni ion, (u)=0.9(1)ug, in the AF spin configuration. around the Zn or Si defects lead to antiferromagnetic order
It is worth noting that the ordered moment in with large spatial inhomogeneity in the order moment size.
PbNi 7dMlgg 24V,0g displays a marked reduction from the In lightly doped(x or y<0.02 spin-Peierls CuGeQsingle
spin-only (w=g9) value of 2.Qvg expected forS=1 Ni** crystals, the field distribution and muon-spin precession

TABLE II. Selected bond length6}) and bond angle&eg in PbNi; -dVigo ,2V,0g at 2 K. The longer
Ni-O(2) and Ni-Q3) bonds correspond tapical oxygen atoms along the Ni&hains, and the shorter bonds
together with those of Ni-C1) and Ni-O4) to equatorialoxygens. The subscripts in the angles are associated
with lower (L) or higher (H) z-coordinate Ni atoms, respectively.

dpp.of A dyio/A Bond angles/deg
Pb-Q1) 2.288(25)x 2 Ni-O(1) 2.081(16) Ni-O(2)-Ni 88.1(6)
3.464(19)< 2 Ni-O(2) 1.99721) Ni-O(3)-Ni 86.5(7)
Pb-Q2) 2.796(18)X 2 2.08019) 0(3)-Ni_-0(2) 90.71.2)
Pb-Q3) 3.107(18)x 2 Ni-O(3) 2.04224) 0(3)-Niy-0(2) 94.71.4)
Pb-Q4) 2.661(14)2 2.09622)

3.267(14)< 2 Ni-O(4) 2.08921)
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1.00§ - : ' 3 ‘ '
ZF-4'SR, 1.82 K (a) 40! (b),
e PbNi, Mg V,0,
. x=0.24
30} 0

FIG. 6. (a) The time evolution of the zero-
field w*-spin  polarization P.(t) for
PbNb_,Mg,V,0g (x=0 and 0.24 at 1.82 K.
The lines over the data points are guides to the
eye.(b) The Fourier transform of the correspond-
ing u* SR time spectra.

0.25+

u* Spin Polarization, P (1)
o
[9)]
o
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0.00¢

0o 2 4 6
Time (usec) Frequency, v (MHz)

in zero field arises from a single muon site, associateadnoment of 0.9(1)g per Ni site at 2 K. The spins in the Ni
with a sizable internal field oH;,;,~500 G. On the other sublattice lie either parallel or antiparallel to tleaxis,
hand, in the ZFu*SR experiments of polycrystalline which is the magnetic easy axis of the system. The spin-spin
PbNi; -eMgg 24V,0g, the Fourier analysis resolves a numberinteraction isantiferromagnetic(below Ty= 3.2 K) both in
of intrinsically broad peaks, reflecting a nonhomogeneoushe NiGs;-chains running along the axis (intrachain and
internal field distribution, which is composed of a number ofwithin the ab plane for nearest-neighbor Ni atonister-
static local fields:H;,,~36—192 G. We note that the muon chain). Zero-field muon-spin relaxation beloW, confirms
local field is proportional to the size of the nearby momentsgthe static character of the magnetic interactions arising from
Hin(2)~w(z). Therefore, multiple local fields in the doping-induced, end-of-chain local moments. Also, it
PbNi, ,eMgg 24V, 0g indicatespatial inhomogeneitin the or-  provides evidence of aonuniformmoment size over the
der parameteti.e., the staggered momertf the antiferro- severed chain segments. It manifests as a convolution of
magnetic ground state, that is a nonuniform ordered momemmultiple spontaneous muon-precessioaquencieghat give
size along the Ni@helical chains. Crystallographically non- rise to an internal magnetic field distribution with spatial
equivalent muon sites, associated with the unusual topologynhomogeneities. The magnetic susceptibility shows that the
of the NP* ions in the 3D lattice, can give rise to such a compound exhibits metamagnetic behaviorTat Ty, sup-
complex internal field distribution. porting a picture of an antiferromagnet with significant mag-
netic anisotropy andompetingntrachain and interchain ex-
V. CONCLUSIONS change interactions.

In the quasi-one-dimensional PN, Og system, substi-
tution of the magnetic Ni" (S=1) sites by nonmagnetic
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cally disordered spin-gap ground state to essentially threesf quantum spin chains. It is a pleasure to acknowledge the
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diagram. Neutron powder diffraction and muon-spin relax-and muon beamtime. We also thank NATO for partial sup-
ation measurements were employed in the low-temperatungort under a “Collaborative Linkage Grant.” A.L. acknowl-
range where the ac and dc susceptibility data illustrated thatdges additional financial support from the General Secre-
a magnetic transition takes place. Neutron powder diffractioriariat for Science & Technolog{Greece through a Greece-
in PbNj; ,gMgg 24V,0g probes an average size of the orderedSlovenia “Joint Research & Technology Program.”
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