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J. Dast A. V. Mahajan?! J. Bobroff? H. Alloul,> F. Alet>#and E. S. $®nsen
!Department of Physics, Indian Institute of Technology, Mumbai 400076, India
°Laboratoire de Physique des Solides, UMR 8502, Univeites-Sud, 91405 Orsay, France
3Theoretische Physik, ETH Hch, CH-8093 Zuich, Switzerland
4Computational Laboratory, ETH Zich, CH-8092 Zuich, Switzerland
5Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, L8S 4M1 Canada
(Received 27 October 2003; published 2 April 2p04

We present the effect of ZnS&0) and Cu §=1/2) substitution at the Ni site db=1 Haldane chain
compound ¥BaNiOs;. Y nuclear-magnetic resonan¢®lMR) allows us to measure the local magnetic
susceptibility at different distances from the defects. ¥HeNMR spectrum consists of one central peak and
several less intense satellite peaks. The central peak represents the chain sites far from the defect. Its shift
measures the uniform susceptibility, which displays a HaldaneAgapp00 K and it corresponds to an anti-
ferromagnetidAF) couplingJ~260 K between the nearest neighbor Ni spins. Zn or Cu substitution does not
affect the Haldane gap. The satellites, which are evenly distributed on the two sides of the central peak, probe
the antiferromagnetic staggered magnetization near the substituted site. The spatial variation of the induced
magnetization is found to decay exponentially from the impurity for both Zn and CTi¥d&0 K. Its extension
is found identical for both impurities and corresponds accurately to the correlation gigtidetermined by
Monte Carlo simulations for the pure compound. In the case of nonmagnetic Zn, the temperature dependence
of the induced magnetization is consistent with a Curie law with an “effective” §gitd.4 on each side of Zn.

This staggered effect is quantitatively well accounted for in all the explored range by quantum Monte Carlo
(QMC) computations of the spinless-defect-induced magnetism. In the case of magnetic Cu, the similarity of
the induced magnetism to the Zn case implies a weak coupling of the Cu spin to the nearest-neighbor Ni spins.
The slight reduction of about 2030 % of the induced polarization with respect to Zn is reproduced by QMC
computations by considering an antiferromagnetic coupling of streHgtl®.1J— 0.2] between the&s=1/2 Cu

spin and nearest-neighbor Ni spin. Macroscopic susceptibility measurements confirm these results as they
display a clear Curie contribution due to the impurities nearly proportional to their concentration. This contri-
bution is indeed close to that of two spin half for Zn substitution. The Curie contribution is smaller in the Cu
case, which confirms that the coupling between Cu and near-neighbor Ni is antiferromagnetic.
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[. INTRODUCTION well-established Haldane gap compound. YBNO can be de-
scribed by the space group,mm.5 All the Ni>" ions are
One- and two-dimensional Heisenberg antiferromagnetidocated at the center of highly compressed corner shared
(1D and 2D HAB spin systems are presently attracting NiOg octahedra and form Ni-O-Ni chains along theaxis
strong interest due to the variety of ground states that thedsee Fig. 1a)]. These octahedra are flattened along the chain
systems exhibit: spin gap, spin Peierls, resonating valencaxis and the Ni-O distances can be divided in two groups
bond, superconductivity, etc. Effects of substitution in the(Ni-O1~1.885 A and Ni-O2-2.186 A). Intrachain Ni-Ni
HAF half-integet and integer-spin chairfs)adders’ and distance is equal to 3.77 A (Rii ions interact via the oxy-
planeé have been studied both experimentally and theoretigen ion, while the smallest interchain Ni-Ni distance is
cally to understand such ground states and their elementaglose to 6.6 A. Also, since these chains are separated by Ba
excitations. and Y cations, the physical properties are expected to be
Among these systems, one-dimensio®all HAF chains  predominantly 1D. The superexchange couplingstimated
have attracted immense interest after Haldarmnjectured from magnetic susceptibility i§~285 K.° The magnitude
that in case of integer-spin chains, there is a finite energy gapf the Haldane gapj~ 100 K has been obtained from mag-
between the ground state and first excited state. The groumtetic susceptibility measuremeritd! Inelastic neutron-
state of this system can be well described by valence bonscattering experiments also reveal the existence of aAgap
solid (VBS) model® This model suggests that ea& 1 ~100 K,*? between the ground state and first excited state
spin can be considered to be a symmetric combination of twand|J, /J|<5x 10 %, whereJ, andJ are the interchain and
S=1/2 spins. With periodic boundary conditions, eaBh intrachain coupling constants, respectivElifhis proves the
=1/2 forms a singlet with the nearest neighlfon) belong-  strong 1D character of the Ni chain®Y nuclear-magnetic-
ing to the adjacent site. Introducing a nonmagnetic impurityresonance NMR) experiments on polycrystalline YBN®
i.e., open boundary conditions, is equivalent to removing onalso show the presence of a gAp-80+5 K and an aniso-
S=1. This is expected to give rise to tvg= 1/2 at each end tropic shift which is responsible for the asymmetry in the
of the chain’ NMR spectra.
Y,BaNiOs; (YBNO), anS=1 one-dimensional HAF is a In-chain Zrf*, Mg?* (S=0) substitutions at the Rif
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’7/7% the correlation functions of these systems, both their expo-
Uy nential shape and their extension. Such results were quanti-
. tatively explained by Monte Caf8722 and density-matrix
Qo renormalization-group simulatiod$-2*
In this paper, we propose to extend such local studies
Hho : > . .
() 5 to other impurities, both nonmagnetic and magnetic and

to greatly improve the quantitative aspects of these results.
We, therefore, present a study of the susceptibility &hd
NMR spectra on Y¥YBaNi;_,Zn,O5 (YBNO:Zn) and
Y,BaNi; _,Cu,0Os (YBNO:Cu) (0=<x=<0.02). Dilute con-
centration of substitutions were preferred in an attempt to
observe well-resolved impurity-induced effects on ¥
NMR spectra far from the impurities and in a temperature
regimeT<A, since theS=1/2 excitations interact to a much
lesser extent at lower impurity concentrations. We detail the
experimental conditions in Sec. Il and NMR and bulk sus-
ceptibility measurements on YBNO:Zn and YBNO:Cu will
be presented in Sec. lll. Zn and Cu substitutions are found to
induce lowT Curie terms in the bulk susceptibility, while
8%y NMR spectra show a multipeak structure. The multiple
peaks are associated to an impurity-induced short-range stag-
gered magnetization which appears very similar for both Zn
and Cu. As discussed in Sec. IV, our results on YBNO:Zn
prove the universality of the effects of spinldség and Zn
impurities in theS=1 chain. These results are quantitatively
reproduced by our quantum Monte Carfl@MC) simula-
tions. Effects of arB=1/2 impurity (Cu) are contrasted with
those of Zn substitution at various temperatures. Here again,
QMC simulations fit the data well and enable us to deduce
the magnitude of the exchange coupling between Cu and nn
Ni, which is found weak and antiferromagnetic. Finally, the
contribution of impurity-induced magnetization to the total
susceptibility is extracted from NMR and has been compared
to the macroscopi¢superconducting quantum interference
device (SQUID)] measurements taken on the same set of

the two nnn chains®Y nuclei which couple to that chain are la- samples. All results can be well explained in a common

beled according to their distance to the impurity as indicated in theVBS'"ke framework both for Zn and Cu.
figure. In(a) only some of the oxygen atoms are represented, for
clarity. In (b) only the Ni and Y sites are displayed. Il. EXPERIMENTAL DETAILS

FIG. 1. (a) Representation of the unit cell of,BaNiOg: the %Y
nucleus is hyperfine coupled to the Ni electrons in its two next-
nearest-neighbagnnn) chains through oxygens while its transferred
hyperfine coupling to the Ni on the nearest-neighbm) chain is
expected to be smallb) When an impurity is substituted in one of

(S=1) site of YBNO (Refs. 2 and 15-18have been at- Polycrystalline samples of >BaNi;_,Zn,Os and
tempted. Bulk susceptibility measurements confirm that non¥ ,BaNi; _,Cu,Os (0=x=0.02) were prepared by standard
magnetic substitutions break the chains and give rise tsolid-state reaction techniques. Stoichiometric mixtures of
chain-end free spin€ Low-temperature specific-heat predried ¥,0;, BaCQ,, NiO, ZnO, and CuO ¥99.9%
measurements on different doped samples have been quanpure were fired in air at 1200°C. Single-phase samples
titatively explained by an effective modElwhich describes were obtained after several rounds of grinding, pelletization,
the low-energy spectrum of noninteracting of@nal chain.  and firing. In an attempt to reduce the parasitic Curie term in
Tedoldiet al’ carried out®®Y NMR experiments in 5% and the susceptibility, as discussed in Sec. Il A, we fired the
10% Mg doped YBNO for temperaturéE>A. They ob- samples in vacuum at 400 °C, in order to reduce the excess
served multiple-pealé®y NMR spectra at differenfT and ~ oxygen present in the sample. X-ray powder diffraction was
determined thd@ dependence of the staggered magnetizatiortarried out using a PHILIPS PW 1729 powder diffracto-
near the impurity from the shift of these peaks at diffefEnt meter, using Si as an internal standard. A Cu target was used
From the site dependence of the staggered magnetization, tiethe diffractometer with\ ,,=1.54182 A. Lattice param-
characteristic length scale of its decay was found to be simieters were determined from the diffraction pattern using a
lar to the correlation lengti#¥(T) of the pureS=1 HAF least-square-fit method. The lattice parameters for the “pure”
chain. At lower temperatures, the NMR spectra were found/BNO sample were found to be 3.763(1) A, 5.762(1) A,
to broaden significantly and hence various features could nand 11.334(3) A along, b, andc axes, respectively, which

be resolved. These results prove that the nonmagneti@re in agreement with the earlier res(itBhe lattice param-
impurity-induced effects reveal the intrinsic characteristics ofeters remain almost unchanged after Zn and Cu substitution.
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The nearly identical effective ionic raéfiof Ni>", zZr?™, ' R '
and C&* together with the dilute level of doping may be the 10F* o x=0 annealed .
cause of the unchanged lattice parameters. s g o[t x-0o02annealed
MagnetizationM measurements were performed as a o gl E . ol
function of temperaturél' (1.8 K€T<300 K) and an ap- g : e 8 FER
plied fieldH (0<H=<50 kG) using a SQUID magnetometer. o~ R .. ) .
NMR measurements were performed by standard pulsed g 61 n 2 st iy PR I
NMR techniques in an applied field,=70 kG at different ™ . g&“"“
temperatures (50 £ T=<325 K). The typical width of the =4l T T oz T os od o5 od
applied /2 pulse wasty,=6 us. The line shape was ob- = d (a) 1T(K™)
tained by Fourier transform of the NMR echo signals. The Y YBNO:Zn o x=0
8y NMR shift K(T)=[v(T)— vet)/vief Was measured 20 % A x=00 1
with respect to a standard YLsolution[ »(T) is the reso- Sliassasssssssaseass
nance frequency of Y8aNiG; at different temperatures and o L . , . , . ,
vef=14594.15 kHz is the resonance frequency of Y@l 0 50 100 150 200 250 300
our experiment At higher temperatures (120KT T (K)

<300 K), the spectral width of the/2 pulse was sufficient
to reliably obtain the full spectrum. However, at lower tem- o x=0, annealed .
peratures T<120 K), where the multiple resonance lines 6L [ 4 x=002 annealed ,
are spaced far apart in frequency, we varied the irradiation

frequency to obtain the full spectrum as the spectral width of
the singlew/2 pulse was insufficient.

The quantum Monte Carlo simulations were performed
using the stochastic series expansion meffiddwith gen-
eralized directed loop techniqués:° Calculations of mag-
netization profiles were done for long runs of about 20°
Monte Carlo steps for an isotrop=1 Heisenberg model, 5L
with an imposed magnetic field of about 70 kG, correspond-
ing to the field used in the NMR experiments.

>
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Ill. RESULTS T (K)

A. Bulk susceptibility . -
FIG. 2. Magnetic susceptibility vs temperatuie for (a)

Susceptibility ~ x(T)  of Y,BaNi,_,Zn,Os and  vy,BaNi,_,ZnOs and (b) Y,BaNi,_,CuOs (0<x<0.02). The
Y ,BaNi; -,Cu,0O5 (0=x=<0.02) was measured as a function solid line follows Eq.(5) and the fitting was done using the proce-
of Tin an applied field oH=5 kG (Fig. 2). We checked for dure discussed in Sec. IV C, for the “pure” YBNO sample fbr
the possible presence of spurious ferromagnetic impurities:150 K. In the insets, the representation V& &idences the Cu-
by measurindvl versusH isotherms at different temperatures rie law behavior at low temperatures. Comparison between nonan-
in order to separate the linegraramagneticand nonlinear nealed and annealed samples in the inségjoshows that annealing
(ferromagnetig contributions. The ferromagnetic contribu- leads to a reduction of the Curie term. In contrast, Zn or Cu substi-
tion corresponds to about 2 ppm of ferromagnetic Fe imputution leads to an increase of the Curie term.
rity which amounts to at most 0.2% of the susceptibility. It L . .
is, hence, neglected in our analysis. The paramagnetic Sug‘gmosphere. Reduction in the Curie term in our samples
ceptibility for the pure sample is in rough agreement with them'ght be_ due to removal of+excess oxygen leading to a re-
results published earliéf3! The susceptibility decreases as duction in the amount of Ni" due to the above process. A
e~ A/T/ [T with decreasing temperature, as a consequence (gascussmn abput intrinsic defects, effect of vacuum anneal-
the Haldane gaf’ At lower temperaturesT<50 K), there Ing, an_d the_lmpllca}tlons on SQUID and NMR measure-
is a Curie-Weiss-likeC/(T+ 6) upturn in the susceptibility. ments is carried out in Sec. IV D. All measurements with the
This parasitic Curie term in the pure sample might presum_subst|tuted samples reported hereafte.r are on the vacuum an-
ably result from various sources such as natural chain breakgealleq.samples. In case of the Sngt'tUted sa_mplles, the.sus-
presence of Ni" (as a result of small oxygen nonstoichiom- ceptibility at lower temperatures increases W't.h Incréasing
etry), and extrinsic paramagnetic phases present in thgopant cor_lten[show_n In Figs. 2_(a,b), insed, which |nd|_-

. S I Cates an increase in the Curie term for the substituted

sample. A substantial reduction in this loweontribution to samples
the susceptibility(i.e., reduction in the Curie terr®) was '
achieved by vacuum annealing the powders at 400°C, as 8
evident from the inset of Fig.(d). A similar reduction in the B. %Y NMR

parasitic Curie term in &=1/2 chain compound, SEuQ;, In YBNO, each®Y has two nn N§* from one chain and
was observed earlier by Angit al>® after annealing in inert two next-nearest-neighbainnn) Ni2* from two different

144404-3



J. DASet al. PHYSICAL REVIEW B 69, 144404 (2004

T T : ! T 2500
—~ Sos veno !
B 2 150 K L YBNO Qﬁ) S0m
g 0.08 |3 ! - | al
57, oameses | [1 1] 150 K 2000 e
= | 5 ‘
g [}
= = g ~ ! —_
.:g T == g 1500¢
E’ v (kHz) : ll \8—/_
é‘ 0.04 ,l '| E X 1000} A Undoped (present work)
0 ) \ O Zn doped (present work)
§ Non-annealed : |\ Annealed ®  Cu doped (present work)
g '.: “ 500+ % Undoped (Shimizu et al.)
: \
o
“
0.00 e e 0160 200 300 400
0 4 ,. . ) . .\r 4
14580 14610 14640 14670 T(K)

v (kHz) FIG. 4. 8Y NMR shift of the mainline®K as a function of
FIG. 3. Comparison of th&% NMR spectra of the nonannealed temperatureT, for pure (present results and from Shimizt al.
and annealed YBNO at 150 Kn the inset, the full line and in the (Ref. 14) and substituted sample?K(T), which measure the uni-
main frame, a vertical zoomThe intensity of the satellite peaks form susceptibility, remains unaffected by substitutions. The solid
reduce after vacuum annealing showing that the corresponding déne represents a fit to Eq1) for the Cu doped sample and is
fects are eliminated by annealing. discussed in detail in Sec. IV A.

chains[Figs. 1(a,b]. However, 8% is actually coupled to NMR spectra of pure, 0.5% Zn and 2% Zn substituted
the NP spins belonging to nnn chains, not to the nn one.samples at 120 KFig. 5 (a)] and 0.5% Cu and 1% Cu
Indeed, there is no appreciable exchange between Y and Substituted samples at 300[Kig. 5 (b)]. The intensity of the
3d or oxygenp orbitals belonging to nn chain. In contrast, impurity-induced satellites increases with increasing impu-
there is an appreciable overlap between the nnn-oxygefity concentration keeping their shift from the mainline con-
p.. orbital with the 5 orbital of Y3* and hence with the nnn stant. This establishes that the satellite peaks are a direct
Ni-O-Ni chains. consequence of substitutions and their positions are indepen-
We performed®Y NMR on the pure and substituted dent of their concentration, i.e., of the length of the chains.
samples at different temperatures. In case of the annealddirthermore, fractional intensities of these Cu- and Zn-
and nonannealed pure samples, we observed one asymmetfigduced satellites are significantly larger than the weak sat-
central peakinset Fig. 3 shifted fromuv,. in the Fourier-  ellites observed in the annealed pure sample. Hence, they can
transformed spectrum, together with less intense pésits ~ safely be attributed to Zn or Cu neighbors. Each of these
ellites on both sides of the central pedkee Fig. 3. The satellites represent®’Y nuclei at a given distance from the
shift in the 8%y NMR peak of the pure YBNO arises from the impurity. Since one Y nucleus is coupled to two different nnn
coupling of Y nuclei to Ni* spins of two different nnn chains[see Fig. )], for a concentratior of the impurity,
chains. Since our measurements are on randomly aligneidere should be » Y nuclei contributing to each satellite.
polycrystalline samples, asymmetric line shape of the centrdUsing an asymmetric Lorenzian fiig. 6), we extracted the
peak (mainling in the annealed sample corresponds to dractional area of one satellite peak with respect to the whole
powder pattern due to an asymmetric hyperfine coupling tenspectrum(outermost satellite on the right side of the main-
sor Ap** and anisotropic susceptibility. The vacuum an- line, marked by 1 in Fig. 6 For a nominal concentration
nealing procedure leads to a large narrowing of the mainline=2% of Zn or Cu, our fit leads to an effective concentration
and a decrease of the satellites intensities. The amount of (1.9+0.1)% for Zn and (1.&0.2)% for Cu. This good
defects corresponding to these satellites can be determin@greement between the nominal stoichiometry and the actual
by measuring their area. Using an asymmetric Lorenzian fitin-chain number of defects shows that the substitution
the fractional area of one of these satellites decreases froamount is well controlled here.
3.2% to 0.8% after annealing. These satellites in pure YBNO Comparison of Cu and ZA% NMR spectra done in Fig.
presumably originate from the in-chain defects, which will 7 shows that Cu induces a staggered magnetization like Zn.
be discussed in details in Sec. IV D. But the difference in the shifts of the NMR satellites shows
In substituted compounds, the shift of the mainliggr)  that the amplitude of the induced magnetization near Cu is
remains unchanged from the pure sample at different tensmaller than that for Zn. Representatif@Y spectra are
peratures(Fig. 4 and compares well with the results pub- shown at different temperatures in Figéajgand 8b) for 2%
lished earliet* This implies that the Haldane gap remains Zn and 0.5% Cu substituted samples, respectively. TRé Ni
the same after impurity substitution. In contrast, the intro-ions closest to the impurity are the most affected by the
duction of impurities(Zn/Cu) at the Ni site of the chain substituent and give rise to the most shifted satellite indexed
results in a change in the local environment of the impurity.as the first neighbofl in Figs. 8a) and 8&b)]. Further sat-
This change is evident by the appearance of satellites on bottllites are numbered in accordance with their decreasing
sides of the mainline. For example, in Fig. 5, we compare thehifts with respect to the mainline. Satellites with decreas-
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: : : ; : ; : ; FIG. 6. First- and third-neighbor satellite pedlabeled 1 and B
14580 14610 14840 14670 for Y,BaNipeeZno 005 and Y,BaNis eeCll 0,05 at 200 K (solid
v (kHZ) lines) and fit of satellite 1 using an asymmetric Lorenzian line shape

(dotted lines.

*Y NMR satellite has been observed clearly in Figa)8wvhere it is
Y BaNi. Cu O labeled as O: it is half as shifted as the mainline and half as

BT intense as the other satellites. In the case of YBNO:Cu, such
a peak is not observed as seen in Fig)8This is not sur-
prising as theS=1/2 Cu spin will now contribute to its shift,
which should now become large, and would be severely af-
fected by a large spin-lattice relaxation rate. Therefore, the
absence of such a peak is a clear local evidence that Cu has
indeed successfully substituted at a Ni site.

The shifts of the observed satellites were measured for
different temperatures and concentrations. Since Tor
<100 K, the outer satellites lie outside the spectral width of
the rf pulse, data were taken at various irradiation frequen-

0.08

-

0.04

Intensity (arbitrary unit)

0.00

14620 14630 14640
v (kHz)

FIG. 5. (a) Expanded view of the satellites of ti&Y spectra of
Y,BaNi; _,Zn,0O5 (0=x=<0.02) at 120 K. Intensity of these satel-
lites increases with increasing Zn content. The positions of the sat-
ellite peaks are independent of the Zn concentratipnCompari-

son of the satellites for 0.5% and 1% Cu substitution at the Ni site
at 300 K. The satellite intensity increases linearly with Cu content.

0.12

¥y NMR

T=200K Cu2%
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Zn 2% »

o
o
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f=3
@

o
L=
B

| T =200K
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»
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ing shifts alternate on each side of the mainline. This shows
that the corresponding Ni sites have a magnetization, which
alternates in sign in addition to the nonperturbed magnetiza-
tion represented here by the mainline shift. The appearance 0.0 . ' ' L

of such induced staggered magnetization near the defects is 14600 14625 14650 14675
indeed expected by theoretical computatioh® as will be v (kHZ)
guantitatively detailed hereafter.

In the case of Zn, the nearest Y nuclei to the impurity g1 7. comparison of% NMR spectra of %BaNig 6eZM 0:0s
[marked by 0 in Fig. (b)] couple to both Zn itself and one ang v,BaNiy ofCuy 05 measured atT=200 K. The mainline

undisturbed chain. Therefore, its corresponding NMR lineposition is the same for both substitutions. The satellites for the
should be shifted by half of that of the mainline with respectcuy substitution are less shifted than those for Zn. Inset: Position
to v, @s Zn is nonmagnetic and hence does not contributer the satellite peaks on the lower-frequency side of the mainline
to K. Furthermore, this satellite should be half the intensityfor nonannealed pure YBNO, ,BaNijgeZNgoOs and

of the other satellites, from its specific position. In fact, thisY,BaNiy ggCly 05 at 200 K.

Intensity (arbitrary unit)

144404-5



J. DASet al. PHYSICAL REVIEW B 69, 144404 (2004

8
N 0 L
YzBaN'o.sazno.ozos 6 3z € [ ] YBNO:Zn
5, & o
sof * & ®axg
. 7» L . * & N = ™ 20 =
2 T R AP I *
B x 0r
c ~ * v vV .
2 B * : : ¥ : eoe *°
= g0f Sx g T, ®
42 E (a)
I [ ]
270 K 0 0L 2 L)
2 1 1 1 1 1
325K 0 50 100 150 200 250 300 350
: : . T (K)
14575 14600 14625 14650 14675
v (kHz) 1
60 | Si i;
5,178 YBNO:Cu
(b) V2BaNi, 45 C 00505 L
o) [ ]
6 I 80F 9 o**l x %=
4 5 —_ Ao x ' m e
100 K 3 N 80" % " a e .4 .
6 T A * Y - [ Y
i 5 < ot
4 -~ L 2 »
120 K 3 = doe0* A A
- V\"’\—\__W ) «le * & % *
= 5 gt * * x
2 2 4 3 ] 30l !i a x
2 160K K 3 ®)
= 4 3 e
i
1 24
200 K \/\-\/\\V\/‘ -60 L 1 1 1 1 1 1 1
50 100 150 200 250 300 350
2 1
300 K T (K)
! . L . L . L FIG. 9. Temperature dependence®f, , the frequency shift of
14580 14610 14640 14670 the different satellites with respect to the central line fay
Vv (kHZ) YBNO:Zn and(b) YBNO:Cu. The open squares {g) represent the

shifts obtained in Ref. 17 for YBNO:Mg. At lower temperatures, the
FIG. 8. %Y NMR spectra of(a) Y;BaNipeeZNooOs and (b)  proadening of the NMR spectra restricted us from obtaining satel-
Y2BaNip 690{Clp 0005 at different temperatures. Satellite peaks arejite shifts with high resolution. Indices represent ttie neighbor to
indexed in accordance with their decreasing shift from the mainlingne impurity in accordance with Fig (1.
and with the position of thé®Y labeled in Fig. 1b). The peak
originating from the Y neighbor to the Zn impuritgs discussed in

Sec. IIlB) is marked by 0 ina). tent and less natural defects allowed us to largely improve

the resolution and to detect more satellites in a wider tem-

. . . . . perature range. A similar plot is shown in Figbpfor YB-
cles to reliably determine their peak posﬂmps from the Fou NO:Cu. These measurements allow us to get a direct mea-
rier transforms. These data are not shown in Fig. 8. We not

the shifts of the th satellite assv: = v — v, wherew, and Sure of the amplitude and spatial shape of the magnetization

s . . .. induced by both nonmagnetic and magnetic impurities, as
Vmain are frequencies corresponding to its center of gravit

y . .
and that of the mainline, respectively. Due to the asymmetriéNIII be discussed later.

powder pattern shapes, consideration of the center of gravity

for each peak yields a better description of the impurity- IV. DISCUSSION
induced effects in the chain. In Fig(&, we present these
shifts of the satellites {v;) at various temperatures for the
spinless Zn impurity. On the same figure, we plot as well the
data published earlier for the Mg impurity, which is found  The bulk susceptibilityy(T) in the pure YBNO contains
identical to that of Zrt! Therefore, the induced magnetiza- the contribution from some unknown defects and extrinsic
tion by both Zn and Mg is quantitatively the same. In theparamagnetic phases in addition to the intrinsic gap contri-
present study, the use of samples with smaller impurity conbution. On the other hand, i’Y NMR spectra, defects and

A. Determination of the parameters of the Haldane
Hamiltonian of the pure system
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intrinsic behavior can be easily distinguished since defects 2400
broaden the mainline or induce satellites, whereas the intrin-
sic behavior is measured by the mainline shift. Hence,Tthe ﬁ
dependence of the “gap term” is best reflected by the tem- 2000 - 00
perature dependence of the NMR sHftT).
Indeed, the NMR shif% (T) of the central line is ex- 1600 L
pected to vary linearly with the uniform susceptibiligy(T)
through =
2 1200}
K(T)= XM +K(0). (1) - o J_210K
800 | A J=240K
Here, Ay is the Y - Ni hyperfine coupling constant and O J=250K
is independent of temperaturi, is the Avogadro number, il * J=260K
andK(0) is the chemical shift independent of temperature. m J-285K
The NMR shift K(T) results from two nnn chains, while 0'0 : 0'3 : 0|6 : 0'9 : 1'2

xu(T) represents the intrinsic susceptibility of org=1 = A
chain, which explains the factor 2. As reported in Fig. 4, the x, (107 cm”/mole)

shift K(T) of the central peak decreases with decreading ) _ )

and remains unchanged for all the samples at the correspond- FIG- 10. Y NMR shift of the central line< as a function ofy,

ing T. The observed exponential decreas& (T) atlowTis ~ computed by QMC using differerit values(with T as an implicit
direct evidence of the presence of the Haldane gap. Our me grame_ter The solid line represents the_best linear fit ant_JI allows to
surements on different samples at different temperature%Stermine bothd and the hyperfine coupling constaiy; [using the
match well with earlier results of Shimizat al. for pure constraintk (0)=370=10 ppm as detailed in the text

YBNO (Ref. 14 (as shown in Fig. ¥ This indicates that the
gap remains unchanged for impurity substituted samples. A
fleck showed that the low-temperature part of the suscepti
bility should follow (A/T)e 2/T.32 Previous studies used
this model to fit the lowF part of both NMR and macro-

scopic susceptibility measurements in ord_er to extract thE\Ihich relied too much on the actual measurements of the
Haldane gap and the superexchange couplirighis model susceptibility of the pure compound, as this measurement is

also fits our data, as shown by a solid line in Fig. 4 for the Cu .
0.5% compound, leading t(0)=340 ppm andA — (88 ggly]?r)i/;m:;rggered by the large low-temperature Curie
+7) K, which is in good agreement with the results pub- '

lished earliet>1*

However, we propose here a more rigorous way to deter-
mine J. We used QMC simulations to directly fit our data in 1. Spatial dependence of the induced staggered magnetization
the full temperature range. We have calculated theoretically,
by QMC simulations, the uniform susceptibility, versus
T/, i.e., the susceptibility of the infinit§=1 chain theo-
retically, by QMC simulations. The shiK obtained from our
NMR experiments has then been plotted versus thigor
differentJ values in Fig. 10 withT as an implicit parameter.
The T—0 value of K is constrained by Shimizu’s NMR
measurement¥, which allowed to accurately determine
8K (T—0)=370+ 10 ppm, a value compatible with our |53(T)| =| Sv4(T)|e~ 0~ Dléime(T). @)
measurements. Using this constraint, a good linear fit is ob-
tained for J=250+10 K (shown by the solid ling This  Here &y (T) is the extension of the impurity-induced stag-
proves that the uniform susceptibility measured by NMR isgered magnetization. The values &f,,(T) extracted from
well accounted by QMC simulations up =350 K. This  our measurements are represented in Fig. 12 and compared
procedure of determining allows for a much sharper con- with those obtained by Tedoldit al. in the case of Mg
straint on the determination dfthan the previous determi- substitutiont’ It clearly appears that Cu, Zn, and Mg induce
nations. We believe that this procedure enables the determd staggered magnetization with the same spatial extent. Fur-
nation of J to be more reliable than before. The thermore, this spatial extedt,,(T) is found almost identi-
corresponding theoretical Haldane gapwould be A cal to the correlation length computed for an infinfe- 1
=0.41J=102+4 K, a value compatible with our first rough chain with no defectd! The experimental values @ p(T)
estimate and with the previous experimetitdhis fitting  are systematically found about 5% higher than the values of
method also allows a determination of the hyperfine couplingt(T) (Ref. 34, but this discrepancy is still within experi-
A+ independent of any macroscopic susceptibility measuremental accuracye.g., at 200 K,&,,=2.5+0.2, while &

1;_ﬂent. We performed similar fitting for all substituted and
pure YBNO shifts plotted in Fig. 10. This leads
=(4.7+0.2) kGlug. This value should be more reliable
than earlier determinations done by Shimigual* (A
=4.9 kG/ug) and by Tedoldiet all’ (An=6.5 kGlug),

B. Impurity-induced staggered magnetization

In Figs. 11a) and 11b), we depict the site dependence
of |8v(T)| at different temperatures for YBNO:Zn and
YBNO:Cu, respectively, on a logarithmic scale. At a givien
the observed linear behavior shows théw;(T)| varies ex-
ponentially as a function of distance from the impurity. In
fact, the shifts can be fitted at all temperatures for both Cu
and Zn by
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8
50.00 YBNO:Zn %
| 6t *
*
a; *
il
N 4t i
— 10.00 % %
t% v 8 %
500} ® 80K > N g E%
° 100K v 200K <= 2[ O YBNO:Zn (present work)
- ggﬁ : ggg? @) wp O YBNO:Cu (presentwork) * o
. . . . . . . ¢ YBNO:Mg (Tedoldi et al.) e
1 o 3 4 5 5 7 *  QMC (Kim et al.)
i *
1 L N L | L L
40 60 80 100 200 400
T (K)
50.00 YBNO:Cu
FIG. 12. Comparison ofin,(T) obtained from our experiments
= from Eq.(2) and Fig. 11 for YBNO:Zn, YBNO:Cu , for YBNO:Mg
. by Tedoldi et al. (Ref. 17, and for the infinite chain correlation
E length &(T) calculated by QMC by Kirret al. (Ref. 33.
X7
:_ 10.00 - deduced from Figs. 4 and 10. This experimental quantity
w could be directly compared with that computed by QMC
5.00 x % 80K v 160K simulation for the spatial dependence of the spin polarization
: A Q90K * 200K ;
o 100K O 300K at chain ends.
(b) P .
A 120K In case of theS=0 impurity, we performed such QMC
calculations considering=230 K, 250 K, and 270 K aT

0 > 4 5 8 0 =100 K. The computed impurity-induced staggered magne-
i tization decays exponentially away from the impurity as in
the experimental results, following Eq.[EZig. 13a)]. The
FIG. 11. Site dependence of the impurity-induced magnetic Shif?:omputed extensiorg;,, matches well with the previous
| 5vi| at different temperatures f¢a) YBNO:Zn and(b) YBNO:CU. o 1134 consideringJ=pZ70 K. Further, we found that the
The log-scale representation evidences {i8a4| is exponentially o o imental ratio of the impurity—induc,:ed staggered magne-
decaying. The solid lines are fits to the exponential relation repreg otion and uniform magnetization match well with QMC
sented by Eq(2). for J=270+ 10 K as shown in Fig. 1®). This value ofJ is

. consistent with the one independently determined from the
=2.3). The lowest-temperature data, which were only taken P y

in the case of Cu impurities, depart a little bit more from theuniform susceptibility far from the defecl=250+10 K.
' This proves the coherence of our analysis, as the same
value of ¢(T). The good agreement found shows that for b y

ling J t both for th tibility of th
both S=0 andS=1/2 impurities, the characteristic length of coupiling .’ can account both Tor the SUSCEpLbIty of the

L . ure compound, and for the shape, amplitude, and extension
the staggered magnetization near defects reveals indeed tE{a the induced magnetization near spinless defects. The
intrinsic £(T) of the infinite S=1 chain, in the explored d

etermination of Ay; enables us to convert the NMR
temperature range. shifts into absolute magnetization values. Here, we have
. , calculated(S,)z,, from our experimental data using the re-
2. Comparison with QMC for Zn and Cu lation (S,)= 2] 21— (Vrer+ Vmai) /279 Ans . Here, yi2m
For bothS=0 (Zn) and S=1/2 (Cu) impurity, we com-  =2.0859 MHz/T is the®Y gyromagnetic ratio andy is
pared our experimental results to those predicted by QMGhe Landeg factor. The temperature dependence(8}) is
calculations for the local susceptibility around impurities. Asalso well fitted by the QMC simulations as exemplified in
discussed earlier, the total magnetizatdnat theith site in Fig. 13b).
the chain is the sum of the uniform magnetization and the |n case of theS= 1/2 substitution, theoretical calculations
impurity-induced  magnetization, i.e., Mi=gug(S,)  were done earlier to predict the behavior# 1/2 impurity
=gug((S,)u+ &S,)). We can determine directly, from the in S=1 chain®*3%%" The S=1/2 impurity is modeled by
NMR data for §v; and the mainline shift, the ratio of the considering that its coupling’ to its near-neighbor Ni can
impurity-induced staggered magnetization and uniform magbe different fromJ. We have performed QMC calculations
netization 5(S,)/(S,),, using the value oK(0)=340 ppm for variousJ’ ranging from—J to +J. The magnetic impu-
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= ® Expt
6F § t Q)l(\IFI)C,J=230K 10F o o o o o [¢) o o o
o * QMC,J=250K
O QMC,J=260K a & A
3 g v QMC,J=270K c F a A A
3 r [m] N —

A § __A 5}

(/)N U)N o o

X ol g o] g 03 0.8 g b —

A B g ¢ =3 N ¥ . * %

'—CDN (a) & A ® -4

g _(DN NMR
V 0 0 (o +
© Sr g S = 0 impurity v O QMC,J'=0 T=100K
T=100K 06| A QMC,J'=0.1J _
é O QMC,J =0.2J J=260K
_6 1 1 1 1 1 ¥ M L. X
0 2 4 6 8 10 12 . . Q _C’J . OS‘IJ . ) .
| 0 2 a6 8
i
0.08
“ A <S>, Experiment FIG. 14. Spatial dependence of the experimental ratio
oosL A ® <S>, Experiment (8S)cul{ S}z, of the staggered magnetization near Cu to that
' A <8'>QMC near Zn. The data are compared to QMC simulations for various
™~ 0 <S%>aMC values of the Heisenberg couplidg between Cu and its nn neigh-
0.04 - -3 #* <S>, Classical MC bors Ni atT=100 K.
Ha,

A AM / i i
I, e02r L KAA*AA a ables us to deduc&'. In Fig. 14, we compared the experi-
2] é mental ratio ¢v;)c,/(dv;)z, to that theoretically obtained

V' oo} ®) o8 oCe O @ for (8S,)cu/(8S,) 7, for different valuesd’/J. The experi-

o ¢ °° mental and theoretical results match well for B<’
002} ce ] =<0.2], which allows us to deduce an estimate=(0.15
[ 4 S = 0 impurty + 005)]
004 IO 1 1 1 1 1
’ 50 100 150 200 250 300 3. Determination of the total induced susceptibility
T (K) The magnetization induced by impurities can be written

as M;=gug&(S,), where &S,)=2mv;/ygAn;. This

of the staggered magnetizatidiS,)/(S,), for YBNO:Zn with the conversion enz.ibles us tON(,fI,,%duce from NMR th.e contrlbut.lon
corresponding QMC simulations for variodsalues, which shows OT ,SUbSt'tUIed, 'mpu,”t'(_as(imp to the mgcro;coplc suscepti-
a good agreement fod=270+10 K. (b) Comparison of ther  Dility. As the impurity-induced magnetization decays expo-
variation of the magnetizatiofB.) of the first and second neighbor Nentially as a function of site on either side of the impurity in
(i=1 and 2, respectivelywith the QMC calculations. Filled sym- the 1D Chain,)(i’\r‘n'\gR can be expressed as

bols represent our experimental data while open triangles and

FIG. 13. (a) Comparison aT =100 K of the spatial dependence

circles represent our QMC results fi+=260 K. The open stars are SM(T)
the results of classical Monte Carlo calculatidfef. 19. xi(T)= Hy ()
rity is found to induce a staggered magnetization as in the 2XNpx1(T) , .
spinless case. Furthermore, its extension is found identical  Ximp (T)= 100 2 (— 1) e (7 Dlimp(D,
|

for temperatures higher thall. These results are then in
perfect agreement with our data. Flor-J’, the only change,
which begins to appear when comparing ®e 1/2 andS ; ; .y Qo
=0 induced effects in QMC results, is the amplitude of the . Herg,xl(T) 'S thellmpur.|ty |nduc?d susceptibility on the
staggered magnetization. We found that for a ferromagnetifl'St neighbor to the impurity antll, is the Avogadro num-
coupling of the impurity to the nn NiX’ <0), the staggered ber_, x is the i‘\mgunt of |mpur.|t|es. per Ni in percgnt. The
magnetization on the first, second, and further neighbors i¥afiation of Ximp (T), shown in Fig. 15, can NbN?Rf'tted to
larger than that for a nonmagnetic impurity. In contrast, anXimp (1)=CN"¥/T. From the fit, we getC;;'"=(5.6
antiferromagnetic couplingd(>0) leads to a smaller mag- *0.6)x10 3 cm® K/mole/% Zn and Cg;'R=(4.7+0.5)
netization. The experimentally observéd for YBNO:Cuis X102 cm® K/mole/% Cu. These Curie terms lead to the
less than that for YBNO:ZnJ' =0) at the corresponding corresponding spin valu§ on each side of the impurity
temperature, as exemplified in Fig. 7. This strongly suggestthrough C=2N,g2S(S+1)u3/3kg. For Zn, one finds an
that the Cu-Ni coupling is then antiferromagnetic. A quanti-impurity-induced “effective spin”S=0.4+0.06 on either
tative comparison between QMC results and experiments erside of the impurity in the chain, which is close to the VBS

4
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al Pure YENO

Xexpt = XQMC + XCurie + Xres

x (10® cm®¥mole)
[\b}

YBNO:Zn, Expt
YBNOQO:Zn, QMC, J = 260 K
YBNO:Cu, Expt 0
YBNO:Cu, QMC, J' = 0.1J

1 L 1 . 1 L 1 L 1 . 1 . 1
YBNO:Cu, QMC, J'=0.2J 0 50 100 150 200 250 300

0 L 1 L 1 n 1 I 1 I 1 n 1 T (K)
0.000 0.003 0.006 0.009 0.012 0.015 0.018
1T ( K’ ) FIG. 16. Macroscopic susceptibility of pure YBNO and its de-
composition into a sum of three terms: the QMC computed

FIG. 15. The impurity-induced total susceptibiligfn,<(T) es- ~ (Haldane gap relateclecrease of the uniform susceptibility far
timated from NMR data is plotted vs TLffor YBNO:Zn,o, (open =260 K, a Curie term extracted from a fit to the data fbr
triangles and YBNO:Cyy, (open squards The solid lines repre- <30 K, and the residual part which cannot be accounted for by the
sent the Curie-like fits tayi"(T). The solid symbols represent the o preceding forms.
values obtained at 100 K from the corresponding QMC simulations.

x.. " (10° cm¥mole)
~

imp

[ IR I

SQUID

: : X (M=xot =775 Txu(T). ®)
predictedS=0.5. In case of YBNO:Cu, agp " is also SQuIP " T+e

found to follow a Curie behavior, the impurity-induced sus- _ . .
ceptibility on either side of the impurity behaves almost as dtere. x, is the constant term, which originates from Van
free spin in the explored range. The lower value a8¥MR  Vleck paramagnetism and core diamagneti€@fi?"'° is the
thanCYMR is well accounted for, here again, by QMC simu- Curie constant. As discussed in the previous sections, the
lations, if the Cu spin couples weakly and antiferromagneti-détérmination of the superexchange coupliniy=260
cally to the nearest-neighbor Ni spin. *10 K allows us to determine independengly(T) by using
the QMC simulation results, which fit perfectly the mainline
NMR data. In order to estimate the Curie const&nand 6
C. Temperature dependence of the macroscopic susceptibility ~ reliably, we therefore fittegysqyip(T) for the substituted as
As already stressed, the macroscopic susceptibility preWeII as the pure samples to E@) in the temperature range
sented in Fig. 2 results from distinct contributions: the uni-
form contribution x,(T) which exhibits the Haldane gap
which decreases exponentially with decreasing temperature;
the intrinsic defects such as Zn or Cu, and the other unknown
defects and paramagnetic species, which are already present
in the pure compound. The latter two contributions mainly
give rise to a Curie-like magnetization in the low-
temperature region. We plotted these different contributions
in the case of pure YBNO in Fig. 16. Note that the total
susceptibility not only consists of the Haldane term and a
Curie term, but also includes a residual non-Curie term,
which could be due to some defects that are not purely para-
magnetic. This small residual non-Curie term exists in all our
samples, as evidenced in Fig. 17 and does not show any
obvious connection with the substitution. It, therefore, limits
any quantitative analysis of the substitution effect on macro-
scopic susceptibility. Furthermore, the large contribution of 000 = = " 00 150 200 250 300
the Curie term present at loWw even in the pure compound T (K)
also severely limits any analysis, contrary to NMR experi-
ments for which the Zn and Cu effects could be isolated. FiG. 17. The residual terms deduced from the macroscopic sus-

However, at low temperatures, the total susceptibility can beeptibility analysis detailed in the text and in Fig. 16 are compared
tentatively modeled by here for various samples.

0.36 -

Y,BaNi, ,,Cu, O,

0.30 -

Y Y, BaNi .Zn = O

00175

0.24 |

0.18

Y,BaNiO,

012

- (Xawo + Xewis ) (1 0° cm¥mole)

0.06 -

Xmeasured
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[\
[e.]

2 K=T=25 K. We then fit our susceptibility dataT(
<150 K) for all the samples to extract the values(gkeep-
ing the value ofC and # obtained from the low-temperature
fit. From the fit[shown by solid line in Fig. @)], we found
that X, remains almost unchanged for all the samplgg (
~0.3x10 2 cm® K/mole). A small#~1 K fits the data re-
liably for all the samples.

B YBNQ:Zn
® YBNO:Cu

&)
=
T
1

—
(o))
T
!

D. Comparison of NMR and macroscopic susceptibility in
pure YBNO: Nature of intrinsic defects

C* " (107 em’ K/mole)
(W]
o

Comparison of NMR and SQUID measurements in pure
nonannealed and annealed samples allows us to get a better
understanding of the various types of defects present in the : - . -
pure YBNO. The annealing procedure leads to a reduction of 00 05 10 15 20
the Curie termCSQY'P from 25.4x 1073 cm® K/mole to Dopant content (%)
13.7x10 2 cm® K/mole. Such reduction shows that anneal-
ing cures part of the defects in the compound. The corre- FIG. 18. Variation of the Curie consta@®?"'® extracted from
spondingSQY NMR spectra of the nonannealed and annealedhe low-T susceptibility measurements vs impurity concentration
compounds are presented in Fig. 3. In the nonannealei@r YBNO:Zn and YBNO:Cu. The linear fitsolid lineg were done
sample, satellite peaks observed at frequencies smaller thaithout taking into account the Curie term of the “pure” sample, as
the Central peak are Of hlgher |ntens|ty than those n0t|ced O}he Use of substituent mlght reduce the concentration of native de-
the higher-frequency side. After annealing, the intensity off€cts in the latter.

the satellites reduced on both sides of the central peak an

the intensity of the left side satellites almost equals to thoséjominated by a Curie term, which increases in the substi-

in the right side of the mainline. Hence, there are probablyuted compounds. In Fig. 18, we report the corresponding

; . . . € are pro : SQUID \yirt i L :
various kinds of defects: in-chain defects which give rise toCUre constant with increasing impurity content for

satellites exactly like Zn would do, and other defects whichCY @nd Zn. This proves that the substitution induces a para-
lead to the broad low-frequency feature. There must be alsB/@gnetic contribution, as already has been shown by NMR
magnetic entities at other nonchain sites, which do not affecit higher temperatures. This contribution seems to persist at
the 8% NMR signal, since SQUID data show a large re- temperatures as _Iow_a'E=2 K However, the pure Curl_e
sidual Curie term in the annealed compound. The in-chaifl€'™ @ppears similar in magnitude to the Zn or Cu contribu-
defects could be chain breaks, due to the polycrystalline ndions for concentrations of about 0.5%. A linear behavior of
ture of the sample, vacancies at Ni site and presence®f Ni CSQUIP with increasing Zn or Cu cqncentsrgHIC)Dn is expected.
in the chain. The other defects could béNin the intersti-  However, we found that the variation &f with sub-

tial places. Presumably, annealing in vacuum reduces thelituent concentration is nonlinear and is steeper for higher
quantity of chain breakséome Ni ion might migrate to the concentrations. This limits any straightforward quantitative

vacant sites on annealing at 400 °C) and'Nin the sample interpretation of the data. This limitation is mainly due to the
! : - : uID
which is responsible for the reduction of satellite intensity.f@ct that in substituted samples, a sizable parCof
Annealing results in a reduction from 0.8%/Ni to 0.2%/Ni °riginates from defects other than the substitution itgest,
of in-chain defects. If one assumes that each of these if2@ckground Curie term as discussed in Sec. )VIhe pre-
chain defects is giving rise, as in the Zn case, to t&o CiS€ variation of this background Curie term with the sub-
=1/2 spins at lowT, the reduction of 0.6% of defects in the sntuent ponc_:entranon IS unknown.. lt. appears that impurity
chain by annealing should lead to a decrease in the Curi ubstitution(in small amountsat Ni site helps to decrease

constant of 4510 3cn K/imole  (0.6x2x3.75  tis background Curie term as CS9U'® for
% 10-3 cm? K/mole). Our observed reduction in Curie con- ¥ 2B2Niog9sCl 005 is almost identical to that of the pure

stant was higher than this by %203 cm® K/mole. So the whereas NMR showed that Cu induces a paramagnetic con-

annealing not only reduces the chain defects but might alsfgioution. A rough estimate of the 'né%lf[r,'ty contribution can
reduce the number of Rii (present in YBNQ or remove still be made using the increase of . fo'r h'g.h er.“’“gh
some of the excess oxygen present in the other extrinsig(_)pant con_tent._AImear fitshown by solid Imes_ n Fig. 18
paramagnetic phasdsay, BaNiQ,,). Some of these de- without taking into a009unt the pure composition leads to
fects are. however. still - - C5QYUIP=(6.4+0.7)x 10" 3 cm® K/mole/% Zn andC23Y'P
, , present in smaller concentration,”zn . Cu

even after annealing. =(3.3+0.6)x10 3 cm® K/mole/% Cu.

In the Zn case, the NMR measurements allowed us to
extract CYMR=(5.6+0.6)x 10" cm® K/mole/% Zn. There
is a good agreement between macroscopic and local mea-
surements even though they apply in different temperature

A plot of 1/xsquip versus temperature done in the insetsranges T<30 K and 80 ks T<350 K, respectively This
of Fig. 2 demonstrates that low-temperature susceptibility izvalue is not that far from the VBS simplified picture where

—_
(3]
T
1

E. Comparison of NMR and macroscopic susceptibility in
YBNO:Zn and YBNO:Cu: The low- T regime
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Cyps=7.5X10 2% cm?® K/mole® originates from the two Is slightly smaller for Cu which can be explained if the
chain endS=1/2 spins released by the introduction of zn. S=1/2 Cu spin is coupled antiferromagnetically with the
In the Cu case, if the dope®= 1/2 Cu acts as a free spin, Nearest neighbor Ni. A fit with the QMC calculated spin po-

its susceptibility should add to that of the induced staggereéfrization allows us to deduce the magnitudée=(0.15
magnetization measured by NMR, Ieading)zéuQU'Dz Xou _.0.05)] of this AF coupling. ThI.S. occurrence of an AF cou-
NMR SQUID pling between the Cu and the Ni is confirmed by the fact that

+N)fv|°p5‘ (T). Anyhow, we f_osunrorlgCu EO be small_er.tha_m the macroscopic susceptibility induced by Cu as measured
Xcu :£(4'Li9'5)rg]x£: 1;; d/mole/t/o Ct:u. Th]is |nd|-_ by SQUID is even smaller for Cu impurities than for Zn
cates that the introcuc 0€s not act as a ree Spin, ., rjties for T<30 K. This confirms that in thi range

. ) . : X - i
but magnetizes in the antiparallel orientation to the mduceqhe Cu magnetization opposes that of the local moments of
chain-end moments, at least at |dw This result is indeed the chain ends, as can be expected for anJAF

expected if the Cu interacts antiferromagnetically with the nn Further experiments are needed to follow the [Evbe-

chain-end Ni spins, in which casg:,<0 is expected foi havior of the local magnetization both for Zn and Cu. In the

<J : Such conclusion conﬁrms Fhen the comparison don%ase of Zn this would allow to check whether a Curie law
previously between QMC simulations and our NMR results,aplolies to the lowest temperatures, beldwsA, as ques-

W.hiCh also Ie.ads to an antiferromagnetic coupling betWee'f'ioned by recent macroscopic measurements which find a
Ni-and Cu, withJ’~40 K. sub-Curie behavidt® something not well-understood theo-
retically. As for the Cu case this would allow us to better
V. CONCLUSION follow the modifications of local magnetization for=J’ as

We have probed impurity-induced magnetic effects in theStrong deviations from that observed for spinless impurities
Haldane chain compound YBNO via spinle¢gn) and are expected. In case of high-cupratege.g., YBaCu;0,),
S=1/2 (Cu) substitutions at the Ni site. The Haldane gapSubstitution of Cu by magnetitNi) or nonmagnetiaZn)
remains unchanged upon substitution. The intensity analysi§"Purity,” generates an induced polarization, with same tem-
of the NMR satellites proves that the amount of dopant im-Pérature dependence of the staggered magnetization in both
purity present in the sample agrees well with the nominallyc@Ses, but with weaker effects for Ni than Zn. This is quali-
intended stoichiometry?® NMR measurements show that t&tively similar to the present study on a much simpler 1D
Zn or Cu induce a staggered magnetization in their vicinity.chain. Such results confirm that magnetic or nonmagnetic
lts magnitude decays exponentially with a characteristiGuPstitutions also provide a good approach to probe the mag-
length equal to the correlation lengghof the infinite chain, N€tic correlations of pure 2D systems.

The fit of the NMR shift data on a largé+ange for the pure
system with the results of QMC computations allows us to
deduce a reliable valug=250+10 K. For the Zn impurity Numerical calculations were done using the SSE applica-
the spatial dependence and magnitude of the staggered suion packaggwith generalized directed loop technigéf@f
ceptibility observed by NMR matches perfectly the QMC the ALPS project® and performed on the Asgard beowulf
calculated values withJ=270+=10 K. For 70 K<T  cluster at ETH Zuch. We thank Fabio Tedoldi, Alberto
<350 K, the total impurity-induced Curie susceptibility in Rosso, Silvana Botti, Etienne Janod, and Seiji Miyashita for
the chain corresponds to an effective s@ir0.4+0.06 on  very fruitful discussions. We also would like to thank Indo
either side of the impurity for the Zn doped case, which isFrench Center for Promotion of Advanced Resea(l€iC-
close to the theoretically predicte8=1/2 excitation at PAR) for funding this project(Project No. 2208-1 F.A. is
T=0. supported by the Swiss National Science Foundation and
In this high-T range, the induced staggered magnetizatiorE.S.S. by the NSERC of Canada and SHARCNET.
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