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Y,BaNiOs: A nearly ideal realization of the S=1 Heisenberg chain
with antiferromagnetic interactions
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We report an inelastic-neutron-scattering experiment on single crystals of the one-dimensional spin-one
antiferromagnet ¥BaNiOs. The data show that this compound is a nearly ideal material for studying the
Haldane conjecture in the Heisenberg limit. In particular, the Haldane gag atis almost isotropic, taking
on the values of 7@), 8.61), and 9.61) meV for polarizations parallel to the three principal orthorhombic
axes respectively. Interchain coupling along the edges of the orthorhombic unit cell is found to be very weak
(3'1J<5x10"%). Finally, we show that defects in our sample at the 1% level cause visible broadening of the
excitation afq= 7. [S0163-182306)52034-5

In 1983 Haldane showed that antiferromagnetic integer Y ,BaNiOg has a body-centered orthorhombic structure,
spin chains have a singlet ground state separated from a basgace grouplmmm (Ref. 23 with lattice parameters
of triplet excited states by a finite energy gafince then a a=3.7648 A,b=5.7550 A, andc=11.324 A atT=10 K.
plethora of theoretical;* numerical"® and experimentd™*  we index momentum transfer in the corresponding recipro-
work has confirmed these results and provided additionata| |attice Q=ha* +kb* +Ic*. The material contains iso-
insight into this unique magnetic phase. Experimentalated chains of corner sharing Njbctahedra. Ni atoms
progress in t_he fiel_d is controlled by the discovery of s:uitabl_ew-thin a chain are separated by so we useG=Q a
quasi-one-dimensional model systems. The systems studied 27rh to denote wave vector transfer along the spin chain.
gggll;lgﬁamﬁ;eo?;Irgr?sr:lt?/or?rr%aelgécl :;%gg;gz’l\law\?v\ﬁéh re- Unpolarized magnetic neutron scattering measures the
also display the Haldane gap was discovéretihese mate- co”nvo_lun(I).n of a Welt;jdef!ned fresolutu?n functfwith thi h
rials are leading the research in new directions. For examplé0 owing linear combination o _(():%?rteaan components of the
partial substitution of divalent cations such as?Can the dynamic spin correlation functior.
normally trivalent rare-earttR>") site places mobile holes
on the l\é}%ﬂspin chains with interesting charge and spin  1(Q,®)=si0S*¥(Q,w)+(1-sinf6cos'$)S**(Q, w)
dynamics.”*’ Another fascinating aspect is the antiferro- . .
magnetic order which occurs when thB3" ion is +(1=sirffsin’ $)S°(Q, ). @
magnetict® To understand these magnetic phenomena, it is
important to know the spin Hamiltonian for Rii ions in ~ Here (6,¢) are polar angles for wave vector transf@,
R,BaNiOs. This information is best obtained through studies(Q a=cosf). In this experiment we report data fQrin the
of the simplest member of the family :;BaNiOs. Previous (hk0) and (0l) planes of the reciprocal lattice correspond-
neutron-scattering experiments on powder samples and smatlg to ¢=0 and ¢= w/2 respectively. Normalization of
single crystals of ¥BaNiOs; showed a Haldane gap of ap- magnetic-scattering intensities to the integrated intensity of
proximately 9 me\°~2!Here we report a neutron-scattering acoustic phonons and assuming that2 allow us to report
study of a large YBaNiO; single crystal which determines data in units of 1/meV defined such that
the spin-space anisotropy and interchain coupling in thigd*Qf#%dw= ,S**(Q,w)/fd*Q=S(S+1), where S=1 is
material®2 the spin quantum number for the Ni ions.
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FIG. 1. Background subtracted constgntscans. Collimations
were 40-40'-40'-80" andE;=14.7 meV on BT4. Af.w=10 meV,
the FWHM energy resolution iAE=1.6 meV while the wave-
vector resolutions along the chain akg/« = 0.110 and 0.048 for
frames(a) and (b) respectively. Solid lines are from the global fit.
Dashed lines include the effects of a chain severing defect densn
of 1%. Dotted lines show contributions from each mode of polar-
ization.

FIG. 2. Background subtracted constgntscans in the itk0)
(top frame, and O0l) (bottom framé zones where$=0 and
/2 respectively{see Eq.(1)]. Wave-vector transfer from top to
bottom wag(0.5,2,0, (0.5,1.5,0, (0.5,0,2 and(0.5,0,2.5. Collima-
ions were 20-20'-40'-100, and E;=13.7 meV onBT2. At

=10 meV, the energy resolution was 1.07 mg¥VHM) and
the wave vector resolutions along the chain ag/# = 0.08,
0.104, 0.060, and 0.040, respectivéfyom top to bottom. Solid

Our sample consists of two single crystals ofBaNiO; and dashed lines are described in the caption to Fig. 1.
with total mass 0.72 g which were kept =10 K in a
displex. The experiments were performed on the pyrolytiovhich comes almost exclusively from transverse spin fluc-
graphite (PG based thermal neutron triple axis spectrom-tuations, is much broader than our resolution. Additional evi-
eters BT2 and BT4 at NIST. We used the fixed final energydence for the splitting of the transverse modes is provided by
mode with §=13.7 meV and E=14.7 meV and a 2.5-cm- Fig. 2, where we compare higher resolution constgatr
thick PG filter before the analyzer. Apart from magnetic scatscans for¢p=0 [(hk0) zond and ¢=7/2 [(hOl) zond. Ac-
tering, nuclear incoherent scattering and fast neutrons alswording to Eq.(1) spin fluctuations perpendicular to the scat-
contribute to the detector count rate. These background conering plane always contribute t6(Q,w). Indeed, other
tributions varied from two to four counts per min. wip  things being equalS*¢ accounts for half of the spectral
andfiw but, unlike the magnetic scattering, do not dependweight for anyQ in the (hk0) plane. A mixture of5** and
significantly on sample orientationQ). Thus for each S accounts for the other half, implying that@ is neither
constantQ scan we subtracted th@-independent back- alonga nor b, and if $*, S°®, andS°¢ are peaked at resolv-
ground determined from similar scans with the sample roably different energies$*® will yield the most pronounced
tated sufficiently to eliminate magnetic scattering in thefeature inl(Q,w). Similarly, SPP will dominate | (Q,w) in
range of energies probed. the (h0OI) plane. Clearly the strongest peakl {iQ, w) occurs

Figure 1 shows two spectra for symmetry-related valuesit higher energy for {k0) zone data than forhQl) zone
of Q corresponding t@= 7. Magnetic neutron scattering at data. Interchain coupling cannot account for this energy shift
the magnetic zone center occurs only at fidit® which is  since no corresponding shift is seen in the lowest-energy
evidence for the Haldane gap in this material. Both scan$ongitudinal mode. Furthermore, the data labélge-0 and
were performed foQ in the (hk0) zone =0), but the g.=0 in Fig. 2 were collected at symmetry related values of
angle, 8, betweenQ and the chain axis is different for the Q. We conclude that anisotropy transverse to the spin chain
two scans. The strongest peak in both scans s« 9.8  creates separate gaps at 8.8 and 9.8 meV for spin fluctuations
meV. In Fig. X&) where #=63°, a second peak appears atalong theb andc directions respectively.
fhw~7.6 meV. The fact that this peak is not visible in Fig. Having determined the gap energies using consgant-
1(b) where Q is almost parallel to the chain ax{®=12°) scans, we performed constang scans at higher energies to
proves that the 7.6 meV mode is associated with magnetidetermine the velocity of spin excitations along the chain.
fluctuations polarized along the chain akigq. (1)]. A pre-  The data are shown in Fig. 3. The peaks were fitted to Gaus-
vious neutron-scattering experiment on a powder safple sians whose positions are summarized in Fig. 4. To extract
showed an additional peak féw=16 meV. Our data show accurate values of gaps and spin wave velocities and to de-
that there is no peak in the magnetic scattering/fa=16  termine whether the peaks are resolution limited, we com-
meV andq=m. The peak observed in the powder experi-pare the data to a model for the dynamic spin correlation
ment could either be nonmagnetic or could result from magfunction which is based on the “single mode
netic scattering at a different value Qf approximation’®®?’

The data in Fig. 1 also indicate that the two transverse
modes are not degenerate. In Fig)there is more intensity > _co
between 7.6 and 9.8 meV than can be accounted for by two S““(Ei,w)=— (H)/L) 5[7“0 hwl(@]. (2
resolution limited modes. Moreover the peak in Figb)1l

0[



54 Y,BaNiOs: A NEARLY IDEAL REALIZATIONOF. .. R6829

the spin wave velocity, the ground-state ener¢fY/L) and
flat backgrounds for constant energy transfer scans were var-
ied. Our data fog~ 7 is insensitive to the value @ so this
parameter was fixed to 170 méVThe value obtained by
scalingA for NENP by the squared ratio of the mode aver-
aged energy gap for the two materials. The reasonable over-
all agreement between the modseblid lines in Figs. 1-8
and data £?=23.8) indicates that the single mode approxi-
mation provides an acceptable description of dynamic spin
correlations in ¥BaNiOs. The energies of the three modes
obtained in this global fit ara,= 7.7(1) meV, A,=8.81)
meV, andA.=9.8(1) meV. Note, however, that peaks in the
data in general appear broader than predicted by the model
[see, e.g., Fig. (@) for Aw~8 meV)|. This is surprising since
experiments on otheS=1 spin chain¥ and numerical
coran®® | g 450 simulatiorf indicate that the Haldane mode fdj~
6 0.8 1.0 1.2 1.4 andkgT<<A is long lived. Likely causes for the broadened
(m) peaks are chain severing defects in our sarpt@.For
an isolated chain with. Ni2* spins, the energy of the
FIG. 3. Constant energy transfer scans with coIIimationS|owest_|ying one-magnon state is approximately Ref. 7
60:-20:-40:-100, . 60’-‘20’-40'-10.0', 40'-40'-40'-80 and A(L): \/AZ(OO)+UZSir\2[7T(1—1/L)], where A(oo) is the
20'-20 '40.'100(? fixed final energies of 13.7, 13.7, 14.7, and  ya1ye of the gap for the infinite length chain. In a sample
r1n3e'\7/_”;'ra]:j/'Wizirgiégiogg;'glzﬁoigg :)'736 r?;tﬁezéﬁginagfdoldgél with a chain-severing defect concentratian there exists a
0.04, 0.04, and 0.034, respectivéfyom top to bottom. Solid and Poisson distributionP(L) =Lc (.1 _.C) .Of chains with dif-
dashed lines are described in the caption to Fig. 1 ferent lengthsl, and hence a glstrlbutlon of energy gaps. In
T addition there is quantization of (in steps of 1) for finite
length chains. Given imperfect spectroscopic resolution,
these effects broaden the peaksS(,w). To determine
their relevance to our experiment, we measured the magnetic
= susceptibility of a small fragment of our sample. Apart from
hw ()= \/ A2+ 2sinfq + Acog 9_ (3)  the exponentially activated susceptibility associated with the
2 Haldane gap, we found a Curie tail with a strength corre-
sponding to 1.9(2) % spin-1/2 impurities per i ion. As-
suming that a chain severing defect adds two spin-1/2 de-
grees of freedor® 3! the concentration of such defects is
c=1.0(1) %. We then modele8(g,w) in a single finite-
length spin chain by displacing the dispersion relation to the
energy of the lowest-lying one-magnon modg(L), and
convoluting with a Gaussian iq with full width at half
maximum(FWHM) 1/L. To account for the random location
of defects along the spin chains we summed dynamic corre-
lation functions for the ten representative chain lengths
weighted according to the Poisson distribution. Fitting to this
model, which had no more adjustable parameters than the
R previous fit, yielded a significantly better fit to the data
(x?=2.8) as is apparent from the dashed lines in Figs. 1-3.
o 1 2 Thus chain severing defectsould be the reason for
0 ‘ , dilm the broadening of peaks in constantscans observed in
1.0 L1 12 - our sampl&® The infinite chain length gap values derived
q (m) from this fit wereA,=7.51) meV, A,=8.6(1) meV, and

. . . . L . A.=9.61) meV. The average gap energy &=(A,
FIG. 4. Dispersion relation for magnetic excitations in +A,+A.)/3=8.6(1) meV
c . .

Y,BaNiOs. The lines are our best estimate of the dispersion relation We now discuss the implications of our experiment for

for infinite length spin chains obtained from a global fit to all data . . . - .
taking into account resolution effects and 1% chain severing defecttshe magnetic Hamiltonian of BaNiQs. The key resultis the

in our sample. The points faj= 7 were obtained through fits of ”e"f‘“y l_sotrpplc nature of the Haldane gap 'Q.B\aN.IOS’

the same model to single constamtscans. The points at higher which I.mplles that to' a _very good apprQXImatlon ar_1
energies were obtained by Gaussian fits to the data in Fig 3. Th@PPropriate starting point is that for an antiferromagnetic
inset shows the dependence of fje = energy gaps on wave- Heisenberg chain with exchange parameferA/0.4105
vector transferq, ,=2wk (open symbols and G, ;=2l (filled =21 meV/ This value is about 20% lower than the
symbols. value |J|~285K=24.6 meV deduced from susceptibility

1(q,w) (1/meV)

Intensity (Counts pr 10min)

Q=(1,0.75,0) e ho=9mev 4150

.BaNiO;

Forw,(q) we use the following form which was found to
account for data in NC,HgN,),NO,CIO, (NENP):*?

The solid lines in Figs. 1-3 are the result of a global fit of
Egs.(1)—(3) to all our data. The energies of the three gaps
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measurementS. The spin_wave velocityy =70(5) meV,
which_when divided byA vyields a correlation length
£=vA=8.1(6). This value is slightly larger than for the
Heisenbergs=1 chain wher&=6.03/ Finally from the pref-
actor to the fit we obtaigH/LJ)=—1.3(2) which is close to
the value—1.4015%5) (Ref. 5 obtained from numerical cal-
culations.

From our data, we cannot distinguish between single-io
anisotropy and exchange anisotropy. If we assume, as is ¢

tonian areDS;+E(S;—S5) wherex,y, andz denote the
c,b, anda axis, respectively. Numerical calculati&rfer the
uniaxial S=1 chain E=0) show thatA, =A,—0.57D and
A=A+ 1.41D, whereA, is the gap value in the absence of

anisotropy. If we take\ | to be the average of the transverse

mode energies in BaNiOs;, we obtainAy~8.6 meV and
D~ —0.81 meV (easy-axis anisotropy For D/J=0.18 the
splitting of the transverse modes equaB.%4Using this re-
sult to estimate a value fdg in Y,BaNiGy yields E~0.25
meV.
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—(A0)?]/(165* J)~0.012 meV so theratio |J; /J|
<5Xx10* This is more than one order of magnitude
smaller than the critical ratio|Jd’/J|~0.4/z' (Ay/J)?
~1.3x10 2 required to induce a magnetically ordered
ground staté?*® Here z’=4 is the chain coordination
number corresponding t&, .. Note, however, that our data
are insensitive to exchange coupling between the corner and

ri)ody—centered Ni* ions because the effects of this frus-

us- . . . ;
tomary in the field, that exchange anisotropy can be nefcfated interaction tend to cancel fp=. Comparing dif-

glected, the relevant anisotropy terms in the spin Hamil-

ferent materials we havéd/J=-3.9x10"2 and |J'/J|
<5x10* for Y,BaNiOs whereas D/J=—1.9X10 2
and|J'/J|=2x10"2 for CsNiCl; (Ref. 9, D/J=0.18 and
|37/3|=8x10"* for NENP (Ref. 13 andD/J=5.8x10 3
(Ref. 34 and|J’'/J|~10"5 for AgVP,Ss.1

In summary, spin space anisotropy and interchain cou-
plings are relatively weak perturbations inBaNiOs. They
lead to splitting of the Haldane gap f@r= into three
modes at A,=7.51) meV, A,=8.61 meV, and
A.=9.6(1) meV with less than 0.25 meV dispersion for
wave-vector transfer perpendicular to the spin chains. The

To determine the strength of interchain coupling alongmagnetic phenomena which occur in derivatives of this ma-

the b andc directions, we performed constagt= 7 scans

terial thus take place in a system whose underlying Hamil-

varying the wave-vector components perpendicular tdonian is that of a nearly perfect Heisenberg chain with an-

the chain. No dispersion is visible in our dafaig. 2 and
inset to Fig. 4 and this allows us to place an upper limit of

0.25 meV on any dispersion along these directions for

q=. An upper bound on the interchain couplings, is

tiferromagnetic interactions between neighborBg 1 ions.
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