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Abstract

We report an inelastic neutron scattering experiment on single crystals of
the one dimensional spin-one antiferromagnet Y,BaNiQOs. The data show that
this compound is a nearly ideal material for studying the Haldane conjecture
in the Heisenberg limit. In particular, the Haldane gap at § = = is almost
isotropic, taking on the values of 7.5(1)meV, 8.6(1)meV, and 9.6(1)meV for
polarizations parallel to the three principal orthorhombic axes respectively,
Inter-chain coupling along the edges of the orthorhombic unit cell is found to
be very weak (J'/J < 5x107* ). Finally, we show that defects in our sample

at the 1% level cause visible broadening of the excitation at § = 7.
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In 1983 Haldane showed that antiferromagnetic integer spin chains have a singlet ground
state separated from a band of triplet excited states by a finite energy gap [1]. Since then
a plethora of theoretical [2-4], numerical [5-8] and experimental [9-14] work has confirmed
these results and provided additional insight into this unique magnetic phase. Experimental
progress in the field is controlled by the discovery of suitable quasi-one-dimensional model
systems. The systems studied until now were primarily organic dielectrics, however recently
a family of transition metal oxides, R;BaNiOs, which also display the Haldane gap was
discovered [15]. These materials are leading the research in new directions. For example,
partial substitution of a divalent cations such as Ca?* on the normally trivalent Rare Earth
(R3*) site places mobile holes on the NiQjs spin chains with interesting charge and spin
dynamics {16,17]. Anpother fascinating aspect is the antiferromagnetic order which occurs
when the R3* ion is magnetic [18]. To understand these novel magnetic phenomena, it is
important to know the spin Hamiltonian for Ni?t ions in Ry;BaNiQs;. This information is
best obtained through studies of the simplest member of the family : Y,BaNiOs. Previous
neutron scattering experiments on powder samples and small single crystals of Y,BaNiOs
showed a Haldane gap of approximately 9meV {19-21] . Here we report a neutron scattering
study of a large Y,;BaNiO; single crystal which determines the spin-space anisotropy and
interchain coupling in this material [22].

Y,BaNiQOs has a body centered orthorhombic structure, space group Immm [23] with
lattice parameters a = 3.7648&, b = 5.7550}\, and ¢ = 11.324A at T=10K. We index
momentum transfer in the corresponding reciprocal lattice Q@ = ha* + kb* + lc*. The
material contains isolated chains of corner sharing NiQg octahedra. Ni atoms within a chain
are separated by a so we use § = Q- a = 2mh to denote wave vector transfer along the spin
chain.

Unpolarized magnetic neutron scattering measures the convolution of a well defined
resolution function [24] with the following linear combination of cartesian components of

the dynamic spin correlation function [25]:



I(Q,w) = sin?85°*(Q,w) + (1 — sin? f cos? $)S%*(Q, w)
+ (1 —sin’® #sin® ¢)5°(Q, w). (1)

Here (8, ¢) are polar angles for wave vector transfer, Q, (Q & = cos #). In this experiment
we report data for Q in the (hk0) and (hOl) planes of the reciprocal lattice corresponding
to ¢ = 0 and ¢ = 7/2 respectively. Normalization of magnetic scattering intensities to the
integrated intensity of acoustic phonons and assuming that g=2 allow us to report data in
units of 1/mev defined such that [ &*Q [ hdw T, 5**(Q,w)/ [ *Q = 5(5§ +1), where S =1
1s the spin quantum number for the Ni ions.

Our sample consists of two single crystals of Y;BaNiOs with total mass 0.72g which were
kept at T=10K in a displex. The experiments were performed on the Pyrolytic Graphite
(PG) based thermal neutron triple axis spectrometers BT2 and BT4 at NIST. We used the
fixed final energy mode with E;=13.7meV and E;=14.7meV and a 2.5 cm thick PG filter
before the analyzer. Apart from magnetic scattering, nuclear incoherent scattering and
fast neutrons also contribute to the detector count rate. These background contributions
varied from 2 to 4 counts per min. with ¢ and hw but, unlike the magnetic scattering,
do not depend significantly on sample orientation (Q) Thus for each constant-Q scan we
subtracted the Q-independent background determined from similar scans with the sample
rotated sufficiently to eliminate magnetic scattering in the range of energies probed.

Fig. 1 shows two spectra for symmetry-related values of Q corresponding to § = .
Magnetic neutron scattering at the magnetic zone center occurs only at finite Aw which is
evidence for the Haldane gap in this material. Both scans were performed for Q in the (hk0)
zone (¢ = 0), but the angle, #, between Q and the chain axis is different for the two scans.
The strongest peak in both scans is at Aw = 9.8meV. In Fig. 1 (a) where § =63°, a second
peak appears at hw ~ 7.6meV. The fact that this peak is not visible in Fig. 1 (b) where
Q is almost parallel to the chain axis (¢ =12°) proves that the 7.6meV mode is associated
with magnetic fluctuations polarized along the chain axis (Eq. (1)). A previous neutron

scattering experiment on a powder sample [19] showed an additional peak for Aw = 16meV.
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Our data show that there is no peak in the magnetic scattering for hw = 16meV and ¢ = 7.
The peak observed in the powder experiment could either be non-magnetic or could result
from magnetic scattering at a different value of Q.

The data in Fig. 1 also indicate that the two transverse modes are not degenerate. In
Fig. 1(a) there is more intensity between 7.6 and 9.8meV than can be accounted for by two
resolution limited modes. Moreover the peak in Fig. 1(b), which comes almost exclusively
from transverse spin fluctuations, is much broader than our resolution. Additional evidence
for the splitting of the transverse modes is provided by Fig. 2, where we compare higher
resolution constant § =  scans for ¢ = 0 ((hk0) zone) and ¢ =7 /2 ((h0l) zone). According
to Eq. (1) spin fluctuations perpendicular to the scattering plane always contribute to
I{Q,w). Indeed, other things being equal, §ec accounts for half of the spectral weight for
any Q in the (hk0) plane. A mixture of 5** and §% accounts for the other half, implying
that if Q is neither along & nor b, and if 5°2, S% and S are peaked at resolvably different
energies, $° will yield the most pronounced feature in I(Q,w). Similarly, 5% will dominate
I(Q,w) in the (h0l) plane. Clearly the strongest peak in I(Q,w) occurs at higher energy
for (hk0) zone data than for (h0l) zone data. Inter-chain coupling cannot account for this
energy shift since no corresponding shift is seen in the lowest energy longitudinal mode.
Furthermore, the data labeled ¢, = 0 and ¢, = 0 in Fig. 2 were collected at equivalent values
of Q. We conclude that anisotropy transverse to the spin chain creates separate gaps at
8.8meV and 9.8meV for spin fluctuations along the b and c directions respectively.

Having determined the gap energies using constant-Q scans, we performed constant-hw
scans at higher energies to determine the velocity of spin excitations along the chain. The
data are shown in Fig. 3. The peaks were fitted to gaussians whose positions are summarized
in Fig. 4. From these data we estimate v = hdw(§)/ 0§ ~ T0(5)meV for ¢ = L.17.

To extract accurate values of gaps and spin wave velocities and to determine whether
the peaks are resolution limited, we compare the data to a model for the dynamic spin

correlation function which is based on the “Single Mode Approximation” [26,27]



S°(Gyw) = (= < H > 112" (s — husy(3). 2

hwa ()

For fiw,.(g) we use the following form which was found to account for data in NENP [12] :

hwa(§) = \/Ag + v2sin? § + A cos? -g— (3)

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, the spin wave velocity, the ground state energy (< H > / L)
and flat backgrounds for constant energy transfer scans were varied. Our data for § & r is
insensitive to the value of A so this parameter was fixed to 170meV?. The value obtained
by scaling A for NENP by the squared ratio of the mode averaged energy gap for the two
materials. The reasonable overall agreement between the model (solid lines in Figs. 1-3)
and data (x* = 3.8) indicates that the single mode approximation provides an acceptable
description of dynamic spin correlations in Y,;BaNiQs. The energies of the three modes
obtained in this global fit are A, = 7.7(1)meV, A, =8.8(1)meV and A, =9.8(1)meV. Note
however that peaks in the data in general appear broader than predicted by the model
(see eg Fig. 1{a) for hw =~ 8meV). This is surprising since experiments on other S=1 spin
chains [12] and numerical simulation [6] indicate that the Haldane mode for § &~  and
kgT < A is long-lived. Likely causes for the broadened peaks are chain severing defects

in our sample [16,20]. For an isolated chain with L Ni** spins, the energy of the lowest

lying one-magnon state is approximately [7] A(L) = \/Az(oo) + v?sin*(n(1 — 1/L)), where
A(oo) is the value of the gap for the infinite length chain. In a sample with a chain-severing
defect concentration, c, there exists a Poisson distribution, P(L) = Lc?(1—¢)¥ of chains with
different lengths, L, and hence a distribution of energy gaps. In addition there is quantization
of ¢ (in steps of 1/L) for finite length chains. Given imperfect spectroscopic resolution, these
effects broaden the peaks in S(§,w). To determine their relevance to our experiment, we
measured the magnetic susceptibility of a small fragment of our sample. Apart from the
exponentially activated susceptibility associated with the Haldane gap, we found a Curie tail

with a strength corresponding to 1.9%0.2% spin-1/2 impurities per Ni?* ion. Assuming that
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a chain severing defect adds two spin-1/2 degrees of freedom [28-31], the concentration of
such defects is ¢ = 1.0+0.1%. We then modeled S(4,w) in a single finite-length spin chain by
displacing the dispersion relation to the energy of the lowest lying one magnon mode, A(L),
and convoluting with a gaussian in ¢ with Full-Width at Half-Maximum (FWHM) 1/L.
To account for the random location of defects along the spin chains we summed dynamic
correlation functions for the 10 most likely chain lengths weighted according to the Poisson
distribution. Fitting to this model, which had no more adjustable parameters than the
previous fit, yielded a significantly better fit to the data (x* = 2.8) as is apparent from the
dashed lines in Figs. 1-3. Thus chain severing defects could be the reason for the broadening
of peaks in constant-§ scans observed in our sample [20}. The infinite chain length gap values
derived from this fit were A, =7.5(1)meV, Ay =8.6(1)meV and A, =9.6(1)meV. The average
gap energy is A = BatletBe = 8.6(1)meV.

We now discuss the implications of our experiment for the magnetic Hamiltonian of
Y,BaNiQ;. The key result is the nearly isotropic nature of the Haldane gap in Y2BaNiOs,
which implies that to a very good approximation an appropriate starting point is that for
an antiferromagnetic Heisenberg chain with exchange parameter J ~ A/0.4105 = 21meV
[7]. This value is about 20% lower than the value |J| =~ 285K = 24.6meV deduced from
susceptibility measurements [19]. The ratio of the gap to the spin wave velocity A/v 2 0.13,
which is close to the ratio of 0.16 in NENP [12]. Finally from the prefactor to the fit we
obtain < H/LJ >= —1.3 % 0.2 which is close to the value —1.4015 £ 0.0005 [5] obtained
from numerical calculations.

From our data, we can not distinguish between single-lon anisotropy and exchange
anisotropy. If we assume, as 1s customary in the field, that exchange anisotropy can be
neglected, the relevant anisotropy terms in the spin Hamiltonian are DS? + E(S? — S3)
where z,y and z denote the b, ¢ and a axis respectively. Numerical calculations (8] for the
uniaxial S=1 chain (£ = 0} show that Ay = &g —0.57D and A = Ag + 1.41D where A
is the gap value in the absence of anisotropy. If we take A, to be the average of the trans-

verse mode energies in Y;BaNiO;, we obtain Ag ~ 8.6 meV and D =~ —0.81meV (easy-axis
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anisotropy). For D/J = 0.18 the splitting of the transverse modes equals 4E [8]. Using this
result to estimate a value for E in Y,BaNiOs yields £ & 0.25meV.

To determine the strength of interchain coupling along the b and c¢ directions, we per-
formed constant-§ = 7 scans varying the wave-vector components perpendicular to the
chain. No dispersion is visible in our data (Fig. 2 and inset to Fig. 4) and this al-
lows us to place an upper limit of 0.25 meV on any dispersion along these directions for

¢ = 7. An upper bound on the interchain couplings J; is obtained using the classical

spin-wave expression for the dispersion of the § = 7 gap in a body-centered orthorhombic

easy axis antiferromagnet [25]. We find |J; | < m“gf:);}(ﬁdz 2 0.012meV so the ratio
|J5./J] < 5 x 10~*. This is more than one order of magnitude smaller than the criti-
cal ratio |J'/J| = 0.4/2'(Ao/J)? = 1.3 x 107? required to induce a magnetically ordered
ground state [32,33). Here z’ = 4 is the chain coordination number corresponding to J .
Note however that our data are insensitive to exchange coupling between the corner and
body-centered Ni%* jons because the effects of this frustrated interaction tend to cancel for
¢ =~ m. Comparing different materials we have D/J = —=3.9 x 10~2 and |J'/J| < 5 x 10~* for
Y,BaNiOs whereas D/J = —3.8 x 1072 and |J'/J| = 2 x 107* for CsNiCls [9], D/J = 0.18
and |J'/J| = 8 x 10~* for NENP [13], and D/J = 5.8 x 1072 [34] and |J'/J| = 107° for
AgVP,S¢ [14].

In summary, spin space anisotropy and interchain couplings are relatively weak pertur-
bations in Y,BaNiQ;. They lead to splitting of the Haldane gap for § = 7 into three modes
at A, =7.5(1)meV, Ay =8.6(1)meV and A, =9.6(1)meV with less than 0.25meV dispersion
for wave vector transfer perpendicular to the spin chains. The novel magnetic phenomena
which occur in derivatives of this material thus take place in a system whose underlying
Hamiltonian is that of a nearly perfect Heisenberg chain with antiferromagnetic interactions
between neighboring S=1 ions.

JFD acknowledges the support of the Louisiana Board of Regents through the Louisiana
Education Quality Support fund under contract number LEQSF(RF/1995-96)-RD-A-38.
Work at JHU was supported by the NSF through DMR-9302065 and DMR-9453362.
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FIGURES
FIG. 1. Background subtracted constant-Q scans. Collimations were 40’-40°-40’-80" and

Ef=14.TmeV on BT4. At fw = 10meV, the FWHM energy resolution is AE = 1.6meV while
the wave-vector resolutions along the chain are A§/r = 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 density of 1%. Dotted lines show contributions from each mode of polarization.

FIG. 2. Background subtracted constant-Q scans in the (hk0) (top frame), and (hO!) (bottom
frame) zones where ¢ = 0 and 7 /2 respectively (see Eq. (1)). Wave vector transfer from top to
bottom was {0.5,2,0), (0.5,1.5,0), (0.5,0,2) and (0.5,0,2.5). Collimations were 20’-20'-40'-100’, and
E;=13.7meV on BT2. At hw = 10meV, the energy resolution was 1.07meV (FWHM) and the wave
vector resolutions along the chain are Ag/x = 0.08, 0.104, 0.060, and 0.040, respectively (from top

to bottom). Solid and dashed lines are described in the caption to Fig. 1.

FIG. 3. Constant energy transfer scans with collimations 60'-20-40’-100', 60’-20'-40'-100",
40'-40'-40'-80" and 20'-20°-40'-100’; fixed final energies E; of 13.7, 13.7, 14.7 and 13.7meV; en-
ergy resolutions (AFE) of 2.75, 2.31, 2.10 and 1.04meV; and wave vector resolutions (A/r) along
the chain of 0.04, 0.04, 0.04 and 0.034, respectively (from top to bottom). Solid and dashed lines

are described in the caption to Fig. 1.

FIG. 4. Dispersion relation for magnetic excitations in Y;BaNiQj5. The lines are our best
estimate of the dispersion relation for infinite length spin chains obtained from a global it to all
data taking into account resolution effects and 1% chain severing defects in our sample. The points
for § = m were obtained through fits of the same model to single constant § scans. The points at
higher energies were obtained by gaussian fits to the data in Fig 3. The inset shows the dependence
of the § = 7 energy gaps on wave vector transfer ¢, = 27k (open symbols) and §, . = 2x{ (filled

symbols).
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