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Unbound Spinons in the S =1/2 Antiferromagnetic Chain KCuF3
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Inelastic neutron scattering has been used to study the temperature dependence of the magnetic
response in the one-dimensional S =1/2 Heisenberg antiferromagnet KCuF3. The scattering is con-
sistent with that expected for unbound spinon pair excitations.

PACS numbers: 75.10.Jm, 75.30.Ds, 75.50.Ee

Over the past decade there has been great interest in

the ground state properties of interacting many body
quantum systems, for example, high T, superconductors
[1], fractional quantum Hall states [2], and integer spin
chain or "Haldane" systems [3,4]. Quantum field theory
has provided a general theoretical approach to problems
of this type [5]. One of the insights that has been ob-
tained is that the fundamental excitations in these sys-
tems generally have fermion character [6-9] as opposed
to the usual picture of boson excitations out of a long
range ordered ground state [10]. The consequences of
this idea have been most evident for Heisenberg antifer-
romagnetic chains (HAFC), defined by the Hamiltonian

P =2JQS„S„g).

The underlying excitations (now called "spinons") [111
occur only in pairs [12]. It is now understood, as a conse-
quence of the topological term in the field theoretic for-
mulation of the problem [3], that if the spin quantum
number is an integer, the spinons are bound. This leads
to well defined, spin-wave-like modes exhibiting a Hal-
dane gap. Haldane systems have been investigated exten-
sively, both theoretically and experimentally [4, 13], dur-

ing recent years.
Conversely, there has been little recent experimental

work on the half-odd-integer spin chains, in which the
spinons are effectively free. This is in spite of the fact
that the presence of unbound spinons has a strong effect
on experimentally measurable quantities such as the
dynamical correlation functions measured by neutron
scattering. In this Letter we present the results of an in-

elastic neutron scattering study of the model S= 1/2
HAFC compound KCuFs. Our experimental results are
incompatible with classical theory for 1D antiferromag-
nets [14] but can be quantitatively explained by field

theory calculations for the dynamical correlation function
S '(Q, co) [15), confirming the importance of unbound
spinons in this system. In particular, the neutron scatter-
ing shows a quantum continuum of excited states, and
changes with temperature and wave vector as predicted
by field theory.

The ground state of the S= 1/2 HAFC can be solved
exactly by the Bethe ansatz method [16]. It is a singlet
with total spin ST=0. des Cloiseaux and Pearson (dCP)
extended this method to the calculation of the low lying
excited states [171, which they interpreted as spin-wave-
like states with ST =1. The dCP states obey a dispersion
relation

eg =~Jl»n(g) I
. (2)

eg =2+I
l sin(g/2) I . (3)

Guided by the finite chain calculations, exact results, and
sum rules, Miiller et al. (M) [22] constructed an ansatz
for S"(Q,co) at T=O with a square-root singularity at
the lower bound eg extending to a sharp cutoA at t. g.

In the long wavelength, low energy limit the HAFC
Hamiltonian can be mapped onto a relativistic quantum
field theory. Schulz [15] exploited this mapping and the
bosonization method of Luther and Peschel [23] to calcu-
late S"(Q, co) analytically. For integer HAFCs he found
that S"(Q,co) has a single mode with a gap as predicted
by Haldane [3]. The corresponding expression for half
integer HAFCs, valid near Q =tr, is

Unfortunately the Bethe ansatz method is not amen-
able to the calculation of matrix elements, so dCP could
not obtain an expression for S (Q, co). Early neutron
scattering experiments on the S =1/2 HAFC materials
CPC [18,19] and KCuFs [20,21] were interpreted as
confirmation of the dCP spectrum. Interestingly, the line
broadening observed in the CPC measurements could not
be explained by a simple pole in S"(Q,co).

It was later shown by Faddeev and Takhtajan (FT)
[12] that the natural excitations (spinons) actually have
ST=1/2, and hence are fermions. The spinons obey a
dispersion relation identical to that of the dCP states [Eq.
(2)]. The dCP states are now understood to be a super-
position of two spinons, one of which carries zero momen-
tum. At each Q a continuum of spinon pair states ex-
tended in energy results, the upper bound of which corre-
sponds to two spinons each of wave vector Q/2,
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S"(Q,ro) =(n„+ l)Im —p q
pT 4@kg T 4zkgT

where
(4)

I (-4 —ix)
q=Q —x,

I (-,' —rx)
v =xJ.

Here n„ is the Bose factor and I is the gamma function.
In the limit of T =0 this yields S"(Q, ro) = I/[ro
—(vq) ]'/, which is the low energy limit of the form of
M.

Our previous work on KCuF3 [24] confirmed the ex-
istence of a continuum of excited states with bounds given

by eg and t.g. At low temperatures the observed neutron
scattering could be satisfactorily accounted for by a
square root singularity. Improvements in the experimen-
tal technique [25] have allowed us to make careful quan-
titative measurements as a function of temperature. As
shown below, the results are in quantitative accord with
the predicted spinon pair correlations in the region of va-
lidity of Eq. (4). This provides strong evidence that the
field theoretic approach successfully describes the physics
of the S =1/2 HAFC, which is manifestly a lattice sys-
tem.

The single crystal of KCuF3 was the same one used
previously [21,24]. KCuF3 has a tetragonal structure
with room temperature lattice constants a =b =4.126 A
and c =3.914 A. The antiferromagnetic exchange along
the c axis chains is roughly 100 times stronger than the
ferromagnetic exchange in the a bplane. T-here is a
small (0.2%) xy-like anisotropy in the exchange. The
characteristic energy for 1D excitations is zJ=53 meV.
The system undergoes a phase transition to a 30 antifer-
romagnetic state at Trv = 39 K [26].

Neutron scattering measurements were carried out us-

ing the MARI chopper spectrometer on the ISIS pulsed
neutron source. The sample was mounted in a closed cy-
cle refrigerator so that its temperature could be con-
trolled to within ~0.1 K and aligned on a goniometer
with the (h, 0, l) plane horizontal. A Fermi chopper was
used to select a fixed incident neutron energy, Eo. In this
Letter we limit our discussion to the results obtained with
ED=148.9 meV. The results for other values of Ep are
fully consistent with those reported here, and will be dis-
cussed in detail elsewhere [25].

MARI has low angle detectors 4 m from the sample
arranged symmetrically in eight banks around the in-
cident neutron axis. The range of scattering angle,
covered in the low angle banks extends 3.86 to 12 .
Since the scattering in a quasi-1D material occurs in

sheets in reciprocal space, if the crystal is aligned with
the c axis parallel to the incident neutron wave vector, kp,
the magnetic scattering at constant p can be summed
over all of the banks with no loss of information. This
feature has been exploited to improve the statistics in our

experiment.
When the time of Aight method is used cross sections

are measured along parabolic trajectories of cv and Q.
There is a unique trajectory for each value of p. Figure
1(a) shows the trajectory for /=8' projected onto the
chain direction for Ep=148.9 meV. The trajectory is
plotted over an extended zone scheme showing t. g and eg
appropriate for KCuF3. The intersection of the trajectory
with the excitation continuum (shown by thick lines) cor-
responds to the expected region of inelastic magnetic
scattering. Figure 1(b) shows the scattering observed in

KCuF3 at T =20 K with cllko and Ep =148 9 meV
summed over all of the low angle detector banks. These
data have been corrected for detector efticiencies and nor-
malized to total detector solid angle and neutron monitor
counts. A comparison with scattering from a vanadium
standard was used to express the intensity in absolute
units corresponding to mb/meV sr Cu, however, the
overall conversion factor has a large uncertainty (approx-
imately 30%).

The nonmagnetic background scattering was indepen-
dently determined using the method we have developed
previously [24] of measuring the scattering with allko. In
this configuration the scattering in the vertical direction
has no component of momentum transfer along the chain
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FICJ. I. (a) Scattering trajectory for ED=148.9 meV and
&=8 for kt) along c* in KCuF3. Scattering results when the
trajectory intersects with the continuum states (bold line). (b)
Scattering actually observed in the MARI low angle banks at
T =20 K. The nonmagnetic background is indicated by a
dashed line. The solid line is a model fit as discussed in the text.
The scattering is expressed in absolute units of mb/meVsrCu
atom.
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direction, and the quasi-one-dimensional magnetic re-
sponse is effectively zero. [Actually the nonzero width of
each detector (30 cm) gives rise to a magnetic contribu-
tion, but we have found it to be small enough to be ig-
nored. ]

The solid line in Fig. 1(b) is the result of a fit using the
nonmagnetic background plus the theoretical T =0 mag-
netic scattering. The latter has been calculated using the
expression of M convolved with the instrumental resolu-
tion appropriate for a summation over all detectors. The
nominal energy resolution of the spectrometer is roughly
1.5 meV (FWHM), but the summation over different
scattering angles degrades the Q resolution and this is the
dominant instrumental contribution. Near Q =x, a
function mode with a dispersion relation given by eg
would lead to a sharp peak with an approximate FWHM
of 4 meV on the plot of intensity versus energy transfer.
The fitting parameters varied are an overall amplitude,
the exchange constant, and a scaling factor multiplying
the background. The background factor is necessary to
correct for self-absorption, and leads to an adjustment of
the order of 5% of the background intensity. The back-
ground is shown as a dashed line. The fitted value of the
exchange energy, zJ =53 meV, is to within experimental
error equal to that obtained from earlier studies of the
low energy scattering [21]. An excellent fit to the data is
obtained over the entire spectrum. Since the thermal en-
ergies at 20 K are much lower than the energy transfer
probed by the scattering, it is perhaps not too surprising
that a T=O calculation can describe the data. On the
other hand, it is interesting to note that the 1D quantum
effects are dominant well below the 3D ordering tempera-
ture.

Three domains of the spectrum are marked on the
figure. Region 1 is the low energy scattering around
Q=n, the antiferromagnetic point. The fieid theory cal-
culations should apply in this region. Region 2 shows rel-
atively sharp scattering from the branch close to the nu-
clear point. Region 3 contains high energy response ex-
tending well above the top of the dCP branch. The
scattering cuts off' very close to the theoretical upper
bound eg.

To investigate the Q dependence of the scattering the
data can be further subdivided by scattering angle, sub-
stantially increasing the Q resolution. Figure 2 shows the
scattering recorded at T=20 K in region 1 (Q= x) for
concentric rings of scattering with the following values of

(a) 3.86'-6.43', (b) 6.86 -8.14, (c) 8.57 -9.86',
and (d) 10.29'-12'. The data have been normalized in

the same way as the data of Fig. 1 and the nonmagnetic
background subtracted. The extra resolution achieved by
subdivision into rings is apparent. The solid lines are
scattering profiles calculated for each ring at a tempera-
ture of 20 K using Eq. (4). The only adjustable parame-
ter is an overall scaling factor which is identical for all
rings. The calculation gives an excellent description of
the scattering observed near Q =+, and, in particular,
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reproduces the angular dependence completely. The posi-
tion, line shape, and intensity of the magnetic scattering
are accounted for very well. The double peaked structure
reflects the fact that on either side of Q =@ the Q-ro tra-
jectory of the scan intersects the region of strong scatter-
ing coinciding with t. g.

Figure 3 shows the temperature dependence of the
scattering in region 1. To obtain adequate statistics at
high temperatures the scattering has been summed over
the low angle detector banks; the instrumental resolution
is identical to that for the scan in Fig. 1(b). The data
have been normalized and the background subtracted as
in Fig. 2. The error bars represent 1 standard deviation
determined from counting statistics only and do not
reAect the additional uncertainty introduced by the sub-
traction of the nonmagnetic background. The tempera-
tures shown range from 50 to 200 K, all above T~. As
expected, the scattering broadens and weakens as the
temperature increases. The solid line is the calculated
scattering using Eq. (4), with J and an overall amplitude
fixed by the low temperature fits. The theoretical expres-
sion does not account for scattering arising from Q = 2x,
which gives rise to the small peak around 42 meV. Aside
from that, the agreement with experiment is outstanding
over the entire temperature range. The small discrepan-
cies between the theory and the data are within the sys-
tematic error in the background subtraction.

The spinon based theory provides an impressive ac-
count of the observed scattering. Conversely, classical
theory for one-dimensional systems disagrees with the ex-
periments. At zero temperature, a renormalized classical
theory predicts sharp peaks at t.g, which would be

Energy Transfer (mev)

FIG. 2. Magnetic scattering with ko along c* observed at
T =20 K for concentric rings of detectors corresponding to
diA'erent scattering angles as discussed in the text. The weight-
ed average scattering angle is indicated in each case. The cal-
culated scattering is indicated by solid lines (see text).
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FIG. 3. Magnetic scattering in the MARI low angle detector
bank with ko along c* at various temperatures: (a) 50 K, (b)
100 K, (c) 150 K, (d) 200 K. The solid lines represent the
scattering predicted from a quantum field theory model as dis-
cussed in the text. The dashed lines show the scattering pre-
dicted from classical theory.

resolved easily with the resolution of the present experi-
ment. This is incompatible with the broad continuum
that is, in fact, observed. At higher temperatures the
classical theory predicts that the mode broadens in a
manner that can be described as a Lorentzian in energy
centered at eg with a Q independent FWHM equal to 4
xkttT [14]. This broadening is much greater than that
predicted by the field theory calculation. This is illustrat-
ed by the dashed lines in Fig. 3, which show the classical
prediction for the scattering, with the peak height nor-
malized to fit on the same scale as the data.

In conclusion, we have carried out inelastic neutron
scattering on the 10 magnet KCuF3 as a function of tem-
perature. The results are in quantitative agreement with
a field theory calculation for S' (g, to). The scattering
arises from unbound spinon pair excitations. Further ex-
periments are called for to establish whether this is true
for higher half-odd-integer spin values. A complete ac-
count of our current experiment, including a detailed dis-
cussion of the results for other values of Eo, is reported
elsewhere [251.

' Permanent address: Rutherford Appleton Laboratory,
Oxon, United Kingdom.
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