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Spin dynamics in the quantum antiferromagnetic chain compound KCuF3
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The magnetic excitations of a nearly ideal realization of a one-dimensional 5=
~

Heisenberg antifer-

romagnet, KCuF3, have been studied by inelastic neutron scattering. The experimments were performed
using the pulsed neutron source ISIS and show that the magnetic scattering occurs at energies well above
the top of the linearized spin-wave band. This result shows that it is essential to take account of quan-
tum effects in discussing the excitations. The results are in excellent accord with theoretical predictions
for the dynamical correlation function.

I. INTRODUCTION

Quantum effects give rise to many unusual phenomena
in condensed-matter physics. They are particularly im-
portant in low-dimensional magnetic systems which may
be disordered at all nonzero temperatures. Heisenberg
antiferromagnetic chains have particularly interesting be-
havior. The excitation spectrum of chains with integer
spin, S, exhibits the Haidane gap' even though no gap is
given by ordinary spin-wave theory. In contrast, the
spectrum for half-integer S is gapless, but for S=—,

' the
excitations are not well-de6ned modes: For a given wave
vector, Q, the spectrum is spread over a range of energies.
This paper presents the results of an inelastic-neutron-
scattering study of KCuF3, a nearly ideal S=—,

' Heisen-

berg antiferromagnetic chain. As discussed below, the
magnetic response arises from a continuum of excited
states and is very different from the response of the corre-
sponding classical system.

With the spins separated by a unit distance, the Hamil-
tonian of the model system can be written as

&=2Jg S„S„+,.

cog =2J
~
sin(Q)

~
. (2)

Experiments on linear-chain antiferromagnets with
S =

—,', such as (CD3)4NMnC13 2N(C5D, ) (TMMC) are
consistent with linear spin-wave theory. For S=

—,',
quantum effects are more important. Des Cloizeaux and

The ground state for S=
—,
' was 6rst found by Bethe. It

is a singlet state, with no long-range antiferromagnetic
order, and thus differs in a fundamental way from the
Neel ground state of the corresponding classical model.
Assuming the Neel state, a normal linear spin-wave
analysis of the Hamiltonian leads to the dispersion rela-
tion

Pearson (dCP) showed that the lowest-lying excited
states are given for wave vector Q as

codqc'=~J~ sin(Q)~ .

The dCP dispersion relation agrees with excitation en-
ergies observed by inelastic neutron scattering in the
model one-dimensional (1D) systems CuC12 2N(CsD5)
(CPC) (Refs. 5 and 6) and KCuF3 The principal quan-
tum effect would then seem to be a simple renormaliza-
tion of the excitation spectrum by a factor of ~/2.

In fact, the con6rmation of the renormalization in real
systems is not as straightforward as one might expect.
Normal classical spin-wave theory also provides a totally
self-consistent description of the experimental results.
Since m.

& and co& are identical apart from a constant
factor of n/2, an independent measure of the exchange
constant, J, is necessary to establish the validity of the
dPC relation. If J is determined by fitting the measured
static susceptibility to that calculated for the S=

—,
'

chain, ' the observed spin-wave frequencies are well fit by
co& . However, the susceptibility data can also be ac-
ceptably fitted to the expression for the classical spin
chain. " Carrying out this procedure for KCuF3 or CPC
yields a different value of J, the use of which allows the
measured dispersion relations to be described precisely by

c1
COg.

Notwithstanding the ambiguity in the energy scale, the
experimental results on CPC differ from linear spin-wave
theory in an important way: careful measurements of the
line shapes of the observed excitations revealed that they
are asymmetric with a high-energy tail. The measure-
ments on KCuF3 (Refs. 7 and 8) also show hints of this
feature. This characteristic of the scattering arises from
a purely quantum effect. Analytic calculations' and
finite chain calculations' lead to the conclusion that the
spectrum is a spin-wave continuum (SWC) of excitations,
with the lower-energy bound (co~&+P:—co~&) given by Eq.
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pends only on the component parallel to the chains,
IC~~~—=Q. For the Heisenberg chain, the magnetic scatter-
ing of unpolarized neutrons is proportional to the dynam-
ical correlation function, given at T=O as

S (Q, ~)= g [(E~Sg ~6 ) ['Bin —E),
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0.0
0.0 1.5

FIG. 1. The spin-wave continuum {SWC) spectrum of the
spin-2 Heisenberg antiferromagnetic chain. The lower bound

is the des Cloizeaux-Pearson dispersion relation.

(3), and the upper bound given by

~~ =2~J
~
sin(g /2)

~

.

The SWC spectrum is shown in Fig. 1. The wave vec-
tor g =m is the zone boundary (ZB), often termed the
"antiferromagnetic zone center" in discussions of spin-
wave excitations. One feature of the SWC is that it has a
periodicity of 2~, the same as the underlying structural
reciprocal lattice. Since the 10 system does not have an-
tiferromagnetic long-range order, there is no reason for
periodicity with Q=a as manifested by co& or co~&+P. The
SWC extends to any energy that is double that of the
Q =~/2 ["antiferromagnetic zone boundary" (AFZB)]
spin wave. Classically, the frequency of the mode at the
AFZB, (co &2), represents the largest energy contributing
to the dynamic response at T=O. The presence of con-
tinuum scattering up to cu=2co„&2 is an indication that
the excitations from the quantum ground state are dom-
inated by what would be described classically as interac-
tions between the spin waves.

In this paper we present the results of a pulsed
neutron-scattering study of the spin dynamics of the
model system KCuF3. The time-of-Aight technique used
has excellent energy resolution and inherently low back-
ground. As discussed below, this method has particular
advantages for the study of excitations in low-
dimensional systems. The rest of the paper is organized
as follows: Section II discusses the dynamical correlation
functions of the model system. In Sec. III the experimen-
tal technique is described in detail. The analysis of the
results is presented in Sec. IV, a discussion in Sec. V, and
the summary and conclusions in Sec. VI.

where S& is the Fourier-transformed spin operator of
component a=x y, or z, ~G) is the ground state with
zero energy, and

~
E ) is an eigenstate of the Hamiltonian

with energy E. For classical spins aligned along the z
direction, linear spin-wave theory' gives the transverse
response

S' (Q, co) =S~~(g, co) = ~tan(g/2) ~5(co —cog ) .

The longitudinal component S"(Q,co) has a logarithmic
singularity at MQ

The classical theory starts from the premise that the
ground state is the Neel state, in which the sublattice
magnetization has long-range order. For the quantum
chain, the long-range order is absent, so the transverse
and longitudinal components cannot be defined, and all of
the components of S (Q, co) are identical. Although ex-
act solutions exist for the ground state and low-lying
eigenstates of the 5= —,

' chain, they are too complicated
to allow for an analytic calculation of the relevant matrix
elements. There is not yet an exact solution for these
correlation functions.

Many of the existing theoretical results for the correla-
tion functions have been summarized in an important pa-
per by Miiller et al. ' In the small-Q limit (or Q=2nm)
sum-rule calculations' show that the response is dom-
inated by the dCP mode. On the other hand, an expan-
sion in the parameter 1/S, ' valid when Q =sr, shows a
high-frequency tail in S (Q, co). Unfortunately, the ex-
pansion is least valid for S=

—,', where the tail is most im-

portant. Guided by exact results for the one-dimensional
XY model, ' numerical calculations of finite-spin chains,
and known sum rules, Muller et al. ' constructed an an-
satz for the correlation function of the S=—,

' chain at
T=O

S (Q, co)=— 1 e(~ —~~)e(~~ —~),
CO CO

Q

where B(co)= 1 if co) 0, and 0 otherwise, and co&, co& are
the lower and upper bounds of the SWC. This form for
S (Q, co) exhibits a square-root singularity at the lower
bound. It gives reasonable results (to order unity) for
known sum rules for the correlation functions. Taking
into account numerical resolution, Eq. (7) is consistent
with recent quantum Monte Carlo calculations. ' Even
though the abrupt cutoA' at the high-frequency end is
probably unphysical, it represents the best available
reasonable analytic expression for S(g, co) of the 1D
Heisenberg antiferromagnet.

II. THEORY

For a quasi-one-dimensional system, the cross section
for neutron scattering with momentum transfer K de-

III. EXPERIMENTAL DETAILS

The structure of KCuF3 is tetragonal with lattice pa-
rameters at 10 K of a =6 =4. 126 A, and c =3.914 A.
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The magnetic chains of Cu + ions run along the c axis.
There are two polytype structures, denoted (a) and (b ),
corresponding to slightly diS'erent arrangements of the
Auorine atoms. Interchain interactions lead to a low-
temperature magnetic structure with spins aligned fer-
romagnetically in the a-b plane and stacked antifer-
romagnetically along the c axis. The nominal transition
temperatures to a 3D antiferromagnetically ordered state
are Tz =39 K for type (a ), and T~ =22 K for type (b ). '

Satija et al used conventional triple-axis inelastic
neutron scattering to study a KCuF3 crystal consisting of
99% of polytype (a). Their measurements of the spin-
wave dispersion at low temperatures ' established the
following results: The ratio of the interchain and intra-
chain exchange interactions is J~~/Ji=0. 01. The intra-
chain exchange can be thought of as purely isotropic
(Heisenberg), with a small xy-like anisotropy of about
0.2%. The dispersion along the c axis fits the dCP spec-
trum very well with J=17.5 meV, corresponding to an
antiferromagnetic zone-boundary energy co &2

=55.0
meV. Dispersion perpendicular to the c axis is negligible
for energy transfers above 15 meV. The results are con-
sistent with those of Hutchings et al.

The crystal used in the present study was the same one
used earlier by Satija et al. It has a volume of approxi-
mately 1 cm . A small fraction (=1%) of the sample
was a second crystallite, misoriented with respect to the
main part of the sample by a nearly 90' rotation about the
b axis. The crystal was mounted in a He-gas-filled alumi-
num can with Cd foil wrapped around the extremities of
the mount. The mounted sample was placed in a cryostat
at the position of the center of rotation of the Multi An-
gle Rotor Instrument (MARI) at the ISIS pulsed neutron
source. The temperature could be controlled to within
0.1 K or better over several days.

Neutrons produced by spallation were moderated by a
methane moderator, and monochromated by a Fermi
chopper, producing a beam with incident energy, Ep,
variable from 20 to 2000 meV, and intrinsic resolution
equal to roughly 1% of Ep. The fast neutron background
was reduced with a nemonic chopper, and the incident
beam intensity measured with monitor counters before
and after the monochromator. The scattered neutrons
were detected in an array of high-pressure helium detec-
tors located 4 m from the sample position. The low-angle
array consisted of eight banks arranged symmetrically
about the direction of the incident neutron beam. The
scattering angles covered in the low-angle array range
from / =3.86 to P= 12.0'. For this experiment a total of
109 detectors were used in the low-angle array. Data
were also collected in the high-angle detector array ex-
tending up to /=135'. The detector efficiencies and
solid-angle coverage were normalized by measuring the
scattering from a standard vanadium specimen.

The KCuF3 crystal was aligned so that the (h, 0, 1)
plane coincided with the horizontal. Rotation about the
vertical axis allowed any reciprocal-lattice vector in this
plane to be lined up parallel to kp, the wave vector of the
incident neutrons. The one-dimensional magnetic
scattering depends on the c* component of momentum
transfer only. Therefore, with the (0,0, 1) direction

10
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FIG. 2. Raw data obtained with ko along c*, EO=153.4
meV, and a temperature T=50 K, superposed on the empty-cell
background measured with the same incident energy. The
scattering has been normalized by the incident neutron Aux.

aligned along ko, all detectors at fixed P have identical
magnetic scattering, and can be summed with no loss of
information. The consequent improvement in statistics
provides a large advantage for the study of quasi-one-
dimensional systems.

The scattering was measured for several different
values of Ep, probing different regions of the magnetic
response. Measurements were made with kp parallel to
both the c* and a* axes, and also of the empty-cell
scattering, with conditions being identical except for the
absence of the KCuF3 crystal. For most of the runs the
temperature was set to 50 K, assuring that 3D effects
played a minimal role in the observed scattering. Figure
2 shows typical "raw data" for a scan with kp aligned
along c* superposed on an empty-cell run. The data are
acquired in a "time-of-Aight" mode, and the conversion
the measured cross section into a cross section per unit
frequency is accompanied by a subtraction of a well-
characterized time-modulated background. The data
represent the sum of all the scattering in the eightfold
symmetric low-angle bank, normalized by the monitor
counts and corrected for detector efficiency and solid an-
gle using white beam and monochromatic vanadium
spectra. The data have also been corrected for the kine-
rnatic factor kf /kp to obtain the correlation functions.

In order to interpret the data. it was necessary to estab-
lish the nonmagnetic background scattering. The
empty-cell runs were dominated by scattering from the
density of states of Al and multiphonon scattering, both
of which were observed to be isotropic. To assess the ad-
ditional background arising from the sample, data was
accumulated with kp aligned along a*. In this geometry
the momentum transfer of neutrons detected in the two
vertical detector banks has essentially no component of
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measured with ko along c* to obtain the magnetic scatter-
ing.
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c*, and therefore represents magnetic scattering from
Q =0, which has vanishing intensity for an antiferromag-
net. The scattering measured in this way is shown in Fig.
3, along with a smooth curve fitted to the empty-cell
data. The empty-cell data come from the sum of scatter-
ing in all eight of the low-angle arrays, while the scatter-
ing from the sample is the sum of the two vertical banks
only. The two can be compared directly by using scatter-
ing from vanadium standards to account for differences
in detector efficiency and solid-angle coverage, and nor-
malizing by the incident neutron Aux. The inset shows
the scattering with the empty-cell contribution subtract-
ed. The result is a monotonically decreasing function of
energy transfer. This represents the multiphonon scatter-
ing from the sample alone. The solid line is a fit to a sim-
ple decaying exponential, which is what one expects in a
simplified diffusive model of multiphonon scattering. In
general, the relative importance of multiphonon scatter-
ing increases with incident neutron energy. The multi-
phonon scattering is usually a smoother function of ener-

gy transfer than scattering arising from the phonon den-
sity of states or individual modes. Consequently, as the
incident neutron energy is increased, one expects the
overall nonmagnetic background to be higher and
smoother. It should be noted that the high-angle detec-
tor banks measure scattering with larger momentum
transfers, which is dominated by phonon scattering.
Comparison of the low- and high-angle detector banks
confirms that the background arises from phonon scatter-
ing. If it is assumed that the multiphonon scattering
from the sample is isotropic, the scattering in the low-
angle vertical banks with ko parallel to a* can be taken as
a direct measure of the background, and, after proper
normalization, simply subtracted from the scattering

Energy Transfer (rneV)

FIG. 3. Sum of scattering in the vertical low-angle detector
banks, with ko along a, Eo =153.4 meV, and T=50 K, super-
posed on the smoothed empty-cell scattering, normalized by
neutron Aux, and vanadium runs (see text). Inset: the difTerence
scattering fitted to a simple exponential.

IV. ANALYSIS

The observed magnetic scattering can be compared
with a theoretical model such as Eq. (7) if the instrumen-
tal resolution is known. The major contribution to the
resolution arises from the summing over many detectors,
and this smears the momentum transfer resolution.
Another contribution arises from the bandpass of the
Fermi chopper and time-of-Aight measurement. This
contribution dominated the uncertainty in energy
transfer. The wave vector eff'ect is discussed first. Con-
sider a neutron of initial momentum ko, and energy
Eo=y 'ko, scattered with final momentum and energy
k&, E&, into a detector at a scattering angle P from the in-
cident direction. Defining the momentum transfer
K=ko —k&, and energy transfer co=Eo —E&, one can
write

where

QI =ko —
k& cosP,

Qi=k& sing . (10)

—cocos P]

The constant y =0.4826 A meV
When ko lies along c*, Eq. (12) defines the locus of an

individual detector's scan at fixed Eo. An example is
shown in Fig. 4(a) where, for Eo =153.4 meV, the energy
transfer is shown against the one-dimensional momentum
transfer Q=g~~c/2. The SWC spectrum is plotted in the
extended zone scheme. The upper and lower lines
represent detectors at the minimum and maximum values
of scattering angle present in the low-angle bank. When
a scan is summed over the low-angle bank, there will be
contributions from the range between the two lines.
From this diagram it is possible to infer instantly where
possible contributions to the magnetic scattering may
occur. In a classical model, a sharp peak is expected
when the locus crosses the lower bound (co& or co&).
On the other hand, if all of the states of the SWC contrib-
ute, there will be scattering whenever the locus lies within
the continuum. The energy resolution may be approxi-
mated by a Gaussian with the full width half maximum
(FWHM) uniquely determined by the ratio co/Eo. In
practice, the FWHM is of the order of 1% of Eo. Under
the assumption that all of the momentum transfer uncer-
tainty is accounted for by kinematic effects, the expected
magnetic scattering intensity for the quasi-1D antifer-

The component of momentum transfer along the incident
direction can be determined as a function of the incident
energy, scattering angle, and energy transfer:

Q~~ (Eo,g, co) =y[EO(1+ cos P —2 cosP+1 co/Eo—
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romagnet with kollc' may be written as

I(Eo,co)= 3 g g((b) fR(nt nt')Ifl. &(&o P ~')]I'

XS"'[Q (Eo, (5, ro'), co']d co'

(12)

100

50

(b)
Quantum SWC

where A is an overall constant, g is the number of detec-
tors at scattering angle t)It, R is the energy resolution func-
tion, f the magnetic form factor, and S' (Q, co) the

dynamical correlation function. The kinematical factor
k//kp is suppressed as it is accounted for in the normali-
zation of the data. As written, Eq. (12) assumes that
S (Q, nt) is identical for a=x, y, or z. This is true for
Eq. (7), but if, for example, linear spin-wave theory is as-
sumed, and, as in the 3D ordered state, all spins are per-
pendicular to the c axis, then one must insert a polariza-
tion factor.

Figure 4(b) shows the calculated intensity correspond-
ing to the scan depicted in Fig. 4(a). The quantum calcu-
lation used Eq. (7) while the classical calculation uses Eq.
(6) and the appropriate polarization factor assuming that
all of the spin-wave scattering is transverse. The value of
the exchange constant used in the classical calculation is
chosen so that the classical dispersion coincides with the
lower bound of the SWC. In both cases an analytic ap-
proximation for the ( jest ) form factor for Cu + has been
used. The linear spin-wave calculation has been shown
to give accurate peak positions, line shapes, and relative
intensities for the classical S=

—, antiferromagnetic chain

system KFeS2. ' In the case of KCu F3 several
differences between the scattering of the classical and
quantum models are clear. The most striking contrast is
the presence, within the quantum model, of a broad
feature at energies above 55 meV, the spin-wave energy at
Q =n/2. This feature does not appear at all in the classi-
cal model, and corresponds to the locus of the scan cut-
ting through the continuum in a region above the max-
imum of the dCP band. Where scattering occurs in both
models, the quantum response shows a single broad
feature near the point Q =~(co=25 meV), where, in fact,
the classical model shows two well-resolved peaks. In
both models the feature around 45 meV, which corre-
sponds to Q =2', is a relatively sharp peak. The classical
model, however, predicts a larger difFerence in intensity

Classical SW
, ).()0

1.()0
(/)

I': 1'&', 3. &l I» f V 'I'- -;)()Ii

,'3. ()()

20 40 80 100

Energy Transfer (tneV)

FIG. 4. (a) Locus of a scan with EO =153.4 meV, assuming
that kollc*. The upper and lower lines of the locus correspond
to detectors at tttt=3. 9' and /=12', respectively. (The average
scattering angle in the low-angle bank is (t)It) =8 . ) The upper
and lower bounds of the SWC (see text) have been plotted in the
extended zone scheme. (b) Calculated intensity of magnetic
scattering corresponding to the scan shown in (a). The calcula-
tion is done for both the quantum and classical expressions for
S(Q, col, and includes instrumental resolution effects as dis-
cussed in the text.

0.00 I

20 40
1

(30 100 120

[':ttv. rgy 'I't ansfer (mt. V)

FICx. 5. Scan with kollc*, and Eo =153.4 meV. The data are
grouped into 1-meV bins. The dashed line represents the non-
magnetic background. The solid line is a model fit as described
in the text.
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between the antiferromagnetic (Q =m ) and nuclear zone
centers. These general features are present for
Eo = 100—200 meV, although the details of the line
shapes depend on the incident energy.

At temperatures greater than T&=38 K, it is reason-
able to assume that KcuF3 behaves like an ideal one-
dimensional system and apply Eqs. (11) and (12) to the
analysis of the data. Figure 5 shows a scan at a sample
temperature of 50 K with ED=153.4 meV and ko~~c*.
The data were collected in approximately 10 h. The scan
corresponds directly to that illustrated in Fig. 4. The
data have been binned into 1-meV units for clarity of pre-
sentation. The dashed line represents a smooth function
fit to the nonmagnetic background as determined above.
The solid line is a fit to a sum of the nonmagnetic back-
ground plus a constant times the scattering calculated
from the quantum model. The values of the lattice pa-
rameter, c, and exchange constant J, were fixed; J being
obtained from the previous triple-axis study. Therefore,
the only adjustable parameter is the overall constant 3 in
Eq. (12). For S(Q, to), expression (7) of Miiller et al. '

has been used, multiplied by a Bose temperature factor
n„+1 to ensure detailed balance. The temperature fac-
tor is probably not necessary, as the ratio of thermal en-
ergy ( T Ik~ ) to ~J is only 0.07, and comparing the calcu-
lation to that for T=O shows that the change in relative
intensity at di6'erent energies is less than 1% across the
measured range.

The overall fit is excellent. The three main features in
the calculated scattering illustrated in Fig. 4 are all
present. The observed line shapes are well described by
the theory. The fit somewhat underestimates the ob-
served intensity difference in the 25- and 45-meV
features. The sum of squared deviations normalized by
the degrees of freedom is y =1.46. Most of the back-

ground is from the empty cell, but there is a contribution
from multiphonon scattering in the sample as described
above. If the background contribution from the sample
is allowed to vary in amplitude and width, the resulting
g =1.32 is a slight improvement, but the quality of the
fit as seen "by eye" is not substantially better. This pro-
cedure might be justified as an attempt to account for
possible anisotropy in the multiphonon scattering from
the sample.

Figure 6 shows a similar scan with EO=204. 8 meV.
As an illustration, the fit plotted is that where the extra
parameters describing the sample-dependent multipho-
non scattering have been allowed to vary, giving
g =1.31. An acceptable fit is also obtained if these pa-
rameters are fixed. As for the 153.4 me V scan, the
overall fit is excellent, but the intensity of the scattering
from the magnetic zone center ( Q =m, co =30 me V) is
slightly underestimated relative to that at the nuclear
zone center ( Q =2~, co = 50 meV).

A further scan with Eo = 102.0 meV is shown in Fig. 7.
The background scan for this incident energy was not
correctly acquired as ko was misaligned relative to a*. It
was therefore necessary to fit the total scattering with ad-
ditional parameters in order to estimate the contribution
of the sample to the nonmagnetic background. This was
complicated by the fact that the empty-cell scattering has
structure in the vicinity of the one of the magnetic
features. The determination of the background for the
Eo=102.0 scan was therefore less reliable than for the
other incident energies measured. In any case, the fit is
still obviously acceptable, with the major characteristics
similar to the other scans.

With proper normalization for the incident neutron
f~ux, the fitted constant "A" should, in principle, be in-
dependent of incident energy. The random fitting uncer-
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FIG. 6. Scan with ko~~c*, and ED=204. 8 meV. The data are
grouped into 1-meV bins. The dashed line represents the non-
magnetic background. The solid line is a model fit as described
in the text.

Energy Transfer (meV)

FIG. 7. Scan with ko~~c*, and Eo = 102.0 meV. The data are
grouped into 1-meV binds. The dashed line represents the non-
magnetic background. The solid line is a model fit as described
in the text.
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tainties alone are of the order of 5%. Defining the fitted
constant A (153.4 tneV) = 1.00, the other two values are
(102.0)=0.84, A(204. 8)=1.07. The values for 204 and
153 meV are equal within experimental accuracy. The
constant for 102 meV differs by about 15%, but there
may be a sizable systematic error arising from the back-
ground determination problems.

1.50

1.00

E(Cu F,

E =-204.8 me V T =- 50K

signal -- backgr ound

SWC calculation

V. DISCUSSION 0.50

The background subtracted magnetic scattering for
Eo=153.4 meV is shown in Fig. 8. The representative
error bars are 1o. including statistical errors only, and
have not been increased to account for the effect of sub-
tracting the background. The solid line shows the SWC
At described above. The corresponding plot for
Eo =204. 8 meV is given in Fig. 9 and that for Eo =102.0
meV in Fig. 10.

In order to test whether a modified version of linear
spin-wave theory can describe the data, a At was also car-
ried out to a spin-wave model with Lorentzian peaks of a
variable linewidth. Since the major features unaccounted
for by a simple spin-wave model are at high frequencies,
and will be dominated by the width of the mode at the
AFZB, the only additional fitting parameter is a constant
linewidth for the mode. The resulting fit for ED=153.4
meV is shown as a dashed line in Fig. 8. The conclusion
is that a renormalization or simple modification of classi-
cal linear spin-wave theory is incapable of describing the
observed scattering, which extends up to frequencies of

2.00

000" G~

fj QJ O 00

—0.50 I
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FIG. 9. The scan with Eo =204. 8 meV, ko~~c*, with the
smoothed nonmagnetic background subtracted. The represen-
tative 1o. error bars are statistical only, and are not adjusted to
account for the background subtraction. This solid line is the
fitted quantum S(g, co).

the order of 2~J. The high-frequency broad feature is a
clear and unique signature of the quantum spin-excitation
spectrum. The instrumental resolution prevents a direct
measurement of any possible sharp energy cutoff of
S (Q, co). Even so, the fact that the theory described the
overall shape of this part of the scattering so well
confirms that, even if there is no abrupt cutoff of
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FIG. 8. The scan with Eo =153.4 meV, ko~~c*, with the
smoothed nonmagnetic background subtracted. The represen-
tative one-standard-deviation (1o.) error bars are statistical
only, and are not adjusted to account for the background sub-
traction. The solid line is the fitted quantum S(Q, co). The
dashed line is an attempt to fit to a modified spin-wave theory,
as described in the text.
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FIG. 10. The scan with ED=102.0 meV, ko~~c*, with the
smoothed nonmagnetic background subtracted. The represen-
tative lo. error bars are statistical only, and are not adjusted to
account for the background subtraction. The solid line is the
fitted quantum S(g, co).
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S (Q, co) at co&, the bounds of the SWC do define the
states giving rise to magnetic scattering.

The theory's small but systematic underestimation of
the relative spectral weight near Q=rr requires careful
consideration. One possibility is that the differences are
due to the misaligned portion of the crystal, but this does
not seem likely given the systematic nature and magni-
tude of the eff'ect. The hypothetical form of S(Q, co) does
not satisfy sum rules exactly, and, in fact, is known to ex-
clude contributions from a "triplet sea" of states that are
important near Q =n, but .at energies greater than 2m J.'
This does not explain the additional intensity seen experi-
mentally, which is around 20—30 meV for the incident
energies measured. Another possibility is that, even at 50
K, there are still residual 3D interactions. The effect on
the incipient 1D spectrum is similar to the effect of a
staggered field, possibly introducing a tendency to a more
Neel-like ground state. For S=—,

' Ising-like materials,
which also display an excitation continuum (albeit in a
different manner), 3D effects are known to enhance the
spectral weight at the lower bound of the continuum.
This interpretation is not strongly supported by prelimi-
nary measurements in KCuF3 at 20 and 77 K, which ap-
pear to be substantially similar to the 50 K results report-
ed in depth here. The detailed temperature dependence
of the scattering is the subject of ongoing investigations.

VI. SUMMARY AND CONCLUSIONS

In this study we have used pulsed neutron scattering to
investigate the magnetic excitation spectrum in the
quasi-one-dimensional antiferromagnet KCuF3. Our re-
sults demonstrate the effectiveness of the time-of-Aight
technique for measurements in low-dimensional systems.
The presence of a quantum spin-excitation spectrum ex-
tending up to energies of the order of 2+.J has been clear-
ly established. Finally, the ansatz for S(Q, co) proposed
by Muller et al. provides an excellent description of the
observed scattering. The detailed nature of the tempera-
ture dependence of the response will require further
study.
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