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The spin dynamics of coupled spin-1
2 antiferromagnetic Heisenberg chains is predicted to exhibit a longitu-

dinal mode at low energies and temperatures below the Néel temperature. This mode is a dimensional cross-
over effect and reveals the presence of a limited amount of long-range antiferromagnetic order coexisting with
quantum fluctuations. In this paper the existence of such a mode is confirmed in the model material KCuF3

using polarized and unpolarized inelastic neutron scattering, and the longitudinal polarization of the mode is
definitively established. The line shape is broadened, suggesting a reduced lifetime due to decay into spin
waves. In addition, the data show evidence of continuum scattering with a lower edge greater than the
longitudinal mode energy. A detailed comparison is made with theoretical predictions and experimental work
on other model materials.
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I. INTRODUCTION

The physical behavior of the spin-1
2 sS= 1

2d Heisenberg
antiferromagnetic chainsHAFCd, defined by the simple
Hamiltonian

H1D = Jo
i

SW i ·SW i+1, s1d

wherei is the site index along the chain andJ is the antifer-
romagnetic exchange constant, is highly nontrivial. It dis-
plays a spin singlet ground state with algebraically decaying
correlations, and its excitations are free spinons, i.e., quan-
tized p solitons carrying spin quantum numbers of1

2, rather
than theS=1 carried by conventional spin waves. Spinons
are semions obeying half-fractional statistics, and are re-
stricted to creation in pairs.1,2 The spinon picture has been
confirmed in some detail by measurements of the triplet ex-
citation continuum in KCuF3,

3–5 and other materials6–9 and
the dynamics of an isolatedS= 1

2 HAFC are relatively well
understood theoretically and experimentally. However, mea-
surements on quasi-one-dimensionalsquasi-1Dd materials at
low energy and temperature scales where effects of inter-
chain coupling become significant have shown surprising
and nontrivial crossover effects. In particular, in our recent
studies of KCuF3 a damped mode is observed in a region of
wave vector and energy space where the three-dimensional
s3Dd character of the excitations is important.10–12This mode
was interpreted as a longitudinal mode.

A long-lived longitudinal magnetic excitation was pre-
dicted in some weakly-coupled cluster compounds, e.g., the
S= 1

2 dimer13 and tetrameter14 and has been measured using
Raman scattering in the tetrameter system Cu2Te2O5Br2.

14 In
quasi-1D antiferromagnets the stability of a longitudinal
mode was investigated theoretically for integer-spin chains
using quantum field theory by Affleck and Wellman15 in re-

sponse to anomalous experimental results on CsNiCl3.
16,17 In

both these cases an anisotropy or magnetic field is able to
mix states and split a pre-existing triply degenerate magnon
into transverse and longitudinal components. However, for
half-odd-integer spins a topological term in the field theory
substantially alters the physics so that the basic excitations
are fractional particles known as spinons which are observed
as a multi-spinon continuum rather than a well-defined mag-
non mode. Nevertheless, inspired by experimental studies of
KCuF3,

3–5 Schulz18 demonstrated, using field theoretical
techniques, that a stable longitudinal mode may arise for the
case of spin-12 chains coupled weakly together into a tetrag-
onal latticesthe minimal model for KCuF3d.

The S= 1
2 HAFC HamiltonianfEq. s1dg, extended to in-

clude coupling between neighboring chains becomes

HQ1D = Jo
i,r

SW i,r ·SW i+1,r + J'o
i,r

sSW i,r ·SW i,r±a + SW i,r ·SW i,r±bd,

s2d

whereJ' is the interchain exchange constant andr is a lat-
tice vector in thea–b planesperpendicular to the chains that
run along thec directiond which is used to label the magnetic
sites.J' couples nearest-neighbor chains only, and for a ma-
terial with tetragonal symmetry the strength ofJ' is the
same in thea- andb directions. Each chain site then has two
neighbors alongc, and four within thea–b plane. In the
Hamiltonian of Eq.s2d the couplings are particularly simple,
being both unfrustrated and three-dimensional. Combined
with the mathematical tractability of the spin-1

2 HAFC, Eq.
s1d, which has a quantum critical ground state and displays
scaling behavior, Hamiltonians2d is an excellent model to
explore dimensional crossover effects on strongly fluctuating
quantum states. Numerous theoretical works, based on sys-
tematic treatments of the interchain coupling in Eq.s2d, have
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subsequently been published, furnishing detailed predictions
for static and dynamical properties including the longitudinal
mode, and these have been compared to experimental data
from KCuF3, and other model magnetic materials.

The most comprehensive experimental and theoretical
work to date has been directed toward KCuF3. Using unpo-
larized neutron scattering the dynamical response for all en-
ergy, wave vector, and temperature scales has been
sampled.10 A damped mode attributed to the longitudinal
mode was discovered in the 3D magnetically ordered phase
with a wave vector and frequency dependence closely fol-
lowing predictions.11 In this paper, we provide additional de-
tails of the measurements reported in Ref. 11. More impor-
tantly, we report a polarized neutron scattering study that
definitively demonstrates the longitudinal polarization of the
excitation reported there, and establishes the spin polariza-
tions of other features in the spectrum. This has been
achieved by combining magnetic fields strong enough to
pole the magnetic order of KCuF3 into a single spin-flop
domain, and exploiting inelastic neutron scattering measure-
ments with vertical polarization analysis.

The paper is organized as follows: In Sec. II, we summa-
rize the magnetic properties of KCuF3. Section III presents
the primary theoretical predictions. The experimental method
is explained in Sec. IV, and the results obtained from mea-
surement and analysis presented in Sec. V. The wider signifi-
cance of these results and their implications for other mate-
rials, namely BaCu2Si2O7 where longitudinal excitations
have also been investigated, are discussed in Sec. VI, where
the conclusions are also given.

II. MAGNETIC PROPERTIES OF KCuF 3

The magnetic properties of KCuF3 are near-ideal, and this
was the first material where detailed experiments of higher-
dimensional effects on spin-1

2 chains were conducted.19,11 It
has a tetragonal crystal structuresPnmad that arises from a
cooperative Jahn-Teller effect, with lattice parametersa=b
=4.126 Å andc=3.914 Å sat T=10 Kd. The magneticdx2−y2

hole orbitals are ordered in an antiferrodistortive
arrangement5 that results in excellent quasi-1D properties,
and each Cu2+ ion carries a near-isotropic spinsS=1/2d due
to an almost complete quenching of the orbital angular mo-
mentum by the crystal field. The Cud orbitals are ordered,
and there has been considerable work investigating this as-
pect of the structure; see, e.g., Ref. 20. A large orbital over-
lap through the fluorinep orbital results in strong antiferro-
magnetic superexchange interactionssJ=34 meVd coupling
nearest-neighbor magnetic sites in thec direction. This ex-
change is essentially an isotropic Heisenberg interaction with
only a small s,0.2%d x-y anisotropy. As expected from
Kanamori-Goodenough rules, a much weaker ferromagnetic
exchange interaction through an unfilledd orbital sJ'

=−1.6 meVd acts between sites in thea- and b directions,
coupling the Heisenberg chains together.21,22 The interchain
interactions induce long-range magnetic order below a Néel
temperature ofTN=39 K—some 1/10 of the intrachain ex-
change strengthJ/k. The spin moments in the ordered phase
are confined to thea–b plane by thex-y anisotropy with

antiferromagnetic alignment along the chainssc directiond
and ferromagnetic alignment between the chains. Electron
paramagnetic resonance and magnetic susceptibility mea-
surements reveal a Dzyaloshinsky-Moriya interaction that
destroys the in-plane degeneracy, giving rise to an eight-
sublattice magnetization structure where the spins are
slightly canted away from thef1,1,0g and equivalent
directions.23–25 The ordered moment per spin
gsmBukSf1,1,0glu obtained from neutron diffraction is 0.54mB

sRef. 21d for temperaturesT!TN, indicating ,50% reduc-
tion of the magnetic order from its saturation value by zero-
point quantum fluctuations.

The dynamics of KCuF3 has been studied extensively:
Above TN, one-dimensional effects are found to dominate,
and the spin dynamics measured by neutron scattering are in
good agreement with that of free spinons,3–5 as approximated
by the Müller ansatz.26 Figure 1sad illustrates the Müller an-
satz at low energies around the antiferromagnetic zone cen-
ter, located ats0,0,1.5d in KCuF3; scattering is expected
within a V-shaped region centered ats0,0,1.5d. This scatter-
ing is rotationally invariant , i.e., the fluctuations take place
equally in all directions. In the three-dimensionally ordered
phase belowTN, the spin correlations at energies above
27 meV are not appreciably affected by the ordering. How-
ever, below this energy well-defined spin-wave modes exist
with additional scattering lying between them for energies

FIG. 1. PredictedT=0 low-energy magnetic response near the
s0,0,Ld 1D antiferromagnetic wave vector in KCuF3. The darkness
of the shading gives the intensity of the scattering. The theories
illustrated aresad the Muller ansatz;sbd spin-wave theory up to
second order, showing one-magnon signalsblack linesd and two-
magnon scatteringsshadingd; scd predictions of Essleret al. sRef.
29d and SchulzsRef. 18d showing transverse spin waves and the
longitudinal mode at low energies, and continuum at higher
energies.
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.12 meV. For wave vectors in thes0,0,Ld direction, con-
ventional spin-wave theory with the inclusion of two-
magnon terms could qualitatively explain the observations at
low energies19 but not the continuum at higher energies. Fig-
ure 1sbd shows the scattering calculated from spin-wave
theory nears0,0,1.5d.19 The spin-wave branches are well-
defined transverse modes, i.e., they involve oscillations of
the magnetism in a direction perpendicular to the ordered
spin moment, whereas the two-magnon signal is longitudinal
soscillations parallel to the direction of the spin orderingd and
forms a broad continuum with a maximum at 23.5 meV and
a full width at half maximum of 24.0 meV. Detailed mea-
surements of low-energy fluctuations in KCuF3 sRef. 11d and
BaCu2Si2O7 sRef. 27d have highlighted the need to include
nonlinear effects in calculations of the dynamics.

III. THEORETICAL PREDICTIONS

Systematic expansions in the interchain coupling in Eq.
s2d have successfully described the static ordered moment,
Néel transition temperature, and spin waves measured at low
temperatures within a unified theory; see, e.g., Ref. 28. Cal-
culating the longitudinal dynamics, though, presents the
strictest test for theory. Recently, theT=0 K dynamics of the

coupledS=1/2 Heisenberg antiferromagnet chain has been
approached theoretically by considering the solution of the
isolated chain in the continuum limit, treating the interchain
interactions as a staggered field and applying the random
phase approximationsRPAd.18,29 The theory predicts a dou-
bly degenerate, well-defined, transverse spin-wave mode
with dispersion and intensity around the 1D antiferromag-
netic zone center given by

ET =Îp2J2

4
spn − 2pLd2 + M2S1 −

coss2pHd + coss2pKd
2

D
s3d

and

Im xT =
p

2uJ'u
dS E2

M2 −
ET

2

M2D , s4d

respectively, where the wave vector transfer isQ=sH ,K ,Ld,
M is the zone boundary energy forL at the antiferromagnetic
zone centerfe.g.s0.5, 0, 0.5dg, which is related toJ' and has
the value 11 meV in KCuF3, and n is an odd integer such
that un−2Luø0.5. In addition, the theory also predicts a well-
defined longitudinal mode with energy and intensity

EL =Îp2J2

4
spn − 2pLd2 + M2S3 −

gfcoss2pHd + coss2pKdg
2

D , s5d

and

Im xL =
pg

4uJ'u
dS E2

M2 −
EL

2

M2D , s6d

where the constantg<0.4913. This mode has an energy gap
at the antiferromagnetic zone center with gap size propor-
tional to the interchain exchange constantJ', and its inten-
sity is a factor of 4 smaller than that of the transverse mode
sfor a given energyd. The longitudinal mode contributes to
the dynamics only when the ordered moment is suppressed
by zero-point fluctuations and is therefore a quantum effect;
its intensity drops away as the suppression decreases. Figure
1scd shows the theoretical predictions for KCuF3: The longi-
tudinal mode lies between the dispersion branches of the
transverse modes and has a gap of 17.4 meV. In addition,
Essler et al. predict continuum scattering starting at 2M
=22 meV and extending upward in energy.29 A broadened
mode lying close to the theoretically predicted energy of the
longitudinal mode was observed in the unpolarized neutron
scattering measurements reported earlier.11

IV. EXPERIMENTAL METHOD

Polarized and unpolarized inelastic neutron scattering
measurements were carried out at the HB1 and HB3 triple-

axis spectrometers at the High Flux Isotope ReactorsHFIRd
in Oak Ridge National Laboratory. The same high-quality
single crystal of KCuF3 with a mosaic of 108, mass of
6.86 g, and volume of 1 cm3, which was employed in previ-
ous neutron measurements,3–5,19was used.

A. Unpolarized measurements

Unpolarized inelastic neutron scattering measurements
were made with a fixed final energyEF=13.5 meV using the
s0, 0, 2d reflection from a flat pyrolytic graphitesPGd ana-
lyzer, and vertically focused PG monochromator. Higher or-
der beam contamination was removed by a PG filter after the
sample. The sample was mounted with itsa- and c lattice
vectors horizontal in the scattering plane, and cooled to a
base temperature of 2 K in a variable flow cryostat with
temperature stability better than ±0.1 K. The steep spin-
wave dispersions200 meV Åd along thef0,0,Lg direction
for KCuF3 presents particular difficulties, and a narrow wave
vector resolution is required to resolve longitudinal signal
between spin-wave branches. The “resolution ellipsoid” must
also have a “vertical” orientation, so that when convolved
with the spin-wave dispersion the two branchesswith posi-
tive and negative slopesd have similar widths, i.e., defocus-
ing effects are small and the signal is symmetric about the
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antiferromagnetic zone center. Measurements were con-
ducted largely arounds0, 0, 1.5d, as it was found to be the
best compromise between sharp, symmetric scans, and maxi-
mizing the longitudinal magnetic intensity while limiting
phonon contamination. A series of Soller collimatorssvalues
488–408–408–2408d between source and detector was se-
lected to optimize conditions resulting in resolution limited
spin waves with full width at half maximumsFWHMd in
wave vector of 0.057 Å−1 s0.035 r.l.u.d, and an energy
FWHM of 1.3 meV sfor a dispersionless moded at the pre-
dicted longitudinal mode energys16 meVd.

B. Polarized measurements

Distinguishing explicitly the transverse and longitudinal
excitation components of a magnetic response using unpolar-
ized neutron scattering is difficult. This, however, can be
achieved with polarized neutron techniques. Using a vertical
supd polarizing monochromator and analyzer, the polariza-
tion history of the detected neutrons can be determined. The
scattering of up-spin neutrons scattering into up-spin final
states is referred to as non-spin-flipsNSFd scattering, while
scattering into down-spin final states is designated spin-flip
sSFd scattering. The addition of a flipping mechanism in the
scattered beam allows for the independent detection of SF or
NSF scattering. From this the vertical quantum number of
the created excitation is also determined via conservation of
spin moment. The main disadvantages of this technique are
the large reduction in neutron intensityscompared to unpo-
larized neutron scatteringd and the requirement of a mon-
odomain magnetic sample to achieve an unambiguous result.
Because of the difficulty of such a study, the polarization
analysis of the spin dynamics in KCuF3 was not carried out
until now.

From Moonet al.30 the following rules for polarized neu-
tron scattering can be abstracted:s1d Components of mag-
netic order or magnetic oscillations which are parallel to the
direction of neutron polarization are seen in the NSF chan-
nel. s2d Components perpendicular to the direction of the
neutron polarization are seen in the SF channel.s3d Phonons
and structural scattering are observed only in the NSF chan-
nel. And finally s4d those magnetic components which are
parallel to the wave vector transfer are not observed in any
channel. These rules can be combined to determine the po-
larizations of various magnetic excitations within a material;
however, to obtain an unambiguous result it is necessary to
investigate a magnetically monodomain sample to be able to
define unique ordering and oscillation axes.

In zero field, magnetic order in KCuF3 is characterized by
a structure where spin moments are slightly canted away
from the f1,1,0g direction and its symmetry equivalents.23–25

Typically, all eight possible antiferromagnetic domains will
form within the sample as it is cooled belowTN fsee Fig.
2sadg, so while longitudinal and transverse magnetic excita-
tions can be defined within each domain they cannot be dis-
entangled for the sample as a whole. However, when a mag-
netic field, B, is applied along the crystallographicb
direction of KCuF3, a reorientation of spin moments occurs,
resulting in a spin-flop phase for fields above 0.8 T.25,31 In

this phase the spin moments flop perpendicular to theb di-
rection and, due to thex-y anisotropy,22 they point along the
a axis,31 resulting in a unique domain throughout the sample
fsee Fig. 2sbdg. For a sample orientation where thea and c
axes form the horizontal scattering plane of the instrument
and a vertical field magnet is used, longitudinal magnetic
excitations will occur along thea axis, while transverse ex-
citations will occur along theb andc directions. If measure-
ments take place arounds0, 0, 1.5d, rule 4 implies that spin
components in thec direction cannot be measured at all since

FIG. 2. sColor onlined The magnetic ordering in KCuF3 and the
experimental setup. Below the Néel temperature in zero field the
spin moments of KCuF3 lie in thea–b plane and are canted slightly
away from thef1,1,0g direction, giving a total of eight possible
antiferromagnetic domainsfsee panelsadg. If however a magnetic
field is applied along theb direction, the spin moments lie parallel
to the a axis for fields greater than 0.8 Tfsee panelsbdg. In the
experiment the neutrons are polarized parallel to theb axis. Com-
ponents of the magnetic ordering that are parallel to the polarization
sPd direction are seen in the NSF channel, while components per-
pendicular toP are observed in the SF channelfsee panelscdg. In
zero field the multidomain structure means that magnetic Bragg
peak intensity is observed in both the NSF and SF channels; how-
ever, the single domain achieved withB=0.8 T/ /b means that this
signal is observed solely in the SF channel. Longitudinal magnetic
excitationssparallel to ordering directiond can also be separated
from transverse magnetic excitationssperpendicular to ordering di-
rectiond using this technique.
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they are parallel to the wave vector transfer, and only the
transverse component oscillating along theb direction is ob-
servable. For vertically polarized neutronssi.e., neutron po-
larization parallel tobd, longitudinal excitations which oscil-
late parallel to thea axis will be observed as SF scattering
srule 2d, and transverse excitations which oscillate parallel to

b will be observed in the NSF channelsrule 1d fsee Fig.
2scdg. Phonons will of course also be observed in the NSF
channel srule 3d. This arrangement is advantageous in
cleanly separating longitudinal scattering from both trans-
verse magnetic scattering and phonons and allowing the un-
ambiguous determination of the nature of the signal. It

FIG. 3. sColor onlined Constant-energy and constant-wave vec-
tor scans through the predicted longitudinal mode position using
unpolarized neutron scattering.sad Constant-wave vector scan
through s0,0,−1.5d below TN at T,11 K scirclesd and at T
=200 K sopen squaresd; the data are given per unit monitor
s,1 sd. The high-temperature data are used to identify the phonons
sgray shadingd and the solid lines are guides to the eye.sbd Mag-
netic signal forT,11 K, where the phonon backgroundsadjusted
for thermal populations factorsd has been subtracted from the low-
temperature data. The scan consists of transverse magnetic signal
sgray shadingd and a lump of scattering at 16 meV close to the
expected longitudinal mode position.scd Constant-energy scan at
16 meV; again, the gray shading gives the scattering expected from
the transverse spin waves. In partssbd andscd the dashed line is the
spin-wave intensity while the solid line is the fitted intensity of both
the spin waves and the longitudinal mode convolved with the in-
strumental resolution.

FIG. 4. sColor onlined Temperature dependence of the magnetic
order and excitations measured with unpolarized neutrons.sad In-
tensity of thes0,0,1.5d magnetic Bragg peak as the crystal is heated
through its Néel temperatureTN=39 K. The line through the data is
a guide to the eye.sbd Magnetic excitations ats0,0,1.5d for the
temperatures 6.15 Ksfilled circlesd, 40.6 K sopen squaresd, and
70.5 K sfilled diamondsd. scd Constant-energy scan below the lon-
gitudinal mode energy at 10 meV. In partssbd and scd the lines
through theT=6.15 K data are fits of the transverse spin waves and
broadened longitudinal modesRef. 26d convolved with the spec-
trometer resolution. The lines through theT=70.5 K data are fits of
the field theory expression for an ideal, one-dimensional, spin-1

2
Heisenberg antiferromagnet at 70 K that has been corrected for in-
terchain effects by a random phase approximationsRef. 28d and
convolved with the resolution.

LONGITUDINAL MAGNETIC DYNAMICS AND … PHYSICAL REVIEW B 71, 134412s2005d

134412-5



should be noted that the field applied heresB=1 Td is mini-
mal compared to the exchange couplings and besides, reori-
entation of the spin moments causes it no further effects on
the spectrum.

The polarized neutron measurements were performed on
HB1. A flat monochromator crystal of FeSi—s1, 1, 0d
reflection—was utilized, in conjunction with a flat Heusler
analyzer crystal—s1, 1, 1d reflection. The neutron final en-
ergy was fixed atEF=30.5 meV and a spin-flipper placed
between sample and analyzer allowed measurement of both
NSF and SF channels to be made. Soller collimators with
values 488–1208–808–2408 were used. In this configuration
the resolution-limited spin waves have FWHM in a constant-
energy scan at 16 meV of 0.083 Å−1 s0.053 r.l.ud and
0.056 Å−1 s0.036 r.l.ud for the negative and positive
branches, respectively, while the energy resolution for a non-
dispersive mode at this energy is 3.2 meV FWHM. An Ox-
ford Instruments vertical field, split coil cryomagnet was
used to generate a field ofB=1 T at the sample position.
Measurements were made for sample temperatures ofT=6
and 200 K with temperature control to within ±0.1 K. Some
preliminary results of these measurements have been dis-
cussed elsewhere.12

V. RESULTS AND ANALYSIS

A. Unpolarized data

Using the unpolarized setup, a number of constant-energy
and constant-wave vector scans were performed over the en-
ergy range 7 to 27 meV covering wave vectors froms0, 0,
1.3d to s0, 0, 1.7d to map out the magnetic scattering in the
vicinity of the predicted longitudinal mode. Most measure-
ments took place at low temperaturessT!TNd in the ordered

phase where the longitudinal mode is predicted to exist;
however, the temperature dependence was also measured up
to 70 K and scans were repeated at 200–300 K to obtain a
background. Some of the unpolarized data were discussed in
our previous papersRef. 11d; however, we include them also
in this paper for clarity and completeness. Figure 3sad shows
a constant wave vector scan at the antiferromagetic zone cen-
ter s0,0,1.5d. The filled circles give the data measured well
belowTN and show a number of features including scattering
close to the predicted longitudinal mode energy at 16 meV.
When the measurement is repeated atT=200 K, where the
magnetic signal at low energies is significantly reduced by
thermal broadeningsopen circlesd, the peaks at 19.5 and
25 meV remain, identifying them as phonons. The scan at
200 K was used to determine the phonon contribution at low
temperatures by dividing the phonon signal by the phonon
thermal population factor at 200 K and multiplying by the
population factor at 10 K. It was then smoothed and sub-
tracted from the low-temperature data as shown in Fig. 3sbd.
Two magnetic features dominate—a large signal at low en-
ergies and a broad peak centered at 16 meV. The low-energy
scattering comes from the spin waves, which are increasingly
captured by the resolution function at low energies as they
disperse towards the antiferromagnetic zone center. The peak
lies close to the anticipated longitudinal mode energy, al-
though it is significantly broader than the predicted sharp
resolution-limited signal.

The peak was fitted to the theoretical prediction of the
longitudinal modefEq. s5d aboveg,29 modified so that the
linear dispersion parallel to the chain is replaced by a sinu-
soidal dispersion with a minimum at the antiferromagnetic
zone center to model the discrete nature of the lattice not
included in the field theory calculations

EL =Îp2J2

4
sin2s2pLd + M2S3 −

gfcoss2pHd + coss2pKdg
2

D . s7d

The intensity was assumed to have a 1/E variation, as ob-
tained by transforming the delta function in Eq.s6d. The
mode was convolved with the full four-dimensional instru-
mental resolution, and the observed scattering was character-
ized best using a Gaussian line shape for the energy profile
and fitted peak position of 14.9±0.1 meV. This energy gap is
similar to the theoretical value of 17.4 meV,29 but quite dif-
ferent from the maximum of the two-magnon continuum pre-
dicted at 23.5 meV by spin-wave theory or from the lower
edge of the two-spinon continuum predicted at 22 meV.29

The mode is intrinsically broadened with FWHM of
4.95±0.4 meV, suggesting that its lifetime is shortened by
decaying into spin waves again, making it different from
both the two-magnon feature which would have a FWHM of
24 meV and the two-spinon continuum edge which would
have an asymmetric line shape.

It is important to eliminate the possibility that the feature
at 16 meV is spin-wave signal that has been distorted by the
resolution function to give the appearance of a mode. Figure
3scd shows a constant-energy scan at 16 meV through the
antiferromagnetic zone centers0,0,−1.5d. It shows two
peaks due to the spin-wave branches which are fitted to the
transverse mode dispersion again modified to take account of
the sinusoidal dispersion

ET =Îp2J2

4
sin2s2pLd + M2S1 −

coss2pHd + coss2pKd
2

D .

s8d

The dashed line is a fit of Eq.s8d convolved with the instru-
mental resolution and including the 1/E intensity variation
fEq. s4dg, where the only fitted parameter is the amplitude.
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The resolution function is accurately known for this spec-
trometer, and it is clear that spin-wave theory does not ac-
count for all the scattering that occurs between the spin-wave
peaks. Therefore, the extra scattering must have some other
origin.

A further indication that the additional scattering arises
from the longitudinal mode comes from its temperature de-
pendence. The longitudinal mode is associated with long-
range magnetic order in the low-temperature phase of a
quasi-one-dimensional, spin-1

2 Heisenberg, antiferromagnet
and should be absent above the Néel temperature, where one-
dimensional physics dominates and long-range order is lost.
The intensity of thes0,0,1.5d magnetic Bragg peak is plotted
as a function of temperature in Fig. 4sad; this quantity is
proportional to the square of the ordered moment and con-
firms the Néel temperature as 40 K±1 K. Figure 4sbd shows
inelastic scans for a constant wave vector ofs0,0,1.5d at sev-
eral temperatures, where the contribution from the phonon at
19.5 meV has been subtracted. AtT=6.15 K sfilled circlesd,
which essentially gives the ground-state signal, the longitu-
dinal mode is observed at 16 meV and the line through the
data is a fit to spin waves plus broadened longitudinal mode
convolved with the spectrometer resolution. When the scan
is repeated close to the Néel temperature at 40.6 Ksopen
squaresd, the longitudinal mode is no longer a distinct entity
and cannot be distinguished from the spin-wave scattering.
Well aboveTN at 70.5 K sfilled diamondsd, the longitudinal
mode has vanished and the observed spectrum shows the
smooth decrease in intensity with increasing energy typical
of the two-spinon continuum. The line through the data is the
field theory expression for an ideal one-dimensional, spin-1

2
Heisenberg antiferromagnet at 70 K that has been corrected
for interchain effects by a random phase approximationfEqs.
s13d, s17d, s25d, ands29d from Ref. 28g and convolved with
the instrumental resolution; the only fitted parameters are the
interchain exchange constant and overall amplitude.

It is clear from Fig. 4sbd that at energies just below the
longitudinal modes8–11 meVd the signal shows a minimum
at low temperatures but “fills in” as temperature is increased
until the distinction between the longitudinal mode and spin-
wave scattering is lost. To investigate this further a constant-
energy scan was done at 10 meVfFig. 4scdg. At T=6 K two
spin-wave peaks are observedsfilled circlesd and the line
through the data is a fit of the spin-wave branches convolved
with the resolution function. Close to the Néel temperature at
T=40.6 K sopen squaresd the peaks have broadened and the
region between them has partially filled in. Then, atT
=70.5 K sfilled diamondsd the two peaks are replaced by a
single broad feature more characteristic of the two-spinon
continuum than of spin-wave branchessagain, the line
through the data corresponds to field theory plus random
phase approximation28d and it is clear that the physics of a
one-dimensional spin-1

2 Heisenberg antiferromagnet domi-
nates at this temperature.

To make a direct comparison between the predicted and
measured longitudinal mode, the full low-temperature data
set atT=10 K was combined to show the neutron intensities
as a function of wave vector close toQ=s0,0,−1.5d and with
energy between 8 and 22 meV. The results are given in Fig.

5sad, where the colors represent neutron intensities. The spin
waves form the blue V-shaped rods dispersing from the zone
center, and the longitudinal mode is the red band lying be-
tween the spin-wave branches at 16 meV. The longitudinal
mode is however partially obscured by the phonon which lies
at 19 meV and disperses downward away from the antifer-
romagnetic zone center. The phonon extends across the fig-
ure both in between and on either side of the spin-wave
branches and has greater intensity on the higher wave vector
side. The phonon can be modeled using high-temperature
data collected at 200 K and corrected for the thermal popu-
lation factors; the results are shown in Fig. 5sbd. Figure 5scd
gives the neutron data with the phonon subtracted and shows
clearly that much of the intensity in between the spin waves
around 16 meV remains. Figure 5sdd shows a simulation of
the predicted magnetic scattering over the same energy and
wave vector region. The longitudinal mode was assumed to
follow the theoretical dispersionfEq. s7dg and intensityfEq.
s6dg with a Gaussian profile of FWHM 4.95 meV and a zone
center energy gap fixed at 14.9 meV as obtained from fitting.
The spin-wave branches were given a resolution-limited pro-
file. The line shapes of the various modes were normalized
so that the integrated intensity of the spin waves was four
times greater than that of the longitudinal mode, as predicted
theoretically.29 The calculation includes corrections for the
magnetic thermal population factor, the neutron scattering
geometrical factorssee rule 4 of Sec. IV Bd, and the Cu2+

magnetic form factor. The similarity between Figs. 5scd and
5sdd is striking and demonstrates not only the very real pres-
ence of the longitudinal mode but also the accuracy with
which the theories predict its intensity relative to the trans-
verse modes.

B. Polarized data

While the unpolarized measurements clearly show signal
at the expected longitudinal mode position, and prove that it
is real magnetic scattering rather than a phonon or a resolu-
tion effect, polarization analysis is required to demonstrate
conclusively that it is due to fluctuations parallel to the or-
dered spin momentslongitudinald. The experimental setup
described in Sec. VI and Fig. 2 was utilized.

1. Elastic measurements

First, the behavior of magnetic Bragg peaks as a function
of field was measured to determine the details of the spin-
flop reorientation transition and to measure the instrumental
flipping ratio. The intensity of a magnetic Bragg peak atT
=0 K is proportional to

Sdd ~ o
d=a,b,c

S1 −SQd

uQuD
2D 3 o

i

ukGuSi
duGlu2, s9d

where uGl is the ground-state wave function andSi
d is the

component of the spin of theith Cu2+ ion in the directiond.
As the applied magnetic fieldB is increased, the ordering
direction of the spin moment changes fromf1,1,0g sand
equivalent directionsd to f1,0,0g, so for an arbitrary field
strength the spin moments will lie between thea andb axes,
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making an angleu with the b axis, with u varying from
45°sB=0 Td to 90°sB=0.8 Td. The components of theith
spin along thea, b, and c axes arekGuSiuGlsinfusBdg,
kGuSiuGlcosfusBdg, and 0, respectively; the components of
the magnetic Bragg peak intensity in these directions are
proportional to sin2fusBdg, cos2fusBdg, and 0. Due to the ex-
perimental setup described in the previous section, the com-
ponent alonga will be observed in the SF channel, while the
component alongb will be observed in the NSF channelfsee
Fig. 2scdg. Equations9d also contains the geometrical factor
1−sQd / uQud2, which states that only components of the mag-
netic order perpendicular to the wave vector transfer can be
observed. The geometrical weighting for ordering along the
a, b, andc directions is given for four magnetic Bragg peaks
in Table I.

Combining the geometrical weightings with the compo-
nents of magnetic order along thea, b, andc directions gives
the predicted intensities as a function ofu in the SF and NSF
channels as shown in Table II.

The variation of the spin-flop angleu with field B applied
along theb axis is unknown except that for zero field the

spin direction isf1,1,0g, giving u=45. The four magnetic
peaks were measured as a function of field in 0.1 T steps
from B=0.0 to B=0.8 T in the SF channel, and from these
datausBd was deduced along with the efficiency of the neu-
tron polarization or flipping ratio FRsBd as a function of
field. These two quantities are plotted in Fig. 6 along with
the Bragg peak intensities corrected from the deduced flip-
ping ratio. The data show that spin-flop reorientation is com-

FIG. 5. sColord Wave vector–
energy intensity maps over the
longitudinal mode region mea-
sured using unpolarized neutrons.
Relative scattering intensity is in-
dicated by color as defined in the
color bars. sad Raw data atT
,11 K. The most intense scatter-
ing is in the V-shaped spin-wave
branches dispersing from the anti-
ferromagnetic zone center. The
longitudinal mode at 16 meV is
readily visible near s0,0,−1.5d,
but the data are contaminated by
the 19 meV phonon.sbd The pho-
non scattering modeled using the
high-temperature data corrected
for the thermal population factor.
scd Low-temperature data with the
phonon scattering subtracted out.
sdd Theoretical scattering
intensity.

TABLE I. Geometrical weighting, 1−sQd / uQud2, of four mag-
netic Bragg peaks for the spin components measured ina, b, andc
directions.

Q sr.l.u.d of magnetic
Bragg peak 1−sQa/ uQud2 1−sQb/ uQud2 1−sQc/ uQud2

s0, 0, 3/2d 1 1 0

s−1,0,3/2d 0.71 1 0.29

s−2,0,1/2d 0.07 1 0.94

s−2,0,3/2d 0.39 1 0.62
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plete atB=0.8 T, with the ordered spin moments pointing
entirely along thea axis.

2. Inelastic measurements

The aim of the next part of the experiment was to deter-
mine the polarization of the signal observed at 16 meV. The
techniques described above were used to create a mon-
odomain sample by applying a magnetic field ofB=1 T;
then, polarized inelastic neutron scattering measurements

were performed on it. As with the unpolarized investigation,
these measurements took place around thes0,0,1.5d magnetic
Bragg peak; however, because of the reduced intensities
available with the polarized setup, we concentrated on just
two scans—a constant-energy scan at 16 meV and a
constant-wave vector scan ats0,0,1.5d. The measurement
took place in the ordered phase atT=6 K and data in both
SF slongitudinal magneticd and NSF stransverse magnetic
plus phononsd channels were collected. The scans were also
repeated atT=200 K to obtain a high-temperature back-
ground and an analyzer turned background was also mea-
sured. The first stage in processing the data was to correct for
flipping ratio. The flipping ratio, FR, can be obtained from
the ratio of NSF to SF scattering of a nuclear Bragg peak,
and for this we chose to measure thes0,0,2d peak. The Bragg
scattering can of course only be measured at zero energy
transfer; in order to find the flipping ratio as a function of
energy the incident and final energies were kept equal to one
another and changed from 30.5 to 61.5 meV in steps of
1 meV.

The data adjusted for FR are given in Figs. 7 and 8. Al-

TABLE II. Predicted intensities for the four magnetic Bragg
peaks in the SF and NSF channels as a function of field and nor-
malized byS2.

Magnetic
Bragg peaks INSFfusBdg, ISFfusBdg

INSFs45d, ISFs45d
fB=0.0 Tg

s0, 0, 3/2d cos2fusBdg,1.00 sin2fusBdg 1/2, 1/2

s−1,0,3/2d cos2fusBdg,0.71 sin2fusBdg 1/2, 0.71/2

s−2,0,1/2d cos2fusBdg,0.07 sin2fusBdg 1/2, 0.07/2

s−2,0,3/2d cos2fusBdg,0.39 sin2fusBdg 1/2, 0.39/2

FIG. 6. sColor onlined Magnetic Bragg peak intensity measured
with polarized neutrons. A magnetic field applied along theb axis is
used to pole the crystal into a single magnetic domain where all the
spins point along thea axis. The intensities of the magnetic Bragg
peaks vary as the spin direction changes. The intensities of four
magnetic Bragg peaks are plotted in partscd for both SF and NSF
channels. Saturation is achieved for fields greater than 0.8 T. The
angleu that the spin moments make with theb axis is given insad
and the flipping ratio is also deduced and is plotted insbd.

FIG. 7. sColor onlined Constant-wave vector scans collected at
Q=f0,0,1.5g using polarized neutron scattering data corrected for
flipping ratio. The data were collected atT=6 K sfilled circlesd, T
=200 K sopen squaresd, andT=6 K with analyzer turned by 15 deg
from its optimum positionsfilled diamondsd to give a measure of
the general instrumental background. Longitudinal magnetic scat-
tering is observed in the spin-flip channelfpartsadg while transverse
magnetic scattering plus phonons are observed in the non-spin-flip
channelfpart sbdg. The lines through the data are guides to the eye.
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though the data have not been corrected for background or
phonons, there is a clear difference between the SF and NSF
channels. In the constant-wave vector scans atT=6 K sfilled
circlesd, the SF channelfFig. 7sadg which measures longitu-
dinal magnetic scattering has a broad peak centered at
16 meV. This signal is not present at 200 Ksopen squaresd,
confirming the results of the unpolarized measurement. The
signal is also absent in the NSF channelfFig. 7sbdg, which
measures transverse magnetic scattering and phonons but not
longitudinal magnetism. From these results it is clear that the
signal at 16 meV is entirely longitudinal scattering. In fact,
this longitudinal feature is already clearly visible in the raw
dataswithout the FR correctiond which is given in Ref. 12.
The NSF data have some structure at high energies due to the
phonons observed previously in the unpolarized measure-
ment. At low energies both SF and NSF data sets show in-
creasing scattering; this is much stronger in the case of the
NSF channel at low temperatures where the transverse spin-
wave modes are captured by the resolution function as they
disperse towards the zone center. However, a smaller quan-
tity of low-energy signal is found in the SF channel and also
at 200 K in the NSF channel. This signal probably has its

origins in the elastic incoherent scattering, which is observ-
able due to the broad energy resolution of this experimental
setup. The incoherent scattering is observed in both the SF
and NSF channels,30 and in each case the high-temperature
signal can be used as a measure of the incoherent back-
ground. The constant-energy scans are given in Fig. 8. A
single peak is observed in the SF channelfFig. 8sadg at L
=1.5 again corresponding to the predictions for the longitu-
dinal mode, whereas two peaks are found in the NSF mea-
surementfFig. 8sbdg on either side of this position corre-
sponding to the transverse spin-wave branches. All of these
scans were repeated with the analyzer turned away from its
optimum position by 15 deg so that signal from the sample is
not Bragg scattered at the analyzer or directed towards the
detector; this gives a measure of the general instrumental
background in the absence of the sample, which is significant
due to the long counting times required.

The next stage in the data analysis was to subtract the
analyzer turned background. This was done separately for
the SF and NSF data sets, where in both cases the analyzer
turned data set was fitted to a straight line which was sub-
tracted from the data. This correction is successful in that it
removes the slope from the constant-energy data and in ad-
dition accounts for almost the entire background of the SF
measurement for energy transfers above 15 meV. Next, the
low-energy incoherent signal and the phonons were sub-
tracted. For the SF data the background was assumed to con-
sist of incoherent signal only, which was obtained by fitting
the constant-wave vector SF scan at 200 K and energies be-
low 10 meV swhere magnetic continuum signal is washed
out due to temperature broadeningd to a Gaussian function
centered at zero energy transfer. This Gaussian is extrapo-
lated over the range of the entire scan and is then subtracted
from the low-temperature SF data to obtain the longitudinal
magnetic scattering. The background for the NSF data is
more complex because, besides the incoherent component,
the signal is also contaminated by phonons. As with the SF
data the incoherent component is obtained by fitting the low-
energy datasbelow 10 meVd at 200 K in the constant-wave
vector scan. The remaining scattering at 200 K in then as-
sumed to be phonon signal plus a residual magnetic con-
tinuum contribution, but of course the relative proportions
are unknown. We have made the assumption that the residual
continuum is small and therefore that the remaining signal
comes mostly from phonons—this will result in a small over-
estimation of the background. The phonon background at
6 K is worked out by adjusting the phonon signal at 200 K
for the thermal population factors; it is then added to the
incoherent background and the result is subtracted from the
low-temperature NSF data.

The results are shown in Fig. 9, where the analyzer
turned, incoherent, and phonon backgrounds have been sub-
tracted so that the signal is entirely longitudinal magnetic in
the case of the SF data and entirely transverse magnetic in
the case of the NSF data. Figure 9sad shows the constant-
wave vector SF data atT=6 K, where the longitudinal mode
is clearly visible and appears somewhat broader than in the
unpolarized measurement due to the coarser energy resolu-
tion of the present setup. The solid line gives the fit of the
longitudinal mode convolved with the resolution function;

FIG. 8. sColor onlined Constant-energy scans collected atE
=16 meV using polarized neutron scattering data corrected for flip-
ping ratio. As in Fig. 6 the data were collected atT=6 K sfilled
circlesd, T=200 K sopen squaresd, andT=6 K with analyzer turned
by 15 degsfilled diamondsd. Longitudinal magnetic scattering is
observed in the spin-flip channelfpart sadg while transverse mag-
netic scattering plus phonons are observed in the non-spin-flip
channelfpartsbdg. Again, the lines through the data are guides to the
eye.
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the energy gap extracted from the fitting is 14.55±0.24 meV
while the FWHM of the mode is 6.0±0.6 meV. The com-
plete absence of a peak at 16 meV in the NSF constant-wave

vector scan atT=6 K fFig. 9sbdg confirms the longitudinal
nature of this mode. The low-energy signal in the NSF scan
comes from the transverse spin waves and has been fitted to
a model of the spin-wave dispersion convolved with the in-
strumental resolutionssolid lined. Figure 9scd shows the
constant-energy scans in both the SF and NSF channels su-
perimposed; again, the peak atL=1.5 observed in the SF
channel is completely absent in the NSF channel. From the
fitting, the ratio of the intensity of the longitudinal mode to
the spin waves is 0.36±0.12sintegrated intensities are com-
pared to take into account the broadened linewidth of the
longitudinal moded, whereas from theory29 this ratio is pre-
dicted to be 0.25. The larger ratio found experimentally may
be due to an oversubtraction of the background for the NSF
data which makes the spin-wave intensity appear smaller
than it actually is.

While the longitudinal mode provides a good fit to the
data in Fig. 9sad, it is unable to account for the extra scatter-
ing that occurs above 23 meV. One explanation is that this
signal comes from the multiparticle continuum, which is pre-
dicted to have a lower boundary of 22 meV forT!TN in
KCuF3.

29 There is no exact expression for this continuum;
however, we model it with a formula similar to the Müller
ansatz26 of the ideal one-dimensional Heisenberg antiferro-
magnet, but with the signal truncated at the expected lower
edgeEc given by

Ec =ÎDC
2 + SpJ

2
D2

sin2s2pLd, s10d

whereDC is the lower bound of the continuum at the antifer-
romagnetic zone center and is predicted to have the value
2M. The continuum scattering is then given by

Im xc = Ad

1 − coss2pLd
2

1

ÎE2 − SpJ

2
D2

sin2s2pLd

3QfE − ECsLdg, s11d

wherexc is the generalized spin susceptibility for the con-
tinuum, Qsxd is the Heaviside step function,d is the polar-
ization direction, andAd is a constant of proportionality that
is allowed to vary between transverse and longitudinal chan-
nels, although theoretically it is independent of polarization.
Fitting this expression along with the longitudinal mode to
the SF data gives better agreement with the data. The fitted
continuum signal is given by the dashed line in Fig. 9sad. The
extracted value ofDC is 22.9±0.59 meV, which is very simi-
lar to the predicted value of 22 meV, implying that this extra
scattering may well arise from a longitudinal continuum.
Theory also predicts that the transverse continuum would
occur at the same energy; this should be observed in the NSF
channel. Looking at Fig. 9sbd, it is not clear from the data
that such a continuum exists. Introducing an additional trans-
verse continuum to the NSF fitting function produces a small
but insignificant improvement in the fit. We must, however,
take into account that the NSF data are less reliable than the
SF data, due to the phonon contamination and the greater
uncertainties in the background subtraction, and it is prob-

FIG. 9. sColor onlined Polarized neutron scattering data cor-
rected for flipping ratio and with the analyzer turned, incoherent,
and phonon backgrounds subtracted.sad Constant-wave vector scan
collected atQ=f0,0,1.5g andT=6 K and measured in the SF chan-
nel. The longitudinal mode and the longitudinal continuum are fit-
ted simultaneously to the data; the solid line gives the longitudinal
mode part of this fit while the dashed line gives the longitudinal
continuum part. In an alternative model the scattering observed at
15 meV is due to the lower edge of the longitudinal continuum; the
dotted line is a simulation of this.sbd Constant-wave vector scan
collected atT=6 K in the NSF channel. The transverse spin waves
and transverse continuum have been fitted to the data and the solid
line is the spin-wave part of this fit while the dashed line is the
transverse continuum part.scd Constant-energy scans atT=6 K in
both SF and NSF channels. The solid lines through the data are the
fitted longitudinal mode and spin waves. The asymmetry in the
spin-wave peaks on either side off0,0,1.5g is a consequence of
instrumental resolution. In all cases the resolution function has been
convolved with the fitted line shape.
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ably not possible to determine from the data whether or not a
transverse continuum is present. The continuum in the low-
temperature antiferromagnetically ordered phase of KCuF3
has been previously observed5,10 and an estimate of its lower
edge, given by the onset of the energy/temperature scaling
predicted for the magnetic correlations of an ideal ID spin-1

2
Heisenberg antiferromagnet,32 was found to be 26 meV.10

There are similarities between the low-temperature phase of
KCuF3 and the spin-Peierls phase in CuGeO3 where a
gapped dimer mode is observed, separated by a further gap
from a continuum.33 In each case the perturbation that drives
the system from ideal 1D behaviorsweak staggered magnetic
order in KCuF3 and alternating intrachain exchanges in
CuGeO3d forces the continuum to be gapped while an addi-
tional mode appears within that gap.

Finally, while theoretically the longitudinal mode is pre-
dicted to be a distinct entity from the longitudinal con-
tinuum, an alternative viewpoint is that it is simply the lower
bound of the continuum. We have explored this issue by
fitting only the continuum function to the data using a lower
bound energy of 13 meVfdotted line in Fig. 9saddg. While
the continuum can accurately model the lower energy side of
the longitudinal mode, it predicts a decrease in intensity that
is far too gradual at higher energies, so that the simulation
lies well above the data points for energies above 18 meV. It
is therefore clear that the conventional continuum function is
unable to account for the scattering at 16 meV and that we
should think of this scattering as a broadened mode rather
than the continuum edge.

VI. DISCUSSION AND CONCLUSION

The results show both polarized and unpolarized neutron
scattering data of the low-energy excitation spectrum of the
quasi-one-dimensional,S= 1

2 Heisenberg antiferromagnet
KCuF3 in its long-range magnetically ordered state. The data
reveal transverse spin-wave excitations and an additional
mode. By using neutron polarization analysis to separate lon-
gitudinal and transverse magnetic excitations, we are able to
demonstrate the longitudinal nature of this mode unambigu-
ously. The spin waves are resolution limited and disperse
steeply downwards toward the antiferromagnetic zone center,
while the longitudinal mode is gapped with a gap size of
,15 meV that is fairly similar to the theoretically predicted
value of 17.4 meV.29 One feature of the longitudinal mode
not predicted by theory is its sizable broadening of approxi-
mately 5–6 meV, suggesting that it is unstable to decay into
spin waves. However the intensity of the mode relative to the
spin waves is in good agreement with theory; the experimen-
tal ratio is 0.36±0.12 compared to the theoretical ratio of
0.25. Theory also predicts a two-spinon continuum at higher
energies with a lower boundary of 22 meV, and data col-
lected in the spin-flipslongitudinald channel do indeed sug-
gest that a longitudinal continuum starts at 23 meV. How-
ever, in the non-spin-flipstransversed channel, uncertainties
in the background subtraction make it difficult to determine
whether or not the expected onset of the transverse con-
tinuum is present at a similar energy.

It is interesting to compare these results to those for the
longitudinal excitations in the compound BaCu2Si2O7. This

material is also a quasi-one-dimensional,S= 1
2 Heisenberg

antiferromagnet; however, its interchain interactions are
much weaker. As a consequence the ordered spin moment
per Cu2+ ion for BaCu2Si2O7 is 0.30mB compared to
0.54mB for KCuF3 and its Néel temperature expressed in
terms of the intrachain exchange constant is 0.033J/kB com-
pared to 0.099J/kB.27,34The excitations in BaCu2Si2O7 have
been investigated using unpolarized neutron scattering, and
the longitudinal magnetic intensity has been inferred by
comparing data above and below a spin-flop transition that
causes the direction of the ordered spin moment to change.
The evidence for a longitudinal mode is less conclusive for
this material. As for KCuF3, longitudinal scattering is ob-
served at the antiferromagnetic zone center for energies well
below the expected longitudinal continuum lower boundary;
however, the signal is very broad in energy. When a function
consisting of the longitudinal mode plus longitudinal con-
tinuum is fitted to the data the longitudinal mode has an
energy gap of 2.1 meV and width of 1.5 meV, while the
lower boundary of the longitudinal continuum is 5 meV.27,34

For this compound the width of the longitudinal mode com-
pared to its energy gap is 0.71, and thus the relative broad-
ening is much greater than for KCuF3 where the ratio is 0.34,
resulting in considerably more overlap between the longitu-
dinal mode and the continuum for BaCu2Si2O7 than KCuF3.
Furthermore, the intensity of the longitudinal mode in
BaCu2Si2O7 normalized to the spin-wave intensity is four
times greater than that predicted theoretically,27,34 in contrast
to KCuF3, where theory and experiment agree within error.
In fact, the longitudinal excitations in BaCu2Si2O7 can be
fitted almost as well by a model where there is no longitudi-
nal mode but only a longitudinal continuum whose lower
boundary is 2.0 meV.27,34 Again, this is in sharp contrast to
KCuF3, where a continuum-only model completely fails to
explain the datafsee Fig. 9sadg.

There are several possible reasons for the discrepancy in
the results for these two compounds. To begin with,
BaCu2Si2O7 has a more complex Hamiltoniansconsisting of
two zigzag magnetic chains and three interchain interac-
tionsd, giving rise to a much more complicated structure fac-
tor in the excitation spectrum. It should be noted that any
lifetime broadening of the longitudinal mode via decay into
spin waves depends crucially on details of the interchain
couplings. For chains coupled in a two-dimensional plane no
longitudinal mode exists as the phase space for decay is too
large; therefore, the significant deviation of BaCu2Si2O7
from the canonical three-dimensional tetragonal Hamiltonian
fEq. s2dg may be important to the lifetimesand widthd of the
mode.

Another factor is that the definitude of the longitudinal
mode concept varies with the degree of one-dimensionality
of the material. In the strictly one-dimensional limit there is
no longitudinal mode. Conversely, in the fully three-
dimensional limit the mode is pushed to arbitrarily high en-
ergy and its contribution to the dynamic susceptibility is neg-
ligible. The posited longitudinal mode is only measurable in
practice in systems with an intermediate interchain coupling
strength. A sufficient amount of interchain coupling is pre-
sumably necessary to separate the mode from the spin waves
and to stabilize it. Too much interchain coupling, however,
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increases ordered spin moment and thus concentrates the
longitudinal spectral weight in the magnetic Bragg peaks
rather than the longitudinal mode. In addition, the width of
the mode would also increase as more of the spin-wave states
lie below it in energy and become available for it to decay
into. The precise behavior of the dynamical correlations as a
function of interchain coupling is unknown. For KCuF3 the
coupled chain RPA theory accurately predicts the values for
the intensity and energy gap but does not account for the
broadened linewidth of the mode produced by decaying into
spin waves. The interchain interactions in BaCu2Si2O7 may
well be sufficiently weak that the apparent physical behavior
is in a different regime where the mode, if present, is much
more difficult to observe or to disentangle from the con-
tinuum scattering.

In conclusion, our work combined with that on
BaCu2Si2O7 shows that longitudinal excitations occur below

the predicted continuum lower boundary in a quasi-one-
dimensional, spin-12 Heisenberg antiferromagnet. It is clear
that in KCuF3 these excitations can be thought of as a lon-
gitudinal mode with a broadened linewidth. The range of
interchain to intrachain magnetic couplings for which a well-
defined mode should be observable remains an open ques-
tion, and measurements on other materials will be needed to
fully delineate the possible physical regimes.
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