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The spin dynamics of coupled sp@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
qguantum fluctuations. In this paper the existence of such a mode is confirmed in the model material KCuF
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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l. INTRODUCTION sponse to anomalous experimental results on CsNFEf 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
Hip=J> é '§+1, (1) 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-

\r’gﬁ;e'n'estitchZ;gﬁalgdgxczl:]);grf?eighﬁ'nh?disoggﬁv?;}t'fﬁr;jis_non mode. Nevertheless, inspired by experimental studies of
9 g ’ gnly ' KCuF;,%® Schul2® demonstrated, using field theoretical

plays a_spin singlgt ground _state with algebfaically'decayinqechniques that a stable longitudinal mode may arise for the
correlations, and its excitations are free spinons, i.e., quan- ’

.1 . .
tized 7 solitons ca}rrying spin quantum nqmbers:i.ofrathgr gﬁ;?lgztig{?hghrﬁ:zfmﬁurgfg e}/vf((a)?kII(%tJ)g.ether Into a tetrag
than theS=1 carried by conventional spin waves. Spinons The S=1 HAFC Hamiltonian[Eq. (1)], extended to in-
are semions obeying half-fractional statistics, and are re- —2 . - .
stricted to creation in pairs? The spinon picture has been clude coupling between neighboring chains becomes
confirmed in some detail by measurements of the triplet ex- - & .a & . a & . a
citation continuum in KCug3-5 and other materiafs® and Haw le:’ St S+1J+JL|§:’ (Sr-Srsa® S Sre),
the dynamics of an isolateﬂ:% HAFC are relatively well

. . (2
understood theoretically and experimentally. However, mea-
surements on quasi-one-dimensiofglasi-10 materials at whereJ, is the interchain exchange constant and a lat-
low energy and temperature scales where effects of intettice vector in thea—b plane(perpendicular to the chains that
chain coupling become significant have shown surprisingun along thec direction which is used to label the magnetic
and nontrivial crossover effects. In particular, in our recentsites.J, couples nearest-neighbor chains only, and for a ma-
studies of KCuk a damped mode is observed in a region ofterial with tetragonal symmetry the strength &f is the
wave vector and energy space where the three-dimensionsame in thea- andb directions. Each chain site then has two
(3D) character of the excitations is importaft!?This mode  neighbors alonge, and four within thea—b plane. In the
was interpreted as a longitudinal mode. Hamiltonian of Eq.(2) the couplings are particularly simple,

A long-lived longitudinal magnetic excitation was pre- being both unfrustrated and three-dimensional. Combined
dicted in some weakly-coupled cluster compounds, e.g., th@ith the mathematical tractability of the sp§1HAFC, Eq.
Szé dimer'® and tetrametéf and has been measured using (1), which has a quantum critical ground state and displays
Raman scattering in the tetrameter systergT@OsBr,.14 In scaling behavior, Hamiltoniaf2) is an excellent model to
quasi-1D antiferromagnets the stability of a longitudinalexplore dimensional crossover effects on strongly fluctuating
mode was investigated theoretically for integer-spin chainguantum states. Numerous theoretical works, based on sys-
using quantum field theory by Affleck and Wellnfain re-  tematic treatments of the interchain coupling in ), have

The physical behavior of the spih-(S=3) Heisenberg
antiferromagnetic chaifHAFC), defined by the simple
Hamiltonian
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subsequently been published, furnishing detailed predictions 30
for static and dynamical properties including the longitudinal
mode, and these have been compared to experimental data
from KCuF;, and other model magnetic materials.

The most comprehensive experimental and theoretical
work to date has been directed toward KQuBsing unpo-
larized neutron scattering the dynamical response for all en-
ergy, wave vector, and temperature scales has been
sampled® 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 predictionst! 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 0
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

spinon
continuum

Energy (meV)
o

two-magnon
10} continUum

Energy (meV)

20

Energy (meV)

, _ OFS longitudinal
achieved by combining magnetic fields strong enough to 10 mode e Th
pole the magnetic order of KCyFnto a single spin-flop modes
domain, and exploiting inelastic neutron scattering measure-
ments with vertical polarization analysis. 0 16 15 14
The paper is organized as follows: In Sec. Il, we summa- )
fize the magnetic properties of KCyFSection Ill presents Wavevector along the Chain [0,0, L]

the primary theoretical predictions. The experimental method _ _

is explained in Sec. IV, and the results obtained from mea- G- 1. Predictedr=0 low-energy magnetic response near the
surement and analysis presented in Sec. V. The wider signiff—o’o’l‘) D E.im'ferromagne.t'c wave vector in KC@".:rhe darkness .
cance of these results and their implications for other mate.c-)f the shading gives the intensity of the_scattenng. The theories
rials, namely BaCy5i,0; where longitudinal excitations !E:;:}a;egr(? éf(z)hg\‘sin'\gﬂuélsg ;n;ga;éﬁb)sizm\gs \lﬁ etge;r% ;vaoto
Ph?ioarli?ugﬁ)?]g Iglyeeztlls?c?tgei?/'er?re discussed in Sec. VI, Wherﬁagnon scatteringshading; (c) predictions of Essleet al. (Ref.

29) and Schulz(Ref. 18 showing transverse spin waves and the
longitudinal mode at low energies, and continuum at higher
II. MAGNETIC PROPERTIES OF KCuF ; energies.

Thﬁ mfggnetic prppl)ertries o;KCyilége near'-ideal, ar}dht_hir? antiferromagnetic alignment along the chaimsdirection
was the first material where detailed experiments of highers 4 forromagnetic alignment between the chains. Electron

dimensional effects on spif-chains were conducté&“ It paramagnetic resonance and magnetic susceptibility mea-
has a tetragonal crystal structufnma that arises from a  grements reveal a Dzyaloshinsky-Moriya interaction that
cooperative Jahn-Teller effect, with lattice parametsmb destroys the in-plane degeneracy, giving rise to an eight-
=4.126 A andc=3.914 A(at T=10 K). The magnetidie,>  gyplatice magnetization structure where the spins are
hole orbitals are ordered in an antiferrodistortive glightly canted away from the[1,1,00 and equivalent
arrangementthat results in excellent quasi-1D properties, girections?®25 The  ordered moment per  spin
and each Cii ion carries a near-isotropic spi§=1/2) due dsug/(S1,1,0])| obtained from neutron diffraction is 0.4

to an almost complete quenching of the orbital angular mo(Ref, 21) for temperature§ < Ty, indicating ~50% reduc-
mentum by the crystal field. The Qliorbitals are ordered, tion of the magnetic order from its saturation value by zero-
and there has been considerable work investigating this a$oint quantum fluctuations.

pect of the structure; see, e.g., Ref. 20. A large orbital over- The dynamics of KCuf has been studied extensively:
lap through the fluoring orbital results in strong antiferro- - apove T, one-dimensional effects are found to dominate,
magnetic superexchange interactidds 34 meV) coupling  and the spin dynamics measured by neutron scattering are in
nearest-neighbor magnetic sites in thelirection. This ex- good agreement with that of free spindn&as approximated
change is essentially an isotro_pic Heisenberg interaction Witl[yy the Muller ansat?® Figure ¥a) illustrates the Miiller an-
only a small(~0.2%) x-y anisotropy. As expected from gatz at low energies around the antiferromagnetic zone cen-
Kanamori-Goodenough rules, a much weaker ferromagnetiger, |ocated at(0,0,1.5 in KCuF;; scattering is expected
exchange interaction through an unfilledl orbital (J,  within a V-shaped region centered @0,1.5. This scatter-
=-1.6 meV} acts between sites in the andb directions, ing is rotationally invariant , i.e., the fluctuations take place
coupling the Heisenberg chains togethe? The interchain  equally in all directions. In the three-dimensionally ordered
interactions induce long-range magnetic order below a Négbhase belowT,, the spin correlations at energies above
temperature offy=39 K—some 1/10 of the intrachain ex- 27 meV are not appreciably affected by the ordering. How-
change strengtli/k. The spin moments in the ordered phaseever, below this energy well-defined spin-wave modes exist
are confined to the—b plane by thex-y anisotropy with  with additional scattering lying between them for energies
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>12 meV. For wave vectors in th@,0,L) direction, con- coupledS=1/2 Heisenberg antiferromagnet chain has been
ventional spin-wave theory with the inclusion of two- approached theoretically by considering the solution of the
magnon terms could qualitatively explain the observations aisolated chain in the continuum limit, treating the interchain
low energie¥’ but not the continuum at higher energies. Fig-interactions as a staggered field and applying the random
ure 1(b) shows the scattering calculated from spin-wavephase approximatiofRPA).182° The theory predicts a dou-
theory near(0,0,1.5.1° The spin-wave branches are well- bly degenerate, well-defined, transverse spin-wave mode
defined transverse modes, i.e., they involve oscillations ofvith dispersion and intensity around the 1D antiferromag-
the magnetism in a direction perpendicular to the orderedietic zone center given by
spin moment, whereas the two-magnon signal is longitudinal 5
(oscillations parallel to the direction of the spin ordejiagd E.= \/772_\]( _ 2 2( B cog2wH) + c05{27-rK)>
. . . T= mn-27L)*+ M- 1
forms a broad continuum with a maximum at 23.5 meV and 4 2
a full width at half maximum of 24.0 meV. Detailed mea- (3)
surements of low-energy fluctuations in KGuRef. 11 and
BaCuSi,O; (Ref. 27 have highlighted the need to include and
nonlinear effects in calculations of the dynamics.

n [E? EZ2
Im x7=57=0\ =5~ 3 (4)
IIl. THEORETICAL PREDICTIONS 23, \M* M

Systematic expansions in the interchain coupling in Eqrespectively, where the wave vector transfe@Qis(H,K,L),
(2) have successfully described the static ordered momenM is the zone boundary energy forat the antiferromagnetic
Néel transition temperature, and spin waves measured at lozone centefe.g.(0.5, 0, 0.3], which is related td, and has
temperatures within a unified theory; see, e.g., Ref. 28. Calthe value 11 meV in KCuf; andn is an odd integer such
culating the longitudinal dynamics, though, presents thehat|n-2L|<0.5. In addition, the theory also predicts a well-
strictest test for theory. Recently, thie0 K dynamics of the  defined longitudinal mode with energy and intensity

2
E = \/ T - 2mly+ M2(3 _ cosamt)+ COS{ZWK)]) , (5)
4 2
[
and axis spectrometers at the High Flux Isotope Readi#fIR)
) 5 in Oak Ridge National Laboratory. The same high-quality

Im XL:ﬂ E__i> (6) Single crystal of KCuk with a mosaic of 10, mass of
43| \mM2 wm2)” 6.86 g, and volume of 1 chnwhich was employed in previ-

,19
where the constang=~0.4913. This mode has an energy gapous nettron measuremetfts;“was used.

at the antiferromagnetic zone center with gap size propor-
tional to the interchain exchange constdnt and its inten-
sity is a factor of 4 smaller than that of the transverse mode
(for a given energy The longitudinal mode contributes to Unpolarized inelastic neutron scattering measurements
the dynamics only when the ordered moment is suppressetere made with a fixed final enerd=13.5 meV using the

by zero-point fluctuations and is therefore a quantum effect{0, 0, 2 reflection from a flat pyrolytic graphité®G) ana-

its intensity drops away as the suppression decreases. Figuy&er, and vertically focused PG monochromator. Higher or-
1(c) shows the theoretical predictions for KGuFrhe longi- der beam contamination was removed by a PG filter after the
tudinal mode lies between the dispersion branches of théample. The sample was mounted with atsand c lattice
transverse modes and has a gap of 17.4 meV. In additioyectors horizontal in the scattering plane, and cooled to a
Essleret al. predict continuum scattering starting amM2 base temperature of 2 K in a variable flow cryostat with
=22 meV and extending upward in enef§yA broadened temperature stability better than +0.1 K. The steep spin-
mode lying close to the theoretically predicted energy of thevave dispersion200 meV A along the[0,0,L] direction
longitudinal mode was observed in the unpolarized neutroifor KCuF; presents particular difficulties, and a narrow wave

A. Unpolarized measurements

scattering measurements reported eatlier. vector resolution is required to resolve longitudinal signal
between spin-wave branches. The “resolution ellipsoid” must
IV. EXPERIMENTAL METHOD also have a "vertical” orientation, so that when convolved

with the spin-wave dispersion the two branctiesth posi-
Polarized and unpolarized inelastic neutron scatteringive and negative slopg$ave similar widths, i.e., defocus-
measurements were carried out at the HB1 and HB3 tripleing effects are small and the signal is symmetric about the
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antiferromagnetic zone center. Measurements were con- a) B=0T
ducted largely aroundo, 0, 1.9, 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 collimatéralues

48 -40-40-240) between source and detector was se-
lected to optimize conditions resulting in resolution limited
spin waves with full width at half maximuntFWHM) in
wave vector of 0.057 A (0.035r.l.u), and an energy
FWHM of 1.3 meV (for a dispersionless mogat the pre-
dicted longitudinal mode energyl6 me\).

B. Polarized measurements b |
a

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
(up) polarizing monochromator and analyzer, the polariza- b) T B=0.8T//b
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-fliiSH scattering, while <] T
scattering into down-spin final states is designated spin-flip
(SP 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 c
spin moment. The main disadvantages of this technique are P//b
the large reduction in neutron intensityompared to unpo- NSF
larized neutron scatteringand the requirement of a mon- S
odomain magnetic sample to achieve an unambiguous result.
Because of the difficulty of such a study, the polarization FiG. 2. (Color onling The magnetic ordering in KCyfand the
analysis of the spin dynamics in KCyvas not carried out experimental setup. Below the Néel temperature in zero field the
until now. spin moments of KCuflie in thea—b plane and are canted slightly

From Moonet al 30 the following rules for polarized neu- away from the[1,1,0 direction, giving a total of eight possible
tron scattering can be abstractdd) Components of mag- antiferromagnetic domainsee panela)]. If however a magnetic
netic order or magnetic oscillations which are parallel to thefield is applied along thé direction, the spin moments lie parallel
direction of neutron polarization are seen in the NSF chanto the a axis for fields greater than 0.8 [Gee panelb)]. In the
nel. (2) Components perpendicular to the direction of theexperiment the neutrons are polarized parallel tolttexis. Com-
neutron polarization are seen in the SF chan{®IPhonons  Ponents of the magnetic ordering that are parallel to the polarization
and structural scattering are observed only in the NSF char{P) direction are seen in the NSF channel, while components per-
nel. And finally (4) those magnetic components which are Pendicular toP are observed in the SF chaniieee pane{c)]. In
parallel to the wave vector transfer are not observed in an;ero f_|eld the _multldomaln_ structure means that magnetic Bragg
channel. These rules can be combined to determine the pggak mten_slty is obse_rved in both the NSF and SF channels;_ how-
larizations of various magnetic excitations within a material:€V€" the single domain achieved wii=0.8 T//b means that this
however, to obtain an unambiguous result it is necessary t%'gr.'al S observed solely in t.he SF Ch.‘"’mne" Longitudinal magnetic
investigate a magnetically monodomain sample to be able tﬁxmtatlons(parallel to o_rderln_g o_llrectldnca_n also be separatc_ed

. . : A om transverse magnetic excitatiofgerpendicular to ordering di-
define unique ordering and oscillation axes. rection using this technique.

In zero field, magnetic order in KCyfs characterized by
a structure where spin moments are slightly canted awathis phase the spin moments flop perpendicular tobtluk-
from the[1,1,q direction and its symmetry equivalerf’s?®  rection and, due to the-y anisotropy?? they point along the
Typically, all eight possible antiferromagnetic domains will a axis2! resulting in a unique domain throughout the sample
form within the sample as it is cooled beloWy [see Fig. [see Fig. 20)]. For a sample orientation where theandc
2(a)], so while longitudinal and transverse magnetic excita-axes form the horizontal scattering plane of the instrument
tions can be defined within each domain they cannot be disand a vertical field magnet is used, longitudinal magnetic
entangled for the sample as a whole. However, when a magexcitations will occur along tha axis, while transverse ex-
netic field, B, is applied along the crystallographib  citations will occur along thé andc directions. If measure-
direction of KCuk, a reorientation of spin moments occurs, ments take place arour(@, 0, 1.5, rule 4 implies that spin
resulting in a spin-flop phase for fields above 0.8 In  components in the direction cannot be measured at all since
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FIG. 3. (Color onling Constant-energy and constant-wave vec- Wavevector transfer (0,0.L) (r.
tor scans through the predicted longitudinal mode position using
unpolarized neutron scatterinda) Constant-wave vector scan  FIG. 4. (Color onling Temperature dependence of the magnetic
through (0,0,-1.5 below Ty at T<11 K (circles and atT order and excitations measured with unpolarized neutr@dn-
=200 K (open squards the data are given per unit monitor tensity of the(0,0,1.5 magnetic Bragg peak as the crystal is heated
(~1 9. The high-temperature data are used to identify the phononghrough its Néel temperatuiig,=39 K. The line through the data is
(gray shadingand the solid lines are guides to the efl®. Mag- & guide to the eye(b) Magnetic excitations at0,0,1.5 for the
netic signal forT< 11 K, where the phonon backgrousiadjusted ~ temperatures 6.15 Kfilled circles, 40.6 K (open squargs and
for thermal populations factorsias been subtracted from the low- 70.5 K (filled diamonds. (c) Constant-energy scan below the lon-
temperature data. The scan consists of transverse magnetic sigrgiludinal mode energy at 10 meV. In paits) and (c) the lines
(gray shadiny and a lump of scattering at 16 meV close to the through theT=6.15 K data are fits of the transverse spin waves and
expected longitudinal mode positiofc) Constant-energy scan at broadened longitudinal modgref. 26 convolved with the spec-
16 meV; again, the gray shading gives the scattering expected froiiometer resolution. The lines through the 70.5 K data are fits of
the transverse spin waves. In pas and(c) the dashed line is the the field theory expression for an ideal, one-dimensional, épin-
spin-wave intensity while the solid line is the fitted intensity of both Heisenberg antiferromagnet at 70 K that has been corrected for in-
the spin waves and the longitudinal mode convolved with the in-terchain effects by a random phase approximati@ef. 28 and
strumental resolution. convolved with the resolution.

.u)

they are parallel to the wave vector transfer, and only thé will be observed in the NSF channélule 1) [see Fig.
transverse component oscillating along thdirection is ob-  2(c)]. Phonons will of course also be observed in the NSF
servable. For vertically polarized neutrofi®., neutron po- channel (rule 3. This arrangement is advantageous in
larization parallel tdb), longitudinal excitations which oscil- cleanly separating longitudinal scattering from both trans-
late parallel to thea axis will be observed as SF scattering verse magnetic scattering and phonons and allowing the un-
(rule 2, and transverse excitations which oscillate parallel toambiguous determination of the nature of the signal. It
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should be noted that the field applied héBe=1 T) is mini-  phase where the longitudinal mode is predicted to exist;
mal compared to the exchange couplings and besides, reofiowever, the temperature dependence was also measured up
entation of the spin moments causes it no further effects oto 70 K and scans were repeated at 200—300 K to obtain a
the spectrum. background. Some of the unpolarized data were discussed in
The polarized neutron measurements were performed ogur previous papeiRef. 11; however, we include them also
HB1. A flat monochromator crystal of FeSk: 1, O  in this paper for clarity and completeness. Figuta 3hows
reflection—was utilized, in conjunction with a flat Heusler a constant wave vector scan at the antiferromagetic zone cen-
analyzer crystal-1, 1, ) reflection. The neutron final en- ter (0,0,1.5. The filled circles give the data measured well
ergy was fixed atEg=30.5 meV and a spin-flipper placed pelow T, and show a number of features including scattering
between sample and analyzer allowed measurement of botlose to the predicted longitudinal mode energy at 16 meV.
NSF and SF channels to be made. Soller collimators withwhen the measurement is repeateda00 K, where the
values 48-120-80'-240 were used. In this configuration magnetic signal at low energies is significantly reduced by
the resolution-limited spin waves have FWHM in a constantthermal broadeningopen circley the peaks at 19.5 and
energy scan at 16 meV of 0.083% (0.053r.Ly and 25 meV remain, identifying them as phonons. The scan at
0.056 A* (0.036r.ly for the negative and positive 200 K was used to determine the phonon contribution at low
branches, respectively, while the energy resolution for a nontemperatures by dividing the phonon signal by the phonon
dispersive mode at this energy is 3.2 meV FWHM. An Ox-thermal population factor at 200 K and multiplying by the
ford Instruments vertical field, split coil cryomagnet was population factor at 10 K. It was then smoothed and sub-
used to generate a field &=1 T at the sample position. tracted from the low-temperature data as shown in Fig). 3
Measurements were made for sample temperaturds=& Two magnetic features dominate—a large signal at low en-
and 200 K with temperature control to within +0.1 K. Some ergies and a broad peak centered at 16 meV. The low-energy
preliminary results of these measurements have been discattering comes from the spin waves, which are increasingly

cussed elsewherg. captured by the resolution function at low energies as they
disperse towards the antiferromagnetic zone center. The peak
V. RESULTS AND ANALYSIS lies close to the anticipated longitudinal mode energy, al-

though it is significantly broader than the predicted sharp
resolution-limited signal.

Using the unpolarized setup, a number of constant-energy The peak was fitted to the theoretical prediction of the
and constant-wave vector scans were performed over the etengitudinal mode[Eq. (5) abovd,?® modified so that the
ergy range 7 to 27 meV covering wave vectors frén 0, linear dispersion parallel to the chain is replaced by a sinu-
1.3 to (0, 0, 1.7 to map out the magnetic scattering in the soidal dispersion with a minimum at the antiferromagnetic
vicinity of the predicted longitudinal mode. Most measure-zone center to model the discrete nature of the lattice not
ments took place at low temperatu@s<Ty) in the ordered included in the field theory calculations

A. Unpolarized data

w2 J? cog2mH) + cog2mK
EL:\/—sinz(Zﬂ-L)+M2 3 Acod2mt) + cos2ak] ) 7)
4 2
[
The intensity was assumed to have & Mariation, as ob- It is important to eliminate the possibility that the feature

tained by transforming the delta function in E@). The at 16 meV is spin-wave signal that has been distorted by the
mode was convolved with the full four-dimensional instru- resolution function to give the appearance of a mode. Figure
mental resolution, and the observed scattering was charactedtc) shows a constant-energy scan at 16 meV through the
ized best using a Gaussian line shape for the energy profilentiferromagnetic zone centg0,0,-1.5. It shows two

and fitted peak position of 14.9+0.1 meV. This energy gap igpeaks due to the spin-wave branches which are fitted to the
similar to the theoretical value of 17.4 mé¥but quite dif-  transverse mode dispersion again modified to take account of
ferent from the maximum of the two-magnon continuum pre-the sinusoidal dispersion

dicted at 23.5 meV by spin-wave theory or from the lower
edge of the two-spinon continuum predicted at 22 mgV. E - \/ﬁsinz(ZWLH M2<1_COS(Z7TH)+COE(27TK)>
The mode is intrinsically broadened with FWHM of '~ 4 2 '
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 The dashed line is a fit of E¢8) convolved with the instru-
24 meV and the two-spinon continuum edge which wouldmental resolution and including the B /intensity variation
have an asymmetric line shape. [Eq. (4)], where the only fitted parameter is the amplitude.
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The resolution function is accurately known for this spec-5(a), where the colors represent neutron intensities. The spin
trometer, and it is clear that spin-wave theory does not acwaves form the blue V-shaped rods dispersing from the zone
count for all the scattering that occurs between the spin-waveenter, and the longitudinal mode is the red band lying be-
peaks. Therefore, the extra scattering must have some oth&veen the spin-wave branches at 16 meV. The longitudinal
origin. mode is however partially obscured by the phonon which lies
A further indication that the additional scattering arisesat 19 meV and disperses downward away from the antifer-
from the longitudinal mode comes from its temperature deromagnetic zone center. The phonon extends across the fig-
pendence. The longitudinal mode is associated with longure both in between and on either side of the spin-wave
range magnetic order in the low-temperature phase of &ranches and has greater intensity on the higher wave vector
quasi-one-dimensional, spén—Heisenberg, antiferromagnet side. The phonon can be modeled using high-temperature
and should be absent above the Néel temperature, where ordgata collected at 200 K and corrected for the thermal popu-
dimensional physics dominates and long-range order is lostation factors; the results are shown in Figbp Figure 5c)
The intensity of thg0,0,1.5 magnetic Bragg peak is plotted gives the neutron data with the phonon subtracted and shows
as a function of temperature in Fig(a} this quantity is clearly that much of the intensity in between the spin waves
proportional to the square of the ordered moment and coraround 16 meV remains. Figurédd shows a simulation of
firms the Néel temperature as 40 K+1 K. Figui®)dshows the predicted magnetic scattering over the same energy and
inelastic scans for a constant wave vectof@0,1.5 at sev- wave vector region. The longitudinal mode was assumed to
eral temperatures, where the contribution from the phonon dbllow the theoretical dispersiofEq. (7)] and intensity{Eq.
19.5 meV has been subtracted. Bt 6.15 K (filled circles), (6)] with a Gaussian profile of FWHM 4.95 meV and a zone
which essentially gives the ground-state signal, the longitueenter energy gap fixed at 14.9 meV as obtained from fitting.
dinal mode is observed at 16 meV and the line through thé&he spin-wave branches were given a resolution-limited pro-
data is a fit to spin waves plus broadened longitudinal modéle. The line shapes of the various modes were normalized
convolved with the spectrometer resolution. When the scaso that the integrated intensity of the spin waves was four
is repeated close to the Néel temperature at 40@pen times greater than that of the longitudinal mode, as predicted
squarey the longitudinal mode is no longer a distinct entity theoretically?® The calculation includes corrections for the
and cannot be distinguished from the spin-wave scatteringnagnetic thermal population factor, the neutron scattering
Well aboveTy at 70.5 K (filled diamond$, the longitudinal geometrical factorsee rule 4 of Sec. IVB and the C&"
mode has vanished and the observed spectrum shows theagnetic form factor. The similarity between Figgc)5and
smooth decrease in intensity with increasing energy typicab(d) is striking and demonstrates not only the very real pres-
of the two-spinon continuum. The line through the data is theence of the longitudinal mode but also the accuracy with
field theory expression for an ideal one-dimensional, %pin- which the theories predict its intensity relative to the trans-
Heisenberg antiferromagnet at 70 K that has been correctederse modes.
for interchain effects by a random phase approximdtieas.
(13), (17), (25), and(29) from Ref. 28 and convolved with
the instrumental resolution; the only fitted parameters are the
interchain exchange constant and overall amplitude. While the unpolarized measurements clearly show signal
It is clear from Fig. 4b) that at energies just below the at the expected longitudinal mode position, and prove that it
longitudinal modg8—11 meV the signal shows a minimum is real magnetic scattering rather than a phonon or a resolu-
at low temperatures but “fills in” as temperature is increasedion effect, polarization analysis is required to demonstrate
until the distinction between the longitudinal mode and spin-conclusively that it is due to fluctuations parallel to the or-
wave scattering is lost. To investigate this further a constantdered spin momentiongitudina). The experimental setup
energy scan was done at 10 mg®ig. 4(c)]. At T=6 K two  described in Sec. VI and Fig. 2 was utilized.
spin-wave peaks are observéilled circles and the line
through the data is a fit of the spin-wave branches convolved 1. Elastic measurements
with the resolution function. Close to the Néel temperature at
T=40.6 K (open squargghe peaks have broadened and the
region between them has partially filled in. Then, &t
=70.5 K (filled diamonds the two peaks are replaced by a
single broad feature more characteristic of the two-spino
continuum than of spin-wave branchdagain, the line

B. Polarized data

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 peakTat
LoKis proportional to

through the data corresponds to field theory plus random Qs)\?

phase approximatid® and it is clear that the physics of a S &Eb 1- @ X 2 (GISG)I%, 9)
one-dimensional spié- Heisenberg antiferromagnet domi- ane '

nates at this temperature. where |G) is the ground-state wave function a@ is the

To make a direct comparison between the predicted andomponent of the spin of thiégh CL?* ion in the directiond.
measured longitudinal mode, the full low-temperature datgAs the applied magnetic fiel® is increased, the ordering
set atT=10 K was combined to show the neutron intensitiesdirection of the spin moment changes frdm,1,0] (and
as a function of wave vector close@=(0,0,-1.9 and with  equivalent directionsto [1,0,0,, so for an arbitrary field
energy between 8 and 22 meV. The results are given in Figstrength the spin moments will lie between thandb axes,
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FIG. 5. (Color) 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.(a) 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(0,0,-1.5,
but the data are contaminated by
the 19 meV phononib) The pho-
non scattering modeled using the
high-temperature data corrected
for the thermal population factor.
(c) Low-temperature data with the
phonon scattering subtracted out.
(d) Theoretical scattering
intensity.
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making an angled with the b axis, with 6 varying from  spin direction is[1,1,0), giving §=45. The four magnetic
459B=0T) to 909B=0.8 T). The components of the&h  peaks were measured as a function of field in 0.1 T steps
spin along thea, b, and c axes are(G|S|G)sin#(B)], from B=0.0 toB=0.8 T in the SF channel, and from these
(G|S|G)cod 6(B)], and 0, respectively; the components of datad(B) was deduced along with the efficiency of the neu-
the magnetic Bragg peak intensity in these directions aréon polarization or flipping ratio Ff) as a function of
proportional to sif 6(B)], co[#(B)], and 0. Due to the ex- field. These two quantities are plotted in Fig. 6 along with
perimental setup described in the previous section, the conihe Bragg peak intensities corrected from the deduced flip-
ponent along will be observed in the SF channel, while the Ping ratio. The data show that spin-flop reorientation is com-
component alond will be observed in the NSF chanriskee

Fig. 2(c)]. Equation(9) also contains the geometrical factor TABLE I. Geometrical weighting, 1(0+/|0)2, of four mag-
1_(Q5/|Q|)2’ which s_tates that only components of the Mag-petic Bragg peaks for the spingcom%ongr?gs |r?2asuredh’nand%
netic order perpendicular to the wave vector transfer can bgjrections.

observed. The geometrical weighting for ordering along the
a, b, andc directions is given for four magnetic Bragg peaks q (r.|.u.) of magnetic

in Table I. Bragg peak  14Qu/|Q)% 1-(Qy/|QD? 1-(Q./|Q)?
Combining the geometrical weightings with the compo-

nents of magnetic order along theb, andc directions gives (0,0,3/2 1 1 0

the predicted intensities as a functionéih the SF and NSF (-1,0,3/2 0.71 1 0.29

channels as shown in Table II. (-2,0,1/2 0.07 1 0.94
The variation of the spin-flop anglewith field B applied (-2,0,3/2 0.39 1 0.62

along theb axis is unknown except that for zero field the
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TABLE II. Predicted intensities for the four magnetic Bragg 0.15
peaks in the SF and NSF channels as a function of field and nor- — Spin-Flip
malized byS. c Q=I0
=] =[0,0,1.5]
Magnetic InsH(45), 1sH(45) L
Bragg peaks  Insd (B)], Isd 6(B)] [B=0.0 T] & 0.1
S
(0,0, 3/2 cos{6(B)],1.00 sirf{ 6(B)] 1/2, 1/2 o
(-1,0,3/2  co[6(B)],0.71 sif[6(B)] 1/2, 0.71/2 Q
(-2,0,1/2  cog{6(B)],0.07 sif[&(B)] 112, 0.07/2 2
(-2,0,3/2  co[6(B)],0.39 sif[6(B)] 1/2, 0.39/2 3005F 71 T "¢ @{ """ % .
o } } {
plete atB=0.8 T, with the ordered spin moments pointing
entirely along thea axis. -
c
. 5 0.15
2. Inelastic measurements 5
The aim of the next part of the experiment was to deter- 'g
mine the polarization of the signal observed at 16 meV. The € 0.1
techniques described above were used to create a mon- k=
odomain sample by applying a magnetic field B£1 T, o
then, polarized inelastic neutron scattering measurements % 0.05
§
90
o a
;370 Angle between O 10 15 20 25 30
50 <S>andb Energy transfer (meV)
12
o 10 Flipping FIG. 7. (Color onling Constant-wave vector scans collected at
w g Ratio Q=[0,0,1.9 using polarized neutron scattering data corrected for
6 flipping ratio. The data were collected at6 K (filled circles, T
=200 K (open squargsandT=6 K with analyzer turned by 15 deg
& 14000 8 % ?82% HSE C from its optimum position(filled diamond$ to give a measure of
A [-2.0.1/2] NSF Bragg peak the general instrumental background. Longitudinal magnetic scat-
V [-2,0,3/2]NSF intensities in SF tering is observed in the spin-flip chanifiphrt(a)] while transverse
12000f| @ [ 0,0,3/2] SF : - i il
m 103z se | and NSFchannels magnetic scattering plus phonons are observed in the non-spin-flip
A [-2,0,1/2] SF channel[part(b)]. The lines through the data are guides to the eye.
10000f| v [-20:3/2] SF

8000

6000

4000

2000

Counts per 58.2s (corrected for FR

0

FIG. 6. (Color online Magnetic Bragg peak intensity measured
with polarized neutrons. A magnetic field applied alonghteis is

0 0.2 0.4 06
Magnetic field B(T) applied along b axis

were performed on it. As with the unpolarized investigation,
these measurements took place around@®@®1.5 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 €9,0,1.5. The measurement
took place in the ordered phaseTt6 K and data in both

SF (longitudinal magnetic and NSF(transverse magnetic
plus phononschannels were collected. The scans were also
repeated aff=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,

used to pole the crystal into a single magnetic domain where all th@nd for this we chose to measure 10¢0,2 peak. The Bragg
spins point along tha axis. The intensities of the magnetic Bragg Scaftering can of course only be measured at zero energy
peaks vary as the spin direction changes. The intensities of fofansfer; in order to find the flipping ratio as a function of
magnetic Bragg peaks are plotted in pajtfor both SF and NSF  energy the incident and final energies were kept equal to one
channels. Saturation is achieved for fields greater than 0.8 T. Thanother and changed from 30.5 to 61.5 meV in steps of

angle 0 that the spin moments make with theaxis is given in(a)

and the flipping ratio is also deduced and is plottedbn

1 meV.
The data adjusted for FR are given in Figs. 7 and 8. Al-
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0.15 origins in the elastic incoherent scattering, which is observ-
s a Spin-Flip ® T7=6K able due to the broad energy resolution of this experimental
S E—igmeyv | & T=200K setup. The incoherent scattering is observed in both the SF
= ¢ T=6Kbg and NSF channef®, and in each case the high-temperature
= signal can be used as a measure of the incoherent back-
G 0.1 ground. The constant-energy scans are given in Fig. 8. A
E single peak is observed in the SF chanffgh. 8@a)] at L
Q =1.5 again corresponding to the predictions for the longitu-
» dinal mode, whereas two peaks are found in the NSF mea-
§ surement[Fig. 8b)] on either side of this position corre-
8 0.05 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

G b  Non-Spin-Flip detector; this gives a measure of the general instrumental
5 0.15 E=16meV background in the absence of the sample, which is significant
5 due to the long counting times required.

= The next stage in the data analysis was to subtract the
o analyzer turned background. This was done separately for
E 0.1 the SF and NSF data sets, where in both cases the analyzer
Q ® turned data set was fitted to a straight line which was sub-
) _+_ - tracted from the data. This correction is successful in that it
£ 0.05 LT removes the slope from the constant-energy data and in ad-
8 4-- S 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-
135 1.4 145 1.5 155 1.6 1.65 tracted. For the SF data the background was assumed to con-
Wavevetor transfer [0,0L] (r.l.u.) sist of incoherent signal only, which was obtained by fitting
the constant-wave vector SF scan at 200 K and energies be-

FIG. 8. (Color onling Constant-energy scans collected &t low 10 meV (where magnetic continuum signal is washed
=16 meV using polarized neutron scattering data corrected for flip- 9 9

ping ratio. As in Fig. 6 the data were collectedTat6 K (filled out due to temperature broadenirig a Gaussian function

circles, T=200 K (open squarésandT=6 K with analyzer turned centered at zero energy trans_fer. This Gaqssian is extrapo-
by 15 deg(filled diamonds. Longitudinal magnetic scattering is lated over the range of the entire scan and is then subtracted

observed in the spin-flip channfpart (a)] while transverse mag- from the low-temperature SF data to obtain the longitudinal

netic scattering plus phonons are observed in the non-spin-flin@gnetic scattering. The background for the NSF data is

channe[part(b)]. Again, the lines through the data are guides to theMore complex because, besides the incoherent component,
eye. the signal is also contaminated by phonons. As with the SF

data the incoherent component is obtained by fitting the low-
though the data have not been corrected for background @nergy databelow 10 meV at 200 K in the constant-wave
phonons, there is a clear difference between the SF and NSFctor scan. The remaining scattering at 200 K in then as-
channels. In the constant-wave vector scarib=f K (filled = sumed to be phonon signal plus a residual magnetic con-
circles, the SF channdlFig. 7(a)] which measures longitu- tinuum contribution, but of course the relative proportions
dinal magnetic scattering has a broad peak centered atre unknown.We have made the assumption that the residual
16 meV. This signal is not present at 200(&pen squargs  continuum is small and therefore that the remaining signal
confirming the results of the unpolarized measurement. Theomes mostly from phonons—this will result in a small over-
signal is also absent in the NSF chanffelg. 7(b)], which  estimation of the background. The phonon background at
measures transverse magnetic scattering and phonons but 180K is worked out by adjusting the phonon signal at 200 K
longitudinal magnetism. From these results it is clear that théor the thermal population factors; it is then added to the
signal at 16 meV is entirely longitudinal scattering. In fact, incoherent background and the result is subtracted from the
this longitudinal feature is already clearly visible in the raw low-temperature NSF data.
data(without the FR correctionwhich is given in Ref. 12. The results are shown in Fig. 9, where the analyzer
The NSF data have some structure at high energies due to therned, incoherent, and phonon backgrounds have been sub-
phonons observed previously in the unpolarized measurdracted so that the signal is entirely longitudinal magnetic in
ment. At low energies both SF and NSF data sets show inthe case of the SF data and entirely transverse magnetic in
creasing scattering; this is much stronger in the case of théhe case of the NSF data. Figuréa@shows the constant-
NSF channel at low temperatures where the transverse spimrave vector SF data dt=6 K, where the longitudinal mode
wave modes are captured by the resolution function as theig clearly visible and appears somewhat broader than in the
disperse towards the zone center. However, a smaller quaonpolarized measurement due to the coarser energy resolu-
tity of low-energy signal is found in the SF channel and alscotion of the present setup. The solid line gives the fit of the
at 200 K in the NSF channel. This signal probably has itdongitudinal mode convolved with the resolution function;
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0.1 vector scan aff =6 K [Fig. 9b)] confirms the longitudinal
a @ T=6KSF nature of this mode. The low-energy signal in the NSF scan
o T=6KNSF comes from the transverse spin waves and has been fitted to
0.05 Q=[0,0,1.5] a model of the spin-wave dispersion convolved with the in-

strumental resolution(solid ling). Figure 9c) shows the
constant-energy scans in both the SF and NSF channels su-
perimposed; again, the peak latE1.5 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+0.1(htegrated intensities are com-
pared to take into account the broadened linewidth of the
longitudinal modg whereas from theofy 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. 9a), 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 for Ty in
5 10 15 20 25 30 KCuF;.2?° There is no exact expression for this continuum;

Energy transfer (meV) however, we model it with a formula similar to the Miiller
ansatz® of the ideal one-dimensional Heisenberg antiferro-

Counts per monitor unit Counts per monitor unit

:E, 01 magnet, but with the signal truncated at the expected lower
5 edgeE, given by
:'é ] 2
2 0.05 E.=\/AZ+ (7) Sirf(2mL), (10)
@
Q whereAc is the lower bound of the continuum at the antifer-
42 0 romagnetic zone center and is predicted to have the value
3 2M. The continuum scattering is then given by
O

135 1.4 145 15 155 16 1.65 im v. = A L= c0%27L) 1

Xc=Rs

Wavevetor transfer [0,0.L] (r.l.u.)

2 wJ\?
\/ E?- (;) sirf(27L)
FIG. 9. (Color online Polarized neutron scattering data cor-
rected for flipping ratio and with the analyzer turned, incoherent, XO[E - Ec(L)], (11)

and phonon backgrounds subtract@).Constant-wave vector scan . . . -
collected aQ=[0,0,1.5 andT=6 K and measured in the SF chan- where x. is the generalized spin susceptibility for the con-

nel. The longitudinal mode and the longitudinal continuum are fit-finuum, O(x) is the Heaviside step functiom, is the polar-
ted simultaneously to the data; the solid line gives the longitudinajzation direction, andh; is a constant of proportionality that
mode part of this fit while the dashed line gives the longitudinaliS allowed to vary between transverse and longitudinal chan-
continuum part. In an alternative model the scattering observed di€ls, although theoretically it is independent of polarization.
15 meV is due to the lower edge of the longitudinal continuum; theFitting this expression along with the longitudinal mode to
dotted line is a simulation of thigh) Constant-wave vector scan the SF data gives better agreement with the data. The fitted
collected afT=6 K in the NSF channel. The transverse spin wavescontinuum signal is given by the dashed line in Fig)9The
and transverse continuum have been fitted to the data and the soliktracted value oA is 22.9+0.59 meV, which is very simi-
line is the spin-wave part of this fit while the dashed line is thelar to the predicted value of 22 meV, implying that this extra
transverse continuum parc) Constant-energy scans &6 K in  scattering may well arise from a longitudinal continuum.
both SF and NSF channels. The solid lines through the data are theheory also predicts that the transverse continuum would
fitted longitudinal mode and spin waves. The asymmetry in thegceyr at the same energy; this should be observed in the NSF
spin-wave peaks on either side [9,0,1.9 is a consequence of channel. Looking at Fig. @), it is not clear from the data
instrumental resolution. In all cases the resolution function has beegh 5t sych a continuum exists. Introducing an additional trans-
convolved with the fitted line shape. verse continuum to the NSF fitting function produces a small
but insignificant improvement in the fit. We must, however,
the energy gap extracted from the fitting is 14.55+0.24 meMake into account that the NSF data are less reliable than the
while the FWHM of the mode is 6.0+£0.6 meV. The com- SF data, due to the phonon contamination and the greater
plete absence of a peak at 16 meV in the NSF constant-wawencertainties in the background subtraction, and it is prob-
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ably not possible to determine from the data whether or not anaterial is also a quasi-one-dimensiong 3 Heisenberg
transverse continuum is present. The continuum in the lowantiferromagnet; however, its interchain interactions are
temperature antiferromagnetically ordered phase of KCuFmuch weaker. As a consequence the ordered spin moment
has been previously obser?édand an estimate of its lower per C#* ion for BaCySi,O; is 0.30ug compared to
edge, given by the onset of the energy/temperature scaling54 ug for KCuF; and its Néel temperature expressed in
predicted for the magnetic correlations of an ideal ID %in- terms of the intrachain exchange constant is 0.03@ com-
Heisenberg antiferromagn®,was found to be 26 me¥® ~ Pared to 0.099/kg.*"*The excitations in BaGi$i,0, have
There are similarities between the low-temperature phase &een investigated using unpolarized neutron scattering, and
KCuF; and the spin-Peierls phase in CuGe@here a the longitudinal magnetic intensity has been inferred by
gapped dimer mode is observed, separated by a further g&gMParing data above and below a spin-flop transition that
from a continuun®? In each case the perturbation that drives auses the direction of the ordered spin moment to change.

. . .~ The evidence for a longitudinal mode is less conclusive for
the system from ideal 1D beha_tw(w_eak staggered magnetic this material. As for KCuk; longitudinal scattering is ob-
order in KCuk and alternating intrachain exchanges in

CuG ; h i b d whil ddi served at the antiferromagnetic zone center for energies well
uGeQ) forces the continuum to be gapped while an addi-,g|q, the expected longitudinal continuum lower boundary:

tional mode appears within that gap. _ however, the signal is very broad in energy. When a function
_ Finally, while theoretically the longitudinal mode is pre- ¢onsisting of the longitudinal mode plus longitudinal con-
dicted to be a distinct entity from the longitudinal con- inyym is fitted to the data the longitudinal mode has an
tinuum, an alternative viewpoint is that it is simply the lower energy gap of 2.1 meV and width of 1.5 meV, while the
bound of the continuum. We have explored this issue byower boundary of the longitudinal continuum is 5 méi24
f|tt|ng Only the Continuum fUnCtion to the da.ta USing a |OW€I’ For th|s Compound the W|dth Of the |0ngitudina| mode com-
bound energy of 13 meVYdotted line in Fig. %))]. While  pared to its energy gap is 0.71, and thus the relative broad-
the continuum can accurately model the lower energy side adning is much greater than for KCyfhere the ratio is 0.34,
the longitudinal mode, it predicts a decrease in intensity thaesulting in considerably more overlap between the longitu-
is far too gradual at higher energies, so that the simulatiogjinal mode and the continuum for BagSi,0, than KCuk.
lies well above the data points for energies above 18 meV. lgyrthermore, the intensity of the longitudinal mode in
is therefore clear that the conventional continuum function isaCcu,Si,0, normalized to the spin-wave intensity is four
unable to account for the scattering at 16 meV and that W@mes greater than that predicted theoretic&i§#in contrast
should think of this scattering as a broadened mode rathgg KCuR,, where theory and experiment agree within error.
than the continuum edge. In fact, the longitudinal excitations in Bag$i,O; can be
fitted almost as well by a model where there is no longitudi-
nal mode but only a longitudinal continuum whose lower
The results show both polarized and unpolarized neutrooundary is 2.0 meV¥’-3* Again, this is in sharp contrast to
scattering data of the low-energy excitation spectrum of the&KCuF;, where a continuum-only model completely fails to
quasi—one-dimensionaI,S:% Heisenberg antiferromagnet explain the datdsee Fig. a)].
KCuF; in its long-range magnetically ordered state. The data There are several possible reasons for the discrepancy in
reveal transverse spin-wave excitations and an additionahe results for these two compounds. To begin with,
mode. By using neutron polarization analysis to separate lorBaCy,Si,O; has a more complex Hamiltonignonsisting of
gitudinal and transverse magnetic excitations, we are able ttwo zigzag magnetic chains and three interchain interac-
demonstrate the longitudinal nature of this mode unambigutions), giving rise to a much more complicated structure fac-
ously. The spin waves are resolution limited and disperséor in the excitation spectrum. It should be noted that any
steeply downwards toward the antiferromagnetic zone centelifetime broadening of the longitudinal mode via decay into
while the longitudinal mode is gapped with a gap size ofspin waves depends crucially on details of the interchain
~15 meV that is fairly similar to the theoretically predicted couplings. For chains coupled in a two-dimensional plane no
value of 17.4 me\? One feature of the longitudinal mode longitudinal mode exists as the phase space for decay is too
not predicted by theory is its sizable broadening of approxidarge; therefore, the significant deviation of BaSyO,
mately 5—6 meV, suggesting that it is unstable to decay intdrom the canonical three-dimensional tetragonal Hamiltonian
spin waves. However the intensity of the mode relative to thg¢Eq. (2)] may be important to the lifetiméand width of the
spin waves is in good agreement with theory; the experimenmode.
tal ratio is 0.36+0.12 compared to the theoretical ratio of Another factor is that the definitude of the longitudinal
0.25. Theory also predicts a two-spinon continuum at highemode concept varies with the degree of one-dimensionality
energies with a lower boundary of 22 meV, and data col-of the material. In the strictly one-dimensional limit there is
lected in the spin-fliglongitudina) channel do indeed sug- no longitudinal mode. Conversely, in the fully three-
gest that a longitudinal continuum starts at 23 meV. How-dimensional limit the mode is pushed to arbitrarily high en-
ever, in the non-spin-fligtransversg channel, uncertainties ergy and its contribution to the dynamic susceptibility is neg-
in the background subtraction make it difficult to determineligible. The posited longitudinal mode is only measurable in
whether or not the expected onset of the transverse corpractice in systems with an intermediate interchain coupling
tinuum is present at a similar energy. strength. A sufficient amount of interchain coupling is pre-
It is interesting to compare these results to those for thsumably necessary to separate the mode from the spin waves
longitudinal excitations in the compound BaSiyO,. This  and to stabilize it. Too much interchain coupling, however,

VI. DISCUSSION AND CONCLUSION
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increases ordered spin moment and thus concentrates thee predicted continuum lower boundary in a quasi-one-
longitudinal spectral weight in the magnetic Bragg peaksdimensional, spiry Heisenberg antiferromagnet. It is clear
rather than the longitudinal mode. In addition, the width ofthat in KCuR; these excitations can be thought of as a lon-
the mode would also increase as more of the spin-wave statgfudinal mode with a broadened linewidth. The range of
lie below it in energy and become available for it to decayinterchain to intrachain magnetic couplings for which a well-
into. The precise behavior of the dynamical correlations as gefined mode should be observable remains an open ques-
function of interchain coupling is unknown. For KCUEe o and measurements on other materials will be needed to
coupled chain RPA theory accurately predicts the values fo]ru”y delineate the possible physical regimes.
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 BaSigO,; may ACKNOWLEDGMENTS
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