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Spin dynamics in the quasi-one-dimensionaS=7; antiferromagnet BaCu,Si,0-
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Inelastic neutron scattering is used to identify single-particle and continuum spin excitations in the quasi-
one-dimensionaB= 1/2 antiferromagnet BaG8i,0;. In the data analysis, close attention is given to resolu-
tion effects. A gap in the continuum spectrumigat=4.8(2) meV is directly observed. The gap energy is in
excellent agreement with existing theoretical predictions. Below the gap, the spectrum is dominated by sharp
acoustic spin-wave excitations.
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. INTRODUCTION tation spectrum in BaG$i,O; has a uniquelual nature. At
high energies the imaginary part of dynamic susceptibility is
Despite the apparent simplicity of the quantls1/2  dominated by continuum excitations, characteristic of the
antiferromagnetiod AF) Heisenberg model, the quest for a quantum 1D model. However, at energies below the charac-
complete understanding of this system remains one of centréristic strength of interchain interactions, the continuum is
problems in magnetism. Semiclassical spin-wave theorycleaned up” and replaced by sharp single-particle states,
(SWT) is known to provide an adequate description of thesimilar to conventional spin waves. A further analysis sug-
three-dimensiona3D) version of the model. After extensive gested that continuum excitations appear only above a well-
theoretical and experimental studies it is fair to say that thejefined threshold energy. Unfortunately, for purely technical
purely 1D case is rather well understood as well. Its statigeasons, this gap in the continuum could not be observed
and dynamic properties totally defy the conventional spindirectly. In the present paper we report a detailed study of
wave picture. In 1D the gl’OUﬂd state looks nothing like thecontinuum excitations in the vicinity of the energy gap.
classical two-sublattice N# state and is described as a
“marginal spin liquid,” with power-law spatial spin correla-
tions and no long-range ordeThe spectrum contains N0 EFFECTIVE SPIN HAMILTONIAN FOR BaCu S0,
single-particle magnon excitation, but is instead a diffuse
continuum described in terms of two-particle “spinon”  Before we proceed to describe the experimental proce-
state™ Of great current interest is thequasione- dures and results we shall briefly review the structure and
dimensional case of weakly interacting quantum spin chaingelevant magnetic interactions in Ba8i,0O;, which are, by
Studies of such systems provide the missing link between theow, rather well documented. The silicate crystallizes in an
exotic guantum-mechanical behavior of the 1D model andrthorhombic structure, space groBpma, with lattice con-
the more familiar semiclassical spin-wave dynamics realizedgtants are a=8.862(2) A, b=13.178(1) A, and c
in three dimensions. =6.897(1) A3 Magnetic properties are due to Cuions
A great deal of experimental information on the quasi-1Dthat form weakly coupled antiferromagnetic chains running
Heisenberg model was gained in studies of KG&F Par-  along the crystallographic axis. Correspondingly, the tem-
ticularly exciting was the recent observation of a novel lon-perature dependence of bulk magnetic susceptibility follows
gitudinal excitation, polarized along the direction of orderedthe theoretical Bonner-Fisher culewith an in-chain cou-
moment and thus totally absent in SWThe recently char- pling J=24 meV2° A similar estimate was obtained in di-
acterized BaCyBi,0; (Refs. 10-12 is another model rect inelastic neutron scattering measurements of the 1D
weakly coupled chain compound, shown to be particularlyzone-boundary energyw,g of magnetic excitations, related
useful for studying transverse spin fluctuations, i.e., thoséo J through J=2%w,g/w.2> This measurement gived
polarized perpendicular to the ordered moment. In a recent 24.1 meV!? Nearest-neighbor spin-spin separation within
short papeft we have demonstrated that the transverse excithe chains is equal to/2, so the 1D AF zone centeyj=m
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corresponds tb=1, whereQ=(h,k,|) denotes a wave vec- axes, respectively, anulabels the spins within each chain.

tor in reciprocal space. The expzerimental values of the interchain exchange param-
Weak interactions between the chains result in long-rang&t€' are

antiferromagnetic ordering a,=9.2 K° The ordered mo-

ment is parallel to the chain axis and extrapolates to a satu- J,=—0.46Q7) meV,

ration value of 0.15ug at T—0.2732|n the ordered state

the alignment of nearest-neighbor spins is parallel along the

a and antiparallel along thke and c directions, respectively. J,=0.2006) meV,

The 3D AF zone center is located @=(0,1,1). The rel-

evant interchain exchange constants were determined from 2J;=0.1527) meV. @)

measurements of spin-wave dispersion along several direc-

tions in reciprocal spack. The effective spin Hamiltonian

was established: The spin chains in BaG&i,O; are not straight, but

slightly zigzag. The magnetic sites are displaced from high-
H= JS 1S i1+ S i nS st nt IS i S s 1n symmetry ¢,0,7) positions as described in Ref. 10. For the
it T "’ g YRS neutron scattering measurements described below, this fact

£35S 1S ti1nt JsS 1S s 1) has one unfortunate consequence. 'I_'he 3D mggnetic dynamic
8 nA+Lj+Ln T3 A+~ 1n structure factoiS(Q, w) probed experimentally is not that of
Here the sum is taken over all spins in the system. The inan ideal straight chairg,(Q, w), but related to it through the
dexesi andj enumerate the spin chains along thendb  following rather complicated relation:

S(Q,w) = cos(2mhs,)cos(2mkd,)cos (2l 5,) Sy(Q, w) + cos’(2h ) cos( 2k 8, ) sirP(2 | 5,) Sp(Q+ (100), w)
+cog(2mhs,)sin?(2mks,) co (2l 8,) Sp(Q+(01D), w) + coS(2mh 8,) sir?( 2k 8, ) sir?(2 1 ,)
X Sp(Q+(111), w)+sir?(2mh 8,) cos(2mk ) cos' (2l 8,) Sp(Q+ (00D, )
+sin?(27h ;) cos(27k s, ) sirP(2l 5,) Sp(Q+ (101), w) + sir?(2h 8,) sinP(2k ) cos’ (2l 8,)
X Sp(Q+(010), w) + sir(2h 8,) sir?(27k 8,) sir? (2l 6,) Sp(Q+ (110, w). ()

In this equationéd,~0.028, 5,~0.004, and§,~0.044 are energy transfers. Since it appears impossible to simulta-
CU?* displacements from high-symmetry positions as deneously satisfy all these conditions, several different experi-
scribed in Ref. 10 and 18. It is important to emphasize thatnental setups with complementary characteristics were uti-
Eq.(3) is an exact result. At small wave vectors only the firstlized. Quantitative comparisons between data sets collected
term is relevant and the dynamic structure factor is that of an different configurations were essential to verifying the va-
Straight chain. Indeed, the straight-chain model could be SUQrd|ty of the results. In all cases we used the same
cessfully used to analyze the data in previous stuthis. BaCuwSi,O, single-crystal sample as in previous studie®
Below we shall demonstrate that at higher wave vector transy, 4| configurations the crystal was mounted with thek(D,

fers the contributions of other terms become significant a”qeciprocal—space plane in the scattering plane of the spec-
should be taken into account explicitly. trometer

Ideally, the measurements are done aro@w(0,0,1)
(qy=m), where the extra terms in E() are negligible and
all magnetic scattering is due to spin fluctuations transverse

The main goal of the present work was to reliably resolveto the direction of the ordered moment éxis). Unfortu-
low-energy spin wave and continuum excitations near the 1Mately, at this wave vector, certain geometric constraints re-
AF zone center in BaG$i,O;. Previous studies indicated strict the accessible range of energy transfers to just over 4
that in BaCuySi,O, the continuum sets in between 3.5 meV meV. Measurements in this range were performed on the
and 5.5 meV energy transf€rThe most interesting dynamic IN14 cold-neutron spectrometer installed at Institute Laue-
range is therefore between zero and 10 meV. The choice dfangevin(ILL ), using a very high energy and wave vector
spectrometer configurations in inelastic neutron scatteringesolution configuratiorisetup ): guide-40-40"-open colli-
experiments was therefore governed by the conflicting needsations,E;=3 meV fixed final-energy neutrons, and a Be
of intensity, high wave vector resolution along the chain axisfilter after the sample. To cover a wider energy range and
(required to overcome the steep dispersion along the chainsstill have reasonable wave vector and energy resolutions we
energy resolution, and the need to cover a wide range ofmployed IN14 in “anti-W” geometry with guide-

IIl. EXPERIMENTAL PROCEDURES
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40'-60'-open collimations and final neutron energy fixed at
E;=5 meV (setup I). The data were collected arour@
=(0,0,3) (@ =3m), where the contributions of both the first
and second terms in EQJ) are significant. In this geometry 1004
measurements could be extended up to 8 meV energy trans
fer. A similar configuration was used in combination with a 504
horizontally focusing analyzdsetup Il). While in this latter
mode the wave vector resolution is considerably worse thar— °T= —
with a flat analyzer, the intensity gain is quite substantial. €
Energy transfers of up to 17 meV were achieved using theg co{ ® Setup Il et
IN22 spectrometer at ILL, with guide-660’-open collima- GH00S2) -
tions and final neutron energy fixedBt=14.7 meV(setup il
IV). In this case a pyrolitic graphit@®G) filter was used after
the sample.

In all experiments sample environment was a standarc.
“ILL Orange” He-4 cryostat and all data were collected at
either T=1.5 K or T=2 K. For the cold-neutron experi-
ments the background was measured in consaistans, R . Setup 8

) Q=(0,0.5,3)
away from the 1D AF zone center, where no magnetic scat- "
tering is expected to occur, due to a step dispersion along th
chain axis. In all cases the background was found to be com
pletely flat and featureless, typically 2.5, 4, and 5 counts per
minute for setups I, Il, and lll, respectively. The measured
background was fit to a straight line and is subtracted from
all the data sets shown below. For the thermal-neutron ex- 0
periment (setup 1\) the background was measured on an
empty sample can and subtracted from the experimental data
in a similar fashion.
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FIG. 1. Left: typical constan® scans collected in BaG8i,0;,
at the 1D AF zone center using different spectrometer configura-
tions. Heavy solid lines represent a semiglobal fit to the data as
described in the text. Shaded areas are contributions of single-
IV. RESULTS particle excitations given by Eqg}) and(5). Dashed lines show the
A. Transverse spin excitations continuum contribution, as expressed by Ef). Arrows indicate
the slight dip in the observed intensity that corresponds to the con-
Representative consta@-scans measured at the 1D AF tinyum energy gap.. Right: evolution of the calculated FWHM
zone center) =, 37 using Setups |, II, and Ill are shown resolution ellipsoids in the course of the corresponding scans, plot-
in Fig. 1. To the right of each scan we plot the calculated fullted in projection onto thel () plane. Solid lines represent the
width at half maximum(FWHM) resolution ellipsoids in  spin-wave dispersion relation.
projection on the I,z ) plane to show their size and orien-
tation relative to the spin-wave dispersion branches originat- Figure 2 shows consta@-scans collected with setup I
ing from the first and second terms in E®) (solid lines. at different wave vector transfers perpendicular to the chains.
Three distinct components of the excitation spectrum are apFhe dispersion of the lower-energy spin wave is quite appar-
parent. The sharp peak &atv~2 meV is the single-particle ent. An almost total absence of dispersion in the 3 meV peak
spin-wave mode given by the first term in E8). This fea- is consistent with that it originates fro@+ (100) scattering
ture dominates the low-energy spectrum aro@w(0,0,1), [Eg. (3)] and the known spin-wave dispersion along the
where the other terms in E¢B) are negligible thanks to the (1k,1) reciprocal-space rogRef. 12, Fig. 6. In all cases the
small value of corresponding trigonometric prefactfgy.  continuum is observed, and the intensity dip occurs at
1(a) and Figs. 1 and 2 in Ref. 11At q;=3, however, the roughly the same energfarrows. There seems to be no
second term in Eq3) becomes significant and gives rise to obvious wave vector dependence of the continuum intensity
the 3 meV peak in Figs. () and ic), which was not ob- along theb* direction. The energy resolution of the thermal-
served in previous studies. In essence, this second peak is aputron experimenfsetup V) is too coarse to resolve the
“echo” of the same spin-wave excitation visible by virtue of two spin-wave branches and the continuum. Figure 3 shows
a nontrivial 3D arrangement of magnetic sites. The third feaan energy scans collected in this configuration @t
ture in Fig. 1 is the diffuse scattering above the spin-wave=(0,0,3).
peaks that, as will be discussed in detail below, is not a Several constarf- scans measured with different con-
resolution-enhanced *“tail” of the spin-wave peaks, but afigurations are shown in Fig. 4. At 3 meV energy transfer
separate entity. This scattering is attributed to continuum extFig. 4(a)] two spin-wave peaks are perfectly resolved using
citations in the system. In Figs(l) and Xc) one can see a the highest-resolution configuratiaisetup ). This proves
weak yet reproducible intensity dip that separates this conthat at these energies the excitation spectrum is entirely due
tinuum scattering from the underlying spin wav@srows. to single-particle excitations. At the same energy transfer
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FIG. 2. Constan® scans collected in BaG8i,0; at the 1D AF © 201
zone center at different momentum transfers perpendicular to the £
chains using setup lll. Lines, shaded areas, and graphical represen- § 0
tations of the resolution functions on the left are as in Fig. 1. 2 4
3 @ Setup Il
setup Il lacks the wave vector resolution to resolve the spin- ) =7 meV
wave peaks, as can be seen from Figp) 4However, as will < 9.
be discussed in detail in the next section, at higher energies ‘%
[Figs. 4c) and 4d)], while the resolution is sufficient to 3 0
 cant i

resolve individual spin-wave peaks, only a single broad fea-
ture is observed. As explained in Ref. 11, this behavior is a 200
result of the excitation continuum “filling in” the space be-

tween the spin-wave branches. The trend continues at even
higher energies, as can be seen from Figs) 4nd 4f), 100
which show scans collected using setup IV.

Setup IV

B. Data analysis

Resolution effects, particularly wave vector resolution 1004 @ SelpIY
along the chain axis, are clearly a major factor in the experi- % Rt oeY
ments discussed here. In order to reliably distinguish be-

tween continuum scattering and the high-energy resolution =0

“tails” of the single-particle peaks, one has to deconvolute

the signal and the resolution function of the spectrometer. In 01 ariAn
practice this is done by constructing a parametrized model 32 33

cross section, numerically convoluting it with the calculated I{r.l.u)

FIG. 4. A series of constari-scans along the spin chains in
BaCuySi,0;. Lines and shaded areas are as in Fig. 1.

Setup IV
Q=(0,0,3)

o
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_ resolution and adjusting the parameters to best fit the data.
- Confidence in this procedure can be gained dimulta-

g neouslyfitting data sets collected in spectrometer configura-
4 tions with different resolution characteristics, while using the
samemodel cross section function and parameters.
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FIG. 3. Constan® scan collected in BaG&i,O- at the 1D AF A simple yet accurate description of the spin dynamics in

zone center using the thermal-neutron setup IV. Lines, shaded areadeakly interacting Heisenberg chains is provided by the
and graphical representation of the resolution function on the leftnean-field and random phase approximatiMF-RPA)
are as in Fig. 1. treatment of interchain interactiof$!’ Within this frame-
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work, the T=0 transverse-polarized spectrum of a weakly A~6.175J'. 9)
ordered quasi-105=1/2 system has two distinct contribu- . ) )
tions. From the known values of interchain coupling constants for

The first contribution is from transverse-polarized single-BaCySiO7 one gets” A=2.51 meV=’ _
particle excitationsspin wavey associated with the pres- The secqnd contribution to the transverse dyn.amlc struc-
ence of long-range antiferromagnetic order. For Bi&yD,  ture factor in the MF-RPA model is _th;‘t remains of the
the spin-wave dispersion has been investigated in som@'0-Spinon continuum in isolated chaitfs: Unfortunately,
detaif? and found to be in excellent agreement with MF-RPA@ convenient analytical expression for this diffuse part of
theoretical predictions. In the present work we shall employcr0SS section, one that could be used to analyze the data, is
the same expression for the spin-wave structure factor, as ot currently available. In our analysis we instead employed

Ref. 12: a simple ansatz that has the same main characteristics as the
MF-RPA result:(i) At high energies the Muller-ansatz form
[1-cogml)] that describes two-spinon continuum scattering in isolated
SsmdQ.0)=A 5 Sw?-0i(Q)], (@ chain?is recovered(ii) The continuum has a sharp step-

function low-energy cutoffgap A.=2A at the 1D AF zone
1—cog 1) centerq = . (i) Unlike the spin waves, the lower con-
sy, o(Q.w):Aﬂﬂwz—wi(Q)], (5)  tinuum bound shows no dispersion perpendicular to the
' 2 chain axis.(iv) The q; dependence of the lower bound is
, , given by[Ac.(qH)]Z.=A§+(772/4)\]2 s_inz(q”). And (v) except
, T, - ) 5 at the “magic” reciprocal-space point (0.5,0.5,1), where in-
[wxy(Q)] :ZJ sin(arl) + m“‘] [+3(Q]+Dgy. terchain interactions cancel out at the RPA level, the con-
6) tinuum has no singularity at the lower bound. To analyze our
data, where none of the measured scans were taken in the
1 vicinity of the magic wave vector, we used the following
|J'|E§(|JX|+|Jy|+2lel)- (7)  empirical function to model the continuum part of the dy-
namic structure factor:

In this formulaSgy  Q, w) andSgy, ((Q, ) are single-mode

(SM) dynamic structure factors for excitations polarized <xxyy, — [1~cogl)]

. T ; S (Quw)=aA
along thea andb axes, respectively, assumistraight spin ‘ 2
chains in the system. The actual SM structure factors
SiM(Qw) and SY(Q,w) for the zigzag chain in » 1 Mo
BaCwSi,0; are related toS&), (Q ) and S&;(Q ) — [0=wc(Q],
through Eq.(3). The parameteA in Eq. (7) represents an \/wz_ ZJZ sinz(q”)

overall intensity prefactor, whileD,=0.36 meV andD,
=0.21 meV(Ref. 12 are anisotropy gaps for the two spin- (10)
wave branches. In Eq7), J(Q) is the Fourier transform of
interchain coupling and is given by 2
[we(Q)]?=A2+ TJZ sire(l). (12)
J(Q)=2J, coqwh)+2J, cogmk)+2J3 cog m(h+k)]

_ The parameterr is the intensity of continuum scattering

+2J; cog m(h—k)]. ® relative to that of the spin waves, a®gx) is the Heaviside

The “mass gap”A in Eq. (7) defines the bandwidth of step function. In essence, EQ0) is simply the Muler an-
spin-wave dispersion perpendicular to the chains. Its physi§atz truncated at the expected lower continuum bound. For

cal meaning deserves some comment. In the chain-mE€ 3D spin arra_ngemxar/]t in Bag3i,0; Xf(hy‘i actual con-
model, in the magnetically ordered state, each spin chaifuum cross sectionS;**” are related t&;5" through Eq.

experiences an effective staggered figld generated by the
static staggered magnetization in adjacent chains. The stag-
gered field produces a confining potential between spinons in
an S=1/2 chain, yielding a two-spinon bound stateThis The goal was to perform a global analysis of all data sets
new single-particle excitation has a gapthat scales ad  collected in different configurations using as few adjustable
«H?3 19 When interchain interactions are switched on at theparameters as possible. All relevant exchange constants and
RPA level, the bound state acquires a dispersion perpendic@nisotropy parameters have been measured previtusly.
lar to the chain axis and takes the role of a conventional spiThese constants were fixed to the values quoted in Sec. Il.
wave. At the 3D AF zone centdthe location of magnetic Since we have not performed absolute calibration of intensi-
Bragg reflectionsits energy goes to zero, as appropriate forties measured in various setups, a separate value of the in-
a Goldstone mode. The mass gistill enters the dispersion tensity prefactorA was used for each configuration. How-
relation, as in Eq(7). It is directly related to the strength of ever, the same values & were used for different scans
interchain interactions through measured using the same setup. In our analysis the con-

2. Choice of adjustable parameters
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tinuum gapA. was used as a separate variable, independent 100
of A. As with the continuum intensity prefacter, the same 80_‘ Setup Nl
value of A, was used for all data sets measured in all con- | @=(0:k3)k=0,0.5.1

figurations.

In Eq. (3) only the first two terms were found to be of any
significance for the particular experiment, where the data
were collected at small momentum transfers alongatiaad
b axes. Equatiori3) could thus be greatly simplified by set-
ting the transverse zigzag displacemeéitsand 6, to zero. s
The relevant longitudinal displacement paramelgran be 1 ﬁ* q
expected to have a slight temperature dependence. Only the " T T y T
room-temperature valug,=0.044 is known from structural
data®® and in our analysis it had to be treated as an adjust-
able variable. The same value & was used for all data sets FIG. 5. Measured intensity of transverse-polarized continuum
simultaneously. scattering in BaCy5i,0;, obtained by subtracting the simulated
single-mode contribution from consta@tscans as explained in the
text. The solid line is a guide for the eye.
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3. Fits to experimental data

All together, nine constar@ and eight constari scans s a plot of theqy-integratedintensity, while the former is

werde lanalyzed, ir1_c|udidng.alléht;)se shown in Figs. 1-4. Th&ptained from constar® scans at the 1D AF zone center. In
model cross section, efme y E¢®)—(11) and Eq.(3), a constan® scan the influence of the single-particle part is
was numerically folded with the calculated Cooper—Nathan§ess significant at higher energies than inqaintegrated

resolution function® for each setup. The calculation was measurement, and the continuum is more easily observed.
based on the known geometry of the spectrometers and char-

acteristics of the neutron guides, monochromator and ana- o
lyzer crystals, and collimators used in the experiments. The C. Attempt to observe the longitudinal mode
reliability of the resolution calculation was checked against One of the most interesting predictions of the MF-RPA
the measured energy widths of elastic incoherent scatteringiodel for weakly couple®=1/2 Heisenberg chains is the
from the sample in each setup. The folded cross section wasb-called longitudinal mode: a single-particle excitation po-
scaled by the square of the magnetic form factor of Cand  |arized along the direction of ordered moment. This unique
fit to the data using a least-squares algorithm. feature is totally absent in conventional spin-wave theory,
The result of the fit 2=1.7) is shown as solid lines in where the excitations represent thecessiorof the order
Figs. 1-4. The shaded areas are contributions of the singl@arameter around its equilibrium direction and are thus trans-
mode part of the cross section. In the constant-energy scanerse polarized. The longitudinal mode has been recently
the contributions of the spin-wave branches, originating fromobserved in the quasi-15=1/2 system KCuf by means of
the first two terms in Eq(3), are merged into a single profile. unpolarized and polarizetf inelastic neutron scattering. In
These two contributions are shown in shading of differentaddition to the study of transverse-polarized excitations in
intensity in the constar® data. The dashed lines representBaCu,Si,O,, we performed a dedicated experiment to search
the continuum part of the cross section. The following fitfor the longitudinal mode in this system.
parameters were obtained,=4.8(2) meV, a=0.41(3), MF-RPA theory makes specific predictions for the energy
and §,=0.0411). and intensity of the longitudinal mode. Unlike the transverse
It is gratifying to see that the model fit function repro- spin waves that have a substantial dispersion perpendicular
duces the available data extremely well with just a few pa+to the chains and reach zero energy at the 3D AF zone center,
rameters. The refined value foy, is very close to its room- the longitudinal mode is gapped and has very little dispersion
temperature value. The fitted continuum gipis within the  in this direction. Its RPA dynamic structure factor can be

error bar of the chain-RPA resulk,=2A=5.0 meV. written as’
To extract information on the excitation continuum with-
out having to rely on a specific ansatz to describe its shape, - v[1—cognl)] s 2
we employed an alternative data analysis procedure. The sud Q@)=As ———— 0"~ 0x(Q], (12

data collected in consta®-scans using setup Il below 3.5

meV were fit using only the SM part of the model cross 9 A2

section function ¢?=1.2). The result was then used to [ (Q)]zzw_‘lz sirt(ml)+ —[3|3'|+3(Q)], (13
simulate the SM contribution in the entire scan range and ’ 4 |37 '
subtracted from the measured data. The remaining intensity

is due to continuum scattering and is shown in Fig. 5, where y~0.49. (14)

the results obtained a®=(0,0,3), (0,0.5,3), and (0,1,3)

have been averaged. In this plot the threshold at around 2 From these equations we see that the longitudinal mode is
=5 meV becomes clearly apparent. It is important to stresgexpected to have a gap ¢BA and be approximately 4 times
the difference between Fig. 5 and Fig. 4 of Ref. 11: the latteweaker in intensity than the transverse-polarized spin waves.
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34 o 1 <, 0
o 0
24 @ ]
14 : i FIG. 7. Constanty scan collected in BaG&i,0; at the 1D AF
zone center and large momentum transfer perpendicular to the
0 T . . . . : i . chains, using setup V. The trajectory of the scan is as shown in Fig.
0 1 i(r | ?,) 4 5 0.95 " |1 w) 1.05 6. The solid line is an estimate of the contribution of spin fluctua-

tion perpendicular to the direction of ordered moment. The dashed

FIG. 6. Reciprocal space and energy trajectory of the inelasti&ine §hows the expected contribution of the Iongitudir_lal r_node, as
scan measured in Bag$i,O, using setup V, showing the orienta- Predicted by the MF-RPA modeRef. 17. The dotted line is the
tion of FWHM resolution ellipsoids relative to the spin-wave dis- MF-RPA prediction for the total scattering intensity.

persion. i ) . i
measured intensity &t.. However, the fit shows that experi-

S ) ) mental energy resolution should have been sufficient to re-
To look for the longitudinal mode in BaG8i,0;, mea-  gqjye it.

surements were performed at large momentum transfers per- | principle, one could subtract the fit from the experi-

pendicular to the chain axis. In this geometry the angle bemental data and claim that the residual intensity is due to
tween the ordered moment @xis) and the scattering vector |ongitudinal spin fluctuation. Given the severity of resolution
is large, and both longitudinal and transverse excitations coreffects, we were reluctant to push the data analysis to this
tribute to scattering. The data were collected at the NG5 coldevel. What we did instead was simulate the expected contri-
three-axis spectrometer at the National Institute of Standardsution from the longitudinal mode, as given by Efj4) and

and Technology Center for Neutron Research. The large man appropriate neutron polarization factor, and shown in a
mentum transfers perpendicular to the chains enabled us ttashed line in Fig. 7. Note that the “extra” intensitgirrow
take full advantage of a horizontally focusing PG analyzerin Fig. 7), not accounted for by the transverse dynamic struc-
The chain axis was at all times aligned as closely parallel téure factor, is centered at roughly the same energy as the
the scattered beam as possib]e, ensuring that energy aﬁdpected |0ngitudinal excitation. Moreover, the intenSity
c-axis wave-vector resolution widths remained at least asSUrplus,” integrated in the range 3.5-5.5 me\3.0(0.4)
narrow as in the standard flat-analyzer mode. The data wePunts(min meV)], is within the error bar of the expected
thus collected along a rather nontrivial trajectory EaQ intensity of the longitudinal moc_le |_ntegrated in this range
space, as illustrated in Fig. 6. At all times the momentum[z‘7 countsfmin meV)]. If the longitudinal mode was a sharp

transfer along the chains was maintained at the 1D AF Zongmgle—partlcle excitation, as predicted by the RPA, a weII-_
_ -~ . efined peak centered at 4.2 meV should have been easily
centerl=1. Neutrons ofE;=5 meV were used with a Be

filter positioned after the sample and guide-8W’ (radial- observed with our experimental statistics. This is illustrated

llimati The back d(flat. 3.4 by the dotted line, which is the calculated sum of the trans-
open collimations(setup . e background(flat, 3. verse contribution obtained in the fit and that given by Eq.

counts/min was measured by repeating the scan with the ) for the longitudinal mode. The result can be reconciled

sample rotated by roughly 20° around @exis. with the RPA model, if one assumes that the longitudinal
The data are shown in Fig. 7. At low energies, below 3yode has a finite lifetime, i.e., an intrinsic energy width of

meV energy transfer, we expect the main contribution to thgoughly 1 meV. This scenario would explain both the “extra”

scattering intensity to originate from the gapless transverséntensity and the absence of a sharp peak. It is also consistent

polarized spin waves. After the inclusion of appropriate neuwith experimental studies of KCyf where the observed

tron polarization factors, the cross section for transverse exongitudinal modes broadened and has an intrinsic width of

citations described above was fit to this low-energy portiorroughly 1/4 of its central energy.

of the scan(up to 3 meV transfer All parameters, including

A, and «, were fixed at the values determined previously, V. DISCUSSION AND CONCLUDING REMARKS

and only the intensity prefactor was treated as an adjustable

variable. The result of the fit is shown in a solid line in Fig.  Despite the obvious difficulties associated with wave vec-

7. We see that the transverse-polarized cross section aloter and energy resolution, the Baf8,,0, data presented

reproduces the measured scan rather well. The only inconsisbove contain compelling evidence for a gap, or at least a

tency is the lack of a dip or even inflection point in the pseudogapin the transverse-polarized continuum. The gap
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valueA.=4.8 meV=2A is in excellent agreement with pre- but suggest a finite lifetime for the longitudinal mode, as in
dictions of the MF-RPA model. Interestingly, nonlinear spin- KCuF;.°

wave theor§® (NSWT) predicts a much larger threshold en-
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