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Polarization dependence of spin excitations in BaCi5i,O-
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The polarization dependence of magnetic excitations in the quasi-one-dimensional antiferromagnet
BaCu,Si,05 is studied as a function of momentum and energy transfer. The results of inelastic neutron-
scattering measurements are directly compared to semianalytical calculations based on the chain-mean-field
approximation and random-phase approximaiiBRA). A quantitative agreement between theoretically cal-
culated and experimentally measured dynamic structure factors of transverse spin fluctuations is obtained. In
contrast, substantial discrepancies are found for longitudinal polarization. This behavior is attributed to intrin-
sic limitations of the RPA that ignores correlation effects.
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[. INTRODUCTION MF/RPA theory, at least as far as excitation energies were
concerned:® The apparent paradox is not fully resolved to
Excitations in weakly ordered quasi-one-dimensionaldate. This is in part due to the fact that only very limited data
(quasi-1D antiferromagnet$AFs) are a topic of consider- are available for longitudinal-polarized excitations. Even for
able current interest in the field of quantum magnetism. Parthe transverse-polarized spectrum, the existing wealth of
ticularly intriguing is the problem of the so-called longitudi- high-resolution neutron data could not dpeantitativelycom-
nal mode(LM), a magnon excitation polarizeparallel to  pared to theoretical predictions, for lack of calculations
the direction of the ordered moment. The discovery of abased on the specific geometry of interchain interactions in
coherent LM in KCuk (Refs. 1 and 2confirmed previous BaCu,Si,O;. The present work addresses both these issues
theoretical prediction$, based on the chain-mean-figld and involves a detailed experimental and theoretical study of
(chain-MB and random-phase approximatiofRPA)  the polarization dependence of magnetic excitations in this
theories> Currently chain-MF/RPA indeed appears to be thecompound. First, we further exploit the technique of polar-
most versatile analytical framework for treating weakly ization analysis described in Ref. 6 to investigate the wave-
coupled quantum spin chains. However, the KCekperi- vector dependence of longitudinal excitations. We then
ments also highlighted certain limitations of this approach. Inperform chain-MF/RPA calculations of the dynamic struc-
particular, the chain-MF/RPA cannot, by its very definition, ture factor for the exchange topology and constants of
account for the experimentally observed finite lifetime BaCu,Si,O-. This enables us to perform a direpiantita-
(broadening of the LM. tive comparison between theory and experiment for both en-
In a recent short papewe reported polarization-sensitive ergies andntensitiesof the coherent and diffuse components
neutron-scattering measurements of the dynamic spin struof the dynamic spin-correlation functions.
ture factor in another model quasi-1D antiferromagnet, Magnetic interactions in BaG$i,O; have been previ-
namely, BaCySi,0-. This S=1/2 system has much weaker ously thoroughly studied using bulk methotfd, neutron
interchain interactions and low-temperature ordered modiffraction®** and inelastic neutron scatterifg?*>8 The
ments than KCuf: Preliminary results indicated that, unlike silicate BaCySi,O- crystallizes in an orthorhombic struc-
KCuF;, in BaCu,Si,O- there is no well-defined longitudi- ture (space groupPnma a=6.862 A, b=13.178 A, ¢
nal mode. Instead, the longitudinal spectrum is best de=6.897 A) with slightly zigzag AFS=1/2 chains of C&"
scribed as a single broad asymmetric continuum feature. Thisns running along the axis. The in-chain exchange con-
stark discrepancy in the predictions of the chain-MF/RPAstant isJ=24.1 meV. Interactions between the chains are
model came as a surprise. Indeed, for ttiansverse = much weaker, and the characteristic bandwidth of spin-wave
polarized spectrum of BaG%i,O,, earlier neutron- dispersion perpendicular to the chain direction s
scattering work confirmed excellent agreement with chain=2.51 meV. BaCuySi,O, orders antiferromagnetically at
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Tn=9.2 K=0.033)/kg with a zeroT saturation moment of  1(q,®)*S"(q,w)(1+coSag) +9(q,w)sifa+B(q,w).
mo=0.15ug parallel to the crystallographic axis. 1)

In this equatiorS" (q,w) andSl(q,») are the magnetic dy-
namic structure factors for transverse and longitudinal polar-
In the present study we employed the same basic principl&ations, respectively. The wave-vector-dependent angle
of using a tunable horizontal magnetic field to determine thds measured between the momentum trangfend the di-
polarization of magnetic excitations in Bagsi,O, with  rection of the ordered moment. The orientations of the latter
unpolarized neutrons, as described in Ref. 6. However, th&ere previously determined using neutron diffraction in both
new experimental setup included several significant imihe low-field(along thec axis) and in the spin-flogroughly
provements compared to the one used previously. First, walonga) states, sy, is a known quantity for every scan
utilized a different horizontal field magnet with a much moremeasured. The quantity3(q,») is the polarization-
open coil construction that allowed almost unrestricted scatindependent background determined separately, as discussed
tering geometries within the horizontal plane. This enabledelow. In our measuremens'(q,w) and Sl(q,) could
us to collect the data in a series of conventional consgfant- thus be extracted from pairs of scanssgtandH, by solv-
and constanE scans, which was not possible in the highly ing a set of two coupled linear equations for each point.
restrictive geometry used before. Second, the larger diameter For this procedure to work, exact knowledgei3ff), ) is
of the magnet bore made it possible to mount the sampléequired.3(q, ) includes both intrinsi¢coherent and inco-
with a high-symmetry reciprocal-space crystallographicherent nuclear scattering in the sampaad extrinsic(scat-
(a,c) plane horizontal, rather than having a scattering plandering in the sample holder, magnet, gtcontributions. In
defined by some low-symmetry vectors as in previous studour previous experiments only the latter part was measured.
ies. Third, the experiments were carried out at the IN22 in-This was accomplished by repeating all scans on an empty
strument installed at Institut Laue Langevin in Grenoble,sample container. In the present work we adopted a different
France. This instrument boasts a much higher neutron flugpproach to measure both components. With the sample in
which accelerated the data-collection rate considerablyplace, background scans were collected at wave vectors far
while reducing statistical errors. from the 1D AF zone center, &&1.2 orl=0.8. Due to the

All data were collected using a 14.7-meV fixed-final en-Vvery steep dispersion of magnetic excitations along the chain
ergy configuration with pyrolitic graphitéPG) (002 reflec-  axis, no magnetic signal is expected at these positions in the
tions employed in the vertical-focusing monochromator andenergy range covered in our experiments. In all cases the
flat analyzer. A PG filter was installed after the sample tobackground signal was measured at both field valigand
eliminate higher-order beam contamination. The supermirroH,, but was found to be field independent, as expected.
neutron guide provided effective premonochromator beam The main assumption behind the “spin-flop” polarization
collimation. Soller collimators with a horizontal acceptanceanalysis is that the magnetic field needed to induce the tran-
of 60 ft were installed before and after the sample. No dedisition is weak on the energy scale set by the strength of
cated collimation devices were used between analyzer anglevant interchain interactions, the experimental energy
detector. The measurements were performed at momenturange, and the energy resolution of the spectrometer. In other
transfers (&,l) in the vicinity of the 1D AF zone centdr ~ words, in Eq.(1), it is only the anglea, that changes on
=1, for k=—1...0. Themain advantage of working going through the spin-flop transition, while the structure
aroundl =1 (as opposed tb=3, as in previous studipés a  factorsS'(q,») remain unaffected. The validity of this as-
smaller intensity penalty due to the magnetic form factor ofsumption for the type of measurements performed in this
CUW*, and the negligible small 3D modulation of the dy- work was argued in detail in Ref. 6.
namic structure factor due to the slightly zigzag structure of

II. EXPERIMENTAL PROCEDURES

the spin chaind? The trgdeoff is limitations on t_he energy IIl. EXPERIMENTAL RESULTS
transfer(up to 12 meV in the present experimgimposed
by kinematic constraints on the scattering geometry. Typical raw data sets measured in cons@ntand

Each data set was measured for two values of magneticonstante modes aff =1.5 K are shown in Fig. 1. At ener-
field applied along the crystallographiz axis, H;=1.5T  gies in excess of about®the scattering is practically unaf-
andH,=2.2 T. These field values were chosen to be belowfected by the phase transitidirig. 1(b)]. The contrast in
and just above a spin-flop transition di.=2.0T, inelastic intensity measured at two different field values is
respectivel}>!! The transition involves a reorientation of most apparent at energy transfers of anbyFigs. 1a) and
the ordered staggered magnetization in the systehs.ex-  1(c)]. Separating the longitudinal and transverse contribu-
plained in Ref. 6, this leads to a drastic change in thaions as described in the previous section yields the constant-
polarization-dependent part of the scattering cross section fa@ scans shown in Figs. 2—4. The evolution of the instrumen-
unpolarized neutrons. The effect on the scattering intensityal full width at half maximum(FWHM) resolution ellipsoid
from longitudinal(parallel to the ordered momerand trans-  in the course of each scan is shown in the right part of each
verse (perpendicular to the ordered momespin fluctua-  figure. Typical constanE data are shown in Fig. 5. A con-
tions is different, which allows us to separate the two com-+tour and false color plot based on a series of ten such scans
ponents. In general, the measured intensity can be expandeaken with a 1-meV energy step is shown in Fig. 6.
as Certain important features of the measured transverse and
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900 persion can be seen in Figs.(a24(a. In contrast,
i o hiw=3 meV longitudinal-polarized scans lack the sharp component and
o0 © H=15T - o q=(0,0,) arealmost independent af, [Figs. 2b)—4(b)]. Such behav-
® H=2°T O a8 ior is reminiscent of that for the transverse-polariz=n-
1 o u tinuumthat also shows very little variation wity, .
] (@]
IV. THEORY
= Before discussing the quantitative analysis of the experi-
£ 300 mental data we shall describe the application of the chain-
0 ] MF/RPA approach to the problem of weakly coupled chains
% 500 - in BaCu,Si,04.
>
g ] A. Hamiltonian and definitions
%‘ 1004 Following Refs. 13 and 8 the spin Hamiltonian for
é BaCu,Si,0 is written as
c
= 0 ,
0. H=Hchainst H',
1500
Hchains:‘JiJZn S,j,n'S,j,nJrly
1000
_ H'=2 38 i Siint HSiinSiiein
500
+33S 0 (St1jrint Se1j-10)- (2
0 The Fourier transform of the interchain coupling is defined
as
0
ho (meV) J'(q)=1J,cogqy) +Jy cogqy)
FIG. 1. Typical constanE scans(a) and (b) and constan@® +Js[coga,+qy) +coga,—ay)]. (3)

scans(c) measured in BaG8i,0; in magnetic fieldsH=1.5T . . .
(open circles andH=2.2 T (solid circles applied along the crys- In order to comply with the formalism of Refs. 5 and 3 it is

tallographicc axis. The dashed lines ife) and (b) represent the ~convenient to introduce new spin variabg
background obtained by linear interpolation between intensities _ .
measured at=0.8 andl=1.2. In(c) the dashed line is the back- S in=Sijn Sa=(—=1ISY,, a=y,z (4)

(A 1,),n?
ground scan measured @t (0, —0.5, 1.3. . . ) )
The transformatior{4) leavesH .nainsinvariant, but flips the

signs ofJ, andJ; in the interaction of they andz compo-

longitudinal dynamic structure factors can be identified everhants of the spin operators #'. The staggered magnetiza-
without a quantitative data analysis. An important experi-ion at T=0 is defined as

mental observation is that longitudinal excitations show a

steep dispersion along the chains. As can be seen in Fig. 6, (~S“- Y= 38, ,(—1)"mp. (5)
the corresponding spin velocity is the same as for transverse- bn “r
polarized spin waves. Furthermore, at high-energy transfers
(above~7 meV) the scattering is almopblarization inde-
pendentto within experimental accuracy and resolution  The first step in the chain-MF/RPA is a mean-field decou-
(Figs. 2-5. Such behavior is consistent with our generalpling of the interchain interactiohl ":*

expectation that interchain interactions become almost irrel-

B. Chain-MF and field-theoretical results for a single chain

evant at energie; WE;II abqve the gap Qneﬂgﬁhe dynamic _ ~S,‘fj'n:<~sﬁ‘ijn>+ 5~S{ijn , (6)
structure factor in this regime is as in isolated chains, and is -
therefore almost isotropic. wheredSf; |, denote(smal) fluctuations around the expecta-

At smaller energy transfers the structure factors for longi-tion value. Substituting E¢6) in H’ we obtain a mean-field
tudinal and transverse polarizations are noticeably differentlamiltonian
As observed in previous detailed studfedransverse-
olarization constan® scans are characterized by a shar _ - _1\n3Z
Epin-wave peak, whose position and intensity is s%/rongly dg— Hr .2;' n ISin St h(=DS s
pendent on momentum transfgr in the direction perpen-
dicular to the spin chains. The effect of this pronounced dis- h=2(J,—Jy—2J3)me=J"my. (7)
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FIG. 2. Transvers¢a) and longitudinallb) components of a consta@-scan measured in BaG8i,0; atq=(0,0,1). In(a) the heavy
solid line is a fit using an empirical-model cross that includes a sharp single-mode contrilgutiprarea and a “truncated Mler-ansatz”
(TMA) continuum parthatched arga Two such fits are shown itb) as a heavy solid line and a dotted line. For both, the hatched area
represents the TMA continuum. The dark shaded area is the single-mode longitudinal component as predicted by chain-MF/RPA theory. The
light shaded area is the same component that was allowed to have a nonzero adjustable intrinsic width and adjustable intensity. Finally, the
dash-dotted line is a fit based on the TMA alone, with no single-mode contribution. For more details see text. The shape of the scans is
influenced by the evolution of the spectrometer resolution function in the course of thécscan

The Hamiltonian(7) describes an ensemble ahcoupled v , 1 5
spin+ Heisenberg chains in a staggered magnetic field, HlD:f dx 5 (9x¢)"+ 55 (9t +Chcogv27¢)|.
9
Hip=2> 35, S +h(-1)"SE, ;. 8 _ . _ . .
n In this formulav = wJay/2 is the spin velocity of the spii-

Heisenberg chaii andC is a nonuniversal constant that was
The next step is to find a solution for an isolated chain in arcalculated in Ref. 16. The modé) is known as the quan-
external fieldh. Since in the limit of weak interchain cou- tum sine-Gordon modelSGM) and is exactly solvable. The
pling the latter is expected to be small compared,tit is ~ spectrum is formed by scattering states of four particles,
possible to determine dynamical correlation functions at lowcalled solitons, antisolitons, breatheB;, and breatheB..
energiesh w<J by means of field-theory methods. A stan- The breathers themselves are soliton-antisoliton bound
dard bosonization analysis gives the following scaling limitstates. All four particles have gapped relativistic dispersion

of Eq. (8): relations’’
700 12
600- () g=(0,-0.5,1)
500 (65 Transverse
] 10
T 400
£ 300
Y 200] 8
£ 100 2
5 . . " E FIG. 3. Transversd€a) and longitudinal(b)
g ®) 4=(0-0.5,1) § components of a consta@-scan measured in
> 200 Longitudinal BaCu,Si,O; at q=(0,—0.5,1). Lines and the
@ L4 plot shown in(c) are the same as in Fig. 2.
@
=
100 n
04 q=(9,-0.5,l) . . (c) 0
09 10 1.1
I(r. 1. u.)
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g SRR ey %, FIG. 4. Transversda) and longitudinal(b)
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g L4 shown in(c) are the same as in Fig. 2.
£

100 5

0 : Y T 0
0 0.9 1.0 1.1
I(r.l.u.)
A o , 1/2
E,=Acoshd, P,=—sinhf, a=s, s, By, éNAZJ_ In %
1% J J J/ ’
Eg.=3Acoshd, Pg = @sinha. (10) 312 1+ 1,13
B2 By 1|0 || T
zzﬁ 1 2 ~0.841916. (13)

Using the integrability of the SGM it is possible to determine '] I'(3)

correlation functions by exact methods. As described in Ref.
18, the expectation value of the staggered magnetization caNote that this result is at variance with that of Ref. 5, where

be calculated from the results of Ref. 16: it was reported thafin our notation$
h 1/3, 1/3
my=C(cos\y2m¢p)~c| - In(—” , 6.175
0=C( ¢) (J) h A~ —7—0'=15440". (14)
222 [1(H)]"r)]° - _ _
c= . ~NE (11 The polarization-dependent dynamic structure factors of in-
3V37|I(H)| |T(3) terest to us in the present study are directly related, through

) ) . i the fluctuation-dissipation theorem, to the imaginary parts of
Equation(11) is the self-consistency equation of the MF ap-tne corresponding dynamic susceptibilities. For a single spin
proximation (recall thath=mgJ") and is easily solved for chain in a self-consistent staggered mean field the latter were
Mo: derived in Ref. 3, and are expressed in terms of a spectral

sum over intermediate states with one, two, three, etc. par-
ticles. In the energy range in which we are interested here

V' [2.58499)\ " (hw=5A), the contributions due to intermediate states with
Mo~Ay Tln J—, ' three or more particles are negligible. With all contributions
from intermediate states with at most two particles taken into
account, the expressions for the dynamic susceptibilities are
2 [t re]?
1= 7 | o o-| ~0.294691. (12 - 2|F,|?
3T T(5)] [T(5) Xiplw, 7+0)= CEC
A“—s"—ie
We note that the constant 2.584 95 should not be taken seri- cos 5 o 5
ously since we have ignored subleading logarithmic correc- [=de 2[FP2(0)*+[FITT0)|
tions. The resul{12) is found to be in good agreemefior 0 T s2—[2A cosh 6/2)]+ie
small J'/J) with a phenomenological expression obtained
from quantum Monte Carlo simulations in Ref. 19. The soli- =06 |FS3Y0)|?

ton gap as a function of the staggered fiblthas been cal- B e 5
culated in Refs. 20 and 18. Expressingn terms ofm, by °ms [‘/1_2A cost(6/2)]"+ie
Eq. (7) and then using Eq12) we obtain (15
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transverse longitudinal hw(meV)

100 b =~ w0
nal
©=10 meV (a) (b) 10 a=00)) 10 qLZ?gIO,I)I
75 q=(0,0,I) w0 -
50 —~ ||
5
'é 600 b {300
25 s L
o) 400 200
3
= (d) £
é 200 100
Te]
i
®
[ 0 0 u T T { 0+ T T T {0
g . 0.9 1.0 1.1 12 08 0.9 1.0 11 1.2
S I(r.1. u)
=
7] b 7 ! g
S 150 o-5mev © |1 T % ) FIQ. 6. (Color) Cont.our. and falsg-colpr plpt of the transvgrse-
= polarized(left) and longitudinal-polarizetight) inelastic scattering

measured in BaC48i,O- near the 1D AF zone center (0,0,1).

both the longitudinal and transverse dynamic susceptibilities
feature single-mode and continuum contributions. In the
transverse-polarization channel the single-m@M) excita-
tions have the energy, while the energy of the longitudinal
mode is\3A. Regardless of polarization, the continuum has
a gap of 2. While the transverse continuum is singular on
its lower bound, the one in the longitudinal polarization
channel is not.

C. Coupled chains and the RPA

In the final stage of the described approach the dynamic
susceptibilities ofcoupledchains(in the original spin vari-
FIG. 5. Transverséa), (c), (e), and(g) and longitudinalb), (d), ables are expressed as
(f), and (h) components of typical constakt-scans measured in
BaCu,Si,O, along theq=(0,0]) direction. Lines are fits to the ~a
experimental data as described in the text. Xio(@.q))

T 1-3 (@A) + 3 w,0)]

X%p(@,q) (18

2
}“1D(w,w+q)=ﬂ wherea=_1,|. In Eq.(18) 3* and3 ! are the self-energies
3A%2—s?—je that are expressed in terms of integrals involving three-point,
o ) four-point, etc. correlation functions of spin operators. The
=d6 2|FEL(0)| analogous expressions in the disordered phase were derived
o T s2—[2A cosh 0/2)]?+ie in Refs. 21-23. To date, the relevant multipoint correlation
function has not been calculated for the sine-Gordon model.
<d @ 2||:ii2n( 0)|? The essence of the RPA is to simply neglect the
- = self-energieé:® In other words, one sets
s°—4A“| 1+ —coshf| +ie
2 st=3l=o0. (19)

(16) One problem is that in this approximation the transverse sus-
Here s?=#2w?—v%q%a? and the functionsFS" (),  ceptibility will not have a zero-frequency spin-wave pole at
F°S (9) are determined in Ref. 8p to an overal éoznstant the 3D magnetic zone center, as it should, spin waves being
€162 ’ the Goldstone modes of the magnetically ordered state. In
factor denoted byZ AnalytiC exprESSionS for the constants order for the p0|e to be exact|y at=0 the full Se|f-energy
|F1.4? are also given in Ref. 3 and have the numerical values xx must, in fact, be included. A work-around was suggested
) ) by Schulz> Assuming the RPA is a reasonably good approxi-
[F1|*=0.053Z, |F,|*=0.026Z. (17 mation, the pole iny'5p(w,0,m,7) will occur at a very small

Using recent theoretical advancg€it is possible to calcu- frequency. As a result,

late the normalizatio@ with good accuracy although we do ) ~
not need it in the present calculati¢see below. Note that 1~J'(0,m) x1p(0,m). (20
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1.0

The idea is to replac:aqixe 1 by an equality

0.8-(3) é E‘E 2A BaCu28i207
06 p 5 q=(0,0,1)
1=J"(0,m) x'1p(0,m), (21 sl E|| 3
2 .1 g 2
. T %21 °|| e
and then use gle 2 to fix the overall normalization of : 0.0 — —
Xip(®,q). Following this logic, we may carry out the inte- & (b) . q=(0,0.5,1)
gral in chixx numerically to obtain = ] x Y
3 I — Transverse
- - t - - - Longitudinal
O’Jg 03 I: : --------- T(r)ur?ctatidal\lluller Ansatz
2 i
Z7~7.994—. (22) :E
J'(0,) ?-8 1
(c)
Now it is a simple matter to determingp(w,k,q) by evalu-
ating the 1D susceptibilities numerically and then inserting 0.5
them into the RPA.
As explained in Ref. 3, the resulting dynamic susceptibil-
ity for transverse spin fluctuations in coupled chains contains —

a pair of spin-wave excitations that disperse perpendicular to 0 2

the spin chains, and are, by design, gapless. The longitudinal

mode also disperses in the direction perpendicular to the o ) -

chains. but retapins a nonzero gap at thpe 3E)D magnetic zon FIG_. 7. Longitudinal(dashed Ilnt_e)sand transversésolid lineg

center' Under the approximations made, the lower bounds ¢ ynamic structure factors of BaGBi,O, at several wave vectors,

the Co.ntinua remain at® and are indep,endent af. . re calculated within the chain-MF/RPA. The calculated structure fac-
JR] -

. . . ors were regularized by convolution with a Gaussian function of
gardless of polarlzatlon. The sm_gularlty at _the lower bo‘”? .2-meV FWHM. The dotted line shows the fit function used in the
of the transverse-polarized continuum vanishes and perssgﬁalysis of neutron-scattering data.
only at the “magic” wave vectoigy, such thatl’(qy)=0.

For BaCu,Si,0; qp,=(0.5, 0.5, 3. At gy the dynamic struc-

ture factor is as for uncoupled chains in a staggered field and

the gapA can be observed directly. In Ref. 8 for this purpose we have successfully employed

a model cross section designed to reproduce the main fea-

tures of the chain-MF/RPA calculations. The first component

of the fit function for transverse excitations represents the
The exchange parameter3, J,, J,, and J; for long-lived spin waves and is written exactly as in chain-MF/

BaCu,Si,O- are known with very good accuracy from the RPA theory:

previously measured spin-wave dispersion relafidssing

these numerical values the low-energy part of transverse and

A. A model cross section

D. Results for BaCu,Si,O+

longitudinal structure factors were calculated for several . [1—cog 7l)]

wave vectors on the (&, 1) reciprocal-space rods using the Sem(g, ) = AT(q) X{olo—w, (q)]
chain-MF/RPA described above. The results are visualized in *

Fig. 7. To improve the visual effect, any singularities in these +owt+w (q)]}. (23

plots were eliminated by convoluting the calculated profiles
with a Gaussian kernel of a fixed FWHM of 0.2 meV. Note
that this width is still considerably narrower than the typicalHere w? (q) is the spin-wave dispersion relation given by
resolution of a three-axis instrument in our experiments. A
comparison of these calculation results to actual neutron-
scattering data is the subject of the next section. 2 2
wl(@=Z P sit(r)+ DI +20 @) @9
V. ANALYSIS OF EXPERIMENTAL DATA

To better understand the experimental results and perforwhereJ’(q) is defined by Eq(3).
a quantitative comparison between measured and calculated The second component of the fit function for transverse
dynamic structure factors one has to take into account thexcitations approximates the continuum. We have previously
effects of experimental resolution. This is best done by fittingfound that, at least for wave vectors on the K01)
the data to a parametrized model cross-section function nueciprocal-space rod, continuum scattering can be very well
merically convoluted with the four-dimensional resolution approximated by the “truncated WMar-ansatz” (TMA)
function of the instrument. function2*
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These equations are a generalization of E4jg). and(13)
in Ref. 8, that allow for a damping of the longitudinal mode.
The adjustable parametdy is the energy of the longitudinal
mode at the RPA “magic” point. The coefficieny is an
adjustable parameter that determines the intensity ratio of
longitudinal and transverse excitations, whilés an overall
intensity prefactor used for both polarizatigsee Eqs(4),
(5), and(10) in Ref. 8]. In Eq.(26) the & function is replaced
(for positive energy transferdy a Lorentzian profile with a
half width at half height of".

The longitudinal-polarized excitation continuum was
— chain-MF/RPA calculation modeled using the same truncated IMuansatz cross-
= = = TMAfit function section function as previously done for the transverse case:

80

223
o
1

IS
o
1

Simulated intensity (arb. units)
8
1

0 —_— , , | 3 BA [1—cogwl)]
0 2 4 6 8 10 12 SS9, )= > —
fiw (meV) \/wz— IJZ Sinz(QH)

FIG. 8. Comparison of simulated scans across the transverse-
polarized continuum ag= (0, 0, 1) based on the exact chain-MF/
RPA result(solid line) and the empirical TMA fitting function that X0
was used to analyze the neutron-scattering ¢tted ling. Given
the effects of experimental resolution that were taken into accoun
in these simulations, the two curves are virtually identical.

7_[_2
wz—Aé”—Istinz(wl). (28)

Note that, unlike in Ref. 8, we use separate relative intensity
prefactors andpseudagap energies for the transverse and

aA [1—cog )] longitudinal continua. By choosing. =A;, and f=«a

St(q,w)=— one can accurately reproduce the chain-MF/RPA result for
2 5 w? - BaCu,Si,O- to within resolution effects in the energy and
Ol IJ smz(qH) momentum-transfer ranges covered in the present study.
2
m B. Transverse polarization
X 6 w?— A2 — —32sirt(ml)|. (25 verse poarizat
’ 4 As a first step in the quantitative data analysis, the two-

component model cross section for transverse polarization
_was numerically convoluted with the calculated spectrometer
resolution function and fit to the transverse components of all

The TMA is plotted in thin dotted lines in Figs(a—7(c) for

a direct comparison to our chain-MF/RPA result. Conve
niently, given the experimental resolution width, the two i ) .
functional forms are almost indistinguishable. This fact isS¢ans measured in this work29 total scan poinjs The
illustrated in Fig. 8, which shows the transverse continuun{€/€vant parameters of the model, including the mass gap
obtained in the actual chain-MF/RPA calculation for 2=2-51(2) meV; the interchain exchange constants
q=(0, 0, 1 (solid line), along with the form 2%dotted ling,  Ix= —0.460(7) meV, Jy=0.200(6) meV, and X

both profiles being numerically convoluted with the resolu-=0-152(7) meV; the in-chain exchange parametér
tion function of the instrument. Resolution effects taken into— 241 meV; the cont|r1uum_gazpcyi=4.8(2) meV; and the
account, an almost perfect match between the chain-MF/RPELIO «=0.20(3) meV ~ of single-mode and continuum in-

calculation for BaCySi,O, and Egs.(23) and (25) can be tensities,ggvere determi_ned previously with very good
obtained for the entire range of energy and momentum tranélccura?l}- “When analyzing the present data, only the over-
fers covered in our experiments by choosing. all scaling factor was treated as an adjustable parameter. A

—50meV ande=0.17 meV L. good (y?>=2.7) one-parametaglobal fit to all the measured
Just like the transverse-polarized part, the fit function forScans was obtainetieavy solid lines in Figs.(2)-4(a and

longitudinal scattering is composed of a single-mode and19S: 9&8-5(@). The hatched and gray areas of Figs.

continuum components. The dispersion relation and dynamié —> represent the continuum and single-mode components,

structure factor for the single-mode contribution are written"€SPectively. _ _ _ _
As mentioned in the previous section, our chain-MF/RPA

as
theoretical result for BaCG8i,O; corresponds to fitting
| y [1—cog 7] T/ function  parameters A, =2A=5.0meV and «
Ssw(Q, @)= A5 @ >3 =0.17 meV !, which is in remarkably good agreement with
I [o—w)(@)]"+T previous and current experiments. We conclude that for

(26) transverse polarization the chain-MF/RPA not only predicts

the correct spin-wave dispersion relation and continuum gap
_ (27)  energy, but provides an accurate estimate forinkensityof
[J'] the lower-energy part of the continuum.

2 A2 ’
wﬁ(q)z%stinZ(w|)+Af+‘]—@
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C. Longitudinal polarization corresponds to the dispersion of the longitudinal mode built

The agreement with theory is not nearly as good in thé.nto the “damped LM" model.

longitudinal-polarization channel. In the chain-MF/RPA the
LM is infinitely sharp and corresponds [6—0 in Eq.(26). VI. CONCLUDING REMARKS
The LM’s energy and intensity are given by = J3A, and

y=0.49. Our chain-MF/RPA calculation for the longitudinal Based on the neutron-scattering results we can now pro-

. . . . . vide a phenomenological description of the longitudinal ex-
contmgum in BaCySi 07 is very wgll approximated by Eq. citations in weakly interacting quantum spin chains. There is
(28 with A¢, =A¢) and f=a. Using these values in the ., parg jongitudinal mode, but a broad asymmetric peak
model cross section convqutgd with the resolution functiony, 5+ is inseparable from the continuum at higher frequencies.
of the spe.ctrometerf we can simulate the mea'sured'scans Pfis feature is practically independentef, but has a steep
expected in the chain-MF/RPA model. These simulations argjispersion along the chain axis. The scattering starts at ener-
shown in solid lines in Figs. (B)-4(b). The dark gray area gies well below 2, and its intensity at low energies is con-
represents the longitudinal mode, and the hatched area is th@jerably greater than that predicted by the chain-MF/RPA.
continuum contribution. It is clear that at all valuesgpfthe It appears that the established chain-MF/RPA model is at
model fails to reproduce the observed longitudinal spectrumihe same time remarkably good in predicting the transverse
The discrepancy is greatest at energy transbeiew 2A, correlations of weakly coupled chains, and vastly inadequate
where the chain-MF/RPA model predicts no scattering excepés far as longitudinal fluctuations are concerned. Admittedly,
that by the LM. At higher-energy transfers the agreemenbne can never entirely dismiss the possibility that the dis-
between theory and experiment becomes progressivelygreement between theory and experiment in the latter case
better. may, in fact, be due to some intrinsic flaw in the unconven-
Of course, much better fits to the experimental data can bgélonal technique that we used for polarization analysis. How-
obtained if the central energy , intensity prefactory, and  ever, having repeatedly scrutinized the measurement proce-
intrinsic energy widthI' of the longitudinal mode are al- dure, we were unable to identify any potential sources of
lowed to vary. The result of fitting this “damped LM” model systematic error that could account for the observed discrep-
globally to the entire data set for longitudinal polarization ancies with theoretical calculations. We thus conclude that
(358 data is shown in Figs. &)—4(b) as dotted lines, and the discrepancies stem from limitations of the theoretical
corresponds tg?=1.5. The fit yieldsAj=2.1(1) meV,y  method itself. Among the assumptions and approximations
=1.2(2), andI’'=1.5(2) meV. This analysis confirms the associated with the chain-MF/RPA approach, the most likely
main conclusion of the preliminary study of Ref. 6: to ad- source of errors is the uncontrolled discarding of the self-
equately describe the longitudinal scattering in BaSiyO,;  energies in the RPA. The RPA, by definition, acts on bare
in terms of a “longitudinal mode” one has to assume a sub-purely 1D dynamic susceptibilities giarticular wave vec-
stantial intrinsic width, comparable to the mode’s central entors. It excludes interactions between particles, such as pro-
ergy and to its separation from the continuum threshold. Theesses that involve a decay of a particle with momentum
“longitudinal mode” can therefore be no longer considered ainto a pair of particles with momentgy +q,=q. The con-
separate feature, since it is merged with the strong continuummibutions of such processes to the susceptibility involve 1D
at higher-energy transfers. The energy separation of singlesorrelation functions of three or more spin operators. For
mode and continuum excitations previously observed fowspin chains that armtrinsically gapped such processes are
transverse polarization &bsentin the longitudinal channel. expected to be suppressed, in which case the RPA will be
It is important to emphasize that the mismatch betweerully justified. We can expect the RPA to be an almost perfect
theory and experiment involves more than simply a broadendescription of weakly coupled ladders or Haldane spin
ing of the LM. Experimentally one observed considerablychains. For weakly coupleS= 3 chains, however, the mean-
more scattering below& energy transfer than the LM could field gapA is itself determined byl’. As a result, the trans-
provide in the chain-MF/RPA model. As a result, the refinedverse spectrum in the RPA is gapless, regardless’bf.
value of y is almost four times larger than expected, and theHence a longitudinal excitation can always decay into a pair
“LM” is almost equal in intensity to a transverse spin wave. of transverse-polarized spin waves. The RPA fails by exclud-
The measured data can, in fact, be reproduced withouhg this effect. Comparing the results of the present study to
including a single-mode longitudinal component in the crosghe ones reported in Ref. 1 for KCyRhe question arises as
section. This “continuum-only” model corresponds tp  to why there is a longitudinal mode, albeit damped, in the
=0, while A and e/ are the adjustable parameters. Ratheratter material but not in BaG8i,O;. The main difference
good global fits to 249 data pointslat- 0 are obtained with  between the two materials is the strength of the interchain
A¢=2.0(1) meV, «=0.22(0.01), andy?=1.16. Scan coupling: in BaCySi,0- the ratio of the bandwidths per-
simulations based on these parameter values are plotted lpgndicular to the chains and along the chains i/ 2]
heavy solid lines in Figs. (6), 5(d), 5(f), and §h), and by =~ =0.066, whereas it is approximately 0.2 for KGuF his
a dash-dotted line in Fig.(B). The parameterd,; was  may suggest that a sufficiently strong dispersion perpendicu-
fit separately for the consta@- scans atk=—0.5 and lar to the chains is necessary in order to stabilize a damped
k=—1, yieldingA; j=1.8(1) meV andA; =1.5(1) meV, longitudinal mode. It would be interesting to investigate this
respectively. The results are shown in dash-dotted lines iissue by determining the damping of the longitudinal mode
Figs. 3b) and 4b). The variation ofA | as a function ofy, in MF/RPA.
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