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Spin dynamics in the quasi-one-dimensionalSÄ 1
2 antiferromagnet BaCu2Si2O7
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Inelastic neutron scattering is used to identify single-particle and continuum spin excitations in the quasi-
one-dimensionalS51/2 antiferromagnet BaCu2Si2O7. In the data analysis, close attention is given to resolu-
tion effects. A gap in the continuum spectrum atDc54.8(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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I. INTRODUCTION

Despite the apparent simplicity of the quantumS51/2
antiferromagnetic~AF! Heisenberg model, the quest for
complete understanding of this system remains one of ce
problems in magnetism. Semiclassical spin-wave the
~SWT! is known to provide an adequate description of t
three-dimensional~3D! version of the model. After extensiv
theoretical and experimental studies it is fair to say that
purely 1D case is rather well understood as well. Its sta
and dynamic properties totally defy the conventional sp
wave picture. In 1D the ground state looks nothing like t
classical two-sublattice Ne´el state and is described as
‘‘marginal spin liquid,’’ with power-law spatial spin correla
tions and no long-range order.1 The spectrum contains n
single-particle magnon excitation, but is instead a diffu
continuum described in terms of two-particle ‘‘spinon
states.2–5 Of great current interest is thequasi-one-
dimensional case of weakly interacting quantum spin cha
Studies of such systems provide the missing link between
exotic quantum-mechanical behavior of the 1D model a
the more familiar semiclassical spin-wave dynamics reali
in three dimensions.

A great deal of experimental information on the quasi-
Heisenberg model was gained in studies of KCuF3.6–9 Par-
ticularly exciting was the recent observation of a novel lo
gitudinal excitation, polarized along the direction of order
moment and thus totally absent in SWT.9 The recently char-
acterized BaCu2Si2O7 ~Refs. 10–12! is another model
weakly coupled chain compound, shown to be particula
useful for studying transverse spin fluctuations, i.e., th
polarized perpendicular to the ordered moment. In a rec
short paper11 we have demonstrated that the transverse e
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tation spectrum in BaCu2Si2O7 has a uniquedual nature. At
high energies the imaginary part of dynamic susceptibility
dominated by continuum excitations, characteristic of
quantum 1D model. However, at energies below the cha
teristic strength of interchain interactions, the continuum
‘‘cleaned up’’ and replaced by sharp single-particle stat
similar to conventional spin waves. A further analysis su
gested that continuum excitations appear only above a w
defined threshold energy. Unfortunately, for purely techni
reasons, this gap in the continuum could not be obser
directly. In the present paper we report a detailed study
continuum excitations in the vicinity of the energy gap.

II. EFFECTIVE SPIN HAMILTONIAN FOR BaCu 2Si2O7

Before we proceed to describe the experimental pro
dures and results we shall briefly review the structure a
relevant magnetic interactions in BaCu2Si2O7, which are, by
now, rather well documented. The silicate crystallizes in
orthorhombic structure, space groupPnma, with lattice con-
stants are a58.862(2) Å, b513.178(1) Å, and c
56.897(1) Å.13 Magnetic properties are due to Cu21 ions
that form weakly coupled antiferromagnetic chains runn
along the crystallographicc axis. Correspondingly, the tem
perature dependence of bulk magnetic susceptibility follo
the theoretical Bonner-Fisher curve14 with an in-chain cou-
pling J524 meV.10 A similar estimate was obtained in d
rect inelastic neutron scattering measurements of the
zone-boundary energy\vZB of magnetic excitations, relate
to J through J52\vZB /p.15 This measurement givesJ
524.1 meV.12 Nearest-neighbor spin-spin separation with
the chains is equal toc/2, so the 1D AF zone centerqi5p
©2001 The American Physical Society02-1
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corresponds tol 51, whereQ5(h,k,l ) denotes a wave vec
tor in reciprocal space.

Weak interactions between the chains result in long-ra
antiferromagnetic ordering atTN59.2 K.10 The ordered mo-
ment is parallel to the chain axis and extrapolates to a s
ration value of 0.15mB at T→0.10–12 In the ordered state
the alignment of nearest-neighbor spins is parallel along
a and antiparallel along theb andc directions, respectively
The 3D AF zone center is located atQ5(0,1,1). The rel-
evant interchain exchange constants were determined
measurements of spin-wave dispersion along several d
tions in reciprocal space.12 The effective spin Hamiltonian
was established:

H5 (
i , j ,n

JSi , j ,nSi , j ,n111JxSi , j ,nSi 11,j ,n1JySi , j ,nSi , j 11,n

1J3Si , j ,nSi 11,j 11,n1J3Si , j ,nSi 11,j 21,n . ~1!

Here the sum is taken over all spins in the system. The
dexesi and j enumerate the spin chains along thea and b
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axes, respectively, andn labels the spins within each chain
The experimental values of the interchain exchange par
eter are12

Jx520.460~7! meV,

Jy50.200~6! meV,

2J350.152~7! meV. ~2!

The spin chains in BaCu2Si2O7 are not straight, but
slightly zigzag. The magnetic sites are displaced from hi

symmetry (14 ,0,14 ) positions as described in Ref. 10. For th
neutron scattering measurements described below, this
has one unfortunate consequence. The 3D magnetic dyn
structure factorS(Q,v) probed experimentally is not that o
an ideal straight chain,S0(Q,v), but related to it through the
following rather complicated relation:
S~Q,v!5cos2~2phdx!cos2~2pkdy!cos2~2p ldz!S0~Q,v!1cos2~2phdx!cos2~2pkdy!sin2~2p ldz!S0„Q1~100!,v…

1cos2~2phdx!sin2~2pkdy!cos2~2p ldz!S0„Q1~011!,v…1cos2~2phdx!sin2~2pkdy!sin2~2p ldz!

3S0„Q1~111!,v…1sin2~2phdx!cos2~2pkdy!cos2~2p ldz!S0„Q1~001!,v…

1sin2~2phdx!cos2~2pkdy!sin2~2p ldz!S0„Q1~101!,v…1sin2~2phdx!sin2~2pkdy!cos2~2p ldz!

3S0„Q1~010!,v…1sin2~2phdx!sin2~2pkdy!sin2~2p ldz!S0„Q1~110!,v…. ~3!
lta-
eri-
uti-
cted
a-
e

ec-

rse

re-
er 4
the

ue-
or

e
nd
we
In this equationdx'0.028, dy'0.004, anddz'0.044 are
Cu21 displacements from high-symmetry positions as
scribed in Ref. 10 and 18. It is important to emphasize t
Eq. ~3! is an exact result. At small wave vectors only the fi
term is relevant and the dynamic structure factor is that o
straight chain. Indeed, the straight-chain model could be s
cessfully used to analyze the data in previous studies.11,12

Below we shall demonstrate that at higher wave vector tra
fers the contributions of other terms become significant
should be taken into account explicitly.

III. EXPERIMENTAL PROCEDURES

The main goal of the present work was to reliably reso
low-energy spin wave and continuum excitations near the
AF zone center in BaCu2Si2O7. Previous studies indicate
that in BaCu2Si2O7 the continuum sets in between 3.5 me
and 5.5 meV energy transfer.11 The most interesting dynami
range is therefore between zero and 10 meV. The choic
spectrometer configurations in inelastic neutron scatte
experiments was therefore governed by the conflicting ne
of intensity, high wave vector resolution along the chain a
~required to overcome the steep dispersion along the cha!,
energy resolution, and the need to cover a wide range
-
t

t
a
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g
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s
s
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energy transfers. Since it appears impossible to simu
neously satisfy all these conditions, several different exp
mental setups with complementary characteristics were
lized. Quantitative comparisons between data sets colle
in different configurations were essential to verifying the v
lidity of the results. In all cases we used the sam
BaCu2Si2O7 single-crystal sample as in previous studies.11,12

In all configurations the crystal was mounted with the (0,k,l )
reciprocal-space plane in the scattering plane of the sp
trometer.

Ideally, the measurements are done aroundQ5(0,0,1)
(qi5p), where the extra terms in Eq.~3! are negligible and
all magnetic scattering is due to spin fluctuations transve
to the direction of the ordered moment (c axis!. Unfortu-
nately, at this wave vector, certain geometric constraints
strict the accessible range of energy transfers to just ov
meV. Measurements in this range were performed on
IN14 cold-neutron spectrometer installed at Institute La
Langevin~ILL !, using a very high energy and wave vect
resolution configuration~setup I!: guide-408-408-open colli-
mations,Ef53 meV fixed final-energy neutrons, and a B
filter after the sample. To cover a wider energy range a
still have reasonable wave vector and energy resolutions
employed IN14 in ‘‘anti-W’’ geometry with guide-
2-2
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SPIN DYNAMICS IN THE QUASI-ONE-DIMENSIONAL . . . PHYSICAL REVIEW B 65 014402
408-608-open collimations and final neutron energy fixed
Ef55 meV ~setup II!. The data were collected aroundQ
5(0,0,3) (qi53p), where the contributions of both the firs
and second terms in Eq.~3! are significant. In this geometr
measurements could be extended up to 8 meV energy tr
fer. A similar configuration was used in combination with
horizontally focusing analyzer~setup III!. While in this latter
mode the wave vector resolution is considerably worse t
with a flat analyzer, the intensity gain is quite substant
Energy transfers of up to 17 meV were achieved using
IN22 spectrometer at ILL, with guide-608-608-open collima-
tions and final neutron energy fixed atEf514.7 meV~setup
IV !. In this case a pyrolitic graphite~PG! filter was used after
the sample.

In all experiments sample environment was a stand
‘‘ILL Orange’’ He-4 cryostat and all data were collected
either T51.5 K or T52 K. For the cold-neutron experi
ments the background was measured in constant-Q scans,
away from the 1D AF zone center, where no magnetic s
tering is expected to occur, due to a step dispersion along
chain axis. In all cases the background was found to be c
pletely flat and featureless, typically 2.5, 4, and 5 counts
minute for setups I, II, and III, respectively. The measur
background was fit to a straight line and is subtracted fr
all the data sets shown below. For the thermal-neutron
periment ~setup IV! the background was measured on
empty sample can and subtracted from the experimental
in a similar fashion.

IV. RESULTS

A. Transverse spin excitations

Representative constant-Q scans measured at the 1D A
zone centerqi5p, 3p using Setups I, II, and III are show
in Fig. 1. To the right of each scan we plot the calculated
width at half maximum~FWHM! resolution ellipsoids in
projection on the (l ,\v) plane to show their size and orien
tation relative to the spin-wave dispersion branches origin
ing from the first and second terms in Eq.~3! ~solid lines!.
Three distinct components of the excitation spectrum are
parent. The sharp peak at\v'2 meV is the single-particle
spin-wave mode given by the first term in Eq.~3!. This fea-
ture dominates the low-energy spectrum aroundQ5(0,0,1),
where the other terms in Eq.~3! are negligible thanks to the
small value of corresponding trigonometric prefactors@Fig.
1~a! and Figs. 1 and 2 in Ref. 11#. At qi53p, however, the
second term in Eq.~3! becomes significant and gives rise
the 3 meV peak in Figs. 1~b! and 1~c!, which was not ob-
served in previous studies. In essence, this second peak
‘‘echo’’ of the same spin-wave excitation visible by virtue
a nontrivial 3D arrangement of magnetic sites. The third f
ture in Fig. 1 is the diffuse scattering above the spin-wa
peaks that, as will be discussed in detail below, is no
resolution-enhanced ‘‘tail’’ of the spin-wave peaks, but
separate entity. This scattering is attributed to continuum
citations in the system. In Figs. 1~b! and 1~c! one can see a
weak yet reproducible intensity dip that separates this c
tinuum scattering from the underlying spin waves~arrows!.
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Figure 2 shows constant-Q scans collected with setup II
at different wave vector transfers perpendicular to the cha
The dispersion of the lower-energy spin wave is quite app
ent. An almost total absence of dispersion in the 3 meV p
is consistent with that it originates fromQ1(100) scattering
@Eq. ~3!# and the known spin-wave dispersion along t
(1,k,1) reciprocal-space rod~Ref. 12, Fig. 6!. In all cases the
continuum is observed, and the intensity dip occurs
roughly the same energy~arrows!. There seems to be n
obvious wave vector dependence of the continuum inten
along theb* direction. The energy resolution of the therma
neutron experiment~setup IV! is too coarse to resolve th
two spin-wave branches and the continuum. Figure 3 sh
an energy scans collected in this configuration atQ
5(0,0,3).

Several constant-E scans measured with different con
figurations are shown in Fig. 4. At 3 meV energy trans
@Fig. 4~a!# two spin-wave peaks are perfectly resolved us
the highest-resolution configuration~setup I!. This proves
that at these energies the excitation spectrum is entirely
to single-particle excitations. At the same energy trans

FIG. 1. Left: typical constant-Q scans collected in BaCu2Si2O7

at the 1D AF zone center using different spectrometer configu
tions. Heavy solid lines represent a semiglobal fit to the data
described in the text. Shaded areas are contributions of sin
particle excitations given by Eqs.~4! and~5!. Dashed lines show the
continuum contribution, as expressed by Eq.~10!. Arrows indicate
the slight dip in the observed intensity that corresponds to the c
tinuum energy gapDc . Right: evolution of the calculated FWHM
resolution ellipsoids in the course of the corresponding scans, p
ted in projection onto the (l ,\v) plane. Solid lines represent th
spin-wave dispersion relation.
2-3
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A. ZHELUDEV et al. PHYSICAL REVIEW B 65 014402
setup II lacks the wave vector resolution to resolve the sp
wave peaks, as can be seen from Fig. 4~b!. However, as will
be discussed in detail in the next section, at higher ener
@Figs. 4~c! and 4~d!#, while the resolution is sufficient to
resolve individual spin-wave peaks, only a single broad f
ture is observed. As explained in Ref. 11, this behavior i
result of the excitation continuum ‘‘filling in’’ the space be
tween the spin-wave branches. The trend continues at e
higher energies, as can be seen from Figs. 4~e! and 4~f!,
which show scans collected using setup IV.

B. Data analysis

Resolution effects, particularly wave vector resoluti
along the chain axis, are clearly a major factor in the exp
ments discussed here. In order to reliably distinguish
tween continuum scattering and the high-energy resolu
‘‘tails’’ of the single-particle peaks, one has to deconvolu
the signal and the resolution function of the spectrometer
practice this is done by constructing a parametrized mo
cross section, numerically convoluting it with the calculat

FIG. 2. Constant-Q scans collected in BaCu2Si2O7 at the 1D AF
zone center at different momentum transfers perpendicular to
chains using setup III. Lines, shaded areas, and graphical repr
tations of the resolution functions on the left are as in Fig. 1.

FIG. 3. Constant-Q scan collected in BaCu2Si2O7 at the 1D AF
zone center using the thermal-neutron setup IV. Lines, shaded a
and graphical representation of the resolution function on the
are as in Fig. 1.
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resolution and adjusting the parameters to best fit the d
Confidence in this procedure can be gained bysimulta-
neouslyfitting data sets collected in spectrometer configu
tions with different resolution characteristics, while using t
samemodel cross section function and parameters.

1. Model cross section function

A simple yet accurate description of the spin dynamics
weakly interacting Heisenberg chains is provided by
mean-field and random phase approximation~MF-RPA!
treatment of interchain interactions.16,17 Within this frame-

he
en-

as,
ft

FIG. 4. A series of constant-E scans along the spin chains i
BaCu2Si2O7. Lines and shaded areas are as in Fig. 1.
2-4



kly
-

le
-

om
A

lo
s

ed

or

-
f

f
ys
M
a

ta
s

th
ic
p

fo

f

for

uc-
e

of
ta, is
ed
s the

ted
p-

-
the
is

n-
on-
our

the
g
y-

g

For

ets
ble
and
ly.
. II.
si-

e in-
-

s
con-
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work, the T50 transverse-polarized spectrum of a wea
ordered quasi-1DS51/2 system has two distinct contribu
tions.

The first contribution is from transverse-polarized sing
particle excitations~spin waves!, associated with the pres
ence of long-range antiferromagnetic order. For BaCu2Si2O7
the spin-wave dispersion has been investigated in s
detail12 and found to be in excellent agreement with MF-RP
theoretical predictions. In the present work we shall emp
the same expression for the spin-wave structure factor, a
Ref. 12:

SSM,0
xx ~Q,v!5A

@12cos~p l !#

2
d@v22vx

2~Q!#, ~4!

SSM,0
yy ~Q,v!5A

@12cos~p l !#

2
d@v22vy

2~Q!#, ~5!

@vx,y~Q!#25
p2

4
J2 sin2~p l !1

D2

uJ8u
@ uJ8u1J~Q!#1Dx,y

2 ,

~6!

uJ8u[
1

2
~ uJxu1uJyu12uJ3u!. ~7!

In this formulaSSM,0
xx (Q,v) andSSM,0

xx (Q,v) are single-mode
~SM! dynamic structure factors for excitations polariz
along thea andb axes, respectively, assumingstraight spin
chains in the system. The actual SM structure fact
SSM

xx (Q,v) and SSM
yy (Q,v) for the zigzag chain in

BaCu2Si2O7 are related toSSM,0
xx (Q,v) and SSM,0

yy (Q,v)
through Eq.~3!. The parameterA in Eq. ~7! represents an
overall intensity prefactor, whileDx50.36 meV andDy
50.21 meV~Ref. 12! are anisotropy gaps for the two spin
wave branches. In Eq.~7!, J(Q) is the Fourier transform o
interchain coupling and is given by

J~Q!52Jx cos~ph!12Jy cos~pk!12J3 cos@p~h1k!#

12J3 cos@p~h2k!#. ~8!

The ‘‘mass gap’’D in Eq. ~7! defines the bandwidth o
spin-wave dispersion perpendicular to the chains. Its ph
cal meaning deserves some comment. In the chain-
model, in the magnetically ordered state, each spin ch
experiences an effective staggered fieldHp generated by the
static staggered magnetization in adjacent chains. The s
gered field produces a confining potential between spinon
an S51/2 chain, yielding a two-spinon bound state.16 This
new single-particle excitation has a gapD that scales asD
}Hp

2/3.19 When interchain interactions are switched on at
RPA level, the bound state acquires a dispersion perpend
lar to the chain axis and takes the role of a conventional s
wave. At the 3D AF zone center~the location of magnetic
Bragg reflections! its energy goes to zero, as appropriate
a Goldstone mode. The mass gapD still enters the dispersion
relation, as in Eq.~7!. It is directly related to the strength o
interchain interactions through16
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D'6.175uJ8u. ~9!

From the known values of interchain coupling constants
BaCu2Si2O7 one gets12 D52.51 meV.20

The second contribution to the transverse dynamic str
ture factor in the MF-RPA model is what remains of th
two-spinon continuum in isolated chains.16,17 Unfortunately,
a convenient analytical expression for this diffuse part
cross section, one that could be used to analyze the da
not currently available. In our analysis we instead employ
a simple ansatz that has the same main characteristics a
MF-RPA result:~i! At high energies the Muller-ansatz form
that describes two-spinon continuum scattering in isola
chains22 is recovered.~ii ! The continuum has a sharp ste
function low-energy cutoff~gap! Dc52D at the 1D AF zone
centerqi5p. ~iii ! Unlike the spin waves, the lower con
tinuum bound shows no dispersion perpendicular to
chain axis.~iv! The qi dependence of the lower bound
given by @Dc(qi)#25Dc

21(p2/4)J2 sin2(qi). And ~v! except
at the ‘‘magic’’ reciprocal-space point (0.5,0.5,1), where i
terchain interactions cancel out at the RPA level, the c
tinuum has no singularity at the lower bound. To analyze
data, where none of the measured scans were taken in
vicinity of the magic wave vector, we used the followin
empirical function to model the continuum part of the d
namic structure factor:

Sc,0
xx,yy~Q,v!5aA

@12cos~p l !#

2

3
1

Av22
p2

4
J2 sin2~qi!

u@v2vc~Q!#,

~10!

@vc~Q!#25Dc
21

p2

4
J2 sin2~p l !. ~11!

The parametera is the intensity of continuum scatterin
relative to that of the spin waves, andu(x) is the Heaviside
step function. In essence, Eq.~10! is simply the Müller an-
satz truncated at the expected lower continuum bound.
the 3D spin arrangement in BaCu2Si2O7 the actual con-
tinuum cross sectionsSc

xx,yy are related toSc,0
xx,yy through Eq.

~3!.

2. Choice of adjustable parameters

The goal was to perform a global analysis of all data s
collected in different configurations using as few adjusta
parameters as possible. All relevant exchange constants
anisotropy parameters have been measured previous12

These constants were fixed to the values quoted in Sec
Since we have not performed absolute calibration of inten
ties measured in various setups, a separate value of th
tensity prefactorA was used for each configuration. How
ever, the same values ofA were used for different scan
measured using the same setup. In our analysis the
2-5
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tinuum gapDc was used as a separate variable, independ
of D. As with the continuum intensity prefactora, the same
value ofDc was used for all data sets measured in all c
figurations.

In Eq. ~3! only the first two terms were found to be of an
significance for the particular experiment, where the d
were collected at small momentum transfers along thea and
b axes. Equation~3! could thus be greatly simplified by se
ting the transverse zigzag displacementsdx and dy to zero.
The relevant longitudinal displacement parameterdz can be
expected to have a slight temperature dependence. Only
room-temperature valuedz50.044 is known from structura
data,13 and in our analysis it had to be treated as an adj
able variable. The same value ofdz was used for all data set
simultaneously.

3. Fits to experimental data

All together, nine constant-Q and eight constant-E scans
were analyzed, including all those shown in Figs. 1–4. T
model cross section, defined by Eqs.~7!–~11! and Eq.~3!,
was numerically folded with the calculated Cooper-Natha
resolution functions23 for each setup. The calculation wa
based on the known geometry of the spectrometers and c
acteristics of the neutron guides, monochromator and a
lyzer crystals, and collimators used in the experiments.
reliability of the resolution calculation was checked agai
the measured energy widths of elastic incoherent scatte
from the sample in each setup. The folded cross section
scaled by the square of the magnetic form factor of Cu21 and
fit to the data using a least-squares algorithm.

The result of the fit (x251.7) is shown as solid lines in
Figs. 1–4. The shaded areas are contributions of the sin
mode part of the cross section. In the constant-energy s
the contributions of the spin-wave branches, originating fr
the first two terms in Eq.~3!, are merged into a single profile
These two contributions are shown in shading of differ
intensity in the constant-Q data. The dashed lines represe
the continuum part of the cross section. The following
parameters were obtained:Dc54.8(2) meV, a50.41(3),
anddz50.041(1).

It is gratifying to see that the model fit function repr
duces the available data extremely well with just a few
rameters. The refined value fordz is very close to its room-
temperature value. The fitted continuum gapDc is within the
error bar of the chain-RPA result:Dc52D55.0 meV.

To extract information on the excitation continuum wit
out having to rely on a specific ansatz to describe its sha
we employed an alternative data analysis procedure.
data collected in constant-Q scans using setup III below 3.
meV were fit using only the SM part of the model cro
section function (x251.2). The result was then used
simulate the SM contribution in the entire scan range a
subtracted from the measured data. The remaining inten
is due to continuum scattering and is shown in Fig. 5, wh
the results obtained atQ5(0,0,3), (0,0.5,3), and (0,1,3
have been averaged. In this plot the threshold at aroundD
55 meV becomes clearly apparent. It is important to str
the difference between Fig. 5 and Fig. 4 of Ref. 11: the la
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is a plot of theqi-integrated intensity, while the former is
obtained from constant-Q scans at the 1D AF zone center.
a constant-Q scan the influence of the single-particle part
less significant at higher energies than in aqz-integrated
measurement, and the continuum is more easily observe

C. Attempt to observe the longitudinal mode

One of the most interesting predictions of the MF-RP
model for weakly coupledS51/2 Heisenberg chains is th
so-called longitudinal mode: a single-particle excitation p
larized along the direction of ordered moment. This uniq
feature is totally absent in conventional spin-wave theo
where the excitations represent theprecessionof the order
parameter around its equilibrium direction and are thus tra
verse polarized. The longitudinal mode has been rece
observed in the quasi-1DS51/2 system KCuF3 by means of
unpolarized9 and polarized24 inelastic neutron scattering. In
addition to the study of transverse-polarized excitations
BaCu2Si2O7, we performed a dedicated experiment to sea
for the longitudinal mode in this system.

MF-RPA theory makes specific predictions for the ener
and intensity of the longitudinal mode. Unlike the transve
spin waves that have a substantial dispersion perpendic
to the chains and reach zero energy at the 3D AF zone ce
the longitudinal mode is gapped and has very little dispers
in this direction. Its RPA dynamic structure factor can
written as17

SSM,0
zz ~Q,v!5A

g

2

@12cos~p l !#

2
d@v22vz

2~Q!#, ~12!

@vz~Q!#25
p2

4
J2 sin2~p l !1

D2

uJ8u
@3uJ8u1J~Q!#, ~13!

g'0.49. ~14!

From these equations we see that the longitudinal mod
expected to have a gap ofA3D and be approximately 4 time
weaker in intensity than the transverse-polarized spin wa

FIG. 5. Measured intensity of transverse-polarized continu
scattering in BaCu2Si2O7, obtained by subtracting the simulate
single-mode contribution from constant-Q scans as explained in th
text. The solid line is a guide for the eye.
2-6
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To look for the longitudinal mode in BaCu2Si2O7, mea-
surements were performed at large momentum transfers
pendicular to the chain axis. In this geometry the angle
tween the ordered moment (c axis! and the scattering vecto
is large, and both longitudinal and transverse excitations c
tribute to scattering. The data were collected at the NG5 c
three-axis spectrometer at the National Institute of Stand
and Technology Center for Neutron Research. The large
mentum transfers perpendicular to the chains enabled u
take full advantage of a horizontally focusing PG analyz
The chain axis was at all times aligned as closely paralle
the scattered beam as possible, ensuring that energy
c-axis wave-vector resolution widths remained at least
narrow as in the standard flat-analyzer mode. The data w
thus collected along a rather nontrivial trajectory inE-Q
space, as illustrated in Fig. 6. At all times the moment
transfer along the chains was maintained at the 1D AF z
centerl 51. Neutrons ofEf55 meV were used with a Be
filter positioned after the sample and guide-808-808 ~radial!-
open collimations~setup V!. The background~flat, 3.4
counts/min! was measured by repeating the scan with
sample rotated by roughly 20° around thea axis.

The data are shown in Fig. 7. At low energies, below
meV energy transfer, we expect the main contribution to
scattering intensity to originate from the gapless transve
polarized spin waves. After the inclusion of appropriate n
tron polarization factors, the cross section for transverse
citations described above was fit to this low-energy port
of the scan~up to 3 meV transfer!. All parameters, including
Dc and a, were fixed at the values determined previous
and only the intensity prefactor was treated as an adjust
variable. The result of the fit is shown in a solid line in Fi
7. We see that the transverse-polarized cross section a
reproduces the measured scan rather well. The only incon
tency is the lack of a dip or even inflection point in th

FIG. 6. Reciprocal space and energy trajectory of the inela
scan measured in BaCu2Si2O7 using setup V, showing the orienta
tion of FWHM resolution ellipsoids relative to the spin-wave d
persion.
01440
er-
-

n-
ld
ds
o-
to

r.
o
nd
s
re

e

e

e
e-
-
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n

,
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is-

measured intensity atDc . However, the fit shows that exper
mental energy resolution should have been sufficient to
solve it.

In principle, one could subtract the fit from the expe
mental data and claim that the residual intensity is due
longitudinal spin fluctuation. Given the severity of resolutio
effects, we were reluctant to push the data analysis to
level. What we did instead was simulate the expected con
bution from the longitudinal mode, as given by Eq.~14! and
an appropriate neutron polarization factor, and shown i
dashed line in Fig. 7. Note that the ‘‘extra’’ intensity~arrow
in Fig. 7!, not accounted for by the transverse dynamic str
ture factor, is centered at roughly the same energy as
expected longitudinal excitation. Moreover, the intens
‘‘surplus,’’ integrated in the range 3.5–5.5 meV@3.0~0.4!
counts/~min meV!#, is within the error bar of the expecte
intensity of the longitudinal mode integrated in this ran
@2.7 counts/~min meV!#. If the longitudinal mode was a shar
single-particle excitation, as predicted by the RPA, a we
defined peak centered at 4.2 meV should have been e
observed with our experimental statistics. This is illustra
by the dotted line, which is the calculated sum of the tra
verse contribution obtained in the fit and that given by E
~14! for the longitudinal mode. The result can be reconcil
with the RPA model, if one assumes that the longitudin
mode has a finite lifetime, i.e., an intrinsic energy width
roughly 1 meV. This scenario would explain both the ‘‘extra
intensity and the absence of a sharp peak. It is also consis
with experimental studies of KCuF3,9 where the observed
longitudinal modeis broadened and has an intrinsic width
roughly 1/4 of its central energy.

V. DISCUSSION AND CONCLUDING REMARKS

Despite the obvious difficulties associated with wave v
tor and energy resolution, the BaCu2Si2O7 data presented
above contain compelling evidence for a gap, or at leas
pseudogap, in the transverse-polarized continuum. The g

ic

FIG. 7. Constant-qi scan collected in BaCu2Si2O7 at the 1D AF
zone center and large momentum transfer perpendicular to
chains, using setup V. The trajectory of the scan is as shown in
6. The solid line is an estimate of the contribution of spin fluctu
tion perpendicular to the direction of ordered moment. The das
line shows the expected contribution of the longitudinal mode,
predicted by the MF-RPA model~Ref. 17!. The dotted line is the
MF-RPA prediction for the total scattering intensity.
2-7
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FIG. 8. Redistribution of spec-
tral weight in a 1DS51/2 Heisen-
berg AF ~a! that occurs when in-
terchain interactions are switche
on, as in BaCu2Si2O7 ~b!, ~c!.
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valueDc54.8 meV'2D is in excellent agreement with pre
dictions of the MF-RPA model. Interestingly, nonlinear spi
wave theory25 ~NSWT! predicts a much larger threshold e
ergy. In this model the lowest-energy transverse-polari
continuum excitations are three-magnon states, and
pseudogap occurs at roughly 3D. An NSWT calculation for
BaCu2Si2O7 based on the known exchange parameters g
Dc'7.5 meV.11

Figure 8 is a cartoon illustration of how the spectr
weight of transverse-polarized excitations gets redistribu
in a 1D S51/2 Heisenberg AF when interchain interactio
are switched on. The singularity on the lower bound in t
1D system@Fig. 8~a!# becomes separated from the bulk
the two-spinon continuum@Fig. 8~b! and 8~c!#. The spectral
weight in its vicinity is consolidated~arrows! to yield a sharp
spin-wave excitation~solid lines!.

Our results regarding longitudinal excitations are le
conclusive. Clearly, additional measurements, possibly us
polarized neutrons, will be required to fully resolve th
problem for BaCu2Si2O7. The available unpolarized dat
shown above are, in fact, consistent with the MF-RPA mod
b

d

K

01440
d
a

s

d

g

l,

but suggest a finite lifetime for the longitudinal mode, as
KCuF3.9
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