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Elastic and inelastic neutron scattering were used to study the ordered phase of the quasi-one-dimensional
spin-1/2 antiferromagnet Bag%i,O,. The previously proposed model for the low-temperature magnetic struc-
ture was confirmed. Spin-wave dispersion along several reciprocal-space directions was measured and inter-
chain, as well as in-chain exchange constants were determined. A small gap in the spin-wave spectrum was
observed and attributed to magnetic anisotropy effects. The results are discussed in comparison with existing
theories for weakly coupled quantum spin chain antiferromagnets.
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. INTRODUCTION BaCuw,Si,O, was recently recognized as an almost ideal
_ o _ _ model systerthfor experimental investigation of this dimen-
The investigation of low-dimensional magnets has been &jonal crossover. The silicate crystallizes in an orthorhombic

very active research field for the last two decades. First Corbrysta| structure, space grommma and the lattice constants
ceived as simple spin models, low-dimensional magnets rese  5-8.862(2) A, b=13.178(1) A, and ¢

vealed a far richer physical behavior than their more conven- 6.897(1) AS The C&*
tional three-dimensional(3D) counterparts, due to the
importance of quantum fluctuations. Particularly interestin
is the one-dimensionallD) Heisenberg antiferromagnetic
model (1D HAF), for which the Hamiltonian is written as

spins are subject to a strong
super-exchange interaction via the? Oions, producing
gl/\/eakly coupled antiferromagnetic chains that run along the
crystallographicc axis® Correspondingly, the magnetic sus-
ceptibility shows a broad maximum at around 150(Ref.

chain 4) and its temperature dependence follows the theoretical
H=JD S-S+1, (1)  Bonner-Fisher cur/e with an intrachain couplingJ

: =24.1 meV. The nearest-neighbor Cu-Cu distance within

J being the exchange coupling constant. The ground state 4f€ chains is equal to/2 (for a SChemj‘t'C view of the crystal
the 1DS=1/2 HAF is a spin-singlet and can be characterizedStructure see Fig. 1 in Tsukad al.). Weak interactions

as “marginal spin liquid”: while long-range order is absent, Petween the chains result in long-range antiferromagnetic or-
spatial spin correlations decay according to a power law, anélering atTy=9.2 K, as observed by bulk susceptibility and
thus represent quasi-long-range ort@he excitation spec- specific-heat measuremeﬁt@reliminary neutron-diffraction
trum is isotropic and gapless, and is described in terms o$tudies provided an estimate for the ordered magnetic mo-
S=1/2 elementary excitations known as “spinorfsPhysi- ment at low temperatures,=0.16ug .41n the ordered state
cal excitations are composed of pairs of spinons, which givethe spins are aligned along the crystallograghéxis (chain

rise to a two-spinon continuumThis behavior is in stark axis). Early inelastic work suggested that the ratio of inter-
contrast with that of 3D spin systems, that have long-rangehain to in-chain interaction3’'/J in BaCwSi,O; is inter-
order in the ground statéspin solid” ), and where the spec- mediate compared to that in such well-kno8s1/2 sys-
trum is dominated by single-particl8=1 excitations(spin  tems as KCuk (a more 3D-like materialand SpCuO; (an
waves. The pure one-dimensional HAF is of course a physi-almost perfect 1D compoundas shown in Fig. 1.

cal abstraction since spin chains in real materials are always In a recent short paper we reported studies of the interplay
at least weakly coupled. To make a virtue of necessitypetween single-particle and continuum dynamics in
weakly coupled antiferromagnetic chains offer the opportu-BaCuSi,0,.2 We showed that at low frequencies the spec-
nity to study the crossover from the quantum spin dynamics¢rum is dominated by resolution-limited spin waves and that
in a single chain to semiclassical spin waves in 3D systemghe two-spinon continuum of a single chain is recovered
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, 0.30 (setup 1l). The zone-boundary energy was measured using
051 X‘ﬁ;‘;}’ofn°;gpgzgc the thermal neutron triple-axis spectrometer IN22 at ILL
E; Spin-1/2 Chains KCuF, | | 0% (setup 1\V). Preliminary measurements were also performed
= 04r at the National Institute of Standards and Technology Center
c O ro020
2 < o m / for Neutron ResearctNCNR).
g 03r o TN —= L ots 2 The experiment on TASP was performed with final neu-
s = tron energy fixed aE{=8 meV. PG002 reflections were
g 02r BaCu,Si,0; L 010 used for monochromator and analyzer. The sample was
2 ) mounted with its fi,h,l) and (,0/) crystallographic plane
S 01 SrLu0s —= | oos in the horizontal scattering plane. The supermirror neutron
O Bt Ge.0 guides gave a source-to-monochromator collimation of 70’
Co— === e 0.00 both horizontally and vertically. The measurements in the
0.001 0.01 . , . .
3 (h,0J) plane were performed using 80’-80’ collimators be-

fore and after the sample and distance collimation after the
FIG. 1. The ordered moment arig,/J for the known weakly  analyzer. For the measurements in theh(l) plane, the use

coupled antiferromagnetic Heisenberg spin-1/2 chain compounds asf 2-cm-wide slits cut the beam divergence before and after
a function of|J’[/J. For SpCuQy (Ref. 10, CaCuQy (Ref. 17, the sample down to effective values of 47'-60". The energy
and BaCyGe,0; (Refs. 4 and 1j |J'| was estimated using the resolution was 0.38 and 0.6 meV for the measurements in
predictions of the chain mean-field mod&ef. 15, while actual the (h,h,1) and (1,0)) crystallographic plane, respectively,
measured values were used fbg. For KCuR; (Refs. 6 and 1B 54 Gatermined from the full width at half maximu@WHM)
|J’| was deduced from spin-wave bandwidth perpendicular to the?f the quasielastic peak.
chain axis. The lines are predictions of the chain mean-field mode For the measurements using IN14 and IN22(G03) re-
(Ref. 15. flections were used for monochromator and analyzer. The

above a threshold energy. For a better quantitative unde?—ample was mounted W.'th its (1) c_rystallograph|c plane
standing of this behavior a detailed knowledge of both inin the horizontal scattering plane. Final neutron energy was

chain and interchain interactions in this system is requiredleEd atEq=3 meV andE;=30.5 meV, for the IN14 and

The present paper is a detailed report on neutron—scatteriri 22, respectively, with neutron guides defining the source-

characterization of this material. We focus on the 3D aspec -monochromator collimations of 30° and 60, respectively.

namely long-range magnetic order and spin-wave-like exci-40 -40’ collimators were used in both setups before and after

tations. From measurements of the spin-wave dispersiowe sample, and the use of slits cut the effective collimation

along different reciprocal-space directions we determine al f the IN22 setup down to 27-40'. The energy resolution

the relevant parameters of the system, such as the strengt sWHM) was 0.26 and 3.5 meV for the IN14 and IN22

and geometry of interchain coupling and magnetic anisotiheasurements, respectively. Be or _pyrolyti.c graphite filters
ropy were used after the sample to eliminate higher-order beam

contamination.

The time-of-flight chopper spectrometer MARI at the
ISIS Facility, Rutherford Appleton Laboratory, Oxon, United

Single crystals were grown using the floating-zone techKingdom, was used for the measurement of the magnetic
nique from a sintered polycrystalline rod. The crystals wereexcitations in a wide range of wave-vector transfers along
carefully checked for twinning because the lattice constantéhe chain(setup \j. The measurements were performed us-
along thea andc axis are very similar. The diffraction mea- ing a chopper-monochromated incident energdy;
surements were performed with a small sample with dimen=30 meV allowing the measurement of the excitation spec-
sions 3 mm to exclude sizable extinction effects. The trum up to 25 meV. The energy resolution was about
samples used in the inelastic scattering experiments were c$-35 meV, as determined from the FWHM of the quasielas-
lindrical in shape, 5 mm in diameter, and 50 mm in height.tic peak. The resolution of the wave-vector transfer was
Up to three single crystals were co-aligned for the differentgiven by the size of the sample, the detector, and their re-
experiments. spective distance, and it was typically 0.05 reciprocal lattice

The neutron-scattering experiments were performed oninits (r.l.u.) along the chain axis.
five different instruments. The two-axis D23 diffractometer

II. EXPERIMENT

at the In;titut L_aue-LangeviﬂLL), Grenob_le, France, was IIl. MAGNETIC STRUCTURE
used to investigate the ordered magnetic structure at low
temperaturegsetup ). D23 is a thermal neutron diffracto- To determine the spin structure in the ordered phase, 48

meter with a lifting detector arm. The experiment was per-magnetic Bragg intensities were measured atl.5 K us-
formed with a graphite monochromator at an incident energyng setup I. The main complication in the experiment was
E;=14.7 meV. that all magnetic reflections appear on top of strong nuclear
Spin-wave dispersion perpendicular to the chain axis wapeaks. The following measurement procedure was imple-
measured using two cold-neutron triple-axis spectrometersnented. For each reflection the nuclear intensity was mea-
the TASP spectrometer at Paul Scherrer Instig$)), Villi- sured in a rocking curve at=10 K >Ty. The peak inten-
gen, Switzerlandsetup 1), and the IN14 spectrometer at ILL sity was then measured with high statistics both above and
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FIG. 2. Temperature dependence of the (0 1 1) reflection be-5 o (-0.5,0,1)
tween 1.5 and 15 K. The scattering intensity abdyg=9.0 K o ® (0.75,0,1)
comes from the allowed nuclear Bragg reflection at (0 1 1). Be-§

low Ty, the intensity increases with decreasing temperature. The
solid line is a fit to the data with the critical expongdt0.25 as
explained in the text.

below Ty, and the difference was attributed to magnetic
scattering. The integrated magnetic intensity was estimatec
from the measured intensity ratio and the integrated nuclea
intensity. The magnetic structure was found to be totally con-
sistent with that suggested in Tsukadaal* The ordered
moment at low temperatura,=0.15(3)ug is parallel to the
crystallographia axis. Relative nearest-neighbor spin align-
ment is ferromagnetic along tteeaxis and antiferromagnetic ho (meV)

along theb andc axes, respectively.

The temperature dependence of a few magnetic reflec- FIG. 3. Constan® scans measured &t=1.5 K for three dif-
tions was measured in the ran§ie=1.5-15 K as shown in ferent wave-vector transfers on tii@,0,1] reciprocal-space rod
Fig. 2 forthe (0 1 1) peak. Below the ordering temperature(set”p ). Thg b_ackground has been s_ubtracted as des_cribed in the
Ty, the Bragg intensity increases with decreasihgThe text. The solid Illnes reprgsent global fits to the data using a model
measured peak intensityis a sum of nuclear and magnetic SMA cross-section function.
contributions, the latter being proportional to the square o
the sublattice magnetization. The data were fit to a power-
law form:

Background was measured@t=(h,0,1.25) h=0—-1) and
Q=(h,h,1.25) h=0—1), where no magnetic scattering is
expected in the relevant energy transfer range, due to the
steep dispersion along the chain axis. All measured scans
+N for T<Ty, @) show typ_ical spin-wave peaks Wi_th a sharp onset on the _Iow-
energy side, and an extended high-energy resolution tail.
The data were analyzed using a model cross section writ-
wherel y is the magnetic intensity dt=0 K, g is the order-  ten in the single-mode approximati¢8MA), as will be dis-
parameter critical exponent, aiis the (nucleaj scattering  cussed in detail in Sec. V. The cross section was numerically
intensity assumed to bBindependent. A good fit is obtained convoluted with the spectrometer resolution function, calcu-
with =0.25(5) andT\=9.0(0.05) K. The value o3 is |ated in the Cooper-Nathans approximatiérGlobal fits to
clearly below the critical exponent for a 3D antiferromagnet,all data, as well as fits to individual scans, were performed in
and is in good agreement with the critical indexes measureghe energy transfer range 0—4.5 meV. As shown in Figs. 3

2p

Tn
Tn

|(T):|o(

in the quasi-1D materials KCyRRef. 9 and SpCu0,.*° and 4, the model used gives an accurate description of the
experimentally observed peak shapes. The transverse spin-
IV. DISPERSION OF MAGNETIC EXCITATIONS wave dispersion relation deduced from the global fit is
shown in Fig. 6(solid lineg, where symbols represent exci-
A. Dispersion along[h,0,1] and [h,h,1] tation energies obtained in fits to individual scans.

Spin-wave dispersion at the 1D AF zone centge 7
was measured along th&,0,0] and[ 1,1,0] reciprocal-space
directions atT=1.5 K using setup Il. Typical background- Dispersion along th¢0k,1] direction was measured us-
subtracted constar@@-scans are shown in Figs. 3 and 4. Theing the high-resolution cold-neutron setup Il B&=1.5 K.

B. Dispersion along[0k,1]
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FIG. 6. Dispersion of the spin-wave excitationsTat 1.5 K
along three different crystallographic directions perpendicular to the
chain axis. The open and closed circles show the excitation energies
extracted from fits to individual scans. The open circle indicates
that the measurements were actually performed at—(R,1),
(—=h,0,1), and h,—h,1), respectively. Error bars are smaller
ho (meV) than the symbol size. The solid line is the dispersion determined in
a global fit to the data using E€?).

FIG. 4. Constan® scans collected af=1.5 K for three dif-
ferent wave-vector transfers on tié,h,1] reciprocal-space rod

(setup I). Background and lines as in Fig. 3. =(0,3,1) is clearly smaller than &=(0,1,1). Due to the

intrinsic polarization dependence of the magnetic neutron
. cross section, the observed behavior is consistent with the
Constant®) scans were collected at wave vectors wktin higher-energy mode being polarized along ¢haxis of the

the range 8k<3. Some of these data were presented elsecrystal, and the lower-energy excitation polarized aling
where(see Fig. 2 in Ref. B Scans at the 3D AF zone centers This consideration is made quantitative by a global fit to all
(0,1,1) and (0,3,1)Fig. 5 reveal the presence of a small measured scans using an SMA cross section with built-in

gap in the spin-wave spectrum. In fact, there appear to baeutron polarization factors for the two branclisslid lines
two separate modes with slightly different gap energiesin Fig. 5).

These two branches correspond to different polarizations. The spin-wave dispersion relation along tfiek,!]
The relative intensity of the lower-energy excitation@t reciprocal-space direction is shown in Fig.($olid lines.
Here symbols represent fits to individual scans.

200
BaCu,Si,0, % q=(001) C. Dispersion along the chain axis
1501 t=15K - i ' itati i
—_ The dispersion of magnetic excitations along the chains
% was previously determined in constant-energy scans up to
S 16.5-meV energy transférAs part of the present work we
ﬁ performed additional measurements of this type using the
> time-of-flight techniquegsetup \J. The incident neutron en-
2 ergy at the MARI spectrometer was set to 30 meV and the
;“é , o q=011) chain axis was aligned nearly perpendicular to the incoming
300- i q=(03 1 beam direction. The scattered neutrons were counted by a
q large array of detectors, arranged in a half circle with radius
200- 4 m vertically below the sample. The energy transfer was
determined from the detection time. This allowed a simulta-
100 : neous measurement of the neutron-scattering cross section
P U0 on a two-dimensional surface iQ(w) space. The projection
Od.o 02 04 06 08 10 12 14 of the measurement surface onto g (v) plane Q) being

the wave-vector transfer along the chain ®ig shown in

Fig. 7 forT=8.5 K. One clearly sees a “fountain” of mag-
FIG. 5. Constan® scans collected aff=15 K for Q netic scattering emanating from tiig =2m/c 1D AF zone

=(0,0,1),Q=(0,1,1), andQ=(0,3,1) (setup Il). The solid line is ~ center. We have previously demonstrated that in this energy

a global fit to the data as described in the text. Shaded areas indicat@nge both spin waves and continuum contributions to the

partial contributions of two spin-wave branches with different po-magnetic dynamic structure factor are importahtowever,

larization. in the present experiment separating the two does not appear

hw (meV)
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o ) _ FIG. 8. Constanfl scan collected af=1.5 K at the 1D anti-
FIG. 7. Neutron-scattering intensity measured at 8.5 K usingferromagnetic zone boundar®=(0,0,2.5). The solid line is a
MARI as a function of wave-vector transfer along the chain axisGaussian fit to the data.

and energy transfer. The color indicates the measured intensity ac-

cording to the black and white color bar on the side. The emptyaiinns. The corresponding dynamic structure factor, and the
spaces are due to the detector arrangement which is not Commuogﬁin—wave dispersion relation in particular, can be calculated
in the 20 scattering angle. The black line is the lower bound of theusing the chain mean-fielchain-MP app’roximationls'le

two spinon continuum fog=24.1 mev. As will be discussed below, this theoretical construct is in

remarkably good quantitative agreement with our experi-

possible due to a poor wave vector resolutitypically 0.05 mental results on BaGGi,0,.

r.l.u. along the chainsThe observed dispersion of magnetic
excitations is consistent with the previous estimates Qf
This is illustrated by the solid line in Fig. 7 that shows the A. Model Hamiltonian
calculated Des Cloizeaux—Pearson SMA dispersion relation We shall
for a 1D S=1/2 Heisenberg antiferromagnétor the lower
bound of the two-spinon excitation continutnassuming
vs=130.5 meVA.

now describe the model Hamiltonian for
BaCuSi,O; that was used as a starting point in our data
analysis. As mentioned above, a single nearest-neighbor
Heisenberg exchange coupling constaig sufficient to de-
scribe in-chain interactions. We found that in order to repro-
D. Zone-boundary energy duce the observed dispersion in the perpendicular directions,
To verify that only nearest-neighbor in-chain interactionsthree independent interchain exchange constants are re-
are relevant, the measured valuevgfwas compared to the quired. The C&" chains in BaCySi,O; form a rectangular
excitation energy at the 1D AF zone boundary which correJattice with nearest-neighbor Cu-Cu distances along ahe
sponds to the sharp divergence on the lower bound of thandb axes ofa/2 andb/2, respectively. We shall denote the
two-spinon continuum, often refereed to as the Decorresponding exchange constantslaandJ, . In addition,
Cloizeaux—Pearson “spin wave-® The measurement was We shall include exchange interactions along [thel,0] di-
done atT=1.5 Kin a constan® scan at the wave vector reCtion(third nearest—neighbor interchain Cu-Cu diSta)n'De
transferQ=(0,0,2.5) Q="5/2), using setup IV(Fig. 8.  our model and label the corresponding coupling constant as
The observed peak was ana|yzed using a Gaussian proﬂ{h The model HEisenberg Hamiltonian is then written as
(solid line in Fig. § and the zone-boundary energy was de-
termined: A wzg=37.9(0.2) meV. With nearest-neighbor

spin separation along the chain axis equatt®, for anS szi 9SS+ a2t IS S rant IS S o2
=1/2 1D AF one expect$ w,g=mJ/2 andvs=mcl/4:
Assuming the nearest-neighbor model, for BaSiyO; we +33SS a2t IS S a2tz 3

thus obtain)J=24.1(1) meV and¢=130.5(5) meV A, in
excellent agreement with direct spin-wave velocity measuretjere the sum is taken over all spins in the system rurisl

ments and magnetic susceptibility data. the position of spiri.
Following Schul2® and treating the interchain coupling in
V. DISCUSSION a mean-field treatment, the Hamiltonian transforms into an

. . . effective single-chain Hamiltonian which reads
Most measurements discussed in this paper have been

performed below 4.5 meV, which is the threshold of the
excitation continuuni:** Below this energy, the spectrum is H=> JSS.,—hD (~1)'S—2NJI'm. @
expected to be dominated by single-particle spin-wave exci- i i 0
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The magnetic moment is aligned along thaxis. Here N is  exchange constant was fixedJt 24.1 meV, while the pa-
the number of sites in the chaim,=(—1)(S) is the stag-  rametersl,, J,, Js, D,, andD, were refined. The follow-
gered magnetization, arid= —4J'm,. The effective MF in-  ing values were obtained:,= —0.460(7) meV(ferromag-
terchain coupling strengtti’ for this anisotropic coupling neti), J,=0.200(6) meV, 23=0.152(7) meV, D,

geometry is given by’ = 7(2|J,]+2[J,| +4|J3]). =0.36(2) meV, andD,=0.21(1) meV. This yieldsA
=2.51 meV andJ’'|=0.41 meV. The obtained dispersion
B. Dynamic structure factor relation is shown in Fig. 6 in solid lines. Symbols indicate

Essleret al. have previously derived the SMA dynamic excitation energies obtained in fits to individual scans.

structure factor for weakly couples= 1/2 antiferromagnetic
chains in KCuk, using the chain-MF/random-phase approxi-
mation (chain-MF/RPA.® It is straightforward to adapt their The chain-MF theory does not only reproduce the ob-
result to the coupling geometry for the Hamiltonian given inserved dispersion relation, but is in fact in good quantitative
Eq. (3): agreement with the data. According to Scheithe relations
betweenmg, Ty and|J’| are given by

C. Comparison with the chains-MF model

1
SXX(Q,w)“m{é[w—wx(Q)]— o+ wx(Q1}

Tn
J'|= , (10
®) ' 1.28In(5.80/Ty)
1
SVV(Q,w)ocm{ﬁ[w—wy(Q)]—6[w+wy(Q)]}, my=1.017%/|J’|/J. (11
’ (6)  Inour case, wherg)’'|=0.41 meV and)=24.1 meV, this
2 A2 givesTNz 13 Kandmy=0.13 ug. Ty is overestimated by
2 = 25 +—oo the chain-MF theory due to quantum fluctuations not taken
wyy(Q) Josin(ml) + ; - .
’ 4 Jy+2J3—Jx into account on the MF level. The remaining small difference
><[Jy+2J3—JX+J(Q)]+D§’y. @) between the ordered and estimated ordered moment can be

attributed to the presence of a weak easy-dissg-like)

In this formulaS™(Q, w) and $¥(Q,w) are dynamic struc- anisotropy which clearly should have the effect of enhancing
ture factors for excitations polarized along thendb axes, long-range order at low temperatures. Indeed, this term, no
respectively, an®@= (h,k,l) is the wave-vector transfek is matter how small, induces long-range order even in the
the gap induced in the quantum spin chains by the effectivgurely 1D model alf=0 K.

staggered exchange field in the magnetically ordered state.

This gap corresponds to the excitation energy at a point in VI. CONCLUSION
reciprocal space where interchain interactions cancel out at . . L )
the RPA level, e.gA = w[Q=(0.5,0.5,1). J(Q) is the Fou- The obtained detailed characterization of BaSipO,

provides a quantitative basis for the discussion of single-

rier transform of interchain coupling, and is given by . : N ) .
particle vs continuum excitations in weakly coupled spin

J(Q)=J,cog 7h)+J, cog 7k) + J3 cog w(h+k)] chains in Zheludeet al® The experimental data are remark-
+3;cog m(h—K)]. ) ably well described by the quantum mean-field model.
Finally, the parameter®, andD, in Eq. (7) are anisotropy ACKNOWLEDGMENTS

gaps for the two spin-wave branches, that we empirically
include in the dispersion relation, as in Tsukadal*
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