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Extended scattering continua characteristic of spin fractionalization in the two-dimensional
frustrated quantum magnet Cs,CuCl, observed by neutron scattering
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The magnetic excitations of the quasi-2D spin-1/2 frustrated Heisenberg antiferromag@eiCsare
explored throughout the 2D Brillouin zone using high-resolution time-of-flight inelastic neutron scattering.
Measurements are made both in the magnetically ordered phase, stabilized at low temperatures by the weak
interlayer couplings, as well as in the spin liquid phase above the ordering tempefgtusghen the 2D
magnetic layers are decoupled. In the spin liquid phase the dynamical correlations are dominated by highly
dispersive excitation continua, a characteristic signature of fractionalizatiSs &f spin waves into pairs of
deconfinedS=1/2 spinons and the hallmark of a resonating-valence-iiBv®B) state. The boundaries of the
excitation continua have strong 2D-modulated incommensurate dispersion relations. Upon cooling pelow
magnetic order in an incommensurate spiral forms due to the 2D frustrated couplings. In this phase sharp
magnons carrying a small part of the total scattering weight are observed at low energies, but the dominant
continuum scattering which occurs at medium to high energies is essentially unchanged compared to the spin
liquid phase. Linear spin-wave theory including one- and two-magnon processes can describe the sharp mag-
non excitation, but not the dominant continuum scattering, which instead is well described by a parametrized
two-spinon cross section. Those results suggest a crossover in the nature of the excitatioBs fraspin
waves at low energies to deconfin®e 1/2 spinons at medium to high energies, which could be understood if
Cs,CuCl, was in the close proximity of transition between a fractional RVB spin liquid and a magnetically
ordered state. A large renormalization factor of the excitation enef§iesl.63(5)], indicating strong quan-
tum fluctuations in the ground state, is obtained using the exchange couplings determined from saturation-field
measurements. We provide an independent consistency check of this quantum renormalization factor using
measurements of the second moment of the paramagnetic scattering.
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I. INTRODUCTION singlet bond releases tw8=1/2 spinons that propagate
away independently in the background of the fluctuating
One of the most remarkable phenomena that can occur ibonds. Central to the stability of such an RVB phase is frus-
strongly correlated systems is the emergence of particlegation, which enhances quantum fluctuations over the mean-
with fractional quantum numbers. This occurs when fluctuafield effects that would otherwise favor conventional ordered
tions in the many-body quantum ground state are stronghases.
enough to provide a screening by which fractional compo- Nearly all experimentally studied phases in 2D quantum
nents deconfinefrom local integer constraints. The best magnets have been found to show conventional confined
known example in magnetism is the one-dimensidd&) phases, which are well characterized. For example, in unfrus-
S=1/2 Heisenberg antiferromagnetic chéitAFC), where a  trated magnets typified by th8=1/2 Heisenberg antiferro-
semiclassicalS=1 spin wave spontaneously decays into amagnet on a square lattideéISL) mean-field effects domi-
pair of deconfinedS=1/2 spinons that separate away nate and quantum fluctuations cause only small
independently3 The signature of spin fractionalization is a renormalizations to the semiclassical description of @INe
highly dispersive continuum of excited states instead ofordered ground state withS=1 transverse spin-wave
sharp single-particle poles in the dynamical correlationsexcitations Other 2D quantum phases include dimerized
probed directly by inelastic neutron scattering experiments.states recently observed experimentaliyhere spins are
Fractionalization arises from subtle many-body quantunpaired into singlet bondg€dimers arranged in a regular
correlation effectsin the spin-1/2 HAFC chain a topological (fixed) ordered pattern in the ground state; such a phase has
Berry phase term is responsifil@nd higher-dimensional re- a spin gap to a triplet oS=1 magnon excitations, i.e.,
alizations of such exotic physics have been eagerly soughspinons are confined.
Amongst the proposed theoretical scenarios is the However, spins in frustrated geometries are believed to
resonating-valence-bondRVB) spin liquid state introduced behave in much more unconventional ways, and interest in
by Anderson in the context of 2D frustrated quantum mag- such systems is also motivated by the observation of super-
nets. Here spins spontaneously pair into singlet bonds whicbonductivity (possibly mediated by spin fluctuationsn
fluctuate between many different configurations; breaking a&harge-doped triangular lattice material BEDT-TTF),X
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(Ref. 8 and NgCoO,yH,0.° In this respect the recent dis- o CuCl”
covery of a 2D quantum magnet ({&uCl,) with spins on a C;/Z#iahedmn

triangular lattice which shows fractionalization is of clear

importance for elucidating the underlying magnetiéhin- IO o

deed, deconfined phases in 2D and the conditions requiredto ClI' \ . T__TTTTo
create them are a major unsolved theoretical proBt&hm!®
Cs,CuCl, is a quasi-2DS=1/2 frustrated Heisenberg anti-
ferromagnet on an anisotropic triangular latticend neutron
scattering measurements show the dynamical correlations to
be dominated by a broad continuum of excited stdtes

characteristic of deconfinef=1/2 spinons. Here we build / . :Z}g
on our initial neutron scattering results and provide compre- y %\:ﬂ\:
hensive measurements throughout the Brillouin zone. Effects Y

of the strong two dimensionality are explicitly observed at all
energy scales of the excitations. Measurements are made
both at temperatures aboVg, when the 2D magnetic layers
are decoupled as well as beldly; when mean-field effects
from the weak interlayer couplings stabilize 3D magnetic
order with an incommensurate spiral structure.

The paper is organized as follows. The crystal structure
and magnetism of GEuCl, are described in Sec. Il and the
experimental technique used to probe the excitations is ex-
plained in Sec. lll. The dispersion relation and scattering line
shapes measured in the low-temperature ordered phase are
presented next in Secs. IV A and IV B. We find sharp mag-
non peaks carrying a small part of the total scattering weight
at low energies and highly dispersive continua carrying the
majority of the scattering weight at moderate to high ener-
gies. Results are first compared to linear spin-wave theory
(reviewed in Appendix A including both one- and two-
magnon processes in Sec. IV B 1. This theory is found inad-
equate to describe the dominant continuum scattering, which
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instead is well described by a parametrized two-spinon cross
section(Sec. IV B 2. Measurements in the spin liquid phase

above T where the magnetic layers are decoupled are
shown in Sec. IV C. The paramagnetic scattering is de-
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scribed in Sec. IV D where the extracted second moment is
compared with sum rules. In Sec. V A we discuss issues in a6 8 10
depth with reference to proximity to a spinon confinement Applied field B (T) || a

transition. The paramagnetic scattering is discussed in the FIG. 1. (Color online (a) Crystal structure in GEuUCl, show-
context of spinon systems at high temperatures in Sec. V Bpg the CuC}~ tetrahedrapyramidg arranged in layergbc plane.
Finally, the main results and conclusions are summarized imhe orthorhombic unit cell is indicated by the dashed rectangular
Sec. VI. box. (b) Magnetic exchange paths in (ac) layer form a two-
dimensional anisotropic triangular lattice: strong bordd¢heavy
lines||b) and smaller frustrating zig-zag bonds (thin lines. (c)
Schematic phase diagram of fCaiCl, in temperature and magnetic
field alonga showing the region probed by the present experiments
(dashed vertical arrow &=0). The magnetic phases are 3D LRO
(T<Ty) with spiral magnetic long-range order, spin-liquidly(
<T<Tnad Characterized by strong intralayer antiferromagnetic
correlations (at T,,,,=2.65 K the magnetic susceptibility has a
maximum), paramagnetic[ T>(J,J’)] and ferromagnetic E§
>B¢), where spins are ferromagnetically aligned by the applied
field. The solid line is a phase transition boundary and dashed lines
how crossovers.

12

Il. CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
OF Cs,CuCl,

The crystal structure of GEuCl, is orthorhombic®
(Pnma with lattice parametera=9.65 A, b=7.48 A, and
c=12.26 A at 0.3 K. The structure is illustrated in Figa)l
and consists of Cu@T tetrahedra arranged in layefbc
plang separated alon@ by Cs" ions. The material is an
insulator with each CU ion carrying a spin of 1/2. Crystal
field effects quench the orbital angular momentum resultin
in near-isotropic Heisenberg spins on eaclf Cion. There
are four such ions in each orthorhombic unit cell, two locatedcharacter is a result of the layered crystal structure, which
on each CuCl layer as illustrated in Figal restricts the main superexchange routes to neighboring spin

Our previous measuremehtshowed that GECuCl, is a  sites in the(bc) plane. Since this superexchange route is
quasi-2D low-exchange quantum magnet. This quasi-2Dnediated by two nonmagnetic Clions the exchange ener-
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gies are low~1-4 K. In each layer the exchange paths (@) saddle point
form a triangular lattice with nonequivalent couplings indi- \ I;;;\ P '
cated in Fig. 1b): exchange] along theb axis andJ’ along ,;"' //Il;‘i,,;///////,ﬁif,, '

the zig-zag bonds. The main 2D Hamiltonian describing N ;Wl;'\'\\////,;o';‘.{,’llllllll/ll,;;“:h
Cs,CuCl, is thus "’7[(\\\\\‘ //////l/,;\\\\\\ M,"R\\ /I[j"

\

H=2 35S+ S-S, (D)
(" (.5

with each interacting spin-pair counted once. This Hamil-
tonian interpolates between noninteracting chaids=0),
the fully frustrated triangular latticeJ(=J), and unfrus-
trated square latticeJ&E0). Since the main spin couplings
define a 2D isosceles triangular lattice as shown in Fig), 1
measurements of the excitations will be discussed in terms of
the 2D Brillouin zone of this triangular lattice, even though
the full crystal symmetry is orthorhombic.

Hamiltonian The full spin Hamiltonian of CLuCl, and
its parameters have been previously determihfdm mea-
surements in high applied magnetic fields that overcome the
antiferromagnetic couplings and stabilize the fully aligned
ferromagnetic ground statg 71---) in Fig. 1(c). In this
unique phase quantum fluctuations are entirely suppressed by 1
the large field, the excitations are magnons and their disper- k (2m/b)
sion relations image directly the Fourier transform of the
bare (i.e., unrenormalizedexchange couplings. Using this
method the determined interactions afe 0.374(5) meV projected onto the basal plarhin curves. (b) Reciprocal space

along theb axis and)’/J=0.34(3) along the zig-zag bonds, giagram showing where measurements were made. Nunibers
the couplings in F'Q- (), and small Dzyalosh|nskll-M0rlya (4) refer to directiongcurves in reciprocal space where dispersion
terms along the zig-zag bond3,/J=0.053(5) and inter- points(solid dotg were extractedcurves(1) and(2) are also indi-
layer couplings]”/J=0.045(5) (for further details see Ref. cated by bold curves on the surface plot(@]; the extracted dis-
17). Note that sum rules to be discussed in Sec. IV D alsersions are plotted in the numbered panels in Fig. 3. Capital letters
provide an independent verification of the strength of thea—J indicate the location of energy scans. Thick lines show the
couplings. near-hexagonal Brillouin zones of the 2D triangular lattice in Fig.
The finite interlayer couplingsJ() stabilize long-range 1(b), filled circles are zone centers)(and stars ar+=Q, Q=(0.5
magnetic order below Ty=0.62(1) K. The order is incom- + €,)b* mark incommensurate magnetic Bragg peaks from the spi-
mensurate due to the frustrated couplings in e plane ral order afT<Ty.
with the ordering wave vectorQ=(0.5+¢g)b*, ¢g
=0.03((2). Ordered spins rotate in a spiral nearly containedyines high energy resolution with a large detector solid angle
in the (bc) plane due to the small DM couplings, which cre- ihat allows simultaneous coverage of extendedvevector,
ate an effective easy-plane anisotropy. The projection of thenergy regions. The detector array collects data on a near-

's:pirai&[ger onto thébc) plane is schematically illustrated in cylindrical surface in Kk, ,E) space[ k,— J(E; +EYa]?

'- ' +kZ=E¢/a, wherek, (along the incident beam directipn
andk, are the components of the wave vector transfer in the
horizontal scattering plang, is the energy transfeE; is the

The samples used were high-quality, large single crystaléixed final energy, and=5.072 meV X. Dispersion points
of Cs,CuCl, grown from solutio”’ and cut into plates of are obtained when this measurement surface intersects the
typical size 2<2x0.6 cnt optimized for neutron absorp- dispersion surface of the magnetic excitatipastypical in-
tion. Temperature control was provided by a dilution refrig-tersection is shown by the bold cur¢®) in Fig. 2(@)]. By
erator insert with a 0.04 K base temperature. Measurement$hanging the orientation of the crystal the measurement sur-
were made in the different regions of the magnetic phaséace can be positioned to probe the excitations near particular
diagram indicated in Fig.(t) (zero-field ling: the 3D spiral  directions in reciprocal space. Several nonequivalent direc-
ordered phasébelow 0.1 K), the spin liquid phase abovig;  tions (curves in the Brillouin zone were probed and are in-
(at 0.75 and 0.9 K and also the paramagnetic ph&ael12.8 dicated by the dotted lines numberéd—(4) in Fig. 2(b).
and 15 K. Typical counting times for one crystal orientation and tem-
The magnetic excitations were measured using theerature ranged between 30 to 54 h at an average ISIS proton
indirect-geometry time-of-flight spectrometer IR(Bef. 2)  current of 170uA. Capital letters A—K indicate location of
at the ISIS spallation neutron source in the UK, which com-energy scans with parameters listed in Table. I. Throughout

FIG. 2. (Color online (a) Surface plot of the dispersion relation
in Eq. (2) as a functiork andl with constant-energy contours shown

Ill. EXPERIMENTAL DETAILS
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TABLE I. Scan parameters: wave vectkr (h,k,I) and energy(E) change along scan direction, location of main pegkand
polarization factors g, ,p,) at this point/see Eq(A12)].

Scan h(rlu) k(rlu) I (rlu) E(meV) wi(meV) Px P,
A 1.31+0.2%E—0.02?  —0.389+0.18E —0.01€6? 0 E 0.692) 1.95 0.05
B 1.69+ 0.2 — 0.02F> —0.30+0.18E — 0.01F? 0 E 0.622) 1.98 0.02
C 0.84 0.2 0.297E — 0.0262 0 E 0.562) 1.75 0.25
D 0.69 2.140.2% — 0.02%F2 0 E 0.692) 1.05 0.95
E 0 —0.33+0.1E - 0.01%F?2 0.78+0.37E—0.0%FE? E 0.561) 1 1
F 0 —0.39+0.1E—0.0E2 1.66+0.37E—0.03F> E 0.672) 1 1
G 0 0.5 1.53-0.3E—0.1E? E 0.10710) 1 1
H 0 0.28+0.2%E — 0.02F? 1.205 E 0.342) 1 1
I 0 k —0.23+3.6%—1.64>  0.855) 1 1
J 0 0.47 1.6-0.4%E E 0.101) 1 1
K 0 0.29+0.2% — 0.0F? 0.77-0.14E+0.01F? E 0.322) 1 1

this paper the wave vector transfer (h,k,|) is expressed in 2D triangular plane. Data obtained from cuts through this
reciprocal lattice unitgrlu) (Ref. 229 of (27/a,2#w/b,2w/c). dispersion surface along several nonequivalent directions in
An energy resolutioME=0.019(1) meV(full width at  the 2D plangcurves numbere@l)—(4)] is plotted in Fig. 3.
half maximum?® on the elastic line was achieved using a  Figure 31) gives the dispersion alonk for |=0. Here
fixed final energyE;=1.846 meV selected by pyrolytic data points also have a finite component aldndout no
graphite (002) analyzers and cooled to liquid helium tem- dispersion could be detected along this direction for near
peratures to reduce the thermal diffuse background. The deonstantk, as expected for weak couplingé between lay-
tector array had 51 elements covering the range of scatteringrs. The dispersion along is incommensurate, with the
angles 25.75%2¢=<158.0°. The raw neutron counts vs time minimum energy at the magnetic Bragg peak positions in-
of flight were converted into scattering cross-section intensidexed by the ordering wave vect@®=(0.5+ €g)b*, €,
ties S(k,w) (typical data is shown in Fig.)4 which were  =0.03(q2), and has amsymmetric shape with nonequiva-
further corrected for neutron absorption effects using a nutent zone boundary energies of 0(B7and 0.5%1) meV on
merical calculation for a plate-shaped crystal calibratedhe two sides of the minimum. The incommensuration and
against the measured incoherent quasielastic scattering frogsymmetry of the dispersion are direct consequences of the
the sample. The nonmagnetic background was estimateffustrated coupling$a symmetric dispersion, commensurate
from measured intensities near places in the Brillouin zoneit the antiferromagnetic poitk=0.5 would be expected in
such as the ferromagnetic zone center where the magnetige absence of frustratiall =0 in Fig. 1(b)]. The effects of
scattering contribution is negligible; the accuracy of thisthe 2D couplings are most clearly seen in the dispersion
background subtraction procedure is illustrated in Fi@)5 alongl for near-constank~ — 0.25 plotted in Fig. @). The

(solid points. observed dispersion is 0.(12 meV, practically equal to the
strength of the couplings alorigJ’=0.128(5) meV as di-
IV. RESULTS AND ANALYSIS rectly measured in Ref. 17. The significant dispersion ob-
served along bothiOk0] and [00I] directions indicates a
A. Dispersion relations in the spiral ordered phase belowT strong 2D character for the magnetic excitations.

Measurements of the magnetic excitations at the lowest Further measurements that illustrate théependence of
temperature T<0.1 K) in the spiral ordered phase showed the dispersion are shown in Fig(33, with data neat=1.
strong dispersion along both directions in the 2D triangulaiCompared td =0 data in Eq(1) the left-right asymmetry of
layers (0k0] and[001]) and negligible dispersion along the the dispersion along has now been reversed and the mini-
interlayer directior{ h0O]. Table Il lists key parameters and Mum energy displaced to the new Bragg peak position in this

Fig. 2 shows a surface plot of the dispersion relation in thezonek=0.5—¢€,, as expected by periodicity for a triangular
lattice with a 2D Brillouin zone as shown in Fig. 2. Data near

TABLE II. Dispersion parameters. the zone-boundary point alorigl =1.5, are plotted in Fig.
3(4). Here the dispersion alorigappears nearly symmetric
Zone-boundary energymeV) along[0k0]  0.671) and 0.5%1) aroundk=0.5 with a gap a5 157 0.107(10) meV.

alternating The observed modulations in the dispersion relation as a
Zone-boundary energ§meV) along[00l] function of k and| can be well described by the principal
measured ak=(0,0.5,1.5) 0.10(0) spin-wave dispersion of the 2D frustrated Hamiltonian in Eq.
Dispersion(meV) along! for k~—0.25 0.121) (1) (for details see Appendix A
Dispersion(meV) alongh for k~—0.25 <0.02
Incommensuratior,(rlu) 0.0302)
0= V(I I k-t I+ 12— Jgl, ¥
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FIG. 3. Dispersion relation of the magnetic excitationg at0.1 K. Numbered paneld)—(4) correspond to directions in the 2D plane
indicated in Fig. 2b) [(2) is from Ref. 10. Filled symbols are the main peak in the line shape and the solid line is a fit to the spin-wave
dispersion relation in Eq2); the dotted area indicates the extent of the magnetic scattering, large open circles mark the experimentally
estimated continuum upper bounddtige upper thick dashed line is a guide to the)eged open squares show the lower boundary of the
scattering(where it could be resolved from the main peak as shown in Bigda&shed and dash-dotted lines are the secondary spin-wave
dispersionsw; and wy , respectively; light shaded regions labeled with capital letters AthK line thickness represents the wave vector
averaging indicate scan directions. Pan@) shows the incommensurate modulation in the dispersion relatidnarsll compared with
predictions of Eq(2) (solid line) and uncoupled chains)(=0 dashed ling

where the Fourier transform of the exchange couplings is The | dependence of the low-energy dispersion is illus-
J=1J cos 27k+2J'cosmkcosml, k=(h,k,1) (Ref. 22 and trated in Fig. 5), which plots the oscillation in the mini-
the ordering wave vectoD= (0.5+ €,)b* as above. Solid Mum energy position vk andl. Data points were extracted
lines in Fig. 3 show the intersection between the scan diredorm fits to the low- to medium-energy part (6:E
tions and Eq(2) (using the actuak, |, andE at each pointin <0.4 meV) of the dispersion along for various!’s. The

the Scam The effectiveexchange parameters obtained from observed incommensurate oscillation is well explained by
the above global fit areJ=0.61(1) meV and 3’ Eq. (2), for which atigil/ed the minimum energy occurs at
=0.107(10) meV, in agreement with earlier estimiftég  k=0.5+ (1/m)sin '{(J'/2J)cos] (solid line).

=0.374(5) meV andl’'=0.128(5) meV are thédare ex-

change energies measured using the high-field techlr?iqueB- Excitation line shapes in the spiral ordered phase below y
where quantum fluctuations are quenched].olibe renor- | jne shapes of scattering continua are important as they
malization of thg excitation energy compared to the cIassmaéive information about the underlying quasiparticles and
spin-wave resulf/J=1.635), isvery large and is similar to their interactions. In G€uCl, the dynamical correlation are
the exact resultr/2 for the 1DS=1/2 HAFC (see, e.g., Ref. dominated by extended continua as indicated by the dotted
2), where it originates from strong spin-singlet correlationsareas in Fig. 3. A representative scan near the antiferromag-
in the ground state. In contrast, the spin-wave velo@y- netic zone boundary alorigis shown in Fig. 4bottom). The
ergy) renormalization in the unfrustraté®=1/2 HSL is only  scattering is highly asymmetric with a significant high-
1.18, see Ref. 24. Such a large renormalization indicatesnergy tail. Instrumental resolution effects are minimal as the
strong quantum fluctuations in the ground state gfGI&Cl,. overall extent of the inelastic scattering is an order of mag-

134424-5



R. COLDEA, D.A. TENNANT, AND Z. TYLCZYNSKI PHYSICAL REVIEW B 68, 134424 (2003

dicts a principal spin-wave mode, polarized perpendicular

to the plane of spin rotatiofout-of-plane and two second-
ary modesw, = wyq and w, = wy_q, polarized in plane.
The three dispersions are graphed in Fig. 3 and the corre-
sponding excitations can be identified with quantized modes
where the total spin component along #rexis normal to the
spiral plane changes hS*=0 (w}), +1 (w,), and —1
(wy) (+z defines the sense of rotation in the spiral

k (2n/b)

3.5 1

3.0 1

25 | a. Sharp magnon excitation at low energies

Scans that probe the low-energy excitations observe a
sharp peak below the onset of the higher-energy continuum
scattering. Figure &) shows measurements near the zone-
Resolutior? boundary point along, k=(0,0.5,1.5)[scan G in Fig. 8)].

00 G2 U4 0F 08 10 19 A sharp peak occurs ab,=0.107(10) meV followed by
Energy (meV) strong continuum scattering with an onset at a slightly higher
energy arounds*=0.2 meV and extending up to 1 meV.

FIG. 4. (Bottom) Intensity observed in scan D in the spiral or- The sharp low-energy peak can be well described by the
dered phase at 0.1 pen symbolsand in the paramagnetic phase spin-wave cross section in EGA10) (dashed ling which
at 15 K(filled circles. Data points are raw neutron counts and solid predicts a dominantout-of-plane polarizedmagnon at the

lines are a guide to the eye. The dashed line is the estimated nofx ;
W nergy follow very much weak inten-
magnetic background and the gray shaded peak indicates the inS'[I’iEI).- est energy followed by very muc eaker 1/6 inte

mental energy resolution(Top) Intersection of scan D with the Sity) secondary modes.

dispersion relations. Vertical arrows between the top and bottom

panels show the onset of the magnetic scattefpgn squarne the b. Continuum scattering vs two-magnon processes
main peak in the line shagsolid circle), and the upper continuum
boundary(open circlg, respectively.

2.0 -

L.5 |

Intensity (arb. units)

The largest intensity in scan G is, however, contained in
the continuum scatteringabout 2/3 of the total energy-
nitude larger than the instrumental resoluti@ray shaded integrated intensify In contrast, LSWT predicts a much
peak. The nonmagnetic backgrouridashed lingis mod-  smaller continuum intensity arising from two-magnon scat-
eled by a constant-plus-exponential function. The magnetigering (about 15%. In fact the shaded area in Fig(®
peak disappears at 15 (solid circles and is replaced by a shows the two-magnon intensity scaled upwards by a factor
broad, overdamped, paramagnetic signal. Instead of contaiiyf 9 to illustrate it[the calculation is described in Appendix
ing sharp peaks, characteristic of conventioBai,1 magnon A and is based on EqA11) and sum rules for the total
excitations, the observed low-temperature line shape i§catterin@. The two-magnon line shape would predict the

dominated by a broad continuum scattering. To quantify thgnset of the continuum scattering immediately above the
extent of thda magnetic scattering we define the Upperone-magnon energy,=0.107(10) meV, whereas a distinct
boundary” wy as the energy above which the observed in-gonaration is observed in the data with the continuum scat-
tensities could not be distinguished from the nonmagneti

background. The upper boundary dispersion is shown in Fi fering starting arounds*=0.2 meV. The predicted two-
3 (large open circles and upper dashed)liagd is included agnon intensity drops off very fast with increasing energy

to indicate the region below which most of the magnetic(éspecially at high energies>0.6 meV=J), whereas the
scattering is located. observed scattering falls off significantly slowfsee inset in

Representative scans throughout the Brillouin zone ar&G)].
shown in Fig. 5, where in this case the data is properly nor- The measured continuum scattering as a function of wave
malized and corrected for absorption effects, and with theyector at constant enerdgcan | in Fig. 83)] is compared
nonmagnetic background subtracted. Sharp thresholds olgainst the two-magnon cross section in Fig. 51. This energy
served at the lower boundaries of scattering continua, moss beyond the one-magnon cutoff and only two-magnon pro-
clearly seen in scans A and F, are indicative of highly cohercesses contribute, and their intensity is shown by the shaded
ent excited states, as opposed to the broad, featureless scatea(the samex9 scaling factor as for scan G was used
tering in systems with spin freezing or random disorder. WeApart from largely underestimating the overall strength of
first analyze the scattering line shapes in terms of linear spinthe observed scattering intensity at this energy, the two-
wave theory(LSWT), which provides a good description of magnon functional form is also very different from the data,
the excitations in unfrustrated 2D square-lattice Heisenbergredicting a slightly wider extent in wave vector and inten-
antiferromagnet8. sity modulations(peak atk~0.75 originating from an in-
creased density of states for two-magnon scattetingt are
not observed in the data. Similar disagreement occurs be-

The spin-wave theory for a frustrated Hamiltonian with atween the observed continuum scattering and a two-magnon
spiral-ordered ground stafeeviewed in Appendix A pre- line shape at other wave vectors throughout the Brillouin

1. Line shape analysis using linear spin-wave theory
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FIG. 5. Magnetic inelastic scattering measured in the ordered phase below 0.1 K in scans A-J. Solid lines are fits to a modified
two-spinon cross-section, E¢4) for A-D and Eq.(3) for G—J. Vertical arrows indicate the estimated continuum upper bourwl%ry
Dashed lines show predicted lineshape for polarized cycloidal spin wave§AEQ) and the dark shaded regid®,G,l) indicates the
predicted two-magnon scattering continuum calculated using/d) and sum rulegscaled up by a factor of 9 in G ang All calculations
include the convolution with the spectrometer resolution function and the isotropic magnetic form factorfoio@s (Ref. 25. Solid
points in G show the accuracy of the background subtraction for wavevectors where no magnetic scattering is expected, skjuares for
=0.705), E<0.4 meV, and filled circles fok=1.0Q5), E>0.4 meV in Fig. 34).

zone. From this analysis we conclude that the observed func- c. Polarization of the continuum scattering.

tional form (energy- and wave-vector dependenckthe ob- In principle the polarization of the modes can be extracted

served continuum scattering is not reproduced by a tWOgom neutron scattering data because of the directional de-

magnon cross section. _ _ pendence of the intensities. We now consider this property to
The sharp peak observed below the scattering continuuifg the polarization of the scattering with respect to the

in scans such as in Fig. 5G could only be clearly resolved gfane of the spiral order. We compare the intensities mea-
low energies below~0.2 meV. With increasingw this  gred at two equivalent places in the 2D Brillouin zdie
sharp peak appears to gradually merge into the higher-energy, £ in Fig. 2b)], but where the relative weights of the
continuum scattering and a typical line shape is shown inn_pjane and out-of-plane polarizations observed by neutron
Fig. 5H[scan H in Fig. &)]. The intensity observed here is gcattering are very different. In Fig. 5 scan A observes
dominated by continuum scattering with a power-law linemainly in-plane polarized scattering, whereas scan F is
shape above a lower boundavy=0.34(2) meV[solid line,  equally sensitive to in-plane- and out-of-plane polarizations,
Eq.(3)] and no separate sharp mode could be resolved belogee Table I. Contrary to the polarized spin-wave cross section
the continuum lower boundary. A spin-wave cross sectiorjdashed lines, EqA10)], which predicts significant changes
(A10) (dashed lingscaled to the intensity of the one-magnonin the relative intensity of the different components of the
peak in scan G, significantly underestimates the intensity obline shape due to the changes in the polarization factors, the
served near the lower boundary of the continuum scatteringwo scans observe very similar line shapes and the scattering
At higher energies the spin-wave cross section is also inads instead consistent with an isotropic polarization. The high-
equate to describe the low-energy part of the scattering linenergy continuum scattering is essentially unchanged upon
shapes as shown by dashed lines in Figs. 5A, 5F. heating abovd  [see Figs. 65)—6(1)], also consistent with
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03 025 02 0151 035 030 025 -020 that of the isotropic continuum scattering observed rear
21E R0.k,1.43+1.950) | F 0,k2.4241.926 | 10 =0.5. From this analysis we conclude that LSWT is inad-
equate to describe the results, in particular the dominant con-
tinuum scattering, and next we consider another approach
based on experience in 1D systems where LSWT breaks
down and highly-dispersive continua are observed.

2. Line shape analysis using a two-spinon cross section

0 3
- : : : : : : : : Neutrons scatter by changing the total spin o$;=0,
§ 025 050 075 1.00 025 050 075 1.00 +1 and the observation of dominant scattering continua in-
g Energy (meV) Energy (meV) dicates that the elementary quasiparticles created in such pro-
g: 15 0050 125 1 cesses are not conventiorsd=1 spin waves. A natural ex-
Z %G : planation is that quasiparticles have fractional spin quantum
E |y EBF08G)meVi oo number[spin is a good quantum number since the main
e 005K e 005K (J,J') Hamiltonian has isotropic exchande®y analogy
O 075K # © 075K| 04 with the 1D S=1/2 HAFC chain[J’' =0] we identify those
4 A ' quasiparticles with spin-1/2 spinons, created in pairs in a

neutron scattering process. The dominant neutron scattering
cross section is then a two-spinon continuusatropic in
spin space and extending between dispersive lower and up-
per boundaries obtained by convolving two spinon disper-
sions.

We compare the observed continuum scattering with a
generic power-law line shape

O(w—wy) B(wf—w)

[w2_ wi]lf nl2

Energy (meV) S(k,w) =1y

: (€©)

FIG. 6. Magnetic inelastic scattering measured at 0.75 K in the
spin liquid phase abovEy (open symbolsand at 0.05 K belowl
(solid symbol$. Top axis shows wave vector change along scanwhere w, and wlkJ are the experimentally determined 2D-
direction. Solid lines in E, F are fits to a damped-harmonic oscilla-dispersive lower and upper boundaries of the continuum
tor line shape Eq(5) and in G, | are guides to the eythe dashed  scattering, |, is a wave-vector-dependent intensity factor.
line in G shows a fit to the one-magnon cross sectidt0)]. Data  Thijs form is generalized form the two-spinon cross section in
very close to the elastic linE=0 was omitted in G. the 1D HAFC chain §=1) and has also been proposed in a

o ) o . ) theoretical description of 2D frustrated quantum magnets
a mainly isotropic polarization of the continuum scattering, with deconfined spinor,

independent of the orientation of the spiral ordering plane.  gcans that probe the continuum scattering over a wide
energy range are shown in Fig(@, 5(J). The intensities
observed above a crossover energy saglie=0.2 meV can
Sharp peaks were observed at high energies near speclsg well described by a power-law line shape and (ftslid
wavevectors where the 2D dispersian is at a “saddle” lines) to Eq.(3) (assuming lower boundary fixed by the dis-
point as indicated in Fig.(3) [such points are located near persionw,) give an exponenty=0.74+0.14 [the inset in
k=(0,+0.25)) with | an odd integer and equivalent Fig. 5G) shows a log plot of the continuum scattering in
positiong?]. A typical scan is shown in Fig.(g). The line scans G and J and the solid lines are power-law. fithe
shape here is dominated by a sharp, resolution-limited pea@bserved wave vector dependence of the continuum scatter-
at w(—0.23,0.087 0-56(1) meV, followed by only very weak ing at constant energy is also consistent with the functional
continuum scattering at higher energies. This sharp mode #rm in Eq. (3) as shown by the solid line in Fig.(5.
much more intensfby a factor of 4.48)] than predicted by At places close to the zone boundary such as Rig). the
extrapolating to those energies the intensity of the low-observed line shape can be described by a superposition of
energy magnon observed at 0.1D0) meV in scan G assum- two continua, each with a power-law line shape as in(8j.
ing a spin-wave dependence, E47), suggesting an anoma- and onsets at separate lower boundaries. In the figure the
lous intensity vs wave vector dependence or different origirsolid line shows a superposition of two continua with onsets
(perhaps a multiparticle bound statfor the saddle-point at w, =0.53(2) meV andv,=0.67(2) meV. The scattering
mode. Also, spin-wave theory predicts an additional modet | =0 shown in Figs. BA)—5D) can be described by a
nearw, =0.7 meV(dashed ling which is, however, not ob- superposition of three continua with lower boundaries at the
served in the data. The saddle-point mode is consistent wittlispersion relationso,, o, , and o, , isotropic in spin
an out-of-plane polarization by comparing its intensity tospace and with equal relative weigtisolid lines:

c. Sharp mode near saddle points
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FIG. 7. Dispersion along for near-constank~ —0.25 mea- >
sured at 0.75 K in the spin liquid phase abdyg. The solid line is g 0.5
Eq. (2) with the same parameters as beldy. Intensities observed %
along scans E, F are shown in Fig. 6. - i
Skw)=1, 0w~ wy) 0(w—wy) 02 04 06 08 10 12 14
’ (wz_wi)l—nlz [wz—(w[)z]l_”/z Energy (meV)

FIG. 8. (Top left) Extent of paramagnetic scattering observed at
l ( E_w) (4) 12.8 K (dotted arep The same wave-vector-energy space was
' probed as for the 0.05 K data in Fig.33. Large open circles are the
upper boundary of the scattering with the thiclppe) dashed line
where the exponeng has values in the range 0.7 to 1. To a guide to the eye. Solid points are the square root of the second
summarize, throughout most of the Brillouin zone and ovelmoment of the scattering{w2) compared to predictions based on
the largest energy scales probed the dynamical correlationgim rulegsolid line Eq.(6)]; the thin dashed line shows the same
can be well described by continuum line shapes, characterigalculation forT=cc. (Top right Intensity observed along scan K.

0(0)—0);)

[0~ (0)?) 7

tic of a two-spinon cross section. Top axis shows wave vector change along scan direction. Thick
dashed line is a fit to a plateaulike function and dash-dotted line

C. Dispersion relation and excitation line shapes in the 2D shows a fit to a Gaussian with the same second moment. Vertical
spin-liquid phase aboveT arrow indicates the estimated upper boundary of the scattering.

o . . (Bottom) Intensity along scan K in the paramagnetic phésgen
The excitations are thermally broadened which results in @;,jas 12.8 K compared to low temperaturésolid circles 0.05 K.

SmOOth_ Iow-energy tail for the Sc_attering _Iing s_hapes 8% he dotted region highlights the area of the paramagnetic scattering.
shown in Fig. 6F) by data at 0.75 K in the spin liquid phase The sojid line is a fit of the low-temperature data to a power-law
aboveTy. The sharp magnon mode observed at base teMme shape3).

perature below the continuum lower boundary in Fi¢G6

(solid pointg at w,=0.107(10) meV damps out upon heat- r

ing (open symbolsand merges with the low-energy tail of Kao)=I @1 K@k n(w)+1 5
the continuum scattering. At high energies, however, the con- Stk o) k(wz_ wﬁ—FE)2+4w2F§[ (0)+1],
tinuum scattering is practically unchanged by small tempera-

tures, see Fig-_(‘ﬁ)- . o where v, is the dispersion relatior; is the damping rate,
The dispersion relation abovEy maintains a strong 2D andn(w)=1/[exp(w/ksT)—1] is the Bose population factor.

character. The observed incommensuration in the low energynhis form gave a good description of the data as shown by
part of the dispersion relation is plotted as a functiok @hd  typical fits (solid line9 in Figs. 6E), 6(F).

I in Fig. 3(5) (open symbolsand is essentially unchanged
compared to base temperatufeslid symbol$. The excita-
tions disperse strongly along both directions in the 2D plane
and the observed dispersion alohdor near-constank~ Upon further increasing the temperature the lower bound-
—0.25 is plotted in Fig. 7solid symbol$ and is practically —ary collapses and in the paramagnetic phase inelastic inten-
the same as belowy (solid line). The dispersion points sity is observed in the form of a broad continuum scattering
were extracted by fitting the observed line shapes to a&xtending up to a dispersive upper boundary. Figuéof
damped-harmonic oscillator foridifference of two Lorent- left) indicates the extent of the scatterifdptted arepob-
zians centered ab=* w)) served at 12.8 K£2.9J) as a function of wave vector and

D. Paramagnetic scattering
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energy. The intensity observed in scan K near the antiferrotionalized phase. Upon cooling in the spiral ordered phase
magnetic zone center alofgk0] (k~0.5), where the scat- below Ty an S=1 magnon with a small scattering weight
tering has the largest extent in energy is shown in Fig. &merges at low energies as expected for a phase with a con-
(bottom. The paramagnetic line shap@pen circles is  tinuous broken symmetry, however the dominant scattering
broad with scattering extending up to nearly the same uppeiiill occurs in the form of a continuum of excitations at me-
boundary as the continuum scattering observed at low tendium to higher energies and is best described in terms of

peratureg(filled circles. . o pairs of deconfined spinons. This could be understood if
We quantify the energy width of the scattering |nter2ms ofCs,CuCl, was in the close proximity of a fractionalized
the normalized second moment  (wj) phase with deconfined spinons, but only weakly perturbed by

= [dww?S(k,0)/[dwS(k, o), which can be directly related small terms in the Hamiltonian. Those weak terms stabilize
to the exchange couplings in the spin Hamiltonian using sunfong-range magnetic order and create an effective short-
rules. Following Refs. 27 and 28 we obtain for a Heisenbergange attractive potential between spinons that is sufficient to

Hamiltonian to first order in3=1/kgT create a two-spinon bound state<1 magnon at low ener-
5 gies, but deconfined spinons still occur at energies higher
2\ _ 2 than the small scale of the attractive potential. In the spin
=-S(S+1 J§ 1—cogk- .
{0 3 ( )25 al ik-9] liquid phase abovd small thermal fluctuations overcome

this small perturbation in the Hamiltonian and only decon-

L?Jr ES(S+ 1) H 6) fined spinons would be expected, in agreement with experi-
4 3 k||’ ments which observed two-spinon continua at all energy
scales probed. The proximity of 3uCl, to a spinon-
binding transition is supported by the observation of sharp
divergencies at the lower boundary of two-spinon continua
(most clearly seen in scans A ang, which indicate a reso-
. X . . nant enhancement of the scattering as precursor to the for-
d|9ts thqt the paramagnet!c scattermgTatoo has a sinu- mation of a sharp bound state, as n(g)ted iﬁ Ref. 29. Moreover,
soidal width V<“’k>:‘/§‘]|s'_”77k| that is zero at the ferro- o ijence that the ordered state is stabilized by only small
magnetic zone center and increases up to a maximui@df  terms in the Hamiltonian comes from measurements in in-
at the antiferromagnetic zone center. plane fields which observe suppression of the spiral order

The second moment was extracted from scans such as fhq transition to a disordered phase at relatively small ap-
Fig. 8 (top right where the data on the negative energy sidep”ed fields®
was constructed from the data on the positive energy side ap important question is the nature of the fractionalized
according to the principle of detailed balance. This procedur(E,hase that dominates the physics in,©sCl, and leads to
gave estimates ofwi) averaged over a small range bf  srong two-spinon continua in the dynamical correlations.
values and the results are plotted in Fig(t8p left) (solid  various approaches have been actively pursued theoretically.
symbolg. The observed second moment near the antiferroa quasi-1D approach was propos€dstarting from 1D
magnetic zone center and its reduction upon approaching th@AFC chains along the strongest-exchange direction in the
ferromagnetic zone center are well reproduced by ®83. 2D triangular planes and treating perturbatively all other
(solid line) for the 2D Hamiltonian in Eq(1) with the bare  terms in the Hamiltonian, including the frustrated coupling
exchange couplingg=0.374 meV and)’=0.128 meV as j'; in this scenario the relevant picture is weakly coupled
determined for  CgLuCl, using  saturation-field chains®' where spinons are 1D objects identified with quan-
measurement¥. Although this high-temperature method of tym solitons. However, in GEuUCl, the coupling between
probing the Hamiltonian does not give the exchange cou«chains” is relatively larged’ =0.34(3)J and moreover, the
plingsJ andJ’ directly, it does, however, provide a measure measured dispersion relations show stréoigorderJ’) 2D
of the overall energy scale of the couplings without involv- modulations at all energy scales, indicating that the excita-
ing magnetic fields and is thus an independent consistengyons are strongly affected by the two dimensionality of the
check of the bare exchange couplings and quantum renogpuplings. Explicit 2D approaches to the physics, such as the
malization factors. The second-moment calculation predict%sonating_vajence_bor(dQVB) picture,5 have been consid-
that no significant changes are expected upon heating to ered by other authoré:**The RVB state can be phenomeno-
= [thin dashed line in Fig. §top left)] showing that the |ogically described as a spin liquid where spins are sponta-
measurement temperature (B.9vas sufficiently deep into  neously paired into singlet bonds that fluctutesonatg

x|1+p

where the sum is over all exchange couplinis &6 is a
vector connecting sites, arlg=(1/2) 5sJ s exp(k- ) is the
Fourier transform of the exchange couplings. For theSD
=1/2 HAFC model[J’=0 in Eq.(1)] the above result pre-

the paramagnetic phase. between many different configurations to gain quantum ki-
netic energy. In this phase spinons are 2D objects with topo-
V. DISCUSSION logical charactéf and can be physically described as the

two spin-1/2 ends of a broken bond that separate away
through bond rearrangement. Explicit calculations within the

Our experiments on GEuUCl, described above observe two approachegquasi-1D or explicit 2[) are required to
that in the spin liquid phase abovg, the dynamical corre- compare with the measured dispersion relations and scatter-
lations are dominated by highly dispersive scattering coning lineshapes to determine which one best captures the
tinua, the hallmark of deconfine8=1/2 spinons of a frac- physics in CsCuCl,.

A. Magnetic excitations and crossover phase diagram
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_____ Paramagneticq ] B. Paramagnetic scattering
Neutron scattering studies of the high-temperature para-
o magnetic scattering are highly uncommon, whereas in fact
§ //_/0’0 they can reveal important information about the system. Here
b5) ///;@%‘ we consider a physical picture for the observed scattering in
g N /é@*‘e/ the paramagnetic phase by making an analogy with two
& Critical //0‘ Ty model systems where a number of exact theoretical results
NAg PR quuld/ / are known. We refer in some detail to the 1D Haldane-
RVE spinIiaﬁi‘d‘\ Y/ 3D spiral LRO Shastry mode_«lequivalent to an ideal 1D spinon gam_d the
apped spinons) > (gapless) XY chain(equivalent to a noninteracting lattice fermion gas
0 PC \CszCuCl4 P where the physics af= can be understood in terms of a
disordered gas of quasiparticles where as a consequence of
2D spinon spin conservation rules a neutron scattering process involves
confinement transition only two-particle states.

FIG. 9. (Color onling Phase diagram of a quasi-2D frustrated _ 1h€ 1D Heisenberg model with rt/ exchangdHaldane-
quantum magnet with deconfined spinons near an instability to spiShastry mode(HSM)]* is equivalent to an ideal spinon gas.
ral long-range order driven by a small paramefein the Hamil- At T=0 the ground state is the spinon vacuum and the
tonian (such as the interlayer couplindl’). The vertical dashed Spin-1 excitationgobservable by neutron scatterjraye two-
arrow shows the region that would be probed by experiments ospinon creation processe#éit T=o exact diagonalizations
Cs,CuCl,. Dashed lines mark the cross over to critical behavioron finite clusters’ find that the spin-1 excitations form a
from gapped fractional spin liquid foP<Pc and from renormal-  continuum in K,») that extends up to the same upper
ized classical on the ordered sidBxPc). At temperatures larger boundarywtj as the two-spinon continuum @t=0; the scat-
than the exchange energies, there is a crossover to paramagnééing has a sharp cutoff at this boundary and no other states
behavior(wavy dashed ling at higher energies are accessible. Combining this result with

If the fractionalized phase relevant to £LwiCl, is a 2D the fact that the Hilbert space of the HSM Hamiltonian can

RVB phase then a possible phase diagram scenario showif§ entirely described in a spinon bag# eigenstates can be
the transition to incommensurate 3D spiral order driven byWritten in terms of states with an even number of spiripns
some small parameter in the Hamiltonigguch as the inter- suggests that the dynamical correlation3 at> may also be
layer couplings)”) is illustrated in Fig. 9. This phase dia- Physically interpreted in terms of two-spinon scattering pro-
gram is inspired from the propodaf®that if a 2D frustrated ~cesses. For exampl&§™ " (k,w) contains scattering events
quantum magnet is driven from a spiral ordered phase into where(i) two up-spinons are createdi) two down-spinons
spin liquid phase by varying some parameter in the Hamil-are annihilated, ofiii) an up-spinon is created and a down-
tonian, then the spin liquid phase has fluctuating spiral ordespinon is annihilated; the intensity is a sum of the cross
and deconfined spin-1/2 spinons. In this scenario the RVBections for the above processes, weighted by the statistical
phase is protected by the gap to break a singlet bond and thgobability of all possible initial states. Since in the HSM
transition to order occurs when the gap closes and an ordergflodel the spinon dispersion it affected by the presence
moment can form from condensed spino pairs of  of other spinons in the ground stdtéhe maximum two-
spinons. The magnetic order is an incommensurate spiral tapinon energy alf =« (when the ground state can be re-
minimize the frustrated couplings and symmetry breaking injarded as a dense gas of spinoissthe same as af=0

the spiral plane predicts a gapless Goldstone Sp'n'wa\:évhen the ground state is a spinon vaciuin agreement

que at low energies, V\.’hiCh can also be regardeq as a Wity the exact diagonalization resuftsshowing an upper
spinon bound state stabilized by the weak mean-field EﬁeCtﬁoundary unaffected by temperature

qf the m.agnetic order. In this phase diagram scenari'o decon- Another system where only two-patrticle states contribute
fined spinons are_expected to oceur at higher energies abo_\t(g dynamical correlation®f a conserved operafois the XY
the scale of the binding potential, and at all energy scales Mhain H=J5 S .+ <. . which can be recast into a

i H i _fi H H - I~ ~i+1 1 ~i+10
the spin liquid phase abovey when the mean f!eld b!ndmg roblem of noninteracting lattice fermions using a Jordan-
effects are cancelled by small thermal fluctuations, in agree; igner spin-particle mappingup spin=occupied state

ment with experiments. . . .
Two theories of 2D spin liquid phases with deconfinedd.own Spir=empty s_tate). The Hilbert Space consists .
. , eigenstates with a fixed number of particles and the ground
spinons have so far been proposed for the maind’( _ . .
state afT=0 has all negative energy states occupied and all

Hamiltonian of CgCuCl,, a model with gapped bosonic o . g o
spinons* and a model with gapless fermionic spindAdn positive energy states empty, where the single-particle dis
ersion isw,=Jcos(27k). The excitations contributing to

the latter case the phase diagram in Fig. 9 would be modifie . X
) SO . e dynamical correlations of trenserved Soperator con-
such that the fractional spin-liquid phase exists only at the .

H 33,34 Z —
critical point, i.e., Pc=0. Another interesting theoretical sistof particle-hole pairs? Sk, w) =2y (1
possibility is that of a quantum phase with magnetic order™ fk) fi, (@ — @y + wy,) 8(k+ky—kp)/N,  where  f,
and gapless magnor®existingwith topological order and = 1/[exp(w./ksT)+1] is the statistical probability that the
gapped spinons recently discussed in the context of an urstatek is occupied. AfT=o every state is equally probable
frustrated square lattici. to be occupied or emptyf(=1/2, the ground state is a dis-
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ordered gas of fermionsand theS?? dynamical correlations ics and in building up a phenomenological picture of the
are a particle-hole pair continuum contained withinw excitations was the use of time-of-flight neutron spectros-
<w<wy with the same upper boundary as B0, w,  COPY, Which allowed probing the dynamical correlations over

=2J|sin(mk)|. a very large part of phase space.
The above interpretation of the paramagnetic scattering in
the ideal spinon gagHSM mode) in terms of two-spinon ACKNOWLEDGMENTS

states could also be extended to the 1D nearest-neighbor allv wish hank lik f
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two-spinon boundary; the same stdtlglso found that aT

= the line shapes near the antiferromagnetic zone center APPENDIX A: LINEAR SPIN-WAVE THEORY FOR A
approached a distinctly non-Gaussian shape, better approxi- SPIRAL-ORDERED MAGNET

mated by a plateaulike function centered at zero energy
[similar in shape to the solid curve in Fig(lBbut where the
horizontal axis is enerdy The line shape observed in Fig. 8
(top right is better described by a plateaulike functidimick
dashed lingthan by a Gaussian of the same second mome
(dash-dotted line In this comparison both curves are cen
tered at w=0 and are multiplied by §/kgT)/[1—exp
(—wlkgT)] to account for thermal population effects to first

Ordﬁ: 'n“l’)/kBT't. f i tteri tendi twhich have quantized spin angular moment@®1 and

€ observation of continuum scattering extending up 19,46 statistics. We discuss the dynamical correlations param-
an upper boundary that is only slightly _reduced compared Qtrized in terms of one- and two-magnon scattering pro-
the low-temperature extent of the continuum scattefseg cesses
Fig. 8 (bottom] suggests that the paramagnetic line shapes To find the mean-field ground state it is illuminating to

in Cs,CuCl, may be understood in terms @fainly) two- .o cider first an isosceles triangkee Fig. 108)], which is

spinon scattering processes. the building block of the full two-dimensional anisotropic
triangular lattice in Fig. (b). In the absence of the zig-zag
VI. CONCLUSIONS couplingJ’ =0 the strong antiferromagnetic exchanyéa-
. . ... vors antiparallel alignment of the spins 2 and 3. This collin-
In conclusion we have measured the magnetic excitations

in the quasi-2D frustrated quantum antiferromagnetear order becomes unstable in the presence of a coupling

Cs,CuCl, using high-resolution time-of-flight neutron spec- and the mean field created by spin 1 induces a spin-flop-like

troscopy. In the 2D spin liquid phase above the magnetié”t of the other two spins as indicated in the figure. The

: . . . ; ngular tilt » depends on the relative strengitVJ and is
ordering transition the dynamical correlations are OIOmInate?%erefore incommensurate with the lattice. Generalization of
by highly dispersive scattering continua, characteristic o '

. - ; . . ' this model to the full 2D lattice results in the noncollinear
fractionalization of spin waves into pairs of deconfingd ; - S . .
a . . ; : spiral order indicated in Fig. 1b). The ordered spin at sife
=1/2 spinons. Boundaries of the scattering continua aré - } by
strongly 2D dispersive indicating that 2D effects are impor-iS (SR} =(S)CosQ: R+ ¢o)x+(S)sin@Q- R+ ¢o)y, where
tant up to all energy scales of the excitations. Upon coolindS) 1S the magnitude of the ordered spin moment gids
into the 3D spiral ordered phase sharp magnon modean arbitrary phase anglg.andy are orthogonal unit vectors
emerge at the lowest energies, but the dispersion relatioriefining the plane of spin rotation. The ordering wave vector
and continuum scattering at medium to high energies wer® is found by minimizing the exchange ener@yer spin
essentially unchanged compared to ab®ye This suggests Jy=J cos(2rk)+2J cos(@k)cos(l), k=(h,k,1) and is Q
a dimensional crossover from 38=1 spin waves at low =(0,0.5+¢,,0) where e.=sin J'/(2J)]/= is the incom-
energies to 205= 1/2 spinons at medium to high energies. A mensuration relative to ¢ order. In the mean-field ap-
phase diagram scenario locating,C8aCl, in the proximity ~ proximation the incommensurate spiral order occurs imme-
of a spinon deconfinement transition was proposed. diately as the chains along become coupled, i.e]’#0,

We hope these results will stimulate further theoreticaland is stable throughout the rangec0'/J<2, which in-
work in the field of frustrated quantum magnets and fraction-cludes the isotropic triangular latticE/J=1 for which e,
alized phases; knowing the Hamiltonian rigorodélghould = 1/6.
provide a test of the various theoretical approaches. We also An incommensurate spiral order as depicted in FigbLO
note that crucial in our experimental exploration of the phys4is observetf in Cs,CuCl, at temperatures belowTy

In this section we describe the ground state and excita-
tions of the frustrated Hamiltonian on the anisotropic trian-
gular lattice in Fig. 1) using linear spin-wave theory. This
approach assumes that spins order in a well-defined structure
r'ttfound by minimizing the mean-field enenggnd treats ex-

" citations as local spin deviations that propagate by intersite
hopping. Linearizing the equations of motion results in
wavelike propagating modes, the magnon quasiparticles,
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(a)
d

where the rotation angle at sie is ¢=Q-R+ ¢q. Spin
deviation operators are expressed in terms of magnon Bose
operators using the Holstein-Primakifformalism

Sk =Sk+iSE=1\2Sa+- -,

Sr=S4—iSg=\2Sg+- -,

(b) Si=S—altag, (A2)
where ellipses stand for higher-order terms involving three or
Y more operatorsa; creates a spin deviation at sfeand its
I Fourier transforma, =X gate '*'F/\/N creates an extended
z X

wave (N is the total number of spins

In a 1/S expansion the leading term in the Hamiltonian
becomes a quadratic form of magnon operators. This can be
diagonalized using standard techniques to obtain the wave-

vector-dependent spin-wave enerdles
FIG. 10. () Schematic diagram of the mean-field ground state

for three spins located in the corners of an isosceles triangle with
antiferromagnetic couplingd (horizontal thick bongandJ’ (thin wWg= 25\/(Jk_JQ)[(Jk—Q+Jk+Q)/2_JQ]* (A3)
zig-zag bonds (b) Spiral order on the anisotropic triangular lattice
obtained by generalizing the picture shown (&. Thick arrows  Where J,=J cos(2mk)+2J'cos@mk)cos@rd) is the Fourier
indicate the ordered spin direction, which rotates in thg) plane  transform of the exchange couplings. Higher-order terms in
by an incommensurate angle=27Q between neighboring sites in  the Hamiltonian amount to interactions between magnons,
the direction of the strong exchandehorizontal thick bonds (c)  which are expected to produdeelatively) small renormal-
Definition of the rotating reference framé,(,{) where{ is along  izations of the above spin-wave energies. A typical plot of
the local mean spin direction anglis perpendicular to the rotation the dispersion relation in EgA3) is shown in Fig. 2a). The
plane. dispersion has a sinusoidal shape with gapless modes at the
ferromagnetic zone centé&r=0 and at the incommensurate

=0.62(1) K. The ordered spins rotate in cycloids, nearlyordering pointsk==Q in the 2D Brillouin zone. Thew,
contained in the(bc) plane due to a small anisotropy. The mode cor'responds to a.unlform rigid rotation of all spins in
angle between consecutive spins aldnig #=27Q=180° the ordering plane and is called a phason, whereasthe
+10.98)° which give an incommensuratiomy=0.03q2). modes correspond to fluctuations where the plane in which
The measured incommensuration is significantly smallefPins rotate cants away from the ordering plane. Those three
than the classical value,= 0.054 corresponding to the mea- gapless excitations are Goldstone modes associated with the
sured exchange paramefdrs)’/J=0.343). This large breaklfjg of symmetry in spin space by the splrall long-range
renormalizatione,/e.= 0.56 is due to quantum fluctuations Orderlin the presence of a small easy-plane anisotropy the
not captured by the classical mean-field approximation, buf’0de @-q acquires a gap bub, remains gapless as it in-
well reproduced by calculations which include nearest-YOIV€S Spin rotations inside the easy-plane ,
neighbor spin-singlet correlations in the incommensurate INformation about the nature and properties of the spin
ground staté*3 Those correlations favor antiferromagnetic excitations is contained in the dynamical correlation function

alignment of the paired spins, therefore acting to reduce th§aﬂ_(k"")v directly measured by neutron scatter?ﬁg’.his is

incommensuration as observed. defined as the Fourier transform of the space and time cor-
Since the ordered spin direction rotates as one movek§lation function

from site to site it is convenient to define a local reference

frame (¢, #,{) such that the mean spin direction at each site " 1 [+= N Col—K.R

appears along thé axis for all sites. This transformation is S*(k,w)= 2mh ) . dt; <50(0)5€(t)>el( ),

illustrated in Fig. 10c) and is defined by (A4)

S'=Slcosg— Stsin g, where @ and B label Cartesian axes and--) denotes a
ground state average. Because the Hamiltofiiagonserves
the total spin componer8;, the off-diagonal terms cancel

Y= Sfsin ¢+ Sfcose, out S*¥(k,w)=0 for a# B, see Ref. 27.

One-magnon (M) excitations occur in the fluctuations
polarized transverse to the ordered spin directionThe
S=97, (A1) transverse dynamical correlationsTat 0 are obtained 35

134424-13



R. COLDEA, D.A. TENNANT, AND Z. TYLCZYNSKI PHYSICAL REVIEW B 68, 134424 (2003

E (@)

. S
Sii(k,®) = 5wt vl ?8(w—wy),

p—
353

—_
T

S
St (k@)= 5[ u—vid*0(0 = wy). (A5) S
(]
g0.8
Sharp one-magnon peaks occur at wave vectors and energies 2
. - . . . . . 50.6
given by the dispersion relatio@,. The scattering intensi- g
ties depend on the functions, and v, defined asuy = 0.4
=coshg, andv,=sinhé,, where tanh 2,=B, /A, and ‘
0.27
‘Jk 1 0 A L q s
A=28) 5 71t Jkrol = oy 0 0.5 1 L5 2
[0 k01, k in rlu of 27/b
L R OIS
Kk ‘? L o
Bk: ZS(E - Z[Jk_Q+ Jk+Q]] . E 0.6 :”‘\ !‘\_
5 04} P} an
fheg o o
I~ > d '.
The dispersion relation in EqA3) can alternatively be ex- A 0-2/ v \
pressed as,= \/Akz— sz. 0 : :
0 0.5 1 1. 2

Fluctuations in the longitudinal spin componefit) are .
expressed as a product of two local magnon operators in Eq. [0 k0], kin rlu of 27/b
(A2). After transformation to normal operators that diagonal-_ G- 11. () Two-magnon scattering intensi%(k— Q) in
ize the quadratic Hamiltonian, the longitudinal dynamicalEd-(A9) as a function of energy and wave vector aldiig Density
correlation function is expressed in terms of two-magnonOf scattered points repre§ents intensity. The plottgd points are ran-
(2M) scattering processes. At=0 only two-magnon cre- dom two-magnon scattering events generated using a Monte Carlo

ation processes can occur and their cross-section is givednithm for the sum in Eq(A6) as described in the text. The
Isplayed two-magnon scattering continuum is bounded at low en-

8
by3 ergies by the lower of the three dispersion relatiapgsolid line),
1 wy_pq (dashed ling and wy_q (dash-dotted ling (b) Energy-
Sgﬁ,,(k,w)I — E f(kq,ky) integrated two-magnon scattering intensity as a function of wave
2N vector alongb*. Solid points representdwS54,(k—Q,w) calcu-
lated using a distribution of scattering events such as showa).in
X S(w— Wk, — wk2)5(k+ ki—ko+7), For comparison, the intensity of the in-plane magnon with disper-
sionwy_ o is shown by the dash-dotted liigdwS§4(k—Q, ) see
Eq. (A8)]. Calculations are plotted for renormalized couplinys
=0.61 meV andl’/J=0.175 that fit the observed dispersion rela-
where f(kq,k,)= |U—klU Kt ukzv—k1|2 is the scattering tionin CsCuCl, plotted in Fig. 3. One- and two-magnon scattering

. . . o ; : . intensities were normalized against sum rules as described in the
weight. This formula is valid in the harmonic approximation ext with AS/S—0.25 estimated from experimentRef. 19: the

where mag_non-mz_:\gnon_|nter_act|0ns are neglected, .€., on \érm(u:;)2 was calculated to be very small and was neglected.
the quadratic part is retained in the Hamiltonian expansion in

terms of magnon operators. In EGA6) k; andk, are the intensity in the whole Brillouin zone. Figure (& shows a
wave vectors of the two magnons, which can be created anylot of the resulting intensity shifted in wave vector Qyto
where in the first Brillouin zone ane is a vector of the obtain the quantityS(k—Q,w) relevant for comparison
reciprocal lattice. For a given wave vector transketwo-  with experiments. The intensities obtained after numeric
magnon processes contribute an extended scattering cosdmmation were then normalized to satisfy the sum rule for
tinuum at energies above a lower threshold. This thresholthe total two-magnon scattering in the Brillouin zone, as dis-
corresponds to creating one magnon in the lowest energgussed below. - _ o

state (in this casewy =0 at a wave vectok,=0,—Q or Longitudinal inelastic processes described in &§) can

+Q) and the other magnon at another place in the zone. THECCUr because the spin moment is not fully ordered in the
sum in Eq. (A6) was calculated numerically using' a ground state. This disordering is due to zero-point quantum

. : ) fluctuations and the spin reduction calculated in the linear
weighted Monte Carlo method described in Ref. 39. From pin-wave approximation id S=3,|u,/2/N, wherek spans

large number of randomly generated two-magnon scatteringys gyjjiouin zone. Applied to the relevant 2D couplings in
processes a distribution 0f>210° events was selected ac- Cs,CuCl, [J'/J=0.34(3)] this gives a very large spin re-

cording to a probability proportiongl to the scattering weightyction AS= 0.43, see Ref. 40, however, mean-field effects
f(ki,kz); this gave the complete picture of the two-magnonfrom the interlayer couplings and anisotropy terms not in-

(AB)
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cluded in this calculation can quench some of the low-energy M
fluctuations and partially restore order, leading to a smaller /
AS. The total two-magnon scattering intensity integrated
over energy and wave vector in a Brillouin zoneA$(1
+AS)+{(uv)? (per spin, where(uv) ==, uw, /N is in gen-

eral non zero if the ordering wave vectQris incommensu-
rate. Zero-point fluctuations also affect the one-magnon scat-
tering by reducing the intensity factor in EGA5) from Sto

S=S—AS—(uv)?(1+2AS) 1. With this normalization the
sum rule for the total scattering in the Brillouin zo%§S
+1) is exhausted by elastic Bragg scattering—(S)?
shared between the two positioks= =Q, inelastic one-

magnon $(1+2AS) and two-magnon processes. Higher-
order scattering processes involving three or more magnons .
are neglected here since their scattering weight decreases \k
very rapidly with increasing particle number. Those pro- Y *
cesses redistribute some of the scattering weight in the zone F|G. 12. (Color online Contour plot of the 2D dispersion rela-
towards higher energies. tion using a square-lattice representation of Figp) 1J' along the

To obtain the dynamical correlations measured in an exsquare edggsFilled circles are zone centers and stars show posi-
periment, Eqs(A5) and(A6) are converted to the fixed labo- tions of incommensurate magnetic Bragg peaks.
ratory reference framex(y,z) using the transformation in
Eq. (AL). Sharp one-magnon peaks occur both in the out-ofStarting from the two-magnon continuus}$, (k,») in Eq.

plane (z) (A6) calculated in the rotating reference frame the wave vec-
_ tor valuesk are shifted by+Q and —Q. This gives two
. e S A By continua, their superposition is the two-magnon scattering in
1M(k*“’)_slM(k*“’)_§ o (o=, (A7) the fixed reference frame in E(A9). Figure 11a) shows a
plot of the first term in Eq(A9) as a function of energy
as well as in the in-pland|,y) dynamical correlations and wave vectok along theb* direction. In the figure the

density of points indicates scattering intensity, which de-
creases rapidly with increasing energy. The energy-integrated
two-magnon scattering intensity is plotted in Fig(l1(solid
points: the intensity is largest near the magnetic Bragg peak

1
(k) =Sl (k)= 7[Siu(k=Q.0) + Siy(k+ Q)]

S Ar_otBk-o position and cancels at the ferromagnetic zone cdatetr.
“8 o S(o—wy—q) For S=1/2 andAS=0.125 the two-magnon spectral weight
is throughout most of the Brillouin zone comparable to the

S Aot Biio weight of the in-plane polarized one-magnon modg
8 Tﬂw—wkw)- (A8) (dashed-dotted linethat occurs near the lower boundary of

the two-magnon continuum, whereas for wavevectors near
In total three spin-wave modes are observed: a principathe magnetic Bragg peak position most scattering weight is
mode o, polarized out-of-plane |¢) and two secondary in the one-magnon channel.
modesw, = wy_q andw, = wy g polarized in plane|(x,y). Including the polarization factors for magnetic scattering
Those three modes can also be regarded as excitations withe one-magnon cross section measured by neutron scatter-
quantized spin moment along texis normal to the spiral ing is
plane, i.e., the principal mode, has spinS’=0 and the two
secondary modes, have spinS*=+1 (+z defines the 1m(k, @)= p,Siy (K o)+ p,Sity (ko) (A10)
sense of rotation in the spijalThe three dispersions are o
plotted along theb* andc* directions in Fig. 3 and for all and the two-magnon cross section is
modes the intensity decreases as d/ith increasing energy.
The secondary modes are images of the main mode displaced om(K,w)=p,Siy(kw), (A11)
in wave vector by— Q and + Q. This apparent splitting into
three modes is a characteristic feature of systems with heliciyhere the polarization factors are
order, i.e., helix, cycloid, and corfé.
The two-magnon scattering is polarized in-plane and is py=1+coa,,
obtained using transformatidi\1) as

p,=sirfay. (A12)

1
XX _Qyy — 1<t (k— a4
u(k.®) =Sy (k o) 4[ Mk=Q o) TSk Q)] e elative intensity of in-pland|x) and out-of-plane|(z)
(A9) polarized excitations can therefore be changed by varying
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the anglea, between the scattering wave vectoand the APPENDIX B:  SQUARE-LATTICE NOTATION

axisz normal to the rotation plane. For §3uCl, the ordered Theoretical modelé® for the triangular lattice in Fig.
spins rotate nearly in th@c) plane, so the axes are identified 1(b) often regard the problem as a square lattice with ex-
as ,y,z)=(b,c,a). For comparison with experiments the changel’ is along the edges antlalong one of the diago-
magnetic form factoif(k)|? for C?* ions®® was also in- nals. A contour plot of the 2D dispersion relation in Eg)

cluded on the right hand side in Eq#10) and (A11). using the square-lattice ba&iss shown in Fig. 12.
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