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Extended scattering continua characteristic of spin fractionalization in the two-dimensional
frustrated quantum magnet Cs2CuCl4 observed by neutron scattering

R. Coldea,1,2,3 D. A. Tennant,1,3 and Z. Tylczynski4
1Oxford Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom

2Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6393, USA
3ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot OX11 0QX, United Kingdom
4Institute of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Poznan, Poland

~Received 9 January 2003; revised manuscript received 18 June 2003; published 15 October 2003!

The magnetic excitations of the quasi-2D spin-1/2 frustrated Heisenberg antiferromagnet Cs2CuCl4 are
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 temperatureTN , when 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 fractionalization ofS51 spin waves into pairs of
deconfinedS51/2 spinons and the hallmark of a resonating-valence-bond~RVB! state. The boundaries of the
excitation continua have strong 2D-modulated incommensurate dispersion relations. Upon cooling belowTN

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 excitations fromS51 spin
waves at low energies to deconfinedS51/2 spinons at medium to high energies, which could be understood if
Cs2CuCl4 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 energies@R51.63(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.

DOI: 10.1103/PhysRevB.68.134424 PACS number~s!: 75.10.Jm, 75.45.1j, 75.40.Gb, 05.30.Pr
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I. INTRODUCTION

One of the most remarkable phenomena that can occu
strongly correlated systems is the emergence of parti
with fractional quantum numbers. This occurs when fluct
tions in the many-body quantum ground state are str
enough to provide a screening by which fractional com
nents deconfine from local integer constraints. The be
known example in magnetism is the one-dimensional~1D!
S51/2 Heisenberg antiferromagnetic chain~HAFC!, where a
semiclassicalS51 spin wave spontaneously decays into
pair of deconfinedS51/2 spinons that separate awa
independently.1–3 The signature of spin fractionalization is
highly dispersive continuum of excited states instead
sharp single-particle poles in the dynamical correlatio
probed directly by inelastic neutron scattering experimen

Fractionalization arises from subtle many-body quant
correlation effects~in the spin-1/2 HAFC chain a topologica
Berry phase term is responsible4! and higher-dimensional re
alizations of such exotic physics have been eagerly sou
Amongst the proposed theoretical scenarios is
resonating-valence-bond~RVB! spin liquid state introduced
by Anderson5 in the context of 2D frustrated quantum ma
nets. Here spins spontaneously pair into singlet bonds w
fluctuate between many different configurations; breakin
0163-1829/2003/68~13!/134424~16!/$20.00 68 1344
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singlet bond releases twoS51/2 spinons that propagat
away independently in the background of the fluctuat
bonds. Central to the stability of such an RVB phase is fr
tration, which enhances quantum fluctuations over the me
field effects that would otherwise favor conventional order
phases.

Nearly all experimentally studied phases in 2D quant
magnets have been found to show conventional confi
phases, which are well characterized. For example, in unf
trated magnets typified by theS51/2 Heisenberg antiferro
magnet on a square lattice~HSL! mean-field effects domi-
nate and quantum fluctuations cause only sm
renormalizations to the semiclassical description of a N´el
ordered ground state withS51 transverse spin-wave
excitations.6 Other 2D quantum phases include dimeriz
states recently observed experimentally7 where spins are
paired into singlet bonds~dimers! arranged in a regula
~fixed! ordered pattern in the ground state; such a phase
a spin gap to a triplet ofS51 magnon excitations, i.e.
spinons are confined.

However, spins in frustrated geometries are believed
behave in much more unconventional ways, and interes
such systems is also motivated by the observation of su
conductivity ~possibly mediated by spin fluctuations! in
charge-doped triangular lattice materialsk-(BEDT-TTF)2X
©2003 The American Physical Society24-1
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~Ref. 8! and NaxCoO2yH20.9 In this respect the recent dis
covery of a 2D quantum magnet (Cs2CuCl4) with spins on a
triangular lattice which shows fractionalization is of cle
importance for elucidating the underlying magnetism.10 In-
deed, deconfined phases in 2D and the conditions require
create them are a major unsolved theoretical problem.5,11–16

Cs2CuCl4 is a quasi-2DS51/2 frustrated Heisenberg ant
ferromagnet on an anisotropic triangular lattice17 and neutron
scattering measurements show the dynamical correlation
be dominated by a broad continuum of excited states10 as
characteristic of deconfinedS51/2 spinons. Here we build
on our initial neutron scattering results and provide comp
hensive measurements throughout the Brillouin zone. Effe
of the strong two dimensionality are explicitly observed at
energy scales of the excitations. Measurements are m
both at temperatures aboveTN when the 2D magnetic layer
are decoupled as well as belowTN when mean-field effects
from the weak interlayer couplings stabilize 3D magne
order with an incommensurate spiral structure.

The paper is organized as follows. The crystal struct
and magnetism of Cs2CuCl4 are described in Sec. II and th
experimental technique used to probe the excitations is
plained in Sec. III. The dispersion relation and scattering l
shapes measured in the low-temperature ordered phas
presented next in Secs. IV A and IV B. We find sharp ma
non peaks carrying a small part of the total scattering we
at low energies and highly dispersive continua carrying
majority of the scattering weight at moderate to high en
gies. Results are first compared to linear spin-wave the
~reviewed in Appendix A! including both one- and two
magnon processes in Sec. IV B 1. This theory is found in
equate to describe the dominant continuum scattering, w
instead is well described by a parametrized two-spinon c
section~Sec. IV B 2!. Measurements in the spin liquid pha
above TN where the magnetic layers are decoupled
shown in Sec. IV C. The paramagnetic scattering is
scribed in Sec. IV D where the extracted second momen
compared with sum rules. In Sec. V A we discuss issue
depth with reference to proximity to a spinon confineme
transition. The paramagnetic scattering is discussed in
context of spinon systems at high temperatures in Sec. V
Finally, the main results and conclusions are summarize
Sec. VI.

II. CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
OF Cs2CuCl4

The crystal structure of Cs2CuCl4 is orthorhombic18

~Pnma! with lattice parametersa59.65 Å, b57.48 Å, and
c512.26 Å at 0.3 K. The structure is illustrated in Fig. 1~a!
and consists of CuCl4

22 tetrahedra arranged in layers~bc
plane! separated alonga by Cs1 ions. The material is an
insulator with each Cu21 ion carrying a spin of 1/2. Crysta
field effects quench the orbital angular momentum result
in near-isotropic Heisenberg spins on each Cu21 ion. There
are four such ions in each orthorhombic unit cell, two loca
on each CuCl layer as illustrated in Fig. 1~a!.

Our previous measurements17 showed that Cs2CuCl4 is a
quasi-2D low-exchange quantum magnet. This quasi
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character is a result of the layered crystal structure, wh
restricts the main superexchange routes to neighboring
sites in the~bc! plane. Since this superexchange route
mediated by two nonmagnetic Cl2 ions the exchange ener

FIG. 1. ~Color online! ~a! Crystal structure in Cs2CuCl4 show-
ing the CuCl4

22 tetrahedra~pyramids! arranged in layers~bc plane!.
The orthorhombic unit cell is indicated by the dashed rectang
box. ~b! Magnetic exchange paths in a~bc! layer form a two-
dimensional anisotropic triangular lattice: strong bondsJ ~heavy
lines ib) and smaller frustrating zig-zag bondsJ8 ~thin lines!. ~c!
Schematic phase diagram of Cs2CuCl4 in temperature and magneti
field alonga showing the region probed by the present experime
~dashed vertical arrow atB50). The magnetic phases are 3D LR
(T,TN) with spiral magnetic long-range order, spin-liquid (TN

,T,Tmax) characterized by strong intralayer antiferromagne
correlations ~at Tmax52.65 K the magnetic susceptibility has
maximum!, paramagnetic @T@(J,J8)# and ferromagnetic (B
.BC), where spins are ferromagnetically aligned by the appl
field. The solid line is a phase transition boundary and dashed l
show crossovers.
4-2
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EXTENDED SCATTERING CONTINUA CHARACTERISTIC . . . PHYSICAL REVIEW B 68, 134424 ~2003!
gies are low;1 –4 K. In each layer the exchange pat
form a triangular lattice with nonequivalent couplings ind
cated in Fig. 1~b!: exchangeJ along theb axis andJ8 along
the zig-zag bonds. The main 2D Hamiltonian describ
Cs2CuCl4 is thus

H5 (
^ i ,i 8&

JSi•Si 81(
^ i , j &

J8Si•Sj , ~1!

with each interacting spin-pair counted once. This Ham
tonian interpolates between noninteracting chains (J850),
the fully frustrated triangular lattice (J85J), and unfrus-
trated square lattice (J50). Since the main spin coupling
define a 2D isosceles triangular lattice as shown in Fig. 1~b!,
measurements of the excitations will be discussed in term
the 2D Brillouin zone of this triangular lattice, even thoug
the full crystal symmetry is orthorhombic.

Hamiltonian. The full spin Hamiltonian of Cs2CuCl4 and
its parameters have been previously determined17 from mea-
surements in high applied magnetic fields that overcome
antiferromagnetic couplings and stabilize the fully align
ferromagnetic ground stateu↑↑↑•••& in Fig. 1~c!. In this
unique phase quantum fluctuations are entirely suppresse
the large field, the excitations are magnons and their dis
sion relations image directly the Fourier transform of t
bare ~i.e., unrenormalized! exchange couplings. Using thi
method the determined interactions areJ50.374(5) meV
along theb axis andJ8/J50.34(3) along the zig-zag bond
the couplings in Fig. 1~b!, and small Dzyaloshinskii-Moriya
terms along the zig-zag bondsDa /J50.053(5) and inter-
layer couplingsJ9/J50.045(5) ~for further details see Ref
17!. Note that sum rules to be discussed in Sec. IV D a
provide an independent verification of the strength of
couplings.

The finite interlayer couplings (J9) stabilize long-range
magnetic order19 belowTN50.62(1) K. The order is incom
mensurate due to the frustrated couplings in the~bc! plane
with the ordering wave vectorQ5(0.51e0)b* , e0
50.030(2). Ordered spins rotate in a spiral nearly contain
in the ~bc! plane due to the small DM couplings, which cr
ate an effective easy-plane anisotropy. The projection of
spiral order onto the~bc! plane is schematically illustrated i
Fig. 10~b!.

III. EXPERIMENTAL DETAILS

The samples used were high-quality, large single crys
of Cs2CuCl4 grown from solution20 and cut into plates of
typical size 23230.6 cm3 optimized for neutron absorp
tion. Temperature control was provided by a dilution refr
erator insert with a 0.04 K base temperature. Measurem
were made in the different regions of the magnetic ph
diagram indicated in Fig. 1~c! ~zero-field line!: the 3D spiral
ordered phase~below 0.1 K!, the spin liquid phase aboveTN
~at 0.75 and 0.9 K!, and also the paramagnetic phase~at 12.8
and 15 K!.

The magnetic excitations were measured using
indirect-geometry time-of-flight spectrometer IRIS~Ref. 21!
at the ISIS spallation neutron source in the UK, which co
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bines high energy resolution with a large detector solid an
that allows simultaneous coverage of extended~wavevector,
energy! regions. The detector array collects data on a ne
cylindrical surface in (kx ,ky ,E) space@kx2A(Ef1E)/a#2

1ky
25Ef /a, wherekx ~along the incident beam direction!

andky are the components of the wave vector transfer in
horizontal scattering plane,E is the energy transfer,Ef is the
fixed final energy, anda55.072 meV Å2. Dispersion points
are obtained when this measurement surface intersects
dispersion surface of the magnetic excitations@a typical in-
tersection is shown by the bold curve~2! in Fig. 2~a!#. By
changing the orientation of the crystal the measurement
face can be positioned to probe the excitations near partic
directions in reciprocal space. Several nonequivalent dir
tions ~curves! in the Brillouin zone were probed and are in
dicated by the dotted lines numbered~1!–~4! in Fig. 2~b!.
Typical counting times for one crystal orientation and te
perature ranged between 30 to 54 h at an average ISIS pr
current of 170mA. Capital letters A–K indicate location o
energy scans with parameters listed in Table. I. Through

FIG. 2. ~Color online! ~a! Surface plot of the dispersion relatio
in Eq. ~2! as a functionk andl with constant-energy contours show
projected onto the basal plane~thin curves!. ~b! Reciprocal space
diagram showing where measurements were made. Numbers~1!–
~4! refer to directions~curves! in reciprocal space where dispersio
points ~solid dots! were extracted@curves~1! and ~2! are also indi-
cated by bold curves on the surface plot in~a!#; the extracted dis-
persions are plotted in the numbered panels in Fig. 3. Capital le
A–J indicate the location of energy scans. Thick lines show
near-hexagonal Brillouin zones of the 2D triangular lattice in F
1~b!, filled circles are zone centers (t) and stars att6Q, Q5(0.5
1e0)b* mark incommensurate magnetic Bragg peaks from the
ral order atT,TN .
4-3



R. COLDEA, D.A. TENNANT, AND Z. TYLCZYNSKI PHYSICAL REVIEW B 68, 134424 ~2003!
TABLE I. Scan parameters: wave vectork5(h,k,l ) and energy~E! change along scan direction, location of main peakvk and
polarization factors (px ,pz) at this point@see Eq.~A12!#.

Scan h~rlu! k~rlu! l ~rlu! E~meV! vk~meV! px pz

A 1.3110.29E20.025E2 20.38910.189E20.016E2 0 E 0.69~2! 1.95 0.05
B 1.6910.29E20.025E2 20.3010.189E20.015E2 0 E 0.62~2! 1.98 0.02
C 0.84 0.2110.297E20.026E2 0 E 0.56~2! 1.75 0.25
D 0.69 2.1110.29E20.025E2 0 E 0.68~2! 1.05 0.95
E 0 20.3310.19E20.015E2 0.7810.37E20.03E2 E 0.56~1! 1 1
F 0 20.3910.19E20.02E2 1.6610.37E20.035E2 E 0.67~2! 1 1
G 0 0.5 1.5320.32E20.1E2 E 0.107~10! 1 1
H 0 0.2810.29E20.025E2 1.205 E 0.34~2! 1 1
I 0 k 20.2313.63k21.64k2 0.85~5! 1 1
J 0 0.47 1.020.45E E 0.10~1! 1 1
K 0 0.2910.29E20.03E2 0.7720.14E10.013E2 E 0.32~2! 1 1
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this paper the wave vector transferk5(h,k,l ) is expressed in
reciprocal lattice units~rlu! ~Ref. 22! of (2p/a,2p/b,2p/c).

An energy resolutionDE50.019(1) meV~full width at
half maximum!23 on the elastic line was achieved using
fixed final energyEf51.846 meV selected by pyrolytic
graphite ~002! analyzers and cooled to liquid helium tem
peratures to reduce the thermal diffuse background. The
tector array had 51 elements covering the range of scatte
angles 25.75°<2u<158.0°. The raw neutron counts vs tim
of flight were converted into scattering cross-section inten
ties S(k,v) ~typical data is shown in Fig. 4!, which were
further corrected for neutron absorption effects using a
merical calculation for a plate-shaped crystal calibra
against the measured incoherent quasielastic scattering
the sample. The nonmagnetic background was estim
from measured intensities near places in the Brillouin zo
such as the ferromagnetic zone center where the mag
scattering contribution is negligible; the accuracy of th
background subtraction procedure is illustrated in Fig. 5~G!
~solid points!.

IV. RESULTS AND ANALYSIS

A. Dispersion relations in the spiral ordered phase belowTN

Measurements of the magnetic excitations at the low
temperature (T,0.1 K) in the spiral ordered phase show
strong dispersion along both directions in the 2D triangu
layers (@0k0# and@00l #) and negligible dispersion along th
interlayer direction@h00#. Table II lists key parameters an
Fig. 2 shows a surface plot of the dispersion relation in

TABLE II. Dispersion parameters.

Zone-boundary energy~meV! along @0k0# 0.67~1! and 0.55~1!

alternating
Zone-boundary energy~meV! along @00l#
measured atk5(0,0.5,1.5) 0.107~10!

Dispersion~meV! along l for k;20.25 0.12~1!

Dispersion~meV! alongh for k;20.25 ,0.02
Incommensuratione0~rlu! 0.030~2!
13442
e-
ng

i-

-
d
m

ed
e
tic

st

r

e

2D triangular plane. Data obtained from cuts through t
dispersion surface along several nonequivalent direction
the 2D plane@curves numbered~1!–~4!# is plotted in Fig. 3.

Figure 3~1! gives the dispersion alongk for l 50. Here
data points also have a finite component alongh, but no
dispersion could be detected along this direction for n
constantk, as expected for weak couplingsJ9 between lay-
ers. The dispersion alongk is incommensurate, with the
minimum energy at the magnetic Bragg peak positions
dexed by the ordering wave vectorQ5(0.51e0)b* , e0
50.030(2), and has anasymmetric shape with nonequiva
lent zone boundary energies of 0.67~1! and 0.55~1! meV on
the two sides of the minimum. The incommensuration a
asymmetry of the dispersion are direct consequences of
frustrated couplings@a symmetric dispersion, commensura
at the antiferromagnetic pointk50.5 would be expected in
the absence of frustrationJ850 in Fig. 1~b!#. The effects of
the 2D couplings are most clearly seen in the dispers
along l for near-constantk;20.25 plotted in Fig. 3~2!. The
observed dispersion is 0.12~1! meV, practically equal to the
strength of the couplings alongl, J850.128(5) meV as di-
rectly measured in Ref. 17. The significant dispersion
served along both@0k0# and @00l # directions indicates a
strong 2D character for the magnetic excitations.

Further measurements that illustrate thel dependence of
the dispersion are shown in Fig. 3~3!, with data nearl 51.
Compared tol 50 data in Eq.~1! the left-right asymmetry of
the dispersion alongk has now been reversed and the min
mum energy displaced to the new Bragg peak position in
zonek50.52e0, as expected by periodicity for a triangula
lattice with a 2D Brillouin zone as shown in Fig. 2. Data ne
the zone-boundary point alongl, l 51.5, are plotted in Fig.
3~4!. Here the dispersion alongk appears nearly symmetri
aroundk50.5 with a gap atv (0,0.5,1.5)50.107(10) meV.

The observed modulations in the dispersion relation a
function of k and l can be well described by the principa
spin-wave dispersion of the 2D frustrated Hamiltonian in E
~1! ~for details see Appendix A!

vk5A~Jk2JQ!@~Jk2Q1Jk1Q!/22JQ#, ~2!
4-4
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FIG. 3. Dispersion relation of the magnetic excitations atT,0.1 K. Numbered panels~1!–~4! correspond to directions in the 2D plan
indicated in Fig. 2~b! @~1! is from Ref. 10#. Filled symbols are the main peak in the line shape and the solid line is a fit to the spin-
dispersion relation in Eq.~2!; the dotted area indicates the extent of the magnetic scattering, large open circles mark the experim
estimated continuum upper boundary~the upper thick dashed line is a guide to the eye! and open squares show the lower boundary of
scattering~where it could be resolved from the main peak as shown in Fig. 4!; dashed and dash-dotted lines are the secondary spin-w
dispersionsvk

1 andvk
2 , respectively; light shaded regions labeled with capital letters A–K~the line thickness represents the wave vec

averaging! indicate scan directions. Panel~5! shows the incommensurate modulation in the dispersion relation vsk and l compared with
predictions of Eq.~2! ~solid line! and uncoupled chains (J850 dashed line!.
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where the Fourier transform of the exchange couplings
Jk5 J̃ cos 2pk12J̃8cospkcospl, k5(h,k,l ) ~Ref. 22! and
the ordering wave vectorQ5(0.51e0)b* as above. Solid
lines in Fig. 3 show the intersection between the scan di
tions and Eq.~2! ~using the actualk, l, andE at each point in
the scan!. The effectiveexchange parameters obtained fro
the above global fit are J̃50.61(1) meV and J̃8
50.107(10) meV, in agreement with earlier estimates10 @J
50.374(5) meV andJ850.128(5) meV are thebare ex-
change energies measured using the high-field techniq17

where quantum fluctuations are quenched out#. The renor-
malization of the excitation energy compared to the class
spin-wave resultJ̃/J51.63(5), isvery large and is similar to
the exact resultp/2 for the 1DS51/2 HAFC ~see, e.g., Ref.
2!, where it originates from strong spin-singlet correlatio
in the ground state. In contrast, the spin-wave velocity~en-
ergy! renormalization in the unfrustratedS51/2 HSL is only
1.18, see Ref. 24. Such a large renormalization indica
strong quantum fluctuations in the ground state of Cs2CuCl4.
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The l dependence of the low-energy dispersion is illu
trated in Fig. 3~5!, which plots the oscillation in the mini-
mum energy position vsk and l. Data points were extracte
form fits to the low- to medium-energy part (0.1,E
,0.4 meV) of the dispersion alongk for various l ’s. The
observed incommensurate oscillation is well explained
Eq. ~2!, for which at a givenl the minimum energy occurs a
k50.51(1/p)sin21@(J8̃/2J̃)cospl# ~solid line!.

B. Excitation line shapes in the spiral ordered phase belowTN

Line shapes of scattering continua are important as t
give information about the underlying quasiparticles a
their interactions. In Cs2CuCl4 the dynamical correlation are
dominated by extended continua as indicated by the do
areas in Fig. 3. A representative scan near the antiferrom
netic zone boundary alongk is shown in Fig. 4~bottom!. The
scattering is highly asymmetric with a significant hig
energy tail. Instrumental resolution effects are minimal as
overall extent of the inelastic scattering is an order of m
4-5
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nitude larger than the instrumental resolution~gray shaded
peak!. The nonmagnetic background~dashed line! is mod-
eled by a constant-plus-exponential function. The magn
peak disappears at 15 K~solid circles! and is replaced by a
broad, overdamped, paramagnetic signal. Instead of con
ing sharp peaks, characteristic of conventional,S51 magnon
excitations, the observed low-temperature line shape
dominated by a broad continuum scattering. To quantify
extent of the magnetic scattering we define the ‘‘upp
boundary’’vk

U as the energy above which the observed
tensities could not be distinguished from the nonmagn
background. The upper boundary dispersion is shown in
3 ~large open circles and upper dashed line! and is included
to indicate the region below which most of the magne
scattering is located.

Representative scans throughout the Brillouin zone
shown in Fig. 5, where in this case the data is properly n
malized and corrected for absorption effects, and with
nonmagnetic background subtracted. Sharp thresholds
served at the lower boundaries of scattering continua, m
clearly seen in scans A and F, are indicative of highly coh
ent excited states, as opposed to the broad, featureless
tering in systems with spin freezing or random disorder.
first analyze the scattering line shapes in terms of linear s
wave theory~LSWT!, which provides a good description o
the excitations in unfrustrated 2D square-lattice Heisenb
antiferromagnets.6

1. Line shape analysis using linear spin-wave theory

The spin-wave theory for a frustrated Hamiltonian with
spiral-ordered ground state~reviewed in Appendix A! pre-

FIG. 4. ~Bottom! Intensity observed in scan D in the spiral o
dered phase at 0.1 K~open symbols! and in the paramagnetic phas
at 15 K~filled circles!. Data points are raw neutron counts and so
lines are a guide to the eye. The dashed line is the estimated
magnetic background and the gray shaded peak indicates the in
mental energy resolution.~Top! Intersection of scan D with the
dispersion relations. Vertical arrows between the top and bot
panels show the onset of the magnetic scattering~open square!, the
main peak in the line shape~solid circle!, and the upper continuum
boundary~open circle!, respectively.
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dicts a principal spin-wave modevk polarized perpendicula
to the plane of spin rotation~out-of-plane! and two second-
ary modesvk

15vk1Q and vk
25vk2Q , polarized in plane.

The three dispersions are graphed in Fig. 3 and the co
sponding excitations can be identified with quantized mo
where the total spin component along thez axis normal to the
spiral plane changes byDSz50 (vk), 11 (vk

1), and 21
(vk

2) (1z defines the sense of rotation in the spiral!.

a. Sharp magnon excitation at low energies

Scans that probe the low-energy excitations observ
sharp peak below the onset of the higher-energy continu
scattering. Figure 5~G! shows measurements near the zon
boundary point alongl, k5(0,0.5,1.5)@scan G in Fig. 3~3!#.
A sharp peak occurs atvk50.107(10) meV followed by
strong continuum scattering with an onset at a slightly hig
energy aroundv* .0.2 meV and extending up to 1 meV
The sharp low-energy peak can be well described by
spin-wave cross section in Eq.~A10! ~dashed line!, which
predicts a dominant~out-of-plane polarized! magnon at the
lowest energy followed by very much weaker (;1/6 inten-
sity! secondary modes.

b. Continuum scattering vs two-magnon processes

The largest intensity in scan G is, however, contained
the continuum scattering~about 2/3 of the total energy
integrated intensity!. In contrast, LSWT predicts a muc
smaller continuum intensity arising from two-magnon sc
tering ~about 15%!. In fact the shaded area in Fig. 5~G!
shows the two-magnon intensity scaled upwards by a fa
of 9 to illustrate it@the calculation is described in Append
A and is based on Eq.~A11! and sum rules for the tota
scattering#. The two-magnon line shape would predict th
onset of the continuum scattering immediately above
one-magnon energyvk50.107(10) meV, whereas a distinc
separation is observed in the data with the continuum s
tering starting aroundv* .0.2 meV. The predicted two
magnon intensity drops off very fast with increasing ener
~especially at high energiesE.0.6 meV. J̃), whereas the
observed scattering falls off significantly slower@see inset in
5~G!#.

The measured continuum scattering as a function of w
vector at constant energy@scan I in Fig. 3~3!# is compared
against the two-magnon cross section in Fig. 5I. This ene
is beyond the one-magnon cutoff and only two-magnon p
cesses contribute, and their intensity is shown by the sha
area~the same39 scaling factor as for scan G was used!.
Apart from largely underestimating the overall strength
the observed scattering intensity at this energy, the tw
magnon functional form is also very different from the da
predicting a slightly wider extent in wave vector and inte
sity modulations~peak atk;0.75 originating from an in-
creased density of states for two-magnon scattering! that are
not observed in the data. Similar disagreement occurs
tween the observed continuum scattering and a two-mag
line shape at other wave vectors throughout the Brillo

n-
tru-

m
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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
two-spinon cross-section, Eq.~4! for A–D and Eq.~3! for G–J. Vertical arrows indicate the estimated continuum upper boundaryvk

U .
Dashed lines show predicted lineshape for polarized cycloidal spin waves Eq.~A10! and the dark shaded region~D,G,I! indicates the
predicted two-magnon scattering continuum calculated using Eq.~A11! and sum rules~scaled up by a factor of 9 in G and I!. All calculations
include the convolution with the spectrometer resolution function and the isotropic magnetic form factor for Cu21 ions ~Ref. 25!. Solid
points in G show the accuracy of the background subtraction for wavevectors where no magnetic scattering is expected, squk
50.70(5), E,0.4 meV, and filled circles fork51.00(5), E.0.4 meV in Fig. 3~4!.
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zone. From this analysis we conclude that the observed fu
tional form ~energy- and wave-vector dependence! of the ob-
served continuum scattering is not reproduced by a t
magnon cross section.

The sharp peak observed below the scattering continu
in scans such as in Fig. 5G could only be clearly resolve
low energies below;0.2 meV. With increasingvk this
sharp peak appears to gradually merge into the higher-en
continuum scattering and a typical line shape is shown
Fig. 5H @scan H in Fig. 3~3!#. The intensity observed here
dominated by continuum scattering with a power-law li
shape above a lower boundaryvk50.34(2) meV@solid line,
Eq. ~3!# and no separate sharp mode could be resolved be
the continuum lower boundary. A spin-wave cross sect
~A10! ~dashed line! scaled to the intensity of the one-magn
peak in scan G, significantly underestimates the intensity
served near the lower boundary of the continuum scatter
At higher energies the spin-wave cross section is also in
equate to describe the low-energy part of the scattering
shapes as shown by dashed lines in Figs. 5A, 5F.
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c. Polarization of the continuum scattering.

In principle the polarization of the modes can be extrac
from neutron scattering data because of the directional
pendence of the intensities. We now consider this propert
find the polarization of the scattering with respect to t
plane of the spiral order. We compare the intensities m
sured at two equivalent places in the 2D Brillouin zone@A
and F in Fig. 2~b!#, but where the relative weights of th
in-plane and out-of-plane polarizations observed by neut
scattering are very different. In Fig. 5 scan A observ
mainly in-plane polarized scattering, whereas scan F
equally sensitive to in-plane- and out-of-plane polarizatio
see Table I. Contrary to the polarized spin-wave cross sec
@dashed lines, Eq.~A10!#, which predicts significant change
in the relative intensity of the different components of t
line shape due to the changes in the polarization factors,
two scans observe very similar line shapes and the scatte
is instead consistent with an isotropic polarization. The hig
energy continuum scattering is essentially unchanged u
heating aboveTN @see Figs. 6~G!–6~I!#, also consistent with
4-7
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R. COLDEA, D.A. TENNANT, AND Z. TYLCZYNSKI PHYSICAL REVIEW B 68, 134424 ~2003!
a mainly isotropic polarization of the continuum scattering
independent of the orientation of the spiral ordering plan

c. Sharp mode near saddle points

Sharp peaks were observed at high energies near sp
wavevectors where the 2D dispersionvk is at a ‘‘saddle’’
point as indicated in Fig. 2~a! @such points are located nea
k5(0,60.25,l ) with l an odd integer and equivalen
positions22#. A typical scan is shown in Fig. 5~E!. The line
shape here is dominated by a sharp, resolution-limited p
at v (0,20.23,0.98)50.56(1) meV, followed by only very weak
continuum scattering at higher energies. This sharp mod
much more intense@by a factor of 4.4~8!# than predicted by
extrapolating to those energies the intensity of the lo
energy magnon observed at 0.107~10! meV in scan G assum
ing a spin-wave dependence, Eq.~A7!, suggesting an anoma
lous intensity vs wave vector dependence or different ori
~perhaps a multiparticle bound state! for the saddle-point
mode. Also, spin-wave theory predicts an additional mo
nearvk

250.7 meV~dashed line!, which is, however, not ob-
served in the data. The saddle-point mode is consistent
an out-of-plane polarization by comparing its intensity

FIG. 6. Magnetic inelastic scattering measured at 0.75 K in
spin liquid phase aboveTN ~open symbols! and at 0.05 K belowTN

~solid symbols!. Top axis shows wave vector change along sc
direction. Solid lines in E, F are fits to a damped-harmonic osci
tor line shape Eq.~5! and in G, I are guides to the eye@the dashed
line in G shows a fit to the one-magnon cross section~A10!#. Data
very close to the elastic lineE50 was omitted in G.
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that of the isotropic continuum scattering observed neak
50.5. From this analysis we conclude that LSWT is ina
equate to describe the results, in particular the dominant c
tinuum scattering, and next we consider another appro
based on experience in 1D systems where LSWT bre
down and highly-dispersive continua are observed.

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

Neutrons scatter by changing the total spin byDST50,
61 and the observation of dominant scattering continua
dicates that the elementary quasiparticles created in such
cesses are not conventionalS51 spin waves. A natural ex
planation is that quasiparticles have fractional spin quan
number @spin is a good quantum number since the m
(J,J8) Hamiltonian has isotropic exchanges#. By analogy
with the 1DS51/2 HAFC chain@J850# we identify those
quasiparticles with spin-1/2 spinons, created in pairs in
neutron scattering process. The dominant neutron scatte
cross section is then a two-spinon continuum,isotropic in
spin space and extending between dispersive lower and
per boundaries obtained by convolving two spinon disp
sions.

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

S~k,v!5I k

u~v2vk!u~vk
U2v!

@v22vk
2#12h/2

, ~3!

where vk and vk
U are the experimentally determined 2D

dispersive lower and upper boundaries of the continu
scattering,I k is a wave-vector-dependent intensity facto
This form is generalized form the two-spinon cross section
the 1D HAFC chain (h51) and has also been proposed in
theoretical description of 2D frustrated quantum magn
with deconfined spinons.26

Scans that probe the continuum scattering over a w
energy range are shown in Fig. 5~G!, 5~J!. The intensities
observed above a crossover energy scalev* .0.2 meV can
be well described by a power-law line shape and fits~solid
lines! to Eq. ~3! ~assuming lower boundary fixed by the di
persionvk) give an exponenth50.7460.14 @the inset in
Fig. 5~G! shows a log plot of the continuum scattering
scans G and J and the solid lines are power-law fits#. The
observed wave vector dependence of the continuum sca
ing at constant energy is also consistent with the functio
form in Eq. ~3! as shown by the solid line in Fig. 5~I!.

At places close to the zone boundary such as Fig. 5~F! the
observed line shape can be described by a superpositio
two continua, each with a power-law line shape as in Eq.~3!
and onsets at separate lower boundaries. In the figure
solid line shows a superposition of two continua with ons
at vk

250.53(2) meV andvk50.67(2) meV. The scattering
at l 50 shown in Figs. 5~A!–5~D! can be described by a
superposition of three continua with lower boundaries at
dispersion relationsvk , vk

2 , and vk
1 , isotropic in spin

space and with equal relative weights~solid lines!:

e

n
-
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EXTENDED SCATTERING CONTINUA CHARACTERISTIC . . . PHYSICAL REVIEW B 68, 134424 ~2003!
S~k,v!5I kF u~v2vk!

~v22vk
2!12h/2

1
u~v2vk

2!

@v22~vk
2!2#12h/2

1
u~v2vk

1!

@v22~vk
1!2#12h/2Gu~vk

U2v!, ~4!

where the exponenth has values in the range 0.7 to 1. T
summarize, throughout most of the Brillouin zone and o
the largest energy scales probed the dynamical correlat
can be well described by continuum line shapes, charact
tic of a two-spinon cross section.

C. Dispersion relation and excitation line shapes in the 2D
spin-liquid phase aboveTN

The excitations are thermally broadened which results
smooth low-energy tail for the scattering line shapes
shown in Fig. 6~F! by data at 0.75 K in the spin liquid phas
aboveTN . The sharp magnon mode observed at base t
perature below the continuum lower boundary in Fig. 6~G!
~solid points! at vk50.107(10) meV damps out upon hea
ing ~open symbols! and merges with the low-energy tail o
the continuum scattering. At high energies, however, the c
tinuum scattering is practically unchanged by small tempe
tures, see Fig. 6~I!.

The dispersion relation aboveTN maintains a strong 2D
character. The observed incommensuration in the low en
part of the dispersion relation is plotted as a function ofk and
l in Fig. 3~5! ~open symbols! and is essentially unchange
compared to base temperatures~solid symbols!. The excita-
tions disperse strongly along both directions in the 2D pla
and the observed dispersion alongl for near-constantk;
20.25 is plotted in Fig. 7~solid symbols! and is practically
the same as belowTN ~solid line!. The dispersion points
were extracted by fitting the observed line shapes to
damped-harmonic oscillator form~difference of two Lorent-
zians centered atv56vk)

FIG. 7. Dispersion alongl for near-constantk;20.25 mea-
sured at 0.75 K in the spin liquid phase aboveTN . The solid line is
Eq. ~2! with the same parameters as belowTN . Intensities observed
along scans E, F are shown in Fig. 6.
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S~k,v!5I k

vGkvk

~v22vk
22Gk

2!214v2Gk
2 @n~v!11#, ~5!

wherevk is the dispersion relation,Gk is the damping rate,
andn(v)51/@exp(v/kBT)21# is the Bose population factor
This form gave a good description of the data as shown
typical fits ~solid lines! in Figs. 6~E!, 6~F!.

D. Paramagnetic scattering

Upon further increasing the temperature the lower bou
ary collapses and in the paramagnetic phase inelastic in
sity is observed in the form of a broad continuum scatter
extending up to a dispersive upper boundary. Figure 8~top
left! indicates the extent of the scattering~dotted area! ob-
served at 12.8 K (52.9J) as a function of wave vector an

FIG. 8. ~Top left! Extent of paramagnetic scattering observed
12.8 K ~dotted area!. The same wave-vector-energy space w
probed as for the 0.05 K data in Fig. 3~3!. Large open circles are the
upper boundary of the scattering with the thick~upper! dashed line
a guide to the eye. Solid points are the square root of the sec
moment of the scatteringA^vk

2& compared to predictions based o
sum rules@solid line Eq.~6!#; the thin dashed line shows the sam
calculation forT5`. ~Top right! Intensity observed along scan K
Top axis shows wave vector change along scan direction. Th
dashed line is a fit to a plateaulike function and dash-dotted
shows a fit to a Gaussian with the same second moment. Ver
arrow indicates the estimated upper boundary of the scatter
~Bottom! Intensity along scan K in the paramagnetic phase~open
circles 12.8 K! compared to low temperatures~solid circles 0.05 K!.
The dotted region highlights the area of the paramagnetic scatte
The solid line is a fit of the low-temperature data to a power-l
line shape~3!.
4-9
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energy. The intensity observed in scan K near the antife
magnetic zone center along@0k0# (k;0.5), where the scat
tering has the largest extent in energy is shown in Fig
~bottom!. The paramagnetic line shape~open circles! is
broad with scattering extending up to nearly the same up
boundary as the continuum scattering observed at low t
peratures~filled circles!.

We quantify the energy width of the scattering in terms
the normalized second moment ^vk

2&
5*dvv2S(k,v)/*dvS(k,v), which can be directly related
to the exchange couplings in the spin Hamiltonian using s
rules. Following Refs. 27 and 28 we obtain for a Heisenb
Hamiltonian to first order inb51/kBT

^vk
2&5

2

3
S~S11!(

d
Jd

2@12cos~k•d!#

3F11bS Jd

4
1

2

3
S~S11!JkD G , ~6!

where the sum is over all exchange couplingsJd , d is a
vector connecting sites, andJk5(1/2)(d Jd exp(ik•d) is the
Fourier transform of the exchange couplings. For the 1DS
51/2 HAFC model@J850 in Eq. ~1!# the above result pre
dicts that the paramagnetic scattering atT5` has a sinu-
soidal widthA^vk

2&5A2Jusinpku that is zero at the ferro
magnetic zone center and increases up to a maximum ofA2J
at the antiferromagnetic zone center.

The second moment was extracted from scans such a
Fig. 8 ~top right! where the data on the negative energy s
was constructed from the data on the positive energy
according to the principle of detailed balance. This proced
gave estimates of̂vk

2& averaged over a small range ofk
values and the results are plotted in Fig. 8~top left! ~solid
symbols!. The observed second moment near the antife
magnetic zone center and its reduction upon approaching
ferromagnetic zone center are well reproduced by Eq.~6!
~solid line! for the 2D Hamiltonian in Eq.~1! with the bare
exchange couplingsJ50.374 meV andJ850.128 meV as
determined for Cs2CuCl4 using saturation-field
measurements.17 Although this high-temperature method
probing the Hamiltonian does not give the exchange c
plingsJ andJ8 directly, it does, however, provide a measu
of the overall energy scale of the couplings without invo
ing magnetic fields and is thus an independent consiste
check of the bare exchange couplings and quantum re
malization factors. The second-moment calculation pred
that no significant changes are expected upon heatingT
5` @thin dashed line in Fig. 8~top left!# showing that the
measurement temperature (2.9J) was sufficiently deep into
the paramagnetic phase.

V. DISCUSSION

A. Magnetic excitations and crossover phase diagram

Our experiments on Cs2CuCl4 described above observ
that in the spin liquid phase aboveTN the dynamical corre-
lations are dominated by highly dispersive scattering c
tinua, the hallmark of deconfinedS51/2 spinons of a frac-
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tionalized phase. Upon cooling in the spiral ordered ph
below TN an S51 magnon with a small scattering weigh
emerges at low energies as expected for a phase with a
tinuous broken symmetry, however the dominant scatter
still occurs in the form of a continuum of excitations at m
dium to higher energies and is best described in terms
pairs of deconfined spinons. This could be understood
Cs2CuCl4 was in the close proximity of a fractionalize
phase with deconfined spinons, but only weakly perturbed
small terms in the Hamiltonian. Those weak terms stabil
long-range magnetic order and create an effective sh
range attractive potential between spinons that is sufficien
create a two-spinon bound state (S51 magnon! at low ener-
gies, but deconfined spinons still occur at energies hig
than the small scale of the attractive potential. In the s
liquid phase aboveTN small thermal fluctuations overcom
this small perturbation in the Hamiltonian and only deco
fined spinons would be expected, in agreement with exp
ments which observed two-spinon continua at all ene
scales probed. The proximity of Cs2CuCl4 to a spinon-
binding transition is supported by the observation of sh
divergencies at the lower boundary of two-spinon contin
~most clearly seen in scans A and F!, which indicate a reso-
nant enhancement of the scattering as precursor to the
mation of a sharp bound state, as noted in Ref. 29. Moreo
evidence that the ordered state is stabilized by only sm
terms in the Hamiltonian comes from measurements in
plane fields which observe suppression of the spiral or
and transition to a disordered phase at relatively small
plied fields.10

An important question is the nature of the fractionaliz
phase that dominates the physics in Cs2CuCl4 and leads to
strong two-spinon continua in the dynamical correlatio
Various approaches have been actively pursued theoretic
A quasi-1D approach was proposed,30 starting from 1D
HAFC chains along the strongest-exchange direction in
2D triangular planes and treating perturbatively all oth
terms in the Hamiltonian, including the frustrated coupli
J8; in this scenario the relevant picture is weakly coupl
chains,31 where spinons are 1D objects identified with qua
tum solitons. However, in Cs2CuCl4 the coupling between
‘‘chains’’ is relatively largeJ850.34(3)J and moreover, the
measured dispersion relations show strong~of orderJ8) 2D
modulations at all energy scales, indicating that the exc
tions are strongly affected by the two dimensionality of t
couplings. Explicit 2D approaches to the physics, such as
resonating-valence-bond~RVB! picture,5 have been consid
ered by other authors.14,15The RVB state can be phenomen
logically described as a spin liquid where spins are spon
neously paired into singlet bonds that fluctuate~resonate!
between many different configurations to gain quantum
netic energy. In this phase spinons are 2D objects with to
logical character16 and can be physically described as t
two spin-1/2 ends of a broken bond that separate aw
through bond rearrangement. Explicit calculations within t
two approaches~quasi-1D or explicit 2D! are required to
compare with the measured dispersion relations and sca
ing lineshapes to determine which one best captures
physics in Cs2CuCl4.
4-10
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EXTENDED SCATTERING CONTINUA CHARACTERISTIC . . . PHYSICAL REVIEW B 68, 134424 ~2003!
If the fractionalized phase relevant to Cs2CuCl4 is a 2D
RVB phase then a possible phase diagram scenario sho
the transition to incommensurate 3D spiral order driven
some small parameter in the Hamiltonian~such as the inter-
layer couplingsJ9) is illustrated in Fig. 9. This phase dia
gram is inspired from the proposal12,26 that if a 2D frustrated
quantum magnet is driven from a spiral ordered phase in
spin liquid phase by varying some parameter in the Ham
tonian, then the spin liquid phase has fluctuating spiral or
and deconfined spin-1/2 spinons. In this scenario the R
phase is protected by the gap to break a singlet bond and
transition to order occurs when the gap closes and an ord
moment can form from condensed spinons~or pairs of
spinons!. The magnetic order is an incommensurate spira
minimize the frustrated couplings and symmetry breaking
the spiral plane predicts a gapless Goldstone spin-w
mode at low energies, which can also be regarded as a
spinon bound state stabilized by the weak mean-field eff
of the magnetic order. In this phase diagram scenario de
fined spinons are expected to occur at higher energies a
the scale of the binding potential, and at all energy scale
the spin liquid phase aboveTN when the mean-field binding
effects are cancelled by small thermal fluctuations, in agr
ment with experiments.

Two theories of 2D spin liquid phases with deconfin
spinons have so far been proposed for the main (J,J8)
Hamiltonian of Cs2CuCl4, a model with gapped bosoni
spinons14 and a model with gapless fermionic spinons.15 In
the latter case the phase diagram in Fig. 9 would be modi
such that the fractional spin-liquid phase exists only at
critical point, i.e., PC50. Another interesting theoretica
possibility is that of a quantum phase with magnetic or
and gapless magnonscoexistingwith topological order and
gapped spinons recently discussed in the context of an
frustrated square lattice.32

FIG. 9. ~Color online! Phase diagram of a quasi-2D frustrat
quantum magnet with deconfined spinons near an instability to
ral long-range order driven by a small parameterP in the Hamil-
tonian ~such as the interlayer couplingJ9). The vertical dashed
arrow shows the region that would be probed by experiments
Cs2CuCl4. Dashed lines mark the cross over to critical behav
from gapped fractional spin liquid forP,PC and from renormal-
ized classical on the ordered side (P.PC). At temperatures large
than the exchange energies, there is a crossover to paramag
behavior~wavy dashed line!.
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B. Paramagnetic scattering

Neutron scattering studies of the high-temperature pa
magnetic scattering are highly uncommon, whereas in
they can reveal important information about the system. H
we consider a physical picture for the observed scatterin
the paramagnetic phase by making an analogy with
model systems where a number of exact theoretical res
are known. We refer in some detail to the 1D Haldan
Shastry model~equivalent to an ideal 1D spinon gas! and the
XY chain~equivalent to a noninteracting lattice fermion ga!
where the physics atT5` can be understood in terms of
disordered gas of quasiparticles where as a consequen
spin conservation rules a neutron scattering process invo
only two-particle states.

The 1D Heisenberg model with 1/r 2 exchange@Haldane-
Shastry model~HSM!#1 is equivalent to an ideal spinon ga
At T50 the ground state is the spinon vacuum and
spin-1 excitations~observable by neutron scattering! are two-
spinon creation processes.1 At T5` exact diagonalizations
on finite clusters33 find that the spin-1 excitations form
continuum in (k,v) that extends up to the same upp
boundaryvk

U as the two-spinon continuum atT50; the scat-
tering has a sharp cutoff at this boundary and no other st
at higher energies are accessible. Combining this result w
the fact that the Hilbert space of the HSM Hamiltonian c
be entirely described in a spinon basis~all eigenstates can b
written in terms of states with an even number of spinon1!
suggests that the dynamical correlations atT5` may also be
physically interpreted in terms of two-spinon scattering p
cesses. For example,S21(k,v) contains scattering event
where~i! two up-spinons are created,~ii ! two down-spinons
are annihilated, or~iii ! an up-spinon is created and a dow
spinon is annihilated; the intensity is a sum of the cro
sections for the above processes, weighted by the statis
probability of all possible initial states. Since in the HS
model the spinon dispersion isnot affected by the presenc
of other spinons in the ground state,1 the maximum two-
spinon energy atT5` ~when the ground state can be r
garded as a dense gas of spinons! is the same as atT50
~when the ground state is a spinon vacuum!, in agreement
with the exact diagonalization results33 showing an upper
boundary unaffected by temperature.

Another system where only two-particle states contrib
to dynamical correlations~of a conserved operator! is theXY
chain H5J( iSi

xSi 11
x 1Si

ySi 11
y , which can be recast into a

problem of noninteracting lattice fermions using a Jorda
Wigner spin-particle mapping~up spin5occupied state,
down spin5empty state). The Hilbert space consists
eigenstates with a fixed number of particles and the gro
state atT50 has all negative energy states occupied and
positive energy states empty, where the single-particle
persion isvk5J cos(2pk). The excitations contributing to
the dynamical correlations of theconserved Sz operator con-
sist of particle-hole pairs:33,34 Szz(k,v)5(k1 ,k2

(1

2 f k1
) f k2

d(v2vk1
1vk2

)d(k1k12k2)/N, where f k

51/@exp(vk /kBT)11# is the statistical probability that the
statek is occupied. AtT5` every state is equally probabl
to be occupied or empty (f k51/2, the ground state is a dis

i-

n
r
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ordered gas of fermions! and theSzz dynamical correlations
are a particle-hole pair continuum contained within2vk

U

<v<vk
U with the same upper boundary as atT50, vk

U

52Jusin(pk)u.
The above interpretation of the paramagnetic scatterin

the ideal spinon gas~HSM model! in terms of two-spinon
states could also be extended to the 1D nearest-neig
HAFC chain. In this case, however, interactions betwe
spinons renormalize downwards the dispersion relatio2

Therefore the upper boundary of the two-spinon continu
at T5` may be slightly reduced compared toT50 as a
consequence of energy renormalization effects. This con
ture is consistent with exact diagonalizations on fin
clusters,33 which found that most of the scattering weig
~within a few percent! at T5` is located below theT50
two-spinon boundary; the same study33 also found that atT
5` the line shapes near the antiferromagnetic zone ce
approached a distinctly non-Gaussian shape, better app
mated by a plateaulike function centered at zero ene
@similar in shape to the solid curve in Fig. 6~I! but where the
horizontal axis is energy#. The line shape observed in Fig.
~top right! is better described by a plateaulike function~thick
dashed line! than by a Gaussian of the same second mom
~dash-dotted line!. In this comparison both curves are ce
tered at v50 and are multiplied by (v/kBT)/@12exp
(2v/kBT)# to account for thermal population effects to fir
order inv/kBT.

The observation of continuum scattering extending up
an upper boundary that is only slightly reduced compared
the low-temperature extent of the continuum scattering@see
Fig. 8 ~bottom!# suggests that the paramagnetic line sha
in Cs2CuCl4 may be understood in terms of~mainly! two-
spinon scattering processes.

VI. CONCLUSIONS

In conclusion we have measured the magnetic excitat
in the quasi-2D frustrated quantum antiferromag
Cs2CuCl4 using high-resolution time-of-flight neutron spe
troscopy. In the 2D spin liquid phase above the magn
ordering transition the dynamical correlations are domina
by highly dispersive scattering continua, characteristic
fractionalization of spin waves into pairs of deconfinedS
51/2 spinons. Boundaries of the scattering continua
strongly 2D dispersive indicating that 2D effects are imp
tant up to all energy scales of the excitations. Upon cool
into the 3D spiral ordered phase sharp magnon mo
emerge at the lowest energies, but the dispersion relat
and continuum scattering at medium to high energies w
essentially unchanged compared to aboveTN . This suggests
a dimensional crossover from 3DS51 spin waves at low
energies to 2DS51/2 spinons at medium to high energies.
phase diagram scenario locating Cs2CuCl4 in the proximity
of a spinon deconfinement transition was proposed.

We hope these results will stimulate further theoreti
work in the field of frustrated quantum magnets and fracti
alized phases; knowing the Hamiltonian rigorously17 should
provide a test of the various theoretical approaches. We
note that crucial in our experimental exploration of the ph
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ics and in building up a phenomenological picture of t
excitations was the use of time-of-flight neutron spectr
copy, which allowed probing the dynamical correlations ov
a very large part of phase space.
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APPENDIX A: LINEAR SPIN-WAVE THEORY FOR A
SPIRAL-ORDERED MAGNET

In this section we describe the ground state and exc
tions of the frustrated Hamiltonian on the anisotropic tria
gular lattice in Fig. 1~b! using linear spin-wave theory. Thi
approach assumes that spins order in a well-defined struc
~found by minimizing the mean-field energy! and treats ex-
citations as local spin deviations that propagate by inter
hopping. Linearizing the equations of motion results
wavelike propagating modes, the magnon quasipartic
which have quantized spin angular momentumS51 and
Bose statistics. We discuss the dynamical correlations par
etrized in terms of one- and two-magnon scattering p
cesses.

To find the mean-field ground state it is illuminating
consider first an isosceles triangle@see Fig. 10~a!#, which is
the building block of the full two-dimensional anisotrop
triangular lattice in Fig. 1~b!. In the absence of the zig-za
couplingJ850 the strong antiferromagnetic exchangeJ fa-
vors antiparallel alignment of the spins 2 and 3. This coll
ear order becomes unstable in the presence of a couplinJ8
and the mean field created by spin 1 induces a spin-flop-
tilt of the other two spins as indicated in the figure. T
angular tilt c depends on the relative strengthJ8/J and is
therefore incommensurate with the lattice. Generalization
this model to the full 2D lattice results in the noncolline
spiral order indicated in Fig. 10~b!. The ordered spin at siteR
is ^SR&5^S&cos(Q•R1f0) x̂1^S&sin(Q•R1f0) ŷ, where
^S& is the magnitude of the ordered spin moment andf0 is
an arbitrary phase angle.x̂ and ŷ are orthogonal unit vectors
defining the plane of spin rotation. The ordering wave vec
Q is found by minimizing the exchange energy~per spin!
Jk5J cos(2pk)12J8cos(pk)cos(pl), k5(h,k,l ) and is Q
5(0,0.51ec,0) where ec5sin21@J8/(2J)#/p is the incom-
mensuration relative to Ne´el order. In the mean-field ap
proximation the incommensurate spiral order occurs imm
diately as the chains alongJ become coupled, i.e.,J8Þ0,
and is stable throughout the range 0,J8/J,2, which in-
cludes the isotropic triangular latticeJ8/J51 for which ec
51/6.

An incommensurate spiral order as depicted in Fig. 10~b!
is observed19 in Cs2CuCl4 at temperatures belowTN
4-12
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50.62(1) K. The ordered spins rotate in cycloids, nea
contained in the~bc! plane due to a small anisotropy. Th
angle between consecutive spins alongb is u52pQ5180°
110.8(8)° which give an incommensuratione050.030(2).
The measured incommensuration is significantly sma
than the classical valueec50.054 corresponding to the mea
sured exchange parameters17 J8/J50.34(3). This large
renormalizatione0 /ec50.56 is due to quantum fluctuation
not captured by the classical mean-field approximation,
well reproduced by calculations which include neare
neighbor spin-singlet correlations in the incommensur
ground state.14,35 Those correlations favor antiferromagne
alignment of the paired spins, therefore acting to reduce
incommensuration as observed.

Since the ordered spin direction rotates as one mo
from site to site it is convenient to define a local referen
frame (j,h,z) such that the mean spin direction at each s
appears along thez axis for all sites. This transformation i
illustrated in Fig. 10~c! and is defined by

Sx5Szcosf2Sjsinf,

Sy5Szsinf1Sjcosf,

Sz5Sh, ~A1!

FIG. 10. ~a! Schematic diagram of the mean-field ground st
for three spins located in the corners of an isosceles triangle
antiferromagnetic couplingsJ ~horizontal thick bond! andJ8 ~thin
zig-zag bonds!. ~b! Spiral order on the anisotropic triangular lattic
obtained by generalizing the picture shown in~a!. Thick arrows
indicate the ordered spin direction, which rotates in the (x,y) plane
by an incommensurate angleu52pQ between neighboring sites i
the direction of the strong exchangeJ ~horizontal thick bonds!. ~c!
Definition of the rotating reference frame (j,h,z) wherez is along
the local mean spin direction andh is perpendicular to the rotation
plane.
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where the rotation angle at siteR is f5Q•R1f0. Spin
deviation operators are expressed in terms of magnon B
operators using the Holstein-Primakoff36 formalism

SR
15SR

j 1 iSR
h5A2SaR1•••,

SR
25SR

j 2 iSR
h5A2SaR

†1•••,

SR
z 5S2aR

†aR , ~A2!

where ellipses stand for higher-order terms involving three
more operators.aR

† creates a spin deviation at siteR and its
Fourier transformak

†5(RaR
†e2 ik•R/AN creates an extende

wave (N is the total number of spins!.
In a 1/S expansion the leading term in the Hamiltonia

becomes a quadratic form of magnon operators. This ca
diagonalized using standard techniques to obtain the wa
vector-dependent spin-wave energies37

vk52SA~Jk2JQ!@~Jk2Q1Jk1Q!/22JQ#, ~A3!

where Jk5J cos(2pk)12J8cos(pk)cos(pl) is the Fourier
transform of the exchange couplings. Higher-order terms
the Hamiltonian amount to interactions between magno
which are expected to produce~relatively! small renormal-
izations of the above spin-wave energies. A typical plot
the dispersion relation in Eq.~A3! is shown in Fig. 2~a!. The
dispersion has a sinusoidal shape with gapless modes a
ferromagnetic zone centerk50 and at the incommensurat
ordering pointsk56Q in the 2D Brillouin zone. Thev0
mode corresponds to a uniform rigid rotation of all spins
the ordering plane and is called a phason, whereas thev6Q
modes correspond to fluctuations where the plane in wh
spins rotate cants away from the ordering plane. Those th
gapless excitations are Goldstone modes associated with
breaking of symmetry in spin space by the spiral long-ran
order @in the presence of a small easy-plane anisotropy
modev6Q acquires a gap butv0 remains gapless as it in
volves spin rotations inside the easy-plane#.

Information about the nature and properties of the s
excitations is contained in the dynamical correlation funct
Sab(k,v), directly measured by neutron scattering.27 This is
defined as the Fourier transform of the space and time
relation function

Sab~k,v!5
1

2p\E2`

1`

dt(
R

^S0
a~0!SR

b~ t !&ei (vt2k•R),

~A4!

where a and b label Cartesian axes and̂•••& denotes a
ground state average. Because the Hamiltonian~1! conserves
the total spin componentST

z , the off-diagonal terms cance
out Sab(k,v)50 for aÞb, see Ref. 27.

One-magnon (1M ) excitations occur in the fluctuation
polarized transverse to the ordered spin directionz. The
transverse dynamical correlations atT50 are obtained as37

e
th
4-13
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S1M
jj ~k,v!5

S̃

2
uuk1vku2d~v2vk!,

S1M
hh ~k,v!5

S̃

2
uuk2vku2d~v2vk!. ~A5!

Sharp one-magnon peaks occur at wave vectors and ene
given by the dispersion relationvk . The scattering intensi
ties depend on the functionsuk and vk defined asuk
5coshuk andvk5sinhuk , where tanh 2uk5Bk /Ak and

Ak52SH Jk

2
1

1

4
@Jk2Q1Jk1Q#2JQJ ,

Bk52SH Jk

2
2

1

4
@Jk2Q1Jk1Q#J .

The dispersion relation in Eq.~A3! can alternatively be ex
pressed asvk5AAk

22Bk
2.

Fluctuations in the longitudinal spin component (iz) are
expressed as a product of two local magnon operators in
~A2!. After transformation to normal operators that diagon
ize the quadratic Hamiltonian, the longitudinal dynamic
correlation function is expressed in terms of two-magn
(2M ) scattering processes. AtT50 only two-magnon cre-
ation processes can occur and their cross-section is g
by38

S2M
zz ~k,v!5

1

2N (
k1 ,k2

f ~k1 ,k2!

3d~v2vk1
2vk2

!d~k1k12k21t!,

~A6!

where f (k1 ,k2)5uu2k1
vk2

1uk2
v2k1

u2 is the scattering
weight. This formula is valid in the harmonic approximatio
where magnon-magnon interactions are neglected, i.e.,
the quadratic part is retained in the Hamiltonian expansio
terms of magnon operators. In Eq.~A6! k1 and k2 are the
wave vectors of the two magnons, which can be created a
where in the first Brillouin zone andt is a vector of the
reciprocal lattice. For a given wave vector transferk two-
magnon processes contribute an extended scattering
tinuum at energies above a lower threshold. This thresh
corresponds to creating one magnon in the lowest ene
state ~in this casevk1

50 at a wave vectork150,2Q or

1Q) and the other magnon at another place in the zone.
sum in Eq. ~A6! was calculated numerically using
weighted Monte Carlo method described in Ref. 39. From
large number of randomly generated two-magnon scatte
processes a distribution of 23106 events was selected ac
cording to a probability proportional to the scattering weig
f (k1 ,k2); this gave the complete picture of the two-magn
13442
ies

q.
-
l
n

en

ly
in

y-

n-
ld
gy

he

a
g

t

intensity in the whole Brillouin zone. Figure 11~a! shows a
plot of the resulting intensity shifted in wave vector byQ to
obtain the quantityS2M

zz (k2Q,v) relevant for comparison
with experiments. The intensities obtained after nume
summation were then normalized to satisfy the sum rule
the total two-magnon scattering in the Brillouin zone, as d
cussed below.

Longitudinal inelastic processes described in Eq.~A6! can
occur because the spin moment is not fully ordered in
ground state. This disordering is due to zero-point quant
fluctuations and the spin reduction calculated in the lin
spin-wave approximation isDS5(kuvku2/N, wherek spans
the Brillouin zone. Applied to the relevant 2D couplings
Cs2CuCl4 @J8/J50.34(3)# this gives a very large spin re
ductionDS50.43, see Ref. 40, however, mean-field effe
from the interlayer couplings and anisotropy terms not

FIG. 11. ~a! Two-magnon scattering intensityS2M
zz (k2Q,v) in

Eq. ~A9! as a function of energy and wave vector alongb* . Density
of scattered points represents intensity. The plotted points are
dom two-magnon scattering events generated using a Monte C
algorithm for the sum in Eq.~A6! as described in the text. Th
displayed two-magnon scattering continuum is bounded at low
ergies by the lower of the three dispersion relationsvk ~solid line!,
vk22Q ~dashed line!, and vk2Q ~dash-dotted line!. ~b! Energy-
integrated two-magnon scattering intensity as a function of w
vector alongb* . Solid points represent*dvS2M

zz (k2Q,v) calcu-
lated using a distribution of scattering events such as shown in~a!.
For comparison, the intensity of the in-plane magnon with disp
sionvk2Q is shown by the dash-dotted line@*dvS1M

jj (k2Q,v) see

Eq. ~A8!#. Calculations are plotted for renormalized couplingsJ̃

50.61 meV andJ8̃/ J̃50.175 that fit the observed dispersion rel
tion in Cs2CuCl4 plotted in Fig. 3. One- and two-magnon scatteri
intensities were normalized against sum rules as described in
text with DS/S;0.25 estimated from experiments~Ref. 19!; the
term ^uv&2 was calculated to be very small and was neglected.
4-14
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cluded in this calculation can quench some of the low-ene
fluctuations and partially restore order, leading to a sma
DS. The total two-magnon scattering intensity integrat
over energy and wave vector in a Brillouin zone isDS(1
1DS)1^uv&2 ~per spin!, where^uv&5(kukvk /N is in gen-
eral non zero if the ordering wave vectorQ is incommensu-
rate. Zero-point fluctuations also affect the one-magnon s
tering by reducing the intensity factor in Eq.~A5! from S to
S̃5S2DS2^uv&2(112DS)21. With this normalization the
sum rule for the total scattering in the Brillouin zoneS(S
11) is exhausted by elastic Bragg scattering (S2DS)2

shared between the two positionsk56Q, inelastic one-
magnon S̃(112DS) and two-magnon processes. Highe
order scattering processes involving three or more magn
are neglected here since their scattering weight decre
very rapidly with increasing particle number. Those pr
cesses redistribute some of the scattering weight in the z
towards higher energies.

To obtain the dynamical correlations measured in an
periment, Eqs.~A5! and~A6! are converted to the fixed labo
ratory reference frame (x,y,z) using the transformation in
Eq. ~A1!. Sharp one-magnon peaks occur both in the out
plane (iz)

S1M
zz ~k,v!5S1M

hh ~k,v!5
S̃

2

Ak2Bk

v
d~v2vk!, ~A7!

as well as in the in-plane (ix,y) dynamical correlations

S1M
xx ~k,v!5S1M

yy ~k,v!5
1

4
@S1M

jj ~k2Q,v!1S1M
jj ~k1Q,v!#

5
S̃

8

Ak2Q1Bk2Q

v
d~v2vk2Q!

1
S̃

8

Ak1Q1Bk1Q

v
d~v2vk1Q!. ~A8!

In total three spin-wave modes are observed: a princ
mode vk polarized out-of-plane (iz) and two secondary
modesvk

25vk2Q andvk
15vk1Q polarized in plane (ix,y).

Those three modes can also be regarded as excitations
quantized spin moment along thez axis normal to the spira
plane, i.e., the principal modevk has spinSz50 and the two
secondary modesvk

6 have spinSz561 (1z defines the
sense of rotation in the spiral!. The three dispersions ar
plotted along theb* and c* directions in Fig. 3 and for all
modes the intensity decreases as 1/v with increasing energy
The secondary modes are images of the main mode displ
in wave vector by2Q and1Q. This apparent splitting into
three modes is a characteristic feature of systems with he
order, i.e., helix, cycloid, and cone.37

The two-magnon scattering is polarized in-plane and
obtained using transformation~A1! as

S2M
xx ~k,v!5S2M

yy ~k,v!5
1

4
@S2M

zz ~k2Q,v!1S2M
zz ~k1Q,v!#.

~A9!
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Starting from the two-magnon continuumS2M
zz (k,v) in Eq.

~A6! calculated in the rotating reference frame the wave v
tor valuesk are shifted by1Q and 2Q. This gives two
continua, their superposition is the two-magnon scattering
the fixed reference frame in Eq.~A9!. Figure 11~a! shows a
plot of the first term in Eq.~A9! as a function of energyv
and wave vectork along theb* direction. In the figure the
density of points indicates scattering intensity, which d
creases rapidly with increasing energy. The energy-integra
two-magnon scattering intensity is plotted in Fig. 11~b! ~solid
points!: the intensity is largest near the magnetic Bragg pe
position and cancels at the ferromagnetic zone centerk→t.
For S51/2 andDS50.125 the two-magnon spectral weig
is throughout most of the Brillouin zone comparable to t
weight of the in-plane polarized one-magnon modevk

2

~dashed-dotted line! that occurs near the lower boundary
the two-magnon continuum, whereas for wavevectors n
the magnetic Bragg peak position most scattering weigh
in the one-magnon channel.

Including the polarization factors for magnetic scatteri
the one-magnon cross section measured by neutron sca
ing is

I 1M~k,v!5pxS1M
xx ~k,v!1pzS1M

zz ~k,v! ~A10!

and the two-magnon cross section is

I 2M~k,v!5pxS2M
xx ~k,v!, ~A11!

where the polarization factors are

px511cos2ak ,

pz5sin2ak . ~A12!

The relative intensity of in-plane (ix) and out-of-plane (iz)
polarized excitations can therefore be changed by vary

FIG. 12. ~Color online! Contour plot of the 2D dispersion rela
tion using a square-lattice representation of Fig. 1~b! (J8 along the
square edges!. Filled circles are zone centers and stars show po
tions of incommensurate magnetic Bragg peaks.
4-15
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the angleak between the scattering wave vectork and the
axis ẑ normal to the rotation plane. For Cs2CuCl4 the ordered
spins rotate nearly in the~bc! plane, so the axes are identifie
as (x,y,z)[(b,c,a). For comparison with experiments th
magnetic form factoru f (k)u2 for Cu21 ions25 was also in-
cluded on the right hand side in Eqs.~A10! and ~A11!.
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APPENDIX B: SQUARE-LATTICE NOTATION

Theoretical models14,15 for the triangular lattice in Fig.
1~b! often regard the problem as a square lattice with
changeJ8 is along the edges andJ along one of the diago-
nals. A contour plot of the 2D dispersion relation in Eq.~2!
using the square-lattice basis22 is shown in Fig. 12.
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