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Statistics of spinons in the spin-liquid phase of CsCuCl,
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Motivated by a recent experiment onCsICl, [Coldeaet al, Phys. Rev. Lett86, 1335(2001)], we study
the spin dynamics of the spin-liquid phase of the S%Jifrustrated Heisenberg antiferromagnet on the aniso-
tropic triangular lattice. There have been two different proposals for the spin-liquid phaseiCgs These
spin-liquid states support different statistics of spinons; the bosonid)Sp¢geN mean-field theory predicts
bosonic spinons, while the $) slave-boson mean-field theory leads to fermionic spinons. We compute the
dynamical spin structure factor for both types of spin-liquid state at zero and finite temperatures. While at zero
temperature both theories agree with experiment on a qualitative level, they show substantial differences in the
temperature dependence of the dynamical spin structure factor.
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The existence of a spin-liquid state in frustrated quanturmargeN mean-field theory supports bosonic spinons while
magnets has been one of the central issues in the field dfie SU2) slave-boson mean-field theory leads to fermionic
strongly correlated systems® Recent experimental studies spinons.
of various frustrated magnetic compounds provided excellent The statistics of the spinons may be a useful characteristic
opportunities to investigate the competition between geomeif the underlying spin-liquid states. In particular, an impor-
ric frustration and quantum fluctuations, and its role in thetant question is whether spin-liquid ground states with the
occurrence of quantum spin-liquid stafeSluch interest in  same symmetry, but different spinon statistics, are necessar-
two-dimensional quantum spin-liquid states has evolvedly distinct; this question has been only partially answered.
since Anderson proposed that the doped spin-liquid statén this paper, we would like to achieve a more moderate
may hold the key to the puzzles of high-temperature supergoal; while the above question about the ground state cannot
conductivity in cuprate§ More recently the search for spin- be answered by investigating mean field theories, one may
liquid states has been extended to geometrically frustratestill be able to identify which mean-field state provides a
quantum magnets.® more faithful approximation of the true spin-liquid state of

The hallmark of the spin-liquid state is the existence ofthe material. If the mean-field state is a good representation,
fractionalized excitations. In this regard, the two- residual quantum fluctuations will be small, and are not ex-
dimensional  frustrated  Heisenberg antiferromagnepected to influence the system’s responses in a qualitative
Cs,CuCl, provides a useful realization of a two-dimensionalway. We aim to achieve this goal by comparing the spin
spin-liquid state: A recent neutron-scattering experimentexcitation spectra of the different proposals with the experi-
showed the remarkable result that the dynamical spin struanentally measured spin structure factor. We compute the dy-
ture factorS(qg,w) does not exhibit well-defined peaks cor- namical spin structure factor for the spin-liquid states in both
responding to spin-1 magnons. Instead, there exists a cothe bosonic Sg{) largeN and the S{2) slave-boson mean-
tinuum of excitations which has been interpreted as thdield theories. We find that, at temperatures well below the
indication of pairs of deconfined spi-spinons in the un- temperature scale set by the exchange couplings, the tem-
derlying spin-liquid state. perature evolution of the dynamical spin structure factor de-

The minimal Hamiltonian describing @8uCl, is argued pends significantly on the spinon statistics: While the fermi-
to be the spiny Heisenberg antiferromagnet on an aniso-onic spinons are fairly insensitive to temperature, the bosonic
tropic triangular lattice: spinon spectrum shows significant changes in this tempera-

ture range, as described below.
A useful bosonic representation of the Hamiltonian in Eq.

HZle S-S +J; E S-S, (1) (1) can be obtained by generalizing the physical spin
(1) (i) SU(2)=Sp(1) symmetry to Sp). The generalized spin
operators can be expressed in terms of boson operators
where§ is the S=1/2 spin operator on site andJ,, J, are biTa ,bi, on every sitei, wherea=1,...,2N is a Sp{N)
the exchange couplings along two different types of bonds,
as indicated in Fig. 1. There have been at least two different J2
proposals for the spin-liquid state of this model in connection J}/ N/ §J1/ X
to the experiment on GEuCl,. These proposals are based N - X+Y
on two different mean-field approaches: the bosonicNSp(
largeN mean-field theordf"'* and the S(2) slave-boson w y

mean field theory?~1* One of the distinguishing properties
of the two resulting spin-liquid states is the statistics of the FIG. 1. The antiferromagnetic exchange interactions in
fractionalized excitations, i.e., spinons; the bosonicNgp( Cs,CuCl, with J;=0.125 meV and,=0.375 meV, Ref. 9.
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index! The constrainb™b,=n, is imposed on each site to tion is expected to be modified by gauge-field fluctuations, it
fix the number of bosonsn(,=2S for N=1). In the mean- may still provide a qualitatively correct description of the
field theory, the S@{) Hamiltonian is solved in thé&l— o spin excitation spectrum.

limit with «=n, /N fixed}* The mean-field phase diagram as  The spin-liquid states obtained from the two approaches
a function ofJ,/(J;+J,) and 1k contains both magnetic differ in important aspects: one of them isZa spin-liquid
long-range-orde(LRO) and short-range-ord¢SRO phases phase with gapped bosonic spinofathough the gap is
(see Fig. 4 of Ref. 10at zero temperature. For bare param-smal), and the other is a (@) spin-liquid state with gapless
eter values relevant to the materiat£1 andJ,/J;=3), fermionic spinons. It is therefore interesting to ask which
the largeN phase diagram predicts a spin-ordered groundspin-liquid state is more likely to describe £xCl,. We
state with an incommensurate wave vector in the therefore calculate in both cases the dynamical spin structure
directionl® However, finiteN corrections will move the factor defined as5(q,»)=—1/7[1+n(w)]x"(q,»), where
phase boundaries, so that the physical Spiimit could in ()= 1/(e*’T—1) is the Bose thermal factor, and(q, »)

fact be described by the incommensurate SR@in-liquid is the imaginary part of the dynamical spin susceptibility:
phase with deconfined spi- spinons® The material

Cs,CuCl, actually exhibits long-range order at temperatures _» _ _ fw i ot z 70 _

below 0.62 K, which can be suppressed by an applied mag- () 3Im( ﬁodte OO(S1AD.S(=a.0D |,

netic field. Since this ordering is due to the small interlayer 3
coupling (3,<1072J,),° we expect the excitation spectrum
to be indistinguishable from the disordered state at energles
above this(smal) scale. In our strictly two-dimensional
model, no ordered state can occur at any finite temperature.
Here, we consider the point=0.64 andJ,/J;=3 in the
largeN phase diagranisee Fig. 4 of Ref. 10 which lies in XSp) = 32
the SRO phase close to the LRO phase boundary, as the
possible spin-liquid state relevant to£s1Cl,, which is ex-

perimentally known to be close to a quantum phase transi- +
tion. The spinon dispersion in this case has a small gap at

where spin rotation invariance has been used to wyite

In the Sp{) approachy”(q,) is obtained as

( +A(Q) )[n(Ek)—n(EL)]5(w+ Ev—Ep)

=

+A(Q)>[n(EL)—n(Ek)]5(w+ Ex—Ew)

N

g=(0.26m,0.26m) of ~0.03),, which is much smaller than 1

the experimental resolution of about 0,5 + Z—A(q) [1+n(Ey)+n(Ep)]8(w+E+Ey)
On the other hand, spin-liquid phases can also be obtained

from a fermionic representation via the &) slave-boson 1

approach?~#This approach utilizes a hidden 8 gauge - (Z—A(q) [1+n(E)+n(EY]8(w—E—E]|,

symmetry in the fermionic representatlon of the Helsenberg
model“lntroducmg two SW2) doublets gy = (f;; ) and (4)

1//,2 (fi),—f m) to rewrite the destruction operators of e , , ;L ,
where A(q)=(N"—AA)/AEEL, Ey=Eyx.q, and Ay
spin-up and -down staté$ the mean-field Hamiltonian can —Ay.q. Here n(Ey) is the Bose thermal factorEy

be expressed in terms of the<2 Hermitian matricesl;; as
=A?—AZ is the bosonic spinon dispersiéh,and A,
=J1Q (sink+sink)+J3,Q, sinfk+k). Q; and Q, are
Him=— 2 (4 Ui ¥+ H.C)+ 2 agdl, i, mean-field bond variables for nearest-neighbor and next-
N ' nearest-neighbor bonds, respectively, ands a Lagrange
Here, 7 (I _1 2,3) are the Pauli matrices, and the Lagrange multiplier enforcing the constraint on the number of bosons.

multiplier al, is used to enforce the constrait@, 7 y;,)  he temperature dependent values@f, Q, and \ are

12,13 determined self-consistently.
=0. It has been proposed that the spin-liquid phase with In the SU?2) slave-boson approacly’ is given by

the following mean-field ansatz is the most likely candidate
for the spin-liquid phase of GEuCl,:*?

XSu@)= 32 ( +B(a) |[[f(&)—T(E)]d(w+E—Ey)
Ui ivi= X7 Ui,i+§/:_)(72, Ui,i+§<+§/:?\73,
1
21720, almay. . + 4+B<q>)[f<5k> H(E1S(w+ E4—Ed)
. 1
Here the parametepg \, andaz have to be determined self- — (—— B(q)>[1— f(&)—F(EN1Nw+EAHER)
consistently. According to the classification scheme of Ref. 4
12, this is one of the possible() spin-liquid phases on the 1
anisotropic triangular lattice. The excitation spectrum has + ——B(q))[l—f(Ek)—f(é'li)]ﬁ(w—Sk—El’() ,
gapless point¢ at (0,0), @r,7), and (@,q), where q 4
=+ 7/2+ €, with e=0.04. Although the mean-field solu- (5)
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FIG. 2. Intensity plots ofy"(q,®), with q oriented along the FIG. 3. Scans 0f"(q, ) at various temperatures in the bosonic

direction ofJ,, computed in(a) the Sp(N) and (b) the SU2) ap-  Sp(N) approach along the scan directiohsB, C andD as used in
proach. Darker areas indicate higher scattering intensity. Top panefsig. 2(a) of Ref. 9. The results & =0, 0.15, and 0.2, are shown
represent the results @t=0 and bottom panels indicate the results by the solid, dotted, and dashed lines, respectively.

at T=0.15,.

, , , , , Sp(N) approach describes some aspects of the experimen-
where B(q)=(exex+ DkD)/ &k, Ex=Ekrqr @Nd Dy a1y measured spectra at lower enetgge Fig. 2a of Ref.)9
=Dy+q- Here,§ =2+ Dy is the dispersion of the fer- petter: there is much less scattering intensity aroumgr
mionic  spinons? e =\ cosk,+k)—a;, Dy=x(cosk, in the Sp{) approach compared to the results of the(HU
—cosk,), and f(&) is the Fermi distribution function. We  theory, and the peak intensity is close to the lower edge as
assume that the values of the order-parameter fielaisd\ , opposed to the upper edge in the case of théBabproach.
which were obtained in Ref. 12, do not vary significantly in The details of the spectra described above are expected to
the temperature range considered here, and we explicitithange, however, once fluctuations about the mean-field so-
verified that our results are insensitive to any changes;in |utions are included. In addition, it is difficult to distinguish
with temperature. the two spin-liquid states from their low-energy excitation

Our results fory”(q, ) for the two spin-liquid states are spectra under current experimental resolution. Therefore, it is
shown in Figs. 2—4. The spin structure facf{q, w) differs
from x”(q,w) by an overall thermal factdrl+n(w)]. As a 5
result the low-energy spectral weight yf(q,w) is some- A
what suppressed compared8¢q, w), but the overall inten-
sity distribution looks very similar. To make direct contact
with experiment, we show”(q,w) for both spin-liquid 1
states in Fig. 2, witly oriented along the direction df, (see
Fig. 1). Figures 3 and 4 show the same quantity along four2
scan trajectories that were used in the experiniesg Figs. 2
and 3 of Ref. 9. Note that the poink=2#/b in Fig. 2(a) of
Ref. 9 corresponds tq= = in Fig. 2 here.

Both spin-liquid states show a continuum of spin excita-
tions, which is a hallmark of spin liquids with spi-
spinons. Moreover, both theories indicate strong scattering
around @r/2,7/2) in agreement with the experiment. At zero
temperature, the lower edge of the excitation spectrum in
both theories has minima at (0,0)s (), and close to
(7/2,712). The spinon spectrum in the ) approach has 0
a small gap (0.08,) at the single incommensurate mini- ¢ 05 1 15 E[rr?eV]
mum, while it has two gapless incommensurate points in the
SU(2) theory. These slight differences, however, are below FIG. 4. Scans of/"(q,w) at various temperatures in the fermi-
the experimental resolutionabout 0.3,).° The upper onic SU2) approach along the same four scan directions as in Fig.
boundary of the scattering spectrum in the(3hpproach is 3. The results aT =0, 0.19,, and 0.3, are shown by the solid,
closer to the experimental results. On the other hand, thdotted, and dashed lines, respectively.
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fair to say that, at zero temperature, both theories agree reanergies is observed. Since the different temperature depen-
sonably well with experiment on a qualitative level. dence arises from distinct statistics of the spinons, these re-
At finite temperatures, however, one expects that the difsults will not be affected fundamentally by fluctuations about
ferent spinon statistics will give rise to substantial differ- the mean-field ground states.
ences in the spin excitation spectrum. Indeed, as shown in |n summary, we studied the dynamic spin structure factor
Figs. 2—4, our results at finite temperatures indicate that thef different spin-liquid states obtained from the bosonic
scattering intensity extends to a broader range in the phasgrgeN Sp(N) and the fermionic S(2) mean-field theories
space ofg,», and x"(q,») shows very different behavior of 5 two-dimensional frustrated spinHeisenberg antiferro-
with increasing temperature in the two approaches. This d'fmagnet, as a model for @8uCl,. We found that at zero
ference can be most clearly seen by comparing the tempergsmperature the dynamic spin structure factor of both spin-
ture evolution of the intensities along the four scan dwecuonqiquid states compares favorably with experiment. At finite
used in the experimer{see Fig. 2 of Ref. P As shown in  temperatures, fundamentally different behavior arises due to
Fig. 3, the maximum intensity increases in the Sp@p-  the different spinon statistics. The signatures we found in the
proach, and the excitation spectrum becomes more narrowhsmperature dependence of the spin structure factor can be
peaked around the maxima as temperature increases, Whilged to compare both theories with future experiments, in
the overall intensity remains roughly constant. Additionally, orger to determine which theory is best suited to describe the

a two-peak structure develops, which resembles the 1ingpin-jiquid state of CECuCl,. More details will be presented
shape predicted by a spin-wave calculation in the LRO phasg, 3 future publication.

(see Fig. 3 of Ref. § and is presumably due to the vicinity

of an ordered quantum ground state. On the other hand, as We would like to thank J. B. Marston and R. Coldea for
shown in Fig. 4, the evolution of the spin structure factorstimulating discussions. This research was supported by the
with temperature is much less significant in the(34heory, = NSERC of Canada, the Sloan Foundation, and the Canadian
where only a very slight shift of spectral weight to lower Institute for Advanced Research.
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