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The spin excitations of the S = 1/2 anisotropic triangular antiferromagnet Ca;ReOsCl, were investigated
by inelastic neutron-scattering experiments. The spin excitation spectrum exhibits sharp dispersive modes in
addition to a spinonlike continuum. The sharp modes exhibit large and small dispersions along the intrachain
(K) and interchain directions (L), respectively, reflecting a one-dimensional character modified by interchain
interactions. The dispersion intensity along the interchain direction is enhanced at the wave vectors around
(K, L) = (0.25, +1.0) and (0.75, 0.0) (in reciprocal lattice units, r.L.u.). This enhancement is well explained
by the formation of bound spinon pairs. These features are reminiscent of the spin excitations observed in
the prototypical compound Cs,CuCly [Coldea, et al., Phys. Rev. Lett. 86, 1335 (2001); Phys. Rev. B 68,
134424 (2003)]. The consistency with the simulated spectrum based on the random-phase approximation is
better for Caz;ReOsCl, than for Cs,CuCly, indicating that the spin system in the former remains closer to a
Tomonaga-Luttinger liquidlike disordered state. In addition, the low-energy modes exhibit a wave-vector shift
along the £K direction, suggesting that uniform intrachain Dzyaloshinskii-Moriya interactions are more relevant

in Ca3RCO5 C12
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I. INTRODUCTION

The search for elementary excitations with fractional quan-
tum numbers is one of the most intriguing topics in condensed
matter physics [1-3]. A representative example is the spinon
in a spin-1/2 one-dimensional antiferromagnet. Spinons can
be interpreted as domainlike excitations carrying spin-1/2
[4] that obey a dispersion relation identical to that of the
des Cloizeaux—Pearson (dCP) mode [5]. A single neutron
excites a few pairs of spinons, resulting in a continuum
above the dCP mode in inelastic neutron-scattering experi-
ments [6-9]. In addition, fractional excitations under magnetic
frustration are possible even in antiferromagnets with two-
or three-dimensional lattices. For instance, a triangular-lattice
antiferromagnet, which exhibits 120° Néel order [10,11], is
suggested to be in the crossover region between a classical
ordered state and a quantum disordered ground state [12—-14].
The spin excitation spectrum can reflect the fractional ex-
citations related to the quantum disordered state. Indeed,
continuous excitations extending to an energy six times as
large as the nearest-neighbor interaction have been found
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in the triangular-lattice antiferromagnet Ba3;CoSb,Og [15].
These excitations may be related to fractionalized excitations.
A spin-1/2 anisotropic triangular-lattice antiferromagnet
(ATLAF) comprising two types of interactions, J and J’, is the
best candidate for finding and understanding fractionalized
excitations. A schematic view of an anisotropic triangular
lattice is shown in Fig. 1(a). The spin-1/2 ATLAF can be re-
duced to a decoupled one-dimensional antiferromagnet when
J' is zero and becomes an ideal triangular-lattice antiferro-
magnet when J’ is equal to J. In this sense, the spin-1/2
ATLAF offers an approach to constitute a two-dimensional
frustrated system starting from a one-dimensional system, for
which the ground state and excitations are well understood.
Neutron-scattering experiments on the representative spin-
1/2 ATLAF Cs,CuCly [16-19] have stimulated much dis-
cussion on the ground-state and spin excitations in the
spin-1/2 ATLAF [20-39]. This compound exhibits an in-
commensurate spiral order at Ty = 0.62 K [16]. J'/J was
estimated as 0.3 [19,40,41]. The magnetic order is induced by
Dzyaloshinskii-Moriya (DM) interactions [42-44]. Without
the DM interactions, a Tomonaga-Luttinger (TL) liquid-
like disordered state is expected to be the ground state for
this value of J'/J [30-33,35,36]. Signatures of fractional-
ization have been observed in inelastic neutron-scattering
experiments in which the spin excitation spectra exhibited
a spinonlike continuum and sharp dispersive modes [16,17].
Initially, the spin excitations were interpreted as being due
to a resonating valence bond state [16,17] or a magnon con-
tinuum enhanced by noncollinear magnetic order [38,39].
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FIG. 1. (a) Schematic view of an anisotropic triangular lattice.
The overlap between the Re d,, orbitals leads to the nearest-neighbor
and next-nearest-neighbor antiferromagnetic interactions denoted as
J and J', respectively. (b) Temperature dependence of the magnetic
susceptibility under magnetic fields of 7 T applied to the a, b, and ¢
axes. (c) Resonance frequencies plotted as functions of the magnetic
field. The solid lines correspond to linear fits.

Subsequently, Kohno et al. proposed a spinon-based descrip-
tion in which spinons propagate along individual chains and
a bound spinon pair propagates between the chains [1,45].
They demonstrated that the spinon-based description can
reproduce the spin excitation spectrum without adjustable pa-
rameters other than a constant scale factor. The consistency
with the experimental results indicates that one-dimensional
spin correlations persist over a wide energy range due to the
competition between J' in an ATLAF. This description has
also been applied to some quasi-one-dimensional antiferro-
magnets [46]. However, it is not so apparent how long-range
order modifies the spinon-based description. Because a spinon
bound state is expected to be related to a magnon, which
arises from an ordered ground state, it is difficult to distinguish
the magnon and spinon excitations from each other in the
presence of long-range order.

In consideration of this, the spin-1/2 ATLAF Ca3;ReOs5Cl,
[47,48] should be a better candidate to test the validity of
the bound-spinon-pair interpretation in the spinon-based de-
scription, because the long-range order is more suppressed in
this compound. CazReOsCl; crystallizes in the orthorhombic
space group Pnma. Each spin 1/2 is carried by the Re®"
ions, which couple with oxygen atoms to form ReOs square
pyramids. A spin 1/2 occupies the d,, orbital in each square
pyramid, forming a spin-1/2 anisotropic triangular lattice on
the bc plane [47,48]. Based on the overlap of the d,, orbitals,
as shown in Fig. 1(a), the dominant intrachain antiferromag-
netic exchange should be along the b direction, while weak
interchain exchange may also be present along the ¢ direction.
Ca3ReOs5Cl, exhibits a magnetic order at Ty = 1.13 K, which

is likely to be a DM-induced spiral order, as we discuss later.
The magnetic interactions are estimated to be J = 3.5 meV
and J'/J = 0.32 from the temperature dependence of the
magnetic susceptibility. This estimate is also supported by
density functional theory (DFT) calculations. The ratio f =
J/Tx of CazReOsCl, is almost five times larger than that of
Cs,CuCly. This reduces the influence of magnetic order on
the spin excitations in the ATLAF.

In this study we perform single-crystalline magneti-
zation and inelastic neutron-scattering measurements on
Ca3ReOs5Cl,. The paper is organized as follows. The exper-
imental details are described in Sec. II. The magnetization
and electron spin resonance (ESR) experiments are presented
in Sec. III. Both experiments indicate a small anisotropy in
the magnetization and provide evidence that the Re®" ions
carry spin 1/2. In Sec. IV we show the spin excitation spec-
trum, which consists of sharp dispersive modes and a spinon
excitation continuum modified by the interchain interactions.
The spin excitation spectrum is compared with the simulated
spectrum based on the random-phase approximation (RPA)
in Sec. V. The wave-vector and energy-transfer region in
which the dispersive modes exhibit large intensities matches
the region in which a bound spinon pair can appear as a
consequence of competing interchain interactions [45]. In
Sec. VI, the effect of DM interactions on the low-energy spin
excitations in the spin excitation spectrum is discussed. In
Sec. VII, the spinon-based description is discussed in terms
of the observed spin excitations. The better consistency be-
tween the experimental and simulated spectra of Ca3;ReOsCl,
compared to Cs,CuCly indicates that the spin system realized
in Ca3ReOsCl,; is closer to a TL liquidlike disordered state. A
summary is given in Sec. VIII.

II. EXPERIMENTS

The magnetic susceptibility was measured with a magnetic
properties measurement system (Quantum Design). A single
crystal grown by the self-flux method [47] was fixed on a
quartz sample holder, and a magnetic field of 7 T was applied
along the a, b, and ¢ axes. The g value of the paramagnetic
state was estimated from the results of high-field ESR experi-
ments using a pulse magnet. A few pieces of single-crystalline
samples were coaligned in a sample holder together with a
small piece of di(phenyl)-(2,4,6-trinitrophenyl)iminoazanium
(DPPH) added as a g marker.

The inelastic neutron-scattering experiments were per-
formed by using the cold-neutron disk chopper spectrometer
AMATERAS installed in the Materials and Life Science
Experimental Facility at J-PARC, Japan [49]. Thirty single
crystals grown by the self-flux method [47] were coaligned on
a rectangular Al plate so that the a* and b* axes were set on
the horizontal scattering plane. The a* axis was set parallel
to the incident neutrons, and the intensities were projected
on the b*-c* plane. The projection is justified because the
dispersion along the a* direction should be negligible, as
expected from the very small overlap of the d,, orbitals [48].
The main data were collected at the incident neutron ener-
gies of E; = 20.96,9.71, 5.57, and 3.61 meV using repetition
multiplication [50]. The monochromating disk choppers were
rotated at 300 Hz to achieve energy resolutions of 0.94, 0.28,
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0.13, and 0.07 meV, respectively. E; of 2.63 meV with an
energy resolution of 0.04 meV was also used to investigate the
low-energy excitations around the magnetic Bragg peak. The
sample was cooled down to 0.3 and 2.6 K using a *He refrig-
erator. All the data collected were analyzed using the software
suites UTSUSEMI [51] and HORACE [52]. The b-axis length was
adjusted to 5.51 A for the analysis based on the position of
the 011 reflection. The effect of the absorption was corrected
by regarding the sample as a flat plate with the size of 2.5 x
2.5 x 0.1 cm? [53,54]. The form factor of Re®* used for the
analysis was estimated by performing Fourier transformation
on the squared Wannier functions calculated from previous
DFT calculation results [48]. The squared Wannier functions
describe the electron densities in this system well, because the
d.y orbitals are well separated from the other d orbitals.

III. MAGNETIC SUSCEPTIBILITY

The temperature dependence of the magnetic susceptibility
is shown in Fig. 1(b). The magnetic susceptibility does not de-
pend significantly on the field direction. This indicates a small
magnetization anisotropy. The effective magnetic moment
Uest and Weiss temperature 6 are estimated from the Curie-
Weiss fits between 100 and 400 K. The fits yield (e, ) =
[1.647(2) up, —36.9(2) K], [1.568(2) up, —38.1(3) K], and
[1.555(1) up, —41.0(1) K] for B || a, b, and c, respectively.
The small difference from the [1.585(2) wg, —37.8(1) K] esti-
mated for a polycrystalline sample [48] reflects the anisotropy
in the g value. Assuming that Re®" carries spin 1/2, the g
values are estimated to be 1.903(2), 1.811(3), 1.796(1), for
B || a, b, and c, respectively.

The g values estimated from the high-field ESR experi-
ments also suggest the nearly isotropic nature of the exchange
interactions. Figure 1(c) shows the linear relations between
the frequencies and resonance magnetic fields at 50 K. The
resonance magnetic fields are determined by fitting the ab-
sorption spectra by Gaussian functions (see the Supplemental
Material [55]). From the slopes of the lines, the g values are
estimated to be 1.88, 1.85, 1.92 for B || a, b, and c, respec-
tively. The g values include an uncertainty of 0.01 due to the
broad linewidths of the spectra. These magnitudes are almost
consistent with those estimated from the Curie-Weiss fit. The
small anisotropy in the g values indicates that the magnetism
of this compound should be understood as a spin-1/2 system.
In addition, the deviations of the g values from the spin-only
value of 2 are small, indicating that there are only small
contributions from orbital momentum. For instance, Re®* ions
doped in molybdenum oxide exhibit a g value of 1.61-1.67
[56], which is smaller than the 1.85-1.92 of CazReO5Cl,. The
small deviation from 2 in CazReOsCl, results from a large
crystal-field splitting of 1.4 eV between the Re d,y, dy; + d,;,
and d,; — d,, orbitals [47]. Note that a small difference is
observed in the g values obtained from the magnetization and
ESR measurements for B || c. DM interactions might enhance
the difference in the magnetic susceptibility at lower fields.
The spin excitations observed by inelastic neutron-scattering
experiments reflect the existence of the intrachain DM inter-
actions, as discussed in Sec. VI.

IV. SPIN EXCITATION SPECTRUM

Figure 2 shows the intensity maps of the inelastic neutron
scattering along K measured at E; = 9.71 and 20.96 meV.
Comparing Figs. 2(a)-2(c) measured at 0.3 K and Figs. 2(d)—
2(f) measured at 2.6 K, it can be seen that the features of
the spin excitations are largely unchanged across the mag-
netic transition. Thus we first focus on the common features
observed in the spin excitations measured at 0.3 and 2.6 K
and then discuss the differences between them. As shown in
Figs. 2(a)-2(f), a spinonlike continuum with a strong intensity
at K ~ 0.5 appears across the entire observed L range. A large
dispersion along the K direction indicates that the dominant
antiferromagnetic exchanges are along the b direction. The
lower energy boundaries of the continuum are roughly consis-
tent with the K dependence of the dCP mode, as expected in a
spin-1/2 one-dimensional antiferromagnet [5]. Figures 3(a)—
3(c) present the intensities integrated across the reciprocal
K ranges of K = [0.20, 0.30], [0.70, 0.80], and [0.45, 0.55]
(or [0.48, 0.52] for those measured at E; = 3.61 meV), re-
spectively. For the K ranges of [0.20, 0.30] and [0.70, 0.80],
the integrated intensities exhibit broad peaks at 5.5-5.7 meV.
Assuming that the peak positions correspond to the maximum
energy of the dCP mode, Jrr /2, the dominant intrachain ex-
change is estimated to be 3.5-3.6 meV. The magnitude of
this rough estimate is consistent with the 3.5 meV estimated
from the temperature dependence of the magnetic suscepti-
bility [48]. The small peaks at 7-8 meV in Figs. 3(a) and
3(b) are due to phonons, because strong intensities are indeed
observed at large H values beyond the ranges shown in Figs. 2
and 4.

In addition, the intensities against the energy transfer at
K ~ 0.5 follow the 1/w dependence expected in a spin-
1/2 one-dimensional antiferromagnet. Figure 3(c) shows a
semilogarithmic plot in which the intensities measured at a
few values of E; are plotted as functions of the energy transfer.
The intensities measured at E; = 20.96 and 3.61 meV are
multiplied by a constant scale factor to correct for the incident
neutron flux so that the integrated intensities at the elastic
position match at E; = 9.71 meV. The intensities are then
divided by the magnetic form factor of Re®*. This procedure
is necessary because the H component is also increased with
increasing energy transfer as a result of the projection along
the a* axis. The dashed curve indicates the 1/w dependence
proposed by Miiller [57,58]. The dashed curve agrees with the
integrated intensities, indicating the one-dimensional charac-
ter of the magnetism.

On the other hand, the spin excitations also exhibit unique
features that cannot be explained by a spin-1/2 decoupled
one-dimensional antiferromagnet. First, the spin excitation
spectrum is weakly asymmetric about K = 0.5, as shown in
Figs. 2(a) and 2(d). The asymmetry is apparent in the in-
tegrated intensities shown in Figs. 3(a) and 3(b). The peak
energy is larger at K = [0.20, 0.30] than at K = [0.70, 0.80].
The difference of 0.2 meV in the peak energy is much larger
than the possible shift caused by the magnetic form factor,
which strongly reduces the intensity at large wave vectors. The
asymmetry depends on the L range used for the integration, as
shown in Figs. 2(b), 2(c) 2(e), and 2(f).
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FIG. 2. Color contour maps of scattering intensities along the K direction measured at (a)—(c) 0.3 K and (d)—(f) 2.6 K. The intensity is
integrated for the H range below 4.0 r.L.u. (reciprocal lattice unit), and the L range is indicated above each figure. The spectra were collected at
(a), (d) E; =9.71 and (b), (c), (e), (f) 20.96 meV. The intensities from the elastic signals appear as the background below (a), (d) 1 meV and
(b), (c), (e), (f) 2 meV. (g)—(i) Color contour maps of scattering intensities simulated by applying the RPA to antiferromagnetically coupled
spin-1/2 chains. Each spectrum includes the contribution of dispersive modes from an antibound/bound spinon pair, which are indicated by

the black dashed curves.

Second, a small dispersion is present along the L direction,
indicating the presence of weak interchain couplings along
the ¢ axis. Figure 4 shows the intensity maps along the L
direction. The maximum of the lower energy boundaries of
the continuum occurs near L = 0 for K = [0.20, 0.30], while
the minimum occurs near L = 0 for K = [0.70, 0.80]. This
reversed dispersion indicates that the interchain couplings J’
are formed along a diagonal direction. The dispersion can
also be confirmed from the integrated intensities shown in
Figs. 5(a) and 5(b). The peak position shifts to lower energies
with decreasing L at K = [0.20, 0.30] [Fig. 5(a)] but shifts to
higher energies with decreasing L at K = [0.70, 0.80]. The
above two features are also observed in the spin excitation
spectrum of Cs,CuCly. This provides evidence for the sig-
nificance of interchain couplings in the anisotropic triangular
lattice of CazReO5Cl,.

While the intensities of the continuum are almost tem-
perature independent, the intensities of the dispersive modes
increase as the temperature is lowered to 0.3 K. For instance,
in the dispersion for the K range of [0.20, 0.30], a sharp
dispersion becomes prominent at the L ranges of [—1.0, —0.5]
and [0.5, 1.0], as indicated by Figs. 4(a) and 4(e). An intensity
increase at 0.3 K is also observed in the K range of [0.70,
0.80]. However, the increase occurs at a different L range of

[—0.5 0.5]. The differences between the spin excitation at
0.3 and 2.6 K are also evident in the integrated intensities
shown in Figs. 5(a) and 5(b). These differences suggest the
coexistence of spin-1 excitations, which propagate between
antiferromagnetic chains in addition to the spinon continuum
at 0.3 K. For a fixed K, the dispersion intensities increase at
the L range where the lower energy boundaries of the contin-
uum become small. This suggests that interchain interactions
are relevant for the formation of spin-1 excitations, as we
discuss in Sec. V.

V. RPA CALCULATIONS

Because the spin excitations reflect a one-dimensional
character, the excitations should be interpreted as spinons or
their pairs. Indeed, Kohno et al. proposed that incoherent con-
tinuum and sharp dispersive modes, such as those observed in
Cs,CuCly, can coexist in an ATLAF [45]. The continuum is
induced by spinons propagating along each one-dimensional
chain, while the dispersive modes are derived from a bound
spinon pair. A single spinon cannot propagate between chains
because of the competition between interchain interactions.
On the other hand, the propagation of a pair of spinons is still
possible and leads to a gain in the kinetic energy [1,45].
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(a) K =1[0.20, 0.30] and L = [—0.2,0.2] and (b) K = [0.70, 0.80]
and L = [—0.2, 0.2] measured at E; = 9.71 meV. (c) Integrated in-
tensities plotted against energy at K ~ 0.50. Before integration, the
intensities are normalized by the integrated intensities at the elastic
position and then divided by the Re®" form factor. The data col-
lected at the E; values of 3.61, 9.71, and 20.96 meV are plotted
with the integration ranges of K = [0.48, 0.52] and L = [—0.6, 0.4],
K =10.45,0.55] and L =[-0.6,0.4], and K = [0.45,0.55] and
L =[—-1.2,0.8], respectively. The dashed curve represents a 1/w
dependence.

Kohno et al. derived a dynamic structure factor by con-
structing effective Schrodinger equations and then solving
them numerically [45]. The dynamical structure factor calcu-
lated by their method has almost the same functional form
as that derived from the RPA [59,60]. Thus in this study,
the spin excitation spectrum is compared with that simulated
by applying the RPA to the dynamical susceptibility of a
spin 1/2, weakly coupled one-dimensional antiferromagnet.
Here we introduce k, and k, as the wave vectors along the
intrachain (b*) and interchain (c*) directions, respectively. We
first calculate the two-spinon contributions to the dynamical
structure factor of a one-dimensional chain, S;p(k,, w), fol-
lowing the analytic procedure presented in Refs. [61] and
[62]. The dynamic susceptibility is then derived using the
fluctuation-dissipation theorem in the zero-temperature limit
and the Kramers-Kronig relation as follows:

Imxip(ky, @) = msgn(w)Sip(ky, |@)), ey

1 /oo dw’IleD(kx’w/)

ReXlD(kxv a)) = ;P ) (2)

/
00 o —w

where P represents the principal integral. The integration is
performed numerically using an adaptive quadrature algo-
rithm. Next, the RPA is applied to the dynamic susceptibility
x1p (ky, ), leading to

Xip (ky, ®)
1+ J/(an ky)XlD(kxv CL)) '

1
Srea (kx, ky, @) = ;ImXRPA(kxv ky, ) (0>0), (4)

xrea (ky, ky, @) = 3

where J'(k, k) represents the Fourier transform of the inter-
chain couplings. In addition, the intensities from the spinon

bound state are also considered in the simulation. The disper-
sion of the spinon bound state Eps(w) is determined by the
condition that the denominator of Eq. (4) becomes zero, i.e.,
1 4 J'(ky, ky)Rexip(ky, Eps) = 0. Its intensity is given by

Sos (kx, ky, w) = 8(w — Eys)

/ 2 o /SID(kxs w/) !
X {J (ky, ky) /0 do —(Ebs — a)’)z} , O

which is derived from the wave-function normalization condi-
tion. The continuum and sharp dispersive modes correspond
to Sgpa and Sy, respectively. The calculated intensities are
finally multiplied by the form factor of Re®* and convoluted
with the Gaussian function to account for the instrument res-
olution. The wave vector and energy resolutions are estimated
by the analytic method [63]. Note that a Gaussian function
with an increased linewidth is used for the wave-vector con-
volution, as we discuss in Sec. VL.

Let us compare the experimental spectra with the simulated
dynamical structure factors, which are shown in the color
contour maps in Figs. 2(g)-2(i) and 4(i)—4(1). The parameters
J =3.59 meV, J'/J = 0.15, and a common-scale factor are
selected to reproduce the experimental spectra. The estimate
of J'/J includes an uncertainty of £0.05 because of the in-
complete agreement with the experimental data, as discussed
below. The simulated spectra reflect the asymmetry of the
dispersion against K [Figs. 2(g)-2(i)] and the small dispersion
along L [Figs. 4(1)—4(1)] observed in the experiments. The
asymmetry and dispersion are induced from the bound state
(Sbs), whose dispersion is indicated by the black dashed curves
in Figs. 2(g)-2(i) and 4(i)—4(1). For instance, as shown in
Fig. 2(g), a dispersive mode with large intensities only appears
at the K range between 0.5 and 1.5 r.l.u. (reciprocal lattice
unit). This results in the difference in the peak position below
0.5 and above 0.5 r.l.u., as shown in Figs. 3(a) and 3(b). In
Figs. 5(a) and 5(b), constant wave-vector cuts obtained from
the experimental results are compared with those simulated
by the decoupled and coupled antiferromagnetic chain models
represented by blue dashed and black solid curves, respec-
tively. The blue dashed curves do not reproduce the peak shift.
On the other hand, although the agreement is still imperfect,
the black solid curves reproduce the line shapes of the inte-
grated intensities measured at 0.3 K better. The broad line
shapes at K = [0.20, 0.30] and L = [—0.2, 0.2] correspond to
the spinon excitation continuum modified by interchain inter-
actions, while the peak with a tail extending to high energies
at K =[0.70,0.80] and L = [—0.2, 0.2] consists of the sum
of the modified continuum and a sharp mode originating from
a bound spinon pair. The contributions from the bound spinon
pair are necessary to reproduce the entire line shape. Note that
weak but finite intensities are also expected from an antibound
spinon pair induced by repulsion between spinons. The dis-
persion of the antibound spinon pair is indicated by the black
dashed curves in Figs. 2(g)-2(i). Although the intensities due
to the antibound spinon pair can appear at some wave vectors
near (K, L) ~ (0, 0) and (1, —1), they were not observed in
our experiments because of their small magnitudes.

As we have discussed, the intensity difference between 0.3
and 2.6 K becomes large at certain wave-vector and energy
ranges. It should be noted that these wave-vector and energy
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FIG. 4. Color contour maps of scattering intensities along the L direction measured at (a)-(d) 0.3 K and (e)—(h) 2.6 K. The intensity is
integrated for the H range below 4.0 r.l.u. and the K range indicated above each figure. The spectra were collected at (a), (b), (e), (f) E; = 9.71
and (c), (d), (g), (h) 20.96 meV. (i)—(1) Color contour maps of scattering intensities simulated by applying the RPA to antiferromagnetically
coupled spin-1/2 chains. The dispersive modes from bound spinon pairs are indicated by the black dashed curves.

ranges correspond to the ranges in which dispersive modes
from a bound spinon pair are expected. As can be seen in
Figs. 4(a), 4(b) 4(e), and 4(f), the intensities are increased at
low temperatures at (K, L) ~ ([0.20, 0.30], [—-1.0, —0.5]),
([0.20, 0.30], [0.5, 1.0]), and ([0.70, 0.80], [—0.5, 0.5]). This
wave-vector range matches the ranges indicated by the dashed
curves in Figs. 4(i) and 4(j). The temperature variation of the
integrated intensities is also apparent in Figs. 5(a) and 5(b).
A sharp peak emerges at 0.3 K at a peak position consistent
with that indicated by the black solid curves. This correspon-
dence suggests that the intensities from the bound spinon pair
become prominent as the temperature is decreased down to
0.3 K. This is reasonable because the maximum binding en-
ergy to separate the spinon pair is estimated as approximately
0.06 meV (corresponding to 0.7 K), assuming J = 3.59 meV
and J'/J = 0.15.

VI. EFFECT OF DM INTERACTIONS

As described in Secs. IV and V, the excitations above a few
meV can be understood as a consequence of the competition
between J and J'. On the other hand, those below a few meV
cannot be simply explained by only these interactions. Fig-
ures 6(a) and 6(b) present a contour map of inelastic neutron
scattering measured at 0.3 K and their integrated intensities
across certain energy ranges, respectively. Three dispersive
modes with almost the same curve shape are observed. One
mode exhibits an energy minimum at 0.50 r.L.u. whereas the
other two modes are shifted by +0.035 r.l.u. along the K
direction. The left mode evolves from the magnetic Bragg
peak, whose position and intensity are indicated in Fig. 6(f).
These features are also corroborated by the contour map in
Fig. 6(e). On the other hand, the middle and right modes

exhibit a small energy gap of ~0.2 meV. The modes shifted
on both sides of 0.50 r.l.u. cannot be reproduced by spin
waves with spiral order driven by the competition between
J and J’ (the dispersion relation of the leading and secondary
modes derived from spin-wave theory is given in Ref. [18], for
instance). At 2.6 K smeared modes still remain, as shown in
Figs. 6(c) and 6(d). The constant-energy cut exhibits a broad
peak, which has a much larger FWHM than the resolution of
0.025 r.1.u. Thus, the shift along the K direction should still be
present at 2.6 K.

The incommensurate magnetic order and associated wave-
vector shift of the low-energy excitations can be induced
by interactions between distant sites, such as intrachain
next-nearest-neighbor interactions or uniform intrachain DM
interactions. The former is unlikely because the magnetic
ions are far part: the next-nearest neighbors along the chain
are separated by a distance of 11.13 A, for instance. On the
other hand, the latter is more likely because it is allowed
by the translational symmetry in Ca3;ReOsCl,. The uniform
DM terms can be removed by a gauge transformation cor-
responding to a position-dependent rotation around a DM
vector. Thus, for spinon excitations, uniform DM interactions
split a degenerate transverse mode into two modes located on
both sides of a longitudinal mode in the excitation spectrum.
The magnitude of the shift is Ag ~ D/(Jd) (d is distance
between nearest neighbors) [64—66]. This is the reason for the
broadening of the magnetic excitations along the K direction
at 2.6 K. On the other hand, it is difficult to interpret the
magnetic excitations at 0.3 K because the magnetic structure
has not been determined so far. However, because the left
and the right modes are shifted from 0.50 r.L.u. in opposite
directions by the same magnitude, the intrachain DM inter-
actions are decisive for the magnetic order and associated
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FIG. 5. Integrated intensities plotted against energy at the
selected wave-vector ranges of (a) K =[0.20,0.30] and L =
[-0.2,0.2], [-0.6, —0.2], and [—1.0, —0.6]; (b) K = [0.70, 0.80]
and L =[-0.2,0.2], [-0.6, —0.2], and [—1.0, —0.6]; (¢c) K =
[0.20, 0.30] and L = [—0.2, 0.2]; and (d) K = [0.70,0.80] and L =
[—0.2,0.2]. In (a), (b), the intensities for L = [—0.6, —0.2] and
[—1.0, —0.6] are shifted for clarity. The simulated intensities for the
coupled and decoupled chains are represented by the black solid and
blue dashed curves, respectively. In (c), (d), RPA-based simulated
curves with wave-vector convolution performed using a narrower
linewidth Gaussian function are plotted as the dotted lines, while
the solid lines indicate the same curves convolved with a broader
linewidth Gaussian function (see text for details).

excitations. For instance, uniform DM interactions can induce
a DM-induced spiral order in a spin-1/2 one-dimensional anti-
ferromagnet in which the spiral plane is formed perpendicular
to the DM vector. Spin-wave theory predicts that the pri-
mary out-of-plane polarized mode can exhibit the minimum
energy at ¢ = m/d. Simultaneously, a gauge transformation
into the unrotated frame induces the shift of Ag ~ £D/(Jd)
from g = 7 /d in the in-plane polarized modes [67] due to
the high-order spin-wave terms. The magnitude of the en-
ergy gap for each mode would be modified by the J' and
interchain DM interactions. Thus the shift from 0.50 r.l.u.
should be related to uniform DM interactions, regardless of
whether the magnetic excitations are interpreted as spinons or
magnons.

Note that the above discussion requires the wave-vector
shifts to persist up to high energies. Because the wave-vector
shift becomes smaller than the wave-vector resolution at
large Ejs, the linewidth along the K direction is effectively
increased. Indeed, the experimental spectrum reflects the ef-
fect of the broadening, as compared in Figs. 5(c) and 5(d).
The black dotted and solid curves represent constant wave-
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FIG. 6. (a) Color contour map of scattering intensities along the
K direction measured at 0.3 K. The intensity is integrated across the
L range indicated above the figure. The spectrum was collected at
E; =3.61 meV. (b) Integrated intensities at selected energy ranges
plotted as functions of K. The plots obtained by integrating over
[0.20, 0.30] and [0.30, 0.40] meV are shifted for clarity. (c), (d) The
same contour map and plot as (a), (b) at 2.6 K. (e) The same contour
map as (a) measured at E; = 2.634 meV and 0.3 K by rotating
the single crystals by 5 degrees around the (0, 0.50, 0) position.
(f) Integrated intensities integrated over £0.04 meV at the elastic
position. The H and L ranges used for the integration are indicated
above the figure.

vector cuts of the simulated spectra convoluted by Gaussian
functions with different linewidths: the linewidth along K is
set equal to the instrument resolution (roughly 0.06 r.Lu. in
FWHM) in the former, while it is increased by 0.03 x 2 r.l.u.
for the latter. The convolution using the latter Gaussian func-
tion is necessary to reproduce the intensity decrease between
4.5 and 5.5 meV. This suggests that the wave-vector shift is
also extended to high energies. The spin excitations between
4.5 and 5.5 meV have a small difference between 0.3 and
2.6 K, suggesting that the wave-vector shift at high energies is
preserved even above Ty.

The wave-vector shift in magnon branches induced by
DM interactions has often been observed in neutron-scattering
experiments. In particular, an incommensurate spiral order
often induces a wave-vector shift of the magnons, as we have
discussed so far. Another example is «—Cu, V,07, which ex-
hibits a commensurate collinear antiferromagnetic order [68].
The uniform DM component parallel to the magnetic moment
shifts the minimum of the magnon branches to the incom-
mensurate wave-vector position [69]. Although Ca;ReOsCl,
exhibits incommensurate order at low temperatures, the spin
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excitation spectrum suggests that the wave-vector shift also
applies to spinon excitations. Uniform DM interactions can
induce the wave-vector shift of spinon excitations through
the action of the Rashba-type spin-orbit interaction on the
electrons. This was first observed in the field dependence of
the resonance frequency in ESR measurements on Cs,;CuCly
[66]. While the ESR measurements have focused on the
wave-vector range near ¢ = 0, our observation suggests a
wave-vector shift over a broad wave-vector range.

We finally make short comments on the possible mag-
netic structure. Only a single magnetic Bragg peak at (0,
0.465, 0) was detected because of the reduced moment size
and strongly decaying form factor of Re®*. As previously
discussed for Cs,CuCly, the intrachain and interchain DM
interactions would lead to a DM-induced spiral phase [42,43].
Even weak interchain DM interactions can become more
relevant than J’ because they are staggered along the chain
and thus do not compete with antiferromagnetic J [42,43].
The same argument can also be applied to Ca3;ReOsCl,, in
which the crystal symmetry imposes the same constraints on
exchange interactions as those in Cs,CuCly. Thus intrachain
DM interactions as well as interchain DM interactions may
also stabilize the DM-induced spiral order in Ca3;ReOsCl,.
The detailed magnetic structure will be determined in further
neutron-diffraction experiments.

VII. DISCUSSION

The comparison between the experimental and simu-
lated spectra indicates that spin excitations in the ATLAF
Ca3ReOs5Cl, are dominated by spinons. The major features of
the spin excitations are largely unchanged across the magnetic
transition. In addition, at 0.3 K, a sharp dispersive mode devel-
ops at certain wave vectors and energy transfers from which
bound spinon pairs should emerge. This provides evidence for
the formation of a bound spinon pair. The intensities would be
better reproduced by introducing interactions between bound
spinon pairs, which have not been considered in the simula-
tion. J'/J is estimated to be 0.15, which is almost half of
the 0.32 estimated by fitting the temperature dependence of
the magnetic susceptibility [48]. The discrepancy may be due
to DM interactions, which have not been explicitly included
in our simulation. The intrachain DM interactions split the
dispersive mode along the K direction, and the interchain
DM interactions directly modify the dispersion along the L
direction [64]. These interactions make it difficult to estimate
J'/J precisely. In addition, the values of J’/J estimated from
the magnetic susceptibility and the spin excitation spectrum
also include uncertainties of +0.1 and £0.05, respectively,
due to adjustable parameters that can affect one another
other.

A disadvantage of the spinon-based description is that
the effects of the magnetic order are neglected, whereas
Ca3ReOs5Cl, exhibits magnetic order at 1.13 K [48]. Theo-
retical studies have predicted that the ground state should be
a TL liquidlike disordered state in the range of J'/J < 0.5
[30-33,35,36]. However, in reality, intrachain and interchain
DM interactions can induce a spiral order [42—44]. Simultane-
ously, the DM interactions would also destabilize the bound
spinon pair. If the interchain coupling is not very strong,

the dynamical structure factor can be well approximated by
applying the RPA to that of each chain defined in the unro-
tated frame. Thus, under uniform DM interactions that yield
a wave-vector shift of Ag, the dispersive mode of a bound
spinon pair extends to negative energy near g = m/a + Aq.
This indicates that an instability develops at this wave vector
[64]. In other words, at least in the low-energy range, spin
excitations should be interpreted as magnons due to the long-
range order rather than a bound spinon pair. On the other hand,
for high-energy excitations, the consistency between the line
shapes of the simulated and experimental spectra indicates
that the spinon-based description is still applicable. This sug-
gests that CazReOsCl, should be near the crossover region
between a classical ordered state and a TL liquidlike disor-
dered ground state. The existence of a crossover energy above
which the spinon-based description can be well applied can
be naturally deduced by analogy to quasi-one-dimensional
antiferromagnets. For instance, spin excitations above the
crossover energy follow the energy-temperature scaling for
a TL liquid even if the temperature is much lower than Ty
in KCuF; [9]. For Ca3zReOsCl,, although the same scaling
cannot be applied because of the intrachain DM interactions,
a crossover energy would exist at roughly 1 meV. Below this
energy, sharp dispersive modes corresponding to magnons
become apparent at 0.3 K, while above this energy, the spin
excitations are well described in terms of a TL liquidlike
disordered state irrespective of the temperature. Note that the
DM interactions should not modify the dynamical structure
factor substantially at high energies as long as the interchain
coupling is sufficiently weak and the RPA calculations are
applicable.

The effect of long-range order can be discussed by compar-
ing the spin excitation spectra of Ca3ReOsCl, and Cs,CuCly
[17,18]. In Cs,CuCly, a constant-wave-vector cut shows a
double-peak structure even at a wave vector where a bound
spinon pair should not be present (A-D scan in Refs. [17] and
[18] and F scan in Ref. [18]). This differs from Ca3zReOsCl,,
which only exhibits the broad continuum shown in Figs. 3 and
5. In addition, the integrated intensities from the bound spinon
pair are much stronger in Cs,;CuCly (E scan in Ref. [18]) than
those from the modified continuum. Thus the magnetic order
would enhance the intensities of some dispersive modes, some
of which are interpreted as a bound state in spinon language.
This effect is prominent in Cs,CuCly, while the spinon-based
description fits the spin excitation spectrum of Ca3;ReOsCl,
better. The spin system realized in Caz;ReOsCl, should be
closer to a TL liquidlike disordered state than the spin system
in CszCuC14.

The ground state and associated spin excitations are af-
fected by a few factors: J', interplane interactions J”, and
DM interactions. From the spin excitation spectrum, J'/J in
Ca3zReO;Cl, is estimated as J'/J = 0.15, which is almost
half of the 0.3 in Cs,CuCly [19,40,41]. J”/J should be very
small according to the DFT calculations, which yielded a
J"/J smaller than 0.001 [48]. The small J’ and J” may be
the reason why the spin system in Ca3zReOsCl, is close to
the TL liquidlike disordered state and the intensities from
the bound spinon pair are thus weaker in CazReOsCl, than
in Cs;CuCly. A rough estimate of the DM interactions can
be made from the wave-vector shift of the magnetic Bragg
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peak from the (0, 0.50, 0) position under the assumption
that intrachain DM interactions dominate the incommensurate
magnetic order rather than J'. The shift of 0.035 r.Lu. in
Ca3ReOsCl, is larger than the 0.028 r.l.u. in Cs,CuCly [16],
suggesting that the DM interactions would be stronger. This
is reasonable because the spin-orbit coupling is stronger in
Re atoms than in Cu atoms. To reveal the relation between
magnons due to DM interactions and the bound spinon pair,
the magnetic structure would need to be clarified. In addition,
it is interesting to investigate the excitations of an ATLAF
without DM interactions, which can be realized under certain
crystal symmetries [70]. In the absence of DM interactions,
the low-energy spin excitations should reflect the nature of
the disordered ground state [23,24].

VIII. SUMMARY

The spin excitations in a spin-1/2 ATLAF Ca3;ReOsCl,
were explained using the spinon-based description, reflecting
the strong one-dimensional nature of the magnetism in the ma-
terial. The spectrum can be understood in terms of dispersive
modes derived from a bound spinon pair and the spinonlike
continnum modified by interchain interactions. The con-
sistency between the experimental and simulated spectra
indicates that the spin model realized in Caz;ReOsCl; is in
the vicinity of a TL liquidlike disordered state expected in an

ATLAF with moderate J'/J. In addition, the persistence of the
wave-vector shift in the spinon excitations above Ty suggests
the presence of effective uniform intrachain DM interactions.
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