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We report the observation of a frequency shift and splitting of the electron spin resonance (ESR)
mode of the low-dimensional S = 1/2 frustrated antiferromagnet CsaCuCly in the spin-correlated
state above the ordering temperature 0.62 K. The shift and splitting exhibit strong anisotropy
with respect to the direction of the applied magnetic field and do not vanish in zero field. The
low-temperature evolution of the ESR is a result of modification of the one-dimensional spinon
continuum by the uniform Dzyaloshinskii-Moriya interaction (DM) within the spin chains.
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Relentless search ﬂ] for fractionalized spin-1/2 mag-
netic excitations - spinons - has yielded several clear-cut
‘sightings’ of them in magnetic insulators. The experi-
mental probes include inelastic neutron scattering (INS)
[2-4], thermal conductivity [3, [d] and photoemission|7.
Most of the investigated materials possess a very high
degree of one-dimensionality (1D) making them a nat-
ural ‘habitat’ for spinons, which are extended spin-1/2
domain-wall excitations. More recently it has been
realized that 1D spinons can be present in a higher-
dimensional settings as well Bﬂ], provided that spin
interactions are sufficiently frustrated to allow for a wide
intermediate (in temperature and/or energy) window in
which the 1D scaling can develop. A well understood
example is provided by amazingly versatile triangular
lattice antiferromagnet CsoCuCly INS studies of which
uncovered an extensive two-spinon continuum ﬂﬂ, @]
Most of the INS spectral intensity is found to be carried
by spinons with large momenta. Our work describes an
entirely novel, ESR-based way to probe the width and
the shape of the spinon continuum at small momenta.
In doing so we establish a rather unexpected connection
of the problem of spinon excitations in the Heisenberg
spin chains subject to the uniform Dzyaloshinskii-Moriya
(DM) interaction with that of electrons in semiconductor
heterostructures subject to the spin-orbital interaction of
Rashba-type [14-16].

CsoCully realizes distorted triangular lattice with
strong exchange J along the base of the triangular unit
and weaker exchange integral J' = 0.34.J along lat-
eral sides of the triangle. The material orders below
Tn = 0.62 K into a long-range 3D spiral state @].The
Ty is far below the Curie-Weiss temperature Tow =4 K.
In the intermediate temperature range Ty < T < Tow
a spin-liquid phase with strong in-chain spin correlations
takes place. Both the dynamic spin structure factor ﬂE]
and the low-temperature phases ﬂﬂ] of CsyCuCly are
well described by a quasi-1D model of weakly coupled
spin S = 1/2 chains, extended in [d] to include crucial

symmetry-allowed DM interactions between the spins.

ESR is well known as a method providing fine details
of spin excitation spectra at small momenta in both or-
dered and paramagnetic HE, ] phases. Here we uncover
dramatic sensitivity of the ESR and spinon spectra to
the uniform DM interaction in the spin-liquid phase of
CsoCuCly. We observe and explain splitting of the ESR
mode into two modes with lowering the temperature, as
well as its remarkable polarization anisotropy.

The crystal samples were grown by two methods. First
set of samples was prepared by the crystallization from
the melt of a stoichiometric mixture of CsCuCls and
CsCl in an ampule, which was slowly pulled from the
hot (T= 520°C) area of the oven. The second method
was crystallization from solution @] The room temper-
ature crystal lattice parameters for both sets of crystals
are a=9.756 A, b=7.607 A, c=12.394A. The samples ob-
tained by last method have natural faces and are length-
ened along b-axes. Both sets of crystals demonstrated
identical ESR signals. The study in the frequency range
9-90 GHz was performed with a set of homemade spec-
trometers equipped with cryomagnets. The resonance
lines were taken at the fixed frequency, as dependences of
microwave power, transmitted through the resonator, on
the external magnetic field. Temperatures down to 1.3 K
(0.4 K), were obtained by pumping vapor of “He (*He),
correspondingly. Cooling down to 0.1 K was achieved
with the help of a dilution cryostat Kelvinox-400.

At temperatures above T = 10 K we observe con-
ventional paramagnetic resonance with a single narrow
line corresponding to g-factor values g, = 2.20 £ 0.02,
gp = 2.08 £ 0.02, g. = 2.30 £ 0.02. These g-factor values
agree well with those reported earlier at 7' = 300 K and
77 K [21]), and, for g., at T = 4.2 K [22].

Significant evolution of the ESR spectrum was found
on cooling below 6 K. This evolution depends strongly
on the microwave frequency v and orientation of the ex-
ternal magnetic field H. (i) For H || b, we observe a
single Lorentzian line shifting with cooling to lower fields
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FIG. 1. (Color online). ESR frequency at 7' = 1.3 K

for H || b. Dotted line is paramagnetic resonance with
g = 2.08, solid line — theory (see text). Empty circles stand
for resonances loosing intensity with cooling. Upper insert:
gap vs temperature, various symbols correspond to different
cryostats. Lower insert: evolution of the resonance line with
cooling.
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FIG. 2. (Color online). ESR frequencies at 7' = 1.3 K for
H || a. Dotted line is paramagnetic resonance with g = 2.20,
dashed line — theory (see text). Upper insert: lineshape at
T = 1.3 K, v = 27 GHz. Points — experimental data, solid
line is the result of a fit by the sum of two Lorentzians (dashed
lines). Lower insert: evolution of the resonance line with
cooling.

(see Fig. ). At v=14 GHz the resonance field is near
zero at T =1.3 K. At lower frequencies, we observe a
strong decrease of the intensity with cooling, and no vis-
ible shift from the paramagnetic resonance field, in con-
trast to ESR lines taken at v >17 GHz, which exhibit a
shift and do not loose intensity on cooling. At v=9 GHz
the integral intensity at 7=1.3 K is a half of that at T=4
K. The resonant frequencies above 14 GHz may be well
fitted by the frequency-field relation of an ordered anti-
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FIG. 3. (Color online). The angular dependence of the res-
onance field H;, in the ab plane for v = 27 GHz at T"' = 1.3
K. Thick line is the theoretical prediction with D, /(4%) = 8
and D./(4h) = 11 GHz. The measured values of the reso-
nance field deep in the paramagnetic phase (at 7' = 10 K) are
presented by crosses, the dashed line is a theoretical fit of a
paramagnetic resonance with g, p,. of CsoCuCly.

ferromagnet with “gap” A/(2wh) = 14 GHz at T=1.3 K,

2rhy = /(gupH)? + A2. (1)

(#) For H || a, ¢, the ESR line strongly broadens on cool-
ing, and its shape distorts, as shown in the inserts of Fig.
The absorption at 7=1.3 K may be fitted by a sum of
two Lorentzians, indicating the splitting of the resonance
mode. The v(H) dependence at H || a is presented in Fig.
Two modes at T' = 1.3 K were resolved for measure-
ments in the frequency range 14-50 GHz. Similar split-
ting was reported previously in HE] At higher frequen-
cies the splitting is masked by natural linewidth, which
prevents the resolution of the doublet, while at lower fre-
quencies the signal becomes too broad. The angular ¢
dependence of the resonance field H, = H(sin ¢, cos ¢, 0)
within the a — b plane, taken at v=27 GHz and T=1.3
K, is shown in Figlll For H | c the splitting of about
0.35 £0.1 T is resolved for frequencies 27 and 31 GHz.

(#99) We have also studied polarization dependence of
the ESR absorption at H — 0. Figll shows ESR records
at T = 1.3 K and T = 6 K for different orientations
of the microwave and static fields with respect to the
crystal axes, but with h | H, at the frequency v = 14
GHz. At T' > 6 K both the position and the lineshape of
the paramagnetic resonance line are the same for all three
principal polarizations of the microwave field. However,
at T = 1.3 K, the absorption in zero field for h || b is at
least three times more intensive than for h || a, c.

The above observations strongly distinguish CsaCuCly
from other known S = 1/2 antiferromagnets such as
a conventional 3D magnet and a critical quantum spin
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FIG. 4. (Color online). The polarization effect at v = 14.44
GHz for H — 0. Circles with error bars show the uncertainty

resulting from normalizing the signals to zero absorption at
H>15T.

chain. The former exhibits an energy gap which van-
ishes at the ordering temperature, while the latter shows
an ESR shift due to an anisotropic exchange and/or a
staggered DM interaction, but only in a presence of the
external magnetic field HE, @] Unlike CsaCuCly, these
systems do not exhibit a finite frequency gap () for
H=0 and a direction-dependent splitting of the ESR line,
Figl3 all in the paramagnetic phase.

We now show that all these unusual features follow
from a quasi-1D nature of Csy;CuCly and the uniform
structure of the DM interaction. Our Hamiltonian

H= Z (JSa,y,z * Sa+1,y,2 = Dyz - Sayz X Saqiy,2 +

z,Y,2

—gpupH -Ssy.2) + ... (2)

contains three terms: the first describes intrachain ex-
change J (x runs along crystal b axis), the second — uni-
form DM interaction D, . between chain spins, and the
third is the usual Zeeman term, allowing for anisotropic
g-factor. The dots stand for the omitted interchain ex-
change as well as DM interactions on interchain bonds.
Detailed symmetry analysis of the allowed DM interac-
tions ﬂg] shows that there are four different orientations
of the DM vector (see Fig. 6 in [9]) depending on chain’s
integer coordinates y,z: D, , = D,(—1)%a + D.(—1)Y¢.
Here 2z indices magnetic b — ¢ layers, while y numerates
chains within a layer. Crucially, crystal symmetry forbids
DM vector to have component along the b axis ﬂg]

The essence of the observed ESR line splitting can be
explained by considering a single Heisenberg chain with
uniform DM interaction with vector D along the local
Z axis, and H || z (D,. — D%, H — Hz). In this
geometry the DM interaction can be gauged away by

position-dependent rotation of lattice spins,

Sj,y,z = S;L,y,zemz’ Stz = Sz (3)
The rotation angle tan(a) = —D/J is chosen so as to

eliminate the DM coupling from the Hamiltonian. The
transformed H describes spin chain with quadratic in D
easy-plane anisotropy. To linear in D/J accuracy the
ESR response of this model coincides with that of an
isotropic Heisenberg chain, detailed study of which is de-
scribed in Ref.[19]. ESR absorption is determined by
the transverse structure factor Sy, (w,q) = Syy(w, ) of
the chain, evaluated at ¢ = 0. This is given by the
sum of delta-function peaks at frequencies 2whvg,; =
\hvg + gupH|, see eq.(3.16) of [19] and Figll Here
v = wJag/(2h) is the zero-field spinon velocity and ag
is the lattice spacing. The response in the original (un-
rotated) basis is obtained by un-doing the momentum
boost ([B), which corresponds to setting § = D/Jag in
the expression for the structure factor S,; /. This im-
mediately implies the splitting of the ESR line into two
lines, at frequencies 2nhvg,;, = |gupH + 7D /2| [24] .
Note that the splitting 7D = 7(D2 + D?)'/? is linear in
D which justifies our neglect of the easy-plane anisotropy.

While the four-sublattice structure of the DM vec-
tors makes it impossible to study the D || H configu-
ration in CsyCuCly, the above argument allows one to
immediately understand polarization-dependent absorp-
tion (finding (#it) above) in zero magnetic field, at the fre-
quency 27v = wD/2h. Since the microwave absorption is
proportional to the square of the microwave field compo-
nent perpendicular to the effective field, we conclude that
configuration with h L D (that is, h || b) should result in
maximal possible absorption. For h along the a (¢) axis,
absorption is a factor D?/D? (D?/D?) smaller. Using
numerical estimates of D, . derived below, the absorp-
tion for different polarizations should obey the relations:
P,/P, ~ 1.6 and P,/P. ~ 2.8. This agrees qualitatively
with our data presented in Fig. dl— the zero field absorp-
tion at ¥ = 14 and 17 GHz is a factor of 3 more intensive
for h || b than for h || a,c .

To understand our findings (i) and (i), one needs to
analyze the arbitrary orientation of the H and D vec-
tors, which is the problem solved in Ref. ] The main
physical point of ] consists in the observation that a
uniform DM interaction, much like a spin-orbit Rashba
interaction in 2D conductors m—@], acts on spinon exci-
tations of 1D chains as an internal momentum-dependent
magnetic field. Technically, this observation follows from
spin-current formulation @] of the problem (@), which is
valid below the strong-coupling temperature scale Ty ~
Je=™ (S = 1/2 for the spin chain here)[26]. The
spin currents Mg/, represent spin density fluctuations
of spinons near the right/left (R/L) Fermi points of a
1D system. It follows that the right and left-moving
currents experience different, in magnitude and direc-
tion, total magnetic fields: Bg = H + hwD/gupJ and
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FIG. 5. (Color online). Spinon spectrum of S = 1/2 Heisen-
berg chain for q ~ 0 with (solid lines) and without (dashed
lines) DM interaction. When D || H, momentum is boosted
by ¢ = D/Jao.

B, = H — hwD/gupJ. It is then natural that the ESR
response of such a chain consists of two peaks at frequen-
cies 2mhvg 1, = g,uBBR/L.ﬂﬁ]

For the CsyCuCly-specific configuration of chain DM
interactions and H = (H,, Hy, H.) our analysis predicts

(27ThVR)2 = (gb,UBHb)2 + (gapsHa + (_1)Z7TD¢1/2)2 +
(genpHe + (—1)Y7D./2)?, (4)

(2rhvn,)? = (gopsHy)? + (gappHa — (—1)°7D,/2)* +
(9enHe — (=1)Y7D./2)?, ()

These equations naturally explain the difference between
H || a,c and H || b situations. For H || b the external
and the internal DM field are mutually perpendicular and
the vector sum H 4+ D has the same absolute value for
both signs. One then finds single ESR frequency vg = vy,
of the form (Il) where the “gap” is in fact an internal DM
field, A/(2mh) = \/ D2 + D?/(4h) ~ 14 GHz, using D, .
values reported below. For H || a,c the DM field has a
component along H and the frequencies of the two spin
excitations are different. Solving equations [{E]) at fixed
frequency for the magnetic field H within the a—b plane
we were able to fit the experimental angular dependence
in Fig. Bl In this way we obtained D, /(4h) = 8 £ 2 and
D./(4h) = 11 +2 GHz, which corresponds to 0.29+0.07
and 0.39 4 0.07 T. Details of the angular dependence of
ESR for field oriented within a — ¢ plane are discussed in
Ref.[24].

A more detailed comparison between the experiment
and the theory would require extending the latter to fi-
nite temperatures since the reported measurements are
performed in the intermediate temperature range Ty =
0.62K < T < Tcw = 4K. Temperature dependence of
the gap A for H || b in a wider range including Ty is
shown in Figlll The variation of the gap in the range
1 K< T <2 K is much slower than right near Tx. This
supports our main assumption that the reported spectral
features of CsoCuCly reflect specific spin chain physics
which dominates the temperature range T < T < Tow.

In conclusion, we demonstrated that the uniform DM

interaction, which is a distinctive feature of CsoCuCly, re-
sults in a new kind of spin resonance in a S=1/2 chain an-
tiferromagnet. The observed spectrum is a consequence
of the splitting of the chain’s spinon continuum by the
internal magnetic field which is produced by the uniform
DM interaction. It would be interesting to probe this
physics independently via polarized neutron scattering as
suggested in Refl27. We believe that our findings can be
extended to higher-dimensional magnetic systems with
fractionalized spinon excitations.
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