BNL-111748-2016-JA

Magnetic excitations in the spin-1/2 triangular-lattice antiferromagnet Cs,CuBr,
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We report on high-field electron spin resonance (ESR) studies of magnetic excitations in the spin-
1/2 triangular-lattice antiferromagnet CsoCuBrs. Frequency-field diagrams of ESR excitations are
measured for different orientations of magnetic fields up to 25 T. We show that the substantial
zero-field energy gap, A =~ 9.5 K, observed in the low-temperature excitation spectrum of CseCuBry
[Zvyagin et al., Phys. Rev. Lett. 112, 077206 (2014)], is present well above T. Noticeably, the
transition into the long-range magnetically ordered phase does not significantly affect the size of
the gap, suggesting that even below T the high-energy spin dynamics in CseCuBry4 is determined
by short-range-order spin correlations. The experimental data are compared with results of model
spin-wave-theory calculations for spin-1/2 triangle-lattice antiferromagnet.

PACS numbers: 75.40.Gb, 76.30.-v, 75.10.Jm

Spin-1/2 Heisenberg antiferromagnets (AFs) on trian-
gular lattices form an important class of low-dimensional
(low-D) spin systems to probe effects of quantum fluctu-
ations, magnetic order, and frustrations. In 1973, devel-
oping the idea of the “resonating valence bond” ground
state, P. W. Anderson proposed that quantum fluctu-
ations can be sufficiently strong to destroy the classi-
cal 120° order in such a system [1]. As consequence, a
two-dimensional spin-liquid phase may be realized. This
phase can be regarded as a 2D fluid of resonating spin-
singlet pairs, with the excitation spectrum formed by
fractionalized mobile quasiparticles. Subsequent numer-
ical studies have, however, confirmed the presence of the
semiclassical 120° magnetic ordering albeit with strongly
reduced ordered moments [2-5]. In recent years, the topic
of spin-1/2 Heisenberg AF's on a triangular lattice has re-
ceived particular attention due to the rich phase diagram,
whose details are still actively debated [6-11].

CsyCuCly and CseCuBry are two prominent mem-
bers of this family of frustrated spin systems. Inelas-
tic neutron-scattering experiments in CsoCuCly revealed
the presence of a highly dispersive continuum of excited
states [12]. These excitations were initially identified as
spinons in the 2D frustrated spin liquid. Later on, the
data have been re-interpreted in the frame of the 1D spin-
liquid scenario [13, 14] with interchain bound spinon ex-
citations (triplons) as a signature of the quasi-1D nature
of magnetic correlations in this material [15, 16]. Elec-
tron spin resonance (ESR) studies provided additional
support for the proposed quasi-1D Heisenberg AF chain

model with the uniform Dzyaloshinskii-Moriya (DM) in-
teraction, opening an energy gap, A = 14 GHz, at the I’
point [17].

CsoCuBry realizes a distorted triangular lattice with
orthorhombic crystal structure, space group Pnma, and
the room-temperature lattice parameters a = 10.195 A,
b= 7965 A, and ¢ = 12.936 A (Z = 4) [18]. Com-
pared to J'/J ~ 0.3 [19, 20] for CsyCuCly, the J'/J
ratio for CsoCuBry is somewhat larger, J'/J ~ 0.41 [19],
that places this compound further away from the decou-
pled AF chain limit and makes it more frustrated. This
difference is thought to be related to the 1/3 magneti-
zation plateau and the cascade of field-induced phase
transitions, observed in CsyCuBry [21, 22]. In spite of
intensive theoretical and experimental efforts, very little
is known about the spin dynamics in CsyCuBry. Inelas-
tic neutron-scattering studies have been reported in Ref.
[23]; unfortunately, due to the limited spectral resolution
many important details of the magnetic excitation spec-
trum appear missing. Nevertheless, ESR experiments
on CsyCuBry in the fully spin-polarized phase above
Hgqr ~ 30 T [19] detected the exchange mode, allowing
to estimate parameters of the effective spin Hamiltonian,
J/kp =149 K, J'/kp = 6.1 K (where J and J’ are the
exchange coupling parameters along the horizontal and
zigzag bonds, respectively, see Fig. 1, inset). Besides, the
ESR experiments revealed a substantial zero-field gap,
A =~ 200 GHz, whose nature has so far remained un-
clear. In this work, we continue high-field ESR studies of
CsoCuBry, evidenced by its remarkable spin dynamics.



CsoCuBry single crystals were synthesized by slow
evaporation of aqueous solutions of CsBr and CuBr, sim-
ilar to the procedure described in Ref. [18]. Experiments
were done using high-field ESR installations at the Dres-
den High Magnetic Field Laboratory (HLD, Germany),
the Center for Advanced High Magnetic Field Science
(Osaka University, Japan), and the National High Mag-
netic Field Laboratory (Florida State University, Talla-
hassee, USA) [24]. The experiments were done in the fre-
quency range of 100 - 800 GHz, using tunable sources of
millimeter-wave radiation sources backward wave oscilla-
tors (product of ISTOK, Russia), VDI transmit systems
(product of Virginia Diodes Inc., USA), and MVNA vec-
tor network analyzer (product of AB Millimetre, France).

A single-line ESR absorption was detected in the para-
magnetic phase (T" > J/kg), yielding g, = 2.15(2),
gp = 2.07(2), g = 2.23(2) (T = 294 K) and g, = 2.15(2),
g = 2.11(2), g. = 2.26(2) (T = 77 K). Pronounced evo-
lution of the ESR spectrum was observed upon cooling.

The frequency-field diagram of magnetic excitations in
CsyCuBrs measured between 0.4 and 4 K for magnetic
fields, H, applied along the b axis is shown in Fig. 1.
Some examples of ESR spectra of magnetic excitations at
different frequencies are presented in Fig. 2. For this ori-
entation, a single gapped mode (labeled B) was observed,
whose frequency-field dependence can be described using
the equation:

hv =+/(9*upH)? + A2, (1)

where v is the resonance frequency, h is the Planck con-
stant, pup is the Bohr magneton, g* is the paramagnetic
g factor (the g factor measured at T = 77 K, g* = 2.11,
was used for the fit and calculations), and A is the
zero-field excitation gap. The best fit was obtained us-
ing A = 199(4) GHz (which corresponds to 9.5 K) for
T=15K.

The temperature dependence of the ESR field position
at a frequency of 295.2 GHz with magnetic field applied
along the b axis is shown in Fig. 3 by squares. Using these
data and Eq. (1), the gap size A can be calculated for
different temperatures (circles in Fig. 3). We found that
the gap in CsyCuBry persists up to relatively high tem-
peratures (T' ~ J/kp and above), suggesting the presence
of short-range-order spin correlations, responsible for the
gap opening, well above Th.

At Ty = 1.4 K CsoCuBr4 undergoes a transition into a
3D long-range ordered phase. Noticeably, the transition
leaves the gap size almost unchanged (Fig. 3). Similar
effects were observed in a number of quantum AFs [25-
28], whose ground states below Ty are 3D magnetically
ordered and the low-energy excitation spectra are de-
termined by 3D long-range-order correlations, while the
high-energy (~ J) spin dynamics is still determined by
low-D effects. Remarkably, no ESR line-width anomaly
was observed in CsoCuBry at the transition into the 3D
magnetically ordered state (Fig. 4). The temperature
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FIG. 1: (color online) Frequency-field diagram of ESR ex-
citations obtained for CspCuBrs with magnetic field applied
along the b axis at different temperatures (mode B). Fit re-
sults for 1.5 K using Eq. (1) are shown by the solid line.
The frequency-field dependence of the paramagnetic reso-
nance with g, = 2.11 is shown by the dashed line. The inset
shows a schematic picture of exchange paths in the bc plane
of CsoCuBry.
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FIG. 2: (color online) Examples of ESR spectra taken at dif-
ferent frequencies and temperatures with magnetic field ap-
plied along the b axis.

evolution of ESR spectra taken at 295.2 GHz with mag-
netic field applied along the b axis is shown in Fig. 5.

Overall, the ESR properties of Cs;CuBry in many
respects appear very similar to those obtained for
Cs2CuCly [17]. On the other hand, contrary to CsyCuCly
with the zero-field energy gap A ~ D = 0.15J, the size
of the gap in CsyCuBry (A =~ 0.6J) is too large to be
explained in terms of the quasi-1D Heisenberg AF chain
model with the uniform DM interaction D. This strongly
suggests that, compared to CsoCuCly, the effect of frus-
trated interactions on the spin dynamics (and more gen-
erally, on the magnetic properties) in CsaCuBry can be
different.

To get an insight into the spin dynamics of Cs;CuBry,
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FIG. 3: (color online) Temperature dependence of the reso-
nance field (squares; the data are taken at 295.2 GHz with
magnetic field applied along the b axis) and the zero-field gap
size (circles) calculated using Eq. (1) (see the text for details).
Lines are guides for the eye.
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FIG. 4: (color online) Temperature dependence of the ESR
linewidth measured at a frequency of 295.2 GHz with mag-
netic field applied along the b axis. Line is guide for the eye.

we did simple spin-wave calculations for the ordered state
of an orthorhombically-distorted triangular-lattice anti-
ferromagnet. The minimal spin Hamiltonian includes
only exchange interactions

ﬁzzJijSi'Sg‘a (2)
(i)

where the nearest-neighbor exchange constant is J;; = J
or J' for horizontal or zigzag bonds, respectively (see
the inset in Fig. 1) [29, 30]. The classical ground state
of the spin model (2) is a planar spiral magnetic struc-
ture with the ordering wave-vector Q = (0,Q,0) and
cos(Qb/2) = —J'/2J. At zero temperature, the energy
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FIG. 5: (color online) Temperature evolution of ESR spectra
taken at 295.2 GHz with magnetic field applied along the b
axis (mode B).
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FIG. 6: Calculated magnon dispersion in CsaCuBrs. The I’
point refers to the center of the Brillouin zone, whereas Q is
the ordering wave vector. The rf field in ESR experiments
can excite magnons at points M and M’ due to the staggered
DM interaction. The two-magnon continuum is shown in gray
color.

of magnetic excitations in a spiral AF is given by the
standard expression [31, 32]:

ek = 5\/(Jk ~JQ)(3/k+q + 3/k-@ ~Ja), (3)

where Jy = Zj Jijeik(ri*”) is the Fourier transform of
the exchange interactions.

In the framework of the formulated toy model, the ori-
gin of the gap may be understood if real geometry of DM
interactions in CsyCuBry is taken into account [6, 19].



The staggered component of the DM interaction reduces
the translational symmetry of the spin Hamiltonian (2)
producing a doubling of the unit cell in the bc plane and,
consequently, folding of the Brillouin zone. As a conse-
quence, an excitation with a momentum k mixes with
another magnon at k + q¥, where q.* = (0,0,27/c) is
a new reciprocal lattice vector. The actual shift of the
magnon energy (3) produced by the DM interactions may
be quite small because of smalness of D/.J. However, the
presence of a nonzero mixing matrix element leads to a
finite ESR response for the high-energy magnon at the
M point (qc*) in the unfolded Brillouin zone, see Fig. 6.
It is worthwhile to mention that ESR transitions at the
Brillouin zone boundary were observed in a number of
low-D quantum magnets (see, e.g., Ref. [33-36]), while
the corresponding selection rules were theoretically stud-
ied in Ref. [37]. Remarkably, as revealed experimentally
[35, 36], such nominally forbidden ESR transitions (which
become allowed in the presence of the DM interaction)
can be very intensive, exhibiting, on the other hand, a
very pronounced polarization dependence.

The corresponding ESR gap is calculated using Eq. (3)
as

/ J!

A= e =475(1-25). (4)
With J/kp = 14.9 K and J'/kp = 6.1 K determined
in the high-field ESR experiments [19], the gap for
CsyCuBry is estimated to be A = 0.84 meV, which corre-
sponds to 9.7 K or 203 GHz. This value perfectly agrees
with our experimental observations. This agreement be-
tween the harmonic spin-wave theory for the exchange
model and the experimental results might be somewhat
fortuitous, as we completely neglected quantum fluctua-
tions and the DM interactions. The observed agreement
may indicate that these additional effects partially com-
pensate each other [38].

The above consideration also predicts one more ESR
mode arising from excitation of magnons with momenta
k==+Q+q; = (0,2r/b+Q,0) (M’ point in Fig. 6). The
corresponding energy is

/ / 2
AI :EquQ :4J/S(].* ;7) J J
Using the above J and J' [19] we find A’ = 1 meV. As
further calculations show, these excitations appear well
inside the two-magnon continuum (Fig. 6), thus having a
finite lifetime even at zero temperature. Therefore, they
cannot be observed in ESR experiments. This conclu-
sion is in agreement with the existing theoretical results
for the damping of high-energy magnons in the spin-1/2
Heisenberg AF on a perfect triangular lattice [39-41].
For Hlja and Hl|c, two pairs of ESR modes were ob-
served (A, A’, and C, C, respectively); the correspond-
ing frequency-field ESR diagrams and ESR spectra are
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FIG. 7: (color online) Frequency-field diagrams of ESR exci-
tations with magnetic field applied along a (a) and ¢ (b) axes.
The dashed lines correspond to paramagnetic resonances with
ga =2.15 (H|la, T =77 K) and g. = 2.26 (H||c, T = 77 K).
Solid lines are guides for the eye. Insets show examples of the
corresponding ESR spectra. The data are obtained at 1.5 K.
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FIG. 8: (color online) Examples of the corresponding ESR
spectra with magnetic field applied along a axis. The data
are obtained at 1.5 K.

shown in Fig. 7. The corresponding examples of ESR
spectra are shown in Fig. 8 and Fig. 9. Upon rotating
the sample around c and a axes, the modes A, A’ and C,
C’ (respectively) merge into the single mode B at H||b,
which makes this direction special as it coincides with
the direction of the order wavevector Q. Noticeably, ap-
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FIG. 9: (color online) Examples of the corresponding ESR
spectra with magnetic field applied along ¢ axis. The data
are obtained at 1.5 K.

proaching the frequency 200 GHz, modes A’ and C be-
came broader and weaker, so that no ESR was observed
below 200 GHz.

It is important to mention, that due to the develop-
ment of long-range 3D correlations below T one would
expect the emergence of lower-frequency antiferromag-
netic resonance (AFMR) magnon modes. Theory pre-
dicts the presence of at most three relativistic Goldstone
AFMR modes as a consequence of the complete breaking
of the rotational SO(3) symmetry in anisotropic spin sys-
tems with a noncollinear ground state [42]. Such AFMR
modes have been recently observed in the isostructural
compound CseCuCly below Ty = 0.62 K [43].

In conclusion, our work provides new insights into the
unconventional spin dynamics in the spin-1/2 triangular-
lattice antiferromagnet CsoCuBry, studied by means of
high-field ESR spectroscopy. In particular, the temper-
ature behavior of the observed zero-field energy gap is
investigated in a broad temperature range, indicating
that the gap is a characteristics of short-range-order spin
correlations, which appear to persist in CsoCuBry down
to well below T. Based on the proposed spin-1/2 dis-
torted triangle-lattice antiferromagnet model, our find-
ings might suggest, that Cs;CuBrs exhibits a peculiar
combination of nearly classical spin dynamics and static
magnetic ordering [38] with pronounced quantum effects
as revealed, e.g., by the 1/3 magnetization plateau. This
calls for further experimental quantification of the role
of quantum fluctuations in CsoCuBry, in particular, for
neutron measurements of the ordered magnetic moments
and the magnon modes in zero magnetic field.
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