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High-resolution neutron and THz spectroscopies are used to study the magnetic excitation spectrum of
Cs,CoBry, a distorted-triangular-lattice antiferromagnet with nearly XY-type anisotropy. What was
previously thought of as a broad excitation continuum [L. Facheris et al., Phys. Rev. Lett. 129,
087201 (2022)] is shown to be a series of dispersive bound states reminiscent of ‘“Zeeman ladders” in
quasi-one-dimensional Ising systems. At wave vectors where interchain interactions cancel at the mean
field level, they can indeed be interpreted as bound finite-width kinks in individual chains. Elsewhere in the
Brillouin zone their true two-dimensional structure and propagation are revealed.

DOI: 10.1103/PhysRevLett.130.256702

In conventional magnetic insulators the dynamic
response is typically dominated by coherent single-particle
S =1 excitations, also known as magnons or spin waves.
In many low-dimensional and highly frustrated quantum
spin systems elementary excitations carry fractional quan-
tum numbers, be they spinons in Heisenberg spin chains
[1-4], Majorana fermions in the now-famous Kitaev model
[5-7], or pseudocharge defects in spin ice like Coulomb
phases [8]. The physical excitation spectrum, such as that
measured by neutron spectroscopy, is then dominated by
broad multiparticle continua [9-13]. In addition to the
continuum, fractional excitations may also form bound
states due to attractive interactions between them. A
spectacular new phenomenon emerges when interactions
are confining, i.e., do not fall off with distance, much like
strong forces that bind quarks in hadrons [14]. This
produces a hierarchical series of bound states inside the
resulting potential well. An example is the sequence of
domain wall (kink) bound states in quasi-one-dimensional
(quasi-1D) Ising spin chains [15-17]. The confining
potential for this model is linear and results from 3D
couplings, which generate an effective field acting on
individual chains [16]. The binding energies are, in
supreme mathematical elegance, spaced according to the
negative zeros of the Airy function [15,17]. The best-
known experimental examples of such ‘“Zeeman ladder”
spectra are the quasi-1D Ising ferromagnet CoNb,Og¢ [18]
and antiferromagnet (AF) BaCo,V,0Og [19], as well as the
isostructural compound SrCo, V,0Og [20], where as many as
eight consecutive bound states are observed. Shorter
sequences have been found in another prototypical Ising
spin chain material, RbCoCly [21].

Bound states are always easier to form in 1D, where even

an arbitrary-shallow potential well provides at least one
robust localized state for a propagating particle. Fractional
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excitations can also form bound states in higher dimen-
sional spin systems [22,23]. Their structure and propaga-
tion are much more complex than that of simple paired
domain walls in spin chains. Unfortunately, no Zeeman
ladder analogues, i.e., no hierarchical binding sequences of
fractional excitations, have been found in higher dimen-
sions to date. In the present work we report the observation
of such a phenomenon in a quasi-2D distorted-triangular-
lattice AF. That the quintessentially 1D physics of bound
kinks survives in 2D is remarkable. We argue that it is
“rescued” at certain special wave vectors by the intrinsic
frustration in triangular lattice geometry. Elsewhere in the
Brillouin zone the bound states are no longer restricted to
single chains and are to be viewed as 2D objects propa-
gating in the entire triangular plane.

The material in question, Cs,CoBr, (space group Pnma,
a=10.19, b =7.73, ¢ = 13.51 A), is a very interesting
J — J' model distorted-triangular-lattice AF [24,25]. Despite a
prominent triangular motif in its structure, it demonstrates
certain 1D features such as a field-induced incommensurate
spin density wave with Tomonaga-Luttinger spin liquid type
dynamics and a propagation vector controlled by a one-
dimensional nesting in the spinon Fermi sea. Its true 2D nature
is manifest in the presence of arobust m = 1/3 magnetization
plateau, typical of a triangular AF. The model magnetic
Hamiltonian is described in detail in Refs. [24,25]. The key
structural features are chains of Co?* ions that run along the
crystallographic b axis of the orthorhombic lattice (see Fig. 1
in Ref. [24]). The chains are coupled in the (bc) plane in a
zigzag fashion to form a distorted triangular network [inset of
Fig. 1(d)]. Easy-plane single-ion anisotropy ensures that the
low-energy physics of the spin-3/2 Co?* ions can be
described in terms of effective S = 1/2 pseudospins. The
components of the effective exchange coupling constants are

© 2023 American Physical Society
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FIG. 1. (a),(b) Neutron scattering intensity (solid symbols)

measured at 7 = 40 mK versus energy transfer at the 1D AF
zone centers q = (0,0.5,0.5) and q = (0, 1,0.5), respectively.
The data are integrated fully along % direction and in £0.025 r.1.u.
and £0.25 r.1.u. along k and /, respectively. Solid lines are fits to a
series of Gaussian peaks. Dashed Gaussians represent the
calculated experimental energy resolution. Black dotted lines
indicate the fitted flat background. (c) Measured THz absorption
(solid line) versus absorbed photon energy for light propagating
along the ¢ axis at 0.2 K. Dashed areas highlight the Gaussian
components of the fit to extract peak positions. (d) Measured
excitation energy plotted versus the value of negative roots of the
Airy function. The solid line is a linear fit as described in the text.
The blue area highlights the points used for the fit. Inset: cartoons
of the magnetic ground state and a representative m = 3 two-kink
bound state.

subject to restrictions imposed by the pseudospin projection.
A simplistic spin-wave analysis of previous inelastic neutron
data provided a rough estimate for the nearest-neighbor in-
chain AF exchange tensor components: JXX ~ J, J¥¥ ~ 1.1J,
J?? ~0.25J,J = 0.8 meV [25]. Here Y is chosen along the b
crystallographic direction, and X and Z alternate between
adjacent chains, where anisotropy planes are almost orthogo-
nal. Note that this is practically a planar exchange anisotropy,
with only a tiny in-plane Ising component to account for the
A ~ 0.4 meV spectral gap found in this system. The frustrated
interchain coupling J' is significant, of the order of 0.45J, and
is of predominantly Ising (YY) character. Interplane inter-
actions J” are not frustrated. The material orders magnetically
in a collinear stripe-type structure, with an ordering wave
vector (0, 1/2, 1/2) [see inset in Fig. 1(d)]. The Néel temper-
ature Ty = 1.3 K allows us to estimate J”. If this were the
only coupling between chains with no additional frustration
due to J', we could expect kgTy ~2A/In(A/J") [26]. The
actual value of J” must be larger than thus obtained, as the in-
plane frustration interferes with the emerging magnetic
structure. A certain upper estimate is given by the mean field
picturewhere kg Ty ~ 2J"”S(S + 1). Thisleads usto conclude
that 3 x 107 meV < J” <0.075 meV < J, confirming the
quasi-2D character of the material.

Our previous inelastic neutron scattering experiments
indicated that the excitation spectrum in zero applied field
is a gapped continuum of states, with intensity concentrated
on its lower bound, and a strong dispersion along the chain
axis [25]. The central finding of the present work is that this
“continuum” is actually a sequence of at least nine sharp
bound states that previously could not be observed due to
poor experimental energy resolution. New neutron data
were collected at the LET time-of-flight spectrometer at
ISIS (UK), using 2.35 meV incident energy neutrons in
repetition-rate-multiplication mode [27]. We used the same
1.16 g single crystal as in [25] mounted on a 3He-*He
dilution refrigerator. All measurements were performed at a
base temperature of 40 mK. In the experiment the sample
was rotated 180° around the @ axis in steps of 1°. The
spectra were measured for ~10-min counting time at each
sample position.

We first focus on the 1D AF zone centers (qb = 0, n),
where interchain interactions within the triangular planes
cancel out at the mean field-RPA level, and where spin
wave theory predicts no transverse dispersion or intensity
modulation of excitations. Figures 1(a) and 1(b) show
constant-q cuts through the data at wave vectors q =
(0,0.5,0.5) and q = (0, 1,0.5), respectively. A sequence
of sharp peaks is clearly apparent in both cases. A fit to the
data using empirical Gaussian profiles yields an accurate
measure of the peak positions and shows that their widths
are essentially resolution limited. In Figs. 1(a) and 1(b) this
is emphasized by the shaded Gaussians representing the
computed experimental resolution [28].

Corroborative evidence is also obtained by THz
spectroscopy. The experiment was performed with a
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Martin-Puplett-type interferometer and a *He-*He dilution
refrigerator with base temperature of 150 mK using a *He-
cooled Si bolometer at 0.3 K. The sample was a circular
plate approximately 1 mm thick in ¢ direction and 4 mm in
diameter. THz radiation propagating along the crystal ¢ axis
was unpolarized and the apodized instrumental resolution
was 0.025 meV. The THz absorption spectrum is shown in
Fig. 1(c). Itis calculated as a difference of spectra measured
at0.2 Kand 2 K, i.e., in the magnetically ordered phase and
above Ty. The THz spectrum appears to have some
features absent in the neutron spectrum [33], but all peaks
found in the latter are also present here. The positions of
these peaks were determined in Gaussian fits (shaded
peaks) in a narrow range +0.025 meV near each peak
value. Comparing data measured at low temperature to that
collected at 2 K [28] reveals that the series of peaks is
endemic to the ordered phase and disappears above T .

The spacing between the excitation peaks present in both
measurements corresponds to confinement in an approx-
imately linear one-dimensional potential. To demonstrate
this, we plot the excitation energies deduced from neutron
spectra at several wave vectors, as well as the positions of
corresponding THz peaks, versus the negative roots z; of
the Airy function in Fig. 1(d). For a precise linear attractive
potential A|x| between the dispersive particles [35], near the
minimum e(k) = my + h*k?/2u we expect the excitation
energies to be [17,18]

m; =2mgy+ (hA)*Pu~"Bz; with i=1,2,.... (1)

In the actual data, the linear dependence is apparent for all
but the first few points. As will be addressed in more detail
below, this slight deviation indicates that the confining force
increases somewhat at short distances. From a linear fit to the
higher-energy peaks we can immediately extract the slope
0.072(3) meV and the energy of a single particle my =
0.18(1) meV (half-intercept). Using the single-particle
kinetic mass #?/u = 0.39 meV x b*> [28], we estimate
the confining force constant A = 0.031(2) meV/b [36].

The next point that we make is that the observed bound
states at the 1D AF zone center are essentially 1D objects.
This is concluded by analyzing the neutron spectra shown in
Figs. 2(a) and 2(b) and Supplemental Fig. 5(a) in [28]. The
bound states do not propagate in either transverse direction
and thus have an essentially flat dispersion. Moreover, their
intensity shows a monotonic falloff and no obvious transverse
modulation, as plotted for the first two modes in Figs. 2(e)
and 2(f), and Supplemental Fig. 5(b) [28]. This implies that
these excitations do not involve cross-chain correlations and
are confined to a single chain.

For the first mode, the measured transverse wave vector
dependence is precisely accounted for [orange solid lines in
Figs. 2(e) and 2(f), and Supplemental Fig. 5(b)] by the
combined effects of (i) the magnetic form factor of Co**
and (ii) a neutron polarization factor for spin components
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FIG. 2. (a)-(d) False color plot of neutron scattering intensity
measured at 7 =40 mK plotted versus energy transfer and
momentum transfer transverse to the crystallographic b axis.
Gray areas mask regions of elastic-incoherent scattering. Back-
ground subtraction has been performed as described in [28]. The
orange regions represent energy-integration windows used to
extract the cuts in panels below. (e)—(h) Intensity-momentum cuts
(solid symbols) for the first two modes. The orange and green
lines show the product of the magnetic form-factor-squared for
Co”* and calculated neutron polarization factor for excitations
polarized perpendicular (solid) and parallel (dashed) to the
ordered moment direction, respectively. The overall scale factor
of the lines is arbitrary, but always consistent between the two
polarizations and consistent between panels (e) and (f).

perpendicular to the chain axis (to the direction of ordered
moments in the ground state). Longitudinal excitations
would become stronger for scattering vectors deviating
from the chain axis (orange dashed line). Already for the
second mode the identification of polarization is ambigu-
ous (green lines). Unlike in Ising chains, in Cs,CoBry the
conservation of the chain-axis projection of angular
momentum is not expected, meaning that excitations
cannot be unambiguously classified as longitudinal nor
transverse.

The 1D nature of zone-center excitations prompts a
simple interpretation. Similarly to the situation in CoNb,Og
and BaCo,V,Og, the observed modes are bound states of
two kinks (domain walls) in individual chains. Naively,
ignoring the kinetic energy of the kinks as in the purely
Ising case, such an excitation can be visualized as in the
cartoon in the inset of Fig. 1(d). The energy my, is to be
associated with that of a single domain wall. As a
consistency check, we can compare that to the computed
energy of a domain wall in a classical spin chain. Using
JYY JJXX ~ 1.1 as estimated for Cs,CoBr,, with a trivial
numerical classical-energy minimization procedure we get
mgy ~ 0.9J5> = 0.18 meV, in excellent agreement with the
measured value.
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Geometric frustration ensures that at the magnetic zone
center these strings of flipped spins within a single chain
incur no energy cost due to interactions with adjacent
chains within the triangular lattice. Moreover, any trans-
verse dispersion is suppressed. At the same time, the
interaction energy due to unfrustrated interlayer coupling
is proportional to the string length, resulting in confine-
ment. In this simplistic picture, the confining force is
A =2J"S?/b. This yields an interlayer coupling constant
J" =0.062(4) meV, inside the possible range deduced
from T'y.

The apparent difference between our data and those for
the Ising-chain AF BaCo,V,0g [19] is the presence of two
Zeeman ladder series in the latter material. The two series
correspond to transverse and longitudinal excitations, the
first transverse mode being a spin flip, i.e., a conventional
magnon. They are offset in energy by Ab in our notation
[28]. For Cs,CoBr, this amounts to as little as 0.03 meV.
The two series cannot be resolved within the resolution and
counting statistics of our neutron experiment but may
account for the extra shoulder peaks seen in the THz data
in Fig. 1(c). A similar estimate for BaCo,V,0g yields a
larger offset of about 0.34 meV that is easily resolved
experimentally [19].

The deviation from linear-potential behavior at low
energies is also readily explained. Since the material is
almost planar, the domain walls are not confined to a single
bond as in the ideal Ising case, but have a characteristic size
[ [37]. We can estimate that quantity in a classical spin
chain using the above-mentioned anisotropy parameters:
[ ~2b. The energy of the first few bound states is thus
modified due to a physical overlap of the two bounding
domain walls. Once the kinks are separated by a distance of
more than ~/, this interaction becomes negligible and the
confinement potential becomes linear.

In summary, at the 1D AF zone center the simplistic kink
model from 1D Ising physics consistently explains the
observed excitation energies. The first mode is transversely
polarized and shows an intensity pattern very consistent
with that of a magnon in spin wave theory [25], being
strongly suppressed at the 1D structural zone centers
(integer k). The intensities of higher modes are not that
easily interpreted: they may have a mixed polarization and
are less suppressed at integer k values [Figs. 1(a) and 1(b)].

Away from the 1D AF zone centers, the excitations are
considerably more complex. This is very clear in the
longitudinal dispersion of the bound states shown in
Figs. 3(a) and 3(b). Other than at gb = 0,7 (k=0,1/2)
the m; mode splits into two branches, each with an
asymmetric dispersion relation. In fact, the m, state at qb =
7 seems to be continuously connected to the m, excitations
at qb = 2z (k = 1) and vice versa. Fitting the dispersion of
the strongest low-energy mode in the vicinity of @b = 7 to
a Lorentz-invariant relativistic form

(hay)® = W*A(gh)*/u + A%, (2)

yields the value of kinetic mass quoted above.
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FIG. 3. (a),(b) False color plot of neutron scattering intensity
measured at 7 =40 mK plotted versus energy transfer and
momentum transfer along q = (0,%,0.5) and q = (0,%, 1),
respectively. The data were fully integrated along 4, and in the
range £0.25 r.L.u. along / around the central value. The gray areas
mask regions where the incoherent scattering dominates the
signal. Background subtraction has been performed as described
in [28].

A look at the intensities reveals that other than at the
special wave vectors, the bound states can no longer be
seen as strings in a single chain, but are “dressed” with
correlations extending to several neighboring chains in the
triangular plane. This conclusion is reached from Figs. 2(c)
and 2(d), that show a transverse cut of the spectrum at
gb =57/4 and qb = 3x/2, respectively. As plotted in
Figs. 2(g) and 2(h), the measured intensity of the first two
modes now shows a much steeper transverse wave vector
dependence than computed from just the polarization and
form factors (solid lines). The second mode even seems to
show signs of intensity oscillations, with a possible mixing
or hybridization and resulting intensity transfer with the
first mode.

Our data reveal that away from the special wave vectors
the bound states also propagate in two dimensions, albeit
with a small bandwidth. Indeed, in Fig. 2(d) one can see
that at qb = 37/2 the bound states develop a nonzero
dispersion along the ¢* direction, in contrast to what is seen
at qb =0,7z. Although the bandwidth of transverse
dispersion, 0.08 meV, is at the limit of our experimental
resolution, qualitatively one can say that qc = 0,4z are
dispersion minima for the m; mode, while the maximum is
at q¢ = 2z. That periodicity is consistent with having two
chains per unit cell along the c-axis direction in the crystal
structure.

Overall, the differences between our results and spectra
of Ising spin chains [18,19] are striking. In the latter,
all bound states, including the first one, are much less
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dispersive than the lower edge of the entire spectrum, which
approximately corresponds to the lower edge of the two-
kink continuum in the absence of long-range order. As a
result, each bound state persists only in a restricted area in
the Brillouin zone. In contrast, in Cs,CoBr, a few of the
lower-energy bound states are highly dispersive and span
across the entire zone.

In summary, we demonstrate that Zeeman ladders of
confined fractional excitations can exist in a bona fide
quasi-2D system. These states are inherently related to those
in 1D models, as revealed at special wave vectors where 2D
interactions are canceled by geometric frustration. However,
elsewhere in reciprocal space their true 2D character is
manifest. Once again, the distorted triangular lattice model
provides a link between 1D and 2D quantum magnetism.
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