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Stable composite objects, such as hadrons, nuclei, atoms, molecules and
superconducting pairs, formed by attractive forces are ubiquitous in nature.

By contrast, composite objects stabilized by means of repulsive forces were long
thought to be theoretical constructions owing to their fragility in naturally
occurring systems. Surprisingly, the formation of bound atom pairs by strong
repulsive interactions has been demonstrated experimentally in optical lattices.
Despite this success, repulsively bound particle pairs were believed to have no
analogue in condensed matter owing to strong decay channels. Here we present
spectroscopic signatures of repulsively bound three-magnon states and bound
magnon pairs in the Ising-like chain antiferromagnet BaCo,V,0. In large transverse
fields, below the quantum critical point, we identify repulsively bound magnon states
by comparing terahertz spectroscopy measurements to theoretical results for the
Heisenberg-Ising chain antiferromagnet, a paradigmatic quantum many-body
model®3. Our experimental results show that these high-energy, repulsively bound
magnon states are well separated from continua, exhibit notable dynamical responses
and, despite dissipation, are sufficiently long-lived to be identified. As the transport
properties in spin chains can be altered by magnon bound states, we envision that
such states could serve as resources for magnonics-based quantum information
processing technologies® s,

The stability of attractively bound pairs is typically rooted in their
binding forces lowering the energy of the state. For example, in fer-
romagnets, spin waves whose quantization corresponds to abosonic
quasiparticle, a magnon, are the conventional excitations. There,
because of the attractive ferromagneticinteraction, two magnon excita-
tions can remain bound together, forming a two-magnon attractively
boundstate® ™. By contrast, the formation of stable composite objects
owing to repulsive interaction typically increases the system energy.
For cold bosonic atoms in optical lattices, repulsively bound on-site
pairs dressed with quantum fluctuations become stable eigenstates
when the on-site repulsive interaction between atoms is much larger
than the tunnelling rate. As these atoms are only weakly coupled to
dissipative channels, such bound objects have been observed to move
through the lattice as dressed pairs for relatively long times because
theirlarge repulsion energy cannot be converted into kinetic energy*™

Whereas many condensed-matter systems host attractively bound
pairs, the realization of repulsively bound statesin solid-state materials,
in the absence of further symmetry protection, has been considered
impossible because of several relaxation channels. Here we overcome
this challenge by carefully choosing the compound to optimize the
stability of these states. We report on the experimental signatures of

repulsively bound two-magnon and three-magnon states in the antifer-
romagnetic compound BaCo,V,0;modelled, under astrong transverse
magnetic field, as a Heisenberg-Ising spin-1/2 chain.

BaCo,V,0;is exceptionally suited for the observation of repulsively
bound states owing to several properties™™: (1) nearest-neighbouring
spinsare antiferromagnetically coupled™*, leading to arepulsive inter-
action between magnons; (2) the transverse-field-induced transition
to the polarized phase is experimentally within reach®; (3) owing to
the material crystallographic structure, the spins are subjected to an
effective staggered magnetic field as well as a uniform component™*;
(4) withiincreasing field, the one-dimensionality becomes more pro-
nounced, effectively enhancing its strongly correlated nature®.

Thislast pointis particularly crucial as this compound is described by
the standard transverse-field Heisenberg-Ising spin-1/2 chain model.
This modelis of highimportance for understanding a variety of physi-
cal phenomena, including quantum critically and duality®~, topologi-
cal excitations'®” and quench dynamics'® %, and has greatly affected
various branches of physics, ranging from condensed matter and cold
atoms to quantum information. Here we show that this model has yet
to reveal some of its secrets, as we demonstrate that it can even host
two-magnon and three-magnon repulsively bound states.
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Fig.1|Repulsively bound two and three magnons for a Heisenberg-Ising
antiferromagnetic chaininastrongtransversefield. a, A fourfold screw
chain of spin-1/2 Co*ionsin BaCo,V,0¢. b, Antiferromagnetic ground statein
zero field corresponding to antiparallel alignment of spins with Ising easy axis
inthe crystallographic cdirection. ¢, Fully field-polarized state above the
one-dimensional transverse-field Ising quantum critical point, B> B..d, States
of two unbound magnons corresponding to two spin flips (red arrows), which
are well separated and propagate independently in the chain (curved red
arrows). e, Sketch of repulsively bound two-magnon states, with the two spin
flips occupying adjacentsites. f, Sketch of repulsively bound three-magnon
states, with the three spin flips occupying adjacent sites. The bound magnons
donotpropagate separately (curved grey arrows) butas an entity (curved red
arrows) along the chain. g,h, Eigenfrequencies asa function of transverse field
for all of the experimentally observed magnetic excitations (g) and for the
corresponding modes obtained by the numerically exact time-dependent
matrix product state algorithm using the parameters/=2.82meV,4=1.92,
g, =3.06, gy =0.66and g"=0.21(h). Very good agreementbetween experiment
andtheoryisachieved. Above B, =40 T, the single-magnon modes (M, M3,
and Myat the quasi-momentaq =, m/2and O, respectively; seeFig.4) are
observedinthefield-polarized phase. The solid lineingis alinear fit of the
low-lying M!, mode, which determines the critical field of B, = 40 T.Below B,,
excitations of the repulsively bound three magnons (T, at g =1/2), two magnons
(D,,and D, atg=m/2and g =, respectively), as well as the single magnons
(M}, and M} atg=T/2and g =, respectively) are identified by their field-
dependent eigenenergies. Experimental and theoretical linewidths are
indicated by bars.

A simplified sketch of two-magnon and three-magnon bound
states above the spin-polarized ground state (Fig. 1c) realized by
the application of a strong magnetic field is presented in Fig. 1e,f.
Owing to the presence of an antiferromagnetic exchange coupling,
the energy of two neighbouring magnons (Fig. 1e) is higher than the
energy of two unbound spatially distant ones (Fig. 1d). InBaCo,V,0s,
the energy difference between the bound and unbound states is fur-
ther increased by the presence of a spatially dependent effective
magnetic field, a crucial ingredient for their experimental observa-
tion. Figure 1e,f only depicts a simplified classical representation of

magnons and quantum bound states, neglecting their dressing by
quantum fluctuations.

In Fig. 1g, the experimentally detected modes are represented by
their frequencies versus applied transverse field. Comparing with a
one-dimensional Heisenberg-Ising (or XXZ) model, we demonstrate
that the observed higher-energy modes marked by D and Tare associ-
ated with two-magnon and three-magnon repulsively bound states,
respectively. In the experimentally accessed low-temperature and
high-field regime, the long-range magnetic order stabilized owing to
small interchain couplings has been suppressed®. Hence we neglect
smallinterchain couplings present in real materials and describe each
spin chain by the one-dimensional XXZ spin-1/2 model

L-1 L
H=]Y (S3S%,1+SST+ASIS2) ~ B, Y (8¥°S3+gs%), (1)
Jj=1 j=1

with an antiferromagnetic exchange, /> 0, and an Ising-like anisot-
ropy, 4 >1(refs. 13,14,22,23). §7%* denote the spin components at
thejth site of the chain with length L. The x coordinate is defined
parallel to the applied field B, along [110], whereas y and z are along
the[-110] and cdirections, respectively. The last term describes the
Zeeman interaction, given the Landé g-factors g** and g% and the
Bohr magneton pg. The anisotropic g-values result fromthe edge-
sharing CoO4 octahedra™™, which form a fourfold screw chain along
the c direction (Fig. 1a).

Inthisisolated chain model, the positive exchange/induces an anti-
ferromagnetic ground state at zero field (Fig. 1b). In this regime, the
elementary excitations are spinons*2® carrying a fractional quan-
tum number of spin-1/2. In the applied transverse field, a phase tran-
sition into a quantum paramagnetic phase occurs at a critical field
B.. This state is characterized by a field-induced polarization of the
spins (Fig. 1c). According to measurements of magnetization, sound
velocity and magnetocaloric effect”, the quantum phase transition of a
transverse-field Ising nature*? occursinBaCo,V,0gat B. =40 T. Above
the polarized ground state, the low-energy excitations are magnons
and, because of quantum fluctuations, a finite density of spin flips is
already presentin this ground state. Because the magnetizationin the
field directionisimportant atlarge fields even below B,, the excitations
in the regime 0 <« B < B, can be described in terms of magnons®.

In this work, we address the following fundamental question: can
repulsively bound states of two or three magnons be formed when the
strongly fluctuating ground state is perturbed by a photon or neutron
flipping an extra spin? For strong transverse fields, as the effective
interaction between magnons is repulsive, that is, =< /> 0, the energy
of such magnon bound states would be larger than that of unbound
magnons. In principle, many such high-energy states should exist.
However, to be sufficiently stable and detectable, these states need to
be well separated from excitation continua. This condition s fulfilled
in BaCo,V,0y, in which staggered magnetic-field components are
induced by the site-dependent g-factors, g =g* - (-1)/g* and

. . J u S
gy =g&"sin (E_[) (see Methods).

Quantum spin dynamics around B,

We present below our experimental results highlighting the presence
of repulsively bound magnon states in BaCo,V,0;. This compound is
excited with amagneticfield of terahertz photons (1THz = 4.1 meV) in
applied pulsed fields up to 61 T. The obtained absorption spectra are
shown in Fig. 2a. At 1.478 THz, the spectrum exhibits one resonance
peak (labelled My, ,) above B at 42.1 T and two further peaks at 29.8 T
and22.8 Tbelow B,, labelled as M and D,, respectively. All three modes
shift to higher fields with increasing frequencies. The My, mode is
sharplyresolved above B., whereas at low fields, it is barely traceable.
By contrast, the other two modes (Mg and D,,) can still be clearly
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Fig.2|Quantumspindynamics around the one-dimensional transverse-
field Ising quantum critical point.a, Absorption spectraat various
frequencies exhibit resonance peaks corresponding to the higher-energy
excitations D, Mgand My ,. b, Field-dependent evolution of the lowest-
lying mode M! indicates the gap closing and reopening in the vicinity of the
quantum phase transitionat B.=40 T, which belongs to the one-dimensional
transverse-field Ising universality class'®. Above B, the system enters a fully
field-polarized quantum paramagnetic phase (see Fig. 1c for anillustration).
Thespectraof higher frequencies are shifted upwards for clarity. a.u.,
arbitrary units.

detected at lower fields. At much lower frequencies, such as for
0.120 THz (Fig. 2b), our electron-spin-resonance spectroscopy reveals
two resonance peaks above and below B.at 30.1 T and 43.4 T, respec-
tively. By decreasing the frequency, we observe both peaks approach-
ing the critical field, an indication of gap closure at B..

Quantum spin dynamicsat0 <B<B,
We explore the quantum spin dynamics at even higher energies by
carrying out magneto-optic measurements in strong static magnetic
fieldsupto32 T. AsshowninFig. 3a, the absorption spectraat 2 Kand
32 Tis characterized by two peaks at 1.56 THz and 1.90 THz, precisely
corresponding to the resonance modes M{ and D,, revealed by the
field-sweepingelectron-spin-resonance technique (Fig. 2a). The modes
o and D, soften as the field is decreased. By contrast, at 24 T, another
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Fig.3|New types ofhigh-energy excitationintheregime 0 <«B<B..a, Three
different excitations My, D,and M, are observed, each witha different
characteristic field dependence. b,c, Higher-energy modes D, ,, (b) and T, (¢)
with smaller absorption coefficient, asindicated by the arrows, are resolved in
high fields below B, (see also Extended Data Fig. 5). Although the ML,Z mode
softens, the eigenenergies of the other modesincrease withincreasing fields.
Thespectrainhigher fields are shifted upwards for clarity.

lower-frequency mode M'n /»appears, with substantially smaller spec-
tral weight, which evolves towards higher frequencies at lower fields.
In the highest available frequency range above 2 THz (whose photon
energy is >3/), we resolve two further modesin the spectra (Fig. 3b,c).
For example at 22 T, the mode D, is found at 2.47 THz and the mode
T.,,at2.92 THz. We can unambiguously resolve these two modes by
their systematicshiftsin the applied fields, eventhough they are char-
acterized by arelatively small spectral weight.

Many-body numerical simulations

The experimental resonance frequencies versus magnetic fields are
extracted for all of these excitations and summarized in Fig. 1g. We
identify the nature of these modes by comparing them with our precise
theoretical results (Fig. 1h). The theoretical modes are obtained by
computing the dynamical spin structure factor S(q, ) (see Methods
for the definition) describing the response to a single spin flip trig-
gered by alinear couplingto the terahertzmagnetic field and obeying
the selection rule AS = +1. Owing to the fourfold screw symmetry
(Fig. 1a), the zero-momentum transfer in the reduced zone scheme,
examined by terahertz spectroscopy, corresponds to quasi-momenta
0, m/2and minthe extended Brillouin zone. The dynamical structure
factoris derived from many-body numerical simulations of the quan-
tum spin dynamics for the Hamiltonian in equation (1) using the
numerically exact time-dependent matrix product state algorithm® %,
Our results are presented in Fig. 4a-cforthe threeregimes 0 « B<B,,
B=B.and B > B, respectively. Corresponding to the intensity maxima
(as marked by green circles at the quasi-momentag=0, m/2and tin
Fig.4), the frequencies extracted from the theoretical spectral func-
tion are shown in Fig. 1h for the comparison with the experimentally
observed modes.
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Comparison between experiment and theory

Very good agreement is achieved for all seven detected modes, using
theparameters/=2.82meV,4=192, g7 =3.06,g} =0.66 and g°= 0.21.
These values also provide an excellent description for the field-
dependent magnetization (Extended Data Fig. 1) and are consistent
with previously reported values®'¢***° (Extended Data Tables 1 and
2). Wefind that, well above the critical field (B > B,), the spins are polar-
ized by the magnetic field (Fig. 1c). In this regime, the spin dynamics
is characterized by unbound magnon excitations (see Fig. 4c and the
sketch in Fig. 1d). However, instead of a single band, we obtain two
distinct excitation bands, as denoted by M' and M" in Fig. 4c. The gap
between the two bands is because of the site-dependent, staggered
effective field, that s, (—l)jg;‘Bx (Extended Data Fig. 2). Both bands
correspond to unbound magnons, excited by the terahertzfield, prop-
agating along the chain.

With decreasing field towards B., both magnon bands shift to lower
energies, as seen experimentally and theoretically. The lower mode
marked by MLdecreases approximately linearly and becomes gapless
at B, signalling the quantum phase transition. The gap of this mode
reopens more slowly below B.. A linear extrapolation of the field
dependence above the B, determines a critical field of B,=40 T (see
Fig.1g), inexcellent agreement with thermodynamic measurements®.

Closetothecritical field, B = B, we identify new excitations (denoted
by Din Fig. 4b) at energies higher than the unbound magnon bands.
The characteristic energies of the D modes are not simply twice that
of the M' mode or of the M* mode. To analyse the nature of the exci-
tations, we monitor theoretically the expectation distance between
the flipped spins present in the states contributing most to this
dynamical-structure-factor feature®. Asinabound state, the magnons
should mostly be confined next to each other and the distance should
be small*® (for example, <2.5 sites; see Fig. 1e), whereas for unbound
magnons, the distance is usually much larger (Fig. 1d). Thereby, we
identify the high-energy band D as being the excitation of repulsively
bound two-magnon states®. For fields below B_but still very large (for
example, B=30T), we obtain an excitation band at even higher energy,
as denoted by T above the dashed line in Fig. 4a. This band involves
three flipped spinsbound next to each other, with the average distance
between the first and third spins being very small*® (that is, <3.5 sites;
seeFig. 1f). Thus, this band corresponds to the excitations of repulsively
bound three magnons.

Momentum, q

Momentum, q

(seeFig.1a) andis experimentally detectable by terahertz spectroscopy.
M, D and T denote the excitations of unbound magnons, repulsively bound

two magnons and repulsively bound three magnons, respectively. Inthe
corresponding labels, the subscript denotes the momentum q.Ineach panel,
wenormalized S(¢, w) toits maximum value. To highlight the high-frequency
modes above the horizontal dashed lines, we multiplied S(g, w) by afactor of 10.
Theblue curvesin c depict the one-magnon dispersion computed analytically®.

Identification of repulsively bound magnons

The very good agreement between experiment and theory enables
the unambiguous identification of experimentally observed repul-
sively bound magnon states (see Fig. 1g,h). D, and D, correspond to
the excitations of repulsively bound two-magnon pairs and 7,, to the
repulsively bound three-magnon states. The D, ,and D, modes are at the
maximum and minimum of the excitation band at the quasi-momenta
g=1/2and g =, respectively (marked by green circles in Fig. 4a,b).
However, the spectral weight corresponding to the repulsively bound
three-magnon state is mostly concentrated around g = /2 (Fig. 4a).

The experimental observation of the repulsively bound magnon
states highlights their important role in one-dimensional quantum
many-body spin dynamics. These peculiar states appear as high-energy
many-body dynamical features in a regime characterized by strong
one-dimensional spin fluctuations, O < B < B, in which the antiferro-
magnetic exchange and the Zeemaninteraction compete. The contribu-
tion of the repulsively bound magnons to the dynamicsis enhanced by
the staggered effective field (Extended DataFigs.3and 4), adistinctive
feature of BaCo,V,0¢facilitating their experimental observation. Above
the critical field, quantum fluctuations are strongly suppressed and the
spin dynamics is dominated by low-lying single-magnon excitations.
There the dynamical response of the magnonbound states is negligibly
small and experimentally undetectable.

The characteristiclifetime of the repulsively bound states can be esti-
mated from the experimentally resolved linewidth (Fig. 3), whichyields
atypical value of 8 + 2 ps. This is sufficiently long in comparison with
theirrelatively high characteristic frequencies (w > 1.2 THz; see Fig. 3),
allowing their experimental identification evenin the presence of dis-
sipation. Such high frequencies correspond to the strong exchange
interactions, ensuring that the observed spin dynamics is governed by
one-dimensional many-body quantum-mechanical effects rather than
dissipation or thermal fluctuations. At elevated temperatures, ther-
mally enhanced fluctuations (for example, lattice vibrations and spin
fluctuations) will substantially reduce the lifetime of the repulsively
bound magnons corresponding to broadened excitation lineshapes.

In conclusion, we demonstrate the existence of repulsively bound
two-magnon and three-magnon states in a solid-state compound,
beyond the realm of ultracold atoms in optical lattices"'?, although
thermal fluctuations and dissipative channels are present, as well
as strong quantum fluctuations. These unconventional repulsively
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bound states, together with their transport properties, are of particular
interest in the fields of quantum communication, manipulation and
sensing®®. Our results also motivate comprehensive studies of exotic
high-energy magnon dynamics in quantum magnets and of general
composite excitations in complex many-body systems.
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Methods

Sample preparation and characterization

High-quality single crystals of BaCo,V,04 were synthesized by a
solid-state reaction using a mixture of BaCO, (99+%, Merck), Co,0,
(99.5%, Alfa Aesar) and V,05(99.5%, Strem Chemicals) ina1:2/3:1molar
ratio. A four-mirror image furnace (FZ-T-10000-H-VI-VP, Crystal Sys-
tems Inc.) was used for the single-crystal growth by means of the
floating-zone technique'. For the optical experiments, single crys-
tals were oriented at room temperature using X-ray Laue diffraction.
Samples were cut perpendicular to the crystallographic[110] direction
with a typical size of 4 x 4 x 1 mm?®,

Magnetization measurements in pulsed magnetic fields
Abar-shaped BaCo,V,0g single crystal of 2 mm length along the [110]
directionand a cross-section of about 1 mm?*was used for the magneti-
zation measurementsin a pulsed magnetic field that was applied along
the [110] direction, that is, B||[110]. The pulsed field had arise time of
7 ms and a pulse duration of 20 ms.

The magnetization of BaCo,V,0g obtained at 1.8 K is presented in
Extended Data Fig.1as a function of the applied transverse magnetic
field, B||[110]. The magnetizationincreases continuously with magnetic
field and exhibits a saturation feature at the quantum phase transition
of B.=40 T, as confirmed by the measurements of sound velocity and
magnetocaloric effect”. Above B,, a slight increase of the magnetiza-
tion is ascribed to a Van Vleck paramagnetic contribution with a sus-
ceptibility of 0.00895u;/T (dotted line). As shown by the solid line,
the experimental data are very well described by the sum of the Van
Vleck contribution (dotted line) and the density matrix renormaliza-
tion group results for the one-dimensional Heisenberg-Ising model
(dashed line) at zero temperature, with the same parameters as for
the observed magnetic excitations (see Figs.1and 4).

Terahertz spectroscopy in pulsed and static magnetic fields

The high-field electron-spin-resonance spectroscopy in a pulsed mag-
netic field up to 61 T was performed at Helmholtz-Zentrum Dresden-
Rossendorf (HZDR). Absorption spectra of quasi-monochromatic elec-
tromagnetic waves were measured as a function of the pulsed magnetic
field for frequencies above 1.2 THz using a free-electron laser* and
below 0.6 THz using VDI microwave sources (Virginia Diodes Inc.) at
HZDR.Theterahertzbroadband transmission measurements were per-
formedinstatic magneticfields up to 32 T using a Bitter electromagnet
at the High Field Magnet Laboratory in Nijmegen, the Netherlands.
Terahertz electromagnetic waves were generated by a mercury lamp
and detected by asiliconbolometer. The spectrawere recorded usinga
Fourier-transform spectrometer Bruker IFS 113v. For all of these meas-
urements, the magnetic fields were applied along the crystallographic
[110] direction.

Anisotropic g-factors and effective magnetic field in BaCo,V,04
Because the CoO4 octahedra in BaCo,V,0g are slightly distorted with
the apical Co-0 bonds tilted off the c axis (that is, the Ising-like axis;
see Fig.1a), the magnetic local principal axes do not coincide with the
crystallographic axes. This results in staggered Landé g-factors™**

, ™, (T,
g% = (g,cos’0 +g25m20)c052(5(/—1)) +g3sm2(5(/—1)j,
g7y =0,
gj.’ =(g, —gl)cosesinecos[g(j—l)],
(2)
i Y T,
g? = (g,cos’0 +gzsm20)sm2(5(/—1)) +g3cosz(3(/—1)j,

g7 = g,sin’6+g,cos6,

gjfz = (g, —g;)cosBsinBsin (g(j— l)j,

inwhich 8 =5°is the tilt angle from the c axis and g;, g, and g; are the
values of the g-tensor along the magnetic principal axes. The x coor-
dinateis defined along the crystallographic[110] direction, parallel to
the applied magnetic field, whereas the y and z coordinates are along
the [-110] and [001] directions, respectively.

For a transverse magnetic field in the x||[110] direction, the
Zeeman term owing to the effective magnetic field for a single
chain in BaCo,V,0s is given by u,B, Zj (ng5§+gj25§), in which
gf§,3,4 =(3.72,2.4,3.72, 2.4)and gf’2’3'4 =(0.21, 0, - 0.21, 0), corre-
sponding to g;,;=3.7, 6.1 and 2.4. Owing to the site-dependent
anisotropic g-factors, the effective magnetic field in the x direction
has a uniform and a staggered component, corresponding to
g7 =g, ~ (-1)/gg, with g, =3.06and g =0.66.Inthezdirection, the
effective field has a fourfold periodicity, gjfz =g7sin (%j) withasmall
value of g7= 0.21, whose contribution does not play a crucial role for
the existence of the repulsively bound states®°. The parameters
obtained are summarizedin Extended Data Tables1and2 and compared
with the reported values in the literature. Although the values of J, 4
and g7 are consistent with the reported values™'****°*?, the value of
g2 corresponding to the staggered field is relatively small and was
neglectedin theliterature. By contrast, we have shown the importance
of afinite staggered field, which is responsible for the splitting of the
low-lying single-magnonband (see Extended Data Fig. 2) and enhances
the dynamical response of the repulsively bound magnons (see
Extended DataFigs.3 and 4). These parameters are further constrained
by the field dependence of the magnetization (see Extended DataFig. 1).

Numerical simulations using the matrix product state technique
Weinvestigate theoretically the excitations observed experimentally
by computing the dynamical spin structure factor, S(q, ). In linear
response, the definition we use is given by

L/2+2

s@= Y [EF@ ol + (@)@ o+ (g a o’

[=L/2-1

+1(gS) (@ 0.

Because the terahertz field is unpolarized and perpendicular to the
applied external field, equation (3) contains the relevant transverse
components, which are defined by

L
a) 1 - i(wt-qj a
€% (q, w) = ﬁfo Y doradgaghses oae @)
J=1

witha, Beix,y, 2}, G =g, G =g” +g7, Gi =g[* +g}* and the two-
point correlation functions Sﬁfi,(t) =(0| S?(t)Sf |0y for the spin opera-
tors S5 and S?. The index [ enumerates the four Co*" spin sites in
the central unit cell. The ground state, denoted by |0), and the time-
dependent correlations are computed numerically using matrix prod-
uct state algorithms (see below).

The numerical simulations performed in this work for the
one-dimensional model, equation (1), are based on the matrix product
states techniques® . This method is variational in the space of matrix
productstates characterized by a certain matrix dimension, called the
bond dimension. The loss of accuracy in the representation of the
wavefunctionin an approximation stateis quantified by the truncation
error. Theground state |0) is obtained using a finite-size density matrix
renormalization group algorithm® in the matrix product state repre-
sentation implemented using the ITensor library®. The convergence
isensured by amaximalbond dimension up to 300, for whichthe trun-
cation error is at most 102 The two-point correlations are computed
numerically using the time-dependent matrix product state method* .
We considered systems of L = 124 sites and bond dimensions up to 300.
This ensures that, at the final time ¢//A =110, the truncation error is



<107 (or <10™ above the phase transition). The time step is 6¢//f = 0.05
and the measurements were performed every fourth time step. To
minimize the numerical artefacts arising as aresult of the use ofopezn

4(1-%
boundary conditions, we applied a Gaussian filter, f(j)=e +(1-%) ,
to the dynamic correlations before performing the numerical Fourier
transform. Herejlabels the sites.

Effects of the effective staggered magnetic field

We have emphasized that the staggered magnetic field plays a very
important role in the visibility and detection of the multi-magnon
bound states. This can be systematically shown by performing numer-
ically exact calculations with the matrix product state technique for
various values ofg:, whichis responsible for the staggered field.

We consider three different regimes: above the phase transition,
B> B, (see Extended Data Fig. 2), at the phase transition B= B, (see
Extended Data Fig. 3) and below the phase transition (but still at large
magneticfield), 0 « B <B.(see Extended DataFig.4). The values of the
other parameters are the same as for the results of the main text,
J=2.82meV,4=192, gf =3.06 and L =124, except the fourfold field,
which is absent (g°= 0). We can show that the small value of g=0.21
doesnotinfluence the characteristic features of the repulsively bound
magnon states (see ref. 30).

For B> B, the spins are polarized along the field direction. Without
a staggered field, g} =0, the excitations are characterized by the
dynamics of single magnons moving through the chain. This deter-
minesasingle cosine-shaped bandin the structure factor (see Extended
Data Fig. 2a; denoted by M). If the staggering becomes finite, g;‘ >0,
this band is split into two with a gap. This is because a propagating
single magnon around the lattice experiences site-dependent lower
or higher effective magnetic field. This can also be seen from the fact
that the gap increases with increasing staggered field (see Extended
DataFig.2b-dfor g;‘ € {0.31, 0.66, 0.94}). We mention that the results
inExtended Data Fig. 2c correspond to the same staggering, g¥ = 0.66,
as for the parameters considered in Fig. 4 describing BaCo,V,0s.

In the case of a magnetic field close to the critical value, B= B, we
can clearly distinguish the two-magnon bound states features at the
experimental value g;‘ =0.66 (Extended Data Fig. 3¢, see also Fig. 4).
If we increase the staggering, the spectral weight of the repulsively
bound two-magnon excitations becomes even more prominent
(Extended Data Fig. 3d), whereas at lower and vanishing staggering,
the spectral weight strongly decreases and becomes hardly discernible
(see Extended Data Fig. 3a,b).

Similarly, for magnetic field below B but still large, thatis,0 « B<B,,
startingfrom the experimental value g = 0.66 (Extended DataFig. 4c),
anincrease or decrease of the staggered field will enhance or reduce,
respectively, the spectral weight of the repulsively bound two-magnon
(denoted by D) and three-magnon (denoted by T) states. It isimportant
to note that, even without the staggered field, the repulsively bound
multi-magnon states are present in the model, owing to the interplay
of the antiferromagnetic interactions and strong magnetic fields*.
However, their presence in the dynamical structure factors as
well-defined features with aspectral weight large enoughto be detected
experimentally is because of the presence of a strong staggering of the
effective magnetic field, as in the case of BaCo,V,0s.

Guiding principles for identifying repulsively bound magnons
Our study reveals the following guiding principles for identify-
ing repulsively bound magnons. First, spin interactions should be

dominated by antiferromagnetic intrachain exchange with negligi-
ble interchain couplings, enhancing one-dimensional quantum fluc-
tuations. Second, the intrachain interaction should be sufficiently
stronger than thermal energy, such that the spin dynamics is gov-
erned by quantum-mechanical effects. A strong intrachain interac-
tion also corresponds to alarge quantum critical field; therefore the
three-dimensional order stabilized by the interchain couplings is
already suppressed well below the one-dimensional quantum critical
point. Third, to avoid a fast decay of the repulsively bound magnons,
dissipation channels (for example, a direct coupling with phonons
or other degrees of freedom) should be minimized as much as pos-
sible. Last but not least, the staggered magnetic field in BaCo,V,0¢
increases the separation of the repulsively bound magnons from the
lower-energy excitations and also enhances their dynamical responses,
facilitating the experimental identification.
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Extended DataFig.1|Magnetization ofBaCo,V,0gas afunction ofthe
applied magneticfield along the crystallographic[110] direction’, that s,
B||[110]. The solid line shows the theoretical result, asasum of aparamagnetic
(PM) VanVleck contribution (dotted line) and the contribution of the one-
dimensional Heisenberg-Ising (HI) model in equation (1) (dashed line).



Momentum g

Extended DataFig.2|Dynamical spinstructure factor S(g, w)asafunction
of momentum g and frequency w (see equation (3)) atanapplied field of
B=45T>B_ forvarious values of g corresponding to different effective
staggering of themagneticfield. a, Withoutastaggered field (thatis, g = 0),
the spindynamicsis characterized by asingle cosine-shaped band of unbound-

magnon excitations, labelled as M. b-d, With a finite staggered field (that s,
g =0.31,0.66and 0.94, respectively), thisband is splitinto two bands, separated
byagap.Thegapincreaseswithincreasing staggered field. Thedatainc
correspond to the experimental value of the staggering in BaCo,V,0g (see
Fig.4c). Thebluelines are analytical results for the one-magnon excitations®.
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ofthe repulsively bound two-magnon states (labelled as D) is multiplied by a
factor of10. Thedatain c correspond to the experimental value of the staggering
for BaCo,V,0q (see Fig. 4b).

Extended DataFig. 3| Dynamical spinstructure factor S(g, w)asafunction
of momentum g and frequency w (see equation (3)) atan applied field of
B=40.3T=B_forvariousvalues of g} correspondingto different effective
staggering of the magneticfield. Above the dashedline, the spectral weight
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Extended DataFig.4 | Dynamical spinstructurefactor S(q, w)as afunction
of momentumgand frequency w (see equation (3)) atan applied field of
B=30T (thatis, 0 <B<B,)for various values of g’ correspondingto different
effective staggering of the magneticfield. a, Without astaggered field (that
is, g =0), the high-energy features above the unbound-magnon excitation
bandare hard toidentify. However, withincreasing staggeredfield for g¥ =0.31

(b), for g7 =0.66(c) and for g} =0.94(d), the spectral weight of the features of
repulsively bound two-magnon and three-magnon excitations (labelled as D
and T, respectively) canbe clearly identified and is continuously enhanced.
Above the dashed line, the spectral weight of the repulsively bound three-
magnon statesis multiplied by afactor of 10. The datain ccorrespond to the
experimental value of the staggering for BaCo,V,04 (see Fig. 4a).
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Extended DataFig.5|Absorption coefficient measured instatic magnetic frequency spectral range corresponding to the D,,;, and the repulsively bound
fields.a, Thespectrumat 28 T with the single-magnon Mgand the repulsively three-magnon T, , modes (as indicated by the arrows) measured at various fields.
bound two-magnon D, and D,,, modes (see also Fig. 3). b, Zoom-in of the high-



Extended Data Table 1| The parameters Jand A

Data from refs. 13,16,38,40,42.



Extended Data Table 2 | The parameters of the g-values g},
g;andg,

Data from refs. 13,40.



	Experimental observation of repulsively bound magnons

	Quantum spin dynamics around Bc

	Quantum spin dynamics at 0 ≪ B < Bc

	Many-body numerical simulations

	Comparison between experiment and theory

	Identification of repulsively bound magnons

	Online content

	﻿Fig. 1 Repulsively bound two and three magnons for a Heisenberg–Ising antiferromagnetic chain in a strong transverse field.
	﻿Fig. 2 Quantum spin dynamics around the one-dimensional transverse-field Ising quantum critical point.
	﻿Fig. 3 New types of high-energy excitation in the regime 0 ≪ B < Bc.
	﻿Fig. 4 Characteristic quantum spin dynamics.
	Extended Data Fig. 1 Magnetization of BaCo2V2O8 as a function of the applied magnetic field along the crystallographic [110] direction15, that is, B∥[110].
	Extended Data Fig. 2 Dynamical spin structure factor as a function of momentum q and frequency ω (see equation (3)) at an applied field of B = 45 T > Bc for various values of corresponding to different effective staggering of the magnetic field.
	Extended Data Fig. 3 Dynamical spin structure factor as a function of momentum q and frequency ω (see equation (3)) at an applied field of B = 40.
	Extended Data Fig. 4 Dynamical spin structure factor as a function of momentum q and frequency ω (see equation (3)) at an applied field of B = 30 T (that is, 0 ≪ B < Bc) for various values of corresponding to different effective staggering of the magnetic
	Extended Data Fig. 5 Absorption coefficient measured in static magnetic fields.
	﻿Extended Data Table 1 The parameters J and Δ.
	﻿Extended Data Table 2 The parameters of the g-values , and gz.




