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We observe a wealth of multi-magnon bound states in the strongly anisotropic spin-1 triangular
antiferromagnet FeI2 using time-domain terahertz spectroscopy. These unconventional excitations
can arise in ordered magnets due to attractive magnon-magnon interactions and alter their prop-
erties. We analyze the energy-magnetic field spectrum via an exact diagonalization method for a
dilute gas of interacting magnons and detect up to 4- and 6-magnon bound states, hybridized with
single magnons. This zoo of tunable interacting quasiparticles provides a unique platform to study
decay and renormalization, reminiscent of the few-body problems found in cold-atom, nuclear and
particle physics.

Insulating spin systems are widely studied for their un-
conventional ground states, exotic magnetic excitations
and spin textures. Geometrically frustrated lattices, like
the 2D antiferromagnetic triangular lattice, can suppress
magnetic order at low temperatures and support frac-
tionalized excitations [1, 2]. But even a long-range or-
dered magnet can exhibit excitations different than con-
ventional magnons. For instance, depending on spin-
space anisotropies and the range of magnetic interac-
tions, single-magnon quasiparticles can interact attrac-
tively with each other, generating multi-magnon bound
states (BS). The existence of such BS was first predicted
in the 1930s by Bethe [3] in 1D quantum magnets, us-
ing a spin-1/2 Heisenberg model. These exchange-driven
BS are usually observed in 1D ferromagnetic spin chains
with S ≤ 1 [4–6]: two magnons in such a system can bind
on adjacent sites because the proximity of two spin-flips
reduces the energy via the ferromagnetic exchange in-
teraction. Although two-magnon BS have been detected
in experiments, evidence for higher-order magnon BS re-
mains scarce. Recently, a 3-magnon BS was observed in
a quasi-1D S=2 antiferromagnetic spin chain system [7].
Because of their potential for a deeper understanding of
fundamental phenomena in magnetism and of few-body
problems, such as the study of quasiparticle renormaliza-
tion and decay, these excitations are of intense current
interest [8–15]. But they are also important for potential
technological applications since they can strongly affect
the transport properties in a 1D chain of qubits [16].

Here we study multi-magnon BS excitations in the
spin-anisotropic triangular lattice antiferromagnet FeI2.
The magnetic Fe2+ ions carry S= 1 and are distributed
on hexagonal planes [Fig. 1], stacked along the c-axis.
In zero magnetic field, FeI2 orders spontaneously in a

striped antiferromagnetic phase below TN ≈ 9 K [17].
One distinctive feature for the S = 1 spins in FeI2
is that the energy of two spin deviations on a single-
site – a particular form of 2-magnon excitation called
single-ion bound-state [SIBS, Fig. 1(d)] – is compara-
ble or even lower than the energy of a single magnon
[Fig. 1(c)]: a magnetic excitation with a quantum num-
ber |∆Sz| = 2 would, instead of flipping two different
spins from Sz = +1 (or -1) to Sz = 0, flip only one
site from +1 (or -1) to -1 (or +1). This particular BS
with |∆Sz| >1 on a single site can only be observed be-
cause S >1/2. Recent neutron scattering experiments in
zero magnetic field at T < TN revealed that this effect
stems primarily from the balance between strong easy-
axis single-ion anisotropy D and nearest-neighbor fer-
romagnetic exchange interaction J1 (with |J1/D| ∼0.1)
[18], although competing further-neighbor exchange in-
teractions are necessary to explain the complex magnetic
structure and details of the excitation spectrum. Mod-
eling of the neutron scattering evinced that the large
spectral weight and weak dispersion of the SIBS origi-
nates from a hybridization with the single-magnon band
through off-diagonal exchange interactions. The propen-
sity of FeI2 to generate multi-magnon BS of higher order
based on these particular features motivated the thor-
ough study of its magnetic excitations. Indeed, as we
will see below, the almost flat band nature of the SIBS
promotes further BS formation and allows for a rich phe-
nomenology.

FeI2 undergoes several metamagnetic transitions in-
duced by a c-axis magnetic field [19]. Here we
study the low-field antiferromagnetic phase at T = 4 K
and µ0H < 5 T using time-domain THz spectroscopy
(TDTS). We observe various low energy multi-magnon
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layer interaction is much stronger than the interlayer one as
in FeCl2.12

When a magnetic field is applied along the spin easy axis
which is the c axis of the crystal, FeCl2 and FeBr2 show a
first-order transition from the antiferromagnetic to ferromag-
netic state at low temperatures.9 A more complex magnetiza-
tion process has been observed in FeI2, where at least four
magnetization changes are seen.13,14 The magnetization pro-
cess was discussed based on the further neighbor interaction
model.14 From an analysis of the experimental results, the
third-nearest-neighbor interaction constant with almost the
same magnitude as the nearest-neighbor one has been
obtained.14 This result does not appear to be realistic because
the exchange interaction in an insulating material decays rap-
idly with the distance between magnetic ions.

In this paper, we try to understand the enigmatic proper-
ties of FeI2 from the measurements of magnetic susceptibil-
ity, magnetization, and specific heat. We discuss, first, the
electronic state of Fe2+ in FeI2 and the exchange interaction
to justify that the material can be modeled by an Ising anti-
ferromagnet. Then, the experimental results are interpreted
based on the anisotropic triangular lattice model.

II. CRYSTAL AND MAGNETIC STRUCTURE

The compound FeI2 has the hexagonal !trigonal" crystal
structure !space group P3̄m1" shown in Fig. 2!a". The lattice
constants are, a=4.03 Å and c=6.75 Å.11 This material ex-
hibits an antiferromagnetic order at TN=9.3 K.12 The mag-
netic structure in zero field of FeI2 determined from the
neutron-diffraction experiment11 is shown in Fig. 2!b".

When an external magnetic field, B, is applied along the c
axis, FeI2 shows successive magnetic phase transitions. The
magnetic field versus temperature phase diagram determined
from the magnetization and neutron-diffraction
measurements14 is shown schematically in Fig. 3!a". Figure
3!b" shows the magnetic structure determined from the
neutron-diffraction study at temperature, T=1.4 K and B
=5.5 T corresponding to phase F1.14 In this phase, the wave
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30$ are observed.14

The magnetic structure determined at T=1.4 K and B

=7.1 T corresponding to phase F2 is shown in Fig. 3!c". In

this phase, the wave vectors, k1= # 1
5

1
50$, k2= # 2

5
1
50$, and k3

= # 1
5

2
50$ are observed.14 Wiedenmann et al.14 have not ob-

served any magnetic long-range order in phase F3 and sug-
gested that it was an amorphous or floating phase. The mag-
netic structure of phase F4 does not seem to be determined
completely. Wiedenmann et al.14 presented the magnetic
structure shown in Fig. 3!d" defined by the single wave vec-

tor, k3= # 1
5

2
50$. In phases F1, F2, and F4 the magnetic sheet

shown in Figs. 3!b"–3!d", respectively, is stacked along the c
axis and the spins in adjacent layers are parallel.

III. EXPERIMENTAL DETAILS

Polycrystalline samples of FeI2 were prepared by a direct
reaction of iron !Johnson Matthey, 99.999%" with iodine in
an evacuated silica tube. Single crystals of FeI2 were grown
by the Bridgman method.

Magnetization, M, measurements under steady fields were
done with a MagLabVSM vibrating-sample magnetometer
!Oxford Instruments, U.K.". The temperature and magnetic
field ranges available with this magnetometer are, 1.5!T
!300 K and 0!B!12 T. The magnetization measurement
up to 50 T was conducted at KYOKUGEN, Osaka Univer-
sity with a pulsed field magnet.
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FIG. 2. !Color online" !a" The crystal structure of FeI2. !b" The
magnetic structure of FeI2 in zero field. Open and filled circles
show the magnetic moments pointing parallel or antiparallel to the c
axis, respectively.
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FIG. 3. !a" The magnetic field versus temperature phase diagram
of FeI2. Here, only the phase boundary curves in Ref. 14 are repro-
duced. !b" The magnetic structure in the c plane of phase F1. !c"
The magnetic structure in the c plane of phase F2. !d" The magnetic
structure in the c plane of phase F4. Open and filled circles show
the magnetic moments pointing parallel or antiparallel to the field
direction, respectively.
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Figure 1: (a) Sketch of the experimental time-domain terahertz spectroscopy set-up [20]: a polarizer (P1) linearly polarizes a
terahertz waveform that is transmitted through the sample; the sample induces ellipticity; the fast rotating polarizer P2

modulates the polarization; a second fixed polarizer (P3) projects the rotated light back to the polarization axis defined by
P1. A DC magnetic field is applied along the sample’s c-axis in the Faraday geometry (parallel to the THz propagation).

(b-g) Single-ion states of Fe2+ ions accessible at low energy correspond to S=1 magnetic moments with uniaxial anisotropy.
The sketches represent a plane of spins in the (b) ground state configuration, and examples of (c) a one-magnon elementary
excitation (spin-wave), (d) a two-magnon bound-state (SIBS), (e) a 4-magnon bound-state, (f) a 4-magnon anti-bound-state,

and (g) a 6-magnon bound-state. The grey shadows represent the particular spins that are deviated as compared to the
ground state. (h-i) Magnitude of the transmission coefficients for (h) right- and (i) left-handed circularly polarized lights

(normalized to 1), at T = 4K, as a function of frequency and magnetic field (horizontal striations are experimental artifacts).
(j) Calculated ω[χ′′xx (q = 0, ω) + χ′′yy(q = 0, ω)] as a function of energy (or associated frequency) and magnetic field, using

the exact diagonalization Lanczos method and the model parameters described in the Supplemental Material [21].

excitations (up to 6-magnon character), along with the
effects of interactions and hybridization between them.
Through a comparison with exact diagonalization cal-
culations for a generalized spin-wave Hamiltonian, our
work elucidates how hybridization and interactions be-
tween magnetic excitations with different quantum num-
bers stabilize a low-energy subspace with at least four
distinct types of quasiparticles. The presence of distinct
low-energy excitations that can be tuned by magnetic
field is of general interest for the comprehensive under-
standing of interacting quasiparticles in materials.

We conducted TDTS measurements as a function of
magnetic field (µ0H ≤ 5 T along the crystal c-axis)

to study the low-energy magnetic excitations of FeI2
(ν ≤ 1.5 THz ≡ 6.2 meV) in the antiferromagnetic phase
at T = 4 K. TDTS measures the q = 0 susceptibility in
magnetic insulators. The Faraday geometry of the ex-
periment [Fig. 1(a)] allows to extract the transmission
eigenstates for both left-handed (LCP) and right-handed
circular polarization (RCP) via the polarization modula-
tion technique [20–22]. Long time scans of 50 ps associ-
ated with reference spectra at higher temperatures [23]
yields a high-frequency resolution appropriate for distin-
guishing resonance peaks separated by ∆ν ≈ 0.02 THz
(0.08 meV). While this procedure allows to measure fine
features in the spectra, it prevents us to extract the
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Figure 2: (a) Position of the magnetic resonances at T = 4K as a function of frequency and magnetic field. All resonances in
both circular channels are represented (with some overlap) and correspond to dips in the transmission spectra, except for the

data points with error bars which are only distinguishable in the 2D color plot of Fig. 1(h) and assigned by eye. We use
numbers to label the different excitation branches (see SM for extracted values of g-factors). (b) Imaginary part of the
complex Faraday angle θF (ellipticity) in arbitrary units, at T = 4 K, as a function of frequency and magnetic field.

(c) Calculated ω [χ′′+−(q = 0, ω)− χ′′−+(q = 0, ω)] as a function of energy (frequency) and magnetic field, using the exact
diagonalization method.

magnitude of the transmission coefficients with quanti-
tative precision. We thus normalize intensity plots to
their maximum value. The frequency (ν) and magnetic
field (µ0H) dependence of the complex transmission func-
tions, plotted in magnitude as |TR| [RCP, Fig. 1(h)] and
|TL| [LCP, Fig. 1(i)] shows dark regions corresponding to
strong absorption. We associate these absorptions with
a wealth of distinct magnetic excitations with crossings
and hybridizations. At fixed frequency and field, most
branches show a different response in the RCP and LCP
channels; several resonances appear in both channels.
The steep slope of several branches is clear evidence for
their multi-magnon character, as discussed further below.
Earlier far-infrared spectroscopy and electron spin reso-
nance studies [24, 25] observed the zero-field absorption
branches at ν = 0.65, 0.88 and 0.97 THz. The high en-
ergy and field resolution of our experiments uncover new
and very steep branches, as well as additional details that
are important to fully understand the low-energy excita-
tions of FeI2 (see SM for comparison to earlier results).

To gain further insight, we extract the absorption lines’
position by inspecting the spectra for both polarization
channels [Fig. 2(a)]. Weak modes are sometimes difficult
to track from these spectra, and we infer their energies
from 2D intensity plots, along with error-bar estimates.
Fig. 2(a) elucidates the slope of all branches, i.e. the
different c-axis magnetization Sz of the underlying ex-
citations, but also crossings and hybridizations between
modes with different slopes. Given that the uniform mag-
netization is small below 5 T, these excitations can be
further characterized via the sign of Sz relative to the
magnetic field. In Faraday geometry, this is related to
circular dichroism, given by the imaginary part of the
complex angle θF = arctan[(TR − TL)/i(TR + TL)], the

ellipticity [21], as a function of frequency and magnetic
field [Fig. 2(b)]. As absorptions mainly appear in either
the RCP or LCP channel, this accentuates the fact that
different excitation branches exhibit different signs of Sz

[Fig. 2(b)].

The field-dependence of the excitation energies yields
effective g-factors, from which we identify at least four
kinds of excitations, including the previously reported
single modes and 2-magnon excitations [branches #1
to #4 in Fig. 2(a)], the latter with SIBS character
[Fig. 1(c–d)]. Because the SIBS have an almost flat dis-
persion throughout the Brillouin Zone [18], and given
the ferromagnetic nature of nearest-neighbor exchange
interactions, SIBS display a strong propensity to form
BS with themselves. Therefore, we infer that excita-
tions with the highest effective g-factors [branches #5
to #9 in Fig. 2(a)] are BS comprising primarily two and
three SIBS, i.e. 4-magnon [Fig. 1(e)] and 6-magnon BS
[Fig. 1(g)] respectively. The tendency of FeI2 to generate
low-energy excitations made of magnon pairs (2-, 4-, 6-
magnons) can be understood by the effective spin S = 1
associated to a large single-ion anisotropy (|J1/D| ∼0.1):
since FeI2 is a uniaxial system, it is energetically favor-
able for spins to be in a Sz = +1 (or -1) state rather than
Sz = 0, so spin deviations will concentrate on single lat-
tice sites. For these excitations, the extracted effective
g-factors do not reach precisely the maximum hypothet-
ical values of twice, four times, or six times that of single
magnon excitations. This arises via the hybridization be-
tween the different excitations, e.g. a 4-magnon BS can
still be regarded as a BS of two SIBS, but other states mix
in when proximate in energy. Similar to neutron scatter-
ing experiments [18], the multi-magnon BS in FeI2 only
become detectable in TDTS due to their hybridization
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Figure 3: Calculated |∆Sz| using ED of a GSWT Hamiltonian including: (a) only single and two-magnon excitations, without
hybridization terms (Jz±

1 = J±±1 = 0), where full (dotted) lines correspond to optically active (inactive) branches due to
sublattice effects; (b) same as (a) but including hybridization effects; (c) same as (b) but with the addition of 4-magnon BS

and no distinction between optically active and inactive branches. These plots give an insight into the character of the various
magnetic excitations and the hybridization between them.

with single magnon modes.
Additional insight is gained by calculating the absorp-

tion spectra using the microscopic spin-exchange Hamil-
tonian

H =
∑
〈ij〉

∑
µν

Sµi J
µν
ij S

ν
j −

∑
i

[DQzzi + µ0µBgHS
z
i ] ,(1)

where Qzzi = (Szi )2 − 2/3. The values of the exchange
parameters J µνij and single-ion anisotropy D have been
obtained by adjusting the parameters from the zero-field
neutron scattering study [18], to fit the zero-field THz
data with the non-linear generalized spin-wave theory
(GSWT) [21]. The g-factor, g = 3.74, was obtained by
fitting the THz data for finite values of the magnetic
field. As previously demonstrated, the nearest-neighbor
interactions in FeI2 are spatially-anisotropic and include
symmetric off-diagonal terms, Jz±1 and J±±1 , that are
responsible for the hybridization between states with dif-
ferent Sz, such as the single-magnon and SIBS. A GSWT
Hamiltonian describes the model’s low-energy spectrum
as a dilute gas of interacting single-magnon and SIBS
quasiparticles, which are treated on equal footing [18, 26].
To study this problem beyond linear spin-wave theory,
we enforce the dilute limit by eliminating states with
more than two quasiparticles from the Hilbert space and
perform an exact diagonalization (ED) of the restricted
spin-wave Hamiltonian on a finite lattice of 5×5×5 unit
cells i.e. 500 spins (see SM for details about the com-
putational method, which is based on Refs. [27, 28]). As
the Hilbert space dimension becomes prohibitively large
for ED if we include states with three quasiparticles, our
calculation can only account for 1-, 2- and 4-magnon ex-
citations and ignores the 6-magnon states.

The results of our calculations are shown through
the angular average of the frequency-weighted suscep-

tibility ω
[
χ′′xx(q = 0, ω) + χ′′yy(q = 0, ω)

]
[Fig. 1(j)] and

as the difference between the absorption in the right
and left channels via ω

[
χ′′+−(q = 0, ω)− χ′′−+(q = 0, ω)

]
[Fig. 2(c)]. Both plots exhibit a remarkable correspon-
dence with the experimental data (excepting the absence
of 6-magnon excitations in ED). Compared to the lin-
ear GSWT approach of Ref. [18], ED includes non-linear
interactions that slightly renormalize quasiparticle ener-
gies. Therefore, precisely reproducing the energies of the
low-energy modes in zero-field requires us to slightly ad-
just the parameters in Eq. 1 compared to Ref. [18], as
mentioned above.

ED calculations give the absolute value of the change in
c-axis magnetization, |∆Sz|, for each excitation branch
as a function of frequency and magnetic field [Fig. 3].
Since the striped magnetic structure of FeI2 has several
sub-lattices, we expect various branches to be present
for each magnon sector, some of which optically inactive
due to sub-lattice effects (see SM for selection rules de-
tails). The color-coded calculated value of |∆Sz| shows
that without hybridization (Jz±1 = J±±1 = 0), exci-
tations have a well defined Sz character, with single
and two-magnon modes in purple and blue, respectively
[Fig. 3(a)]. The four two-magnon branches are degener-
ate at zero field as SIBS are localized on each lattice site.
They are also optically inactive because our spectroscopic
probe can only account for transitions with ∆Sz = ±1.
The Zeeman term splits the zero-field SIBS quartet into
two doublets. With hybridization, the two SIBS doublets
are split by the Jz± term via hybridization with non-
degenerate single-magnon modes [Fig. 3(b)], and the two-
magnon branches that hybridize with the two optically-
active one-magnon branches become detectable. Includ-
ing 4-magnon excitations yields a rich excitation spec-
trum with several hybridization effects between all types
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of excitations between 1 T and 4 T [Fig. 3(c)].

These results highlight that the character of magnetic
excitations in FeI2 in an applied magnetic field is pro-
foundly affected by their strong mutual hybridization;
most branches have a mixed and changing |∆Sz| charac-
ter. Therefore, even if the effective g-factors give some
insight into the nature and degeneracies of the observed
resonances, labeling excitations based on their Sz is not
possible. Given that excitation branches #5, #6 and
#7 from Fig. 2(a) have primarily 4-magnon character
by comparison to theoretical predictions [Fig. 3(c)], the
larger slope of branches #8 and #9 indicate an even
higher-order character, i.e. these are primarily 6-magnon
BS. The hybridization of 4- and 6-magnon BS with lower-
order excitations has three important consequences: they
become detectable in TDTS in the proximity of energy
crossings; it explains why the effective g-factors of the
steeper branches do not reach their hypothetical max-
imum values, as mentioned above; it explains why the
four low-field branches [#1 to #4 in Fig. 2(a)] have com-
parable absorption and similar slopes (they are roughly
equal mixtures of single and two-magnon excitations).

To a large extent, a fundamental quest in modern
condensed matter physics is the search for novel emer-
gent quasiparticles and excitations. Our TDTS experi-
ments on FeI2 unraveled a wealth of multi-magnon exci-
tations, including 4- and 6-magnon bound-states. Ex-
act diagonalization calculations of a generalized spin-
wave Hamiltonian [18] elucidated spectral contributions
from each |∆Sz| sector, enabling a complete understand-
ing of the microscopic character of excitations up to 4-
magnons. The strong hybridization that stems from spin-
space anisotropy leads to a unique spectroscopic situa-
tion where bound states and their interactions can be
tracked as a function of magnetic field. Thus, FeI2 is a
promising field-tunable material platform to study funda-
mental quantum phenomena in magnetism and strongly-
interacting few-body models encountered in various con-
texts such as excitons in semiconductors, cold atoms, and
nuclear and particle physics.
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