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FePSe; is a collinear honeycomb antiferromagnet with an easy-axis anisotropy and large spins § = 2. It
belongs to a family of magnetic van der Waals materials which recently attracted considerable attention. In
this work we present an experimental magneto-optical study of the low-energy excitation spectrum in FePSes,
together with its theoretical description. The observed response contains several types of magnon excitations.
Two of them are conventional transverse magnons described by a classical theory of antiferromagnetic reso-
nance. Two other modes are identified as multimagnon hexadecapole excitations with an anomalous g factor
approximately equal to 4 times the g factor of a single Fe?* ion. These quasiparticles correspond to full reversals
of iron spins that coherently propagate in the up-down antiferromagnetic structure. They constitute a novel
type of collective excitations in anisotropic magnetic solids, called longitudinal magnons. Comparison between
theory and experiment allows us to estimate the microscopic parameters of FePSes, including exchange coupling

constants and the single-ion anisotropy.

DOI: 10.1103/PhysRevB.109.134410

I. INTRODUCTION

FePSe; belongs to a family of transition-metal (M) chalco-
gen phosphates with the generic chemical formula MPX;
(X = S, Se). These materials offer a unique test bed for
studying quasi-two-dimensional ferromagnetic and antiferro-
magnetic structures in the insulating or metallic phase with
bulk or few-layer samples down to the monolayer limit [1-3].
The electronic and magnetic properties of FePSes are similar
to those of the more studied sister compound FePS;. Both
materials are semiconductors with energy band gaps in the
near-infrared range. Magnetic Fe’* ions have a large spin
S =2 and form a honeycomb lattice in the ab plane [4-6].
Stacking of honeycomb layers follows the rhombohedral sym-
metry in FePSes, whereas in FePS3 adjacent layers are slightly
shifted in accordance with the monoclinic crystal structure [5].
Both materials order antiferromagnetically below comparable
temperatures: Ty = 118 K (FePS3) and 7y = 106 K (FePSe;)
[7]. In the ordered phases, their iron spins are oriented orthog-
onally to the ab layers and form ferromagnetic zigzag chains
in the a direction that alternate antiferromagnetically along the
b axis [8,9] (see Fig. 1).

The spin dynamics have been investigated in greater
detail for FePSs;. Specifically, inelastic neutron-scattering
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measurements mapped the magnon dispersion in the entire
Brillouin zone and provided us with values for the micro-
scopic exchange interactions up to the third neighbors in the
ab plane [10-12]. The magneto-optical response of FePSj
in the ordered phase is dominated by an “acoustic” magnon
with the gap A} = 15.1 meV visible in Raman and infrared
experiments [13—18]. In a magnetic field, this mode splits into
two branches linear in B, with $* = +1 and a gyromagnetic
factor of g ~ 2.15. Thus, FePS; provides a textbook example
of antiferromagnetic resonance (AFMR) in an easy-axis anti-
ferromagnet [19-21].

The recent magneto-optical experiments on FePSe; found
a new appealing effect in this material in comparison to
FePS;. The lowest antiferromagnetic (“acoustic””) magnon
located at Aj >~ 14.4meV interacts with a pair of quaside-
generate chiral phonons [22,23]. The chirality selective
hybridization couples the phonon angular momentum to the
magnon dipole moment. Interestingly, this coupling was ob-
served on FePSes; samples, using the polarization-resolved
magneto-Raman scattering technique, down to a monolayer
limit [22].

The magnetic excitation spectrum of FePS; exhibits an
unusual richness at high energies [18]. Apart from the
acoustic magnon, there is an “optical” magnon mode with
A{ =39.6meV and the same g factor. The presence of
two pairs of k = 0 magnons is a direct consequence of the
four-sublattice antiferromagnetic structure. The correspond-
ing gaps are in good agreement with the neutron-scattering
experiments [11,12]. Still, at higher energies, there is an extra
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Ground state

FIG. 1. Cartoon representation of T- and L-magnons localized
on a single lattice site (green arrow). Top: a collinear zigzag anti-
ferromagnetic structure in FePSe; and FePS; materials. Middle: an
ordinary transverse magnon, or T-magnon, with |AS?| = 1. Bottom:
a longitudinal magnon, or L-magnon, with |AS*| =2§ (=4 for
S = 2 of Fe?* ions).

line at A4 = 57.5meV, which splits in magnetic field with a
large effective g factor: g4 =~ 4g. This specific magnetic mode
was interpreted [18] in terms of a full reversal of an iron
spin. Such an excitation carries a large angular momentum,
|S?] = 2§ = 4, and can be called a longitudinal (L) magnon
in order to distinguish it from conventional transverse (T)
magnons with |S?| = 1, corresponding to transverse preces-
sion of coupled magnetic dipoles.

Similar excitations were theoretically discussed for spin-1
easy-axis ferro- and antiferromagnets [24,25] and experi-
mentally observed in Fel, with effective § = 1 [26-28]. For
S = 1, the angular momentum of an excitation with a reversed
spin is |S%| = 2; hence, it was called a single-ion two-magnon
bound state [24]. For FePS; with S = 2, the L-magnon can
be optionally called a single-ion four-magnon bound state. In
order to distinguish this type of excitation from the exchange-
driven multimagnon states observed in recent experiments
[29,30], we use the term “L-magnon” (see also Sec. II).

In this paper, we report on the infrared magnetospec-
troscopy study of FePSes in a broader frequency range com-
pared to that in previous works on this material [22,23,31].
Like for FePS3, we find an optical magnon at A{ ~ 35meV.
In addition, we observe two pairs of L-magnons with energies

3 ~ 53meV and A§ ~ 55meV. The presence of two pairs
of L-magnons implies that these excitations have a sizable
dispersion in the Brillouin zone rather than being completely
localized on the same site as the classical excitations in Ising
models do. Thus, we extend and strengthen the previous
observation of L-magnons with $° =4 in FePS; [18] by
demonstrating their collective nature and firmly establishing
them as a novel type of quantum quasiparticle.

This paper is organized as follows. Section II provides a
general theoretical description of L-magnons. The obtained
experimental results are described in Sec. III. By comparing
theory and experiment for two pairs of T- and L-magnons,
we are able to extract the microscopic parameters of FePSes,
which may stimulate future neutron-scattering studies of this
material.

II. THEORY

A. Transverse magnons

The two-dimensional spin Hamiltonian for layered FePX3
(X =S, Se) materials with easy-axis anisotropy can be written
as [11,18]

A=) 17;8-S;—-D> S —gusBY S. (1)

(ij) i i
Here, S; are S =2 operators residing on a honeycomb lat-
tice. Exchange interactions J;; up to the third neighbors are
necessary to include in order to describe the zigzag antifer-
romagnetic structure [32,33]. We neglect magnetic coupling
between planes, which is 2 orders of magnitude weaker than
the largest in-plane exchange coupling [11,34]. On the other
hand, the single-ion constant D is comparable to the in-
plane exchanges producing pronounced magnetic anisotropy
in the magnetization of FePS; [33] and large excitation
gaps.

In collinear antiferromagnets, magnons are coherently
propagating spin flips with S* = %1 (see Fig. 1). At the
semiclassical level, such excitations can be viewed as
the transverse precession of coupled magnetic dipoles. The
standard spin-wave theory based on the Holstein-Primakoff
representation of spin operators is commonly used to com-
pute the magnon dispersion. The full expressions for magnon
bands in FePX; are given, for example, by Wildes et al. [10].
Below we provide only the energies of the kK = 0 magnons
that are directly measured in the magneto-optical experiments.
For the up-up-down-down magnetic structure of FePXj, the
spectrum consists of two pairs of T-magnons corresponding
to symmetric (s) and antisymmetric (a) oscillations of parallel
spins in ferromagnetic zigzag chains:

! = 25\/ D(D + J; + 4J> + 3J3) £ gupB 2)

and

(= 23\/(5 — 21} +41,)(D — Jy +313) £ guzB.  (3)
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In these expressions we have included a renormalized constant
D = D[1 — 1/(25)] [35-37], which merely reflects the fact
that a single-ion anisotropy is mute for S = 1/2. Formally,
this quantum correction corresponds to the next order in the
1/§ expansion and is often neglected in the linear spin-wave
fits of the experimental data, but see [38] for an exception.
As a result, the bare single-ion anisotropy constant deduced,
e.g., from the AFMR measurements is underestimated, for
S = 2 by ~30%. In the following theoretical description of L-
magnons, one has to employ a bare parameter D. For that we
straightforwardly modify the previously reported anisotropy
values to include this correction.

B. Longitudinal magnons

Two-magnon bound states appear due to the attraction
between spin flips on adjacent sites in ferromagnets [39,40]
as well as in materials with mixed ferro- and antiferromag-
netic bonds [41]. Multi-magnon bond states consisting of
n > 2 spin flips may also appear due to the exchange at-
traction mechanism, though dimensionality and frustration
are crucial in that case [42]. Alternatively, for S > 1/2, a
single-ion anisotropy of the easy-axis sign induces attraction
for spin flips on the same site [24]. It is energetically fa-
vorable to bring together as many spin flips as allowed by
the spin quantum number S. The corresponding 2S-magnon
bound states can emerge without the presence of bound
states in the lower-magnon subsectors. Because of this and
in order to avoid an unnecessary dependence of the termi-
nology on the quantum spin value, we call them longitudinal
magnons, or L-magnons, as opposed to ordinary transverse
magnons, or T-magnons. Longitudinal magnons may ap-
pear as a distinct type of magnetic excitation in materials
with strong easy-axis anisotropy. As anisotropy weakens, the
L-magnon band starts to overlap with the 2S-magnon con-
tinuum and acquires a finite lifetime due to magnon-magnon
interaction.

A convenient starting point for a theoretical description of
L-magnons is the large-D limit, D > J;;. A local excitation
|£S) — |FS) acquires energy from broken exchange bonds
with adjacent spins but leaves unchanged the single-ion term.
Keeping a full spin flip completely localized, one can easily
compute its energy [18,27]. For the zigzag antiferromagnetic
structure of FePX3 materials this yields

Ay = 28*(—Jy + 27> + 3J3) £ 4gusB. 4)

In this “Ising” approximation, the energy of L-magnons has
no k dependence, and the excitations remain completely local-
ized. The dispersion of L-magnons and hence their collective
nature are recovered by performing an expansion in pow-
ers of J;;/D. Specifically, we associate two degenerate states
(]4S), |—S)); on every site with a pseudo-spin-1/2 doublet
(1), 14)); and consider separately the expansion for each
exchange bond. For general spins S > 1/2, one has to resort
to at least the 2S5 order to realize a flip |£S) — |FS). This
results in the effective bond Hamiltonian:

T =T (s7s} + 515}) + JisisS + const, (5)

n?i”j

where s¢ are spin-1/2 operators.

For FePX; materials with S = 2, the transverse and Ising
constants in Eq. (5) are expressed as

. JEoo3n 4j2
1 n n 4 n

= — s J*' = 16.],1 . 6
" 4D3 + 8D " + 3D ©

Here, we include two leading contributions for each J, from
an infinite series in powers of J,/D. The higher orders addi-
tionally generate multisite terms in the effective Hamiltonian.

An L-magnon corresponds to a flip of a pseudospin |[1) —
[{). The Ising interactions between pseudospins reproduce
expression (4) in the leading order, whereas transverse terms
are responsible for the L-magnon dispersion. The L-magnon
bandwidth is obviously small in comparison to that of the
ordinary magnons but still non-negligible. The full dispersion
of L-magnons can be obtained by performing the harmonic
spin-wave calculation for the effective spin-1/2 Hamiltonian
combining all bond contributions (5). As a result, we obtain
two doubly degenerate branches:

2
Ef” = 1(A* + |Bo|* — B} — |B2])

+ 1 IABy — BBl — Im(BoB)P,  (7)
with
A = 3T = J; +2[J; + 5 Re (ny3)],
By = (n +y3)Ji-. Bi=Rely; (v + v3)IJ5,
By =yl + (v + v3” +vi?) 5

: i(—kyt+/3k)/2 —itk V32 (g)

V1=€i YV2=e€ Y3 =e

An illustration of this dispersion is presented below in Fig. 5
using microscopic parameters extracted later on from the
experimental data for FePSe;. Interestingly, the L-magnons
have almost quasi-one-dimensional bands with a strongly dis-
persive direction parallel to the ferromagnetic chains of the
zigzag structure. This property follows naturally from small
I <L

The energy gaps for the symmetric and antisymmetric L-
magnons with kK = 0 measured in the optical experiments are
expressed as

2J2 — 4J2 — 6J2
3D

where A4 is given by Eq. (4) with § = 2. The above ex-
pression is based on the strong-coupling expansion, which
generally loses its accuracy for J, ~ D. Still, from a compari-
son of the first two contributions to the effective interaction
parameters (6) we can conclude that the “center-of-mass”
position of two modes (A} + A§)/2 is given by Eq. (9) with
a higher accuracy compared to the gap splitting (A§ — A3}).
In FePS;, the lower L-magnon mode is found at Aj ~
57.5meV and thus lies outside the four-magnon continuum,
which starts at 4A} = 60.4 meV [18] (see Table I). The upper
L-magnon mode A$ is nearly vanishing. Most likely, this
mode merges with the onset of the four-magnon continuum
and therefore decays quickly due to magnon-magnon interac-
tion. We have used the set of microscopic parameters provided
for FePS3 in [12] (Table II) to estimate from Eq. (9) the gap
splitting as A§ — A} ~ 2.4meV. This value is sufficient to

A= Ay — + AT F, )
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TABLE 1. Energies of selected magnon modes observed in
FePSe; extracted from our magnetotransmission data (Figs. 2 and 3)
compared to analogous modes active in the response of FePS;. The
latter parameters are taken from Ref. [12] and were used to reproduce
the L-magnon mode in the preceding study of FePS; by Wyzula et al.
[18]. All values are in meV.

FePSe; FePS;
Magnon Energy Energy
mode (meV) g factor (meV) g factor
M 14.5 2.1 15.1 2.15
M{ 34.6 2.1 39.6 2.15
Mg 48.8 6.9 54.0 5.0
M; 52.6 8.9 57.5 9.2
My 55.0 7.8 60.6 7.3

make Aj approach the four-magnon continuum boundary and
thus may explain its weak intensity.

III. EXPERIMENTAL RESULTS

FePSe; was prepared by chemical vapor transport from
elements in a quartz glass ampoule. Iron (3N, 5-9 um, Strem,
Germany) phosphorus (6N, 2—-6 mm granules, Wuhan Xin-
rong New Material Co., China), and selenium (6N, 2-6 mm
granules, Wuhan Xinrong New Material Co., China) were
placed in an ampoule corresponding to 20 g of FePSes. lodine
was used as a transport medium (0.4 g, 3N, 1-3 mm, Fisher
Scientific, United States) together with 1 at % excess of sele-
nium and phosphorus. The elements were sealed in a quartz
ampoule under high vacuum (1 x 103 Pa, diffusion pump
with a liquid nitrogen trap) using an oxygen-hydrogen torch.
The ampoule was first placed in a muffle furnace to cause the
elements to react and form bulk FePSes;. The ampoule was
heated first to 450 °C for 25 h and subsequently to 500 °C for
50 h and to 600 °C for 50 h. The heating rate was 0.2 °C/min,
and the cooling rate was 1°C/min. The ampoule with bulk
FePSe; was placed in a two-zone furnace, and first, the growth
zone was heated to 700 °C, while the source zone was kept
at 500 °C. After 50 h the thermal gradient was reversed, and
the source zone was heated to 700 °C, while the growth zone
temperature was decreased from 650 to 600 °C over a period
of 5 days and for the following 5 days was kept at 600 °C.
Finally, during the cooling procedure the growth zone was
kept at 300°C for 2 h to remove all transport media from

TABLE II. Microscopic parameters of FePSe; deduced from
the magneto-optical measurements. Similar parameters obtained for
FePS; [12] are listed for comparison. All values are given in meV.

FePSe; FePS;
Ji —25+£02 —-2.92
Jo 05+ 1.0 0.44
A 1.0 £ 0.7 1.1
D 2.8 £ 09 2.46
D 37+ 1.2 3.28

the growth zone. The ampoule was opened in an argon-filled
glove box.

The magneto-optical response of FePSe; was probed in
the transmission mode and in the Faraday configuration, with
the magnetic field perpendicular to the sample surface (along
the ¢ axis). The radiation from a mercury lamp, or, alter-
natively, a globar, was analyzed by a Bruker Vertex 80v
Fourier-transform spectrometer and delivered to the sample
via light-pipe optics. The FePSe; sample (with an effective
irradiated area of several square millimeters and a thickness of
~100 um) was kept at T = 4.2 K in the helium exchange gas.
In experiments using a superconducting coil (below 16 T),
the radiation was detected by a composite bolometer placed
right below the sample. When working with the resistive
coil (above 16 T), to avoid excessive noise generated by the
cooling water, the sample was placed on a mirror and probed
in the so-called double-pass transmission mode. The radia-
tion was then detected by an external bolometer. The latter
configuration is possible thanks to the insulating nature of
the sample, thus remaining highly transparent at low photon
energies (apart from several phonon modes).

The collected magnetotransmission data are plotted in
Figs. 2 and 3. In the three selected spectral ranges, five dis-
tinct magnon-type excitations are identified. A remarkable
similarity is found between the responses of FePSe; and
FePS3, which greatly facilitates the interpretation of individ-
ual modes. To be consistent with Ref. [18], we label these
modes M}, M{, Mg, M;, and M{ in order, respecting the en-
ergy of transitions. The corresponding zero-field energies are
Aj, Af, Ag, Ajj, and A§, respectively. The deduced energies
are summarized in Table I and compared to those found in
FePS3. We now proceed with a more in-depth analysis.

We start with the two most pronounced modes M} and M{,
having energies A{ = (14.5£0.5)meV and A{ = (34.6 £
0.2) meV, respectively. These two modes are conventional
one-magnon gaps, or, using the above-introduced terminol-
ogy, T-magnon modes. The upper optical mode M¢{ follows
the classical Kittel formula for the AFMR [19]: A{(B) =
A % g1 upB, where the effective g factor reaches 2.1. The
same characteristic behavior is observed for the acoustic mode
M; at higher magnetic fields (above 10 T).

The M] mode exhibits, at low magnetic fields, a distinc-
tively different behavior from the classical AFMR. This is
due to a pronounced magnon-phonon (magnon-polaron) cou-
pling, which was already observed in previous infrared and
Raman magnetospectroscopy studies of FePSe; [22,23,31].
This coupling was also found in the sister compound FePS;
[16,17,34,43], where the lower one-magnon gap has a nearly
identical energy. To estimate the bare energy of A}, free of
magnon-phonon coupling, we extrapolated the high-field part
of the data using Kittel’s formula [19].

Two other very visible modes, M) and MY, appear at
higher photon energies in the midinfrared spectral range:
Ay = (52.5+£0.5)meV and Af = (55.0 & 0.5) meV. At first
glance, they also resemble the classical AFMR response—
both modes split symmetrically into two branches that are
linear in B. However, a closer inspection reveals that the
effective g4 factor is roughly 4 times larger than g;. These
transitions may be interpreted in terms of a single-ion four-
magnon bound state, i.e., L-magnon modes in an S =2
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FIG. 2. Magnetotransmission data collected on FePSe; in the THz range at T = 4.2 K plotted in the form of (a) a stack plot and (b) a
false-color map. Two distinct sets of data are plotted, collected in the superconducting and resistive coils, below and above 16 T, respectively.
Each magnetotransmission spectrum is normalized by the transmission averaged over the explored range (016 and 0-34 T). The gray areas
correspond to the region of full opacity due to optical phonon modes. (c) The extracted magnetotransmission minima. Only the high-field part
of the data (gray solid circles) was used to fit (solid lines) the A} energy and the corresponding g factor (Table I).

system. Such an excitation, at almost the same photon energy,
was also recently identified in FePS; [18]. Similar to that in
FePS3, the L-magnon in FePSe; is a weak excitation, with the
integral strength being a factor of 10° smaller compared to
that of the Mj mode.

The remaining magnon-type mode, Mg, is a very weak
excitation. It seems to be another multimagnon mode. In this
particular case, however, we may only speculate about its
origin. Again, a similar line was also revealed in the response
of FePS; and was interpreted as a three-magnon bound state.
The extracted effective g factor gg = 6.9 supports such a view.

The similarity between the magneto-optical responses of
FePS; and of FePSe; greatly facilitated the interpretation of
magnonlike excitations observed in the latter material (com-
pare Figs. 2 and 3 with [18]). This similarity concerns the
energies, effective g factors, and the relative strengths of in-
dividual modes. All this suggests that the theoretical model
for magnon excitations in FePS;—invoked in Ref. [18] and
extended in Sec. [I—is also relevant to FePSes.

Since the energy separation of the observed longitudinal
modes is relatively small (A — A} ~ 2.4meV) and our the-
ory (9) describes this splitting only perturbatively, let us put
it aside for a while. Instead, we assume that (A} + Af)/2 ~
A§ ~ A} ~ 54meV. This allows us to use Eqgs. (2) and (3),
together with the center of mass in (9), i.e., with J;- =0, to
estimate the exchange coupling constants and the single-ion
magnetic anisotropy in FePSe; based on the experimentally
determined energies of magnon modes, a piece of information
still missing in the literature.

The zero-field energies of magnon excitations, (2), (3),
and (9), represent a set of three equations for four unknown
parameters: J, for n = 1-3 and D. To proceed with such an
underdetermined problem, we choose to parametrize it in D
and search for additional constraints, such as the experimen-
tally established magnetic structure of FePSe; in zero field

[8]. Clearly, the characteristic zigzag chains do not emerge
for arbitrary combinations of the parameters.

This is shown in Fig. 4(a), where we plot the phase diagram
established in [33]. This diagram was obtained considering a
reduced Ising-type Hamiltonian with out-of-plane S = 2 spins
organized in a honeycomb lattice. Such an approach is appli-
cable in the case of a relatively strong easy-axis anisotropy,
i.e., D 2 max|J,| for n = 1-3. This assumption is justified
a posteriori. The red curve in Fig. 4(a) is a result of our
parametrization, showing the ratios of the exchange constants
as a function of D. We infer that the antiferromagnetic zigzag
arrangement of spins is possible for only certain values of
the magnetic anisotropy: 1.9 < D(meV) < 3.6. If D is too
large, a ferromagnetic phase emerges. If D is too small, no
real solution exists.

Values of the exchange constants Ji, J>, and J3 evaluated
as a function of the (renormalized) single-ion parameter D
are plotted in Fig. 4(b) and listed in Table II. In the relevant
interval of D = (2.8 +0.9)meV, the nearest-neighbor cou-
pling J; remains nearly constant, allowing us to set its value
asJ; = —(2.5 £ 0.2) meV. The other two exchange constants
evolve considerably with D. This leaves us with relatively
large uncertainties of their values: J, = (0.5 £ 1.0) meV and
J3 = (1.0 £ 0.7) meV. Nevertheless, the simplified Eq. (4) for
the L-magnon energy does not depend on D. This allows us,
after establishing the value of Ji, to find a simple approximate
relation in the leading order: 2J, + 3J;3 =~ 4.2meV, which
helps us to reduce the uncertainty in the J, and J3 parameters.

It is instructive to compare the values of the exchange
constants estimated for FePSe; with those already known for
the sibling compound FePS;. At present, there are several
sets of parameters proposed for the latter material [11,44,45].
In Fig. 4(b), the color-coded solid circles show the values
of J, at the corresponding single-ion magnetic anisotropy
D =2.46meV. These values were recently suggested in
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FIG. 3. Magnetotransmission data collected on FePSe; at 7 = 4.2K in two midinfrared spectral ranges plotted in the form of (a) and
(d) stack plots and (b) and (e) false-color maps in the magnetic field up to 16 T. In both cases, the magnetotransmission spectra are normalized
by the transmission spectrum averaged over an interval of 10 T centered at B. The gray areas correspond to the region of full opacity due
to optical phonon modes. (c) and (f) The extracted magnetotransmission minima. The solid lines are fitted using the classical Kittel formula,
yielding the zero-field energies of Ag, A}, and A§ and the corresponding effective g factors (Table I).

Ref. [12], where the magnon dispersion obtained in the
neutron-scattering experiments was fitted using the extended
version of the spin Hamiltonian (1), which includes a bi-
quadratic exchange. Notably, these values lead to the correct
estimate of the four-magnon energy (4) in FePS3 and are only
slightly different from those extracted here for FePSe;. Both
sets are compared in Table II.

Let us now return to the observed splitting of the longi-
tudinal mode (A} # Af). According to Eq. (9), two k =0
branches, the symmetric and antisymmetric ones, are expected
to appear for the L-magnon mode due to the four-sublattice
structure of FePSes, separated by an energy of 2|J;-|. Using
Eq. (6) and the above evaluated intervals for J; and D, we
obtain the splitting Af — A} € (0.2-7.7)meV. The experi-
mentally observed value of 2.4 meV lies within this interval,
thus corroborating our overall data interpretation. Let us also
note that the two L-magnon modes identified in FePSe;

display slightly different effective g factors (see Table I).
This difference suggests some additional spin-orbit effects
not accounted for in our simplified theoretical approach in
Sec. II.

Figure 5 illustrates the in-plane dispersion of the L-magnon
with both the symmetric and antisymmetric branches, which
give rise to two optically active k = 0 modes. As mentioned
above, the plotted dispersion has almost a one-dimensional
character, displaying a strongly dispersive direction paral-
lel to the ferromagnetic chains of the zigzag structure. The
dispersion was computed for the following set of param-
eters: J; = —2.47meV, J, = 1.39meV, J;3 = 0.5meV, and
D = 1.99meV. These values were obtained by using the full
Eq. (9) together with T-magnon energies from Egs. (2) and
(3). In such a case, we conveniently solve four independent
equations and obtain four parameters as a result. Nevertheless,
let us mention again that the splitting of the L-magnon modes
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FIG. 4. (a) Phase diagram of the J;-J,-J3 honeycomb antiferromagnet with strong easy-axis anisotropy (see main text and Ref. [33]). The
red curve represents solutions of Egs. (2)—(4) parametrized using the single-ion constant D. No solution exists for D < 1.9meV. The zigzag
antiferromagnetic structure appears only for 1.9 < D(meV) < 3.6. (b) Exchange coupling constant values J, for n = 1-3 corresponding to the
experimental gaps as a function of the anisotropy parameter D. Solid circles in (b) show values of exchange constants in FePS; consistent with

the L-magnon gap in this material [18].

in Eq. (9) has a lower accuracy than their mean (center-of-
mass) energy and the exchange constants listed in Table II.

Finding this theoretically anticipated splitting in the ex-
perimental data serves as an indication that the observed
four-magnon line does not correspond to a localized state in
the magnetic lattice, but, instead, to a dispersing quantum
quasiparticle. This finding also allows us to reinterpret the
weak magnonlike mode M,, observed in our previous study of
FePS; (see the supplementary materials of Ref. [18]), which
now appears to be the antisymmetric branch of the L-magnon
My. This mode overlaps with the onset of the four-magnon
continuum, which explains its integral intensity, which is sig-
nificantly weaker than Mj in FePSs.

FePSe;

55

54.5 |- i
(010)

541

Energy (meV)

»(100)

53 1

52.5

& )
T zZ C Y r C

FIG. 5. Computed dispersion of longitudinal magnons using the
microscopic parameters of FePSe; listed in Table II. The inset spec-
ifies the chosen path in the Brillouin zone. The most and least
dispersive sections of the path correspond to parallel and orthogonal
directions with respect to the ferromagnetic zigzag chains, which are,
in turn, parallel to the crystallographic a axis.

IV. CONCLUSIONS

We measured magneto-optically active excitations in
FePSe; in the infrared spectral range. The excitation spec-
trum is composed of conventional transverse magnons with
|S?| = 1 and longitudinal magnons with |S?| = 4. The latter
can be viewed as 25-magnon single-ion bound states brought
up by a strong easy-axis anisotropy. The magneto-optical ac-
tivity of these high angular momentum excitations signifies
their mixed dipole-hexadecapole symmetry. Such a mixing
may be induced by higher-order terms in the crystal-field
Hamiltonian present due to the local C; rotation symmetry on
magnetic sites of a honeycomb lattice or by other spin-orbital
effects. In contrast to the previously studied FePS; [18], we
observed two split pairs of L-magnons that correspond to
symmetric and antisymmetric oscillations in the magnetic
unit cell, which contains four Fe?* ions. The strong-coupling
expansion (D > J;;) was used to theoretically compute the
observed splitting and the overall dispersion of the L-magnon
band. The investigation of the intermediate regime (J;; ~ D),
including L-magnon decay, is a subject of interest for our
future work.

Comparing the theoretical results with the experimental
data allowed us to estimate the exchange parameters and the
magnetic anisotropy constant for FePSes. It will be interest-
ing to directly measure the L-magnon excitations together
with their dispersion in inelastic neutron-scattering experi-
ments. This would establish longitudinal magnons as a novel
type of collective magnetic excitations in strongly anisotropic
magnetic solids. Finally, a finite bandwidth (~2.4meV) of
the longitudinal magnons suggests that the condensation of
these |S°| =4 quasiparticles at strong magnetic fields may
result in a new quantum hexadecapole state stable in a few-
tesla range in the vicinity of the condensation field. Such
a possibility calls for high magnetic field measurements on
FePSe; similar to the study performed on the sister material
FePS; [33].
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Note added in proof. The values of exchange constants and
magnetic anisotropy, similar to those derived in our study,
have recently been determined from neutron scattering exper-
iments on FePSes [46].
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