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Chromium tri-iodide (Crly) is a prototypical ferromagnetic van der Waals insulator with its genuinely
two-dimensional (2D) long-range magnetic order below 45 K demonstrated recently. The underlying
magnetic anisotropy has not been completely understood while both the Dzyaloshinskii-Moriya (DM)
interaction and the Kitaev—T type interaction have been considered as the relevant magnetic
Hamiltonian. In addition, the relation between the crystal structure and the magnetic order needs to be
further elucidated concerning their possible coupling in few-layer samples and in the topmost surface
layers of bulk samples. Here, we investigate these issues via temperature- and magnetic field-
dependent terahertz spectroscopy on bulk Crl; single crystals, focusing on the dynamics of
ferromagnetic resonances (FMRs) and optical phonons in the terahertz (THz) region from4to 120 cm™
(from 0.5 to 15 meV). We narrow down the possible ranges of the interaction parameters such as the
off-diagonal symmetric terms and the single-ion anisotropy. The accurate values of these parameters
significantly constrain the magnitude of possible Kitaev—I' exchange interaction and the topological
magnon gap. Moreover, the structure-magnetism relationship was critically analyzed based on the
temperature- and field-dependences of two E,, in-plane optical phonon modes, which shows that the
commonly believed structural phase diagram of Crls, derived from surface-preferential data, has to be

1

seriously modified.

Two-dimensional (2D) magnetism has been recently demonstrated in
antiferromagnetic FePS;' and ferromagnetic Crl;” and Cr,Ge,Tes’ mono-
layer sheets exfoliated from bulk crystals. These observations violate the
celebrated Mermin-Wagner theorem®, which precludes long-range mag-
netic order in one- or two-dimensional systems at finite temperatures within
the isotropic Heisenberg model with short-range interactions. The ensuing
theoretical effort to establish strong magnetic anisotropy as a critical
ingredient to overcoming spin fluctuations at finite temperatures required a
detailed understanding of the magnetic Hamiltonian . Naturally, the
possible roles of both the Dzyaloshinskii-Moriya (DM) interaction™ and the
Kitaev—T type interaction®” have been extensively investigated. The former
was discussed in the context of the topological protection of a Dirac point in
the magnon band in CrI;*‘. At the same time, the latter received much

attention in several schemes to realize a quantum spin liquid (QSL) state in
2D Crl;*". Thus, the experimental determination of the DM or Kitaev—T
type interaction parameters is crucial in our overall understanding of the 2D
ferromagnetism in Crls.

In addition, there exist several challenging yet important issues related
to the crystal structure of Crl; governed by temperature and external
magnetic field. Bulk Crl; has a monoclinic structure (C2/m) above the
structural phase transition temperature (Tg) of 210 K but switches to a
rhombohedral structure (R3) below T’. This structural phase transition
characterized by X-ray diffraction shows an anomalously broad tempera-
ture interval with a possible indication of coexisting phases®. On the other
hand, the Ising-type ferromagnetic order sets in abruptly below the Curie
temperature (T¢) of 61K in bulk Crl; (Supplementary Note 2).
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Surprisingly, few-layer Crl; encapsulated with hexagonal boron nitride
(hBN) possesses a monoclinic structure even at low temperatures and
exhibits layer-dependent antiferromagnetism (AFM) below 45 K’ Also, a
recent report shows the structure-dependent magnetism of Crl; in the
moiré pattern of twisted Crl;". Interestingly, a recent Raman study reports
surface-limited AFM in otherwise ferromagnetic bulk single crystals of
Crl;". With all these conflicting reports, at the moment, a complete
structural phase diagram on the parameter space spanned by temperature
and magnetic field has not been definitively established despite some pre-
liminary proposals.

Here we present our terahertz time-domain spectroscopy (THz-TDS)
study of the ferromagnetic resonance (FMR) and optical phonon dynamics
that identifies the basic structure of the magnetic Hamiltonian of Crl; and
resolves the issue of the anomalous structure-magnetism relationship to this
material. Our FMR and phonon data have been acquired on bulk CrI; single
crystals as a function of temperature (1.5-300 K) and magnetic field (up to
7 T). The FMR data allows us to precisely determine the magnon gap at the
zone center (E =0) and narrows down the range of values of the Kitaev
interaction K, the symmetric off-diagonal exchange parameter T, the single
jon anisotropy A_, and the Dzyaloshinskii-Moriya interaction (D). In
contrast, the phonon data yields a complete picture of the structural and
magnetic phase transitions in the temperature-magnetic field parameter
space, locating the actual phase boundaries of bulk single crystal Crl;. Our
results establish terahertz spectroscopy as an effective tool to study 2D
magnetism and structural transitions in van der Waals magnetic materials.
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Fig. 1 | Crystal structure and magnetic field dependence of ferromagnetic reso-
nance (FMR) in Crl; at 1.5 K. a Crystal structure of bulk Crl; in the low-

temperature region (below T = 61 K). The blue spheres indicate Cr’* cations; the
iodide anions are not shown for clarity. b Absorbance spectra of a 217 ym-thick bulk

Results

Magnetic field dependence of ferromagnetic resonance (FMR)
The magnetic field component of pulsed terahertz light applies torque to the
spins in Crls. The resulting ferromagnetic resonance can be studied by
observing the terahertz absorption or emission, the latter signal being caused
by the precession of the spins during their relaxation process. Because the
spins in Crl; are initially aligned along the ¢ axis with the Ising ordering (Fig.
la), three experimental configurations with distinct relative orientations of
the external magnetic field B, the magnetic field component by, of the
incoming THz light, and the ferromagnetic ordering (the crystallographic ¢
axis) are expected to show finite absorption or emission (Supplementary
Note 2). Accordingly, we conducted our terahertz time-domain spectro-
scopy measurements in all these three configurations as a function of
external magnetic field strength ranging from 0 to 7 T.

Figure 1b shows the ab-plane terahertz absorbance spectra of a 217
pm-thick Crl; single crystal at 1.5 K with the external magnetic field B, of
7T along the ¢ axis and the terahertz magnetic field by, along the a axis.
The raw data (blue curve) contains three sharp peaks at 9cm™ (FMR),
85.5cm ' (P1 phonon), and 114.9 cm™" (P2 phonon) on top of a broad
background with interference fringes coming from multiple internal
reflections within the sample (Supplementary Note 2). To eliminate the
interference fringes in the absorbance spectrum, we applied fast Fourier
transform (FFT) to isolate and cut out the frequency component associated
with the interference fringes and then applied inverse fast Fourier transform
(IFFT) to retain the three sharp peaks (Supplementary Note 2). The intrinsic
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Crl; crystal at 7 T and 1.5 K. Blue and red curves represent raw and post-processed
data, respectively (see text). ¢, d Absorbance spectra near FMR at 1.5 K with an
external magnetic field aligned along the ¢ axis ¢ and a axis d (the curves in (d) are
shifted vertically for clarity).
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absorbance spectrum (red curves in Fig. 1b) restored in this way exhibits
somewhat distorted line shapes. However, their center frequencies are
robust and can be analyzed further, including tracking of their field and
temperature dependences. In particular, we identify the peak 9 cm™ as a
FMR absorption and the two peaks at 85.5 cm™ (P1) and 114.9 cm ™ (P2) as
infrared-active optical phonon modes of E, symmetry. The vibrational
patterns of the two phonon modes are shown in the inset of Fig. 3a, d”. In
general, a FMR commonly occurs at frequencies in the low-frequency end of
the terahertz region'®", much lower than to optical phonon frequencies. On
the other hand, due to strong magnetic anisotropy and large anisotropic
exchange energy”’, which generate a well-defined magnetic excitation gap,
the FMRs in Crl; (both acoustic and optical branches) occur at higher
frequencies (>135cm™") compared to the FMRs of typical ferromagnets,
such as EuO" and yttrium iron garnet”, that fall into the microwave or
submillimeter region.

Here, we focus on the lower-frequency (acoustic but gapped) FMR at
2.5 cm™" at zero magnetic field. Having at hand an effective way to study the
FMR and phonon modes, we now move on to determine the magnetic field
(H) dependence of the FMR frequency at 1.5 K. Figure 1¢ shows a systematic
blue shift of the FMR frequency as a function of magnetic field for the case of
B, ||l ¢, by, || a, and k || ¢ (Fig. 1b and Supplementary Note 2). In this
case, the FMR frequency follows a linear function with a slope of 0.97 cm™
per Tesla (T) and a frequency intercept of 2.50 cm™". This type of FMR
behavior is expected for the case of B, parallel to the magnetization axis
(Wyes = toy (Heg + Hy ) where w, is the FMR frequency, 4, is the vacuum
permeability, y is the gyromagnetic ratio, H  is the effective anisotropy field,
and H,, is the external magnetic field)”. w,, was located at 2.5cm ™"
(Wyes = (0.97cm™!/T) - [B | +2.50cm™) at zero external magnetic
field by using a linear extrapolation since our measurable frequency range
was only above 4 cm ™. The zero-field FMR frequency of 2.50 cm™" com-
pares well with 2.23 and 2.40 cm ™" as obtained for bulk and monolayer Crl;
with electron paramagnetic resonance (EPR) and Raman
spectroscopy™'***?, respectively. The case of B, || a, by, || b, and k || ¢
case is presented in Fig. 1d (Supplementary Note 2). Again, there is a
systematic blue-shift of the FMR frequency with H, but our data are
somewhat limited due to our low-frequency limit of 4 cm™". Consistent with
our experimental data, the theoretical modeling predicts a nontrivial field
dependence, as expected for the FMR in the case of B, perpendicular to the
magnetization axis (@, = f,) HZ )”. Here we subtracted the
absorbance at zero field from those measured under applied magnetic fields
to enhance our FFT and IFFT data processing (Fig. 1c, d). In the direction of
the magnetic field along the a axis B, we measured the FMR in a restricted
magnetic field range above 6 T, again due to our low-frequency limit of
4cm™ (Fig. 1d). Finally, we note that the third experimental configuration
of B, || 4, by, || g, and k || ¢ does not allow for FMR excitation as the
spins are easily forced to lie along the a axis by BZ,, and do not couple with
the incoming terahertz magnetic field of by, || a (Supplementary Note 2).

Our FMR data can be utilized to help establish the key parameters of a
candidate spin Hamiltonian proposed to describe the magnetic dynamics of
Crl;. The Hamiltonian first suggested in Ref. 5. consists of the superexchange
interaction, the antisymmetric interaction (Dzyaloshinskii-Moriya (DM)
interaction to explain the topological aspect of the magnon band), and the
single-ion anisotropy. Therein, the combination of the DM interaction and
the single-ion anisotropy explains the overall magnetic anisotropy despite
some uncertainty regarding the size of the magnon gap™. In contrast, the so-
called Heisenberg-Kitaev (J-K-I') Hamiltonian, proposed by Chen et al. in
Ref. 6. and Lee et al. in Ref. 7, consists of the superexchange interaction, the
bond-dependent Kitaev exchange interaction, and the symmetric off-
diagonal exchange interaction (the T term). In this case, the I' term deter-
mines the magnetic anisotropy responsible for the long-range ferromagnetic
order and hence the magnetic excitation gap. A previous experimental study
of the angle-dependent FMR has claimed that the FMR mode is well
described by the J-K-I' Hamiltonian’, which also attempted to explain the
magnetic excitations captured by inelastic neutron scattering’. Indeed, several
microscopic theories point to the strong spin-orbit coupling induced by the

heavy I atom as the main source of the bond-dependent anisotropic exchange
interactions such as the Kitaev and T interactions®. Indeed, the DM inter-
action model may possibly explain FMR data, and the terahertz spectroscopy,
relevant to the zero-wave vector excitations, may not fully validate either of
the two magnetic Hamiltonians. Here, if the T term exists, the single-ion
anisotropy should exist together because they both originate from the weak
trigonal compression of the Crl, octahedra perpendicular to the plane. Also,
in both models®’, DM interaction is symmetrically allowed between next
nearest-neighbors. Therefore, we combine the two aforementioned models*’
and derive the analytical expression for the energy gap at k = 0 we observed
from our FMR measurement at zero magnetic field as follows.

A generic magnetic Hamiltonian derived microscopically for a mag-
netic honeycomb lattice contains the nearest-neighbor exchange interac-
tions, (J-K-TI'), with the Zeeman energy term. In addition, we also consider
the single-ion anisotropy that originates from the weak trigonal compres-
sion of Crlg octahedra perpendicular to the plane (i.e., along the ¢ axis):

M, = Z<I§,- S+ KU/ + r(s’;s} + s?s;‘))
0] o
+A52i(§i . E)Z + E#BZE : §1

where (A, g4, v) represents a permutation of (x, y, z), the local coordinates of
the iodine octahedron. The Heisenberg exchange interaction (J) denotes
generic Heisenberg exchange interactions that include all possible intra-
plane and interplane interactions denoted as /|, J,, and /. in Fig. 1a. K and T
are the nearest-neighbor Kitaev and symmetric off-diagonal exchange
interactions, respectively. We assume that K, =K, =K, =K and
I, =T, =T, =T. The single ion anisotropy is denoted as A.. In the
Zeeman term, g is the g-factor tensor in (a, b, ¢) coordinates, and Bis the
external static magnetic field. We assume that the magnitude of spin is
S| = 3/2 throughout the paper. To this Hamiltonian H,, we further add
the effects of DM and off-diagonal asymmetric exchange interaction in H,

= Y Bx(§x5)+T Z(S's*‘ +818 + 515+ 51
(i)

so that the total Hamiltonian is H,,,,; = H,; + H,. Based on our model, we
derived analytical expression for the energy gap observed at zero wave vector

(G=0)as

@

€50 = SI3T + 6" + 24, 3)

The details of derivation and various analytic expressions of the energy
at high-symmetry points in reciprocal space can be found in Supplementary
Note 1). From Ref. 6, we first learn that {F, AT } determines the FMR
frequency. We note that the DM term does not contribute to this magnon
energy gap. Therefore, our calculation shows that 8’31“ +6I" + 2AC‘ =
2.5cm™! (0.31 meV) and g, from the slope is about 2.1. The previous
references presented an individual Hamiltonian based on either FMR or
neutron scattering’”*>**. However, we present the most general model of
Hamiltonian and consider the effects of both Kitaev and DM interaction.
We first determined the possible range of {T', A, I"} that can explain the
magnon energy gap observed in our FMR experiment. Then, we made a
comparison with the existing magnon spectrum to narrow down the values
of the parameters”. The detailed procedure can be found in Supplementary
Note 1. We tentatively propose that the values of the parameters in our study
are: ] = —2.0199 meV, K =0.2132 meV, I' = —0.0599 meV, A, =
0.0467 meV, D, = —0.0962 meV, and I" = 0.0467 meV. Our result shows
the Kitaev term is relatively small compared to those reported in other
references, and that the topological magnon gap at the K point is primarily
opened by the DM interaction (Supplementary Note 1). Although our
calculations were performed independently, they are in general consistent
with those of an earlier theoretical reference™.
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Fig. 2 | Temperature dependence of ferromagnetic resonance (FMR) of Crl;.

a Absorption spectra of FMR as functions of temperature at 7 T aligned along the ¢
axis. b The peak position of FMR as a function of temperature under fixed external
magnetic fields aligned along the c axis. Black, red, and blue symbols represent 7, 6,
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and 5 T, respectively. ¢ Absorbance spectra of FMR as functions of temperature at
7 T aligned along the a axis. d The peak position of FMR as a function of temperature
under fixed external magnetic fields aligned along the a axis. Black, olive, red, and
violet represent 7, 6.5, 6, and 5.5 T, respectively.

Temperature dependence of FMR under a fixed external
magnetic field

We also investigated the temperature dependence of FMR under a fixed
external magnetic field. Figure 2a shows the absorbance spectra as a function
of temperature under an external magnetic field of 7 T along the ¢ axis (Fig.
2a) and the a axis (Fig. 2c). We subtracted the spectrum at 150 K (where no
FMR was present) from the raw measured spectrum. The FMR system-
atically red-shifts for B, || c as the temperature increases (Fig. 2a) because
of the reduced magnetization by the enhanced thermal fluctuations™. The
position of FMR was obtained via Lorentzian fitting (Fig. 2b) for B, || c.It
was observed that FMR remained even above the Curie temperature T
(61 K). We note that the temperature of 70 K corresponds to the inflection
point for the temperature dependence of the FMR frequency (black squares
in Fig. 2b). Under the external magnetic field B, || ¢ of 7 T, the spectral
signature of FMR survives up to 120 K before it fades away. In connection
with this observation, in the case of transition metal tri-halides, short-range
ordering remains up to a temperature several times the Curie temperature
under a strong magnetic field due to its low dimensional magnetism*”.
Therefore, the remnant magnetic resonance above T is assumed to be
generated from enhanced short-range ordering in Crl; under a strong
external magnetic field. In the case of B, || a, FMR was observed above T
up to 110 K under the external magnetic fields of 7 T along the a axis (Fig.
2d). For magnetic fields in the range of 5.5-7 T, interestingly, the FMR
frequency blueshifts with increasing temperature. As noted above, all the
spins have been flipped to the a axis within the range of magnetic fields here.

This peculiar blue shift with increasing temperature can only be explained
by considering the coupling of the magnetic and lattice degrees of freedom.
It could be speculated that a subtle interaction between the thermally acti-
vated lattice vibrations and the spins strongly polarized by the magnetic field
increases the magnetic exchange coupling, which gives rise to an increase in
anisotropic exchange energy.

Structural phase transition and phonons

Crl; has different crystal structures in bulk and in the two-dimensional limit
atlow temperatures™'*'”. Furthermore, the structure of few-layer Crl; at low
temperatures may be affected by hBN encapsulation’. As the magnetic
properties of Crl; itself depend sensitively on the stacking order, it is
essential to verify the crystal structure of Crl; below T"'”. We investigated
the temperature and magnetic field dependence of the two E, phonon
modes to confirm the structural evolution of the bulk state. First, the P1
phonon is very narrow and strong and is located at around 85.5cm ™" at
1.5 K (Fig. 1b). We observed the temperature dependence of the position of
the P1 phonon shown in Fig. 3a and confirmed the change due to the
structural phase transition at T (~210 K)*. The P1 phonon moves to a
lower-energy position as the temperature increases in the R3 region, then
jumps and splits to 80.3 cm™" (P1-a) and 81.2cm ™" (P1-f) at 209 K (Fig.
3a, b). The temperature of 209 K agrees with the structural phase transition
temperature T (210 K)°. Furthermore, even with the application of a 7 T
external magnetic field along the c axis, there was no alteration observed in
the structural phase transition at 209 K (Supplementary Note 2). The
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Fig. 3 | Phonon spectra and structural phase transition of Crl;. a Position of
phonon modes as a function of temperature from 1.5 to 290 K. Inset shows the
vibrational direction of the P1 phonon mode. b Temperature dependence of phonon
spectra (the curves are shifted vertically for clarity). ¢ Absorption spectra of P1
phonon modes as a function of external magnetic field. (the curves are shifted

vertically for clarity). d Color contour plot of phonon absorbance around 114.9 cm ™
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with temperature from 1.5 to 290 K. Inset shows the vibrational direction of the P2
phonon mode. e, f Phase diagram of Crl; as a function of temperature and external
magnetic field for bulk state according to the Raman measurement of Ref. 14. e and
our terahertz results f. FM and PM denote ferromagnetic and paramagnetic,
respectively. sSAFM means surface antiferromagnetism.

temperature dependence of the P1 phonon was recently reported based on
Fourier transform infrared spectroscopy (FTIR) experiment, but no sig-
nificant structural phase transition was observed in contrast™. Table 1 shows
our experimental results and the first-principles density-functional theory
(DFT) calculation results for the two E;, phonon modes found at around
85.5 and 114.9 cm™" '**". The values of the E, modes corresponding to the
R3 crystal structure of bulk Crl; agree with the calculations. Also, we found
that these phonon modes are independent of the external magnetic field up
to 7 T at 1.5 K, as shown in Fig. 3c.

The second E, phonon mode, P2, located at 114.9 cm ™', was also
observed to change depending on the temperature and magnetic field
shown in Fig. 3d. The very strong and broad absorption spectrum of the P2
phonon agrees well with the calculation of the high density of states'” and the
FTIR measurement™ (Fig. 1b). We confirmed that the phonon mode shifted
to lower energy with increasing temperature and gradually broadened above
T (Fig. 3d). In the case of the P2 phonon, it was difficult to track any change
with the external magnetic field because of the low transmittance and low

1

Table 1| Peak positions of E, phonon modes dependending on
the crystal structure

R3 structure C2/m structure

Bulk (cm™) ML (cm™) Bulk (cm™) ML (cm™)
83 76, 81 77 82

855 80.3,81.2

107 105, 115 106 108
114.9 115 114.2

In our experimental data, the phonon positions in the R3 and C2/m phases correspond to 1.5 K and
290K, respectively. The bold values represent our experimental results. The other values are optical
phonon frequencies from the first-principles density-functional theory (DFT) calculation'®*. ML
means monolayer.

signal intensity of the power spectrum (Supplementary Note 2). The
longitudinal phonon mode w ¢, for P2 is expected to play an essential role in
Crl;, such as the origin of exciton-related polaronic character or for the
magnon gap opening’®”. The P2 phonon observed in our experiment was
the transverse mode (wqg). In general, a longitudinal mode can be esti-
mated using the loss function Im (—1/¢) ***”. Therefore, we estimate that the
longitudinal phonon mode w; is located at 115.3 cm™" at 1.5 K (Supple-
mentary Note 2).

A previous Raman spectroscopy study reported the phase diagram of
bulk Crl; depending on magnetic field and temperature™ (Fig. 3e). In the
case of the Raman experiment, the effect of approximately 30 outermost
layers dominates even in a bulk sample, and approximately 20 outermost
layers of Crl; have a surface layered antiferromagnetic state”’. Based on this,
it was assumed in ref. 14. that the C2/m prevails at all temperatures under
fields above about 1 T (Fig. 3e). However, our data indicate that R3 persists
between 50 and 210 K even for finite fields up to 7 T. Therefore, we assume
that the Raman measurement probes the surface-dominated properties of
Crl; (Fig. 3e). We suggest a modified phase diagram from the phonon
behavior of bulk Crl; as shown in Fig. 3f. In the case of bulk Crl;, the
structural phase transition occurs at 209 K from the monoclinic to rhom-
bohedral structure, and the crystal structure of Crl; is independent on an
external magnetic field. Our results provide information on the structure
and magnetism of bulk Crl;, which will be helpful for future research.

Discussion

In this study, we investigated the interaction of terahertz light with the spin
and the crystal structure of a bulk Crl; single crystal by varying the tem-
perature and external magnetic field. We demonstrated here that the precise
temperature and external magnetic field dependences of the FMR data allow
us to extract the range of T, I, and A_, from the analytical expression
derived from the most generic spin Hamiltonian for Crl;. Our work is very
much valuable because the determination of energy gap at k = 0 with a high
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resolution of our FMR measurement helps proposed parameters be accu-
rately determined. For example, parameter sets determined by the inelastic
neutron scattering tend to overestimate I and A, due to the resolution limit.
We believe that when the ranges of the parameters we found are used to fit
the inelastic neutron scattering, highly accurate parameters can be found to
comprehend the underlying magnetism and resolve the ongoing con-
troversy on the existence and/or nature of the topological magnon gap. In
addition, the two E,, phonon modes were measured at 1.5 K, which agreed
with the DFT calculations. We verified the transformation of the phonon
modes at the structural phase transition temperature in the presence of a
magnetic field up to 7 T. The R3-C2/m boundary in bulk Crl; did not
change with an external magnetic field. In conclusion, our THz-TDS spectra
depending on temperature and external magnetic field effectively connect
the optical properties of bulk Crl; with its magnetism. The magnetic
Hamiltonian has been successfully analyzed in the combined Hamiltonian
context, and the structure-field phase diagram of bulk Crl; established.

Methods

Sample preparation

Single crystals of Crl; were grown in situ via the chemical vapor transport
method following the procedure described by McGuire et al.’. Chromium
powder (99.99%, Alfa Aesar) and crystalline iodine (99.99%, Alfa Aesar) ina
stoichiometric ratio with a slight amount of excess iodine (1% of total mass)
were placed inside an evacuated quartz tubes and sealed. The typical
dimensions of the quartz tubes were 100 mm in length, 10 mm in inner
diameter, and 2 mm in thickness. The sealed quartz tube ampoules were
heated to 650 °C/550 °C for one week in a two-zone furnace and cooled to
room temperature. The sample stoichiometry of Crl; single crystal was
verified by energy-dispersive X-ray (EDX) spectroscopy (Quantax 100,
Bruker USA & EM-30, Coxem Korea).

Terahertz time-domain spectroscopy

A Crl; single crystal with a thickness of 217 ym was prepared via the
mechanical exfoliation method and was fixed on an Au-coated Cu sample
holder by using Kapton tape. The terahertz (THz) transmittance mea-
surements were conducted by using a THz time-domain spectrometer
(TERA K15, Menlo systems) over the frequency range of 1.5-120 cm ™. The
sample temperature varied from 4 to 290 K, and an external magnetic field
aligned along the ¢ and a axes up to 7 T was applied by using a He-free
magneto-optic cryostat (Spectromag PT, Oxford Instruments). The tem-
perature and external magnetic field dependence were measured while
increasing the temperature and magnetic field after zero-field cooling.

Calculation

We performed linear spin-wave calculations to extract the expression for the
energy gap observed in ferromagnetic resonance (FMR) of Crl. Initially, the
classical magnetic ground state spin configuration was numerically deter-
mined by minimizing the total energy of the magnetic Hamiltonian. Then,
we expressed the magnetic Hamiltonian in terms of the creation and
annihilation operators of magnons up to the quadratic order with the spin
configuration using the Holstein-Primakoff transformations. Finally,
Fourier transformation allowed us to build the Hamiltonian in the
momentum space and the equation of motion to calculate the FMR mode
and absorbance®'. The details are in the Supporting Information.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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