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Spin-orbit coupling controlled two-dimensional magnetism in chromium trihalides
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CrX; (X = Cl, Br, I) have the same crystal structure and Hamiltonian but different ligand spin-orbit coupling
(SOC) constant Ay, providing an excellent material platform exploring for exotic two-dimensional (2D) spin
orders. Their microscopic mechanism underlying 2D spin physics remain unestablished, along with experimental
corroboration of Kitaev exchange interaction, central to realizing topological quantum spin liquids. Finding
direct evidence for Kitaev interaction and determining its value has been an essential but formidable challenge
in Kitaev physics. Here we report the direct Kitaev interaction signature in magnetic anisotropy measured by
ferromagnetic resonance (FMR) spectroscopy. We present measured values of Heisenberg J, Kitaev K, and
off-diagonal symmetric I exchange interactions in CrX; determined using FMR and exact diagonalization. K
and I" exhibit dominant dependencies on Ay, indicating its central role in 2D magnetism. Our study provides
a foundation for designing 2D magnetic materials exhibiting novel behaviors by tuning intrinsic material

parameters such as SOC.

DOI: 10.1103/qg64-ztxj

Since the discovery of Crl; atomic monolayer ferromag-
nets [1], two-dimensional (2D) van der Waals (vdW) magnets
have attracted much attention due to their potential for hosting
exotic 2D quantum spin physics such as bosonic topologi-
cally protected chiral edge states [2-5], Kitaev quantum spin
liquids [6-9] and skyrmions [10], as well as developing 2D
spintronics devices integrated with other vdW materials such
as transition metal dichalcogenides and graphene [11,12]. The
Kitaev interaction, which must exist in the chromium trihalide
family (CrX;, X = Cl, Br, I) due to its crystal symmetry
[8,13,14], is the core element in realizing topological quantum
spin liquid states. While there are experimental reports of
half-quantized thermal Hall conductance [15,16] and signa-
tures of propagating Majorana fermions in «-RuCls, there
are also counterproposals [17,18], leaving its existence under
debate and ambiguity as to both its estimated value and sign.
Moreover, while previously observed magnetic behaviors as-
sociated with quantum spin liquids have been interpreted
based on the Kitaev model, there is little direct evidence of
their relevance to Kitaev interaction.
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The large spin-wave gap at the Dirac point observed in Crl;
by inelastic neutron scattering (INS) [3] has been considered
a possible experimental signature of the Kitaev interaction
[8], but this is controversial, as the next-nearest-neighbor
(NNN) Dzyaloshinskii-Moriya (DM) [3,19] interaction could
also open this gap. In any case, the Kitaev and NNN DM
interactions require unreasonably large values to account for
the large Dirac gap. It has furthermore been pointed out that
the measured gap size is very sensitive to INS experimental
conditions such as sample mosaic, resolution, and momentum
integration range leading to the possibility that gap size can
be significantly overestimated, especially at the Dirac point
where spin waves rapidly disperse [5,20]. Indeed, two inde-
pendent INS studies recently reported conflicting values for
the size of the Dirac gap in CrBrs: 3.5 meV [21] in one case
versus no gap in another [22]. The Dirac gap size of Crl; was
adjusted from 5 to 2.8 meV through improved INS measure-
ments [5]. This situation calls for a complementary approach
to obtaining a reliable value of the Kitaev interaction.

Ferromagnetic resonance (FMR) is a high-resolution
(~ueV) spectroscopic tool that enables determination of the
Kitaev interaction through accurate measurement of the in-
teraction of the collection of ordered spins with both internal
and external environments. Similar magnetic resonance tech-
niques have been applied to spin excitations associated with
fractionalized Majorana excitations in o-RuCls [23,24]. The
first FMR study of Crl; described the global coherent spin
dynamics of the sample in magnetic resonance by applying
mean-field theory to the Hamiltonian, converting the mul-
tispin interaction problem into a single spin problem [8].

Published by the American Physical Society
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FIG. 1. (a) 2D crystal structure of CrX; monolayer. (b) The pa-
rameters regarding the superexchange interaction via X ~ ligand ions
between two Cr*" ion spins of §; and S; in the neighboring octahe-
dra along a z bond: ligand SOC constant Ay, Cr—X—Cr bond angle
Oci—x—cr» and Cr—Cr distance dc;—c;. (¢) 2D honeycomb lattice spin
model having x-, y-, and z-bond-dependent spin interactions. (d) The
spin-orbit coupling constant Agoc of the atomic orbital obtained from
atomic optical spectroscopy [28-30]. (e) Cr—Cr distance dc;—c; [31].
(f) Cr—X—Cr bond angle O¢,—x —cr [32].

However, this approximation removes all the anisotropic com-
ponents of the Kitaev interaction, rendering it isotropic and
thus indistinguishable from Heisenberg exchange. Recent the-
oretical studies based on symmetry analysis showed that the
Kitaev interaction leads to anisotropy in the magnetic re-
sponse between e and e directions. Kitaev interaction also
leads to an anisotropy of the FMR frequency, depending on
the orientation of the magnetic field within the e;—e3 plane as
indicated in Fig. 1(c) [13,14].

The CrX; materials have the same crystal structure and are
described by the same Hamiltonian as A;IrO3; (A = Na, Li)
[25,26] and «-RuCl; [6], known potential honeycomb Kitaev
materials, but CrX3 has contrasting features. For A,IrO3; and
«-RuCls, the transition metal ion has effective spin-1/2 and
dominant SOC, AyL - S where Ay plays an essential role in
determining exchange interactions. On the other hand, CrX3
has spin-3/2, and Ay, the SOC of the p orbital of ligand
atom X, is considered to be the main source of superexchange
interactions. In this regard, a theoretical microscopic analysis
of CrX; was recently performed to find the origin of spin
interactions and showed that indeed Kitaev interaction can
arise for 3/2-spin by the ligand SOC [27].

CrX; (X = Cl, Br, I) share a common crystal structure
and a common Hamiltonian but have different Ay. There-
fore, Ay is the key single parameter that can characterize this
well-defined 2D magnetic platform once its relationship with
Hamiltonian’s spin interaction constants is clearly established.
Nevertheless, there has been no systematic experimental study
to elucidate this.

Here we present the measured spin interaction constants
for three CrX; compounds determined using field-angle-
dependent FMR spectroscopy and exact diagonalization (ED).
Furthermore, we investigate the relationship between those
values and the ligand SOC Ax. The magnetic anisotropy
distinctively originating from the Kitaev interaction appears

in FMR spectra as a unique experimental signature that is
strongly dependent on Ay. Unlike mean-field theory, ED di-
rectly incorporates bond-dependent spin-spin interactions for
multiple spins, allowing us to determine the Kitaev interaction
for CrX; from these experimental data.

CrXj spin systems can be described with a 2D honeycomb
lattice spin model which has bond-dependent anisotropic
exchange interactions [see Fig. 1(c)]. CrX3 have the edge-
sharing octahedral 2D crystal structure in Fig. 1(a), and their
spin model is based on the anisotropic superexchange interac-
tions between two Cr spins via Cr—X—Cr bonds arising from
the SOC of ligand X [see Fig. 1(b)]. Based on the crystal
symmetries, the Hamiltonian is

H =Hg + Hp + Hz, Q)
where

He= 3 [ISi-S;+KSIS + T(sis" +5isH)] )

(ij)ermv)

describes exchange interactions,

z 3
Ho=Y %[Si 8) = (S 1y)(S; - rij)] 3)
ij

i>j ij
describes dipole-dipole interactions, and

My = —gusHo - ) S )

describes Zeeman interactions. S; is the spin-3/2 operator for
the Cr** ion at site i. (ij) € Au(v) denotes that the Cr’*
ions at the neighboring sites 7, j are interacting via a v bond,
where A, u, v € {x,y, z}. g is the g factor of Crit, g is the
Bohr magneton, and rj; is the distance vector joining spins at
site i and j. The magnetic anisotropy of CrXj is contributed
by Hg and Hp as magnetocrystalline and shape anisotropy,
respectively.

We determine J, K, and ' values from the magnetic
anisotropies of CrX3 measured from the dependencies of their
FMR spectra on the magnetic field direction using a sub-THz
heterodyne quasioptical electron-spin-resonance spectrometer
[33]. FMR spectra are obtained at various 6y, the angle be-
tween the applied magnetic field Hy and e3, in the e;—e3 plane
[see Fig. 2(c) inset]. The applied electromagnetic excitation
frequency is w/2m = 240 GHz. Figures 2(a)-2(c) show the
evolution of the FMR signal of CrX; as a function of Hy for
a series of orientations (fy). We obtain the resonance field
H,., from Lorentzian fits to these spectra. The evolution of
H,.(6y) for CrXj is presented in Figs. 2(d), 2(f), and 2(h).
The salient features of this anisotropic behavior is best seen
by considering two quantities: Hy(0y) = Hyes(Oy) — @/y and
AHg (0u) = Hres(180° — 61) — Hres(On) [see Fig. 2(c)].

Hy reveals the uniaxial magnetic anisotropy along ez aris-
ing from the combination of the I" interaction in Eq. (2) and
the dipole-dipole interaction (shape anisotropy) in Eq. (3).
FMR directly measures the magnitude and polarity of the
uniaxial magnetic anisotropy given by AHy = H(90°) —
H,.(0°): —5 kOe for CrCl3, +5 kOe for CrBr3, and +35 kOe
for Crls. AHy is negative for CrCl; but positive for CrBr; and
Crl;, indicating their opposite polarities.
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FIG. 2. (a)-(c) FMR spectra of CrCl;, CrBr3, and Crl; with varying 6y describing the orientation of magnetic field Hy with respect to ez in
the e;—e;3 plane [see the inset of (c)]. Each spectrum is offset and scaled moderately for clarity. The gray line labeled w/y = 240 GHz represents
the resonance field H,.; corresponding to the applied microwave frequency for the free single-ion spin. The shift of H, is characterized by two
quantities: Hy(0y) = Hes(6n) — w/y arising from I' interaction and dipole-dipole interaction in Eq. (3), and AHk(0y) = Hes(180° — 6y) —
H,s(0y) arising from the asymmetric Kitaev interaction about 8y and 180° — 6y, indicated by the red and blue arrows, respectively, in the inset
of (c). (d) Hyes Vs 0y extracted from (a) for CrCls;. (e) Total (magnetocrystalline and shape) magnetic anisotropy energy F (6, ¢) of CrCl; as a
function of spherical angles 6 and ¢ constructed from H,; in (d) using Landau theory [8]. (f) Hyes Vs 6y, and (g) F (6, ¢) for CrBrs. (h) Hies
vs Oy, and (i) F (0, ¢) for Crls. In (d), (f), and (h), the symbol size indicates the signal peak area in Lorentzian fits to the FMR spectra and
solid lines are exact diagonalization (ED) calculation results. In (e), (g), and (i), orange (cyan) represents positive (negative) values. Panel (c) is

adapted from Ref. [8].

AHk is due to the nonuniaxial magnetic anisotropy arising
from the asymmetric Kitaev interaction about two symmet-
ric angles Oy and 180° — 8y, indicated by the red and blue
arrows, respectively, in the inset of Fig. 2(c). The sign of
AHg inverts at 6y = 0° and 180°, such that H.(9°) is
lower than Hs(171°), but Hies(—9°) is higher than Hi.s(189°)
[see Figs. 2(b) and 2(c)]. This is consistent with the =
rotation symmetry for e, of the anisotropic Kitaev inter-
action [Hres(QH) = Hres(QH + 1800) 7é Hres(eH - 1800)] [13]
The magnitude of AHg is minimum for CrCls, increases in
CrBr3, and maximum in Crlj, corresponding to the increasing
strength of Ay. This is the direct observation of the Kitaev
interaction signature in CrX3 through magnetic anisotropy.

We describe the magnetic anisotropy of CrX3; measured
from FMR as F (6, ¢) for two spherical angles 6 and ¢ [see
Fig. 2(e) for CrCl3, 2(g) for CrBrs, and 2(i) for Crls]. These
are constructed from H(fy) using Landau theory, where
F (0, ¢) is expressed in terms of classical magnetization using
mean-field theory and used to calculate the resonant frequency
(see Sec. VII of the Supplemental Material [8]). The uniax-
ial magnetic anisotropy due to magnetocrystalline and shape
anisotropy dominates in CrX3. The e3 (out-of-plane) axis is
the easy axis for CrBr; and Crl;, but the hard axis for CrCls.

‘We determine the values of J, K, and I" of the Hamiltonian
in Eq. (2) by fitting our FMR data H.(fy) to the values
obtained from ED calculations with 12 sites of S = 3/2 for

240 GHz [33]. ED provides two sets of values for J, K, and
I' corresponding to K > 0 and K < 0O for CrX;. According
to a recent microscopic theory for CrX3 [27], J and K have
opposite signs, with (J > 0, K < 0) corresponding to f,-t2,
interaction and (J < 0, K > 0) to e~ interaction. Since J is
negative for both sets we obtain, K must be positive, and e,~5,
interaction is thought to dominate in these ferromagnetic sys-
tems. This further implies that the superexchange processes
via p orbitals of ligand X play a crucial role in determining
spin interactions.

The values of J, K, and I" for K > 0 in Figs. 3(a)-3(d)
and Table I generate values that well match the FMR data for
Hes(0) shown in Figs. 2(d), 2(f), and 2(h). Figure 3(a) shows
the relative energy scale of these values: |J| > |K| > ||
for all three CrX; compounds. This is consistent with the

TABLE 1. Spin exchange interaction constant values in the
Hamiltonian Eq. (2) of CrX; determined using FMR and ED.

Coupling Value (meV)

Constant CrCl; CrBr3 Crl;
J —0.69 -13 —2.2
K 0.019 0.19 0.92
r —0.0032 —0.021 —0.079
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FIG. 3. (a) Comparison of absolute values of Heisenberg J, Ki-
taev K, and off-diagonal symmetric I' exchange interactions for
CrX;. (b) |J| values for CrXs. (c) |K|, (d) |T'|, and (e) Fc max — Fe.min
values for three |Ax| values corresponding to CrXj in Fig. 1(d) and
their quadratic monomial fits (solid lines) based on the theory of [27]
with one more data point (black diamond) added, assuming that K,
I', and F; max — Fe.min become zero when Ay = 0. Here Fp,,x and Fipy
are the maximum and minimum values of F.(6, ¢) for each CrX; in
(H)—(h). (H)—(h) Magnetocrystalline anisotropy energy F.(9, ¢) of
CrCls, CrBrs, and Crl; obtained after subtracting the shape
anisotropy from F in Figs. 2(e), 2(g), and 2(i), respectively. Orange
(cyan) represents positive (negative) values.

energy scale of |J| > |K|(~ 2l > |T|(~ 0) that emerges
from recent microscopic second-order perturbation theory for
S =3/2, where r = Ax/A,q and A,y is the atomic energy
difference between the transition metal and ligand sites [27].
The K and I" values for Crl; here are in reasonable agreement
(within 20%) with these exchange constants calculated using
density functional theory (DFT) [34].

Next, we determine the universal dependencies of K and
" in Fig. 3 on the absolute value of the ligand SOC, |Ax]|.
As shown in Fig. 1(d), |Ax| increases in order of increasing
ligand mass: Cl, Br, and I. And all are much larger than the Cr
3d orbital |Ay;|, which is ignored in our analysis.

A key result is the observation that both K and I" depend
exclusively on a single parameter: Ay. This highlights the cen-
tral role Ax plays in superexchange interactions. We describe
the Ax dependence of K and I" in Figs. 3(c) and 3(d) using
the quadratic relationship revealed in the recent microscopic
second-order perturbation theory [27]. Figures 3(f)-3(h) show
the magnetocrystalline anisotropy energy F.(6, ¢) for CrX;
as indicated, where shape anisotropy is excluded. Figure 3(e)
shows F;max — Femin @s a function of |Ax|, which mainly
reflects the size of uniaxial magnetocrystalline anisotropy
energy, where F; .« and F¢ i, are the maxima and minima
of F.(9, ¢). This shows the direct, experimentally obtained
relationship between macroscopic magnetic anisotropy and

microscopic SOC Ly arising from the ligand atomic p orbital,
which is also well described by a simple quadratic monomial,
as is the case for K and I'.

Crystal structure parameters such as Cr—Cr distance dc;—cy
in Fig. 1(e) or Cr—X-Cr bond angle O¢,_x ¢, in Fig. 1(f) can
have a critical effect on K and I" values as well as J, but
none of them shows any noticeable correlation. Recent DFT
calculations show that deformation of the monolayer crystal
structures of CrX3 can sensitively influence the magnitude
and sign of the exchange interaction parameters [32,35,36].
Indeed, changes in magnetic and electronic properties due
to pressure-induced crystal deformation have been observed,
such as increases in T¢ [37], anomalous magnetoresistance
[38], and semiconductor-to-metal transition [38]. In general,
superexchange interaction is known to decrease very sen-
sitively, changing by an order of magnitude with sub-A
increases in the spin-spin separation, typically exhibiting an
exponential or inverse power-law dependence [39,40]. How-
ever, this is not the case for CrX3, which exhibits the opposite
behavior where the magnitudes of J, K, and I" increase with
increasing dcy—cr [see Figs. 1(e) and 3(a)]. Also, according
to the Goodenough-Kanamori-Anderson rules [41-43], the
superexchange interaction is primarily ferromagnetic when
Ocr—x—cr 15 90°. In this regard, recent DFT calculations for
CrX; monolayer show that exchange interactions are highly
sensitive to small changes in 6c,—x_cr and that the magnetic
phase can change from ferromagnetic to antiferromagnetic
[36]. However, Ocr—x_c: has no significant X-dependent
change around 95.5° and does not show a clear correlation
with the spin interaction constant values [see Fig. 1(f)], so its
impact appears to be minimal.

Figures 4(a)—4(c) show the spin-wave dispersions for CrX3
calculated using linear spin-wave theory incorporating J, K,
I' in Fig. 3, and J,, the NNN Heisenberg interaction. These
well describe two magnon bands observed in INS, with the
coincident magnon band width Ep,x — Enn, increasing from
CrCl; [20], through CrBrj [22], to Crl; [5], where Ep,x and
Eax are the maximum and minimum energies of the magnon
band in Figs. 4(a)—4(c). This band width is mainly determined
by |J|, which also increases in the order of CrCls, CrBr3, and
Crl; [see Fig. 3(b)].

The Kitaev interaction plays a major role in opening the
Dirac gap Ak at the momentum point K [see Fig. 4(d)].
Thus, the size of Ak for |Ax| varies roughly in accordance
with a quadratic monomial fit, as shown in Fig. 4(g). The
first INS reports for CrBrs and Crls concluded large Ak of
about 3.5 meV [21] and 5 meV [3], respectively. However, the
latest INS, perhaps with reduced sample mosaic and improved
instrumental resolution, shows no Dirac gap in CrCl; [20]
and CrBrjz [22], which is more consistent with the results in
Fig. 4(g) showing tiny Ag for all three CrX3;. DM interaction
could be necessary to obtain the correct gap near the Dirac
point, not captured by FMR, and not included in the spin-wave
plot in Fig. 4. INS suggests a 2.8-meV gap for Crlz, which is
consistent with 0.2-meV DM interaction extracted from DFT
[34].

" opens a gap Ar at the zero-momentum point I that
overcomes the Mermin-Wagner theorem by suppressing low-
energy magnon excitations, thus enabling 2D long-range
ferromagnetic order. The sizes of Ar = —3ST for CrX; are
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FIG. 4. (a)—(c) Spin-wave dispersions for CrCls, CrBrs, and Crl;
predicted from linear spin-wave theory calculations using the mea-
sured J, K, and T" in Fig. 3 and J,, NNN Heisenberg interaction.
(d) Zoom-in showing the Dirac gap Ag at K. (e) Zoom-in on the
region showing the gap Ar at I (f) Enax — Emin for CrX;, where
En.x and E;, are the maximum and minimum energies of spin-
wave bands in (a)—(c). (g) Ax and (h) Ar values obtained from
(a)—(c) for three |1y | values corresponding to CrXj; in Fig. 1(d) and
their quadratic monomial fits (solid lines) with one more data point
(black diamond) added, assuming that Ax and A become zero when
Lx = 0. Note that DM interactions not considered here can lead to
larger Ag.

shown in Fig. 4(h), where Ar increases quadratically with
increasing |Ly|, indicating that it originates from the same
ligand SOC as K and F;. jax — F¢ min- For Crlz we obtain Ap =
0.36 meV, very close to the value 0.37 meV, obtained re-
cently from high-resolution INS [19]. Although not discussed
here, single-ion anisotropy NSZZ can also cause uniaxial mag-
netic anisotropy with the same cos® # angular dependence of
energy as I, so its effect is indistinguishable from I" in field-
angle-dependent FMR experiments. However, performing ED
calculations using single-ion anisotropy results in a larger
gap of 0.61 meV at T, which is somewhat inconsistent with
INS. Therefore, it seems the effect of single-ion anisotropy is
small and that I" is the primary source of the observed uni-
axial magnetocrystalline anisotropy in Figs. 3(f)-3(h). While
Heisenberg and uniaxial anisotropy SZ2 terms and DM play

some roles in governing magnetism in Crls, the terms such
as K + I' which break the spin conservation perpendicular to
the honeycomb plane have been shown to play a crucial role
in magneto-optical Kerr effect (MOKE) oscillations, since any
dynamics for S, needs breaking of spin conservation [44].

Interestingly, the size of Ag opened by K in Fig. 4(g) is
much smaller than the corresponding |K| value in Fig. 3(c),
whereas the Ar value in Fig. 4(h) is much larger than the
corresponding |I'| value in Fig. 3(d). This is because the large
value of J significantly inhibits K from opening the gap Ak,
whereas J does not affect the size of Ap. For example, our
calculation for Crl; shows that a 50% decrease in |J|, while
keeping other interaction constants the same, results in a 77%
increase in Ag.

In conclusion, we present measurements of the spin inter-
action constants in the JKT" Hamiltonian for three CrX; com-
pounds obtained experimentally from field-angle-dependent
ferromagnetic resonance and theoretically from exact diago-
nalization. We find that K and I depend dominantly on the
ligand SOC Ay following the quadratic monomial dependence
predicted by microscopic second-order perturbation theory.
J may suppress the effects of K, such as by inhibiting the
opening of the gap Ak, which may make it difficult to ob-
serve the consequences of the Kitaev interaction, beyond the
magnetic anisotropy measured by FMR and reported here. To
realize Kitaev physics, studies of J, especially its physical
origins and methods of suppressing it, should be conducted in
parallel with studies of K. Our experimental discovery of the
microscopic mechanism of 2D magnetism in CrX3 paves the
way to design and explore 2D magnetic materials exhibiting
novel behaviors by tuning intrinsic material parameters such
as spin-orbit coupling.
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