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The two-dimensional 17-CrTe, has been an attractive room-temperature van der Waals magnet which has
a potential application in spintronic devices. Although it was recognized as a ferromagnetism in the past,
monolayer 17-CrTe, was recently found to exhibit zigzag antiferromagnetism with the easy axis oriented at
70° to the perpendicular direction of the plane. Therefore, the origin of the intricate anisotropic magnetic
behavior therein is well worth thorough exploration. Here, by applying density functional theory with spin
spiral method, we demonstrate that the Kitaev interaction, together with the single-ion anisotropy and other
off-diagonal exchanges, is amenable to explain the magnetic orientation in the metallic 17-CrTe,. Moreover,
the Ruderman-Kittle-Kasuya-Yosida interaction can also be extracted from the dispersion calculations, which
explains the metallic behavior of 17-CrTe,. Our results demonstrate that 17-CrTe, is potentially a rare metallic

Kitaev material.

DOLI: 10.1103/PhysRevB.108.094433

I. INTRODUCTION

Kitaev materials are drawing ever-growing attention for
their potentially extraordinary magnetic properties, such as
their capacity to offer quantum spin liquids [1,2] or nontrivial
spin textures, thereby serving as a hopeful material stage for
the implementation of innovative applications in topological
quantum computing and spintronics [3,4]. On a conceptual
level, the seminal Kitaev honeycomb model [5] was origi-
nally regarded as a toy model. The subsequent breakthrough
was brought forward by Jackeli and Khaliullin [6] through
the interplay of the spin-orbit coupling (SOC) and electron
correlation to materialize the Kitaev interaction. Sparked by
their argument, extensive works have been concentrated on
Jeft = 1/2 Mott insulators in the honeycomb lattices which
are partially filled 4d and 5d shells of transition metal com-
pounds, of which a-RuCls with zigzag (ZZ) ground state is
the highly desirable Kitaev material [7-9]. The mixing of the
crystal field and strong SOC results in the formation of a
fully filled jo = 3/2 band and a half-filled js = 1/2 band
in the compounds. Recent efforts have expanded the Kitaev
system to two-dimensional high-spin configurations [10,11],
notably in Cr-based monolayer hexagonal lattices [12—15].
Furthermore, Kitaev materials are rare and rewarding in the
exploration of metallic regimes.

Bulk van der Waals 17-CrTe, is a ferromagnetic metal
with a high Curie temperature of about 310K, which reaches
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the temperature required for practical spintronics applica-
tions successfully [16]. Synthesized epitaxial thin films of
1T-CrTe, in a metallic state also preserve a relatively high
temperature down to the ultrathin limit [17-19]. Nevertheless,
the latest atomic-resolution scanning tunneling microscopy
experiments have proposed the antiferromagnetic (AFM) ZZ
ground state of monolayer 17-CrTe, with a 70-degree orien-
tation to the perpendicular axis of the plane [20]. It has been
demonstrated on real Kitaev materials that the competition
between Heisenberg and Kitaev interaction stabilizes the ZZ
structure, and furthermore the easy axis is related to the Kitaev
anisotropy term [21-23]. Therefore, the origin of monolayer
1T-CrTe, with the easy axis oriented at 70° in the vertical
plane under the ZZ magnetic ordering is special and ambigu-
ous, whereas the microscopic mechanism of this anisotropy in
terms of bond-dependent interactions will be a superb study.

The 1T7-CrTe; belongs to triangular-lattice structure [24].
The combination of geometric frustration and anisotropic ex-
change interactions induced by SOC has also proven to be a
highly fruitful area. In experiments, rare earth-based triangu-
lar lattice YbMgGaO, [25-28] and others compounds [29-33]
have been intensively studied. Theoretically, triangular-lattice
structures, accompanied with fractionalization and deconfine-
ment, in certain regimes of their parameter space [34-39].
These studies point to the existence of Kitaev interaction
within the triangular lattice, suggesting that they may also be
present in 17-CrTe,. More importantly, hitherto, the Kitaev
interaction that may be prevalent in systems containing heavy
coordination elements, such as 17 transition metal triangular
structures, have still not been discussed in the research process
[20,40-43].

In this work, we first point out, as far as we know,
the existence of Kitaev physics in metallic 17-CrTe, and
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elaborate the magnetization direction in the ZZ magnetic or-
der off 70-degree from the perpendicular plane. To begin with,
using the spin spiral method, we perform DFT calculation to
directly get the dispersion relations of monolayer 17-CrTe,
based on generalized Bloch conditions. In regard of the con-
tribution of itinerant electrons to the long-range interactions
within metals, we present the interactions among multiple
nearest-neighbor (NN) atoms and apply it to the Heisenberg
J, Kitaev K and off-diagonal I [21,44,45], except single-ion
anisotropy (SIA) Ak term. We quantitatively examine various
magnetic Hamiltonian models and ultimately select the 3NN
J-K-T'-Ax model. The calculated spin spiral relations and the
magnetic anisotropy energy (MAE) at different magnetic or-
der are mapped into the optimal model to obtain the effective
magnetic exchange parameters. The angle of the magnetic
easy axis mainly originated from the common competition
between anisotropic Kitaev and SIA term. Last, we find that
the exchange parameter J; between different NN gained by
the spin spiral relations follows a single Ruderman-Kittle-
Kasuya-Yosida (RKKY)-type interaction, indicating the role
of the RKKY mechanism in the magnetic ordering.

The paper is organized as follows; we present computation
details in Sec. II. In Sec. III, we introduce the model of
monolayer 17-CrTe, and analyze the anisotropic interactions
in terms of the electronic and magnetic properties. We derive
the NN spin model consisting of Heisenberg, Kitaev, and SIA
interactions through the spin-spiral method and the MAE.
Then we present our results on the calculated magnetic inter-
actions and analyze the magnetization angle consistent with
the Ref. [20]. We finally extract the RKKY interaction within
this system. We conclude in Sec. I'V. Details of derivations in
our work are given in the Appendices.

II. COMPUTATION DETAILS

We adopt the Vienna ab initio simulation package (VASP),
a software of first-principles pseudopotential plane wave
method [46] based on density functional theory (DFT), for
calculation. The Perdew-Burke-Ernzerhof potential (PBE)
[47] is used to form of the exchange correlation func-
tional. VASP can employ plane spiral basis functions to
solve the Kohn-Sham equation through the self-consistent
iterative method and calculate the force and tensor by the
wave function. 17°-CrTe; is simulated by a slab model with
periodic boundary conditions and along with a vacuum re-
gion of 20 A between adjacent slabs to avoid a spurious
dipole moment from image supercells. Atoms in the calcu-
lated system are relaxed to the ground state until the forces
are less than 1072 eV/A. Energy cutoffs and k-points are
chosen as 328 eV and 41 x 41 x 1 k-point grids respec-
tively for accurate calculations, which are much larger than
that typically recommended. The MAE of +/3 x 2 supercell
is calculated statically using 19 x 21 x 1 of k-points. The
convergence criterion for self-consistent total-energy calcu-
lations is 1.0 x 107%eV. Methfessel-Paxton smearing with a
half-width of 0.05 eV is used to accelerate the convergence
for relaxed calculations and static calculations. To modify
the strong Coulomb interaction associated with Cr 34 orbit,
the PBE + U method with U = 2.4 eV is applied [20]. We
also calculated the Heyd-Scuseria Ernzerhof (HSE06) hybrid

functional [48] band structures for comparision with the
PBE + U band structures. We perform fully noncollinear
magnetic calculations within the projector-augmented wave
formalism, as implemented in the VASP code by Hobbs et al.
[49] and SOC is also included in the present calculations. The
optimized lattice constant of monolayer 17-CrTe; is 3.698 A
and in line with the recent theoretical results [20,43].

III. RESULT
A. Model of 1T7-CrTe,

The magnetic ions in 17-CrTe, are located at the center of
the edge-sharing octahedra, which is similar to the «-RuCls
of conventional Kitaev materials. Moreover, recent DFT and
many-body computation calculations point out that Crl3 and
CrSiTes exhibit finite Kitaev interaction from the SOC of the
heavy ligand elements Te/I [10,12—14]. Ongoing efforts have
extended Kitaev materials to Cr-based monolayer hexagonal
lattices, and the Kitaev model has been applied to triangular
lattices as well [36,50,51]. Furthermore, the latest experiments
measured a stable ZZ order of monolayer 17-CrTe, and the
magnetic easy axis is 70-degree off the k axis [20]. It therefore
seems plausible to explore the Kitaev interaction in mono-
layer 17-CrTe,. More importantly, monolayer 17-CrTe, can
keep ZZ magnetic state at a high temperature with strong
magnetic anisotropy. Mermin-Wagner theorem states that the
presence of MAE is decisive for two-dimensional magnetic
ordering. Xu et al. noted that both SIA and Kitaev are respon-
sible for determining the MAE [12,14]. We shall revisit this
anisotropy in monolayer 17-CrTe, from the new perspective
of bond-dependent interaction. In particular, the microscopic
mechanism of magnetic easy axis deviates at 70° in the verti-
cal plane is worth exploring.

Figures 1(a) and 1(b) show the top and side views of the
monolayer with the Cr layer sandwiched between two Te
layers. Each Cr atom is in the center of the octahedron formed
by the nearest Te atoms, and Cr atoms are connected through
the Cr-Te-Cr-Te plane. The ZZ magnetic configuration illus-
trated in Fig. 1(c) and the magnetic easy axis is 70° off the k
axis. Afterwards, we verify that the magnetization angle can
straightly capture the Kitaev interaction in Sec. III. According
to the analysis of two Kitaev materials, Crl; and CrGeTes, the
Kitaev model of each NN can be formed between the Cr atoms
shown in Fig. 1(d) [12]. The equatorial Cr-Te-Cr bond angles
are 84.6°, which is close to 90° and the Cr-Cr interaction
should obey the Goodenough-Kanamori rules [52,53].

B. Basic properties of 17-CrTe,

The electronic structure of monolayer 17-CrTe, in the
absence and presence of SOC. Primarily, the spin-dependent
electronic energy band structure without and with SOC under
FM magnetic order configuration is investigated in Figs. 2(a)
and 2(b), respectively. Both energy bands pass through the
Fermi level and exhibit metallic properties. To evaluate the
band renormalization effect, we provide the HSE06 band
structures in Fig. S1 of the Supplemental Material (SM) [54].
The trend of the energy bands is roughly the same as that of
the PBE + U band, indicating that the band renormalization
is insignificant. Therefore, we mainly consider the PBE + U
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FIG. 1. (a) Top view of monolayer 17 -CrTe,. (b) The Octahedral
coordination in 17 structure exhibites each Cr atom linked to six
Te atoms. The dark (light) blue balls represent the top (bottom) Te
atoms, and the pink balls represent the Cr atoms. (i j k) is the unit
vector of the inter-perpendicular cartesian coordinate. (c) Perspective
view of monolayer 17-CrTe, under the ZZ magnetic ordering. Green
and red arrows denote the magnetization directions of Cr atoms. The
light gray shaded surface indicates the ij plane, and the orientation
of the magnetic moment is at 70° to the perpendicular plane direc-
tion, the k axis. (d) The (XY Z) is the Cr-Cr bond, where the solid,
dashed, and dotted lines label first-NN (1NN), second-NN (2NN),
and third-NN (3NN) bonds on the triangular lattice, respectively.
Blue, green, and red colors denote the Z, Y, and X bonds, respec-
tively. (e) The Brillouin zone of the triangular lattice for 17-CrTe,,
where a; (1, 0, 0) and a, (—1/2, \f3/2, 0) are primitive lattice
vectors. by and b, are reciprocal lattice vectors. The L, H, G, and M
are the high symmetry points.

method in the following calculation. Notable spin splitting
is observed when the SOC is turned on, particularly at the
high symmetry sites. These indicate that the magnetic in-
teraction due to SOC can occupy a relatively important role,
and this is the entry point to consider the Kitaev interaction
within this system. The calculated d-orbital DOS projected
to Cr are shown in Figs. 2(c) and 2(d). The spin-up channel
of the Cr atom is occupied by nearly all four d-electrons,
while the states of the spin-down channel are almost empty.
Owing to the crystal field with the Cr atom located at the
center of Te octahedral, the five degenerate d orbitals split into
threefold degenerated #,; and twofold degenerated e, orbitals
as shown in Figs. 2(c) and 2(d). In the spin-up channel, the
half-occupied states are e, orbitals from Cr-Te bonds. The
occupied parts are bonding orbitals, while the vacant parts
occupied high energy zone are antibonding orbitals from the
electrostatic repulsion. In comparison, the fully occupied 7,
orbitals lie between the Te ions and making them more rela-
tively stable without the direct electrostatic repulsion between
Cr and Te atoms.

C. Model Hamiltonian

Actually, there exists not only Kitaev term in real materi-
als but also other spin interactions, such as Heisenberg term
and off-diagonal I' term. In addition, for two-dimensional
high-spin Kitaev materials and with heavy ligand elements,
the SOC effect is manifested as the Kitaev-type interaction
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FIG. 2. (a), (b) Band structure of monolayer 17-CrTe, without
and with SOC under FM order. The blue and black bands are spin-up
and spin-down channels in Fig. 2(a), respectively. The pink circles
represent the splitting of the formerly degenerate energy levels after
the incorporation of SOC, as shown in Fig. 2(b). (¢), (d) The density
of states (DOS) of monolayer 17-CrTe, without and with SOC.

and SIA [12-15,55]. Therefore, the minimal microscopic
two-dimensional spin model of monolayer 17-CrTe, has
been chosen as the J-K-I"-Ax. Namely, the Hamiltonian H =
Hiei + Hani>» Wwhere

1
Hiei = ) 51Jiy(1 = ;- 8))] (0
iJj
and

cf) + (5787 — cf))]

1
Hani = ) 5 [Kiy(S7S] —

ij

+ YAl = (Si - KD )

The term in Eq. (1) is the isotropic Heisenberg exchange
interaction. These terms in Eq. (2) are in turn the Kitaev term,
the off-diagonal interaction I', and the SIA term. These coeffi-
cients characterize the constants of the interactions, where cK

and c . are the numerical values of their respective 1nteract10n
terms 1n the ferromagnetic states. Here, i and j represent NN
sites. The «, B, and y denote the spin direction on the X,
Y, and Z bond types, respectively. S is the normalized spin
operator, where its bond-dependent interaction has the spin
component y = x, y, z. The triangular Cr layer lies in the ij
plane as shown in Fig. 1(d). The SIA term is the last part and
the k axis is the unit vector perpendicular to the plane, see
Fig. 1(a). If Ax >0, the easy magnetization axis is along the k
direction. Otherwise, it lies in the ij plane.

Next, we need to decompose the Kitaev term into
various interaction parameters. Especially, 17-CrTe, is a
metal system that has long-range RKKY interaction [56,57],
while «@-RuCl; and CrSiGes; is a Mott-insulator [7] and
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semiconductor [58], respectively. The long-range interactions
are more pronounced in two-dimensional magnetic materials
than in the bulk, and their magnetic properties can generally
be ascribed to RKKY interaction, which makes the descrip-
tion of magnetic states more complicating and challenging
[59,60].

D. Spin spiral method

Marsman et al. [61] used an ab initio spin-spiral approach
for the total energy calculation with different magnetic struc-
tures of y-Fe, which represented the initial work to obtain an
effective magnetic exchange parameters J, with the frame-
work of this numerical method. Understanding the salient
features of magnetism in monolayer 17 -CrTe,, it is necessary
to quantitatively analyze the magnetic interactions therein.
Precise calculation of multiple NN interactions should be
needed, and it is confirmed in the spin spiral method based
on generalized Bloch conditions [62-65]. All the individual
models including RKKY, Kitaev, and SIA interaction can be
disassembly by spin spiral method with generalized Bloch
conditions. Hence, we can determine the coupling parameters
of 1T-CrTe, in a certain range. First, the magnetic Hamil-
tonian quantities associated with the present material are
illustrated in Egs. (1) and (2), and the individual equations of
the magnetic Hamiltonian components can be derived via
the spin-spiral methods combine with the generalized Bloch
conditions. Second, the spin-spiral dispersion energy relations
from a unit-cell are calculated, that is the total energy of the
magnetic couplings. Herein, DFT calculations with SOC for
the noncollinear magnetic structure are the critical step to
obtaining the respective parameters of Kitaev term. Finally, by
mapping the energy to each spin Hamiltonian equations, the
parameters are obtained by using the least-squares method.
Additionally, we calculate the spin-spiral dispersion energy of
monolayer RuCl;. The best-fit parameters for the J;-K-I'-I"/
model give J; = 1.68 meV, K = —10.9meV, I' = 3.29 meV,
and IV = —0.28 meV. As for the J;-J3-K-I" model, we find
that J; = 0.36 meV, J3 = —0.27meV, K = —11.0meV, and
[’ =5.30 meV. Note that the sign of the Heisenberg interaction
in Eq. (1) is opposite to the conventionally used symbol (e.g.,
see Ref. [44]), which means that the third NN J; is physically
antiferromagnetic. In both models, our results suggest that
the Kitaev and I" interactions are prominent and their signs
are negative and positive, respectively. Those features are
in accordance with the consensus achieved so far, showing
the reliability of our method in determining the interaction
parameters in Kitaev materials [23,66]. The details of these
calculations are placed in the Fig. S2 of the SM [54].

With generalized Bloch conditions, the magnetic moment
S(R;) at jth neighbor with wave vector q is

SR;) = S(0)|:sin (a-Rj+ 73 )i+cos (a-R;+ %)j].

€)

The site of jth neighbor is depicted by R; = ma; + na, +
las, where a;, a, and a3 are the basic vectors. The orienta-
tion of spin spiral is described as q = g;b; + g2bs + ¢3bs, of
which by, b,, and bs are reciprocal lattice vectors as illustrated

in Fig. 1(e). All the magnetic moments are set in ij plane, with
S(0) forming an angle of 45 to i axis in our DFT calculations.
To avoid the impact of the Kitaev interaction by the Heisen-
berg term, we calculated the energy of E(q) with and without
SOC separately. The detailed derivation equations are listed
in Appendix A. The Heisenberg interaction and Kitaev term
with solely SOC can be separated by

Es(q) = Esin(q) — En(q) “

and

Es(q) = Eneig (@) + Exic(q). (5)

The subscripts S and N denote the energy of the spin spiral
relation with and without SOC, respectively. S + N represents
the summation of both conditions. The subscripts S, N and
S + N have the same implications for the following para-
graphs, figures, and equations. Epei (q) presents the energy
of the Heisenberg interaction generated by the SOC only. The
summation of Eyi is as follows:

EHCiS (q) = EJ] (q) + Efz (q) + EJ} (q)' (6)

Kitaev interaction is considered to the third NN, containing
the K and off-diagonal symmetric I". The summation of Exj
is as follows:

3
Exi(q) = Y [Ex,(q) + Er,(Q)], )
i=1
where the subscripts i represent 1NN, 2NN, and 3NN. The
summation of Eg(q) is as follows:

3
E(q) =Y _[E;(q)+ Ex,(q) + Er,(q)]. ®)
i=1
In the case that SOC is not considered, the system has only
isotropic Heisenberg interaction. It is necessary to evaluate the
J; for more distant nearest neighbors by considering the long-
range magnetic sequence of the system:

15
Eneiy (@) = ) Ej(@). ©)
i=1

E. Magnetic anisotropy energy

To explain the underlying magnetization angle, we use the
unit-cell and +/3 x 2 supercell to calculate MAE, with the
FM and ZZ AFM configurations, respectively. The calculation
of the MAE in Ref. [20] was simulated and the angle was
consistent, and the MAE of the FM ordering was also calcu-
lated. The angles 6 and ¢ correspond to the angles between
the magnetization direction and the k and i axes, respectively.
Under FM order, the magnetic moment S(R;) at jth neighbor
with 6 and ¢ is

S(R;) = So(sin 6 cos pi + sin 6 cos ¢j + cos k). (10)

Magnetic anisotropy is induced by SOC, where the angle
of the magnetic easy axis is a combined contribution of the
Kitaev and SIA terms. The detailed derivations are placed in
Appendix B.

Egia = Ag sin® 0, (11)
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FIG. 3. (a) E(q) as a function of the spiral wave vector q in monolayer 17-CrTe,. The Eg denotes the energy with SOC and the Ey is the
energy without SOC, which represented by blue and pink spheres, respectively. The total energy of Ey,s is emphasized by blue spheres. L,
H, G, and M are special k-points in the Brillouin zone shown in the inset graph. (b) The MAE of the unit-cell with FM order and the /3 x 2
supercell with ZZ order, which are labeled with pale blue and pale pink circles, respectively. In Fig. 3(a) and Fig. 3(b), scaled symbols are
calculated results while lines are fitted ones. (c) Partial energy of the MAE (PEyag) of ZZ order with the magnetic angle. The parameters that
make PEyag greater than O meV contain I'y and I';, as shown in the rose-pink color family. The parameters that make PEyag less than O meV
contain K, K;, I';, K3, and Ak, as shown in the lapis lazuli color family. The MAE of the ZZ magnetic order is represented by the silver color.

where Ay is the SIA term. Ex, = Ex, = Ex, and Er, = Er, =
Er, = 3T';[—1 + cos 20]. The summation of E{N (6, @) is as
follows:

3
EQNO. ¢) =) [Ex (6. ¢)+En(0. ¢)).  (12)
i1
Among them, Ki, K,, K3, I'1, I'2, and I'3 are Kitaev parame-
ters, including S(0, 0)2. Then, the total energy of MAE-FM
EGae(0. o):

Expp (0, ¢) = Esia + Egy (0, ¢). (13)

Under ZZ order, based on the Eq. (10), the initial magnetic
moment is set at the i/ axis along the ZZ structure with 30°
angle to the i axis of the protocell structure. All formulas are
based on the coordinate frame (i j k) of the protocell. The
summation of EZ%(6, ¢) is as follows:

3

EZO, ¢) =Y [Ex(0, ¢)+ Er, (0, ¢)].

i=1

(14)

Among them, K; and I'; represent parameters of different NN
respectively, including S(0, 7 /6)>. Then, the total energy of
ZZ-MAE EZ2 (0, ¢) is

EFLO, ¢) = Esia + EZ2(D, @), (15)

F. Kitaev interaction parameters

The SOC is an essential factor that causes the Kitaev and
SIA interaction. The Heisenberg, Kitaev, and SIA term with
SOC are mixed in the energy of Eg(q). In Fig. 3(a), Exts(q)
and Ey(q) are calculated results, and Eg(q) is gotten based
on Eq. (3). The lowest energy point of Ey,s(q) is a spin
spiral AFM state. The ZZ state does not belong to q which
is described by spin spiral relations. Then, we compute the
energy under FM and ZZ magnetic order individually by
using a unit-cell and +/3 x 2 supercell. The energy difference
between these two structures is —17.1 meV/Cr, which is

much smaller than the minimum energy of Es(q). Hence, the
7.7 structure is still the ground state in our calculations. The
schematic arrangement of the magnetic moments at the high
symmetry and the lowest energy points in Fig. 3(a) are put in
the Fig. S3 of the SM [54]. Here is a very important Eys(q)
feature that reflects the existence of Kitaev interaction, which
suggests that it can be further verified with neutron scattering
experiments [67]. As shown in Fig. 1(e) and Fig. 3(a), due
to Cg rotational symmetry, Ey(L) and Ey (M) are equal based
on Eq. (3) and has isotropic Heisenberg exchange interaction
alone. The Cs symmetry bareaking under the Kitaev interac-
tion leads to Es(L) not being equal to Es(M), according to
Egs. (6)—(8). Of course, Eyys(L) is not equal to Eys(M)
either, and their difference can be characterized in the experi-
ment as the strength of the Kitaev interaction.

For the case without SOC, the system has only isotropic
Heisenberg interactions, for which the detailed parameters
Jni are given in Table I. We select the coupling parameters
up to the 15th nearest neighbor to represent the long-range
interaction. The detailed parameters with SOC in Table II
are obtained by fitting the calculated values in Figs. 3(a) and
3(b) based on Egs. (6)—(8) and Egs. (10)—(15). In this case,
Egs. (6)-(8) represent the Kitaev interaction and off-diagonal
symmetric ' extracted from the dispersion relation Es(q) in
Fig. 3(a). Meanwhile, we calculated the MAE of FM and ZZ
magnetic configurations respectively in Fig. 3(b), in which the
fitted lines are obtained based on Eqs. (10)—(15). Fitted lines
are matched very well to the calculated results in Figs. 3(a)
and 3(b), which shows the validness of these obtained ex-
change parameters. J3y has the largest value of —2.864 meV
in Table I, and Jy is an order of magnitude smaller than Jy.
In parallel, the long-range magnetic interactions of this system
can exhibit RKKY interaction due to the metallic character
of monolayer 17-CrTe, in Fig. 2. Notice that Joy makes a
contribution to keeping the monolayer magnetic ordering up
to a value of 0.210 meV. The value of Jy-¢ is very tiny, which
is two orders of magnitude smaller than J3y. After adding
SOC, J;s results in an equivalent value to that of Jsy. It is
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TABLE I. In the absence of SOC, the obtained isotropic Heisenberg interaction interaction parameters of monolayer 17-CrTe,. All
parameters J;y were obtained by least-squares fitting based on the calculated spiral dispersion energy Ey(q) and Eq. (9).

meV Jl JQ .13 J4 J5 J@ J7

Jg Jo Jio Ji Ji2 Jis Jia Jis

N —0.228 1.635 —2.864 —0.443 —-0.477 0.111

—0.100 0.539 0.210

—-0.076 —0.070 —0.098 —0.018 0.030 0.056

an order of magnitude larger than J>g and J35. According to
Eq. (4), the Heisenberg interaction in Eys(q) is the sum of
the contributions with and without SOC, denoted by Jy,s.
Jn+s 1s the sum of Jy and Jg, which represents the overall
Heisenberg interaction.

In the following, we concentrate on Kitaev physics. The
Kitaev interaction attains a value of —1.501 meV, which is
comparable in magnitude to Ji5. The magnitude of K; is ap-
proximately twice times larger compared to that of monolayer
Crl; [68] and four times larger than monolayer CrSiTes [14].
Moreover, the Heisenberg interaction of monolayer 17-CrTe,
is more robust, which is consistent with previous studies on
Cr-based Kitaev materials [14,69]. In addition, this peculiar
magnetization angle offers a possibility for the Kitaev inter-
action. The ZZ structure presents an angle of 70° between the
magnetic moment to the k axis [20], and our calculations are
consistent with it, as shown in Figs. 3(b) and 3(c). This angle
is closely related to the arrangement of the magnetic moments
of the ZZ structure. If the magnetic moments are arranged
ferromagnetically, the magnetization axis is in the ij plane [see
Fig. 3(b)]. These findings further confirm the presence of the
Kitaev interaction in 17-CrTe,.

To examine deeply the effect of Kitaev and SIA factors
in determining the magnetization angle under the ZZ con-
figuration, we present a PEyjag diagram in Fig. 3(c), which
illustrates the variation of MAE with angle for each parameter.
Notably, the magnetization axis tends to align out-of-plane
with the k direction primarily owing to the cooperation of K|,
K3, and I';. In this case, Ak and ', make the ZZ magnetic mo-
ments favor in-plane, while K| and K3 make the ZZ moments
point to 55° away from the k axis. As a result, if only SIA
exists in 17-CrTe,, the magnetic moment aligns in parallel or
perpendicular to the k axis. To sum up, a combination of the
anisotropic Kitaev interaction and SIA results in the magnetic
moment with a 70-degree off the k axis.

Compared with aforementioned monolayer Kitaev mate-
rials [14,68], 1T-CrTe, demonstrates a relatively stronger
Kitaev interaction and becomes a competitive Kitaev material.
The next question is how to suppress the Heisenberg inter-
action in 17-CrTe; to achieve the Kitaev spin liquid state.

TABLE II. In the case of containing SOC, the isotropic Heisen-
berg interaction and anisotropic interaction parameters are obtained
for monolayer 17-CrTe,. The Es(q) was separated by Eqs. (4) and
(5) to ensure that the system contains only the Heisenberg interaction
parameters Jg caused by SOC and the anisotropic K term of Kitaeyv,
I' term, together with the Ay term of SIA. The values of Jig, Jo5, and
Jas are 2.685 meV, —0.384 meV, and —0.607 meV, respectively.

meV Kl Kz K3 F] Fz F3 Ak

N —1.501 —-0.021 0.145 0.129 0.203 0.186 —0.505

Indeed, we aim to induce a potential Kitaev spin liquid by
applying strain to suppress non-Kitaev interactions. However,
it was found that the Kitaev and other interactions decreased
simultaneously when strain was applied to the compression of
the 17-CrTe,, and vice versa. Therefore, unlike CrSiTes [14],
realization of Kitaev spin liquid in monolayer 17-CrTe, by
applying strain solely seems to be challenging.

In this work, we choose the effective model to fit all the
calculated dispersion relations of E(q) and the MAE un-
der different magnetic ordering simultaneously. If only the
Heisenberg and SIA terms are regarded as the relevent model
to describing magnetic interactions, then the simplest MAE-
FM cannot be fit despite accounting for the third-NN [see
Figs. 4(a)—4(c)]. To assess the significance of the SIA term,
we employ the J-K-I" model. As depicted in Figs. 4(d)—4(f),
when third-NN is considered, the fitted line can already match
Es(q) and MAE-FM, yet it still fails to match MAE-ZZ,
and there is still a considerable discrepancy. Ultimately, these
calculated curves can be fit rather successfully only when
considering all terms altogether and fitting to the third-NN,
as shown in Figs. 4(g) and 4(h). Without term J, only the
Kitaev and SIA terms are considered, as in SM [54] Fig. S4,
which also does not allow fitting all data simultaneously.
Most remarkably, in SM [54] Fig. S5, when fitting MAE-ZZ
singularly, the fitted parameters will seriously deviate from
the calculated values of MAE-FM. With this in mind, it is
important to identify a model that is appropriate for mono-
layer 17-CrTe, and requires consideration of longer-range
interactions. Simultaneously, we ought to comprehensively
evaluate numerical and experimental results while avoiding
the obtaining of magnetic parameters from a single numerical
or experimental result.

G. RKKY interaction

As shown in Table I, we have already gotten the long-range
magnetic interactions because of the metallicity of 17-CrTe,,
and these Jy can be described by the RKKY mechanism in
our previous work [62]. RKKY model can be mapped onto
the classical Heisenberg model [70]. J;y can be used in the
RKKY model directly and in two-dimensional structure, this
model can be expressed as [71]

cos(7.62./nd)

d? '
The a is a constant, d = r/ag (where r is the distance between
magnetic atoms and ay is the lattice constant of 17-CrTe,) is
the scaled distance, and n is the electronic number in a unit
cell to mediates the RKKY interaction. If n is a constant for
ao, then the J;y,; of RKKY are irrelevant to ag. Equation (16)
gives us a way to pick up the Jiy, belong to RKKY by DFT
calculations. Various lattice constants @y can be chosen and
Jins obtained at each lattice constant, as shown in Figs. 5(a)

Jn(r)=a (16)
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FIG. 4. Each column corresponds to the E(q), MAE-FM, and MAE-FM fitted panels, respectively, and the gray spheres represent the
computed values. The pink, mustard, and blue lines represent models fitting the performance diagram by considering the 1NN, considering to
the 2NN, and considering to the 3NN, respectively. (a)-(c) The first rows present, in order, the J-Ax model using different neighbors, that is,
with only the Heisenberg and SIA term in the model. (d)—(f) stand for the J-K-I" model. (g)—(i) Represent the J-K-I"-Ax model.

and 5(b). If these calculated J;y, are not varying with the
lattice constant ag, they fall under the RKKY interaction. As
depicted in Fig. 5(b), these J;ys show an oscillatory behav-
ior. These Jiy shoot up strongly as the lattice constant ag
increases, while the ascent of J3y are relatively modest. In
Fig. 5(b), we can also note that the other J;y, hardly change
with ag. Then, they are substituted into Eq. (16) for fitting
the RKKY interaction. For monolayer 17-CrTe;, the RKKY
interaction is mediated by 0.17 electrons per unit cell. Under
the trend of RKKY interaction, the NN Heisenberg interaction
exhibits the nature of AFM. And its absolute value is larger

than the actual calculated J;y as seen in Fig. 5(b). Moreover,
the differences between J;y and RKKY are all positive. This
makes the system likely to form a FM state and also satisfies
the Goodenough-Kanamori rule [52,53]. The contribution of
each nearest neighbor Jyi to Ex(q), as shown in Fig. 5(c).
Negative Jiy and J3y render the AFM system, while positive
Jon is ferromagnetic. By increasing ag, not only Jiy grows
strongly but also the ground state of this system turns form
AFM to FM, as shown in Figs. 5(a) and 5(b). Consequently,
this provides an explanation for the previous work which
measured that monolayer 17-CrTe, is ferromagnetic [17],

(b) n ---m---3.738 (C) e Ee [TTE s [T 1Ey Ey14™E 15
2r 3.718 10+
K @ --3.698
S 3678 ]
S0 NG = g
2 o / — RKKY| £
N~~—" N
= o -10}
S -2 .
w
-28 | | 3698 : =20t £ Em Enm
3.678 - E, E, E,
‘ 3658 1 s Js Jy Ji dgs ‘ £ 1 o1z W 1
L H G M Distance L H G M

FIG. 5. (a) Scattered symbols are Ey(q) for varying lattice constants a, (shown in the legend with length in A); the lines are fitted with the
Heisenberg interaction J parameter in panel (b). (b) Heisenberg interaction Jy for each lattice constant is fitted with the least-square methods;
the dark green line is the fitting of selected Heisenberg interaction J (Js 6 5_15) with RKKY model. (c) The stacked area chart of Ey(q) for Jy

asa = 3.698 A.
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precisely due to the sensitivity of the lattice constant to the
magnetic properties of the system.

IV. CONCLUSION

To summarize, we present a comprehensive analysis of the
intrinsic Kitaev interaction, electronic and magnetic proper-
ties of the metallic monolayer 17-CrTe, by DFT calculations.
We employ the spin spiral method with generalized Bloch
conditions to extract the spin spiral dispersion relation E(q)
for monolayer 17-CrTe,. In Fig. 3(a), the E(q) shows the
breaking of Cs symmetry induced by the SOC and indicates
the existence of anisotropic Kitaev interaction. Meanwhile,
the MAE is different between FM and ZZ order, and this
phenomenon cannot be described properly by SIA alone. We
also revisit the magnetic anisotropy of monolayer 17-CrTe;
and elucidate the magnetization angle off the k axis by 70-
degree at the ZZ order. We carefully choose the optimal model
containing the Heisenberg J, Kitaev coupling K, symmet-
ric off-diagonal exchange I" and SIA Ak term to determine
magnetism in 17-CrTe,. Finally, we pin down the magnetic
interaction parameters by using the calculated E(q) and the
MAE at different magnetic order settings. In Fig. 4, all these
terms are required to allow for third-NN except SIA, which
reveals the contribution of itinerant electrons to the long-range
interactions in metals.

In detail, we discover that a dominant Heisenberg inter-
action J; and a finite Kitaev interaction can maintain the
magnetic ordering in the monolayer limit. An important find-
ing is the Kitaev term, especially the K; term has a value of
—1.501 meV, which is approximately more than 4 times larger
than CrSiTes [14]. And the competition of K; and SIA term
jointly leads to a magnetization angle of 70° on the k axis.

J

From DFT total energy calculations, we demonstrate that the
77 magnetic order of 17-CrTe, is more stable. Notably, the
RKKY mechanism of 17-CrTe, can also be characterized by
the interaction parameters for its metallic long-range magnetic
interaction. As shown in Fig. 5, the obtained Heisenberg J;
do not vary with the lattice constants, which is considered to
belong to the RKKY interaction and has oscillating behavior.
Moreover, the lowest energy of monolayer 17-CrTe, rises as
the lattice constant increases, which gives light on the way
for subsequent work to explore the influence of the lattice
constant on the ground state and magnetic interaction in the
monolayer limit of the system. Besides, we infer that there
are two essential elements for finding bond-dependent Kitaev
interaction in two-dimensional magnetic materials. One is
the transition metal cation located at the center of a shared
octahedron around a triangular lattice, while the other is the
anion that is a heavy ligand.

Our findings explain the mechanism of magnetic interac-
tions in monolayer 17-CrTe, from a microscopic perspective.
The considerable Kitaev interaction in monolayer 17-CrTe,
may pave the way to realize a likely quantum spin liquid
state. With these insights, our work provides a theoretical
basis for further research on the bond-dependent interactions
in two-dimensional van der Waals materials.
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APPENDIX A: SPIN SPIRAL RELATIONSHIP OF INDIVIDUAL PARAMERTERS

After adding SOC, not only Heisenberg interaction generated by SOC but also other anisotropic interactions should be
regarded based on Eq. (4). We set the magnetic moment in the plane after the inclusion of SOC, for which the anisotropic
interaction contains solely the Kitaev interaction. Kitaev interaction is considered to the third NN of Eq. (5), containing the
off-diagonal symmetric I". The summation of Kitaev between S(0) and S(R;) is

2

1 T 7 3
Ex (q) = =K cos2<£> cos2n (g1 + q2) + cos2(%> cos2mq, + cosz(Tn> cos2mwq; — 3:|,

L[ ,(7n T , (37
Ex,(q) = =K»| cos - cos2m(q; — q2) + cos (12>cos2rr(2q1 + g2) + cos R cos2m (g +2¢q2) — 31,

2

1. T b4 ,(3m
Ek,(q) = K3 cos? D cos4m(q) + q2) + cos (12)cos4nq2+cos T cosdmqg; — 31,

2

EFI(Q) =

T 3 T T
cos cos cos2m(q; + q2) + cos - cos 7 cos 2 g, + cos (E)COS D cos2mq; + 31,

T T 3
Er,(q) =T _cos <T) cos <12) cos 2w (g1 — q2) + cos (E) cos (T) cos 2w (2q1 + q2)

+ (7{) s (g1 +2g2)+3
cos B cos 5 q1 9> ,

Er,(q) =

T T
+ cos (E)COS < l2> cosdmq; + 3]

r i ki (n) 4 (G142 + Wk 3n 4
3_cos 1 cos B cos4m (g, + q2) + cos o cos 1 cosdmq,

(AD)
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Based on Eq. (3), the dispersion relations for the Heisenberg interaction of each nearest neighbor in the spin spiral method

are expressed as

E;(q) =
E;(q) =
E;(q) =
E;(q) =

Er(q) =
E;(q) =

EJ7 ((I) =

Elg ((I) =
EJ9 (Q) =

EJlo(q) =

En (q) =

Ele(q) =

Ey,(q) =

EJ14(Q) =

Ep(q) =

Ji[3 —cos2mq; — cos2m(q) + g2) — cos(2mqa)],

Jo[3 = cos2m(q1 + 2g2) — cos 27 (2g1 + q2) — cos2m (g1 — g2)].

J3[3 —cosdmrqg; —cosdn(q) + g2) — cosdmqs],

%14[12 —2c082m(2q1 + 3g2) — 2cos 2w (qy + 3g2) — 2cos 2w (3q1 + 2q2) — 2 cos 2w (g1 — 2q2)
—2c0s27m(3q1 + q2) — 2cos 2w (2q1 — q2)],

%15[6 —cos 6w gy — 2cos6 (g1 + q2) — 2 cos 6 qs],

1J6[6 — 2 cos 4 (q1 + 2g2) — 2 cos 4 (2, + g2) — 2 cosdm (g1 — )],

197112 — 2cos 2t (3q; + 4q2) — 2cos 2 (g + 4q2) — 2 cos 2 (4q; + 3¢2) — 2 cos 27 (q1 — 3¢2)
—2cos2m(4q1 + q2) — 2cos 2 (3q1 — q2)],

%18[6 —cos8mg) —2cos8m (g1 + q2) — 2 cos 8mqs],

%J9[12 —co0s 27 (2q, + 5¢2) — 2¢c0827(3q; + 5g2) — 2 cos 2w (3q; — 2q2) — 2 cos 2w (5q, + 3¢2)
—2co0s2m(5q) + 2q2) — 2 cos 2w (2g; — 3q»)],

1T10[12 — 2 cos 2 (g — 4g2) — 2 cos 27 (5q, + 4q2) — 2c08 27 (Sq; + q2) — 2 €08 27 (4q; — ¢2)
—2c0s2m(4q1 + 5q2) — 2cos 2w (2q1 + 592)],

%111[6 —co0s 10 q; — 2cos 107 (g1 + g2) — 2 cos 107 g»],

%le[6 —2cos6m (g —q2) —2cosb6m(2q, + q2) — 2cos 6m (g1 + 292)],

3913[12 — 2 cos 27 (61 + 2g2) — 2 c0s 27 (6q; + 4q2) — 2c0s 27 (4qy — 2¢) — 2 c0s 27 (241 + 642)
—2c082m(4q; + 6¢2) — 2cos 2w (2q, — 4q2)],

%J14[12 —2c0s 21 (6q1 + q2) — 2cos 2 (5q1 + 6q2) — 2cos2m (g1 — 5q2) — 2cos2m (g1 + 64>)
—2c0s27(6g1 + 5g2) — 2cos 2 (51 — g2)],

%115[6 —cos12mwq; —2cos 12 (g1 + q2) — 2 cos 12w g5 ]. (A2)

Thereby, according to Eq. (6), the interaction parameters of the Heisenberg interaction under the SOC alone were obtained
(taking into account the third NN as well). In the case that SOC is not considered, the system has only isotropic interactions. It is
necessary to evaluate the Jy; for more distant nearest neighbors by considering the long-range magnetic sequence of the system.
Then, the Heisenberg interaction is considered to the 15 NN according to Eq. (9).

APPENDIX B: MAE OF INDIVIDUAL PARAMETERS UNDER DIFFERENT MAGNETIC ORDER

Under ZZ order, the Kitaev interactions are listed as

Ex, = Ki[ - F(0,¢)" + }].

Ex, = K>[F(0, 60)* — 1],

Ex, = Ks[ = F(0,0)" + F(6,00)" — F(8, 6" + }],

Er, =201[ = F(0, ¢)F 0, ) + } ],

Er, = 2I2,[F (0, ¢)F (0, ¢p) — 1],

Er, = 203[F (0, $)F (0, ¢p) — F (0, $)F (0, ¢:) — F(0, p)F (0, $a) + 5],

B

with F = \/gsinecosqbu —i—\/gcosO.Theqba, ¢», and ¢, are ¢, = ¢ — %”,d% = ¢y + ZT”,and¢>C = ¢, — 2?”
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