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Spin waves in the two-dimensional honeycomb lattice XXZ-type
van der Waals antiferromagnet CoPS;
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The magnetic excitations in CoPS;, a two-dimensional van der Waals (vdW) antiferromagnet with Co*"
ion on a honeycomb lattice, have been measured using powder inelastic neutron scattering. The absence of
spin-orbit exciton around 30 meV indicates that Co”* ions in CoPS; have an § = 3/2 state rather than a
spin-orbital entangled Jo = 1/2 ground state. And, clear dispersive spin waves are observed with a large
spin gap of ~13 meV. The magnon spectra were fitted using an XXZ-type J;-J,-J5 Heisenberg Hamiltonian
with single-ion anisotropy assuming no magnetic exchange interaction between the honeycomb layers. The
best-fit parameters show ferromagnetic exchange interactions J; = —2.08 meV and J, = —0.26 meV for the
nearest- and second-nearest neighbors and a sizable antiferromagnetic exchange interaction J; = 4.21 meV for
the third-nearest neighbor with the strong easy-axis anisotropy K = —2.06 meV. The anisotropic XXZ-type
Hamiltonian could only achieve a suitable fitting. The exchange interaction for the out-of-plane spin component
is smaller than that for the in-plane one by a ratio o« = J./J;, = 0.6. Our result directly shows that CoPS; is an

experimental realization of the XXZ model with a honeycomb lattice in two-dimensional vdW magnets.

DOLI: 10.1103/PhysRevB.102.184429

I. INTRODUCTION

Magnetism in two-dimensional (2D) systems has long
been one of the most exciting topics in condensed-matter
physics. Notably, they are the ideal playground for novel
phenomena in 2D magnetic systems, such as the Berezinskii-
Thouless-Kosterlitz transition of the XY model [1,2] and the
Mermin-Wagner theorem for the Heisenberg model [3]. The
recent introduction of magnetic van der Waals (vdW) materi-
als opens enormous new and novel opportunities to examine
the low-dimensional magnetism in real materials [4]. Since
they are coupled by a weak vdW force along the c axis, it is
easy to drive to the 2D limit of the bulk magnetic properties
by exfoliation. These systems have so far shown various mag-
netic properties, including antiferromagnetic TMPS; (TM =
transition metal) [5], quantum spin-liquid candidate of Kitaev
magnet o-RuCls [6,7], ferromagnetic honeycomb CrX; (X =
Cl, Br, I) [8-11], CrGe,Teg [12], VI3 [13], and antiferromag-
netic triangular T M X, family [14].

The TMPS; (TM = Mn, Fe, Co, Ni) family has attracted
special interests in the community as a class of antiferromag-
netic 2D vdW materials [5,15-18]. The transition-metal ions
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with 2+ covalency in this family form a layered honeycomb
lattice with the sulfur ligand ions. They all have the same
monoclinic structure with a space group C 2/m, where layers
on the ab plane are coupled by a weak vdW force along
the ¢ axis [16]. Since the magnetic structure and exchange
interactions depend on the TM elements, they provide an ex-
cellent playground to experimentally validate spin dynamics
theory in low dimensions [19-27]. For example, FePS; is de-
scribed as an ideal Ising antiferromagnet [19-21,28], whereas
MnPS; and NiPS; are examples of the Heisenberg model
[19,22-25,29,30]. Among them, NiPS; is known to have a
magnetic order close to an XY type [26,29]. Thickness depen-
dence of their physical and magnetic properties has also been
extensively investigated [17,26,28,30].

By comparison, CoPS; has been less studied among
T MPS3 due to the difficulty in synthesizing high-purity sam-
ples [27]. It is known to have an antiferromagnetic order
below Ty = 120K and shows a zigzag magnetic structure
with the propagation vector Q. = (0,1,0), as shown in
Fig. 1. The Co sites’ spins are aligned along the a axis
with a small canting to the ¢ axis [27]. The magnetic sus-
ceptibility shows a difference between H//ab and H//c in
the paramagnetic region, which is the evidence for XY-
like anisotropy [27]. It implies that CoPS3 has anisotropic
magnetic interactions depending on the magnetic moment
direction.

©2020 American Physical Society
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FIG. 1. (a) The magnetic structure of CoPS; with the crystallo-
graphic unit cell drawn using VESTA [49]. (b) The magnetic exchange
paths are shown in the ab plane for the first-, second-, and third-
nearest neighbors. The numbers denote the position of spins used for
the spin-wave calculation.

Of further interest, the high-spin d” configuration in Co**
compounds has recently been speculated to host a dominant
Kitaev interaction as in the low-spin d° case for several 4 d
and 5 d materials [31-34]. To realize Kitaev interaction in real
materials, they need to meet two critical conditions: one is a
spin-orbital entangled J.gr = 1/2 ground state and another an
edge-sharing network. Since the spin-orbital state’s entangle-
ment makes exchange interactions anisotropic, having such an
entangled state is particularly important to realize the Kitaev
interaction [31]. In the manner of that point, the Co>" system
can also host the dominant Kitaev interaction via edge-shared
network as it can form the spin-orbital entangled Jei = 1/2
ground state despite small spin-orbit coupling compared to

4 d or 5 d systems. Therefore, it is worth investigating this
possibility experimentally in the CoPS;.

To fully understand the magnetism in CoPS3, one needs to
examine the underlying spin Hamiltonian in detail. Although
the magnetic structure provides some information about the
spin Hamiltonian, it is not sufficient to precisely determine the
spin Hamiltonian. For instance, the XY model (J, =J, J;=0)
and the isotropic Heisenberg model (J, = J, = J;) with easy-
plane anisotropy can have the same magnetic ground state.
Yet, their magnon spectra cannot be, a priori, the same for
the Hamiltonian with different symmetries. Inelastic neutron
scattering (INS) is the most powerful technique to measure the
spin dynamics and determine the type of spin Hamiltonian and
the strength of exchange interactions. INS can also be used to
verify the existence of the spin-orbital entangled Jog = 1/2
ground state by the observation of excitation from Jeg =
1/2 to Jegr = 3/2 states, which is expected to appear around
20-30 meV and used as the characteristic signature of the

Jeir = 1/2 ground state in cobalt compounds [35-39].

In this paper, our INS experiment and analysis show that
CoPS; has an § = 3/2 state instead of a J. = 1/2 state.
And, we report the easy-plane XXZ-type spin Hamiltonian
and exchange parameters of CoPS;. We also compare the
exchange parameters and the effect of single-ion anisotropy
in CoPS3 with those for other T MPS; families [20-22,24].

II. EXPERIMENTAL METHODS

Powder samples of CoPS; were synthesized by a solid-
state reaction of the pure elements. Stoichiometric quantities
of cobalt, phosphorus, and sulfur were placed in a quartz
ampoule under an Ar atmosphere. The ingredients’ total mass
was 2 g, and the purity of the elements was 99.99% or better.
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FIG. 2. (a)-(f) Magnon spectra at different temperatures. (g) Temperature dependence of magnon intensity integrated over the momentum

range of Q =

[0.3,4] A~". (h) Temperature dependence of the overall integrated magnon spectra and (0,1,0) elastic peak. The blue triangle

shows the integrated intensity of (0,1,0) magnetic peak in Ref. [27], and the red circle and green square show our data of magnon spectra and
(0,1,0) magnetic peak each. The shaded area indicates the signals of spin fluctuations above the 7y. The reference data were scaled to compare

with our data directly.
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FIG. 3. (a) The best-fit magnon spectra with the XXZ model. (b) The experimental INS data of CoPS; measured at 7 = 8K with E; =
71.3meV. (c) The best-fit magnon spectra with the isotropic Heisenberg model. An instrumental energy resolution of 3 meV was used to
convolute the theoretical results shown in (a) and (c). Horizontal and vertical white boxes denote the integration range for the constant-E and

constant-Q cuts in Fig. 3, respectively.

The ampoule was then evacuated, sealed under 5 Torr of argon
environment, and heated in a tube furnace. The temperature
was raised to 530 °C in 6 h and held there for 2 d. The quality
of the sample was checked by powder x-ray diffraction and
vibrating-sample magnetometer. From both measurements,
we confirm the sample has an acceptable quality of the CoPS3
phase.

We performed an inelastic neutron-scattering experiment
using a high-resolution chopper spectrometer at J-PARC fa-
cility, Japan [40]. Taking advantage of the repetition rate
multiplication method with the chopper frequency of 200 Hz,
we measured the INS data at 8, 35, 60, 85, 110, and 200 K
with the fixed incident neutron energies E; = 71.3 and 40.3
meV. Measurements at room temperature were also carried
out for the background subtraction with each incident energy.
The measured INS data were reduced and binned using the
MSLICE program in the DAVE suite [41]. We subtracted the
room-temperature data from the data at low temperatures after
applying the Bose factor to obtain pure magnon dispersions
without phonon contamination.

III. RESULT

A. Absence of spin-orbital exciton

Figure 2 shows the temperature dependence of magnon
dispersion with an incident neutron energy E; = 71.3 meV.
The phonon contamination is subtracted from the data by the
same method used to analyze the 8 K data. In Figs. 2(a)-2(f),
the intensity of magnon modes slowly decreases as tem-
perature increases and dramatically collapses near the Néel
temperature Ty = 120 K. However, there is no sign of other
excitations above the Néel temperature in our data, such as
dispersionless spin-orbit excitons corresponding to the transi-
tion from the Jo = 1/2 state to the J.r = 3/2 state. Since
this excitation originates from the crystal-field splitting, it
should remain above the Néel temperature. It is in stark
contrast with other Co-based compounds, which exhibit flat
excitations around 20-30 meV due to the magnetic excitons
independent of temperature [35-39]. The absence of such

excitations directly implies that CoPS3 has a spin § = 3/2
ground state rather than the spin-orbital entangled Jei =
1/2 ground state. So, the relating effect between the spin
waves and the spin-orbit coupling, such as multilevel spin-
wave theory, usually used to mix spin-orbit levels [39-41]
or Kitaev interaction, cannot be applicable in this system.
Therefore, in the following analysis we consider CoPS3 as
spin S = 3/2 state in the conventional linear spin-wave theory
calculation.

B. Spin-wave spectrum

Figure 3 shows the spin waves taken at 8 K with an incident
neutron energy E; = 71.3meV, together with representative
linear spin-wave theory calculations. As one can see, the mea-
sured data show dispersive magnons with a large spin gap of
~13 meV. It shows another gap around 25 meV so that there
are two magnon modes, with one being a flat upper band and
another a lower dispersive one.

Most of the previous works on honeycomb lattice have
used isotropic Heisenberg models. However, we found that
this model does not work for CoPS; and instead used
the XXZ-type (anisotropic Heisenberg) Hamiltonian with a
single-ion anisotropy:

3
H=) "7, ) [S/8+8!S) +aSiS|+ K Y (%57,
n=1 i

(i,jn

where o € [0, 1] is the spin anisotropy parameter that spans
from the XY model (¢ = 0) to isotropic Heisenberg model
(¢ = 1), K is the strength of the single-ion anisotropy, and
Jn is the exchange interaction up to the third-nearest neigh-
bors. Since the interlayer interaction is presumably negligible
for a weak vdW force, we ignore the interlayer coupling in
our analysis. The spin-wave dispersion and powder-averaged
neutron cross-section were calculated by the SPINW package
[42] as well as our own analytical solutions. For our analysis,
we selected the data up to Q = 2.5A~", excluding the elas-
tic scattering below E = 8 meV. The difference between the
simulation results and the measured data was minimized using

184429-3



CHAEBIN KIM et al.

PHYSICAL REVIEW B 102, 184429 (2020)

0.6

(@) Q=[1.7 1.8] A™

047 1 0.06
0.04 -
0.27 1
0.02

0.08  (c) E=[13 16] meV .

T T T T T T

o
o

Intensity (arb. unit)
o

e
~

10.25

0.2

A

0.3 (d) E=[24 27] meV

i

{ Data |
== |sotropic

—XXZ

15 20 25 30 35 1.2
Energy (meV)

FIG. 4. (a), (b) Constant-Q cut at the momentum range of Q =[1.71.8] and Q = [2.22.3] A-! for the measured data with the best-fit
simulations. (c), (d) Constant-E cut with the energy range of £ = [13 16] and E = [24 27] meV. The XXZ model (solid red line) agrees better

with the data.

the particle swarm optimization (PSO) algorithm [43]. The
PSO algorithm is particularly adept at finding global minima
in large parameter space.

Figures 3(a) and 3(c) show the simulated powder-averaged
INS cross section using the best-fit parameters with the
convolution of instrumental resolution of 3 meV for the
XXZ-type and isotropic Heisenberg models, respectively. The
best-fit parameters for the XXZ-type Heisenberg model give
ferromagnetic exchange interactions for the first- and second-
nearest neighbors, J; = —2.08 meV and J, = —0.26 meV,
and a significant antiferromagnetic third-nearest neighbor

J

exchange interaction J; =4.21meV. A strong easy-axis
single-ion anisotropy K = —2.06 meV and planar-type spin
anisotropy factor a = J,;/J,(0.6) is necessary to fit the large
lower spin gap, as observed in the experiments. When we
tried the isotropic Heisenberg model, we found that while the
sign of exchange parameters is the same as the XXZ model,
their actual values are slightly changed: J; = —2,J, = —0.65,
J3 =3.51, and K = —3.62meV. The other key difference is
the expression of the spin gaps at the zone center. Here we
rewrite the formula for the spin gap for the isotropic Heisen-
berg model (Ejs,) and the XXZ-like model (Exxz):

Eio = 28/ —K(—K +J; +4J; +3J3),

3 — 1
Exxz =25 |—K| —K + 5

In Fig. 4, we plot the constant-Q and constant-E cuts in-
tegrated over the range denoted in Fig. 4 with vertical and
horizontal white boxes to present a detailed comparison be-
tween the two models. As clearly shown in Figs. 4(a) and
4(b), the isotropic Heisenberg model is not consistent with the
low-energy gap and the extra gapped spectra at 24-27 meV.
Notably, the best-fit single-ion anisotropy K = —3.62 meV
for the isotropic model overestimates the low-energy gap.

Ji+ GBa+ 1)+

3 3
a + ]3>'
2
[

Such inconsistency is further demonstrated in Fig. 4(c); the
isotropic Heisenberg model gives very small intensity in
the range of energy from 13 to 16 meV around Q = 1.7
and 2.2 A~'. Moreover, the isotropic Heisenberg model pro-
duces a significant intensity between 24 and 27 meV. In
contrast, both the INS data and the simulation from the
XXZ model display the gapped feature in the same energy
range.
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FIG. 5. The spin-wave dispersion along with the Brillouin zone’s
high-symmetric points for the isotropic Heisenberg model and the
XXZ model. All the trajectories are given for the crystallographic
unit cell. The Brillouin zone and the relevant positions are shown in
the inset.

And, we would like to note that a significant portion of the
original spectral weights is found to survive above the Ty due
to overdamped spin waves from critical fluctuations, as shown
in Figs. 2(a)-2(f). To demonstrate this point better, we plot the
temperature dependence of the integrated intensity through
the broad range of Q = 0.3-4 A~ in Figs. 2(g) and 2(h),
where the signals from the high-temperature spin fluctuations
are marked as the shaded area in Fig. 2(h).

IV. DISCUSSION

The magnetic structure of CoPS; that we used in the
spin-wave calculation is the zigzag order with spin moments
aligned to the crystallographic a axis. We accordingly set the
direction of single-ion anisotropy to the a axis. From the de-
tailed analysis of the magnetic susceptibility with crystal-field
splitting, it has been suggested that the easy-axis anisotropy
lies in the ac plane and is aligned along the a axis [27].
However, the actual magnetic moment direction measured by
neutron diffraction has a small canting of 10.5° to the ¢ axis
[27]. To consider the reported structure, we also fitted the data
with the canted magnetic structure as well, but the best-fit
parameters and the agreement factor did not change much.
The isotropic Heisenberg model is easily expected because
the direction of single-ion anisotropy only forces the moment
direction but does not alter the magnon spectra. In the case of
the XXZ model, we had to set a larger tilting in the single-ion
anisotropy to stabilize the reported canting angle due to the
easy-plane spin anisotropy. However, by a similar reason to
the isotropic Heisenberg model, it makes no noticeable differ-
ence.

Figure 5 shows the expected spin-wave dispersion of
CoPS; along with the high-symmetry directions in the Bril-
louin zone, which is based on our best-fit parameter set for
the isotropic Heisenberg and XXZ models, respectively. Since
the spin anisotropy lowers the symmetry of the Hamiltonian,
the magnon branches from the XXZ model get further split as
compared to those of the isotropic Heisenberg model. Also,
the magnon modes from the XXZ model are mostly well sep-
arated into two parts, and this separation makes the extra spin
gap at 24-27 meV, as seen in Fig. 3(a). Moreover, the number

TABLE I. Magnetic exchange and anisotropy parameters for the
magnetic vdW TMPS; (TM = Mn, Fe, Co, and Ni) with the param-
eters defined in a self-consistent way with 6 is defined as the angle
between the ¢* axis and the vector that joins the TM ion and any
particular nearest-neighbor sulfur ligand. Without trigonal distortion,
6 becomes 54.7 °.

MnPS; [22] FePS; [20] CoPSs (this work) NiPS; [24]

S 5/2 2 3/2 1
Tx (K) 78 120 120 155
Ji (meV)  1.54 -2.96 —2.04 3.8
J, (meV)  0.14 0.08 —0.26 0.1
J; (meV) 036 1.92 421 13.8
a 1 % 0.6 1
K(meV) —0.0086  —2.66 —2.06 —-0.3
0 (°) 51.67 51.28 51.38 51.05

of magnon branches is doubled over the high-symmetry lines
except C-Y in the XXZ model, indicating the absence of mode
degeneracy for most positions in the momentum space. We
observe that the lowest nondegenerated magnon branch at 14
meV is well matched with the measured low-energy gap.

In Table I, we summarize all the experimentally measured
magnetic exchange parameters for the 7TMPS; family, with
the parameters defined in a self-consistent way with including
our result for CoPS3 [20,22,24]. It is noticeable that despite
the same crystal structure and similar antiferromagnetic order,
the parameters are found to depend on the magnetic TM ion
strongly. It is also noteworthy that the second-nearest neigh-
bor exchange interaction is commonly small for all T MPS;,
which are supported by density-functional theory calculations
as well [44].

We would now like to examine our best-fit parameters by
considering magnetic properties. Using mean-field theory, we
can estimate the Néel temperature 7y and the Curie-Weiss
temperature Ocw as follows:

ksOcw = —1S(S + 1)(3J1 + 6/ + 3J3),
keTx = —18(S + 1)) — 2> — 3J3).

The obtained temperatures using our best-fit parameters are
found to be Ocw = —43.5K and Ty = 188.5 K. Considering
the overestimation of 7y from mean-field theory in the low-
dimensional system, these values are in good agreement with
the reported value of Ocyw = —35.4K [27] and Ty = 120 K.
This set of parameters also stabilizes the said zigzag magnetic
order [45]. Therefore, it provides further confidence in our
conclusion that the parameters obtained are reasonable and
agree with the bulk sample’s magnetic properties.

Another interesting point is the electronic ground state
of CoPSj3. Although the flat-like spin-orbit exciton has been
observed in many cobalt compounds [35-39], CoPS3 has no
such excitation. Comparing with those cobalt compounds, the
local environment of Co®>" in CoPS; has similar geometry
with a distorted octahedron. The only difference between the
CoPS3 and other reported cobalt compounds is the type of
ligand, in this case, sulfur. So, we suggest that the absence of
the spin-orbital entangled state might come from the physical
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effect of sulfur, such as the charge-transfer effect [46]. In
fact, such different charge-transfer physics was found to play
extremely interesting phenomena in NiPS; in the name of
spin-charge coupling [46] and quantum entangled magnetic
exciton [47].

The planar-type spin anisotropy in CoPS; can be inter-
preted as the consequence of the electronic configuration
of Co*" in the trigonally distorted octahedron. As one can
see in Table I, each TMPS; compound has a very dif-
ferent spin-anisotropy factor «. In contrast, the angle 9,
which indicates the strength of the 7 MPS; family’s trigonal
distortion, is almost identical to 51°. The only difference
is the type of transition-metal elements, leading to a dif-
ferent electronic configuration. This different occupancy
of orbital states can affect the superexchange process be-
tween the TMs. Thus, the origin of the easy-plane spin
anisotropy has a close relationship with the electronic con-
figuration of Co’" and the orbital splitting by trigonal
distortion.

Finally, there are several similarities in magnetism between
CoPS; and NiPS;. Both compounds show the zigzag anti-
ferromagnetic order with the sizable third-nearest neighbor
interaction J3. For NiPSj, the J; value is much larger than
J1 as J3/J; = 3-4, which is the largest among the TMPS;
family. In our analysis for CoPSs, J3 is also as large as
J3/J1 = 2. Those large J3 values are theoretically explained
by a robust super-superexchange interaction between the e,
orbitals of third-neighboring Ni ions through the sulfur ligand
ions [46,48]. In NiPS;, two holes reside in the e, orbitals,
whereas another hole exists in #, in CoPS;. This #,, or-
bital contribution to the super-superexchange can reduce the
strength of antiferromagnetic J3. A recent study suggests that
NiPS; also has easy-plane spin anisotropy [26]. Although
single-ion anisotropy strength is quite different due to the

difference of the electronic configuration, it is interesting that
the different orbitals in CoPS3 and NiPS3 possess similar spin
anisotropy.

V. CONCLUSION

We successfully determined the magnetic exchange param-
eters and the single-ion anisotropy of CoPS; using powder
inelastic neutron scattering. We found that Co?" in the CoPS;
has a spin S = 3/2 state, not a spin-orbital entangled Je =
1/2 ground state. So, the observed magnon spectra were fitted
well by the anisotropic XXZ-type J;-J>-J3 Heisenberg Hamil-
tonian with a sizable easy-axis single-ion anisotropy of the
S = 3/2 state. The best-fit result gives the ferromagnetic J;
and J,, and the antiferromagnetic J3 exchange interactions for
the first-, second-, and third-nearest neighbors in the XXZ
model. We observed the large spin gap of ~13 meV, which re-
quires sizable single-ion anisotropy of K = —2.06 meV. The
analysis shows that CoPS; has the XXZ-type interaction in
a honeycomb lattice with an easy-plane spin anisotropy o =
0.6. Therefore our experiment and theoretical analysis put
CoPS; as another useful example of an XXZ-type honeycomb
antiferromagnet. Thus, it provides an excellent playground
for future investigation of low-dimensional magnetism with
magnetic van der Waals materials.
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