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Magnetic order in XY-type antiferromagnetic monolayer CoPS; revealed by Raman spectroscopy
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Mermin-Wagner-Coleman theorem predicts no long-range magnetic order at finite temperature in the two-

dimensional (2D) isotropic systems, but it does predict a quasi-long-range order with a divergent correlation
length at the Kosterlitz-Thouless (KT) transition for planar magnets. As a representative of two-dimensional
planar antiferromagnets, single-layer CoPS; carries the promise of monolayer antiferromagnetic platforms for
the ultimately thin spintronics. Here, with the aid of magnetostriction which is sensitive to the local magnetic
order, we observe the signature phonon mode splitting of below Tt in monolayer CoPS;. The two-magnon
signal in the monolayer one manifests the associated magnetic transition. It indicates the quasi-long-range order
in an exact 2D planar spin model below KT phase transition. The ratio (J'/J) between the interlayer and intralayer
interactions, which characterizes the 2D behaviors, is evaluated to be around 0.03. Our results provide an efficient
method to detect the quasi-long-range antiferromagnetic ordering in the two-dimensional magnets down to the

monolayer limit.

DOI: 10.1103/PhysRevB.103.235411

I. INTRODUCTION

As the scale of conventional ferromagnetic storage devices
is approaching the limit of the critical domain size, growing
interest has be concentrated on magnetic materials down to
single atomic layer for high-density information storage and
spintronic devices. It makes the two-dimensional (2D) fer-
romagnetic materials a present hot spot along this approach
[1-11]. Besides the ferromagnetic materials, antiferromag-
netic materials play a unique role in spintronic devices thanks
to the robustness of antiferromagnetic order to resist sizable
external interference and zero net magnetization without any
stray field [12]. Fundamentally both ferromagnetic and anti-
ferromagnetic magnets are addressed in the similar frame of
magnetic ordering. For Ising-type magnets where spin points
in one direction either up or down [13], the phase transition
is demonstrated experimentally in monolayer ferromagnet
Cr,Ge,Teg [1] and Crls [2] by magneto-optical Kerr effect
(MOKE). The 2D XY-type system with spin confining within
the a-b plane is quite different from the Ising type as the
Mermin-Wagner-Coleman theorem states that the long-range
magnetic orders are suppressed at finite temperature [14,15].
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Instead, the 2D XY-type magnetic materials could also be ma-
terialized in quasi-long-range magnetic ordered 2D systems.
There is a presence of a phase transition at finite temperature
to a phase without long-range order, but with a diverging
in-plane correlation length. Such a phase transition is called
the Kosterlitz-Thouless (KT) transition in 2D systems [16],
which corresponds to a gas of free vortices into binding of
vortex-antivortex pairs at a temperature Txr. This diverging
correlation length could lead to a quasi-long-range magnetic
ordering and consequently a 2D magnet.

The emergence of transition metal phosphorus trisulfides
(MPS3, M = Mn, Fe, Co, Ni) [17-19], which is a class
of potential 2D van der Waals (vdW) magnetic materials
[Fig. 1(a)] provides a platform to explore the magnetic or-
dering down to the monolayer limit. In contrast to FePSj
and (Mn/Ni)PS; which are recognized as Ising-type and
Heisenberg-type antiferromagnets in bulk form [20-24], re-
spectively, CoPS3 is one of 2D XXZ antiferromagnets
[25]. Mn?t and Ni*t have the electronic configurations
3d° and 3d3, respectively, in which the orbital degree of
freedom for the d electrons is quenched. The spin-orbit
coupling is negligible, and then (Mn/Ni)PS; are the almost
isotropic Heisenberg-type antiferromagnets. Fe>™ and Co*"
have the electronic configurations 3d% and 3d’, respectively,
and the orbital degree is partially quenched. The spin-orbit
coupling between spins and the unquenched orbitals accounts
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FIG. 1. (a) Top view of monolayer CoPS; and side view of
crystal structure of bulk CoPS;. Blue, orange, and gray balls rep-
resent Co, S, and P atoms, respectively. (b) Magnetostriction in
monolayer CoPS;, where a structural distortion is induced at anti-
ferromagnetic state. In this case, it belongs to C,, point group. At
paramagnetic state, crystal structure is close to being orthohexagonal
and is described by D3, point group. Red arrows represent the spin
orientations of Co atoms at antiferromagnetic state and orange ones
represent extension of lattice structure. A, and B, vibration modes
are also indicated by the black arrows, which are parallel and per-
pendicular to spin orientation, respectively.

for the magnetic anisotropies in FePS; and CoPSs;, resulting
in the Ising-type and XXZ-type antiferromagnets, respec-
tively. The monolayer CoPS; as an exact 2D planar spin
model likely exhibits the magnetic KT transition, however,
experimental demonstration of the quasi-long-range order is
challenging.

The spin-orbit coupling in FePS; and CoPS; due to the
unquenched orbitals induces the structural change of mag-
netic materials under a magnetic phase transition, i.e., the
magnetostrictive effect [26,27], which can be used as a pre-
dominant indicator of magnetic phase. For bulk FePSj, the
magnetostriction has been systematically studied by the low-
temperature x-ray diffraction and neutron scatterings [28,29].
At the antiferromagnetic transition temperature in FePSj,
the lattice parameter c still linearly decreases continuously,
whereas parameters a and b remarkably change in the opposite
way, where the a axis shrinks and b axis extends, respectively
[Fig. 1(b)]. This indicates that the magnetostriction of CoPS;
can be used to probe the magnetic transition. Moreover, since
it depends only on the local correlation, the magnetostriction
should be sensitive to the quasi-long-range ordering even
down to the monolayer limit. Along this line, in this work,
we monitor the structural change by the Raman spectroscopy
to probe the associated magnetic KT transition in single- and
few-layered CoPS3. The structural change is characterized by
the phonon mode splitting of Co-atom related vibration in
Raman spectra, and the phase transition temperature Tkt is
observed to be ~100K for the thin CoPS3 from monolayer
to quadlayer, lower than the bulk antiferromagnetic transition
temperature 7y = 118 K. The associated magnetic transition
in the monolayer CoPS3 is also identified by the two-magnon
signal. Our work demonstrates the implementation of magne-
tostrictive effect in the exact 2D magnetic materials for the
probe of the quasi-long-range order below the KT transition.

II. EXPERIMENTAL METHODS

High quality CoPS; single crystals were grown by the
chemical vapor transport (CVT) method and characterized
with x-ray diffraction (see Fig. S1 of the Supplemental Mate-
rial [30]) and x-ray photoemission (Fig. S2 [30]) techniques.
The magnetic susceptibility () [Fig. S3(a)] and specific heat
[Fig. S3(b)] measurements in CoPS; single crystal reveal a
magnetic phase transition from paramagnetic to antiferromag-
netic states at ~118 K as reported by Wildes et al. [30,31].
Recent neutron diffraction [31] studies have revealed that
CoPS; has an intralayer antiferromagnetic structure, where
ferromagnetic “zigzag” chains are formed along the a axis,
while adjacent chains are coupled antiparallelly along the b
axis [Fig. 1(b)]. As shown in Fig. 1(a), monolayer CoPS; has
a hexagonal structure for moments on Co?" irons; for few lay-
ered CoPS3, adjacent layers are weakly coupled to each other
by vdW forces along the ¢ axis. Therefore, CoPS3 flakes can
be mechanically exfoliated from single crystal onto SiO,/Si
substrates using sticky tape in a glove box filled with nitro-
gen [30], which is a common method to produce transition
metal dichalcogenide (TMDC) sheets [32,33]. The optical and
atomic force microscope (AFM) images of monolayer CoPS3
is shown in Fig. 2(a). The thickness of monolayer CoPSs is
around 0.80 nm. In addition, the thickness of bilayer, trilayer,
and quadlayer CoPSj3 is 1.49, 2.26, and 2.86 nm (Fig. S4 [30]),
respectively.

The polarized Raman spectroscopy [34,35] has been
proved to be sensitive to a structural change even for atomi-
cally thin samples. Hence, in this study, we apply the polarized
Raman spectroscopy to characterize the magnetic state and
crystal structural change in monolayer CoPS3. The schematic
of polarization-resolved Raman measurement is shown in
Fig. S5 and more details about measurements can be found
in the Supplemental Material [30]. Figure 2(b) shows the rep-
resentative circularly polarized Raman spectra of a monolayer
CoPSj; at room temperature (7 = 295 K) and low temperature
(T = 25K). Here we excite the samples with a left-handed (L)
circularly polarized light, and monitor the left-handed (L) and
right-handed (R) circularly polarized components of Raman
signals.

III. RESULTS AND DISCUSSIONS

Five unambiguous peaks are clearly identified at room tem-
perature. Based on D3, point group, two modes at around 149
(P,) and 278 (Ps) cm ! are assigned to the double-degenerate
E, modes, whereas three peaks at around 242 (Ps), 384 (P;),
and 585 (Py) cm™! are nondegenerate A, vibration modes.
With the aid of density-functional theory (DFT) calculations
(Table S1 [30]), the low-frequency peak (P») is attributed
to in-plane Co-atom related vibrations, while Ps, Ps, and P;
modes originate from out-of-plane and in-plane vibrations
of S-S atoms and Py is the out-of-plane vibrations of P-P
atoms. Other Raman peaks listed in the Table S1, including
Py, Py, and Pg, cannot be detected in monolayer CoPS3 due to
relatively weak signal strength. While for bulk CoPSs3, these
three peaks centered at around 111 (Py), 229 (Py4), and 559 (Pg)
cm~! can be clearly resolved [Fig. 2(c)], which are assigned
as double-degenerate £, modes. Among them, P; is also
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FIG. 2. (a) Optical and AFM image of monolayer CoPS;. The
height of the monolayer CoPS; is about 0.80 nm and the sample size
is larger than 10 x 10 um. Circularly polarized Raman spectra of
the monolayer (b) and bulk (c) CoPS; measured at 295 and 25 K in
circularly copolarization (LL) and cross-polarization (LR) scattering
configurations, respectively. LL (LR): the first letter represents the
polarized state of excited light, whereas the second letter represents
the polarized state of scattering Raman signal. L and R means
left-handed and right-handed circularly polarized light, respectively.
The dashed lines indicate the position of peaks, labeled as P; to
Py. The corresponding Ramon modes are summarized in Table S1
and shown in the figure. Compared with the spectra at 295 K, P,
peak splits into two components at low temperature, labeled as P’
and P,”. (d) Raman spectra of CoPS; with different layer numbers
in LL (dashed lines) and LR (solid lines) configurations at 25 K,
respectively. The splitting of P, peak still can be observed in all the
samples as indicated by two dashed lines.

related to in-plane Co-atom related vibrations. In addition,
P; corresponds to the nonactive A, mode in the D3, point
group at room temperature. These findings are consistent with
the results in the literature [36], which also implies the high
quality of our experimental samples.

At low temperature, a remarkable change can be found at
the phonon peak P>, where the double-degenerate E; mode at
around 149 (P,) cm~' at 295 K splits into two components
with peak positions at around 146 (P,’) and 158 (P,”) cm™!
at 25 K in the circularly cross-polarized (LR) component of
Raman spectrum, respectively. The changes of the peak posi-
tion of P, and P,” show opposite trends with respect to the
P, peak, i.e., redshift for P,” and blueshift for P,”. Meanwhile
there is no noticeable splitting in another £, mode (peak FPs)

corresponding to the in-plane vibrations of S-S atoms. In addi-
tion, a new peak centered at around 146 (P>’) cm~! appears in
the copolarized (LL) component of Raman spectrum, which
is absent in the corresponding spectrum at 295 K. The similar
peak splitting can also be observed in the P; peak in bulk
CoPS; [Fig. 2(c)], which is also corresponding to the Co-atom
related vibration mode. For bilayer, trilayer, quadlayer, and
even bulk CoPSs;, the P, peak splitting is clearly observed as
indicated by the dashed lines in Fig. 2(d). The corresponding
Raman signals (P,) in circularly copolarized (LL) component
gradually rise with the increasing number of layers. Moreover,
for the Ps and P; peaks in bulk CoPS; [Fig. 2(c)], an extra
component of LR configuration emerges in the Raman spectra
at 25 K, while a new peak centered at around 187 cm™! (P3)
also appears in LR configuration at 25 K.

According to Raman tensor analysis [30], the structure
of monolayer CoPS; is orthohexagonal at high temperature,
and the Raman-active phonon modes can be described as the
point group D3,. At low temperature, the double degenerate
E; mode tends to split into A, and B, modes. While the Ay,
mode turns to be an A, which responds differently from that
emerged from the E, mode. The invisible A, mode turns to be
a B, mode. The symmetry analysis of the mode evolution from
high temperature to low temperature implies that the Raman
tensors shifts from the point group D3, to Cy;, due to the struc-
tural distortion in monolayer CoPS3 system [34], as illustrated
in Fig. 1(b). Based on the Raman tensors of the C,;, point
group [30] we except that for the B, mode, the left-handed
circularly polarized excitation generates the right-handed cir-
cularly polarized Raman signal, or vice versa, whereas the A,
mode will appear in both components, i.e., the left-handed
and right-handed components, under a left-handed (or right-
handed) circularly polarized excitation. These are consistent
with our experimental observation. Following this rule, the
Py’ (P\") is assigned as an A; phonon mode, while the P,”
(P") belongs to a B; phonon mode at low temperature. The
layer-independent peak splitting [Fig. 2(d)] also indicates that
intralayer structural distortion dominates the Raman response
instead of the tiny interlayer translation.

To further confirm that the peak splitting or the structural
distortion is related to magnetic behaviors in the monolayer
limit, we also inspect the linearly polarized Raman spectra
as a function of temperature in the monolayer CoPSs. In
this case, the P,’ and P,” will emerge at cross-polarization
(XY) and copolarization (XX) scattering configurations, re-
spectively, so that we can exactly extract the peak position at
different temperatures. As shown in Fig. 3(a), we can clearly
see that the split doubly degenerated P, peaks gradually merge
into one peak with increasing temperature. The frequency
difference (AP, = Pz” — Pz/) between two split peaks [black
squares in Fig. 3(b)] remains above 8 cm~! below ~56 K. Af-
ter that, it dramatically decreases and approaches zero above
~100K. The similar peak splitting near 154cm~! and its
temperature dependence are also observed in another mono-
layer CoPS; (sample 2) (Fig. S7 [30]). The energy shift of
the P, peak in two monolayer samples may originate from
various substrate-induced strains. In addition, Fig. 3(b) also
shows that the splitting of the P, for samples of bi-, tri-, and
quadlayers exhibits similar temperature dependence to that of
the monolayer one with the same transition temperature of
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FIG. 3. (a) Raman spectra of monolayer CoPS; at several rep-
resentative temperatures in copolarization (XX) (dashed lines) and
cross-polarization (XY) (solid lines) configurations, respectively.
The dashed lines indicate the peak position of P, and Ps at room
temperature. (b) AP, as a function of temperature in CoPS; with
different layer numbers and neutron diffraction data in Ref. [31]. The
dashed line indicates the position of Txr and Ty, respectively. Three
regions are filled with different colors and labeled as quasi-long-
range order, 3D fluctuation region, and paramagnetism, respectively.

~100K (Txt). On the contrary, the structural transition tem-
perature of few-layered CoPS3 (including monolayer, bilayer,
trilayer, and quadlayer) is lower than that of the bulk at 118 K.
It suggests that these thin samples have already exhibited 2D
behaviors. For the bulk CoPS3, the peak splitting AP, [red
diamonds in Fig. 3(b)] tracks the magnetic scattering intensity
in the neutron scattering measurements [short dashed line in
Fig. 3(b)], indicting the magnetostriction in the bulk. How-
ever, the connection between the structural change and the
magnetic transition for few-layered CoPS; is not established
yet. It is our next task to demonstrate it by using two-magnon
scattering (Fig. 4), which will be discussed later.

Further evidence for structural distortion due to magne-
tostriction can be found in the temperature dependence of
the peak Ps near 250 cm™! in monolayer CoPS;. Figure 3(a)
shows that the peak energy starts to redshift as temperature
decreases below ~85K [dashed line in Fig. 3(a)], which is
near the Tt for thin CoPS;. For bulk samples, the peaks
Ps near 250cm~! and P; near 386cm™! (green triangles
and orange squares in Fig. S6(b) [30]) exhibit a similar
temperature-dependent trend as the monolayer one, however,
the temperature threshold of the peak energy redshifts and
blueshifts is 7y instead of Txr, respectively. Based on the
DFT calculations on the vibration modes of the Ps and Py,
they originate from the out-of-plane vibration of S-S atoms
without the participation of any magnetic atom. Therefore,
this temperature-dependent Raman shift in monolayer and
bulk CoPS3; must be indirectly related to the magnetostrictive
effect. We suggest that the distortion of the hexagonal struc-
ture formed by Co atoms occuring at low temperature changes
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FIG. 4. (a) Raman spectra of monolayer CoPS; in the range
200-800cm~! at several representative temperatures in cross-
polarization (XY) configuration. Two-magnon peaks are indicated
by the black arrows. Fano resonance is also indicated by an ar-
row. To clearly exhibit two-magnon peaks, the phonon peak P
around 250 cm~! is eliminated. (b) Normalized integrated intensity
of two-magnon scattering as a function of temperature in CoPS; with
different layer numbers and neutron diffraction data in Ref. [31] as a
function of temperature.

the lattice parameters and influences the Raman mode of the
(P,S6)*~ bipyramid structure.

Figure 4(a) shows the temperature dependence of the
Raman spectra in the monolayer CoPS; measured in
the cross-polarization (XY) configuration. Because of the
suppression of several phonon peaks in this case, it is easier
to determine the two-magnon signals and Fano signature.
We can clearly observe that the two-magnon signals appear
at the central wave number of around 350 and 600cm™!
with an intriguing broad bandwidth at low temperature,
which gradually disappears as temperature increases. These
observations are the typical phenomena of antiferromagnetic
materials, and the similar behaviors can be observed in NiPS;
[37]. Figure 4(b) summarizes the normalized integrated
intensities of two-magnon Raman signals as a function
of temperature for samples with different thicknesses (the
original Raman data are shown in Fig. S8 in the Supplemental
Material [30]). For bulk samples, the temperature dependence
of the two-magnon Raman is consistent with that of Bragg
peak intensity by neutron diffraction measurements in
Ref. [31]. As the thickness of samples decreases, the
normalized integrated intensities obviously diverge from that
of the bulk one. In addition, as shown in Fig. 4(a), the Fano
resonance of the P peak can also be observed below 56 K in
the cross-polarization (XY) configuration of Raman spectra
of the monolayer sample (see Fig. S9 for the zoomed Fano-
resonance signal) [30], which gradually rises as the number of
layers increases (Fig. S8) [30]. The 1/q (see the Supplemental
Material for the definition [30]), which represents the strength
of coupling between a discrete excitation and a two-magnon
excitation, is extracted to be around 0.7 for the bulk material
below Tx. As shown in Fig. S10 [30], the coupling strength of
the Fano resonance dramatically increases in comparison with
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the values above Ty due to the presence of antiferromagnetic
orders. Therefore, we establish the connection between the
structural change and the magnetic transition for monolayer
CoPS3, indicating that the peak splitting in Figs. 2 and 3 is an
indicator of the magnetic transition.

For the few layers of CoPSs, the system is described
by the two-dimensional XY model and undergoes a finite
temperature transition at 7Tgt. Due to the strong magnetostric-
tion effect, the onset of the magnetic order is accompanied
by the peak splitting of the phonon modes at around 149
(Py) cm™'. We expect that the lattice distortion and hence the
peak splitting is proportional to the average amplitude of the
spin pair Z(ij> (S; - ;). Although the staggered magnetization
is zero, (|S;|) =0, for the monolayer CoPSs, the in-plane
correlation length goes to an unusual exponential divergence
as T approaches Tir [38], £(T) ~ exp[B(T/Txr — 1)~/?]
with B ~ m /2. Such a divergent correlation length gives
rise to the nonzero summation in the spin pair Y (i) (Si - S5,
resulting in the peak splitting of the phonon modes. We notice
that the transition temperature remains unchanged from the
monolayer to quadlayer one, indicating the two-dimensional
behavior in the few-layered samples.

For the bulk material, the small interlayer coupling of
the system slightly modifies the transition temperature, Ty =
Tkt +C/ [ln(J’/J)]ZTKT [39], where C ~ 2 and J'/J is the ratio
between the interlayer and intralayer interactions. As Tgt =
100 K for thin samples and Ty = 118 K for bulk in the mea-
surements, we can estimate J'/J = 0.03. For the bulk case,
a 2D XY-like behavior is expected in the temperature range
between Tt and Ty, when the 3D fluctuation is weak. Below
Txr [green region in Fig. 3(b)], the system is characterized as
the quasi-long-range magnetic orders, while it is the param-
agnetic state above Ty [purple region in Fig. 3(b)]. Between
them [orange region in Fig. 3(b)], the interlayer interaction
(J') becomes important for bulk materials, indicating the 3D
fluctuations in this regime. Moreover, the effect of the creation
of the vortex-antivortex pairs leads a very rapid decrease of
the intensity in the neutron scattering and two-magnon Raman

scattering as observed in the experiments. The matrix element
of the two-magnon Raman scattering is also proportional to
» i) (Si - j), accounting .for the same two-magnon intensity
onset temperature as Txr instead of 7y.

IV. CONCLUSIONS

In conclusion, we have successfully demonstrated the
paramagnetic-antiferromagnetic phase transition in mono-
layer CoPS; with the polarization-resolved Raman spec-
troscopy. The splitting of the double-degenerate £, phonon
mode of Co-atom related vibration and the appearance of
new peaks (P’) in LL configuration at low temperature
clearly indicate the magnetostrictive effect in the presence of
quasi-long-range ordering below Tt in a 2D XY-type anti-
ferromagnet. Our results will be helpful in understanding the
underlying mechanism of magnetostrictive effect in 2D ma-
terials and clearing some obstacles for manufacturing future
antiferromagnetic storage devices.
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