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ABSTRACT: We report results of investigation of the phonon
and thermal properties of the exfoliated films of layered single
crystals of antiferromagnetic FePS3 and MnPS3 semiconductors.
Raman spectroscopy was conducted using three different
excitation lasers with wavelengths of 325 nm (UV), 488 nm
(blue), and 633 nm (red). UV−Raman spectroscopy reveals
spectral features which are not detectable via visible Raman
light scattering. The thermal conductivity of FePS3 and MnPS3
thin films was measured by two different techniques: the steady-
state Raman optothermal and transient time-resolved magneto-
optical Kerr effect. The Raman optothermal measurements
provided the orientation-average thermal conductivity of FePS3
to be 1.35 ± 0.32 W m−1 K−1 at room temperature. The
transient measurements revealed that the through-plane and in-plane thermal conductivity of FePS3 are 0.85 ± 0.15 and 2.7 ±
0.3 W m−1 K−1, respectively. The films of MnPS3 have higher thermal conductivity of 1.1 ± 0.2 W m−1 K−1 through-plane and
6.3 ± 1.7 W m−1 K−1 in-plane. The data obtained by the two techniques are in agreement and reveal strong thermal anisotropy
of the films and the dominance of phonon contribution to heat conduction. The obtained results are important for the
interpretation of electric switching experiments with antiferromagnetic materials as well as for the proposed applications of the
antiferromagnetic semiconductors in spintronic devices.
KEYWORDS: antiferromagnetic semiconductors, quasi-2D materials, Raman spectroscopy, thermal conductivity, spintronics

Transition-metal phosphotrichalcogenides, MPX3,
where M is a transition metal, e.g., V, Mn, Fe, Co,
Ni, or Zn, and X is a chalcogenide such as S, Se, or Te,

span a wide variety of layered compounds with different
electronic, optical, and magnetic properties.1 Bulk MPX3

materials have been extensively studied during the last three
decades mostly because of their potential application as
cathodes in lithium batteries.2,3 With the beginning of the era
of two-dimensional (2D) materials after exfoliation of stable
atomically thin single-layer graphene4 and discovery of its
unique electronic5−7 and thermal properties,8,9 the attention
turned to quasi-2D films of transition-metal dichalcogenides
(MX2) and MPX3. It has been demonstrated that some MX2

exhibit ferromagnetic (FM) properties at monolayer thick-
nesses even at room temperature (RT).10,11 Motivated by the
desire to find intrinsic antiferromagnetic (AFM) ordering in
the 2D limit, it was discovered that MPX3 structures are one of

those rare few-layer van der Waals (vdW) materials, which can
have stable intrinsic antiferomagnetism even at mono- and few-
layer thicknesses.12

The existence of weak vdW bonds between the MPX3 layers
makes them a potential candidate for 2D spintronic devices.
The “cleavage energy” of these materialsthe energy required
to separate a crystal into two parts along a basal plane is
close to that of graphite.13 More specifically, the “cleavage
energy” of FePSe3 is slightly higher than that of the graphite,
while that for all other combinations of the M and X elements
is lower than that of graphite. The Neél temperature, TN, for
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FePS3, MnPS3, and NiPS3 is reported to be around 118, 78,
and 155 K.14 The M element determines the type of the phase
transition from AFM to paramagnetic (PM) ordering. While
FePS3 shows Ising-type phase transition at TN, MnPS3, and
NiPS3 follow Heisenberg- and XY-phase transitions, respec-
tively.12 The metal element of the MPX3 materials modifies the
band gap from a medium band gap of ∼1.3 eV to a wide band
gap of ∼3.5 eV suitable for optoelectronic applications.13,14

While FePS3 has an indirect bandgap of 1.5 eV, MnPS3 exhibits
a direct bandgap of 3.0 eV, respectively.2,13 The diverse
properties of these materials tunable by proper selection and
combination of the M and X elements make the MPX3
materials an interesting platform for fundamental science and
practical applications in spintronic devices,15,16 lithium
batteries,3 field-effect transistors,17 UV light detectors,17

thermoelectrics,18 and photocatalytic systems.19 The semi-
conductor nature of FePS3 and MnPS3 and the possibility of
electron and phonon band-structure engineering with strain14

make these materials particularly interesting from the
fundamental and practical applications points of view.
The optical phonon properties of FePS3 and MnPS3 bulk

crystals have been studied extensively using Raman spectros-
copy and infrared (IR) absorption techniques.12−14,20−30 The
early Raman studies of bulk crystals suggested that the
vibrational dynamics of both crystals can be pictured within
the framework of a molecular approach, dividing the Raman
spectrum into the high-frequency internal modes of P2S6, and
the low-frequency modes where the interaction of the M
element with phosphorus (P) and chalcogenides (X) becomes
significant. A recent temperature-dependent polarized Raman
study of bulk, few-, and monolayer FePS3 revealed features in
the spectra, emerging at the transition temperature, and
suggested that a monolayer FePS3 possesses an Ising-type
AFM ordering.12 Another Raman study of MnPS3 indicated
that MnPS3 exhibits three phase transitions at 55, 80, and 120
K, which were attributed to unbinding of spin vortices,
transition from an AFM to a PM state, and two-dimensional
spin critical fluctuations, respectively.22 Although available
Raman and IR-absorption studies are in general agreement,
there exist ambiguities with peak assignments in the frequency
range from 400 to 500 cm−1. Some IR28 and Raman25

investigations reported an anomalous peak at ∼480 cm−1.
While this peak was assigned to the normal vibration of the P−
P bond, the available theoretical reports31 do not show any
optical phonon modes at this frequency. Other experimental
studies found the P−P mode peak at ∼430 cm−1 as a weak
feature in Raman and strong peak in IR-absorption spectros-
copy. Since the peak at 480 cm−1 exhibits low intensity, and it
emerges as a broad shoulder in the visible laser Raman and IR
spectra, the nature of these spectral feature has been
questioned. In the present study, we report the vibrational
dynamics of crystalline thin films of FePS3 and MnPS3 using
three different lasers, with the excitation wavelengths of 325
nm (UV), 488 nm (blue), and 633 nm (red). The Raman
spectra obtained by blue and red lasers are in excellent
agreement with the available literature. The data acquired by
UV−Raman spectroscopy are similar for both crystals,
revealing an intense peak at ∼467 cm−1. We also report the
temperature-dependent and excitation power dependent
coefficients for the phonon modes in both material systems.
The coefficients are required for understanding the anharmo-
nicity of the crystal lattice and for determining the average
thermal conductivity using the optothermal Raman technique.

Although magnetic and electronic properties of the MPX3
family of compounds have been investigated intensively, there
have been no experimental reports on the thermal properties of
these materials. Like other layered crystalline materials, the
members of the MPX3 family are expected to have strongly
anisotropic thermal properties owing to their weak vdW
interlayer bonds and strong in-plane covalent bonds. A recent
theoretical study reported an exceptionally low thermal
conductivity of monolayer ZnPSe3, which makes it a potential
candidate for thermoelectric applications.18 The knowledge of
thermal transport properties of quasi-2D MPX3 materials is
important for spintronic and thermoelectric applications.16 It
has been suggested that AFM materials have advantages over
FM materials in spintronic applications, e.g., in spin-Seebeck
effect (SSE) devices, since they are less susceptible to external
magnetic fields, and possess a linear magnon dispersion in the
vicinity of Brillouin zone (BZ) center with a high group
velocity.16 In the AFM based SSE devices,15 the AFM material
can be utilized, instead of FM material, as the spin generation
layer. The generated voltage, V, by the SSE device, as a result
of the induced temperature gradient, ΔT, by a power source, P,
across the AFM layer is inversely proportional to its thermal
conductivity, k, i.e., V ∝ ΔT ∝ P/k. It has been theoretically
suggested that polar AFM materials like MnPS3 with
honeycomb structure and broken inversion symmetry can be
used in SSE devices to act as a nonreciprocal spin transport
medium.32 For these reasons, the knowledge of the thermal
properties of MPX3 materials becomes essential for designing
the spintronic devices. In this study, we use the steady-state
optothermal Raman and transient time-resolved magneto-
optical Kerr effect (TR-MOKE) techniques in order to
determine the direction-average, in-plane, and through-plane
thermal conductivity values of the exfoliated thin films of the
high-quality FePS3 and MnPS3 single crystals.

RESULTS AND DISCUSSION

Commercially available high-quality single crystals of FePS3
and MnPS3 (HQ Graphene) were used for Raman spectros-
copy and TR-MOKE experiments. The materials were
synthesized using the chemical vapor transport (CVT)
method. Figure 1a,b shows the results of X-ray diffraction
spectroscopy (XRD) of FePS3 and MnPS3 crystals, respec-
tively. The XRD data reveals that both materials possess a pure
single-crystal phase with major (001) and (002) crystallo-
graphic planes.20 The insets in Figure 1a,b illustrate the crystal
structure of both material systems where the gray, yellow, gold,
and violet spheres represent phosphorus (P), sulfur (S), iron
(Fe), and manganese (Mn) atoms, respectively. The red
arrows show the direction of the spin ordering in metallic
atoms in each layer. The energy-dispersive X-ray spectroscopy
(EDX) data confirming the purity of chemical structures of the
crystals is presented in Supplementary Figure S1.
The crystals were mechanically exfoliated onto Si/SiO2 and

diamond substrates. The resulting multilayer flakes had lateral
dimensions of 5−25 μm. The optical images of the
representative flakes are shown in Supplementary Figure S2.
The thicknesses of the samples were verified with the atomic
force microscopy (AFM) (Supplementary Figure S3). Raman
spectroscopy (Renishaw inVia) measurements were performed
in the backscattering configuration using three lasers with
different excitation wavelengths of 325 nm (UV), 488 nm
(blue), and 633 nm (red). In order to avoid self-heating effects,
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we used low laser excitation power of <100 μW in all
experiments.
The RT Raman spectra of FePS3 and MnPS3 on silicon (Si)

substrate at three different laser excitations are presented in
Figure 2a,b. The Raman-specific filter cutoff frequencies for
UV, blue, and red excitation lasers are 300, 10, and 110 cm−1,
respectively. The inaccessible frequency range for each
excitation laser wavelength is illustrated by horizontal arrows
labeled as “NA”. The corresponding wavenumbers of the
observed peaks are listed in Table 1. In all spectra, the sharp
peak at 520 cm−1 is originated from the silicon substrate. One
can notice similarities in the Raman normal modes for both
materials at each laser excitation. The accumulated spectra
excited by the blue laser reveal the lowest modes for FePS3 and
MnPS3 at 98 and 117 cm

−1, respectively. These modes are only
detectable by the blue laser as their frequency range is beyond
the Raman filter cutoff frequency for the red and UV lasers.
Although the MPX3 structures have a complex atomic
configuration, their Raman signatures can be divided into the
internal vibrational modes of the ethane-type P2S6

4− and
external vibrational modes of the M2+ and P2S6

4−.26 The higher
frequency modes in the spectra of both materials originate
from the internal modes of P2S6

4−. Since this is common to
both crystals, the associated Raman modes are nearly identical.
The bulk MPX3 crystals belong to the C2/m space symmetry
group with the irreducible representation of Γ = 8Ag + 6Au +
7Bg + 9Bu zone-center modes in which only the Ag and Bg

modes are active in the regular Raman spectroscopy with the
blue and red laser excitation.26,30 In theoretical calculations of
the AFM phase, the number of irreducible representations is
doubled by the lower symmetry in the modulated structure
and will be discussed in detail later. All Raman peaks obtained
under the red and blue laser excitations are in excellent
agreement with available literature.20−30 The Raman spectra
obtained under UV laser excitation shows two additional peaks
for both crystals, identified by a red star in Figure 2a,b, which
are not detectable by visible light Raman spectroscopy.
The UV−Raman spectra of FePS3 and MnPS3 on Si are

shown separately in Figure 3a,b. There are four peaks
identified as Pi, i = 1...4 in this figure. The peaks marked as
P1 and P4 are present in the Raman spectra excited by red and
blue lasers (Figure 2). The peak P2 at ∼430 cm−1 is not
detectable by visible Raman spectroscopy. Under UV laser
excitation, this spectral feature appears as a low-intensity
shoulder. A peak at the same frequency has been reported
previously using IR spectroscopy.28 It was attributed to the
zone-center phonon mode with Bu symmetry which is not a
regular Raman active mode. There is also a distinguishable
broad peak, labeled as P3, which is detectable only with the UV
Raman spectroscopy. As one can see in Figure 3, the P2 and P3
features can be fitted accurately using two separate Gaussian
peaks (green curves). The spectral position of each individual
constituent of the P3 feature is almost identical for both
materials (Table 1). Comparing the experimental UV−Raman

Figure 1. X-ray diffraction (XRD) patterns of high-quality single
crystals of (a) FePS3 and (b) MnPS3. Both spectra exhibit intense
peaks corresponding to the crystallographic planes of (001) and
(002) confirming the high-quality single-crystal structure of the
material systems. The insets in (a) and (b) demonstrate the atomic
structure of the FePS3 and MnPS3 where the gray, yellow, gold,
and violet spheres represent phosphorus (P), sulfur (S), iron (Fe),
and manganese (Mn) atoms, respectively. The arrows show the
spin ordering of both crystals in antiferromagnetic state.

Figure 2. Raman spectroscopy of (a) FePS3 and (b) MnPS3 single
crystals at room temperature using three different laser excitations
of 325 nm (UV), 488 nm (blue), and 633 nm (red). The results of
UV laser excitations exhibit an additional combined peak at ∼465
cm−1 for both crystals which have not been reported previously. In
both panels, the horizontal arrows labeled as “NA” show the
inaccessible frequency range due to the Raman filter cutoff
frequency at each laser excitation wavelength.
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results with the available theoretical phonon dispersion data,31

one notices that there is no phonon band, either at the BZ
center or at the high-symmetry points of the BZ boundaries,
corresponding to the frequencies associated with P3. We note
that somewhat similar spectral features have been reported
using IR spectroscopy28 as low intensity peaks defined as
shoulders. Since the experiments were conducted at RT, which
is significantly higher than the Neél temperature for both
materials, it is unlikely that this spectral feature is associated
with the light scattering by one or two magnons. The UV−
Raman spectrum of a bare Si substrate, and on different spots
of various exfoliated flakes are presented in Supplementary
Figures S4−S6, confirming that the observed P3 peak
originates form the MPX3 crystals themselves. The anomalous
P3 Raman peak is most likely related to the second order
Raman scattering of the Ag mode at ∼247 cm−1. The scattering
cross section for the second order Raman peaks strongly
correlates with the incident laser light energy, i.e., the higher
the incident photon energy, the higher the second-order
scattering cross section. This is why the P3 peak is present in
UV Raman spectrum but not detectable via visible-light Raman
experiments.33

Prior theoretical studies of monolayers31 find a Raman active
normal mode for both crystals between 530 and 550 cm−1.
However, as shown in Figures 2a,b, the silicon substrate also
shows an intense peak at 520 cm−1 which masks Raman
features originating from the MPX3 crystals. To address this
issue, UV−Raman measurements were conducted on FePS3
flakes exfoliated on a diamond substrate, and the results are
shown in Figure 3c. Comparing the accumulated Raman
spectra from the bare diamond substrate (orange curve) and
FePS3 on diamond (violet curve) confirms that there are no
vibrational modes at 520 cm−1 associated with FePS3. The
UV−Raman spectroscopy of the bare diamond substrate is
shown in Supplementary Figure S7.
In order to elucidate the nature of the two experimentally

observed modes between 400 and 500 cm−1, we performed
density functional theory calculations of bulk FePS3 as
implemented in VASP.34,35 The schematic representation of
the atomic structure of FePS3 is shown in Supplementary
Figure S8. Exchange-correlation is included with the Perdew−
Burke−Ernzerhof (PBE) functional.36 A Hubbard-U type
correction is applied to the d-orbitals of the Fe atoms using
the VASP default model that depends only on the value of U−
J. A U−J value of 3.5 eV was used for all calculations. van der
Waals forces are included with the DFT-D2 method of

Grimme.37 Atomic positions are relaxed until the Hellman−
Feynman forces are less than 10−4 eV/Å. Total energies are
converged to within 10−7 eV in both the geometry relaxation
and the phonon calculations. Full details of the calculations are
provided in the Supporting Information.
The vibrational modes are calculated for a structure in the

zigzag AFM (z-AFM) phase and for a structure in the
nonmagnetic phase. The z-AFM phase is the low-temperature
ground state (Supplementary Figure S9). In the z-AFM phase
a 2 × 2 × 2 supercell is used with a 4 × 4 × 4 k-points grid.
The phonon dispersion of the nonmagnetic (NM) phase uses a
4 × 4 × 1 supercell with a 6 × 6 × 1 k-points grid. The
resulting dispersions are shown in Figure 4, and the
frequencies are given in Table 1 (more details of calculated
phonon modes in Table S1). The NM structure has a Raman
inactive mode at 417 cm−1, and the z-AFM structure shows a
Raman inactive mode at 435 cm−1 which is in agreement with
the P2 peak observed by UV−Raman (Figure 3). The
theoretical calculations in neither NM nor z-AFM structures
do not show any phonon bands at the frequency range of that
observed for P3 = 467 cm−1, confirming that this peak is most
likely caused by a second-order Raman scattering process. The
higher frequency Raman active mode for the NM structure is
526 cm−1 and for the z-AFM phase is 544−545 cm−1, which
are similar to frequencies previously calculated by others for a
monolayer.31 The atomic displacements of the Raman active
mode are the same for both the NM and z-AFM simulations.
All of the calculated dispersions and displacements are shown
in the Supplementary Figures S10−S12 and Table S2. Note
that in the phonon dispersion results of the AFM phase
presented in Supplementary Figure S12a the number of
irreducible representations is doubled by the lower symmetry
in the modulated structure.
We investigated the evolution of Raman spectra of FePS3

and MnPS3 with temperature. The information on temperature
coefficients of Raman modes can be used in the analysis of the
crystal lattice anharmonicity and for extraction of the thermal
data in the optothermal Raman method. This method has been
widely used for measurements of the thermal conductivity of
different free-standing and supported 2D materials.8,38−41 It
uses the Raman spectrometer both as a local heating element
and as a thermometer. The measurement procedure involves
three steps: temperature-dependent Raman measurements,
excitation power-dependent measurements, and data extraction
via iterative solution of the inverse heat diffusion problem. For
the temperature dependent Raman measurements, the sample

Table 1. Raman Normal Modes of FePS3 and MnPS3 at Different Laser Excitation Wavelengths

experimental Raman normal modes (cm−1)

excitation laser Ag, Bg Ag, Bg Ag, Bg Ag Ag, Bg Ag Bu 2nd order Raman Ag, Bg Ag

FePS3 UV NAa 379 431 467 580
blue 98 158 226 247 279 380 579
red NAa 156 227 246 278 378 579

MnPS3 UV NAa 385 428 467 582
blue 117 156 225 246 274 384 568 581
red NAa 156 226 245 273 383 567 581
magnetic order DFT calculated Raman normal modes (cm−1)

FePS3 NM 162 209 250 290 358 417 526 593
170 220 291

AFM 93 161 221 242 276 368 435 544 553
163 225 277 375 545 554

aNA: “not accessible” due to the Raman filter cutoff frequency at that specific laser excitation wavelength.
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is mounted in a hot−cold stage (Linkam Scientific, THMS-
600), where its temperature can be controlled externally. The
Raman measurements are conducted with the lowest possible
laser excitation power of 39 μW at each individual sample
temperature. The low laser power is essential at this step to
avoid self-heating effects. However, it should be sufficient to
achieve a reasonable signal-to-noise (S/N) ratio in the
accumulated spectra.
The spectral positions of Ag Raman peaks of FePS3 and

MnPS3 as a function of temperature, from RT to 350 K, are
plotted in Figure 5a,b, respectively. The Raman spectra used to
plot the dependence in Figure 5a,b are provided in

Supplementary Figure S13a,b. For both crystals, the increase
in temperature results in shifting of the Ag phonon peaks to
lower frequencies. We used a linear fit to determine the Raman
temperature coefficient, χ = dω/dT. Here, ω is the frequency
of the Raman Ag mode and T is the sample’s temperature. One
can see an excellent linear fit of the Ag Raman mode over the
examined temperature range. The extracted Raman temper-
ature coefficients are χFe = −0.0154 cm−1 K−1 and χMn =
−0.0108 cm−1 K−1 with standard errors of 0.00156 cm−1 K−1

and 0.00178 cm−1 K−1 for FePS3 and MnPS3, respectively. One
should note that the Raman temperature coefficients are
different for each vibrational mode. Their value depends on the
intrinsic material properties and the examined temperature
range. In the optothermal Raman technique, the extracted
thermal conductivity is independent of the specific peak
chosen for the optothermal Raman analysis. In general, an
intense narrow phonon peak with pronounced temperature
dependence is preferred. In our case, the Ag Raman peaks of
FePS3 and MnPS3 with Raman spectral positions of ∼378 and
∼383 cm−1 at RT satisfy these requirements.
The next step of the optothermal Raman measurements is to

determine the spectral position of the Ag Raman mode as a
function of increasing excitation laser power. The measure-
ments were conducted at 633 nm wavelength (red laser). The
laser power on the sample surface at each step was measured
with a power meter (Newport 843-R). Increasing the
excitation laser power results in the local laser-induced heating
of the sample and the corresponding shift of the frequency of
the Raman modes due to the local temperature rise. Figure
6a,b shows the measured Ag Raman shifts of FePS3 and MnPS3
as a function of the laser incident power, respectively. The Ag
Raman mode of FePS3 reveals a clear linear decrease in
frequency with increasing the laser power, while for MnPS3,
the data are scattered. The power dependent Raman results
depend on the optical properties of materials, e.g., reflection
and absorption coefficients of the material at the given laser
wavelength. The absorption coefficient of MnPS3 at the
excitation laser wavelengths of 488 and 633 nm is less than
1200 cm−1,2 which indicates that most of the light is not
absorbed by the material and, thus, the sample experiences
minor local heating by the incident laser light. For FePS3,
however, the absorption coefficient is ∼12000 cm−1,2 almost
10 times of that of MnPS3, and therefore, the sample is heated
strongly, exhibiting a clear Raman red-shift of the Ag phonon
mode. The change in the frequency of the FePS3 Raman Ag
mode as a function of the incident laser power on the sample’s
surface (PD) is defined as θ = dω/dPD and found to be θFe =
−0.6723 cm−1mW−1. The weak dependence of the MnPS3 Ag
Raman mode on laser power prevents its use for extracting
thermal conductivity in the optothermal Raman method.
The final step of the Raman optothermal method is

determining the thermal conductivity by solving the inverse
heat-diffusion problem for the known geometry of the sample.
The lateral dimensions and thickness of FePS3 are determined
from optical and AFM inspection (Supplementary Figures S2
and S3). The details of the thermal conductivity calculations
are given in the Methods. Layered materials, such as FePS3 and
MnPS3, have weak van der Waals forces between the layers
along the “c” direction and strong covalent bonds among the
in-plane “a” and “b” directions (the inset in Figure 1a). They
are expected to have larger in-plane thermal conductivity (k∥)
and lower through-plane thermal conductivity (k⊥). The
Raman optothermal method used with the relatively thick or

Figure 3. Raman spectroscopy of (a) FePS3 and (b) MnPS3 on
silicon substrate and (c) FePS3 on diamond substrate at room
temperature using UV laser excitation wavelength. The violate
curves are the experimental data. The green and red curves
represent individual Gaussian and cumulative fittings to exper-
imental data, respectively. The shoulder and peak identified as P2
at ∼430 cm−1 and P3 at ∼465 cm−1 are additional features which
are only observable with UV laser excitation. The rest of the modes
are detectable by red and blue laser excitation Raman spectroscopy
as well. The peak marked as Si is associated with the silicon
substrate.
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bulk samples provides the directional average thermal
conductivity, which has both in-plane and through-plane
components. The thermal conductivity extraction procedure
for FePS3 is presented in Figure 7. A thermal conductivity of
1.35 ± 0.32 W m−1 K−1 was extracted for FePS3 thin film with
the thickness of 400 nm. Given the thickness range and
smooth interface of the crystal one can assume that the
phonon−boundary scattering does not play a significant role,
and the extracted value can be considered as the average “bulk”
thermal conductivity of FePS3. The experimental uncertainty

in the measured value is mostly associated with the uncertainty
in determining the excitation laser spot size. It should be
emphasized that the extracted thermal conductivity value is a
weighted arithmetic mean of the through-plane (k⊥) and in-
plane thermal (k∥) conductivities of FePS3 as k = αk⊥ + βk∥
where α and β are the weight coefficients and thus α + β = 1.
On the basis of the lateral dimensions of the flake size (>10
μm) and the laser spot size (∼1.5 μm), the extracted value by
the optothermal Raman technique reflects more of the

Figure 4. Calculated phonon dispersion of (a) modulated z-AFM FePS3 and (b) nonmagnetic FePS3.

Figure 5. Raman A1g peak of (a) FePS3 and (b) MnPS3 as a
function of the sample temperature. The measurements were
conducted at very low laser excitation power to avoid local heating.
The peaks for both crystals exhibit a linear decrease in Raman shift
with increasing the sample temperature. The obtained dependence
is used as a calibration curve for the thermal conductivity
measurements via optothermal Raman method.

Figure 6. Raman A1g peak of (a) FePS3 and (b) MnPS3 as a
function of the laser excitation power. The samples were initially at
room temperature. For FePS3, the A1g peak decrease linearly with
increasing the laser power as a result of local heating. In MnPS3,
however, the change in Raman shift is within the errors of
measurement due to the low absorption coefficient of MnPS3 at
laser excitation wavelength which prevents local heating of the
sample.
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through-plane thermal conductivity rather than the in-plane
thermal conductivity, i.e., α > β. This is confirmed by
measuring the in-plane and through-plane thermal conductiv-
ities of both FePS3 and MnPS3 using TR-MOKE method as
described below.
We determined separately the through-plane and in-plane

thermal conductivity of the MnPS3 and FePS3 crystals with
TR-MOKE measurements.42−44 TR-MOKE is a pump/probe
technique that determines thermal properties by measuring the
transient evolution of the surface temperature that results from
heating from pump pulses. The rate of thermal transport away
from an optically heated surface depends strongly on the
thermal conductivity tensor of the MnPS3 or FePS3 crystals.
The TR-MOKE method is analogous to the more established
technique known as the time-domain thermoreflectance
(TDTR).42−46 We chose to use TR-MOKE instead of
TDTR to avoid coating the MnPS3 and FePS3 crystals with
thick metal films. TDTR measurements require the sample of
interest to be coated with an optically thick film, e.g., 80 nm of
Al. TR-MOKE experiments do not require an optically opaque
film.43,44 Using a thick metal film as a transducer in the current
experiments would shunt the in-plane heat current and reduce
our measurement’s sensitivity to the in-plane thermal
conductivity of FePS3 and MnPS3. TR-MOKE experiments
require the sample be coated with a thin magnetic film.
Therefore, we sputter coated the crystals with a ∼15 nm thick
Pt and Co multilayer thin-film. The geometry of the multilayer
was Ta (3 nm)/Pt (3 nm)/[Co (0.8 nm)/Pt (1 nm)] × 4/Pt
(2 nm). The signals of interest in a TR-MOKE experiments are
the in-phase and out-of-phase signals measured by a radio
frequency lock-in at the modulation frequency of the pump
beam, Vin(t) and Vout(t). We measure the in-phase and out-of-
phase signals as a function of time-delay between the pump
and probe pulses. The in-phase and out-of-phase signals are
proportional to the temperature response of the metal film to
heating by the pump pulse. A more detailed description of the
TR-MOKE experiment and measured signals is contained in
the Supporting Information and in refs 42−44. We analyze our
experimental data, Vin(t)/Vout(t), with a thermal model based
on an analytical solution to the heat diffusion equation in
cylindrical coordinates for a multilayer structure.45

In a TR-MOKE or TDTR experiment, the sensitivity to the
substrate’s in-plane vs through-plane thermal conductivity is
determined by the pump modulation frequency, fmod. The
modulation frequency controls the thermal penetration depth,
i.e., the distance heat diffuses on the important time-scales of
the experiment. At high frequencies, e.g., 10 MHz, the thermal
penetration depth is small compared to the laser spot-size, e.g.,
100 nm. As a result, the temperature gradients in the through-
plane direction are much larger than those in the in-plane
direction. In other words, at high modulation frequencies, the
heat-transfer is one-dimensional in the through-plane direction.
As a result, the ratio signal at 10 MHz has no sensitivity to the
in-plane thermal conductivity. Alternatively, at low frequencies,
e.g., 1 MHz, the thermal penetration depth is comparable to
the laser spot-size. As a result, heat-transfer is three-
dimensional, and the measured signals depend on both k⊥,
and k∥. In the Supporting Information, we quantify our
measurement sensitivities to the various thermal properties of
the sample (Supplementary Figure S14). Further details of the
thermal model are in refs 47−49.
For each crystal, TR-MOKE measurements were performed

with fmod = 1 and 10 MHz. By fitting the data at multiple pump
modulation frequencies with our thermal model, we determine
all three unknown thermal properties of the sample stack: G,
k⊥, and k∥. Here, k⊥ and k∥ represent the through-plane and
average in-plane thermal conductivity of the crystal in axial and
radial directions in cylindrical coordinates, respectively. We
assume the in-plane thermal conductivity is the same in all
radial directions.
In Figure 8, we plot our experimental data and the

predictions of our thermal model. The values of k⊥, and k∥

Figure 7. Numerical simulation of thermal conductivity of FePS3 as
a function of θ = χ dTmax/dPD using two different laser spot sizes.
The dashed line presents θ as measured for FePS3. The error bars
exhibit the uncertainty in thermal conductivity calculations due to
the uncertainty in laser spot size measurements. The extracted
thermal conductivity is a weighted average of in-plane and cross-
plane thermal conductivities of the crystal.

Figure 8. Time-resolved magneto-optic Kerr effect signals, −Vin/
Vout (open markers), and the best-fit curves (black lines) from the
thermal model for the (a) [Co/Pt]/FePS3 and (b) [Co/Pt]/MnPS3
samples.
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in the model were adjusted until the model predictions agreed
with the experimental data. We find that the through-plane
thermal conductivity of FePS3 and MnPS3 is 0.85 ± 0.15 W
m−1 K−1 and 1.1 ± 0.2 W m−1 K−1, respectively. The in-plane
conductivity of FePS3 and MnPS3 is 2.7 ± 0.3 W m−1 K−1 and
6.3 ± 1.7 W m−1 K−1. The interface conductance between the
Ta seed-layer at the bottom of the metal multilayer and the
FePS3 and MnPS3 crystals is 24 ± 4 MW m−2 K−1 and 23 ± 4
MW m−2 K−1. Therefore, the interface provides an equivalent
thermal resistance as ∼60 nm of amorphous glass. Thermally
resistive interfaces between metals and 2D materials are
common due to phonon focusing in the in-plane direction of
the 2D material.42 The obtained thermal conductivity values
for FePS3 and MnPS3 and other similar layered materials are
summarized in Table 2.

CONCLUSIONS
In this study, we investigated the phonon and thermal
conductivity properties of high-quality single crystals of
FePS3 and MnPS3 using Raman spectroscopy, optothermal
Raman, and TR-MOKE experimental techniques at room
temperature. The Raman spectra were excited with three

different laser excitation wavelengths of 325, 488, and 633 nm.
The data obtained by UV−Raman revealed additional spectral
features, which have not been previously detected with regular
visible-light Raman spectroscopy. An optothermal Raman
technique was used to extract the directional average thermal
conductivity of bulk FePS3. The data extraction was based on
the results of the frequency changes of the main Ag Raman
mode as a function of temperature and excitation laser power.
The directional average “bulk” thermal conductivity of FePS3
was determined to be k = 1.35 ± 0.32 W m−1 K−1. This value
represents a weighted average of the in-plane and through-
plane thermal conductivities of the crystal according to k = αk⊥
+ βk∥ in which α + β = 1 and α > β. We conducted TR-MOKE
measurements in order to determine the anisotropic thermal
properties of both FePS3 and MnPS3 bulk crystals. The
experiments revealed in-plane thermal conductivity of 2.7 ±
0.3 W m−1 K−1 and 6.3 ± 1.7 W m−1 K−1 for FePS3 and
MnPS3, respectively. The through-plane thermal conductivity
measurements reported 0.85 ± 0.15 and 1.1 ± 0.2 W m−1 K−1

for FePS3 and MnPS3. Comparing the in-plane and cross-plane
thermal conductivity values of FePS3 obtained by TR-MOKE
measurements with that of attained via the optothermal Raman

Table 2. Summary of Through-Plane and In-Plane Thermal Conductivity of Similar Layered Materials

thermal conductivity (W m−1 K−1)

material k k⊥ k∥ remarks ref

FePS3 1.35 ± 0.32 0.85 ± 0.15 2.7 ± 0.3 optothermal Raman and TR-MOKE (T = 300 K) this work
MnPS3 1.1 ± 0.2 6.3 ± 1.7 TR-MOKE (T = 300 K) this work
ZnPSe3 0.13 monolayer theory 18
1T-TaS2 4.52 at 300 K 50,51
2H-TaSe2 14.8 at 270 K 50
2H-TaSe2 16 Raman 52
2H-TaSe2 9 thin film, Raman 52
HfTe5 5 parallel thermal conductance technique 53
MoS2 82 time-domain thermoreflectance 54
MoS2 16 steady-state heater setup at 300 K 55
MoS2 52 few layers, Raman 56
MoS2 55 ± 20 84 ± 17 monolayer, Raman, at 300 K 57
MoS2 35 ± 7 77 ± 25 bilayer, Raman, at 300 K 57
MoS2 34.5 ± 4 monolayer 39
MoS2 1.05 pristine, laser flash, at 300 K 58
MoSe2 35 time-domain thermoreflectance 54
MoSe2 42 ± 13 bilayer 57
MoSe2 24 ± 11 59 ± 18 monolayer, Raman, at 300 K 57
MoSe2 17 ± 4 42 ± 13 bilayer, Raman, at 300 K 57
MoSe2 0.85 pristine, laser flash, at 300 K 58
NbSe3 0.24 59
Ta2Pd3Se8 12.6 thermal bridge at 350 K 60
TiS2 3.45 laser flash, at 300 K 61
TiS3 3.5 laser flash at 325 K 62
TiS3 3.7 laser flash at 325 K 63
WS2 120 time-domain thermoreflectance 54
WS2 32 monolayer, Raman at 300 K 64
WS2 53 bilayer, Raman at 300 K 64
WS2 2.2 pristine, laser flash, at 300 K 58
WSe2 42 time-domain thermoreflectance 54
WSe2 0.85 pristine, laser flash, at 300 K 58
WSe2 1.5 thin film, at 300 K 65
ZrTe3 7−7.5 (±5%) polycrystalline, four terminal method, at 300 K 66
ZrTe5 11.2 at 300 K 67
ZrTe5 8 parallel thermal conductance technique 53
ZrTe5 2 polycrystalline p-type, PPMS at 300 K 68
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technique with isotropic assumption, the weighted coefficients
of α and β are calculated as 0.73 and 0.27, respectively. The
obtained results are important for understanding the phonon
properties and phonon transport in layered antiferromagnetic
semiconductors as well as for their applications in spintronic
and caloritronic devices.

METHODS
Thermal Conductivity Extraction via Optothermal Method.

We utilized the COMSOL software package in order to solve the
steady-state Fourier heat equation ∇(κ∇T) + q′′′ = 0 using the finite
element method. In this equation, T is the temperature distribution of
the system and q′′′ is the laser heat source which can be defined using

a Gaussian distribution function as ( )q expR P x y(1 )

(2 ) 2
D

2

2 2

2= −α
πσ σ

′′′ − +

exp(−α|z|), respectively. Here, x, y, z are the Cartesian coordinates,
PD is the total laser power at the center of the sample’s surface (x = y
= z = 0), and R and α are the sample’s reflection and absorption
coefficients at the laser excitation wavelength, respectively. The
standard deviation of the Gaussian power (σ) is calculated as σ = r/2
where r is the radius of the laser spot on sample’s surface. The laser
spot size should be measured experimentally using the knife-edge
method.69 The lateral dimensions and thickness of FePS3 are
extracted by careful imaging of the flake using optical and atomic
force microscopy (AFM). The simulated structure from top to
bottom corresponds to a 400 nm thick FePS3 flake, 300 nm SiO2
layer, and 4 μm silicon substrate. In order to extract the thermal
conductivity, a reiterative procedure was followed. In this model, first
a thermal conductivity for the material system is assumed and then
the temperature distribution is obtained solving the heat diffusion
equation using COMSOL software assuming different values of
incident power (PD). At each assumed thermal conductivity value,

T
P
max

D

∂
∂

and then
T
PFe
max

D
θ χ= ∂

∂ are calculated. The maximum temperature

(Tmax) is obtained from the simulations. The temperature coefficient,
χFe, was obtained via linear fitting of the experimental Raman peak
shift as a function of temperature. Finally, the thermal conductivity is
plotted as a function of θ and compared to the experimental value
(θexp = dω/dPD) which is obtained by linear fitting of Raman peak
shift as a function of temperature.
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(50) Nuñ́ez-Regueiro, M. D.; Lopez-Castillo, J. M.; Ayache, C.
Thermal Conductivity of 1T-TaS2 and 2H-TaSe2. Phys. Rev. Lett.
1985, 55, 1931−1934.
(51) Balaguru Rayappan, J. B.; Raj, S. A. C.; Lawrence, N. Thermal
Properties of 1T-TaS2 at the Onset of Charge Density Wave States.
Phys. B 2010, 405, 3172−3175.

(52) Yan, Z.; Jiang, C.; Pope, T. R.; Tsang, C. F.; Stickney, J. L.;
Goli, P.; Renteria, J.; Salguero, T. T.; Balandin, A. A. Phonon and
Thermal Properties of Exfoliated TaSe2 Thin Films. J. Appl. Phys.
2013, 114, 204301.
(53) Zawilski, B. M.; Littleton IV, R. T.; Tritt, T. M. Investigation of
the Thermal Conductivity of the Mixed Pentatellurides Hf1‑XZrxTe5.
Appl. Phys. Lett. 2000, 77, 2319−2321.
(54) Jiang, P.; Qian, X.; Gu, X.; Yang, R. Probing Anisotropic
Thermal Conductivity of Transition Metal Dichalcogenides MX2 (M
= Mo, W and X = S, Se) Using Time-Domain Thermoreflectance.
Adv. Mater. 2017, 29, 1701068.
(55) Pisoni, A.; Jacimovic, J.; Barisǐc, O. S.; Walter, A.; Naf́rad́i, B.;
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