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Abstract

Spin-phonon coupling is a fundamental interaction in ferromagnets/antiferromagnets,

and plays a key role in hot carrier decay. Normally, spin transfers its excess energy to

lattice via spin-phonon coupling in hot carrier decay in ferromagnets/antiferromagnets.

However, the reverse energy transfer process (i.e., from lattice to spin) is feasible in
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principle but rarely reported. Here, we observe an abnormal hot carrier decay with a

slow fall (80 ps) in ΔR(t)/R0 time series in ferromagnet Fe1/3TaS2, which is a result for

the lattice of TaS2 vdW layer transfer its energy to spin via spin-phonon coupling. The

Fe ions inserted between TaS2 vdW layers, with very weak bonding with TaS2 vdW

layers, are the origin of the ferromagnetism, and give rise to its weak electron-spin and

spin-phonon couplings which in turn lead to the observed abnormal hot carrier decay

in the ferromagnetic phase Fe1/3TaS2.

Keywords: intercalated van der Waals ferromagnetic, Fe1/3TaS2, spin-phonon coupling,

femtosecond transient optical spectroscopy, time-resolved Kerr rotation.

Hot carrier decay involves energy transfer in the microscale immediately after a laser

pump, and is a fundamental process in (opto)electronic materials, especially for ferromag-

nets/ antiferromagnets in which spin-phonon coupling plays an important role.1–5 The spin-

phonon coupling have been demonstrated facilitate considerably the hot carrier decay in the

van der Waals ferromagnetic Cr2Ge2Te6 (CGT), which the ferromagnetic properties arise

from the Cr ions in the CrGeTe3 van der Waals layer.2 However, the intercalated van der

Waals ferromagnetic Fe1/3TaS2, which ferromagnetic properties arise from the inserting Fe

ions in the inter TaS2 vdW layers (Fig. 1(a)), is quite different from the non-intercalated van

der Waals ferromagnetic CGT. How the spin-phonon coupling impacts on the hot carrier

decay in Fe1/3TaS2 is an issue remain outstanding.

Van der Waals ferromagnet Fe1/3TaS2 is a member of the ternary 3d transition-metal

intercalates of niobium and tantalum dichalcogenides TxMX2 (T = Cr, Mn, Fe, Co, or

Ni; M = Nb or Ta; X = S or Se; x = 1/4 or 1/3)6–9. Its magnetic properties arise from

the 3d transition-metal ions inserted between the MX2 vdW layers.10,11 The niobium and

tantalum dichalcogenides MX2 have weak vdW bonding between the vdW layers, which

allows the insertion of 3d transition-metal ions (such as Cr, Mn, Fe, Co, Ni) between vdW

layers and induces the magnetic properties of TxMX2.10,12 The magnetism transition and
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Figure 1: Structure and magnetic property of single-crystal Fe1/3TaS2. (a) Crystal structure
of the layered vdW ferromagnet. (b) X-ray diffraction pattern. (c) Magnetic moment (Ms)
as a function of temperature (T ). Inset: the dMs / dT vs T curve. (d) Magnetic moment as
a function of magnetic filed (H) measured at 5 K, 80 K, and 150 K, with the field applied
along the c-axis.

.

the unique nature of spin-ordering of FexTaS2 were investigated in recent studies, and their

spin-ordering are dependent on the Fe content.11,13–19 Fe1/3TaS2 exhibits highly anisotropic

ferromagnetism at low temperatures,12,20,21 and an ferromagnet order with its magnetic easy

axis aligned along the c-axis,10,22 resembling two-dimensional vdW magnets discovered in

recent years.23–25

Here, we investigated the hot carrier decay dynamics of Fe1/3TaS2 with femtosecond tran-

sient optical spectroscopy (FTOS) and time-resolved Kerr rotation measurement (TRKR).

We observed the spin-phonon coupling also strong modify the hot carrier decay of the

Fe1/3TaS2 but in a quite different way from the CGT. The spin-phonon coupling facilitate

the hot carrier decay via spin transfers its excess energy to lattice in CGT.2 However, the

spin-phonon coupling suppress the hot carrier decay via spin absorb energy from lattice in

Fe1/3TaS2.

3



As illustrated in Fig. 1(a), the crystal structure of Fe1/3TaS2 is a layered structure with

a
√
3a × √

3a superlattice (a: lattice parameter of nonintercalated hexagonal TaS2), and a

space group of noncentrosymmetric P6322; the intercalated Fe atoms are located between

two vdW layers of hexagonal TaS2.10,22,26 The XRD θ− 2θ scan in Fig. 1(b) shows only the

(00L) peaks, indicating that the Fe1/3TaS2 sample is indeed single-crystal and its surface is

perpendicular to the c axis. The magnetization of Fe1/3TaS2 is measured with magnetic field

H applied parallel to the c axis. Fig. 1(c) displays magnetic moment (Ms) of Fe1/3TaS2 as

temperature (T ) increases from 5 to 300 K in a 50 Oe bias field. A ferromagnet-paramagnet

transition is observed at Tc = 81 K, as determined from the temperature-derivative of the

Ms − T curve [Fig. 1(c) inset]. Fig. 1(d) shows the M − H curves at 5 K, 80 K and 150

K. The M − H curve at 5 K exhibits a very large hysteresis. The magnetic coercivity

measured parallel to the c axis is about 2.92 T, indicating the hard ferromagnetic nature of

single-crystal Fe1/3TaS2. The M −H curve at 150 K reveals its paramagnetic nature above

Tc.

The relative reflectivity change, ΔR(t)/R0 time series (R: reflectivity), are presented as

a false color map in Fig. 2(a) within a temperature range of 5–60 K, and the time series at

representative temperatures are plotted in Fig. 2(b). Immediately after the femtosecond laser

pump, the ΔR(t)/R0 time series exhibit an instantaneous change at t = 0 ps. The ΔR(t)/R0

values are negative at low temperatures (below 26 K). Upon heating, the ΔR(t)/R0 time

series undergoes a full sign reversal (negative to positive) around 26 K and remains nearly

unchanged above TR = 26 K. Here TR represents the reversal temperature on the ΔR(t)/R0

time series, and is essentially the transition temperature, Tc. Due to the insertion nature of

the Fe ions in the Fe1/3TaS2 lattice, an Fe-ion layer is extremely poor in thermal conduction

between neighboring TaS2 vdW layers. Hence, the transition temperature of the ΔR(t)/R0

time series is extremely sensitive to the pump fluence (see the Supplementary Information,

Figure S1). A very low pump fluence (4 μJ/cm2) is used to measure the ΔR(t)/R0 time

series in Fig. 2. However, at the nominal cryostage temperature T = 26 K, the actual sample
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temperature is approximately 81 K (Tc) as a result of the laser heating.
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Figure 2: (a) Color map of ΔR/R0 time series in terms of temperature T and delay time t
for single-crystal Fe1/3TaS2. The center wavelengths of the pump and probe beams are both
800 nm. Pump fluence: 4 μJ/cm2; probe fluence: 0.4 μJ/cm2. (b) Representative ΔR(t)/R0

time series.(c) ΔR(t)/R0 time series measured at 5 K. Inset: magnified view of ΔR(t)/R0

time series near t = 0 ps. (d) and (e) ΔR(t)/R0 time series within the time windows of 1–80
ps and 200–1000 ps along with exponential fittings, respectively. (f) ΔR(t)/R0 time series
at 150 K and corresponding fitting. Black circles: measurements; red curves: exponential
fitting. Inset: magnified view of ΔR(t)/R0 time series near t = 0 ps. The grey regions in (c)
and (f) indicate the fast fall and fast rise.

.

Another pronounced distinction for the ΔR(t)/R0 time series below and above 26 K is

the processes immediately after the femtosecond laser pump. Fig. 2(f) and the inset show the

ΔR(t)/R0 time series of Fe1/3TaS2 collected at 150 K, showing a very quick rise immediately

after the femtosecond laser pump. This rise lasts for approximately 180 fs (within 0–0.18

ps), followed a fast recovery process. However, the ΔR(t)/R0 time series below 26 K show

two fall processes, a very fast fall and a slow fall. Fig. 2(c) presents the ΔR(t)/R0 time series

collected at 5 K on a long time scale (up to 1000 ps). The inset in Fig. 2(c) shows that the

fast fall lasts for approximately 220 fs. Figs. 2(d) and 2(e) display two subsequent segments

of the ΔR(t)/R0 time series, a slower fall at 1–80 ps and a recovery process at 200–1000 ps

as extracted from Fig. 2(c).

The recovery process, for the ΔR(t)/R0 time series both below and above T = 26 K, can
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be well fitted with an exponential function,

ΔR(t)/R0 = A exp(−t/τ) + C. (1)

Here A and τ denote the amplitude and decay time of the decay process, and C is a constant.

By fitting the recovery process within 200− 1000 ps with the above equation [Fig. 2(e)], we

obtain τFR = 1154± 12 ps at 5 K, and τPR = 0.13± 0.01 ps at 150 K [Fig. 2(f)]. Superscript

F and P represent the ferromagnetic and paramagnetic states, respectively.
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Figure 3: (a) Color map of Kerr rotation ΔθK in terms of temperature T and delay time
t for single-crystal Fe1/3TaS2. The center wavelengths of the pump and probe beams are
both 800 nm. Pump fluence: 4 μJ/cm2; probe fluence: 0.4 μJ/cm2. The fs laser pump is
linearly p-polarized. (b) Representative Kerr rotation ΔθK as a function of delay time at
different temperatures. (c) Kerr rotation ΔθK as a function of delay time measured at 5 K.
Inset: magnified view of Kerr rotation ΔθK(t) within the first 1 ps; the grey region indicates
the fast fall process. (d) and (e) Kerr rotation ΔθK(t) within the time windows of 1–80 ps
and 200–1000 ps along with exponential fittings. Black circles: measurements; red curves:
exponential fitting. (f) Kerr rotation ΔθK as a function of delay time at 26 K.

.

We measure the ΔθK(t) curves of Fe1/3TaS2 with a linearly p-polarized femtosecond laser

pump. θK refers to the Kerr rotation. The ΔθK values are presented as a false color map in

Fig. 3(a) within a temperature range of 5–60 K and a time period of 6 ps, and the ΔθK curves

at representative temperatures are plotted in Fig. 3(b). Immediately after the femtosecond

laser pump, the ΔθK(t) curves exhibit an instantaneous change at t = 0 ps. The ΔθK(t)

values are negative at low temperatures (below 26 K). Upon heating, the ΔθK values decrease
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continually. The ΔθK values are close to zero at the whole delay time range 0− 1000 ps at

TK = 26 K and remain unchanged above 26 K (Fig. 3(a), (b) and (f)). Let TK denote the

transition temperature as seen from the ΔθK(t) curves. TK is also extremely sensitive to the

pump fluence, and TK = TR for the same pump fluence (see the Supplementary Information,

Figure S1 and Figure S4).

We also observe a very fast fall and a slow fall on the ΔθK(t) curves below 26 K. Fig. 3(c)

presents the ΔθK(t) curve collected at 5 K up to 1000 ps. The inset in Fig. 3(c) shows that

the fast fall lasts for approximately 220 fs, which is the same with the one observed on the

ΔR(t)/R0(t) time series (Fig. 2(c)). Figs. 3(d) and 3(e) display two segments on the ΔθK(t)

curves; a slow fall during 1 − 80 ps is observed and a recovery process at 200 − 1000 ps is

extracted from Fig. 3(c). The slow fall on the ΔθK(t) curve also lasts for 80 ps at 5 K. For

the recovery process on the ΔθK(t) curves below 26 K can also be well fitted with a single

exponential function [Eq. (1)]. The fitting to the recovery process within 200−1000 ps yields

τFK = 564± 8 ps at 5 K.
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Figure 4: Schematic illustration of the interactions in a ferromagnetic compound. C: heat
capacity; T : temperature; ep: electron-phonon coupling; es: electron-spin coupling; sp: spin-
phonon coupling; s(t): the absorbed photon energy at instant t. Subscripts e, l, and s refer
to electron, lattice and spin, respectively.

.
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The sign reversal of the ΔR(t)/R0 time series is a result of the ferromagnet-paramagnet

transition of Fe1/3TaS2. We change the center wavelength of the femtosecond laser into

770 nm and 830 nm and measure the ΔR(t)/R0 time series, and both of the ΔR(t)/R0

time series show similar sign reversal around 26 K (Supplementary Information, Figure S2).

We also perform a non-degenerate pump-probe measurement (pump at 400 nm, and probe

at 800 nm), and the ΔR(t)/R0 time series also shows a similar sign reversal around 26 K

(Supplementary Information, Figure S3). The above results indicate the sign reversal on the

ΔR(t)/R0 time series around 26 K is not induced by the purely non-magnetic, temperature-

dependent, electronic band modification. The ΔθK signals (Fig. 3) also show a transition

around 26 K, indicating the sign reversal of the ΔR(t)/R0 time series around 26 K is induced

by the ferromagnet-paramagnet transition of Fe1/3TaS2.

The anomalous fall and recovery processes in the ΔR(t)/R0 time series for the ferromag-

netic Fe1/3TaS2 reveal that there is an unusual coupling in its hot carrier decay process. An

immediate question is the exact nature of the coupling that dominates the hot carrier decay

in paramagnetic/ferromagnetic Fe1/3TaS2.

For ferromagnets/antiferromagnets, both lattice and spin can be the energy reservoir of

the excess energy of hot carriers, and the exact energy transfer between them depends on the

exact nature of interaction.27 Fig. 4 illustrates the interactions in a ferromagnetic compound.

Normally, the heat capacities of electrons and spins are much smaller than that of lattice,

i.e., Cl � Ce, and Cl � Cs.28 Hence, immediately after a laser pump, the carriers absorb

photon energy s(t), resulting in a rapid rise of electron temperature Te,29 which is much

higher than the lattice and spin temperatures (Te � Tl, and Te � Ts). Normally, the excited

hot carriers (electrons) transfer their excess energy to lattice via electron-phonon coupling

and to spin via electron-spin coupling (Fig. 4).27,30,31

In certain circumstances, such as in the case that superconductor or ferromagnets/ an-

tiferromagnets open a narrow bandgap when undergo phase transition, the lattice and spin

may also transfer their energy back to the carriers in which an electron below the narrow
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bandgap absorb a high energy phonon or magnon and become a hot carrier, i.e., the reverse

of energy transfer in normal hot carrier decay which often induce the so called “bottleneck

effect.” 32,33 In a normal case, the hot carrier thermalization in electron-phonon and electron-

spin couplings can be described with the coupled differential equations that describe the

temporal evolution of electron, lattice and spin temperatures, i.e.,27

∂Te

∂t
= −gel

Ce

(Te − Tl)− ges
Ce

(Te − Ts) + s(t), (2)

∂Tl

∂t
= −gel

Cl

(Tl − Te)− gsl
Cl

(Tl − Ts), (3)

∂Ts

∂t
= −ges

Cs

(Ts − Te)− gsl
Cs

(Ts − Tl). (4)

Here, gel, ges and gsl are the coefficients of electron-lattice, electron-spin and spin-lattice

couplings, respectively, and t is time. Normally, Ts � Tl after the thermalization of hot

carriers via electron-phonon and electron-spin coupling. Spin normally further transfers its

excess energy to lattice via spin-phonon coupling represented by the second term of Eq. (4),

i.e.,
∂Ts

∂t
= −gsp

Cs

(Ts − Tl), (5)

where gsp is the coefficient of spin-phonon coupling.

Phenomenologically, the changes of Te and Ts dominate the response of ΔR(t)/R0 time

series in FTOS experiments. The reflectivity of a material can be written as34

R =
n− n0

n+ n0

= 1− 2n0

n+ n0

, (6)

where n0 and n are the refractive index of the vacuum and the material, respectively. n0 = 1,

and n is a function of dielectric coefficient and magnetic permeability of the material,34

n =
√
ε0μ0εμ. (7)
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Here ε and μ are dielectric coefficient and magnetic permeability of the material, respectively,

and subscript 0 refers to vacuum.

When a material is pumped by a femtosecond laser pulse, the change of the reflectivity,

ΔR(t) ∝ 1
√
(ε+Δε(t)(μ+Δμ(t)) + 1

− 1√
εμ+ 1

. (8)

Here Δε(t) and Δμ(t) are the time-dependent increases in dielectric coefficient and magnetic

permeability induced by the pump, respectively. For a nonmagnetic material, μ ≈ 1. Under

a femtosecond laser pump, the excitation and decay of the carrier induce negligible change

in magnetic permeability [Δμ(t) ≈ 0], and Δε(t) dominates the ΔR(t)/R0 time series. And

ΔR(t) can be rewritten as

ΔR(t) ∝ 1
√

ε+Δε(t) + 1
− 1√

ε+ 1
. (9)

Normally, |Δε(t)| ∝ ΔTe and |Δμ(t)| ∝ ΔTs. Heating induces an increase in Te and Ts

and thus a rise in ΔR(t)/R0, while subsequent cooling leads to a reduction in Te and Ts and

thus the recovery in ΔR(t)/R0, as observed in our experiments Fig. 2.

For a paramagnetic material, its differential reflectivity can be described as Eq. (9) and

Δε(t) dominates the ΔR(t)/R0 time series. The rise process in a ΔR(t)/R0 time series in

a paramagnetic material represents the excitation of hot carriers leading to increased Te,

and usually takes hundreds of fs.28 The rise for the paramagnetic Fe1/3TaS2 at 150 K lasts

for approximately 180 fs, representing a normal hot carrier excitation process. The fast rise

reveals that the heating of electrons is very rapid immediately after the femtosecond laser

pump. Meanwhile, the fast recovery in ΔR(t)/R0 at t > 180 fs represents the cooling of hot

carriers via electron-phonon coupling, and the short hot carrier decay time (τPR = 0.13±0.01

ps) at 150 K indicates a quick cooling via electron-phonon coupling.

The ΔR(t)/R0 time series of ferromagnetic Fe1/3TaS2 measured at 5 K shows two fall

processes [Fig. 2(c) and inset]: the first fall is fast and lasts for approximately 220 fs, while
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the second fall is anomalously slow, lasting for 80 ps [Fig. 2(d)]. For the ferromagnetic

Fe1/3TaS2, its differential reflectivity can be described as with Eq. (8) with contributions

from both Δμ(t) and Δε(t). The rapid heating of electrons is demonstrated in paramagnetic

Fe1/3TaS2 [Fig. 2(f) inset]. Therefore, the first, fast fall for the ferromagnetic Fe1/3TaS2 is

induced by electron heating by absorbing photon energy s(t). The origin of the second slow

fall is a result of spin heating via spin-phonon coupling leading to increased Ts, while the slow

recovery is due to the cooling of whole excess energy reservoir in Fe1/3TaS2, as elaborated

below.

The temperature dependence of ΔθK demonstrates that the slow fall is induced by spin

heating. Fig. 3 shows the ΔθK(t) curves collected with a linearly p-polarized femtosecond

laser pump. The ΔθK(t) curves also show a slow fall at 1 − 80 ps below 26 K (Fig. 3(c)).

For the TRKR measurement, ΔθK(t) ∝ ΔM ; Here ΔM is the change of magnetization35–37.

The ΔθK(t) curves collected with linearly-, left circularly- and right circularly-polarized

light pump show little difference (see the Supplementary Information, Figure S5), indicating

the ΔθK(t) signals are not caused by the photoinduced net spin polarization of Fe1/3TaS2

but its demagnetization process. In the demagnetization process, ΔM ∝ ΔTs, and hence

ΔθK(t) ∝ ΔTs. Therefore, the fast and slow falls in ΔθK(t) are induced by spin heating,

while the recovery process at t > 80 ps is a result of spin cooling.

The slow fall of the ΔR(t)/R0 time series at 5 K during 1 − 80 ps can also be fitted

with Eq. (1), and τ fR = 16.51 ± 0.23 ps. Superscript f represents the slow fall process. The

slow fall on the ΔθK(t) curve at 5 K during 1 − 80 ps can also be fitted with Eq. (1), and

τ fK = 16.32 ± 0.21 ps. τ fK is essentially the same as τ fR. This is a direct demonstration that

the slow fall during 1 − 80 ps on the ΔR(t)/R0 time series is induced by the spin heating.

An immediate question is which energy reservoir continually transfers its excess energy to

spin and results in the continuous spin heating.

In Fig. 3(c), we observe a fast fall lasting for approximately 220 fs on the ΔθK(t) curve at

5 K, likely due to the absorption of photon energy in the insertion Fe-ion layer which gives

11



rise to the abrupt spin heating. However, this energy is already stored inside the Fe-ion layer

and it can not continually heat the spin. So, the continuous spin heating during 0.22−80 ps

must be from an energy reservoirs outside the Fe-ion layer, and the only possible candidate

is the TaS2 vdW layer.

The crystal structure of Fe1/3TaS2 consists of TaS2 vdW layers separated by a vdW gap

and stacked together along the c-axis. Within a TaS2 vdW layer, each Ta center is surrounded

by a trigonal prism of S anions [Fig. 1(a)] and have strong covalent bonding.38 However, due

to the inserting nature of Fe ions, the bonding between Fe ions and the TaS2 vdW layers

and the bonding between Fe ions themselves, are very weak.38 Hence, the electron-phonon

coupling within TaS2 vdW layers is strong, while the electron-phonon coupling within the

Fe-ion layer or between the Fe-ion layer and the TaS2 vdW layer is weak. Hence, the fast

hot carrier decay in paramagnetic Fe1/3TaS2 (τPR = 0.13 ps at 150 K) is due to decay of the

hot carrier occurred within the TaS2 vdW layer. Given the weak electron-phonon coupling

in the Fe-ion layer, the hot carrier decay in an Fe-ion layer should be much slower. We

note that ΔR(t)/R0 time series do not return to its initial value (t = 0) after the fast decay

(Fig. 2(c)), and the hot carriers in the Fe-ion layer is one of the causes. Since spin-ordering

in ferromagnetic Fe1/3TaS2 has a minor effect on electron-phonon coupling,2 the cooling of

electrons within TaS2 vdW layer via the electron-phonon coupling in ferromagnetic Fe1/3TaS2

is also very rapid, and its decay time should be close to that in paramagnetic Fe1/3TaS2. The

decay time as a result of energy transfer from hot carrier to lattice is τPR = 0.13 ps in the

TaS2 vdW layer of paramagnetic Fe1/3TaS2. Thus, electron cooling in the TaS2 vdW layer

occurs prior to the beginning of the slow fall in ferromagnetic Fe1/3TaS2, and the slow fall

can only be attributed to spin heating by the transfer of excess energy in the lattice of TaS2

vdW layer to the spin in Fe-ion layer.

Therefore, the excitation and decay of hot carrier in ferromagnetic Fe1/3TaS2 proceed as

follows: when the ferromagnetic Fe1/3TaS2 pumped by a femtosecond laser, the Fe1/3TaS2

absorb the photon energy s(t) and hot carrier is excited, resulting the rapid heating of the
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electron and give rise to the fast fall (∼220 fs) of ΔR(t)/R0 time series. At this moment, Ts

is also heated due to the photon energy absorption in the Fe-ion layer, manifest as the fast

fall in the ΔθK(t) (Fig. 3(b) and (c)). Then, the excited hot carrier in the TaS2 vdW layer

transfer its excess energy to its lattice via the electron-phonon coupling and result in cooling

down of Te and heating up of Tl in TaS2 vdW layer. Due to the strong electron-phonon

coupling within TaS2 vdW layers, the excited electron cooling and the lattice heating have

almost finished at the beginning of the slow fall, which directly result in Tl > Ts. At this

time, the lattice of TaS2 vdW layers could transfer it excess energy to the spin in Fe-ion

layer via spin-phonon coupling. Due the weak spin-phonon coupling between the lattice of

TaS2 vdW layers and the spin of the inserting Fe ions, this process would be very slow (take

80 ps).

The ferromagnetic Fe1/3TaS2 shows an abnormal long recovery on the ΔR(t)/R0 time

series. By fitting the recovery process during 200 − 1000 ps with Eq. (1) [Fig. 2(e)], we

obtain τFR = 1154 ± 12 ps at 5 K. We note that the ΔθK(t) curve also shows an abnormal

long recovery. Spin heating ends around t = 80 ps, followed by cooling, manifested as the

recovery process of ΔθK(t) at t > 80 ps. By fitting the recovery process within 200−1000 ps

with Eq. (1) [Fig. 3(e)], we obtain τFK = 564±8 ps at 5 K. The recovery process of ΔθK(t) at

t > 80 ps is a result of the spin cooling via spin-phonon coupling, while the recovery process

as a whole represents the cooling of the whole energy reservoir of Fe1/3TaS2. The spin cooling

does contribute to the recovery process demonstrated on the ΔR(t)/R0 time series. However,

τFK is much shorter than τFR , indicating that the spin cooling occurs prior to the cooling of

the whole energy reservoir of Fe1/3TaS2. Hence, there are others cooling processes, which

are much slower than the spin cooling, also take part in the recovery process of ΔR(t)/R0

time series at t > 80 ps. These much slower cooling processes may be associated with lattice

cooling such as phonon anharmonicity, which eventually results in the cooling of Tl.

In summary, we have investigated the hot carrier decay in intercalated van der Waals

ferromagnet Fe1/3TaS2 using time-resolved ultrafast optical spectroscopy and time-resolved
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Kerr rotation measurements. The hot carrier decay in paramagnetic Fe1/3TaS2 is dominated

by the electron-phonon coupling, and the ΔR(t)/R0 time series show a rapid rise followed by

a fast decay. However, the R(t)/R0 time series of ferromagnetic Fe1/3TaS2 exhibit a fast fall

(220 fs) and a slow fall (80 ps), and its decay is anomalously long (1154 ps). This abnormal

hot carrier decay is due to the weak spin-lattice coupling in ferromagnetic Fe1/3TaS2.

METHODS

Single-crystal Fe1/3TaS2 is grown using the chemical vapor transport method.20 First, high-

purity Fe, Ta, and S powders are mixed with a molar ratio of 0.45:1:2 and sealed in an

evacuated quartz ampoule. I2 is used as a transport agent. Then, the quartz ampoule is

placed in a two-temperature-zone tube furnace for 7 days. One of the zone is kept at 1270

K (zone 1), while the other, at 1170 K (zone 2). The mixed powders are fixed at zone 1, and

single-crystal Fe1/3TaS2 grows in zone 2. The x-ray diffraction (XRD) of Fe1/3TaS2 is mea-

sured with a PANalytical Empyrean diffractometer. The magnetic properties of Fe1/3TaS2 is

measured with a physical property measurement system (PPMS-9) equipped with a vibrating

sample magnetometer.

A Fe1/3TaS2 flake is cleaved with a scotch tape immediately before being loaded on a

Montana cryostation in order to obtain a fresh surface for the femtosecond transient optical

spectroscopy (FTOS) and time-resolved Kerr rotation (TRKR) measurements. The experi-

mental setups for FTOS and TRKR were presented elsewhere.39,40 A Ti:sapphire laser with

a 800 nm center wavelength (1.55 eV), a ∼35-fs pulse duration and an 80-MHz repetition

rate is split into a pump beam and a probe beam through a beam splitter. The central

wavelength of the Ti:sapphire laser can be tuned between 770 nm (1.61 eV) and 830 nm

(1.49 eV). The modulated pump beam excites hot carriers on the surface of the sample while

the probe beam reflected from the sample surface is relayed to a photodetector. The delay

time between the pump and probe laser beams is controlled with the delay stage. These
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two beam spots overlap on the sample surface (the spot diameter ∼ 30 μm), and the flu-

ences of the pump and probe lasers are 4 μJ/cm2 and 0.5 μJ/cm2, respectively. For the

non-degenerate pump-probe measurements, a second-harmonic generation crystal, barium

diboron tetraoxide (BBO), was used to double the frequency of the 800 nm laser, and a

bandpass filter (400 ± 20 nm) to filter out the residual near-infrared component. In the

TRKR measurements, we apply a 100-Oe magnetic field along the c axis of the Fe1/3TaS2

crystal.
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Figure S1. Color maps of ΔR/R0 time series in terms of temperature T and delay time t
collected with various pump fluence for single-crystal Fe1/3TaS2. The center wavelengths of
the pump and probe beams are both 800 nm. The probe fluence was fixed at 0.4 μJ/cm2.
The ΔR(t)/R0 time series undergoes a fully sign reversal (negative to positive) around TR =
35, 26, and 19 K with an 2, 4, and 6 μJ/cm2 pump fluence, respectively. The intercalated
nature of the Fe ions in Fe1/3TaS2 result in the extremely poor thermal conductivity between
the Fe ions layer and the TaS2 vdW layers, which give rise to the sensitivity of the transition
temperature (TR) to the pump fluence.
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Figure S2. Color maps of ΔR/R0 time series in terms of temperature T and delay time
t collected with different center wavelength of the femtosecond laser. (a)The center wave-
lengths of the pump and probe beams are both 770 nm. (b) The center wavelengths of
the pump and probe beams are both 830 nm. Pump fluence: 4 μJ/cm2; probe fluence: 0.4
μJ/cm2. Both the ΔR(t)/R0 time series undergoes a fully sign reversal (negative to positive)
around TR = 26 K.
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Figure S3. (a) Color map of ΔR/R0 time series in terms of temperature T and delay time
t collected with non-degenerate pump-probe measurements for single-crystal Fe1/3TaS2. The
center wavelength of the pump femtosecond laser is 400 nm, and the probe beam is 800 nm.
Pump fluence: 4 μJ/cm2; probe fluence: 0.4 μJ/cm2. (b) Representative ΔR/R0 time series
collected with non-degenerate pump-probe measurements. (c) and (d) ΔR(t)/R0 time series
collected with non-degenerate pump-probe measurements at 5 and 100 K. Inset: magnified
view of ΔR(t)/R0 time series near t = 0 ps. The ΔR(t)/R0 time series also show a negative
values at low temperatures (below 26 K). Upon heating, the ΔR(t)/R0 time series undergoes
a fully sign reversal (negative to positive) around 26 K and remains nearly unchanged above
26 K.
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Figure S4. Color map of Kerr rotation ΔθK(t) in terms of temperature T and delay time
t collected with various pump fluence for single-crystal Fe1/3TaS2. The probe fluence was
fixed at 0.4 μJ/cm2. The center wavelengths of the pump and probe beams are both 800 nm.
The pump laser is linearly p-polarized. We also observe a transition in the ΔθK(t). Upon
heating, the ΔθK(t) continually decreased and it values at 0-1000 ps range approximately
become zero around TK 35, 26, 19 K for an 2, 4 and 6 μJ/cm2 pump fluence, respectively.
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Figure S5. (a)-(c) Kerr rotation ΔθK(t) measured at 5 K with a linearly-, left circularly-
and right circularly polarized light pump, respectively. The center wavelengths of the pump
and probe beams are both 800 nm. Inset: magnified view of Kerr rotation ΔθK(t) near t = 0
ps. The ΔθK(t) collected with linearly-, left circularly- and right circularly polarized light
pump nearly show not difference. ↔: linearly polarization, �: left circularly polarization,
and �: right circularly polarization.)
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