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The research on two-dimensional (2D) magnetic materials and their heterostructures is crucial in fields like spin-
tronics, materials science, and condensed matter physics. This study uses terahertz (THz) time-domain spectroscopy
to investigate ultrafast electron transport properties in both van der Waals Fe4GeTe; films and BipTes/FesGeTe, fer-
romagnetic/topological heterostructures. Our results show that these heterostructures exhibit effective THz electromag-
netic shielding. The complex conductivity spectra of Fe,;GeTe, films and Bi; Te3/Fe,GeTe, heterostructures with varying
Fe4GeTe; thicknesses are analyzed using the Drude—Smith model. We quantitatively examine how Fe,GeTe, layer thick-
ness affects the direct current conductivity, plasma frequency, carrier momentum scattering time, and back-scattering co-
efficient. As the number of Fe,GeTe; layers increases, intra-layer back-scattering events for charge carriers become more
frequent. This work provides THz frequency spectra for both Fe;GeTe, and Bi, Tes/FesGeTe,, aiding in the design and

optimization of THz modulators and detectors.

Keywords: terahertz time domain spectroscopy, BirTes/FesGeTe, heterostructures, terahertz conductivity

spectrum, Drude—Smith model
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1. Introduction

Van der Waals (vdW) heterostructures, constructed by
stacking different two-dimensional (2D) layered materials
through vdW forces, not only overcome traditional lattice
matching limitations but also exhibit unique physical prop-
erties via interfacial coupling.!'=3) The vdW heterostructures
show great potential in photodetectors and nonvolatile mem-
ories, making them a key research focus in condensed mat-
ter physics and materials science.!*! In recent years, vdW
heterostructures combining 2D magnetic materials and topo-
logical insulators have gained attention.®”] The 2D magnetic
vdW heterostructures have opened new avenues for the design
of low-energy and high-efficiency spintronic devices.8-12]

Fe4GeTe;, an emerging vdW ferromagnetic material with
a higher Curie temperature and interlayer magnetic anisotropy,
is considered a promising candidate for room-temperature
spintronics devices.!!3] The magnetic properties of Fe;GeTe,
can be efficiently modulated by external electric fields or
strain.!"*l Wang et al. demonstrated that the interfacial cou-
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pling between FesGeTe, and sapphire substrate can increase
the Curie temperature of Fe4GeTe, up to 530 K.!'3! Recently,
Wang et al. constructed a Bi,Tez/Fe;GeTe, vdW heterostruc-
ture by combining Fe;GeTe, with the topological insulator
Bi,Tes.[">! The heterostructures not only utilize the high mo-
bility surface state of Bi,Tes to enhance the charge transport
efficiency, but also induce a topological magnetic structure
through interfacial spin—orbit coupling and realize efficient

[15.16] Through magnetic and electri-

spin-charge conversion.
cal characterizations, it was demonstrated that the topologi-
cal insulator BiyTes could increase the Curie temperature of
Fe3GeTe; up to 400 K through the proximity effect. Thus,
the BipTes is essential for achieving 2D room-temperature
ferromagnetism!'>! and worm-like magnetic domain structure
through heterostructure engineering.!!”!

In addition to the investigations of magnetic and electri-
cal properties, the ultrafast dynamical properties of 2D mag-
netic materials and their heterostructures have attracted much
attention.!'8! Liu er al. experimentally demonstrated that the

magnetization strength and magnetic anisotropy of Fe3GeTe,
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can be modulated by femtosecond laser pulses.!'”! Li er al.
found that, in the Fe/Bi;Se; heterostructures the Bi,Se3 topo-
logical surface states not only accelerated the ultrafast demag-
netization process, but also significantly enhanced the mag-

(201 Gong et al. showed that the ampli-

netic damping factor.
tude, frequency and lifetime of spin waves in the vdW mate-
rial Fe; ¢Co; 4GeTe;, can be effectively manipulated by mod-
ulating the polarization state of the laser pulse.l?!! Chen et
al. investigated the generation and control of terahertz (THz)
spin flow in the Fe3GeTe,/BiyTes; heterostructures, and the
Fe3GeTe; significantly enhances the THz pulse emission radi-

[22] Recently, Tomarchio et al. found a cor-

ated from Bi,Tes.
relation between the photo-induced THz electrodynamics of
Fe3GeTe; and FesGeTe; films and their ultrafast demagneti-
zation under femtosecond laser pulse irradiation.>’] Based on
current research, the BiyTe3/Fe4GeTe, heterostructures show
promise for next-generation opto-electromagnetic information
technology.

Optical properties in the THz range, such as complex per-
mittivity and conductivity, help understand material electronic
structures and carrier dynamics, and are crucial for develop-
ing ultrafast optoelectronic devices.[?*->° THz time-domain
spectroscopy (THz-TDS) uses coherent detection to measure
the waveform of THz pulses, obtaining both amplitude and

301 This technique features a wide band-

phase information.|
width and high signal-to-noise ratio, enabling the acquisi-
tion of the THz conductivity of thin-film sample in a single
measurement. 31371 In 2015, Jin er al. used THz-TDS to de-
termine the fundamental parameters of the Mott conduction
process, including the spin-resolved electron scattering time

(311 In 2020, Jin et al. designed a silicon-

and electron density.
based magnetic tunneling junction, which realizes the mag-
netic modulation of THz pulses by modulating the spin tun-
neling flow on the picosecond time scale.*?! In addition, THz-
TDS has been applied to study the ultrafast electron transport
properties in antiferromagnetic MnyAu thin films,?*! and fer-
romagnetic Fe thin films.3* The experimental results demon-
strate that variations in the sample thickness affect the scatter-
ing and localization behavior of charge carriers.

Recently, Li er al. prepared Fe3;GeTe, single crystals
with good electrical, magnetic, and electromagnetic wave
absorption and THz shielding properties.’8! Suo et al. in-
vestigated the photoinduced charge transport properties in
vdW ferromagnetic semiconductors such as CrSiTe; and
CrGeTes.[3%4%1 THz emission spectroscopy and THz-TDS
have been used to investigate the photoexcited currents
in SbyTe3-GeTe and photoconductivity in SbySes/Si hetero-

41421 However, there is insufficient ex-

junctions, respectively.!
ploration of ultrafast charge carrier transport in vdW ferro-
magnetic film and ferromagnetic/topological heterostructures.

THz electrodynamic characterization is essential to reveal ul-

trafast optoelectronic properties and guide device design.

In this work, we employ the method of THz-TDS to
investigate the THz conductivity spectra of both FesGeTe,
films and Bi,Tes;/Fe4GeTe, heterostructures. It is demon-
strated that the Bi,Tes/Fe4sGeTe, heterostructures have good
shielding efficiency against THz electromagnetic interference.
The prepared Bi; Tes(8 nm)/FesGeTe, (12 nm) heterostructure
achieves an average THz electromagnetic interference shield-
ing value of 344.8 +27.8 dB/um. The complex conductivi-
ties of both Fe4GeTe, films and Bi, Tes/FeyGeTe, heterostruc-
tures were fitted by the Drude—Smith (DS) model. The ex-
tracted DC conductivity, plasma frequency, carrier momen-
tum scattering time, and back-scattering factor were quantita-
tively analyzed as functions of the FesGeTe, layer thickness.
This study demonstrates the ultrafast charge carrier transport
in both Fe4GeTe, films and Bi, Te3/Fe4GeTe; heterostructures
within the THz frequency range, supporting the design of
THz modulation and detector devices based on vdW ferromag-
netic/topological heterostructures.

2. Sample preparation

High-quality 2D Fe4GeTe, films and BiyTes/FesGeTe,
heterostructures were fabricated by molecular beam epitaxy
(MBE) on the 500-um Al,O3 sapphire substrate. The back-
ground vacuum of the system was maintained at 10~'0 Torr
(1 Torr = 1.33322 x 10 Pa) during the experimental proce-
dure. During the growth process, the substrate was first an-
nealed at 600 °C for 1 h to remove the impurity layer, and
then cooled down to 280 °C. For the Fe4GeTe, films, elemen-
tal Fe, Ge, and Te were evaporated from standard Knudsen
cells as the source materials. For the Bi,Tes;/Fe4GeTe,, the
high-purity Bi, Fe, Ge, and Te were then evaporated sequen-
tially from a standard Knudsen evaporation source. The flux
ratio of Bi and Te was precisely controlled to be 1:15 for the
growth of the BiyTes layer, while the flux ratio of Fe, Ge, and
Te was 3:1:10 for the growth of the FesGeTe, layer. After
the growth of BirTes/FesGeTe,, a 2-nm-thick Ge protective
layer was deposited on the surface of the FesGeTe; layer to
prevent oxidation by ambient gases. The thicknesses of the
Fe4GeTe, films were 2 nm, 6 nm, 10 nm, and 12 nm. Within
the BipTe3/FesGeTe, heterostructures, the BirTes layer is 8-
nm thick.

3. Experimental setup

The THz electrodynamic properties of both FesGeTe,
films and Bi,Te3/Fe4GeTe; heterostructures were investigated
by a transmitted THz-TDS, and the experimental setup is
shown in Fig. 1. Laser pulses with a center wavelength of
800 nm, a repetition frequency of 1 kHz, and a pulse width of
120 fs were generated by titanium sapphire lasers (Mira 900
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and Legend Elite Duo, Coherent Inc). The femtosecond laser
pulses were split into two beams by a beam splitter: the high
power beam was used to excite the ZnTe crystal to emit THz
pulses radiation, and the low power beam was used for coher-
ent detection of the THz pulses. The high power beam is fre-
quency modulated by a chopper and then normal incident on a
1-mm thick (110) ZnTe crystal to generate THz radiation. The
generated THz pulses are collected by off-axis parabolic mir-
rors and focused onto a 1-mm thick (110) ZnTe probe crys-
tal. A low-power probe beam is time-delayed and incident
on a ZnTe crystal, which propagates co-linearly with the THz
pulse. The time-domain waveforms of the THz pulses were
recorded using a free-space electro-optical sampling method.
In the experiment, the sample was placed at the focal point of
the THz beam. Weak signal acquisition was realized using a
balanced photodetector and a lock-in amplifier. All THz spec-
tral data were measured at room temperature and in a dry air
environment (relative humidity below 10%).

Splitter Pump

Femtosecond lasers 1
(800 nm, 120 fs, 1 kHz) |

Time delay Chopper

P e e - --—----

ZnTe

PD THz pulse
TPV Sample
" s a
DL e e
Fe,GeTe, . Te
o o o
THz pulse A
Fe,GeTe, ° : 3
Bi,Te, 3959595924 cogo Te
= . *?7e? e Bi
Bi,Te, IS F S
° c
L
° b a

Fig. 1. The schematic diagram of the THz-TDS measurement for both
Fe,GeTe; films and Bi,Te3/FesGeTe, heterostructures. WP: Wollaston
prism, QWP: quarter wave plate, PD: photo-diode.

4. Experimental data analysis

Figure 2(a) shows the time-domain THz transmission sig-

nal Egymesup (1) and Egy (¢) through Fe,GeTe; films on the sap-‘

Esub (CO)
Eair ((l))

T(0)=

=A(w)exp(—iAg) =T (0) Tz (@) -exp <—i

phire substrate and the bare sapphire substrate, respectively.
These signals are transformed into the frequency-domain us-
ing Fourier transform. The corresponding frequency-domain
signals of Fe4GeTe; films Egymsub (@) and Eyp (@) are shown
in Fig. 2(b). Figure 2(c) shows Egumssub(?) and Egyp () for
Bi, Te3/FesGeTe; heterostructures with Fe,GeTe, layer thick-
nesses of 2 nm, 6 nm, 10 nm, and 12 nm and the sapphire sub-
strate. Figure 2(d) shows Egmysub(®) for BiyTes/FesGeTey
heterostructures and Esub(w) for the sapphire substrate. It
can be seen that THz transmittances decrease gradually with
increasing FesGeTe, thickness for both FesGeTe, films and
Bi, Tes/Fe,4GeTe, heterostructures.

The THz electric field pulse induces a time-varying
current in the sample based on its conductivity, caus-
ing attenuation and phase delay as it propagates. The
THz complex conductivity spectra of both FesGeTe, films
and Bi,Te3/Fe4GeTe, heterostructures can be obtained from

ESUb(a)) and Esam+sub(w)’ [43.44]
Esam+sub(w) _ 1+ ngyp
Egp(o) 1+ ngup +Zo6(0)dsam
io
X exp {C(nsub — I)AL} , (1)

where the free-space impedance Zy = \/m =377 Q, and
6 (o) is the complex conductivity. ngy, is the refractive in-
dex of the substrate within the THz frequency range. dgy is
o =2xf and f
is the THz frequency. AL is the difference in thickness be-

the total thickness of the heterostructures.

tween the substrate on which the samples were grown and
the reference substrate. For Fe;GeTe, (2, 6, 10, 12 nm), AL
values are 1.2, 1.5, 1.4, and 2.6 um, respectively. AL values
for Bi;Tes/FesGeTe, (2, 6, 10, 12 nm) are 2.6, 2.0, 4.0, and
3.3 um. The AL values were experimentally measured using
a high-precision digital micrometer. When applying Eq. (1)
to calculate 6(w), the conductivity error caused by the phase
error (@/c)(ngw — 1)AL, which is induced by AL, has been
compensated.*]

The refractive index of the Al,O3; substrate is calcu-
lated by the following equation based on the reference signal
from air E,;(¢) and the substrate signal Egy(f), as shown in
Fig. 2(e). We assume a plane wave impinging on the substrate
at normal incidence. The transmittance is given by

@

(ﬁsub ((D) — 1) a)dsub)

where A is the phase difference between Ey;; () and Egyp, (@), 7igyp (@) is the complex refractive index of the substrate, c is the

speed of light in vacuum, and dgy, is the thickness of Al,O3 substrate (dgy, = 0.433 mm). The Fresnel transmission coefficients
for the air—sample and sample—air interfaces are 77 (@) =2/ (1 +fisyp (@)), T3 (@) = 27 (@) / (1 +7isup (@)), respectively. Here,

Tisub (©) = ngyp (@) — 1Ky (@) is considered, thus
T (w)=

4(nsub — iK’)
(1+ (ngub — iK))

. w(nsub - 1) “dsup

5 - exp (— & - dsup) €Xp (—1) , 3)

c
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Fig. 2. (a) THz electric fields transmitted through Fe,GeTe; films with varying thicknesses and Al O3 substrate. (b) The transmitted THz signals in the
frequency domain. (c) THz electric fields transmitted through Biy Te3/Fe4GeTe, heterostructures and Al,O3 substrate. (d) Transmitted THz signals in
the frequency domain. (¢) THz pulse transmitted through air as a reference and through the Al O3 substrate. (f) Refractive index of the Al, O3 substrate

at room temperature.

where Oup = 20Ky /¢ is the absorption coefficient. Owing
to the small attenuation of THz propagation inside the Al;O3
substrate, and the condition k¥ < n holding true, ng(®) and

Otsub (@) can be determined by [46-48]
cAg
= 1 4
nsub(w) odsy, +1 @)
2 4n 0]
Olub (0)) — 7 .In sub ( ) N (5)
sub A((D)'((nsub ((1))+1))

The average refractive index value of the Al,O3 substrate was
calculated to be about 3.07 in a range of 0.2 THz-1.8 THz, as
shown in Fig. 2(f).

Figures 3(a) and 3(b) show the THz complex conductivi-
ties of both Fe,GeTe; films and Bi, Te3/Fe4GeTe, heterostruc-
tures at room temperature, calculated by Eq. (1). The blue
squares and the red circles represent the real part Gyeq(®)
and the imaginary part Gjmae(®) of the complex conduc-
tivity, respectively. As shown in Figs. 3(a) and 3(b), the
Oreal (@) are positive from 0.2 THz-1.8 THz. In addition, the
Oreal (@) increases with the thickness of the FesGeTe; film.
The Gy (@) of BiyTes/FesGeTe, heterostructures are larger
than that of pure Fe4GeTe; films. While, Gjpag(®) are near
to zero. It is noteworthy that Gjmae (@) becomes negative at
high-frequencies for the thicker Fe4GeTe, (12 nm) film and
Bi,Tes/FeqsGeTe, (10 nm and 12 nm) heterostructures.

The THz transmission spectrum allows calculating the
THz electromagnetic interference shielding (EMI SE) for both
Fe4GeTe, films and Bi, Te3/FesGeTe, heterostructures,

E
EMI SE = —20log (HM(“’)> .

6
Esub<w) ( )

The THz EMI SE of FesGeTe, films and
BiyTesz/Fe4sGeTe, heterostructures are plotted in Fig. 3(c).
The THz EMI SE of the samples increases with the thick-
ness of the Fe,GeTe, layer. The average values of THz EMI
SE coefficient for Fe4GeTe, (12 nm) and Bi,Te3/FesGeTe,
(12 nm) are about 5.1 £0.3 dB and 6.9 0.5 dB, respec-
tively. In order to objectively evaluate the THz EMI shield-
ing performance, the normalized thickness EMI SE value is
utilized.[**>31 The average normalized thickness EMI SE for
the Bi; Te3/FesGeTe, (12 nm) was 344.8 +27.8 dB/um within
the frequency range of 0.2 THz-1.8 THz. This value sur-
passes that reported for Fe3GeTe, single-crystal thin films[38]
and Mxene thin films,[#®! but is lower than the values ob-
served in Mxene thin films with a pleated structure®* and
PdTe, semimetallic films. 5!

In order to deeply investigate the carrier transport proper-
ties in both Fe4GeTe, films and Bi, Tes/Fe4GeTe, heterostruc-
tures in the THz frequency range, we analyzed the experimet-

nally measured & (@) with the DS model, 367!

2
~ &WyT c

6(w) = 1 7
(@) 1—ian'[ +1—iwr]’ ™

where & denotes the vacuum permittivity, @, is the plasma

frequency, and 7 is the momentum scattering time. The pa-
rameter ¢, ranging from —1 to 0, is a phenomenological co-
efficient that quantifies the backscattering or restoring force,
thereby characterizing the degree of carrier localization. As
shown in Figs. 3(a) and 3(b), the blue solid lines are the fits of
Oreal (@), and the red solid lines are the fits of Gjmag(®). The
DS model shows good agreement with the experimental re-
sults. Through DS fitting, we extract the Fe;GeTe, thickness-
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dependent charge transport parameters, including ®,, 7, ¢, and
Og4c, for FeqsGeTe, films and Bi,Te;/FeysGeTe, heterostruc-
tures, which are summarized in Fig. 4.

The plasma frequency ®, is a characteristic frequency.
Below it, materials behave like metals; above it, they are trans-
parent to light. As shown in Fig. 4(a), the ®, increases as the
thickness of the Fe4;GeTe, increases, indicating an increase in
carrier concentration. As shown in Fig. 4(b), T of FesGeTe,
and Bi;Tes/FesGeTe, decrease from 7 = 31.9+4.0 fs to
7.1£0.9 fs, and from T =49.7£3.9 fs to 19.2 + 1.3 fs, re-
spectively, as the Fe;GeTe; thickness decreases from 12 nm
to 2 nm. The average momentum scattering times are about
16.8 fs and 33.8 fs for Fe4GeTe, and Bi;Te3/FesGeTe,, re-
spectively, which are nearly equivalent to that of a single-layer
Fe film.®

The DS model is commonly employed to describe semi-
conductor nanostructures or metal films, in which the charges
experience backscattering or localization effects during trans-
port. Backscattering refers to the phenomenon that carriers
have a certain probablity of reversing direction upon colli-
sion with other particles or grain boundaries. In this model,
the parameter ¢ is associated with the persitence of veloc-

ity effect and preserves the memory of the initial velocity.
When ¢ = —1, it indicates that the carriers are in a fully
backscattered state; when ¢ = 0, the DS model reduces to
the Drude model, indicating that carriers are in a completely
randomized state.®) It is worth noting that when applying
the DS model to the conductivity spectroscopy of vdW fer-
romagnetic films and ferromagnetic/topological heterostruc-
tures, one must adequately account for not only the scatter-
ing of electrons within the inter-layer and at grain bound-
aries, but also the multiple back-scattering between differ-
ent 2D layered Fe4GeTe,. As shown in Fig. 4(c), the c-
factor of Fe4GeTe; and Bi;Te3/FesGeTe, gradually decrease
from —0.324+0.06 to —0.67 £0.11 and from —0.14 £ 0.04
to —0.57 £0.16, respectively, as the thickness of FesGeTe,
increases from 2 nm to 12 nm. Using the extracted @y,
7, and ¢ factor of the samples, we can further determine
the DC conductivity og. = egwgr(l +¢).199611 The o4 of
Fe4GeTe, and BiyTes/FesGeTe, increase monotonically from
8991124 S/cm to 2477+£319 S/cm and from 11394295 S/cm
to 5142 +237 S/cm, respectively, as the thickness of Fe;GeTe,
is increased from 2 nm to 12 nm, as shown in Fig. 4(d).
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Fig. 3. The real (blue squares) and imaginary (red circles) components of the

THz conductivity spectra for (a) Fe4GeTe; films and (b) BiyTes/FesGeTe,

heterostructures with different thicknesses of Fe4GeTe, layers at room temperature. The solid lines are the fitting results of the Drude—Smith model. (¢) THz
EMI SE of both Fe4GeTe, films and Bi, Te3/FesGeTe; heterostructures with varying Fe,GeTe, thicknesses as a function of THz frequency.
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As shown in Fig. 4(e), the thickness of an FesGeTe,
monolayer is ~ 9.7 A and adjacent Fe4GeTe, monolayer are
separated by a vdW gap. As the thickness of the FesGeTe,
layer increases, the number of included 2D ferromagnetic lay-
ers also increases, leading to a higher probability of intra-layer
backscattering events for charge carriers. Consequently, the ¢
factor gradually approaches —0.67 0.11 and —0.57£0.16
for Fe4GeTe, and Bi,Tes/Fe4GeTe,, respectively. Our experi-
mental results indicate that the topological insulator Bi, Tes in-
creases the conductivity and reduces the localization of carri-

pendence of electron transports within vdW Fe;GeTe; films.
However, a mixing band structure of BiyTes/FeqGeTe, het-
erostructure is required to know whether the surfaces states
of BiyTes contribute to the conductivity spectra, which will
be our future research focus. Furthermore, we plan to em-
ploy both optical pumping-THz probing techniques and THz

emission spectroscopy 0263

to investigate the photoinduced
transient conductiviy and photocurrents in BiyTe3/FesGeTe;

heterostructures, as well as its correlation with ultrafast spin

ers in the heterostructures, without changing the thickness de-  dynamics.
7F@ ® 0F©  Biteecers] [ @ _ .
— 6} BiTe/Fe,GeTe oo - o le——a S Bi,Te Fe GeTe, [
2 2 2 Bi,Te /Fe,GeTe, > : g
gs effeets os| ¥ —s Z. :
a 40 —0. %
S 2 3| o NN | 2 = i
\812 Fe,GeTe, e / / ’ — =9 [
W1 & —0s8 * il
(1) /FeAGeTeZ 1‘0 Fe,GeTe, 1} f—H= Fe,GeTe,
0 - 0
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
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Thickness of Fe,GeTe, (nm)

Thickness of Fe,GeTe, (nm) Thickness of Fe,GeTe, (nm)

Fe,GeTe, layer

Increasing thickness of Fe,GeTe, layer

Fig. 4. The Drude-Smith fit parameters are plotted. (a) @, (b) 7, (¢) ¢, and (d) Oy, for both Fe4GeTe; films and Bi;Te3/Fe;sGeTe; heterostructures as
functions of Fe4GeTe, layer thickness at room temperature. (e) Schematic diagram of carrier back-scattering in layered Fe,GeTe; structures with different

thicknesses.
5. Summary

To summarize, the THz transmission spectrum of both
Fe4GeTe, films and Bi,Tes;/FesGeTe, heterostructures was
characterized by THz-TDS to extract the THz complex con-
ductivity. The electromagnetic interference shielding proper-
ties of heterostructures with varying thicknesses in the THz
frequency range was evaluated using time-resolved THz spec-
troscopy. Additionally, the THz conductivity spectra of both
Fe4GeTe, films and Bi,Te3/Fe;sGeTe, heterostructures with
different Fe;sGeTe, layer thicknesses were fitted using the
DS model to quantitatively determine the microscopic trans-
It was observed that the DC

conductivity increases with the thickness of the FesGeTe,

port parameters of charges.

layer. As the number of 2D ferromagnetic layers increases,
the ¢ factor of FesGeTe, and BirTes/FesGeTe, approaches
—0.67+0.11 and —0.57 £ 0.16, respectively, indicating en-
hanced back-scattering processes for electrons. The spectral
information and physical parameters elucidated in this work
have implications for the potential application of the vdW
BiyTes/FesGeTe, heterostructures in fields such as electron-

ics and optoelectronics.

Acknowledgments

Project supported by the National Key Research and De-
velopment Program of China (Grant No. 2023 YFF0719200),
the National Natural Science Foundation of China (Grant
Nos. 62322115, U24A20226, 61988102, and 62435010),
the 111 Project (Grant No. D18014), the Science and
Technology Commission of Shanghai Municipality (Grant
Nos. 22JC1400200 and 21S31907400).

References

[1] Novoselov K, Mishchenko A, Carvalho A and Neto A C 2016 Science
353 aac9439

[2] Di Bartolomeo A 2020 Nanomaterials 10 579

[3] Hong X, Kim J, Shi S F, Zhang Y, Jin C, Sun Y, Tongay S, Wu J, Zhang
Y and Wang F 2014 Nat. Nanotech. 9 682

[4] Geim A and Grigorieva I 2013 Nature 499 419

[5] Liu C, Yan X, Song X, Ding S, Zhang D W and Zhou P 2018 Nat.
Nanotech. 13 404

[6] Wu Y, Zhang S, Zhang J, Wang W, Zhu Y L, Hu J, Yin G, Wong K,
Fang C, Wan C, Han X, Shao Q, Taniguchi T, Watanabe K, Zang J,
Mao Z, Zhang X and Wang K L 2020 Nat. Commun. 11 3860

[7] Tang W, Liu H, Li Z, Pan A and Zeng Y J 2021 Adv. Sci. 8 2100847

[8] SunR, Yang S, Yang X, Vetter E, Sun D, Li N, SuL, Li Y, Li Y, Gong
77,Xie ZK,Hou K'Y, Gul Q, He W, Zhang X Q and Cheng Z H 2019
Nano Lett. 19 4420

[9]1 Gong C and Zhang X 2019 Science 363 eaav4450

077304-6


10.1126/science.aac9439
10.1126/science.aac9439
http://dx.doi.org/10.3390/nano10030579
http://dx.doi.org/10.1038/nnano.2014.167
http://dx.doi.org/10.1038/nature12385
http://dx.doi.org/10.1038/s41565-018-0102-6
http://dx.doi.org/10.1038/s41565-018-0102-6
http://dx.doi.org/10.1038/s41467-020-17566-x
http://dx.doi.org/10.1002/advs.v8.18
http://dx.doi.org/10.1021/acs.nanolett.9b01151
http://dx.doi.org/10.1021/acs.nanolett.9b01151

Chin. Phys. B 34, 077304 (2025)

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

Tang C, Alahmed L, Mahdi M, Xiong Y, Inman J, McLaughlin N J,
Zollitsch C, Kim T H, Du C R, Kurebayashi H, Santos E J G, Zhang
W, Li P and Jin W C 2023 Phys. Rep. 1032 1

Yang W, Han J C, Cao Y, Lin X Y and Zhao W S 2021 Acta Phys. Sin.
70 129101 (in Chinese)

Jiang L X, Li Q C, Zhang X, Li J F, Zhang J, Chen Z X, Zeng M and
Wu H 2024 Acta Phys. Sin. 73 017505 (in Chinese)

Wang H, Lu H, Guo Z, Li A, Wu P, Li J, Xie W, Sun Z, Li P, Damas
H, Friedel A, Migot S, Ghanbaja J, Moreau L, Fagot-Revurat Y, Petit-
Watelot S, Hauet T, Robertson J, Mangin S, Zhao W S and Nie T X
2023 Nat. Commun. 14 2483

Eom J, Lee I, Kee J, Cho M, Seo J, Suh H, Choi H, Sim Y, Chen S,
Chang H, Baek S, Petrovic C, Ryu H, Jang C, Kim Y, Yang C, Seong
M, Lee J, Park S and Choi J 2023 Nat. Commun. 14 5605

Wang H, Liu Y, Wu P, Hou W, Jiang Y, Li X, Pandey C, Chen D, Yang
Q, Wang H, Wei D, Lei N, Kang W, Wen L, Nie T X, Zhao W S and
Wang K 2020 ACS Nano 14 100453

Guillet T, Galceran R, Sierra J F, Belarre F J, Ballesteros B, Costache M
V, Dosenovic D, Okuno H, Marty A, Jamet M, Bonell F and Valenzuela
S O 2024 Nano Lett. 24 822

Xia T, Yang X, Zhang Y, Liu X, Cai X, Liu C, Yao Q, Kou X and Wang
W 2024 Chin. Phys. B 33 087504

LiJ Y, Wu F L and Zhang Q 2024 Prog. Phys. 44 293

Liu B, Liu S, Yang L, Chen Z, Zhang E, Li Z, Wu J, Ruan X, Xiu F,
Liu W, He L, Zhang R and Xu Y 2020 Phys. Rev. Lett. 125 267205

Li N, Sun Y B, Sun R, Yang X, Zhang W, Xie Z K, Liu J N, Li Y, Li
Y, Gong Z Z, Zhang X Q, He W and Cheng Z H 2022 Phys. Rev. B 105
144415

Gong Y, Yang Z, Teklu A, Xie T, Kern N, May A, McGuire M, Bren-
nan C, Guo E J, Kuthirummal N, Cetin J, Zhang Q, Hu M and Gong C
2024 Ultrafast Sci. 4 0064

Chen X, Wang H, Liu H, Wang C, Wei G, Fang C, Wang H,Geng C,
Liu S, Li P, Yu H, Zhao W, Miao J, Li Y, Wang L, Nie T, Zhao J and
Wu X 2022 Adv. Mater. 34 2106172

Tomarchio L, Polewczyk V, Mosesso L, Marty A, Macis S, Jamet M,
Bonell F and Lupi S 2024 npj 2D Mater. Appl. 8 73

Xie J 'Y, Qian J, Wang T J, Zhou L J, Zang X F, Chen L, Zhu Y M and
Zhuang S L 2023 Adv. Photon. 5 066002

Liu Y P, Shi J C and Chen C'Y 2022 Chin. Phys. Lett. 39 018701
Peng Y, Huang J L, Luo J, Yang Z F, Wang L P, Wu X, Zang X F, Chen
Y, GuM, Hu Q, Zhang X C, Zhu Y M and Zhuang S L 2021 PhotoniX
212

LyuJ M, Shen S Y, Chen L, Zhu Y M and Zhuang S L 2023 PhotoniX
428

Zhu 'Y, Zang X F, Chi H X, Zhou Y W, Zhu Y M and Zhuang S L 2023
Light Advanced Manufacturing 4 2689

WuHZ GuoQ,TuY Y, LyuZ H, Wang X W, Li Y Q, Zhou Z Y,
Zhang D W, Zhao Z X and Yuan J M 2021 Chin. Phys. Lett. 7 074201
Ding J, Meng Q, Shen Y, Ding C, Su B, Cui H and Zhang C 2023 Chin.
Phys. B 32 048702

Jin Z M, Tkach A, Casper F, Spetter V, Grimm H, Thomas A,
Kampfrath T, Bonn M, Kldui M and Turchinovich D 2015 Nat. Phys.
11 761

Jin Z M, Li J, Zhang W, Guo C, Wan C, Han X, Cheng Z, Zhang C,
Balakin A V, Shkurinov A P, Peng Y, Ma G M, Zhu Y M, Yao J and
Zhuang S L 2020 Phys. Rev. Appl. 14 014032

Jin Z M, Ruan S, Zhou X, Song B, Song C, Chen X, Pan F, Peng Y,
Zhang C, Ma G M, Zhu Y M and Zhuang S L 2020 Phys. Rev. B 102
014438

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

(48]
[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

(571

[58]

[59]

[60]
[61]

[62]

[63]

077304-7

Krewer K L, Zhang W, Arabski J, Schmerber G, Beaurepaire E, Bonn
M and Turchinovich D 2020 Appl. Phys. Lett. 116 102406

Pupeza I, Wilk R and Koch M 2007 Opt. Express 15 4335

‘Wu K and Rahman M 2023 Electromagnetic Science 1 0010131
Kamboj V, Singh A, Ferrus T, Beere H, Duffy L, Hesjedal T, Barnes C
and Ritchie D 2017 ACS Photon. 4 2711

LiGG,Ma S P LiZ, Zhang Y W, Diao J L, Xia L, Zhang Z W and
Huang Y 2022 ACS Nano 16 7861

Suo P, Xia W, Zhang W J, Zhu X Q, Guo J J, FuJ B, Lin X, Guo Y F
and Ma G H 2020 Acta Phys. Sin. 69 207302 (in Chinese)

Wang C H, Xia W, Suo P, Wang W, Lin X, Guo Y F and Ma G H 2022
Acta Phys. Sin. 71 237303 (in Chinese)

Ye Z, Jin Z, Jiang Y, Lu Q, Jia M, Qian D, Huang X, Li Z, Peng Y and
Zhu'Y 2024 Chin. Phys. B 33 074210

Cao X, Huang Y, Xi Y, Lei Z, Wang J, Liu H, Shi M, Han T, Zhang M
and Xu X 2023 Chin. Phys. B 32 116701

Cheng B, Wang Y, Barbalas D, Higo T, Nakatsuji S and Armitage N P
2019 Appl. Phys. Lett. 115 012405

Krewer K L, Mics Z, Arabski J, Schmerber G, Beaurepaire E, Bonn M
and Turchinovich D 2018 Opt. Lett. 43 447

Guan Y, Xing J, Ji L, Wu J B and Jin B B 2019 Low Temp. Phys. Lett.
410135

Sun Y, Mao Z, Hou B, Liu G and Wang L 2007 Chin. Phys. Lett. 24
414

Berdel K, Rivas J, Bolivar P, Maagt P and Kurz H 2005 /EEE Trans.
Microwave Theory Tech. 53 1266

Han P Y and Zhang X 2001 Meas. Sci. Technol. 12 1747

Li G, Amer N, Hafez H A, Huang S, Turchinovich D, Mochain V N,
Hegmann F A and Titova L V 2020 Nano Lett. 20 636

Lin Z, Liu J, Peng W, Zhu Y, Zhao Y, Jiang K, Peng M and Tan Y 2020
ACS Nano 14 2109

Cheng Z, Cao Y, Wang R, Liu X, Fan F and Huang Y 2023 J. Mater.
Chem. A 11 5593

Theja V C S, Assi D S, Huang H, Alsulami R S, Chen B, Chan C,
Shek C, Karthikeyan V and Roy V A L 2023 Adv. Mater. Interfaces 10
2300440

Wan H, Liu N, Tang J, Wen Q and Xiao X 2021 ACS Nano 15 13646
Yang S, Lin Z, Wang X, Huang J, Yang R, Chen Z, Jia Y, Zeng Z,
Cao Z, Zhu H, Hu Y, Li E, Chen H, Wang T, Deng S and Gui X 2024
Nano-Micro Lett. 16 165

Guo Y, Chen Z, Jin Z, Wang X, Zhang C, Balakin A V, Shkurinov A P,
Peng Y, Zhu Y and Zhuang S L 2024 Adv. Funct. Mater. 34 2407749
JinZ M, Peng Y,Fang Y Q,YeZJ,FanZ Y, LiuZ L, Bao X C, Gao H,
Ren W, Wu J, Ma G H, Chen Q L, Zhang C, Balakin A V, Shkurinov A
P, Zhu Y M and Zhuang S L 2022 Light Sci. Appl. 11 209

Jin Z M, Gehrig D, Dyer-Smith C, Heilweil E J, Laquai F, Bonn M and
Turchinovich D 2014 J. Phys. Chem. Lett. 5 36623668

Huang L, Zhao Y, Thi N L, Lee S H, Peng Z, Kim S, Shin H J, Park
J, Kim HJ, Hong J I, Bang J, Lee H S, Kim K W and Kim D H 2022
Current Appl. Phys 41 81

Thoman A, Kern A, Helm H and Walther M 2008 Phys. Rev. B 77
195405

Smith N V 2001 Phys. Rev. B 64 155106

Cocker T L, Baillie D, Buruma M, Titova L V, Sydora R D, Marsiglio
F and Hegmann F A 2017 Phys. Rev. B 96 205439

LanZ Q,LiZ S, XuHR, Liu F, Jin ZM, Peng Y and Zhu Y M 2024
Chin. Phys. Lett. 41 044203

Wang Y F, Xu S J, Yang J and Su F H 2023 Chin. Phys. B 32 067802


http://dx.doi.org/10.1016/j.physrep.2023.09.002
http://dx.doi.org/10.7498/aps.10.7498/aps.70.20202136
http://dx.doi.org/10.7498/aps.10.7498/aps.70.20202136
http://dx.doi.org/10.7498/aps.73.20231166
http://dx.doi.org/10.1038/s41467-023-37917-8
http://dx.doi.org/10.1038/s41467-023-41382-8
http://dx.doi.org/10.1021/acs.nanolett.3c03291
http://dx.doi.org/10.1088/1674-1056/ad4a3a
http://dx.doi.org/10.1088/0034-4885/44/3/002
http://dx.doi.org/10.1103/PhysRevLett.125.267205
http://dx.doi.org/10.1103/PhysRevB.105.144415
http://dx.doi.org/10.1103/PhysRevB.105.144415
http://dx.doi.org/10.34133/ultrafastscience.0064
http://dx.doi.org/10.1002/adma.v34.9
http://dx.doi.org/10.1038/s41699-024-00510-8
http://dx.doi.org/10.1088/0256-307X/39/1/018701
http://dx.doi.org/10.1186/s43074-021-00034-0
http://dx.doi.org/10.1186/s43074-021-00034-0
http://dx.doi.org/10.1186/s43074-023-00108-1
http://dx.doi.org/10.1186/s43074-023-00108-1
http://dx.doi.org/10.1088/1674-1056/ac90b2
http://dx.doi.org/10.1088/1674-1056/ac90b2
http://dx.doi.org/10.1103/PhysRevApplied.14.014032
http://dx.doi.org/10.1103/PhysRevB.102.014438
http://dx.doi.org/10.1103/PhysRevB.102.014438
http://dx.doi.org/10.1063/1.5142479
http://dx.doi.org/10.1364/OE.15.004335
http://dx.doi.org/10.1021/acsphotonics.7b00492
http://dx.doi.org/10.1021/acsnano.2c00512
http://dx.doi.org/10.7498/aps.69.20200682
http://dx.doi.org/10.7498/aps.71.20221586
http://dx.doi.org/10.7498/aps.71.20221586
http://dx.doi.org/10.1088/1674-1056/ad432a
http://dx.doi.org/10.1088/1674-1056/acf301
http://dx.doi.org/10.1063/1.5093414
http://dx.doi.org/10.1364/OL.43.000447
http://dx.doi.org/10.1088/0256-307X/24/2/031
http://dx.doi.org/10.1088/0256-307X/24/2/031
http://dx.doi.org/10.1109/TMTT.2005.845752
http://dx.doi.org/10.1109/TMTT.2005.845752
http://dx.doi.org/10.1088/0957-0233/12/11/301
http://dx.doi.org/10.1021/acs.nanolett.9b04404
http://dx.doi.org/10.1021/acsnano.9b08832
http://dx.doi.org/10.1021/acsnano.9b08832
http://dx.doi.org/10.1039/D2TA09879B
http://dx.doi.org/10.1039/D2TA09879B
http://dx.doi.org/10.1002/admi.v10.36
http://dx.doi.org/10.1002/admi.v10.36
http://dx.doi.org/10.1021/acsnano.1c04656
http://dx.doi.org/10.1007/s40820-024-01365-w
http://dx.doi.org/10.1007/s40820-024-01365-w
http://dx.doi.org/10.1002/adfm.v34.46
http://dx.doi.org/10.1038/s41377-022-00872-y
http://dx.doi.org/10.1016/j.cap.2022.06.014
http://dx.doi.org/10.1016/j.cap.2022.06.014
http://dx.doi.org/10.1103/PhysRevB.77.195405
http://dx.doi.org/10.1103/PhysRevB.77.195405
http://dx.doi.org/10.1103/PhysRevB.64.155106
http://dx.doi.org/10.1103/PhysRevB.96.205439
http://dx.doi.org/10.1088/0256-307X/41/4/044203
http://dx.doi.org/10.1088/0256-307X/41/4/044203
http://dx.doi.org/10.1088/1674-1056/acc2b1

	1. Introduction
	2. Sample preparation
	3. Experimental setup
	4. Experimental data analysis 
	5. Summary

