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The recent discovery of intrinsic ferromagnetism in two-dimensional (2D) van der Waals (vdW) crystals
has opened up a new arena for spintronics, raising an opportunity of achieving tunable intrinsic 2D vdW
magnetism. Here, we show that the magnetization and the magnetic anisotropy energy (MAE) of few-
layered Fe3GeTe2 (FGT) is strongly modulated by a femtosecond laser pulse. Upon increasing the
femtosecond laser excitation intensity, the saturation magnetization increases in an approximately linear
way and the coercivity determined by the MAE decreases monotonically, showing unambiguously the
effect of the laser pulse on magnetic ordering. This effect observed at room temperature reveals the
emergence of light-driven room-temperature (300 K) ferromagnetism in 2D vdW FGT, as its intrinsic Curie
temperature TC is ∼200 K. The light-tunable ferromagnetism is attributed to the changes in the electronic
structure due to the optical doping effect. Our findings pave a novel way to optically tune 2D vdW
magnetism and enhance the TC up to room temperature, promoting spintronic applications at or above
room temperature.
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Magnetism in two-dimensional (2D) materials has been
extensively studied both theoretically and experimentally
due to the intriguing physics and the potential spintronic
applications in magnetic data storage [1] and quantum
information technologies [2,3]. Compared with bulk mag-
nets, 2D magnets have a distinctive advantage of building
up various heterostructures with engineered levels of strain,
chemistry, and optical and electrical properties [4–7].
However, the extrinsically induced magnetic moments
by chemical dopants [5], defects [6], or proximity layers
[7] are usually low. Recently, the intrinsic ferromagnetism
in 2D van der Waals (vdW) crystals, e.g., Cr2Ge2Te6 [8],
CrI3 [9], VSe2 [10], and MnSe2 [11], has been experi-
mentally observed, opening up a new arena for spintronic
applications based on vdW magnets, as well as for under-
standing the underlying physics. Unlike the ferromagnet-
ism in conventional ultrathin films that is dependent on the
interface quality and substrate properties, 2D vdWmagnets
are less affected by these two factors, as they do not require
lattice matching. According to the Mermin-Wagner theo-
rem [12], the isotropic exchange interaction alone cannot

sustain the long-range magnetic order in the 2D limit at
finite temperatures because of thermal fluctuations of the
gapless spin-wave excitation energy. The observed intrinsic
2D ferromagnetism suggested that the presence of magnetic
anisotropy energy (MAE) could give rise to a spin-wave
excitation gap and, therefore, maintain long-range ferro-
magnetic order at finite temperatures [8]. Harnessing the
intrinsic ferromagnetism in 2D vdW crystals, thus, requires
a thorough knowledge of the exchange interaction and
MAE. As a consequence, a fundamental question arises
naturally: How can we tune the 2D ferromagnetism by
modulating the exchange interaction and MAE via tailoring
the electronic structures?
So far, control and manipulation of the intrinsic magnet-

ism are realized by couplings to external perturbations,
including strain [13], gating [14–17], doping [18,19], and
microstructure patterns [20]. For example, in semiconduct-
ing CrI3 [17] and metallic Fe3GeTe2 [14], gating control
causes changes in the magnetic properties such as the
saturation magnetization, the coercivity, and the transition
temperature by indirectly tuning the exchange interactions
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and the density of states via the accumulated charge
carriers. The manipulations of the intrinsic ferromagnetism
in 2D vdW materials are mostly at low temperatures
[15–17,21–25]. Recent reports on 2D ferromagnetism at
or above room temperature [10,11,14,19] push vdW
magnet-based devices further toward practical applications.
Despite these recent developments, the possibility of light-
tuned magnetic properties in intrinsic 2D vdW magnets is
not established yet. With the optical approach, the magnetic
properties can be continuously tailored and spatially
addressed [26–28], which is proven to be feasible in
layered vdW materials without intrinsic magnetism due
to strong light-matter interactions [29–31] as well as in
ultrathin magnetic films [32,33] by modifying the exchange
interactions or the MAE. Here, we explore for the first time
the light control of the intrinsic ferromagnetism in vdW
magnets. We choose Fe3GeTe2 (FGT) as a candidate,
because the vdW FGT crystal has a relatively high TC
(∼220 K for bulk) and metallic character for a spin source
[22,34]. We show that a femtosecond pulsed laser effi-
ciently tunes the magnetic ordering in atomically thin FGT
films and, surprisingly, leads to the emergence of ferro-
magnetic order at room temperature. Upon femtosecond
laser excitations, both the saturation magnetization and the
coercivity change with the laser intensity. The tunable
magnetic properties, e.g., the exchange interaction, the TC,
and the MAE, are attributed to the electronic structure
changes. Specifically, under femtosecond excitations, the
excited photoholes below the Fermi level EF shift the EF
downward, crossing the enhanced density of states (DOS)
as indicated by the schematic diagram in Fig. 1(d). This
leads to the Stoner instability and then strengthens the
ferromagnetic order. This work provides an optical way to
control the ferromagnetism in atomically thin FGT espe-
cially at room temperature.
Figure 1(a) shows the atomic structure of a FGT

monolayer in side view (left) and the unit cell of a FGT
bilayer (right). The lattice parameters of the unit cell are
a ¼ b ≈ 4 Å and c ≈ 16 Å [35]. Three Fe atoms in the unit
cell are located in two inequivalent sites, referred to as Fe1
and Fe2, respectively. Each monolayer FGT consists of five
sublayers (in top view), where the top and bottom layers are
occupied by two Te atoms. The second and fourth layers are
occupied by two Fe1 atoms, and the middle layer is
occupied by Ge and Fe2 atoms. The strong magneto-
crystalline anisotropy along the c axis in FGT originates
from the strong spin-orbital coupling in Fe atoms [34]. The
wafer-scale FGT thin films (∼1 cm scale) are grown by
molecular-beam epitaxy. The high-crystalline quality and
the smooth surface are verified by x-ray diffraction and-
streaky reflection high-energy electron diffraction patterns.
Further growth conditions and the quality characterizations
can be seen in the publications of our co-authors [36,37].
The sample thicknesses are two layers, four layers, and
seven layers, respectively, with the monolayer thickness

being 0.8 nm [36]. According to Hall resistance measure-
ments (Rxy) from 10 to 250 K as shown in Fig. 1(b), the TC

of seven-layer-thick (5.6 nm) FGT is∼200 K. The TC of the
other two samples (four layers and two layers) are∼140 and
∼134 K, respectively, which are also far below room
temperature. The decreasing trend of TC with decreasing
sample thickness is consistent with previous reports [38,39].
The magnetism of the high-quality FGT thin films is

mainly studied by the static magneto-optic Kerr effect
(MOKE) technique. In the measurements, we employed a
femtosecond pulsed laser with a repetition rate of 1 kHz, a
pulse duration of ∼50 fs, and a central wavelength of
800 nm. As sketched in Fig. 1(c), the FGT magnetism is
probed in the polar MOKE configuration using the 3.1 eV
photon energy, since the FGT has out-of-plane magnetic
anisotropy. The spot sizes of the laser beam on the sample
surface are 200 μm in diameter. For the static MOKE
configuration, a linearly polarized single beam of a femto-
second pulsed laser is employed to change the electronic
structure and, at the same time, detect the magnetic signal

FIG. 1. Crystal structure of FGT and the characteristics of the
ferromagnetic transition temperature. (a) Side view (left) and unit
cell (right) of FGT monolayer atomic structure. Fe1 and Fe2
represent two inequivalent sites of Fe atoms. (b) Temperature-
dependent Hall resistance (Rxy) of seven-layer-thick vdW FGTas
a function of the perpendicular magnetic field. The left panel
shows the Hall results from 10 to 215 K, while the right panel
shows explicitly the results near TC for clarity. (c) Diagram of the
experimental configuration for static MOKE measurements.
Light-induced magnetism is measured via recording rotated
polarization angles of the reflected linearly polarized beam of
a femtosecond pulsed laser. BS and the WS here represent the
beam splitter and Wollaston splitter, respectively. (d) Schematic
of the laser-excited DOS in few-layered FGT thin films. The
photon energy of 3.1 eV causes electron transitions (vertical blue
arrows) from occupied states below the Fermi level EF to the
unoccupied states above EF. The simplified DOS diagram is
derived from the calculated DOS of the single-layer FGT in
Ref. [34], where the exchange splitting is estimated to be ∼1 eV.
See details in the main text.
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in the FGT. For comparison, we also used a continuous
wave (cw) laser with a spot size of ∼140 μm in diameter in
the MOKEmeasurements (see Supplemental Material [40];
cf. Fig. S2).
In Fig. 2, under excitations of femtosecond laser pulses,

seven-, four-, and two-layered FGT samples show clear
magnetic hysteresis loops at room temperature. By increas-
ing the excitation intensity from 100 to 800 μw, hysteresis
loops of three thin films are significantly modified by
femtosecond laser pulses, with distinct variations of both
Kerr rotations and coercivities. For clear display, the loops
of seven-layer FGT at low fluences are multiplied by
specific factors as indicated in Fig. 2(a). As the intrinsic
Tc of the seven-layer FGT is ∼200 K [see Fig. 1(b)],
the obtained magnetic hysteresis loops at room temperature
clearly demonstrate the emergence of room-temperature
ferromagnetism that can be tuned continuously by
changing the intensity of the femtosecond laser pulses.
In Figs. 2(b) and 2(c), the room-temperature ferromagnet-
ism as well as its tunability are also clearly confirmed in
four-layer and two-layer FGT samples.
To further reveal the evolutions of the light-tuned

magnetic properties, we extract the saturated Kerr rotations
and coercivities of the hysteresis loops of the FGT samples
with different thicknesses. They are plotted in Figs. 3(a)
and 3(b), respectively, as a function of the laser fluence.
Here, the saturated Kerr rotation represents the difference
between the Kerr rotations measured at the positive and
negative maximum external fields. In Fig. 3(a), the
saturated Kerr rotations of seven-, four-, and two-layer
FGT increase linearly from ∼22 to ∼116 mrad, from
∼9 to ∼45 mrad, and from ∼7 to ∼20 mrad, respectively.

The dashed lines are guiding lines, exhibiting the approx-
imately linear trend. The line slopes of thicker layers are
larger. As shown in Fig. 3(b), the coercivity HC drops
gradually as the excitation fluence increases for all three
different layer samples of FGT. Above the fluence of
∼450 μw, HC remains approximately unchanged, being
∼5, 20, and 25 Oe for seven layers, four layers, and two
layers, respectively. It shows that the thinner FGT (e.g., two
layers) has higher coercivities, while the seven-layered
sample has the lowest coercivity.
Generally, the easy axis coercivity Hc depends on

several material parameters, including magnetic anisotropy,
domain structure, and magnetization reversal process (i.e.,
coherent rotation) [38]. As shown in Fig. 1(b) and also in
our previous work, the square hysteresis loops suggest the
single (large) domainlike behavior with the out-of-plane
MAE [36], which satisfies the Stoner model. Thus, the Hc
in this study is proportional to the perpendicular magnetic
anisotropy (PMA). Specifically, the Hc is expected to be
∼0.5HK , whereHK is the effective anisotropy field [41,42].
It has been demonstrated that hole doping can suppress
the coercivity and, thus, the PMA in FGT [18,34,43].
The MAE, an essential parameter to stabilize the ferro-
magnetic order in vdW magnets, is primarily governed by
the electronic states near the Fermi level [44]. Therefore,
significant modifications of the magnetic properties are
expected by tuning the material electronic structure with
optical excitation.
The itinerant magnetic order in FGT was demonstrated

previously to satisfy the Stoner criteria IDðEFÞ > 1, where
I is the Stoner parameter, describing the exchange energy
between electrons with up and down spins and DðEFÞ
represents the density of states near the Fermi level [34,38].
As shown in Fig. 1(d), we display a simplified DOS
diagram of the few-layered FGT films, which is derived

FIG. 2. Excitation fluence-dependent ferromagnetism in atomi-
cally thin FGT films induced and detected by the femtosecond
pulsed laser in static MOKE measurements. (a)–(c) show, re-
spectively, the static magnetic hysteresis loops of seven-, four-,
and two-layer thickness at different excitation intensities of the
pulsed laser at room temperature. The photon energy is 3.1 eV,
and obvious modifications on both Kerr rotations and coercivities
are shown in all the thicknesses.

FIG. 3. (a) Extracted values of the saturated Kerr rotations and
(b) coercivities of seven-, four-, and two-layer FGT films as a
function of the excitation fluence. The dashed lines in (a) are
guiding lines, showing the approximately linear response of the
maximum Kerr rotations within the measured pump fluence
range. The thicker layers of FGT show larger slopes of Kerr
rotations but smaller coercivities. The dashed guide lines in
(b) exhibit the saturating trend of coercivities above the excitation
fluence of 450 μw.
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from the calculated DOS of single-layer FGT given by
Zhuang, Kent, and Hennig [34]. The schematic DOS is
composed of 3d electrons (illustrated in green lines) that
mainly provide the magnetic moments. After femtosecond
excitations by the 3.1-eV photon energy, majority (red) and
minority electrons (gray) below EF are excited to the
unoccupied states above EF, leaving excited holes near EF.
The redistributed electronic states would shift EF down to
E0
F (as indicated by the black dashed line), thus enhancing

the DOS near E0
F. As from our previous reports [36,37], the

FGT samples are slightly hole dominated. According to
the Stoner theorem, the increased DðEFÞ will strengthen
the ferromagnetic order of FGT films that corresponds
to the enhancement of TC. The increased saturation
magnetization is the consequence of the enlarged difference
between the majority and minority electron density. We
also noticed that, in monolayer RuCl3, first-principles
calculations showed that the engineered huge DOS within
a narrow energy width by optically excited electron-hole
pairs could lead to a stable ferromagnetic phase [45]. In
recent experiments, the gate-tuned magnetism in vdW
magnets, e.g., Fe3GeTe2 [14] and Cr2Ge2Te6 [15], is
attributed to the rebalance of the spin-polarized electronic
structures while tuning the Fermi level via electron or hole
doping. Here, our results demonstrate that the ferromag-
netic order in the FGT is generated and detected by a single
laser pulse within its pulse duration (∼50 fs). Light-driven
ferromagnetism in such a short timescale has been indi-
cated by recent reports, where the optically induced spin
moment transfer is found to happen in sub-10-fs or even
faster timescales [32,46], in synchrony with light-field-
driven coherent charge relocation [46]. We would like to
note that the dynamics of the light-induced ferromagnetic
phase may exceed the pulse duration to allow for further
relaxations.
Via the optical excitations, we observed a significant

decrease of the MAE, which consists of the uniaxial
anisotropy (KU) that originates from the spin-orbital
interactions, favoring out-of-plane magnetization, and the
shape anisotropy (KS) due to the dipolar interaction of
magnetic moments, favoring in-plane magnetization. Upon
the shift of the Fermi level, the band structure window
dominated by the spin-orbital coupling also moves either
close to or away from the Fermi level, corresponding to the
increase and decrease of the KU. In our case, the spin-
orbital-coupling-induced bands should be pushed away
from the Fermi level, leading to the decrease of KU and,
thereby, of the MAE. Analogous suppression of the MAE
due to the EF shift caused by the hole doping is reported in
Fe3−xGeTe2 nanoflakes with detailed density function
theory calculations and the angle-resolved photoelectron
spectroscopy data [18].
The temperature influence is also taken into consider-

ation, as the ferromagnetic order is highly correlated with
the temperature. The magnetic hysteresis loops of the

three FGT samples indicate there are weak temperature
dependences at a fixed laser fluence (cf. Fig. S1 [40]).
Compared to the light-intensity modulations, the saturated
Kerr rotations and coercivities at different temperatures
have similar values. A possible reason is that the spin
ordering temperatures are enhanced greatly above room
temperature by the femtosecond pulsed laser, and, thus, the
light-tuned ferromagnetism exhibits little differences in the
temperature range from 76 to 300 K in this study. We have
also found that the use of a femtosecond laser pulse is
necessary for tuning the ferromagnetism in atomically thin
FGT as verified by the MOKE measurements of the seven-
layer FGT by using the cw laser. The wavelength of the cw
laser is 405 nm, which is close to that of the femtosecond
pulsed laser. In Fig. S2 [40], the hysteresis loop excited by
the cw laser (red line) is negligible, while the one caused by
the femtosecond pulsed laser (black line) is clear. This may
be due to the fact that within the 50-fs pulse duration the
injected carrier density by the femtosecond laser pulse is
several orders of magnitude larger than that by the cw laser.
Within the 50-fs period, the 100 μw femtosecond pulses
and the 2 mw cw laser excitation intensity correspond to
fluences of 0.318 and 0.26 × 10−12 mJ=cm2, respectively.
As the optical absorption coefficient of FGT is not
available, the value of Fe [47] is used instead to estimate
the injected carrier densities. The calculated injected carrier
densities for the femtosecond pulse laser and the cw laser
are ∼3.2 × 1014=cm2 and ∼3.3 × 106=cm2, respectively.
We found that the magnitude of the carrier density injected
by the femtosecond pulses is consistent with static electric
gating [14].
Besides the qualitative analysis within the Stoner model,

the magnetism of 2D vdW FGT can also be described by
the anisotropic Heisenberg model [14] with the following
effective Hamiltonian:

H ¼
X

i;j

JijSi · Sj þ
X

i

AðSiÞ2; ð1Þ

where Si is the spin operator on the atom i and Jij is the
exchange interaction between the neighboring spins on
sites i and j; A represents the MAE which is perpendicular
to the film plane. By applying the molecular-field approxi-
mation, TC is proportional to Jij þ A. As a consequence, in
our results to assure the enhancement of TC, Jij should
increase under the optical femtosecond excitations when A
(i.e., the MAE) decreases.
By employing two-color pump-probe measurements, the

role of Jij in light-tunable ferromagnetism has been
explored. In Fig. S3 [40], immediately after femtosecond
excitations, the transient hysteresis loops scale approxi-
mately linearly with the magnetic field, exhibiting para-
magnetic nature. Subsequently, at large time delays
(∼374 ps at 300 K), the transient hysteresis loops begin
to show a saturation property, indicating the appearance of
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ferromagnetic order and, thus, the enhancement of Jij. This
ferromagnetic order can persist up to ∼1.37 ns within our
delay-stage limit (see Supplemental Material [40]). In the
two-color pump-probe configuration, the probed ferro-
magnetic phase occurs in longer timescales, compared to
that of the single-pulse measurements, as additional intra-
band or interband relaxations are involved in the nonreso-
nant pump-probe excitations. The enhanced TC by
modifying the exchange interaction Jij is also observed
in several vdW magnets, such as Fe4GeTe2 [48] and CrI3
[13]. Overall, our optical-tuned magnetism provides a
unified understanding of the correlation between the
modifications of magnetic properties and the electronic
structure changes.
In conclusion, we demonstrate that a femtosecond laser

pulse can be exploited to tune the magnetism in atomically
thin vdW FGT magnets, achieving continuously tunable
saturation magnetization and coercivity and boosting the
Curie temperature up to room temperature. The significant
modulations on the magnetic properties in FGT are related
to the subtle changes in the electronic structure caused by
the femtosecond optical doping effect. Specifically, the
excited holes near the Fermi level lead to the redistribution
of the electronic states, moving the Fermi level to the
enhanced DOS. As a consequence, the ferromagnetic order
(i.e., the Curie temperature and the exchange interaction)
can be strengthened according to the Stoner criteria as well
as the anisotropy Heisenberg model. The magnetic
anisotropy is suppressed as the spin-orbit-induced changes
in the energy bands are pushed away from the Fermi
level. Our findings demonstrate for the first time that
light-tunable magnetism has been achieved in the intrinsic
2D vdW FGT at room temperature, providing not only
deeper understanding into 2D ferromagnetism but also
novel opportunities for exploiting the 2D vdW magnet for
spintronic applications at room temperature.
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