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in the van der Waals ferromagnet Cr2Ge2Te6

Erica Sutcliffe,1 Xingjian Sun,2 Ivan Verzhbitskiy,2 Theodor Griepe ,3 Unai Atxitia,4,3

Goki Eda,2 Elton J. G. Santos ,5,6 and J. Olof Johansson 1,*

1EaStCHEM School of Chemistry, University of Edinburgh, Edinburgh EH9 3FJ, United Kingdom
2Department of Physics, National University of Singapore, 117551, Singapore

3Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain
4Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universität Berlin, 14195 Berlin, Germany

5Institute for Condensed Matter Physics and Complex Systems, School of Physics and Astronomy,
University of Edinburgh, Edinburgh EH9 3FD, United Kingdom

6Higgs Centre for Theoretical Physics, University of Edinburgh, Edinburgh EH9 3FD, United Kingdom

(Received 22 December 2022; revised 31 March 2023; accepted 15 May 2023; published 30 May 2023)

Femtosecond optical control of magnetic materials shows promise for future ultrafast data storage devices.
To date, most studies in this area have relied on quasimonochromatic light in magneto-optical pump-probe
experiments, which limited their ability to probe semiconducting and molecule-based materials with structured
optical spectra. Here, we demonstrate the possibility of extracting the magneto-optical spectrum of the electrons
in the conduction band in the two-dimensional van der Waals ferromagnet Cr2Ge2Te6 (CGT), which is made
possible due to broadband probing in the visible spectrum. The magneto-optical signal is a sum of contributions
from electrons in the conduction and valence bands, which are of opposite sign for CGT. Depending on the probe
wavelength used, this difference could lead to an erroneous interpretation that the magnetization direction is
reversed after excitation, which has important consequences for understanding spin toggle switching phenomena.

DOI: 10.1103/PhysRevB.107.174432

I. INTRODUCTION

Time-resolved magneto-optical (MO) methods have been
ubiquitous for the development of the field of ultrafast
magnetism [1–3]. The pump-induced changes to the probe
polarization state are often interpreted as a change to the
magnetization of the sample [4,5]. As the research field is
moving away from metals, which have a rather featureless
spectral MO response in the visible region, to study novel
materials such as magnetoplasmonic crystals [6,7], molecule-
based magnets [8], and two-dimensional (2D) van der Waals
(vdW) ferromagnets [9–20], it becomes important to explore
how the spectral response of the material can affect the MO
signal and how this is interpreted in terms of the magnetization
dynamics.

Here, we have used time-resolved broadband MO ap-
plied to the 2D vdW semiconducting ferromagnet Cr2Ge2Te6

(CGT) to show that the early MO dynamics (below 10
ps) is dominated by the signal from excited electrons in
the conduction band for most wavelengths. We found that
at certain wavelengths and pump energies, the expected
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demagnetization signal can be observed. The demagnetiza-
tion mechanism is corroborated by simulations based on the
microscopic three-temperature model (M3TM) [21–23],
which indicate a fast reduction of the magnetization within
10 ps and subsequent thermal equilibration at longer times.
We also observed that the excited-state and demagnetization
signals have opposite signs, and that the relative contribu-
tion from the two signals changes over time, causing a sign
change in the MO signal after photoexcitation. This is not
an indication that the magnetization direction changes, but
rather that the spectral region probes the dynamics of both the
valence and the conduction band electrons. This suggests that
if the entire spectral MO signal is not fully recorded, then the
pure demagnetization response might be mixed with the signal
from the excited electrons. In this case, the time-resolved MO
signal is not necessarily a good probe of the magnetization
dynamics in vdW magnets.

CGT is a layered ferromagnetic semiconductor with an
indirect band gap of ∼0.7 eV [9] and is ferromagnetic be-
low Tc = 63 K [24]. Since the discovery of ferromagnetism
in atomic layers of CGT [25], the material has attracted
substantial attention. In CGT, each Cr3+ ion is octahedrally
coordinated to six Te2− ions, with Ge3+ dimers spaced
throughout. Ferromagnetic ordering arises in the material due
to the hybridization of the Cr eg and Te 5p orbitals via the
nearly 90◦ Cr-Te-Cr bond angle [24]. The occupied Cr t2g

orbitals provide the bulk of the magnetic moment of the ma-
terial, with the Cr eg and Te 5p orbitals providing small but
opposing magnetic moments [24]. Although the presence of
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magnetic anisotropy is not necessary for the stabilization of
magnetism in any 2D vdW magnets [26], the balance of the
crystalline and dipolar energies results in a uniaxial magneti-
zation along the c axis of the crystal [9]. Previous calculations
of the spin-projected density of states (PDOS) in CGT in-
dicated that the Te and Ge orbitals are mostly delocalized
whereas the Cr orbitals are more localized [9,27]. The band
gap in the material is formed by the Te 5p valence band edge
and the (5p-eg)∗ conduction band [27,28]. The majority spin
(5p-eg) and t2g orbitals are well below the valence band edge,
whereas their minority spin counterparts lie above the conduc-
tion band edge, emphasizing the ferromagnetic ordering in the
material.

II. METHODS

In the experiments presented here, the sample consisted
of a small, exfoliated crystal of CGT placed on a glass
substrate and then capped with a hexagonal boron nitride
(hBN) layer to protect it from oxidation. The CGT itself was
grown through chemical vapor transport. A metallic mask
was then applied over the sample, covering all but a 200 µm
hole around the sample. The thickness of the sample (after
exposure to air) was measured by atomic force microscopy
[Fig. 1(b)] and was found to be 90 nm, which corresponds
to several hundred layers of CGT. The ridges in the image
around 15 µm are due to an imperfect calibration of the
instrument.

Time-resolved optical measurements were carried out with
a home-built spectrometer [29]. Unless otherwise stated, all
measurements were carried out at 20 K using linearly polar-
ized 800 nm pump pulses with a fluence of 1.0 mJ cm−2.
The CGT crystal was smaller than the beam waist at the laser
focus, which greatly increased the noise in the experiment,
as well as making it much more difficult to align accurately.
This meant that it was not possible to measure static spectra,
such as ellipticity, rotation, or transmittance spectra. For the
transient measurements, the spatial and temporal overlap was
optimized first and then the sample was moved to maximize
the transient transmittance signal. The signal was very sensi-
tive to sample position so the measurement was repeated if the
sample moved (a sudden drop in signal) and the position was
optimized before every experiment.

III. RESULTS AND DISCUSSION

Broadband time-resolved magnetic circular dichroism
(TRMCD) spectra (which are equivalent to Faraday ellipticity
spectra) were recorded for the CGT sample at T = 20 K after
pumping at 800 nm. The lowest temperature achievable in
the cryostat was chosen because we wanted to maximize the
sample magnetization. The results are shown in Fig. 2(a),
where the scale has been divided into a short and long range
to capture the dynamics occurring on different delay times. A
clear wavelength dependence can be observed at time delays
shorter than ca. 10 ps. There are two short-lived positive peaks
at 1.8 and 2.2 eV, overlapping with two negative peaks at
2.0 and 2.4 eV. These negative peaks are visible throughout
the scan range and dominate the long-term spectral response,
although a small offset of the positive peak remains at 1.77 eV.

FIG. 1. Pump-probe measurements on Cr2Ge2Te6. (a) Schematic
of the application of the laser pulse experiment on the Cr2Ge2Te6

samples which are capped with an hBN layer (not shown) to protect
it against degradation. See text for details. Circularly polarized light
is initially applied with the transient ellipticity measured using the
method described in the text. (b) Atomic force microscopy (AFM)
image of the largest crystal used in the experiment. The length
profiles along the dashed lines at Y = 10, 20, and 30 µm are plotted
directly below, showing that the thickness is approximately 90 nm.
The ripples around 15 µm (red line) are a measurement artifact.

The time-resolved Faraday rotation signal from CGT, at a
fixed probe energy (1.52 eV) and using a tilted external mag-
netic field, has previously been interpreted as a measure of
the magnetization dynamics, supported by the observation of
oscillations in the signal arising from ferromagnetic resonance
(FMR) [30]. Furthermore, the magneto-optical Kerr effect
(MOKE) signal has been used to show the complete demagne-
tization of CGT by performing external magnetic field sweeps
at a probe energy of 1.55 eV [31]. The FMR and field sweep
results are good indications that the MO signal is related to
the magnetization dynamics at these probe energies.

The TRMCD signal in our data is dominated by the peak
at 2.0 eV, which increases in magnitude on two timescales
and reaches a plateau around 300 ps [Fig. 2(b)]. The two-step
growth can be fitted to exponential functions with time con-
stants of 1.7 and 120 ps (see details below). These timescales
are comparable to those measured by Sun et al. for similar
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FIG. 2. Ellipticity measurements and M3TM simulations. (a) Transient ellipticity spectrum measured at 20 K using 1.55 eV, linearly
polarized pump pulses (1 mJ cm−2). Selected decay traces at various probe energies are plotted in (b). (c) Ellipticity change at 2.0 eV after
a pump pulse of 1.55 eV at 20 K for various fluences. Dots represent the experimental data, and solid lines the M3TM simulation data.
See Supplemental Material [32] for details on the modeling. (d) Change in ellipticity at 2.0 eV following a 1.55 eV pump pulse at various
temperatures obtained with a fluence of 1.0 mJ cm−2. Experimental and simulation data are included for comparison.

laser fluences [31], who used MOKE at 1.55 eV to demon-
strate that the demagnetization occurs via a so-called type-II
process [23]. In contrast to most other demagnetization stud-
ies of metals and semiconductors, Sun et al. found that the
quenched magnetic state lived for an unusually long time,
which was attributed to low thermal conductivity due to the
layered nature of CGT. In agreement with Sun et al., we
also observed that the demagnetization is slower with lower
pump fluences and lower temperatures, and that a long-lived
persistent demagnetized state is formed after photoexcitation.
The negative signal at 2.00 eV therefore clearly demonstrates
a type-II demagnetization processes. We further validated this
assignment using the M3TM [21–23], which describes the
ultrafast magnetization dynamics (see Supplemental Material
[32] and also Refs. [33–37] therein). The M3TM was ini-
tially applied to metallic systems [38–40], but it was soon
extended to describe dynamics in semiconductors and insula-
tors. This approach has been successful because the number
of photoinduced carriers drives the system to a transient
quasimetallic state. In this case, the M3TM is justified be-
cause it is possible to describe the population of electronic

bands following the Fermi-Dirac distribution at an effective
temperature Te, and the thermal equilibrium of the lattice
during the dynamics which follows the Bose-Einstein function
with the effective temperature Tp [40]. Moreover, the M3TM
approach has been successfully applied in the description of
the ultrafast magnetic properties of other wide-band-gap 2D
magnetic semiconductors, e.g., CrI3 [41], which validated
our approach. More details of the model are presented in
the Supplemental Material [32]. To compare to the data in
Figs. 2(c) and 2(d), the simulated change in magnetization
was scaled to give the best fit to the measured ellipticity
change. We note that the fluences used in our experiments,
which are measured before the sample, are much higher than
those used in the simulation. The absorbed energy by the
sample will be significantly lower than the fluences reported
by us because the thin sample transmits most of the pulse
energy. Due to experimental constraints, it was not possible
to directly measure the absorbance, however, we estimated
this to be 10−8 J at 1.55 eV based on the measured transmit-
tance. This value is on the same order of magnitude as in the
simulations.
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FIG. 3. Modeling of the TRMCD data. (a), (b) Extracted spectra
based on the two time constants 1.7 and 120 ps, respectively, fitted
from Eq. (1) to the transient ellipticity spectra at different tempera-
tures. The fast component in (a) represents the TRMCD spectrum of
the photoexcited electrons. The inverted ellipticity spectrum (shifted
by 0.4 eV) calculated by Fang et al. [9] from density functional
theory (DFT) is displayed in (b), highlighting that this component
is related to the ground-state bleach signal and is a good signature
of the demagnetization. (c) Schematic of the spin-projected density
of states for valence and conduction states including the Fermi level
(EF). Arrows indicate the pump and probe transitions with Cr and Te
states labeled.

To investigate how the shape of the spectrum changes over
time, the TRMCD spectrum was fitted to a global model. We
assume that the signal can be described by two independent
spectra, An(λ) (n = 1, 2), with different time dependencies.
The evolution of each spectrum is described by an exponential
function with time constant τn, a constant offset cn, and is
convoluted with a Gaussian instrument response function of
temporal width w (fixed at 0.27 ps). The constant offset terms
describe a part of the signal that persists for much longer than
the measured pump-probe delay (limited to the length of the
translation stage). The fitted function D(λ, t ) is given by

D(λ, t ) =
n∑

i=1

Ai(λ)
(
e−t/τi + ci

) ⊗
(

1

w
√

2π
e− t2

2w2

)
. (1)

This expression can be rearranged to give A1,2 in terms of the
experimentally measured D(λ, t ) [42].

Applying this model to the TRMCD data in Fig. 2 gives the
fit shown in Fig. 3, with parameters c1 = 1.4 and τ1 = 1.7 ps
[Fig. 3(a)], and c2 = −2.1 and τ2 = 120 ps [Fig. 3(b)] [32].
Given the form of Eq. (1) for n = 2, the resultant fit is unique.

The 1.7 ps spectrum [Fig. 3(a)] has two positive peaks at 1.8
and 2.2 eV, and decays quickly to a plateau. This signal is
discussed later on in the text. The 120 ps spectrum [Fig. 3(b)]
has a broad negative shape that slowly grows to a long-lived
state. This is the signal assigned to the demagnetization pro-
cesses. It should be noted that the constant offset we find in
the 120 ps spectrum is present at time zero and is attributed
to the fast part of the type-II demagnetization process, which
is faster than the temporal resolution of our instrument. The
demagnetization signal should have the same shape as the
static magnetic circular dichroism (MCD) spectrum, but
scaled by an amount proportional to the change in magnetiza-
tion. We observe that the 120 ps spectrum has a similar shape
to the calculated ellipticity (MCD) spectrum by Fang et al.
[9], albeit redshifted by about 0.4 eV. There is no clear tem-
perature dependence of the time constants τ1 and τ2, but
the offsets c1 and c2 decrease with increasing temperature.
The amplitudes of both spectra decrease as temperature is
increased, albeit in a nonlinear manner, and the shapes seem
mostly independent of temperature. Type-II demagnetization
was also observed in the simulations.

Pumping CGT at 1.55 eV results in a charge-transfer
transition of spin-up electrons across the band gap from the
nonbonding 5p Te orbitals into the (5p-eg)∗ orbitals, which
have Cr character [9,28]. The photoexcited electrons in the
conduction band can be optically excited to other states that
are not accessible from the valence band, such as spin-
forbidden transitions that will give a different signature in the
TRMCD spectrum. We assign the peaks at 1.8 and 2.2 eV to
transitions from (photoexcited) Cr-centered (5p-eg)∗ orbitals
into spin-down t2g and eg orbitals, which would match the
PDOS calculated by Kang et al. [27] and Fang et al. [9],
where there are two peaks around 2 eV above the conduction
band edge that are 0.4 eV apart, similar to what we observe
experimentally. The t2g orbital is also predicted to be broader
than the eg orbital, which agrees with the lower-energy peak
in our results being broader. A schematic of the PDOS is
shown in Fig. 3(c), with arrows to denote the pump and probe
transitions. From the transient behavior of the positive signal,
we conclude that the photoexcited carriers recombine with
a 1.7 ps time constant, which is consistent with the 2 ps
decay of excited carriers observed in CrSiTe3 [28,32]. The
temperature dependence of the TRMCD at 2.0 eV is shown
in Fig. 2(d). While we do not know the Curie temperature
Tc for this particular sample, it is typically around 63 K for
CGT. Above 82 K, there is no observable long-term change
in the ellipticity, suggesting that the there is negligible mag-
netic order in the system. However, on shorter timescales, a
small positive signal is present that decays at a rate of around
1.8 ps is present. This signal is likely caused by the excited
state ellipticity signal, which does not depend on long-range
magnetic order.

IV. CONCLUSION

In conclusion, we have carried out broadband magneto-
optical measurements on the layered two-dimensional ferro-
magnet CGT in crystalline form. We found that the Faraday
ellipticity spectrum showed a rich structure with some probe
energies even changing sign with time. By decomposing
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the spectrum into contributions from the photoexcited and
ground-state bleach signals, we could obtain the expected
type-II demagnetization process and the response from the
electrons in the conduction band. This method opens up possi-
bilities for obtaining information on the spin dynamics in the
excited state and highlights the need for broadband spectral
probing when studying materials with rich optical properties.
In this context, little is known about the spin-phonon coupling
in CGT, and what type of magnetic ordering might be estab-
lished when the system is away from equilibrium. For the
former, recent Raman spectroscopy results [43] showed in-
direct electron-phonon coupling, with spin ordering acting as
the intermediate between hot carriers and coherent phonons.
For the latter, topological spin textures have previously been
observed in CGT [44] suggesting that laser excitation might
be able to induce them, as recently shown in other 2D
magnets [21]. The challenge ahead therefore is to find the op-
timum conditions (e.g., laser fluence, temperature, substrates,
high-quality samples) to manipulate and/or imprint topolog-
ical spin features via laser technologies in vdW magnetic
compounds.

The raw data are available online [45].
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