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ABSTRACT: Realizing ultrafast control of magnetization switch-
ing is of crucial importance for information processing and
recording technology. Here, we explore the laser-induced spin
electron excitation and relaxation dynamics processes of CrCly/
CrBr; heterostructures with antiparallel (AP) and parallel (P)
systems. Although an ultrafast demagnetization of CrCl; and CrBr;
layers occurs in both AP and P systems, the overall magnetic order
of the heterostructure remains unchanged due to the laser-induced
equivalent interlayer spin electron excitation. More crucially, the
interlayer magnetic order switches from antiferromagnetic (AFM)
to ferrimagnetic (FiM) in the AP system once the laser pulse
disappears. The microscopic mechanism underpinning this
magnetization switching is dominated by the asymmetrical

interlayer charge transfer combined with a spin-flip, which breaks the interlayer AFM symmetry and ultimately results in an
inequivalent shift in the moment between two FM layers. Our study opens up a new idea for ultrafast laser control of magnetization

switching in two-dimensional opto-spintronic devices.

KEYWORDS: two-dimensional ferromagnet, magnetization switching, ultrafast spin dynamics, time-dependent density functional theory,

nonadiabatic molecular dynamics

he ultrafast control of magnetization switching is a

booming topic in spintronics since the speed of
information storage and processing is determined by the
fundamental time scales at which matter can be manipulated
by external fields. Traditional strategies, e.g., gate voltage,
magnetic field, and strain engineering,l_6 which need to
provide long-range external stimuli to change the exchange
interactions between magnetic atoms in the ground state, are
often sluggish and energy-consuming. Ultrafast laser pulses,
however, are capable of controlling material magnetic order to
switch the magnetization of devices at the picosecond to
femtosecond time scales, revolutionizing information recording
and processing by achieving the fastest and least-dissipative
power possible.” " Exploring laser control of magnetization
switching and elucidating the underlying physics of this process
in magnetic materials are thus of great importance for
developing innovative opto-spintronics devices.

Since the first report of a magnetic order transition from
antiferromagnetic (AFM) to ferromagnetic (FM) in FeRh thin
films under a laser pulse excitation,'” a series of important
advances in magnetization switching of AFM alloys or layer
stacks have been reported due to their ultrafast dynamics,
insensitivity to external magnetic fields and absence of stray
magnetic fields."*™"” Several well-accepted origins and
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mechanisms, e.g., optical-induced phase transitions,"® optical
intersite spin transfer (OISTR) effect,”'* valley Zeeman
effect,'’” and magnetic proximity effect (MPE),”* have also
been explored to gain a deeper understanding of these novel
phenomena. Upon the coming of the post-Moore era, the
recently discovered two-dimensional (2D) van der Waals
(vdW) magnets, e.g., CrI3,21 Fe3GeTe2,22 CrzGezTeé,23 VSe2,24
MnSe,,”* and their derivative heterostructures,”*™>’ provide a
promising platform for controlling the magnetic behavior or
spin-related phenomena in 2D limit using laser pulse due to
their stable long-range magnetic order. Laser-induced spin
injection, magnetic anisotropy, interfacial magnetic proximity
coupling, and valley polarization in the 2D magnetic
monolayer or heterointerface’”**~** are prominent examples
of light-controlled magnetic properties in 2D magnets.
Nonetheless, generating the transient FM state in 2D AFM
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Figure 1. Ground state information on the CrCly/CrBr; heterostructures. (a) Spin configurations of the heterostructures. The orange arrows
represent the direction of magnetic order of Cr atoms, forming the AP (left panel) and P (right panel) stacking systems. (b) Binding energy of the
AP and P systems. The energy difference between these two systems is only 4.4 meV. (c,d) Local DOS for the AP and P systems. The band
alignment is type-I for spin-up channel and type-II for spin-down channel respectively in the AP system. In contrast, they are type II for both spin-
up and spin-down channels in the P system. The Fermi level is set to 0.

materials is relatively difficult and is less studied. The key
technological challenge is to achieve efficient 180° magnetic
order reversal on ultrafast time scales because it is hard to
break the required time-reversal symmetry with the electric
field of a laser pulse.

Beyond the FM state, the ferrimagnetic (FiM) state, which
possesses inherent opposing magnetic moments of different
magnitudes, offers technological advantages to solve this
dilemma. Their easily controllable and detectable net magnet-
ization, as well as high switching energy efficiency allow for
small spin textures, fast spin dynamics,”*>> and ultrafast
optical switching,*>*” making them appealing candidates for
ultrafast optical control of magnetization switching. Therefore,
exploring an effective AFM-to-FiM switching and unveiling the
basic physics in 2D magnets or vdW heterostructures is critical
to realize practical application in 2D opto-spintronic devices.

In this work, by combining real-time time-dependent density
functional theory (rt-TDDFT) and ab initio nonadiabatic
molecular dynamics (NAMD) simulation, we systematically
explore the laser-driven spin dynamics processes of CrCl;/
CrBr; heterostructures with antiparallel and parallel arrange-
ments. Our simulations show that upon excitation by a laser
pulse, ultrafast demagnetization of CrCl; and CrBr; layers will
occur in two systems, but their magnetic order will be kept,
which is attributed to laser-induced equivalent interlayer spin
electron excitation. Following the dissipation of the laser pulse,
photoexcited spin electrons relax via a nonequilibrium
pathway, breaking the AFM symmetry and leading to interlayer
AFM-to-FiM magnetization switching in the antiparallel
arrangement. Such magnetization switching is mainly attrib-
uted to asymmetrical charge transfer and spin-flip from the
spin-up channel of CrBr; to the spin-down channel of CrCl;.
Further analysis reveals that the SOC effect and optical out-of-
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plane A;; phonon mode of the two layers significantly
contributed to this dynamics process. Overall, this work
demonstrates ultrafast laser control of an AFM-to-FiM
switching in a 2D magnetic vdW heterostructure and provides
new insights into the design of novel 2D opto-spintronic
devices.

Before exploring the laser-induced spin dynamics processes,
we should first investigate the ground state properties (see the
computational details in the Supporting Information). Owing
to the close lattice constants of two layers, the heterostructures
are built by the unit cells with the most stable AB stacking
configuration (Figure S1 and Table S1). Additionally, different
ferromagnetic layers in heterostructures have different
coercivities, as determined by the magnetic anisotropy energy
(MAE). Thus, two spin configurations including antiparallel
(AP) system and parallel (P) system, corresponding to the
interlayer AFM state and FM state, respectively, are considered
in our work (Figure 1a). The calculated binding energies show
that the P system is more stable due to its lower binding energy
(Figure 1b). Nevertheless, the previous study of the hysteresis
loop revealed the reversible magnetic order for the CrCl, layer
under a magnetic field of ~0.4 T, keeping the AFM state of the
CrBr;/CrCl; heterostructures. Besides, the MAE of the CrCl,
(14 weV/f.u.) monolayer is also much smaller than that of the
CrBr; (129 ueV/fu.) monolayer.”® These results imply that
the magnetization flip of the CrCl; layer can be accomplished
under a small external magnetic field. Similar phenomena are
also observed in the chromium trihalide bilayers in experi-
ments.”***" Thus, although the P system shows higher
stability in the ground state, the metastable AP system can still
be achieved after a small steady magnetic field.

The local density of states (DOS) of spin-up and spin-down
channels for the AP and P systems show that the valence band
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Figure 2. Ultrafast laser-induced spin dynamics of the CrBr;/CrCl, heterostructures. (a, d) Time-dependent magnetic moment of each layer (left)
and Cr, Cl, and Br atoms (right) for the AP and P systems, respectively. The gray oscillating line corresponds to the temporal profile of the vector
potential of the laser pulse. (b, e) Time-dependent local DOS of the Cr;, Cr,, Br, and Cl atoms for the AP and P systems, respectively. Orange,
green, and blue lines represent the transiently occupied DOS at t = 9.6, 13.5, and 17.4 fs, respectively. Black arrows pointing up and down indicate
spin-up and spin-down channels, respectively. Yellow and cyan regions highlight the lower CB and higher CB, respectively. (¢, f) Schematic diagram
of laser-induced spin electron excitation processes for the AP and P systems. The spin electron is first excited from VB to CB in the two systems.
Then, the spin electron will hop via the CT pathway in the AP system but not the CT+SF or SF pathway in the P system.

(VB) and conduction band (CB) are primarily contributed by
Cl/Br atoms and Cr atoms, respectively (Figure 1c,d). This
implies that electrons in the two spin channels tend to be first
excited from nonmetal atoms to magnetic metal atoms and
their magnetic moments could change simultaneously.
Furthermore, the band alignment of the spin-up and spin-
down channel in the AP system is type-I and type-II
respectively, while in the P system they are both type-IL
Such asymmetric band alignment will produce diverse spin
electron relaxation pathways after the laser pulse excitation,
and the total magnetic moment depends directly on the
amount of difference between the electron in spin-up and spin-
down channels. Herein, the spin-up (spin-down) channel of
CrBr; lost (gain) electrons or the spin-up (spin-down) channel
of CrCl; gained (lost) electrons will result in the demagnet-
ization of the two layers in the AP system. In comparison, the
spin-up (spin-down) channel of the two layers in the P system
lost (gain) electron will induce demagnetization. Thus, the
laser-induced spin electron dynamics processes of the CrCl,/
CrBr; heterostructures should be further investigated to assess
the magnetic order switching.

We first excited two systems using an ultrafast laser pulse
based on rt-TDDFT calculations (see the computational
details in the Supporting Information). The calculated time-
dependent total magnetic moments of the CrCl; and CrBr;
layers decrease rapidly within ~10 fs, revealing their ultrafast
demagnetization process in both systems (left panel in Figure
2a,d). However, the magnetic order of each layer remains
unchanged, and the demagnetization of two layers is also close
(~1.5 ug) in the two systems, suggesting that the AP and P
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systems still preserve the AFM and FM states, respectively,
during the laser excitation, despite the ultrafast demagnet-
ization occurring. Further analysis of the changes in the atomic
magnetic moment reveals that the demagnetization mainly
originates from the magnetic Cr atoms (right panel in Figure
2a,d). Simultaneously, the nonmagnetic Cl/Br atoms are
magnetized and participate in the demagnetization process as
well, as expected considering the MPE from the magnetic
atoms.”® In particular, the MPE of Cr atoms results in local
magnetic moments of 0.16/—0.26 and —0.18/—0.28 y for the
Cl/Br atoms in the AP and P systems, respectively. The
relatively higher magnetic moments of the Cr/Br atoms in the
P system originate from the smaller interlayer distance (Figure
S2), which decreases the distance between the Cl/Br atoms
and the Cr atoms in the adjacent layer and enhances the
interlayer MPE of the Cr atoms. Besides, the time-dependent
magnetic moment of Cr atoms is opposite to that of Cl/Br
atoms at the beginning of the demagnetization process (Figure
S3), a signature of the OISTR effect," highlighting the fact
that the spin-polarized electron will transfer between Cr atoms
and Cl/Br atoms in each layer before hopping to the
neighboring FM layer.

To establish the OISTR mechanism of the two systems, we
calculate their atomic transient local DOS at different times
(Figure 2b,e). The DOS of the VB decreases over time, but for
the CB, the situation becomes complex. The DOS of each
atom increases initially and subsequently decreases at the lower
CB (yellow region), whereas it increases steadily at the higher
CB (cyan region) during the interval of 9.6—17.4 fs. These
results demonstrate that the spin-polarized electron will be first
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Figure 3. Spin electron relaxation dynamics of CrCly/CrBr; heterostructures from NAMD simulations (see the computational details in Supporting
Information). (a, f) Schematic diagram of spin electron relaxation pathways in the AP and P systems, respectively. Bold dashed arrows represent the
most probable dynamics pathway. Black arrows pointing up and down indicate spin-up and spin-down channels, respectively. Energy relaxation of
excited spin electron for (b, d) the AP system and (g, i) P the system, where the color map indicates orbital localization. The up-CB-CrBr;, dn-CB-
CrBr;, up-CB-CrCl; and dn-CB-CrCl; represent the energy level of spin-up CB of CrBr;, spin-down CB of CrBr;, spin-up CB of CrCl; and spin-
down CB of CrCl,, respectively. The red and cyan delay lines represent processes @ and © for the AP system and processes @ and @ for the P
system. Spin population of excited spin electron for (c, e) the AP system and (h, j) the P system. The red and blue lines represent the probability
that spin electrons localize in the spin-up and spin-down channels, respectively.

excited from VB to CB in each layer and then transfer between
two layers, leading to an equivalent change in the magnetic
moment of the two FM layers. Such an indirect OISTR mainly
involves two dynamics processes: intralayer excitation and
interlayer transfer, as opposed to the direct OISTR in
traditional magnetic-based metal heterojunctions (e.g., Co/
Mn,"*"® Co/Cu,*" Ni/Pt,” and Ni/Mn)."

In addition to OISTR, spin—orbit coupling (SOC) also
plays a key role in the demagnetization process of such
magnets, as the spin-flip (SF) is allowed when the SOC term in
the time-dependent Kohn—Sham equation is considered (eq
S1).**>* Here, we calculate and compare the time-depend-
ent magnetic moments of each atom with and without SOC for
the AP and P system (Figure S4). We find that SOC has a
significant effect on the atomic magnetic moment in the P
system after 13.5 fs, but it can be ignored in the AP system.
Accordingly, when the CrCl;/CrBr; heterostructure is excited
by the laser pulse, the ultrafast demagnetization of two FM
layers in the AP system is mainly attributed to interlayer charge
transfer (CT) of the same spin channel, and the SOC-induced
SF will contribute to their demagnetization in the P system.
Based on our analysis, we conclude that the spin electron
dynamics of the CrCl;/CrBr; heterostructures with the AP and
P systems can be divided into two parts (Figure 2c and 2f): (1)
laser-induced intralayer excitation of the spin-polarized
electron and (2) pure CT for the AP system or mixed SF
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and CT for the P system. It should be noted that intralayer SF
in the CrCl; and CrBrj; layers may also occur in the P system.
In this case, the spin electron will still reside in the higher spin-
polarized CB of two FM layers for two systems ultimately.
Therefore, our conclusion remains unchanged whether intra-
layer SF is considered or not.

The laser-induced spin electron excitation dynamics
processes of the CrCl;/CrBr; heterostructures were system-
atically explored. The total magnetic order remains AFM and
FM for the AP and P systems, respectively. Once the laser is
removed (>20 fs), the excited spin electron will relax from
higher CB to lower CB and may affect the magnetic order of
heterostructures, thus requiring further investigation. Accord-
ing to the band alignment of the spin-up and spin-down
channels of the AP and P systems, the spin electron relaxation
can be divided into six dynamics processes involving CT, SF,
and CT+SF (Figure 3af). The time-dependent energy and
spin relaxation of the excited electron by the spin-adiabatic
representation in the two systems are shown in Figure 3b—e
and Figure 3g—j, respectively. For the AP system, the
photoexcited spin electron will first relax from the spin-down
CB to the spin-up CB in CrBr; (process @) and then transfer
to the spin-down CB of CrCl; (process ®) with a time scale of
628 fs (Figure 3b), which is estimated by fitting with a
Gaussian function. Such a relaxation process involves
successive intralayer SF and interlayer CT+SF, leading to the
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Figure 4. (a) EPC and (b) SOC between electronic states in the CrCl;/CrBr; heterostructure in the AP system according to the spin-diabatic
representation. The average NAC values between key states are listed. (c) Energy evolution of electronic states of CB at the I" point and (d)
Fourier transforms spectral densities of corresponding key states. The electronic structure, and in particular, electronic energy levels, are determined
by the positions of atomic nuclei. Thus, variation of an energy level as a function of time is the consequence of fluctuations of atomic nuclei. Fourier
transform on the variation of the energy level with respect to time reveals the coupling of the energy level to vibrational modes, allowing one to

determine the dominant phonon frequencies.

initial increase and subsequent decrease of the spin-up electron
population in CrBr; (Figure 3c). Meanwhile, the intralayer SF
between the spin-up CB and spin-down CB in CrCl; occurs
with a time scale of 755 fs (Figure 3d) and monotonically
increases the spin-down electron population in CrCl; (Figure
3e). A distinct spin electron relaxation process occurs in the P
system. It is found that the electron will first transfer between
spin-down CBs from CrBr; to CrCly (process @), and then
intralayer SF (process ®) occurs in the CrCl, layer within S ps
(Figure 3g,i), as a result leading to the continued decrease of
the spin-down electron population in CrBr; and increase of the
spin-up electron population in CrCl; (Figure 3hj).

Based on the NAMD calculations, we can give a clear
description of the spin electron relaxation dynamics process
(Figure SS). First, intralayer SF occurs in the CrBr; and CrCly
layers simultaneously within a subpicosecond time scale. In
this case, the magnetic moments of the two layers will
equivalently increase and maintain the interlayer AFM state.
After that, the interlayer CT accompanied by SF between
CrBr; and CrCl; reduces the magnetic moment of CrBr; but
further increases the magnetic moment of CrCl;. Such an
inequivalent change in the magnetic moments breaks the
interlayer AFM symmetry, thus leading to a magnetization
switching from AFM to FiM in the AP system (Figure S6).
Note that although the spin electron relaxation caused the
change in the magnetic moments of the CrCl; and CrBr; layers
in the P system, the direction of the magnetic order remains
unchanged. Therefore, we conclude that the CrCl;/CrBry
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heterostructure with the P system will still retain the FM
state during the whole spin dynamics process.

As of now, we have demonstrated effective interlayer AFM-
to-FiM switching in the CrCl;/CrBr; heterostructures with the
AP system, thanks to the synergistic impact of CT+SF
dynamics. To further uncover the factors contributing to
such a dynamics process, we calculate the nonadiabatic
coupling (NAC) matrix between different states using spin-
diabatic representation.””*® The electron—phonon coupling
(EPC) and SOC components are depicted in Figure 4a,b,
respectively. First, the SOC component between the spin-up
and spin-down states for CrBr; (1.89 meV) is larger than the
EPC component between the spin-down states of CrBr; and
spin-down states of CrCly (0.29 meV). Meanwhile, the SOC
component between spin-up states and spin-down states for
CrCl; (3.83 meV) is larger than the EPC component between
spin-up states of CrCl; and spin-up states of CrBr; (0.79 meV),
explaining why the spin-down (spin-up) electron in the CrBr,
(CrCly) layer prefers to first relax via the intralayer SF pathway
(processes @ and ®), rather than to transfer between the two
layers through the CT pathway. Similarly, the interlayer SF
+CT (process ®), which is the only relaxation pathway, is
mainly contributed by the SOC component, and the EPC
component has no contribution due to their opposite spin
states. Therefore, we conclude that the SOC effect plays an
important role in determining the spin relaxation dynamics
pathway.

Besides, the lattice thermal fluctuation, which can be
assessed by comparing the frequencies of the phonon modes
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participating in the spin electron relaxation dynamics, cannot
be overlooked, as the spin electron relaxation dynamics occur
on a subpicosecond time scale. During the electron relaxation
process, the lattice thermal fluctuation can alter the electron
environment due to lattice distortions, which affect the
positions of the ions and their electronic properties. As a
result, the SOC interaction can be further enhanced and trigger
the SF pathway. To further understand the effect of lattice
thermal fluctuation on the spin electron relaxation dynamics,
the energy evolution of each CB level for the AP system and
their Fourier transform spectra are depicted in Figures 4 and
S7. We observed that the main peaks of each state with the
same spin channel are similar, and four key Fourier transform
spectra are thus taken as examples to illustrate the role of
lattice fluctuation in the spin electron relaxation dynamics
(Figure 4d). The dominant vibrational signals at 178.58 and
89.09 cm™ can be assigned to the A, mode (185 cm™) and
E, mode (80 cm™") of CrBr;, while the signals at 280.37, 99.25,
and 350.10 cm™" can be attributed to the Ay (305.3 and 119.7
em™') and E, (351.7 cm™') modes of CrCl,.*” That is, the
lattice fluctuation of the CrCl; layer primarily induced the
intralayer SF dynamics, whereas the key interlayer CT+SF
dynamics is driven by the lattice fluctuation of both CrCl; and
CrBr; layers. Further visualization of the corresponding
vibration vectors (Figure S8) suggests that the optical A;,
modes of CrCl; and CrBr; are the most important modes for
interlayer CT+SF dynamics. By contrast, other phonon modes
have little contribution to the spin electron relaxation and only
induce time-dependent energy fluctuation of other donor
states. Therefore, the excitation of the optical out-of-plane A,
modes of the two FM layers will effectively participate in the
magnetization switching of AFM-to-FiM.

In summary, we have performed rt-TDDFT and NAMD
simulations to investigate the ultrafast laser-induced spin
dynamics processes of 2D CrCly/CrBr; heterostructures
involving AP and P systems. Our results show that laser
pulse induces ultrafast demagnetization of two FM layers
within 10 fs but still maintains their intrinsic AFM and FM
state for the AP and P systems, respectively. Such phenomenon
is primarily attributed to the laser-excited equivalent interlayer
spin electron excitation. More importantly, the spin electron
relaxation along the interlayer CT+SF pathway from spin-up
channel of the CrBrj; layer to spin-down channel of the CrCl,
layer induces an inequivalent change in the magnetic moment
of the two layers, breaks the symmetry of the interlayer AFM
state and ultimately leads to a fast magnetization switching
from the AFM to FiM state in the AP system within a
subpicosecond time scale. Furthermore, NAC and phonon
effect analysis reveals that the interlayer CT+SF dynamics
process is mainly contributed by the optical out-of-plane A,
phonon mode of the CrCl; layer, and the SOC effect cannot be
overlooked. In light of these novel results, we suggest utilizing
an ultrafast laser pulse to achieve AFM-to-FiM switching in 2D
magnetic heterostructures with the interlayer AFM state, which
will enable a practical application to high-speed 2D
information storage devices and optical switching.
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