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All-optical resonant magnetization switching in CrI; monolayers
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Efficient control of a magnetization without an application of the external magnetic fields is the ultimate
goal of spintronics. We demonstrate that in monolayers of Crl;, magnetization can be switched all optically by
application of the resonant pulses of circularly polarized light. This happens because of the efficient coupling
of the lattice magnetization with a bright excitonic transition. Crl; is thus a perspective functional material with
high potential for applications in the domains of spintronics and ultrafast magnetic memory.
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Introduction. The requirements of information processing
demand performing at low cost, high speed, and high-density
magnetic recording, without the need for the application of ex-
ternal magnetic fields. The achievement of this aim is among
the main goals of spintronics. In conventional semiconduc-
tors, the spin of electrons can be controlled by application
of the electric field via Rashba spin orbit interaction [1-3].
However, magnetic devices based on electrostatic control
of individual spins have certain practical disadvantages, re-
lated to the necessity of reaching sub-Kelvin temperatures
and limitations for characteristic times of the spin inversion.
Therefore, the search for novel magnetic materials and devices
which reveal efficient and controllable magnetization switch-
ing continues.

The possibility of an optical control of magnetization is of
special interest here, as it can potentially push the speed of
the magnetic reversal and associated magnetic memory writ-
ing speed towards THz frequencies. Optical magnetization
switching was very recently demonstrated for CdFeCo [4-8]
and TbFeCo [9] ferromagnetic alloys, as well as in Co/Gd
bilayers [10].

In this context, the family of functional two-dimensional
(2D) materials, namely, chromium dichalcogenides, such as
Crl; and CrBrs, is of special interest, as they possess a unique
combination of optical and magnetic properties. In particular,
they demonstrate a robust optical excitonic response, with
record high values of excitonic binding energies and oscillator
strengths [11], exceeding even the values reported for transi-
tion metal dichalcogenides [12—15]. At the same time, these
materials are 2D Ising ferromagnets [16—18], thus having an
additional twist related to the giant Zeeman splitting of the
valence and conduction bands, which, among others, strongly
affects their optical properties, leading to such phenomena
as the giant Kerr response [16], magnetic circular dichroism
[19], and onset of 2D magnetoplasmons [20].
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In this Letter, we demonstrate that the combination of the
pronounced excitonic and ferromagnetic responses leads to
the possibility of polarization selective switching of the mag-
netization. The main idea of the proposed effect is illustrated
schematically in Fig. 1. The band structure of a monolayer
of Crl; is shown schematically in Fig. 1 (lower panel). As
Crl; is a direct band semiconductor, the optical transition is
allowed from the top of the valence band to the bottom of the
conduction band. Attraction between an electron and a hole
leads to the formation of strongly coupled bright excitons.
Depending on the direction of the magnetization of a sample,
ground-state excitons can be excited by o+ or o~ light.

Consider the geometry shown in the lower panel of Fig. 1,
when the ground state corresponds to o~ excitation and we
send a pulse of o light in resonance with it. As the o
transition is strongly offset in energy due to the giant Zeeman
splitting produced by the lattice magnetization, the absorption
of o™ photons is only virtual. However, this virtual absorption
creates an effective magnetic field, which tends to invert the
magnetization. This process is favored by the fact that the
magnetization switch will make optical absorption resonant,
and if the intensity of the optical pump exceeds some thresh-
old value, it finally happens.

Methods. To describe the process of magnetization switch-
ing, we proposed a phenomenological model based on the
system of coupled driven-dissipative Gross-Pitaevskii-type
equations for the concentration of spin polarized excitons with
a Landau-Lifshitz-Gilbert equation for the lattice magneti-
zation. It is worth noting that taking phonons into account
in systems of this type can notably change the quantitative
picture. However, in our work, we considered the most ba-
sic model to demonstrate the mechanism of exciton-assisted
magnetization switching.

The total effective magnetic field affecting the dynamics
of the magnetization can be estimated as the sum of a real
magnetic field H(, magnetic field provided by spin-spin inter-
actions H .4, and an effect provided by spin polarized excitons,

H=Hy+He+ 5y * — Y- e, (1)
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FIG. 1. Upper panel: A monolayer of Crl; is irradiated by a
circularly polarized light which reverses its magnetization. Lower
panel: The mechanism of the magnetization switching. The circu-
lar polarized pump is not resonant with the corresponding exciton
transition if magnetization is pointing down (left part), but becomes
resonant if the direction of the magnetization is switched.

where ¥ and v _ are order parameters which correspond to
the densities of excitons with spin up and spin down, respec-
tively, ny = |1//‘i|2, and

Hy =AV*M +DV x M, )

where the constants A and D characterize the exchange in-
teraction of the Heisenberg and Dzyaloshinskii-Moriya type,
respectively [21]. It is easy to also note that the natural choice
of the combination |, |> — [_|? for the average spin den-
sity allows one to preserve the time-reversal symmetry in the
corresponding effective energy functional.

This effective field enters into the Landau-Lifshitz equation
describing the magnetization dynamics [21,22],

M msm =DM < HY, @)
— == X — —[M x X ,

ot 4 M;

where M is magnetization, M, is its saturation value, y =
HLoYo, Yo = gg/h, and 1 is a dimensionless damping con-
stant. To close the system of the equations, one also needs
to write the equations for the dynamics of the excitonic fields,
which in the simplest case can be chosen in the form of the
driven-dissipative Gross-Pitaevskii equations for the compo-
nents ¥, and ¢_ [23,24],

9 "2
= 2y ey,
ot 2my
+alYy Py + P, )
Ay_ o,
h—— = ——— VY, — BM.r_
ih— sV Ve — BMLY
+aly_ Py + P, Q)

where my is the exciton mass, and P, and P_ are the
pump amplitudes in the right and left circularly polarized
components, respectively. They are related to the correspond-
ing pump power densities Wy as follows: Wy = P wex/lifo,
where wex is the exciton frequency and fy is its oscillator
strength. The coupling constants § and 8 are related to each
other, as both of them describe the mutual action of the exci-
tonic and magnetic subsystems. To estimate the corresponding
relation, one can assume that the maximum of the product
BM,, corresponding to the Zeeman splitting of the excitons,
should be approximately equal to the characteristic energy
hiy H entering into Landau-Lifshitz equation for the case when
the concentration of polarized excitons is around one per unit
cell of size d x d:

hy8/d* ~ BM,. (6)

In our analysis, we consider the case of the spatially ho-
mogeneous optical pump and suggest that both M and 1 do
not have any spatial dependence. This will allow us to drop
the term related to the exchange interaction in the expression
for the effective magnetic field [Eq. (2)]. Moreover, we can
introduce the following set of dimensionless variables:

N M - .t - P.
M=—, iZE, r=—-, Piz_ia
MS ws tS PS
- W. _ H _ H
Wﬂ: = :l:v 0= _07 H=—
W M M;

This will allow us to rewrite the system of the dynamic equa-
tions in the following form:

H=Hy+ (12— [P, (7

W ) = lht < <) 8)
idf; = aiM. Yy + ar Vs PPy + Pre®™, (9)
idjf_ = —aiM_ + ax|¥_ 2P + P_edT,  (10)

where the corresponding dimensionless parameters expressed
in terms of the original ones are given in Table I. As for
the numerical values of the parameters, we use the following
numbers. The value of exciton frequency 7w is chosen as
1.5 eV [16,25], while 7fy is assumed to equal to 0.033 eV.
The value of the saturation magnetization for Crls is chosen
as M, = 0.137 mA/layer [26]. The constant o responsible
for the nonlinearity is expected to be the same as for the
excitons in transition metal dichalcogenide monolayers [27],
and is taken as 0.1 eV x 1 nm?. The estimation of § is done
using the relation (6) with BM; = 0.06 eV. The characteristic
size of unit cell d is assumed to be 1 nm. This parameter
implicitly defines the threshold power required for switching.
Also, due to the fact that d enters the equations quadratically,
the theory is noticeably sensitive to its variations. We asso-
ciate this quantity with the unit cell size and take the typical
number; however, the exact value for Crl; may deviate from
this simple estimation, which would affect the value of the
threshold power. The determination of the Gilbert damping
constant is a serious computational challenge and deserves a
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TABLE I. Definitions of parameters which enter the system of Eqs. (7)—(10). The quantities designed to make the variables dimensionless
are also presented. The corresponding numerical values are calculated on the basis of numbers for M, §, d, wex, fo, and « discussed within the

body of the text.

Parameter Definition Value Parameter Definition Value

a 8/d*M 2134 t 1/y M, 2.33 x 1072

ap a/syh 1.663 Yy M,]5 2.16 x 10° cm™!
5y 8ty 11.04 P, Wi/t 9.77 x 1077 Jcm™!
5 Saty 0.000 W, Plwex /1 fo 4.12 x 107" Wem™2

separate consideration; however, the typical values for such
layer materials are expected to be measured within the fol-
lowing range: n € [0.01,0.1] [28]. We would like to stress
that although our choice of the parameters is typical for 2D
materials, their exact values for the considered material cannot
be defined with any satisfactory precision at the current stage
of knowledge.

Results and discussion. Based on Egs. (7)—(10), the dy-
namics of the system is analyzed. The typical behavior of
magnetization M and density |v/,|? is shown in Fig. 2. The
initial state corresponds to no excitons present in the sys-
tem and magnetization pointing down. As one can see, after
characteristic transition time 7, the direction of the magneti-
zation switches and the excitonic concentration increases in a
steplike manner, as the condition of the resonant absorption
is achieved. In the same time, in-plane components of the
magnetization exhibit oscillations in the transient regime, but
remain zero after the switching.

The main parameter characterizing the switching is the
transition time 7. Its dependence on the pump power density
W, for the case when H = 0 for various values of the damp-
ing parameter 7 is shown in Fig. 3. Naturally, 7 decreases with
an increase of W,, and the corresponding dependence can be
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FIG. 2. Dependencies of magnetization components M, My, and
M, as well as the density |/, | on time obtained by solving Eqs. (7)-
(10) in the case of the absence of the external magnetic field H, =
0). The transition time is denoted by 7. The initial state corresponds
to no excitons present in the system and magnetization pointing
down. After a characteristic transition time, the direction of the
magnetization switches and the excitonic concentration increases in
a steplike manner. In plane, the components exhibit oscillations in
the transient regime, but are zero after the switching.

perfectly fitted by the following phenomenological relation:

b
W,

el

an

For the set of parameters corresponding to Table I, nanosec-
ond switching times are reached for the pump intensities of
about 10° W cm?. Note that in the simple model we use,
where the processes of the excitonic decoherence are ne-
glected, there is no threshold for the magnetization switching
in the case when the external z-directed magnetic field is
absent.

The application of the external magnetic field H strongly
affects the switching process. The application of the lateral
field leads to the rapid decrease of T as can be seen in Fig. 4.
This effect has a clear physical meaning, as the in-plane field
produces additional torque acting on the z component of the
magnetization. In contrast to the case when H| is zero, here
we do not find a simple fit for T on the whole field range.
However, in the regime when the external field is small H, <
1), the following approximation is valid:

b
CogWa(l +aH)<

St

12)

where the parameters a and « are estimated as 120 and 0.4,
respectively. We did not manage to get a simple universal
relation describing the behavior of T in the region of big strong
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FIG. 3. The dependence of the transition time ¥ on the power
density of the circularly polarized pump W, for different values of
Gilbert damping constant n for the case of the absence of the external
magnetic field, H, = 0. All the curves were fitted by expression (11)
(dotted lines), which gives the perfect match for b = 1.04 x 107.
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FIG. 4. The dependence of the transition time 7 on the lateral
external magnetic field (H, = H,2,) for different values of Gilbert
damping constant 1 at fixed value of the intensity of the circularly
polarized pump (W, = 2.83 x 10°). As one can see, the lateral field
favors the switching, reducing the corresponding characteristic time.

lateral magnetic fields, but it decays faster than in expression
(12). For the choice of the parameters that we use, the lateral
field of 1 T will lead to the decrease of the switching time by
103, which will allow one to reduce the values of the pump
needed to reach the nanosecond switching times by the same
factor.

The case when the external magnetic field is applied along
the z axis is illustrated in Fig. 5. In contrast to the cases
of absent and lateral external fields, here the threshold for
the magnetization switching appears. The threshold intensity
linearly increases with the increase of H., and if the pump
is below the threshold, the switching does not occur at any
time (gray region in the plot). Above the threshold, the in-
crease of the z-directed external field leads to the decrease
of the switching time, as can be seen from the blue curves,
corresponding to constant values of 7. Thus, in general, con-
trary to the case of the lateral field, the z-directed magnetic
field is not favorable for the switching. Finally, it is clear
that relatively large threshold intensities would inevitably lead
to sample heating, which, in turn, can lead to the magne-
tization switching at the subnanosecond (for ferromagnets)
and picosecond (for antiferromagnets) timescales [29]? The
exciton-assisted mechanism can be easily discriminated from
the heating induced by the resonant dependence on the pulse
central frequency.
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FIG. 5. Effect of the application of the external z-directed mag-
netic field Hy = e.H, on polarization switching. The gray region
corresponds to the regime when switching does not occur at any
time. The threshold intensity is well described by the dependencies of
the threshold value, Wf‘ = aH,. In the white region, the blue curves
correspond to constant values of the switching time 7 = 1050 for
different values of . It is seen that bigger intensities are needed to
keep the switching time constant with increase of H, and therefore
the perpendicular magnetic field is not favorable for the switching.
The insets show the temporal dependence of the components of the
magnetization switching, when the intensity of the pump is above the
threshold ( panels A) and below it (panels B) for the case n = 0.1.

Conclusions. In conclusion, we developed a phenomeno-
logical theory of all optical resonant magnetization control
in Crl; monolayers. It was demonstrated that the presence
of the robust bright excitonic resonances coupled to lattice
magnetization leads to the possibility of polarization-sensitive
magnetization switching in the nonlinear regime. We investi-
gated the dependence of the switching time on pump intensity
and external magnetic field, demonstrating that lateral fields
are favorable for the switching, reducing the switching time,
while perpendicular fields have the opposite effect. Our results
can be used for the practical development of ultrafast magnetic
memory elements.
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