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Laser-induced magnetization switching in synthetic-ferrimagnetic bilayer
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We present a theoretical study of all-optical magnetization switching in rare-earth/transition-metal bilayer,
RE, /TM,,, consisting of n RE monolayers and m TM monolayers. Using the Landau-Lifshitz-Bloch equation,
we numerically calculate the spin dynamics, including spin transport in the bilayer, upon incidence of a single

laser pulse. It is shown that the spin transfer between the RE and TM layers with n > 1 or m > 1 is necessary for
the switching. The calculation shows that the spin transfer makes conditions for the switching similar to those for
the ferrimagnetic alloys. When the spin transfer between the monolayers is absent the intensity of the exchange
scattering decreases and the switching is possible only in the RE; /TM; bilayer. A relationship between the spin
relaxation and temperature dependence of the switching is discussed.
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I. INTRODUCTION

Purely thermal single-pulse all-optical switching (AOS) of
magnetization was first observed in ferrimagnetic metals, see
Refs. [1-3] for a review. Later, AOS was also demonstrated in
the synthetic-ferrimagnetic layered structures [4-6].

A distinctive feature of spin dynamics in magnetic het-
erostructures is the spin transport across the interfaces. It
was shown experimentally that the spin transport significantly
affects AOS in magnetic layered structures [7—10].

In this paper we will explore the possibility of thermally in-
duced AOS in rare-earth/transition-metal (RE/TM) synthetic
ferrimagnets composed of two ferromagnetic layers. We apply
the s-d model to study the role of the spin transport in AOS
in the synthetic-ferrimagnetic bilayer. The s-d model has al-
ready been used to investigate the interplay between the local
magnetization dynamics and the spin transport in magnetic
heterostructures [11]. However, the impact of spin transport
on AOS has not been considered theoretically until now. This
paper is aimed to fill this gap.

II. MODEL

We will model the synthetic ferrimagnetic bilayer com-
posed of two RE and TM ferromagnetic layers with antifer-
romagnetic exchange coupling between them. In equilibrium,
the spins in RE and TM layers are oriented antiparallel. The
structure of the bilayer is labeled as RE,/TM,, where the
indices n and m correspond to the number of monolayers
of each element. The RE and TM ions with spins (angular
momenta) Sgg=7/2 and St\y=1 (in units of /) are embedded
in the degenerate electron gas of density n, forming a single
band with energy Ej,, where k and s are the wave vector and
spin, respectively.
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We will consider the purely longitudinal spin dynam-
ics and calculate the average spin polarization of localized
spins S; in monolayer i, i = 1-N, where N =n+m. We
neglect an external magnetic field and magnetocrystalline
anisotropy, i.e., we take into account only the exchange inter-
action between spins. Thus, our problem possesses rotational
symmetry. Therefore, we do not specify coordinate axes to
simplify notations.

A localized spin S; possesses (2S; 4+ 1) discrete energy-
levels E,, with the splitting 6; which is determined by the
exchange interaction with other spins by the relation [5],

Jii- Jii Jii

5 = = Sic + S+ S, (M
where J; ; are the exchange coupling constants between the
localized spins. For the first and last monolayers (i = 1 or
N) the first or last term in Eq. (1) should be excluded. We
set JTM—TM = 0142, JRE—RE = 005, and JTM—RE = —0.05eV.
Note that we include the numbers of nearest-neighbors z; ; in
the definition of J; ;. With these parameters the Curie temper-
atures of the bulk TM and RE ferromagnets are T¢ 74 = 1100
and T gp = 300 K. In equilibrium S; satisfy the system of N
equations,

S = 5,8 (S22 2)
i — dvD§, kT 5

where By is the Brillouin function and §; is given by Eq. (1).
Here and in the following v = RE (TM) when i € RE (TM)
monolayer.

Parameters J; ; completely define an effective Heisenberg
Hamiltonian and are sufficient for the calculation of the equi-
librium spin polarizations of the localized spins. However, for
the calculation of the spin polarization of itinerant spins as
well as the longitudinal spin dynamics, we need parameters
a; of the exchange interaction between the localized and the
itinerant spins.
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The s-d Hamiltonian is given by
Ay =Y aid(r; —R)S: - 8)), 3)
ij
where r; (R;) is the position of the carrier (localized spin) and

«; is the exchange coupling constant. In our calculation we set
neorg = 0.01 and n.amy = 0.1eV.

Applying a mean-field approximation to the s-d
Hamiltonian (3) one can obtain [12]
3 = —neasi, 4)

where s; = (5(R;)) is the spin density of the itinerant electrons
in monolayer i. Comparing Eqs. (1) and (4) we obtain the
equilibrium spin polarization of itinerant electrons,
Xi.i—1 Xi.i Xi.i+1
i= =81+ =8+ ——S8i1, 5

s ) v+ S+ = S 5
where x; ; = Jij/nca; is an electron spin susceptibility. Using
Egs. (2) and (5), we can calculate the reduced total spin polar-
ization Py = N~} Z?’zl(Si + s;). Obviously, Py, consists of
three parts: Pot = Prg + Prm + Pe.

Dynamical equations

For the calculation of the longitudinal spin dynamics in
the bilayer, we use the Landau-Lifshitz-Bloch (LLB) equa-
tion modified for magnetic metals [13],

% = C;g;S; [coth (%) — coth (%)] (6)

where g; = B.[8;(t) + iy (1) — iy ()1, Be = 1/kpT,(2),
2,
C = Y kgT.D4+(EF)D(EF — 6;), @)

where Ef is the Fermi energy, T, is the electron temperature,
Dy and p;, are the spin resolved density of states and electron’s
chemical potential, respectively. y;(¢) is related to the average
spin S; by the relation,

Si(t) = 8, Bs, [Svyi(t)]. ®)

In equilibrium y; = §;/kgT .

Equation (6) has the same form as that derived for a ferro-
magnet in the previous works [14-16]. However, in contrast
to those works the dynamics described by Eq. (6) is governed
by the s-d interaction rather than the spin-lattice interaction.
Due to the s-d interaction, this equation is coupled to the
nonequilibrium spin polarization of the itinerant electrons.

In order to solve Eq. (6) for S;(#) one needs to know
the functions g;(#). These functions depend on the electron
temperature T,(¢), average spins S;(t) (through §;), and the
spin splitting of chemical potential,

Api(t) = iy — Wiy

In equilibrium Ay; = 0, but after a photoexcitation Au; #
0, and becomes dependent on the monolayer position i in the
bilayer.

We choose a simplified approach to the calculation of
Ap;(t) and consider two limiting cases. First, we assume

that there is no spin transfer between the two layers, i.e., the
interface is nontransparent for the itinerant spins. The second

limiting case is that the interface is completely transparent for
the spins. In both cases, we assume that the electron transport
is ballistic.

In the ballistic regime Apu;(t) becomes spatially homoge-
neous within each layer on a timescale ~1 fs (if N < 10). Then
Api(t) is completely determined by nonequilibrium values
of spins s;(¢) and S;(¢). In the first case (the nontransparent
interface), we set

Dy(Er)+ D (EF)
D4(EF)D(Ep) '

Api = ne(si — s7) ©)]
where s¢(¢) is an instantaneous equilibrium value of the aver-
age electron spin s,, determined by the electron temperature
T, and by the condition 4y = p [12]. We define s¢ as

s7(1) = sil{Si ()}, (10)

where s;[{S;(¢)}] are given by Eq. (5) with time-dependent
Si(t). Au;, determined by Eq. (9), behaves as function of i,
such as a step function, i.e., it possesses a discontinuity at the
interface.

For the completely transparent interface and the ballistic
transport, Au; is independent of i. Therefore, we determine
A by averaging of Eq. (9) over all monolayers,

N
1
Ap = NZA;M, (11)

where Ap; is given by Eq. (9). Although Egs. (9) and (11)
are obtained using the rough approximations, we believe that
they allow us to understand the role of spin transport in the
switching on a qualitative level.

The dynamics of the average itinerant spin, entering
Eq. (9), is determined by the exchange scattering and spin-
lattice relaxation,

dsi  n,dS; [si—si ()]

P 12
dt ne dt Tyl (12)

The first term on the right-hand side describes the exchange
scattering, and the last term describes the spin-lattice relax-
ation of the electron spin with a relaxation time 7. We
setn, = 102 cm 3, nRe/ne = nre/ne = 1, and ty = 0.01 ps.
We choose the unrealistically short spin-lattice relaxation time
to reveal better the role of fast spin-lattice relaxation in the
switching, see below. The case of slow spin-lattice relaxation
is simpler and was considered earlier [17,18].

The electron and phonon temperatures 7, and T}, respec-
tively, are governed by the equations,

drT,
CeTe)— = = —Gep(Te = Tp) + P(1), (13)
dT, T,—T
C,—L =G, (T, - T,) — L—, 14
v p( ») . (14)

where T is an initial temperature of the bilayer, G, is the
electron-phonon coupling, and

P(t) = Pyexp[—(t/t9)’]

describes the time evolution of the laser energy transfer to
the electrons. We assume that the laser pulse heats up the
bilayer homogeneously. The last term in Eq. (14) describes
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FIG. 1. Calculated temperature dependence of the equilibrium
spin polarizations for different bilayers. Here and in the following
the structure of the rare-earth/transition-metal bilayer is labeled as
(n, m) or RE, /TM,,, where n and m are the numbers of RE and TM
monolayers, respectively.

heat diffusion to an environment. We take the laser pulse
fluence Fy = Pyty+/7 as an input parameter.

Thus, Egs. (6), (9), (11)—-(14) describe the laser-induced
spin dynamics in the bilayer.

To solve the LLB equation numerically, we set the specific
heat of the phonons C,=3 x 10° Jm—3 K~! and the electrons
C, = yT,, where y = 700 Jm 3 K~2. The densities of states
for both spins are D4 (Ep) = 2.5 x 10% and D (Er) = 2.5 X
102 cm—3eV~!. We set the pulse duration #o = 100 fs, the
heat diffusion time 7, = 20 ps, and the laser pulse fluence
Fy = 0.4 G] m—3. With these parameters the maximum elec-
tron temperature 7,"* ~ T 7y = 1100 K.

III. RESULTS

Figure 1 shows the equilibrium spin polarizations of RE
and TM sublattices as well as the total spin polarization for
different thicknesses of the RE and TM layers. All polar-
izations were calculated as the spatial average of the spins
(angular momenta) over the volume of the sample. Recall,
that P = Pre + Prm + P.. Note, that the RE layer exhibits
magnetic ordering above its own bulk Curie temperature Tc rg
due to the interaction with the TM layer.

If the number of TM monolayers m is not too large
compared the number of RE monolayers n, then there is a
compensation temperature Ty at which P (Tx) = 0 [19]. This
temperature is close to the angular momentum compensation
temperature [18].

A. Transparent interface

The temperature Ty plays an important role in the switching
in the bulk ferrimagnets [18]. In this section, we show that
the same is true for the bilayer if the spin transport is bal-
listic, and the interface between the layers is transparent for
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FIG. 2. Spin dynamics in the (4,4) bilayer with transparent in-
terface without electron cooling and spin relaxation. (a) below and
(b) above T,. Red, green, and dashed curves represent Prg, Prv, and
Py, respectively.

the itinerant spins. In this case, Au is given by Eq. (11).
The simplest way to establish the possibility of switching is
to investigate the occurrence of ferromagneticlike states [17].
To this end we eliminate the electron cooling and spin relax-
ation from the dynamical equations (G., =0 and 7~ 1=0)
and retain only the s-d interaction. Figures 2(a) and 2(b)
shows the calculated spin dynamics below and above the
compensation temperature Ty, respectively. In both cases we
see the appearance of ferromagneticlike states with different
polarities. Now we take into account the electron cooling
(Gep =6 % 10'® W m—3 K~!). Then, the ferromagneticlike
states with the opposite polarities behave quite differently. The
spin dynamics shown in Figs. 2(a) and 2(b) transforms into
the spin dynamics shown in Figs. 3(a) and 3(b), respectively.

(a) T=200 K

Spin polarization

0 J —
T=300 K
_05 Il Il Il Il Il Il Il Il Il Il
-1 0 1 2 3 4 5 6 7 8 9 10
Time (ps)

FIG. 3. The same as in Fig. 2 but with the electron cooling. The
electron-phonon coupling G, = 6 x 10'® W m=—3 K-,
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FIG. 4. Ultrafast switching and demagnetization of sublattice
spin polarizations in the (3,3) bilayer. (a) Transparent interface and
(b) nontransparent interface. The electron-phonon coupling G,, =
6 x 10" W m—3 K~! and spin-lattice relaxation time 7, = 0.01 ps.

When Pry changes sign [Fig. 2(a)] the electron cooling leads
to the switching [Fig. 3(a)]. But the ferromagneticlike state
with the opposite polarity [Fig. 2(b)] recovers to the initial
state [Fig. 3(b)]. Thus, the switching occurs only bellow the
compensation temperature 7. Such temperature dependence
of the switching is qualitatively similar to that in the bulk
ferrimagnets [17]. This provides other evidence of the essen-
tial role of the exchange scattering in the switching. A more
complicated situation occurs in the case when the interface is
fully nontransparent for the itinerant spins.

B. Nontransparent interface

When the interface between the layers is fully nontrans-
parent for the electron spins the spin splitting of the electron
chemical potential is given by Eq. (9). Figures 4(a) and
4(b) shows the calculated spin dynamics for the transparent
and nontransparent interface, respectively. It is seen that the
switching occurs only if the interface is transparent for the
electron spins. In the case of nontransparent interface the
sublattice spin polarizations recover to the initial state after
a partial demagnetization.

We performed the calculations for different numbers of
monolayers n and m varying the initial temperature and other
parameters of the system. Here we present only the results that
illustrate the main trends. We found that in all bilayers, with
the exception of the (1,1) bilayer, the switching does not occur
if the interface is nontransparent.

Now we will consider a special case of the (1,1) bilayer
when the interface is nontransparent, but the switching nev-
ertheless occurs. In the case of nontransparent interface the
exchange scattering is effective only near the interface and
typically does not affect the spin transfer between the RE and
the TM sublattices significantly. In the (1,1) bilayer the both
layers are adjacent to the interface, and under certain condi-
tions can undergo the switching. Note that in our model, we
use the extremely short-range exchange interaction between
the films, Egs. (1) and (5). This is the reason why we observe
the switching only of the (1,1) bilayer.

(1,1) bilayer
-0.04 1 T=100 K 1

-0.06 b

-0.08 [- 1

(P-P®9)/Ped

0.4t

-0.6[

-0.8[
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FIG. 5. Demagnetization of RE (red) and TM (green) spin
polarizations in (1,1) bilayer (7, = 194 K) with nontransparent in-
terface at 7 = 100 K. (a) Without spin relaxation and (b) with spin
relaxation.

Figure 5 shows the normalized deviation of RE and
TM spin polarizations from equilibrium D = (P — P®1)/P®,
without (a) and with (b) spin relaxation at 7 = 100K [20].
It is seen that only demagnetization occurs. Comparing
Figs. 5(a) and 5(b), one can see that the spin relaxation sig-
nificantly affects demagnetization. When the spin relaxation
slows down (t; — 00), the degree of demagnetization de-
creases. When the spin transfer between the layers is slow
the spin-lattice relaxation becomes the main mechanism of
demagnetization.

When the initial temperature increases and becomes sig-
nificantly higher than 7y = 194K we unexpectedly observe
the switching [Fig. 6(b)]. Again, comparing Figs. 6(a) and
6(b) one can see that the spin relaxation significantly affects

0.02 : : . : . . : :
. r\
(a)
0.02
(1,1) bilayer
0041 T=400 K ]
g -0.06f 8
& T_—00
g o — — — —
Q- (b)
& sl 7.=0.01 ps |
Ak 4
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15F E

0 5 10 15 20 25 30 35 40 45 50
Time (ps)

FIG. 6. The same as in Fig. 5 but at the initial temperature 7 =
400 K.
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the dynamics: with an increase in the spin-relaxation rate,
demagnetization turns into the switching.

The spin dynamics in the (1,1) bilayer differs significantly
from the one in other bilayers. At first glance, it may seem
that here we are dealing with a different mechanism of the
switching. However, this is not the case. To explain the ori-
gin of this difference, we note that in the (1,1) bilayer the
exchange scattering is less effective than in the ferrimagnetic
alloys. For this reason the spin transfer between the RE and
the TM sublattices slows down and can cause the switching
only when the spin polarizations Prg and Pry are small.
This explains why the switching in the (1,1) bilayer occurs
at T = 400K [Fig. 6(b)]. Along with the high temperature,
the spin relaxation is necessary for the switching. At high-
temperatures (> Ty ) the equilibrium spin polarizations obey
the relation |Pgp| < |Ppy;| and the switching without spin
relaxation is impossible, see Fig. 3(b). Over time, the ratio
between Prg(7) and Pry(f) can become reversed if the spin
relaxation rate of TM ions is greater than that of RE ions.
(For simplicity, we neglect at this point the spin polarization
of the itinerant electrons.) This is exactly what happens in
our case. In our model the relaxation of the localized spins
occurs through the s-d interaction with the itinerant spins (the
Korringa relaxation [21]). The spin relaxation rates of RE and
TM ions scale as 'CR_EI o« apg and rT_]\}[ o o}y, Tespectively.
Since we set agg/ary = 0.1 then rg/TrMm > 1. This means
that the relaxation rate of TM spins is greater than that of
RE spins. This confirms our assumption that at 7 > T the
initial relation |Pgp| < |Pry| goes with time into the opposite
one |Pre(?)| > |Prm(?)|. Such a relation is necessary for the
switching. Thus, we explain why the spin relaxation is neces-
sary for the switching at temperatures above Ty. Note that the
microscopic mechanism of the spin relaxation is not essential
for the validity of the above conclusion.

The above analysis of the dynamics in the (1,1) bilayer
allows us to draw a general conclusion concerning the tem-
perature dependence of the switching. As we have shown (see
also Ref. [18]) in the absence of spin relaxation, the switch-
ing is possible at temperatures exactly below 7. Whether
the switching occurs or not depends on other parameters of
the system. Since the spin relaxation is always present in real
systems the temperature range where the switching is possible
shifts relative to 7.

If the spin-relaxation rate of TM ions is greater than that
of RE ions, then the temperature range where the switching
is possible shifts to the higher temperatures. And vice versa,
with the inverse ratio between the relaxation rates the temper-
ature range shifts to the lower temperatures.

We also performed calculation of the dynamics for the fer-
romagnetic coupling between the layers (J7y 7y = 0.142 and
Jre-re = Jrm-re = 0.05eV). We did not find any switching;
only demagnetization was observed (not shown).

Is interesting to compare our finding with the re-
cent experimental study [22] of all-optical switching of
ferrimagnet-ferromagnet heterostructures. In this heterostruc-
ture, a ferrimagnetic CoGd alloy film is exchange coupled

with Co/Pt multilayers (MLs). A Pt spacer fully blocks the
nonlocal spin current, which is generated due to the ultrafast
switching of the CoGd ferrimagnet. Nevertheless, the switch-
ing of Co/Pt MLs still occurs due to the indirect exchange
coupling between the CoGd and Co/Pt.

The observed behavior is similar to the calculated switch-
ing dynamics in the (1,1) bilayer in that, in both cases, there
is no spin current through the interface (spacer layer). At the
same time, there is an essential difference.

The switching in the (1,1) bilayer is the collective, bidi-
rectional process: no part of the bilayer can be switched
independently of the other. As a consequence, the switching
is possible only when the exchange coupling between the
films is antiferromagnetic regardless of whether the interface
is transparent for spins or not.

In contrast, in the ferrimagnet-ferromagnet heterostruc-
tures the CoGd film is switched by light independently of
the ferromagnetic part of the heterostructure and then causes
the Co/Pt MLs to switch. Thus, there is an asymmetry in the
switching dynamics, and the switching is not a truly collective
process. Therefore, the switching is possible for both ferro-
magnetic and antiferromagnetic types of exchange coupling.

IV. CONCLUSION

In conclusion, we calculated numerically the nonlocal
laser-induced spin dynamics in the rare-earth/transition-metal
bilayer. We focused on the role of spin transport in the mag-
netization switching. We considered the limiting cases of
transparent and nontransparent interface between the layers
and assumed that the spin transport is ballistic. The calculation
is based on the Landau-Lifshitz-Bloch equation supplemented
by the equations for the density of itinerant spins, electron,
and phonon temperatures. To take into account the influence
of spin transport on the spin dynamics, we used the approx-
imate analytical expression for the spin splitting of electron
chemical potential.

It was shown that the spin transport across interface
strongly enhances the exchange scattering and facilitates the
switching. We found that the switching is possible at the initial
temperatures below a characteristic temperature 7, which is
not too far from the angular momentum compensation tem-
perature. The temperature 7 can be either below or above Ty
depending on the ratio between the spin-relaxation rates of
RE and TM ions. Thus, in the case of transparent interface
and ballistic spin transport the temperature dependence of the
switching is similar to that in the ferrimagnetic alloys. This
indicates that the exchange scattering plays a crucial role in
the switching.

If the interface is nontransparent for the itinerant spins, the
exchange scattering occurs only at the interface and becomes
less effective. As a consequence, the switching occurs only in
the (1,1) bilayer under the rather restrictive conditions.

Thus, our study shows that the spin transport is fundamen-
tal for achieving AOS in synthetic ferrimagnets. This finding
is in agreement with the experiments [7—10].
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