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Ultra-low energy threshold engineering for all-optical switching of
magnetization in dielectric-coated Co/Gd based synthetic-ferrimagnet

Pingzhi Li,1, a) Mark J.G. Peeters,1, b) Youri L.W. van Hees,1, c) Reinoud Lavrijsen,1, d) and Bert Koopmans1, e)

Department of Applied Physics, Eindhoven University of Technology
P. O. Box 513, 5600 MB Eindhoven, The Netherlands

(Dated: 26 October 2021)

A femtosecond laser pulse is able to switch the magnetic state of a 3d-4f ferrimagnetic material on a pico-
second time scale. Devices based on this all-optical switching (AOS) mechanism are competitive candidates
for ultrafast memory applications. However, a large portion of the light energy is lost by reflection from
the metal thin film as well as transmission to the substrate. In this paper, we explore the use of dielectric
coatings to increase the light absorption by the magnetic metal layer based on the principle of constructive
interference. We experimentally show that the switching energy oscillates with the dielectric layer thickness
following the light interference profile as obtained from theoretical calculations. Furthermore, the switching
threshold fluence can be reduced by at least 80% to 0.6 mJ/cm2 using two dielectric SiO2 layers sandwiching
the metal stack, which scales to 15 fJ of incident energy for a cell size of 502 nm2.

I. INTRODUCTION

All-optical switching (AOS) of magnetization by a fem-
tosecond (fs) laser pulse1, discovered in 2007, is found to
be the fastest way known-to-date to switch the magnetic
state of spintronic materials2. It is almost a thousand
times faster than switching based on spin transfer torque
(STT) and spin orbit torque (SOT)3. It thus offers plat-
forms to create ultrafast memories as well as bridging
integration between spintronics and photonics4,5.

Such a magnetic switching process was found notably
in the 3d-4f ferrimagnetic material systems, such as
GdFeCo alloys1,6 and layered structures7,8. From these
materials, the Co/Gd bilayer7 has received considerable
attention recently owing to its several advantages over
other materials to be embedded in the integrated plat-
forms. Being a layered structure, the wafer scale pro-
duction can be much easier realized. The occurrence of
AOS does not demand a specific material composition7,9

like for the GdFeCo alloys, and Tb/Co multilayers10.
Moreover, the switching energy is much lower7,11 and
it can withstand thermal annealing12 required for the
fabrication of opto-switchable magnetic tunnel junctions
(MTJs)13, as requried and demonstrated for an opto-
MTJ with high tunnel-magnetic resistance based on
Co/Gd14. In addition, the Co/Gd bilayer displays strong
interface induced spintronic effects, such as perpendicu-
lar magnetic anisotropy, spin-hall effect and interfacial
Dzyaloshinskii-Moriya interaction15. Based on this no-
tion, the Co/Gd bilayer system has a high potential to
allow for a hybrid opto-spintronic racetrack memory plat-
form based on AOS and domain wall motion5.
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Despite that AOS shows a lower energy footprint
than the STT/SOT-MRAM1–3, the high power of the
light pulse due to its short pulse requirement for AOS16

might lead to significant non-linear absorption loss (such
as two-photon absorption and subsequent free-carrier
absorption)17–20 when used in photonic integrated cir-
cuits. Therefore, lowering the power, i.e. the required
incident pulse energy per switch, will facilitate the real-
ization of AOS in integrated photonics as well as making
the energy footprint of AOS even more competitive than
spintronic based switching.

In current work on AOS in Co/Gd, the light absorp-
tion is far from efficient, as a significant portion of the
incident light energy is lost by reflection from the metal
surface and transmission to the substrate. Such losses
not only offset the advantages of AOS, but also impose
potential danger to other established components in the
photonic/electronic network. In order to eliminate the
losses from transmission and reflection, we propose to
use dielectric coatings, which can tune the phase of light
interacting with the metal thin film satisfying the con-
dition of constructive interference, thus to optimize the
light absorption by the metallic thin film.

In this report, we used SiO2 as dielectric layers both
on top and at the bottom of the Co/Gd bilayer to theo-
retically and experimentally demonstrate the application
of this concept to AOS. We show that the threshold flu-
ence of AOS can be lowered significantly with the help
of adding a bottom and top dielectric layer. The thresh-
old fluence oscillates with respect to the layer thickness,
which corresponds to the light interference behaviour
as obtained from simulations. Our result shows that
by sandwiching the metal layer with two rather stan-
dard (SiO2) dielectric layers with a thickness of quarter-
wavelength, the threshold fluence can be reduced by more
than 80% as compared to an uncoated metal layer.
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FIG. 1: Light absorption in a metal thin film normalized to the absorption without a dielectric coating, as a
function of metal layer thickness assuming n = 1.5 (a) and of refractive index of dielectric material n assuming the
metal thickness is 0.1 λ

2π (b) , for three cases: only bottom λ
4n coating present (blue), only top λ

4n coating present
(red) and both present (black).

II. THEORY

Previous studies have revealed that AOS by a sin-
gle linearly-polarized fs laser pulse is a heat driven
process2,9,21. The switching occurs at a sub-pico-second
timescale due to ultrafast angular momentum exchange
between two antiferromagnetically coupled sublattices21.
In this paper, our theoretical analysis is based on the fact
that metal absorbs light almost instantaneously enabled
by electron excitations22, and successive heat diffusion
is small at a ps time scale. Furthermore, the thresh-
old fluence for AOS is predominantly determined by the
condition that the electron temperature should be raised
above the Curie temperature of the magnetic film. Thus,
we assume the threshold fluence to scale inversely propor-
tionally with the local, instantaneous light absorption.

In order to derive generic guidelines, we discuss the
effect of adding dielectric layers to enhance the light ab-
sorption in (magnetic) metal thin film. The dielectric
layers allow for multiple interactions (as a result of mul-
tiple reflections) of light with the metal film by introduc-
ing an extra interface. The optimum absorption occurs
when the phase difference between each consecutive re-
flection to be (an odd number of) π, thus the thickness
of the dielectric need to be an odd multiple of a quar-
ter of the wavelength of the incoming light. Here, we
adopted an analytical approach based on the transfer ma-
trix method23,24 to qualitatively describe the influence of
the metal thickness and refractive index n of the dielectric
material. As a representative example for typical 3d-4f
bilayers, we assume a single metal layer with nm = 4+4i.
We express the thickness of the metal in units of λ

2π for
generic insights. In our calculation, we consider the ab-
sorption in the metal with a quarter-wavelength coating
both on top and below the metal thin film normalized

to that of the case without dielectrics as shown in Fig
1. When the thickness of the metal is below 0.03 λ

2π ,
a bottom coating only can already boost the absorption
significantly (see Fig. 1a, n = 1.5 assumed). The bottom
coating ensures optimized reflection from the Si substrate
to be in phase to reduce the transmission loss. However,
in this thickness range, the reflection loss from the top
surface is negligible; adding a top coating additionally
reduces the gain from the bottom coating due to its anti-
reflection effect for light going from substrate to the air.
As the metal thickness increases, the relative effect of
the bottom layer decreases due to weakened transmission
through the metal. The role of the top coating becomes
gradually more significant due to increased reflection loss
from the top metal surface. Especially, in the regime of
a thick film ( > 0.3 λ

2π ), it is sufficient to have a top
coating only. While in the thickness range within the
skin depth of metal (0.03 λ

2π < t < 0.2 λ
2π ), combining a

top with a bottom layer always leads to an overall gain.
Knowing the relative role of the top and bottom coating,
the n of the dielectric is discussed next (see Fig 1b.). For
the top coating, the optimum n for the anti-reflectivity is√
|nm|nAir ≈ 2.2, while for the bottom coating, n = 1 is

desired. An optimum of n occurs at 1.56 as top and bot-
tom coatings work collaboratively (see Fig 1b.). Thus,
SiO2 (n = 1.45) has a value close to the optimum value.

We proceeded by performing a calculation of light
absorption in a specific metallic Co/Gd layer stack
using λ = 700 nm, where the refractive index of
each layer was taken from Palik et al.25. The term
Co/Gd is used in this paper to denote the full stack
of Ta(4)/Pt(4)/Co(1)/Gd(3)/Pt(2) from bottom to top
(thickness in nm in parentheses) on a Si substrate. In
the calculation, we also introduced one or two SiO2 lay-
ers. In Fig. 2a, we show the depth profile of the light
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FIG. 2: The depth profile of light absorption
(wavelength 700 nm) calculated using the transfer

matrix method.24 (a) The light absorption profile for
sample without dielectric coating (blue), 100 nm SiO2

coating in the bottom(black), and 100 nm coating both
at the bottom and top (black). (b) The light absorption
in the Co layer as a function of the SiO2 thickness for

the Si/SiO2(x)/Co/Gd shown in red, and the
Si/SiO2(100)/Co/Gd/SiO2(x) shown in black.

absorption by Si/Co/Gd first without any SiO2 layer (see
blue line), which in total accounts for about 20% of to-
tal light absorption. With the help of a bottom layer of
SiO2(100) between Co/Gd and Si, the light absorption
in Co/Gd can be enhanced by a factor ∼ three (see red
line in Fig. 2a). The enhancement can be extended fur-
ther reaching a gain of 4, by adding another top layer
of SiO2(100) (see black line in Fig. 2a), which confirms
the former generic discussion as the thickness of Co/Gd
corresponds to 0.08 λ

2π . The enhancement is enabled by
the constructive interference of light interacting with the
Co/Gd. This phenomenon can be further demonstrated
by showing the results in Fig 2b, in which upon varying
the thickness of the SiO2 layer, the light absorption shows
oscillatory behaviour, where the extrema are occuring at
an odd multiple of a quarter wavelength. Our results
show that the light absorption in Co/Gd is expected to
be enhanced significantly by applying two SiO2 coatings
sandwiching the Co/Gd.

III. METHODOLOGY

In this paper, we experimentally studied the influence
of SiO2 on the threshold fluence of AOS in Co/Gd fol-
lowing our calculation shown in Fig. 2. We begin with
discussing the method for sample fabrication, which is
followed by introducing the experimental method to de-
termine the threshold fluence of AOS.

The magnetic Co/Gd bilayer stacks measured in this
study were deposited using DC magnetron sputtering in
a chamber with a base pressure of 5 × 10−9 mBar. The

Co/Gd exhibits perpendicular magnetic anisotropy with
100% remanence due to the induced anisotropy at the
Pt/Co interface. The magnetic properties of Co/Gd are
described in Ref.7. We created several samples to ex-
perimentally demonstrate the concepts presented in Fig.
2. A first set of samples, termed Si/Co(x)/Gd without
SiO2, and Si/t-SiO2(100)/Co(x)/Gd with a 100 nm of
thermally oxidized SiO2 (t-SiO2) coating is fabricated
by wedge-sputtering Co(x)/Gd (a moving wedge shut-
ter incorporated during sputtering causing the thickness
of deposited material varying with position) both on a
Si substrate and a Si substrate with a 100 nm thermal
SiO2 coating (t-SiO2) as a single batch. The sample cre-
ated in this way provides us with a very convenient way
to study the thickness dependence without the needs of
creating multiple samples. The schematic illustration of
this set of samples is shown as the inset in Fig. 3a. A
second set of sample: as Si/c-SiO2(x)/Co/Gd, is made
by sputtering Co/Gd on several Si wafer blankets pre-
coated with different SiO2 by inductively-coupled plasma
chemical-vapour deposition (ICP-CVD) (c-SiO2). The
c-SiO2 in this sample set is deposited at 80 ◦C, which
preserves an atomically flat surface for the growth of
the Co/Gd. The illustration of this set of samples is
shown in the inset of Fig. 3c. A third set of samples,
termed as Si/t-SiO2(100)/Co/Gd/s-SiO2(x), is created
by wedge sputtering a SiO2 layer (s-SiO2) on top of Si/t-
SiO2/Co/Gd. However, its properties deviate from stoi-
chiometric SiO2 (such as t-SiO2 and c-SiO2), its refrac-
tive index is higher (due to deficiencies of O) provided
with a small imaginary part of refractive index26,27. The
deposition procedure also causes damage to Co/Gd as
we will discuss later. A last sample, termed as Si/t-
SiO2(100)/Co/Gd/c-SiO2(100), is created, the Co/Gd
of which is deposited from the same batch of Si/c-
SiO2(x)/Co/Gd followed by being coated with a top c-
SiO2(100).

To determine the AOS threshold fluence, we adopted
the method used by Lalieu et al.7 as briefly described
in the following. Samples are firstly saturated with a
magnetic field in the out-of-plane direction. We then
created domains by AOS, by illuminating the magnetic
thin film normal to the sample plane by a single linearly
polarized fs laser pulse (center wavelength 700 nm, pulse
duration 50 fs) with varying energy. A domain is created
once the laser energy surpasses a certain energy thresh-
old. The domain size increases upon further enhancing
the energy, the domain written has an Gaussian elliptical
shape. We then image the switched domains by polar-
Kerr microscopy and determine its area. The threshold
fluence is obtained by fitting the switched domain area
and the pulse energy, to a Gaussian elliptical spot profile.
Some examples of the measurement results together with
the fitted curve can be found in Fig. 3b, while the de-
termined threshold fluence corresponding to each curve,
can be found in the inset.



4

FIG. 3: (a) The threshold fluence of Co(x)/Gd as a function of Co thickness on Si (black) and Si/t-SiO2(100) (red)
substrate. (b) The switched domain size as a function of pulse energy for various samples with different ICP-CVD
SiO2 layer thickness, which is marked as a number (unit nm) next to each corresponding curve. All curves are for
samples without top-dielectric, except for the blue data set, which is for Co/Gd with both a 100 nm thermal SiO2

(t-SiO2) underlayer and a 100 nm ICV-CVD SiO2 (c-SiO2) top layer. The threshold fluence for each curve obtained
by the method from Ref.7 is displayed in the inset. (c) The threshold fluence of Co/Gd as a function of the thickness
of ICP-CVD SiO2. The red dashed line is the fitting obtained by taking the reciprocal of the sinusoidal oscillation as

shown in Fig. 2b. (d) The threshold fluence as a function of the thickness of the top SiO2 for Co/Gd grown on
Si/SiO2.

IV. RESULTS AND DISCUSSIONS

We begin with discussing the effect of the SiO2 bot-
tom layer. In Fig. 3a, the experimental results for Si/t-
SiO2(0,100)/Co(x)/Gd is presented. It can be seen that
the threshold fluence of Co(x)/Gd with and without t-
SiO2(100) increases as a function of Co thickness as a
result of increased Curie temperature7,9. At each in-
dividual Co thickness, the threshold fluence of Co/Gd
grown on Si is more than twice that of Co/Gd grown
on Si/t-SiO2(100), which confirms our calculation in Fig.
2a (the red and blue curve). To further confirm that the
reduced AOS threshold fluence is due to the interference
effect as discussed above, we compared the enhancement
for different thickness of the bottom SiO2 layer, as shown
in Fig. 3c. The threshold fluence of Co/Gd oscillates in
a fashion (see red dashed line) corresponding to the re-
ciprocal of the sinusoidal behaviour presented in Fig. 2b

(see red curve) and a minimum is achieved at a quarter
wavelength. It is confirmed that the threshold fluence is
decreased greatly by 62.5% 3.2 mJ/cm2 to 1.2 mJ/cm2

using the bottom reflection-enhancing dielectric coating.

We proceed by adding an extra SiO2 layer on top. The
measurement results from Si/t-SiO2/Co/Gd/s-SiO2(x)
in Fig. 3d shows that the threshold fluence displays more
than two periods of oscillation in a similar fashion as
the calculation results in Fig.2b (see black curve). More
specifically, as the thickness increases from 0, the thresh-
old fluence decreases until reaching a minimum at close to
a quarter wavelength. These results suggest that adding
a top dielectric layer with proper thickness in combina-
tion with the bottom layer can bring the threshold fluence
further down. Here we note that the threshold fluence at
0 thickness in Fig. 3d is a higher value compared with the
result in Fig. 3a (see red data point at Co thickness equal
to 1 nm). We attribute this deviation to the growth pro-
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cess of RF sputtering that degrades the sample, which is
confirmed by a separate control measurement on the area
covered completely by the wedge shutter during growth
(not show). Determining the underlying mechanism is
beyond the scope of this work.

Finally, to mitigate the non-idealities incurred by
s-SiO2 and the influence of its fabrication process
on Co/Gd for the discussion of a top dielectric
layer, we present the measurement result for Si/t-
SiO2(100)/Co/Gd/c-SiO2(100). Here the top layer is de-
posited by ICP-CVD instead, which is shown as the blue
curve in Fig. 3b. As can be seen, the threshold fluence of
0.6 mJ/cm2 (see the blue bar in the inset of Fig. 3b and
blue data point in Fig. 3d) is almost 80% lower than the
value (3.2 mJ/cm2) for an uncoated Co/Gd as expected
from the simulations shown in Fig. 2a (see gray curve for
a thickness of ∼ 0.08 λ

2π ), which could potentially reduce
the non-linear losses in photonic distribution networks by
more than 25 times since the nonlinear absorption scales
quadratically with light intensity.

In addition, this ultra low value corresponds to a total
energy consumption of 15 fJ for a device with a dimen-
sion of 50 × 50 nm2. We claim this value is the lowest
threshold fluence reported so far for AOS2,3,28 and two
orders of magnitude more energy efficient than standard
SOT/STT-MRAM technologies29,30 as well as state-of-
the-art SRAM and DRAM31,32. A further energy reduc-
tion is expected by reducing the thickness of the Co layer
following results shown in Fig. 3a, paving ways for ultra-
fast energy efficient on/inter-chip memory applications.

Our results show that the energy efficiency of AOS can
be tuned with enhanced light absorption. This approach
can be further extended by using multilayer dielectric
stacks such as Bragg mirrors sandwiching Co/Gd with
constituent dielectric materials with a higher contrast in
the dielectric constant, which would lead to almost to-
tal light absorption. Additionally, we propose that the
full sheet coverage of the dielectric coating can be ex-
tended to patterned structures so that the heat can be
selectively deposited. Such an approach could be useful
for all-optical skyrmion creation by AOS and topological
phase transitions33.

In conclusion, we have theoretically analyzed the po-
tential of applying dielectric coatings sandwiching an op-
tically switchable magnetic layer to enhance the light ab-
sorption and thereby optimize AOS. We used the concept
of light interference enabled by SiO2 dielectric coatings
to reduce the threshold fluence of AOS in Co/Gd. We
experimentally verified the effect by observing interfer-
ence induced oscillations of the threshold fluence with
respect to the SiO2 thickness, which matches well with
our calculation. In particular, we achieved more than
80% of energy reduction by sandwiching the metal stack
with two dielectric layers achieving an ultralow value of
0.6 mJ/cm2.
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