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Ultrafast Racetrack Based on Compensated Co/Gd-Based
Synthetic Ferrimagnet with All-Optical Switching

Pingzhi Li,* Thomas J. Kools, Bert Koopmans, and Reinoud Lavrijsen

Spin-orbitronics and single pulse all-optical switching (AOS) of magnetization
are two major successes of the rapidly advancing field of nanomagnetism

in recent years, with high potential for enabling novel, fast, and energy-
efficient memory and logic platforms. Fast current-induced domain wall
motion (CIDWM) and single shot AOS have been individually demonstrated
in different ferrimagnetic alloys. However, the stringent requirement for their
composition control makes these alloys challenging materials for wafer scale
production. Here, fast CIDWM and energy efficient AOS in a synthetic ferri-
magnetic system based on multilayered [Co/Gd], are simultaneously demon-
strated. First, it is shown that AOS is present in its full composition range.

It is found that current-driven domain wall velocities over 2000 m s™' at
room temperature, achieved by compensating the total angular momentum
through layer thickness tuning. Furthermore, analytical modeling of the
CIDWM reveals that Joule heating needs to be treated transiently to properly
describe the CIDWM for our sub-ns current pulses. The studies establish
[Co/Gd]-based synthetic ferrimagnets to be a unique materials platform for
domain wall devices with access to ultrafast single pulse AOS.

1. Introduction and Results

Research in spintronics!? over the last decades has demon-
strated a possibility for further evolution of solid-state elec-
tronic application platforms beyond CMOS. The racetrack
memory,B] an envisioned novel data storage device concept
based on using magnetic domain walls (DWs),¥ utilizes fron-
tier spintronic mechanisms to function as an ultra-dense
on-chip memory with an operation speed comparable to low-
level cache.l! The efficiency of racetrack memory relies on the
fast CIDWM in a material with perpendicular magnetic ani-
sotropy. The maximum velocity was significantly enhanced
over the years by combining spin-orbit torques (SOTs) and
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the Dzyaloshinskii-Moriya interaction
(DMI)[*8] with synthetic antiferromagnets
(SAFs), which resulted in reported DW
velocities close to 750 m 5711

Despite the large improvement, the
energy efficiency is still limited due to
the weak strength of the antiferromag-
netic (AF) coupling. Therefore, the mate-
rials platform of rare earth (RE)-transition
metal (TM) compounds garnered con-
siderable attention, promising faster
CIDWM due to the much stronger direct
AF coupling than the indirect exchange
coupling!'”! utilized in SAFs. Furthermore,
the SOTs used to drive the DW promise
to be highly efficient in the RE-TM sys-
tems as a result of the long spin coher-
ence length.lYl Cosequently, high velocity
CIDWM has been reported in Co-Gd-
based ferrimagnetic alloy systemsl('>"3l
when the angular momentum in the mag-
netic material is compensated, being at
least a factor of three faster than that of
the previously reported SAFs.

Besides the efficient CIDWM, single pulse all-optical
switching (AOS) of the magnetization™™ in the RE-TM sys-
tems has obtained significant attention thanks to its sub-
picosecond™ energy efficient""8] magnetization switching
enabled by the ultrafast angular momentum transfer upon laser
excitation.!” This can be useful as a new generation of ultrafast
magnetic memory, as well as a data buffer between electronics
and integrated photonics.*2021 Recently, a synthetic ferrimag-
netic system based on a Pt/Co/Gd-®%2 layered structure has
shown high robustness!?*! for such a hybrid integration.

These kinds of synthetic ferrimagnets have some distinct
advantages over RE-TM alloys. For instance, AOS is not lim-
ited by the exact composition.?* They also withstand thermal
annealing!®® and offer easier magnetic composition control
at wafer scale than the alloy system, as well as better access
to interface engineering. Therefore, it has been proposed that
such a materials platform has high potential to realize a hybrid
integration of DW memory in photonic platforms to further
enhance their storage density.[20-20)

So far, the CIDWM of Co/Gd bilayers?®?/ has been investi-
gated. However, the highest reported velocity, achieved at cryo-
genic conditions,”’] was several times lower than that reported
in alloys,?l in part due to large net angular momentum, low
compensation temperature as well as DW pinning effects. In
this report, we therefore propose a materials platform based on
the [Co/Gd], synthetic ferrimagnet capable of accommodating
both efficient CIDWM of over 2 km s7!) at room temperature
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Figure 1. a) Schematic illustration of the layer stack used in our study (thickness in nm). b) Result of static MOKE study, where the MOKE signal
(black) is defined by the difference in signal intensity between saturation at positive and negative applied field. Coercivity (red) was measured at a fixed
scanning speed of 10 mT s (red). c) Hysteresis loops measured at the sample thicknesses marked by the coloured dots in (b). d) Threshold fluence
for all-optical switching across the wedge shown in (a). Inset shows toggle switched domains at two sides of the compensation thickness for varying

amount of subsequent pulses.

(RT) on par with the state-of-the-art>!228l and single-pulse AOS,
with compatibility for wafer scale production as well as robust-
ness for engineering, which is compatible with the back-end-of-
line integration technology in CMOS industry.

The magnetostatic and AOS properties of the [Co/Gd], mate-
rials platform under investigation in this work are shown in
Figure 1. A Ta/Pt/[Co/Gd],/TaN multilayer is deposited on a Si/
SiO, substrate, where the first Gd layer is wedged (see Figure la
and Experimental Section) to tune the net magnetic moment.
Due to the proximity effect by the Co, a net magnetization is
induced in the Gd which drops off steeply away from the Co
interface.?’) Compared to the bilayer Co/Gd,?2?! we double
the magnetic volume of the Co in [Co/Gd],, while tripling the
number of interfaces at which magnetization is induced in the
Gd. This allows us to more easily compensate both the angular
momentum and magnetic moment of the system at RT by var-
ying the individual layer thicknesses.

We measured hysteresis loops by polar magneto-optical Kerr
effect (MOKE) at RT across the thickness range of Gd between
0-1.6 nm. In Figure 1b, we plot the MOKE signal intensity,
defined as the difference in signal between positive and nega-
tive saturation, as well as the coercivity obtained from these
hysteresis loops. The loops corresponding to the colored dots in
Figure 1b are presented in Figure 1c.

The 100% remanence indicates a well-defined perpendic-
ular magnetic anisotropy as well as tight exchange coupling
between the layers. Importantly, at the Gd thickness of 0.97 nm,
the MOKE signal switches sign (see black curve in Figure 1b).
This can be observed as well in Figure 1c as an inverted hyster-
esis loop. At this thickness the magnetization is compensated,
i.e., the Co and Gd magnetization cancel each other. This is fur-
ther evidenced by the divergence in coercivity, and confirmed
by superconducting quantum interference device measure-
ments (see Appendix A, Supporting Information). Thus, upon
increasing the thickness of Gd, the magnetic balance is shifted
from being Co-dominated to Gd-dominated.

With respect to the magnetostatics, we note that the mag-
netization and angular momentum compensation thickness in
these [Co/Gd]-based ferrimagnets are similar but not identical
due to the different Landé g-factors of Co (=2.2) and Gd (=2.0).
Therefore, when discussing compensation without further
specification in the remainder of this text, we refer to angular
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momentum compensation as this is the relevant condition for
efficient CIDWM.[1227:30]

To investigate whether our 4-layer Co/Gd system is all-
optically switchable, and how it depends on compensation
conditions, we performed AOS experiments by illuminating
the wedge with single femtosecond laser pulses with varying
pulse energy, and examined the sample under a polar Kerr
microscope. We find that single pulse AOS is present at every
thickness on the [Co/Gd], wedge. An example of the resulting
toggle switched domains around the compensation boundary is
shown in the inset of Figure 1d, which can be observed from
the contrast inversion (see Appendix B, Supporting Infor-
mation, for more images). This distinct feature that the AOS
occurs both in the deep Co-dominated and Gd-dominated com-
position is unlike that of alloys!"”! and Co/Tb multilayers,’3! in
which AOS is only present within +1.5 % of the composition
window. This shows the flexibility of our system in terms of
AOS engineering.

We further plot the threshold fluence as a function of Gd
thickness, calculated from the switched area and the cor-
responding pulse energy?? in Figure 1d. We find that the
threshold fluence depends significantly on the material compo-
sition, and is at a minimum around the compensation point.
Initially, the threshold fluence decreases monotonously with
Gd thickness up to 1 nm, with a reduction of the threshold flu-
ence of >50% reaching 0.9 m] cm~2, which corresponds to 25 f]
for a 502 nm? domain. Such a switching energy is an order of
magnitude lower than that of typical SOT and spin-transfer
torque switching of a ferromagnet.1?

Although a full dissection of the exact mechanism behind
the thickness-dependence of the threshold fluence is beyond
the scope of this work, we note that previous studies have
shown that reducing the Curie temperature of layered systems
can lead to a reduction of the threshold fluence.l'$222433] In our
case, as the Gd layer increases, the Curie temperature of the
total stack is expected to drop, because the mutual exchange
stabilization of the two Co layers is weakened, leading to a
reduction of threshold fluence.

With compensation and AOS at RT confirmed, in the
remainder of this work we demonstrate and explain the DW
velocities of over 2000 m s7, as achieved in [Co/Gd],. In the
case of such an AF-coupled system with DMI, two contributions
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Figure 2. a) Example image from DW motion experiments performed by differential polar Kerr microscopy, where the setup is illustrated schematically
as a pulse generator and a 6 GHz bandwidth oscilloscope. The DW position after applying consecutive pulses is shown. b) The measured DW velocity
as a function of current density for three Gd layer thicknesses. c¢) The DW velocity as a function of Gd layer thickness for various current densities,
where 10 % error bars are not shown. Here, we marked the quantified magnetization compensation thickness ty, obtained from polar MOKE meas-
urements as well as the corresponding angular momentum compensation thickness t, based on the estimation from magnetometry measurement.
d) Compensation thickness as obtained from polar MOKE measurements of the [Co/Gd], at various ambient temperatures. e) The temporal profile of
the current pulse used in the experiment (normalized by the peak current density), and its subsequent temperature rise (as simulated with COMSOL)
at 3.6 TA m~2. f) Result of the theoretical 1D modeling: the DW velocity as a function of Gd thickness, where the magnetization profile as well as
its temperature dependence is in line with experimenes, while the current pulse and temperature profile follow the profile given in (d). The velocity

maximum is marked with a grey dot. The vertical dashed line indicates the angular momentum compensation thickness.

mainly drive the coherent motion of the DW—the DMI-torque
and the exchange coupling torque. These two torques give
rise to spin dynamics upon excitation by the spin Hall-effect-
induced spin accumulation, and both lead to DW motion along
the current direction (for positive DMI and spin Hall angle-34).

It is well understood that the exchange coupling torque
only drives the DW motion efficiently near the compensa-
tion point.%?”] Adding additional AF-coupled layers to a fer-
romagnet can facilitate this, however, can also increase the
angular momentum of the DW to be translated. Nonetheless,
following the discussion in Supporting information, Section C,
describing an analytical study based on the well-known 1D
model for domain wall motion,®3% we still expect a significant
increase of the DW velocity in our study, as the enhancement
of exchange coupling torque due to compensation significantly
overwhelms the effect of added magnetic inertia.

Adv. Electron. Mater. 2023, 9, 2200613 2200613 (3 of 5)

For this reason, we experimentally determined the DW
velocity from the CIDWM in [Co/Gd], as a function of lower
Gd thickness. This study is performed in the same stack show-
cased in Figure 1a. The wedged thin film was patterned into
micro-structures as shown in Figure 2a (for details see Experi-
mental Section and Figure E4b, Supporting Information). The
magnetic domains were imaged by polar Kerr microscopy (see
Figure 2a). Short current pulses of =1 ns duration with varying
amplitudes are injected into the structures to determine the
DW velocity (see Appendix D, Supporting Information). We
observe that the DW moves coherently along the current direc-
tion (see Figure 2a). This confirms a left-handed Néel-type DW
in our system as a result of a positive DMI, and a positive spin
Hall angle,”3% as is characteristic of the Pt-Co interface.

In Figure 2b, we compare the resulting DW velocity as a
function of peak current density for a Co-dominated (0.69 nm),

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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compensated (0.93 nm) and Gd-dominated stack (1.28 nm),
considering the magnetic composition at RT. We demonstrate
that DW velocities of over 2000 m s™! can be achieved at the
highest current densities, at least three times larger than that
observed in SAFs.)

Furthermore, we notice from the crossing point between the
red and black curve that the Gd thickness at which the highest
velocity is observed becomes larger with increasing current den-
sity. We attribute this to the effect of Joule heating induced by
the current pulses. Earlier studies show that the Gd magnetiza-
tion is quenched more severely during Joule heating than that of
Co.[7-2938] The consequence is that at higher temperature rela-
tively more Gd than at RT is needed to achieve compensation.
This fact is confirmed for our stacks by the upward shift of the
compensation thickness with increasing sample temperature
using polar MOKE (see Figure 2d). We find that this hypothesis
of a Joule-heating-induced shift of the compensation thickness
explains the CIDWM experiments well. To understand this, it
useful to consider two regimes in Figure 2b in more detail.

For | < 2.3 TA m™?, before saturation effects start to occur
and for limited heating, we observe a steady rise of the velocity,
consistent with earlier work on CIDWM in materials with
AF coupling. As expected, the compensated sample is driven
most efficiently. We visualize this further by plotting the DW
velocity as a function of Gd thickness across the Co and Gd-
dominated regimes, as is shown in Figure 2c. Here, we observe
that the DW velocity in this range of current densities spikes
at the RT compensation thickness, further proving the origin
of the velocity increase is due to the enhanced exchange
coupling torque.

for the Co-dominated and the compensated sample. This
is typical behavior of the CIDWM of a ferromagnet,”%%:34%]
which is limited by the DMI-torque. Contrarily, the Gd-domi-
nated sample shows a consistent velocity rise typically associ-
ated with a compensated system.] This is consistent with the
hypothesis that the increased Joule heating shifts the compen-
sation point to larger Gd thicknesses during the pulse, and is
supported by the velocity peak shift observed in Figure 2c.

In order to quantify the effect of the change in compensation
thickness due to Joule heating on the CIDWM, we first numeri-
cally investigate the temperature transient for the current
pulses applied in the experiment (see Appendix E, Supporting
Information). In Figure 2e, we plot a typical current density
profile and the corresponding modelled temperature change in
the device. We observe a delay of =0.4 ns between the peak cur-
rent density, and the peak temperature. This is a consequence
of the fact that the pulse duration approaches the characteristic
time scale of the heat transport between the sample and the
substrate (See Appendix E, Supporting Information).

Importantly, around the peak current density where the
driving torque exerted on the DW is largest, the sample tem-
perature is changing rapidly from 0 to 50 % of maximum tem-
perature within 0.4 ns. Therefore, the net angular momentum
changes rapidly during the application of the pulse. This makes
assigning an effective temperature during DW motion like pre-
vious studies(2?2838] inaccurate.

Therefore, we incorporated the transient current density
profile, and the corresponding temperature rise into an ana-
Iytical 1D model of the CIDWM (see Appendix F, Supporting

Adv. Electron. Mater. 2023, 9, 2200613 2200613 (4 of 5)
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Information), where we introduce a thickness and tempera-
ture-dependent magnetization profile following our SQUID
measurements (see Appendix A, Supporting Information). The
resulting modeled DW velocity as a function of thickness and
current density is plotted in Figure 2f.

We find that the velocity peak shift with increased current
density as shown in Figure 2b is well described by our model.
Furthermore, we also find that the rapidly changing angular
momentum during the current pulse gives rise to a broadening
of the velocity peak compared to the case with constant temper-
ature previously described in['2?"! (see Appendix G, Supporting
Information).

These results suggest that in general transient treatment of
the temperature profile is necessary to properly address the DW
dynamics for ultrashort current pulses. Furthermore, to benefit
from large exchange coupling torque at elevated temperature,
which is a likely scenario in high-speed electronics, pushing the
composition into the Gd-dominated regime is required.

2. Conclusion

In summary, we have presented a materials platform of a syn-
thetic ferrimagnet based on [Co/Gd], that can be effectively
tuned near the compensation point via layer thickness, and
exhibits efficient single pulse AOS. We also experimentally
and numerically showed that fast CIDWM with velocities over
2000 m s can be achieved with the help of angular momentum
compensation. Finally, we addressed the transient Joule heating
effect during CIDWM, which gives important insight into our
experimental observations and potential technological imple-
mentation. Our results therefore lay the foundation for an
effective materials platform that exhibits both ultrafast CIDWM
and AOS, paving the way for synthetic ferrimagnets to become
the new paradigm of ferrimagnetic spintronics and providing
a jumping board for further integration between photonics
and spintronics.

3. Experimental Section

Magnetic films were deposited on Si substrates with a 100 nm thermally
oxidized SiO, layer by D.C. magnetron sputtering in a system with
a base pressure of =5 x 10 mBar. A thickness wedge is created with
the help of a moving wedge shutter during sputtering. From these
thin films, nanostrips were fabricated using electron-beam lithography
and lift-off. The gold contacts were made by wire bonding. The out-
of-plane component of the magnetization (M,) of the nanostrips was
measured by polar Kerr microscopy. An in-plane field of 200 mT along
the current direction, combined with a 3 TA m=2 current pulse was used
to nucleate domains. Both MOKE and Kerr Microscopy characterization
were performed using a 700 nm continuous wave laser in the polar
configuration. Here, we chose the wavelength of the laser light
(=700 nm) such that the detected signal is only sensitive to the magneto-
optical response from the Co layer and Kerr rotation is maximized.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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