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Abstract

The discovery of ultrafast demagnetization by Bigot and Beaurepaire
in 1996 [1] launched the field of ultrafast magnetism - the study of sub-
picosecond magnetization dynamics in response to femtosecond laser excita-
tions. In the same year, the discovery of spin-transfer torque switching of
magnetic nanostructures [2, 3] launched the field of spintronics - the control
of magnetic order with electrical currents and voltage, germane to integrated
electronic systems. Ultrafast magnetism may be particularly useful to future
spintronic memory and logic devices by enabling magnetization switching at
much faster time scales than in any existing spintronic technology. However,
a number of obstacles stand in the way of integrating ultrafast magnetic
phenomena into spintronic devices. To be useful for devices, ultrafast mag-
netization dynamics must be driven by electrical currents, not femtosecond
lasers. The electrical currents need to be sourced by semiconductor transis-
tors, which currently have a minimum gate delay on the order of picoseconds.
Readout of the magnetic state must also be electrical, which will likely require
a large magnetoresistance from a ferromagnetic tunnel junction. Finally, the
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switching energy must be minimized, which requires nanoscale device dimen-
sions.

This review discusses our most recent advances in addressing these chal-
lenges and bridging together the two fields of spintronics and ultrafast mag-
netism to enable the integration of ultrafast spintronic devices. Our research
shows that, not only sub-picosecond optical pulses, but also picosecond exci-
tations in the form of optical and electrical (heat current) pulses can result in
the switching of the magnetization direction between two opposite states in
ferrimagnetic GdFeCo. We also demonstrate ultrafast single shot switching
of ferromagnetic Co/Pt exchange coupled to a GdFeCo layer. Furthermore,
we observe ultrafast switching in nanoscale patterned GdCo dots. These
achievements pave the way towards the construction of nanoscale ferromag-
netic tunnel junctions capable of picosecond magnetization write times and
electrical readout.

Keywords: ultrafast, all-optical switching, sub-picosecond, GdFeCo, GdCo,
ultrafast spintronics

1. Introduction

In 1996, Jean-Yves Bigot and Eric Beaurepaire revealed sub-picosecond
demagnetization behavior of ferromagnetic nickel in response to a femtosec-
ond laser pulse excitation [1]. Their pioneering discovery has since inspired
many new research directions focused on ultrafast magnetization dynamics.
Perhaps the result most relevant to electronics applications was the achieve-
ment of picosecond magnetization reversal of the GdFeCo alloy in 2007 [4, 5].
Although, these initial results seemed to suggest that the reversal of mag-
netization depended on the helicity of the circularly-polarized laser pulse
excitation [4, 5, 6], subsequent studies revealed that linearly-polarized light
also drives ultrafast toggle switching [7, 8, 9, 10], presented in Fig. 1. An
ability to drive switching with a linearly polarized laser pulse suggests that
the phenomena is primarily heat driven. Magneto-optical phenomena are of
secondary importance [11]. Equipped with this understanding that helicity-
independent all-optical switching (HI-AOS) in ferrimagnetic metals is a heat-
driven phenomenon, numerous research efforts have begun to explore differ-
ent methods of supplying that heat without the use of a femtosecond laser
(12, 13, 14, 15, 16, 17]. Together with other research efforts [18, 19, 20],
significant progress is being made toward integrating ultrafast switching into
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Figure 1: (a) MOKE micrographs of the magnetization of the Gda;FeCo film exposed to
successive linearly polarized pulses of t = 55 fs on an initially "down” (M-) magnetized
sample. Reliable all-optical switching of the magentization independly of the helicity of
light is demonstrated. (b) Evolution of the normalized Kerr rotation of GdFeCo samples
induced by a linearly polarized t = 55 fs pump. Adapted figure with permission from [21].
Copyright 2016 by the American Physical Society.

electronic devices [12, 13, 14, 15, 16, 17, 18, 19, 20].

Integration of spintronic devices with conventional electronics requires
that both the control and detection be done using basic integrated circuit
parameters, like current, voltage, and resistance. Giant magnetoresistance
(GMR) [22, 23] and tunneling magnetoresistance (TMR) [24, 25, 26, 27, 28,
29, 30] allow for the detection of spin in terms of a simple resistance mea-
surement between ferromagnetic layers [31]. As a result, magnetoresistance
has become the standard method for “reading” the magnetic state. On the
other hand, multiple different types of methods are currently being explored
for “writing” the magnetic state.

To fulfill similar data storage functions as integrated semiconductor tech-
nologies like SRAM and DRAM [32], rising magnetic random access memory
(MRAM) technologies must satisfy certain performance specifications. These
include short read and write times, low dynamic energy, low static/leakage
current, and small device area/high density [33, 34]. For MRAM devices,
these specifications correspond to the following criteria and performance met-
rics:

o Fast switching (for short write times)
e Low switching energy (for low dynamic energy)

« Nonvolatility (inherent to magnetic materials and minimizes static leak-
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age)

« Nanoscale integration (while maintaining sufficiently large magnetic
anisotropy to provide thermal stability for small devices and higher
densities)

In addition, we can include the previously mentioned criteria that the mag-
netic device should be written and read by the basic electronic circuit pa-
rameters - current, voltage, and resistance.

All MRAM technologies are inherently nonvolatile and can generally be
scaled down to nanometer dimensions. Therefore, the remaining two per-
formance metrics for comparing magnetization switching technologies are
switching energy per unit area (of the magnetic material) and switching
speed. Devices that can minimize both energy consumption and speed are
the most attractive for applications. Using these metrics, Fig. 2 compares
ultrafast magnetization switching in uniaxial ferrimagnetic metals, which
is the focus of this review, with the most prominent existing magnetization
switching technologies, those of spin-transfer torque (STT), spin-orbit torque
(SOT), and magnetoelectric/voltage-controlled (ME) switching. As can be
seen from the figure, successful integration of ultrafast magnetization dy-
namics for spintronics applications has the potential to provide the fastest
switching speed while still consuming a reasonably low switching energy, as
estimated by [14].

Thanks to Bigot and Beaurepaire, the discovery of sub-picosecond mag-
netization dynamics has opened the door to numerous new research pur-
suits in all-optical switching, terahertz spintronics and ultrafast magnetic
memory and logic devices [48, 49]. The main challenges facing the field
currently include gaining a better understanding of the physics behind the
switching process and making progress towards complete integration of ul-
trafast spintronic devices [20]. This review highlights some of our research
efforts attempting to address those challenges. In Section 2, we discuss our
experimental observations of magnetization dynamics in response to excita-
tions of different pulse widths and energies. Femtosecond pulse experiments
show that the energy required for ultrafast switching of GdFeCo is quite
low. Furthermore, the energy required for switching depends only weakly
on the pulse duration. This is in stark contrast with STT and SOT, whose
required switching energy dramatically increases for pulses shorter than one
nanosecond [35, 36, 39, 41, 42, 43]. In the same section, we also discuss
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Figure 2: Summary of existing magnetization switching technologies for MRAM as well
as the potential technology of ultrafast magnetization switching. The comparison is made
based upon reported switching energy per unit area and switching speed from [35, 36,
37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47] compared to the estimated values for ultrafast
electrical switching from [14].



how hot electron diffusion from an adjacent metal is sufficient to cause ul-
trafast magnetization switching in GdFeCo. Then in Section 3, we present
the ability of picosecond electrical current pulses to drive ultrafast magne-
tization dynamics. Time-resolved measurements of magnetization dynamics
confirm that electrical heating can both demagnetize ferromagnetic Co/Pt
multilayers and switch ferrimagnetic GdFeCo. Afterwards, in Section 4, we
attempt to confront various roadblocks to ultrafast spintronic integration
by, first, demonstrating ultrafast magnetic reversal of a ferromagnet, which
can be used in constructing magnetoresistive tunnel junctions for electrical
readout. Second, we fabricate and measure nanoscale ferrimagnetic patterns
and demonstrate that HI-AOS phenomena are not only maintained down to
nanoscale dimensions, but are, in fact, enhanced at such dimensions. Finally,
we conclude this review with some insights about the impact of ultrafast
magnetization reversal as well as potential directions for future research.

2. Picosecond heat pulses for magnetization switching

Although ultrafast all-optical switching (AOS) has been observed in a
number of insulating films [50, 51, 52] in addition to uniaxial ferrimagnetic
metals like the GdFeCo we describe in this review, it is widely accepted
that in these latter systems, AOS is observed as a 180° reversal of its two
antiparallel magnetic sub-systems [53, 9, 10, 54]. So far, ultrafast AOS has
only been observed in ferrimagnetic Gd and Co or Fe based alloys [9, 55, 56],
and more recently in multilayers [57, 17], independent of the helicity of the
optical excitation. Moreover, it is also believed that, in a material film, these
magnetic subsystems must be allowed to exchange angular momentum with
each other upon laser excitation in order to reverse the direction of their
magnetic moment. In fact, the key to HI-AOS resides in the fact that the
angular momentum loss from one of the subsystems (e.g., Gd) during its
demagnetization will be partially absorbed by the other subsystems (e.g.,
FeCo), eventually driving it to switch.

In the case of GdFeCo alloys, it was experimentally observed that the
FeCo sublattice demagnetizes faster than the Gd one, crosses zero, and be-
comes transiently parallel to the Gd sublattice [9]. To explain such surprising
behavior, it was put forth by [9, 58] that the electronic temperature had to
reach a much higher temperature than T, so as to temporarily "break” the
exchange interaction and allow the sublattices to decouple and demagnetize
at different rates. If such a condition was found to be true, it would mean
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Figure 3: (a) Critical fluence F, for AOS and multidomain states as a function of the
laser pulse duration at room temperature. Solid lines are guides for the eyes. The blue
dashed lines are a calculation of the fluence needed to make the lattice reach T.. The
magneto-optic Kerr effect (MOKE) image shows the limits for observation of AOS in each
sample. The fully demagnetized state obtained for a At = 16 ps pulse of ~1.85 mJ/cm?
on sample GdyrFeCo. (b) Calculation of electronic (solid lines) and lattice (dotted lines)
temperatures after a At = 55 fs, F. = 0.8 mJ/cm? pulse (red), a At = 1ps, F. = 0.9mJ /cm?
pulse (blue), and a At = 12.5 ps, F. = 1.35 mJ/cm? pulse (black) according to the three-
temperature model. The dashed line indicates T.. For At = 12.5 ps pulses, T, gets very
close to T..Whether T, needs to reach T, or not is unclear due to the uncertainties (~20%)
of the critical fluences F.. Adapted figures with permission from [21]. Copyright 2016 by
the American Physical Society.

that electrons need to be heated very fast (with sub-picosecond pulses) in
order to meet the required non-equilibrium, high electron temperatures.

2.1. Picosecond optical pulses for all-optical switching

In order to test the requirements on electron temperatures, we progres-
sively stretched our optical pulses up to 20 ps to observe if, and when, AOS
would be no longer possible [21]. As the pulse duration At increases, the laser
peak intensity drops as 1/At resulting in a lower peak electron temperature
T.. However, since energy transfer rates depend on temperature differences
between heat baths, electrons actually lose less energy when they are cool.
The result is a drop of the peak T, by a factor of ~3 when going from At =
50 fs to 10 ps.

For the measurements in [21], we reset the film with an external magnetic
field, irradiated it with single laser pulses and verified the toggle-switching
behavior via a magneto-optical Kerr effect (MOKE) microscope. Figure 3a



shows the measured critical energy threshold for AOS (red triangles) as a
function of pulse duration, up to a maximum of 15 ps, above which no more
AOS was observed in any sample. More strikingly, the required energy in-
creased only by ~50% as the pulse duration increased by over two orders of
magnitude. A limit on the pulse duration was also found, corresponding to
when the threshold energy is such that the lattice overcomes T (blue dashed
line). Exceeding this threshold results in a loss of magnetic memory and a
nucleation of random domains.

Based on these findings, we performed a three temperature model simula-
tion in order to estimate peak temperatures at the recorded energy thresholds
and pulse durations [21]. The striking difference in peak electron tempera-
tures between a 55 fs and a 12.5 ps pulse is visible in Fig. 3b (solid lines). Our
results proved that, contrary to previous belief, a high peak electron temper-
ature is not required for AOS. Moreover, we note that two other works had
already studied the requirements on pulse duration, and had arrived to simi-
lar conclusions, in the context of helicity-dependent AOS in GdFeCo [59, 60].
Due to the experimental uncertainties, according to our simulations, it is not
clear whether surpassing T. is needed (see solid black line in Fig. 3b).

The speed of the reversal was verified via time-resolved MOKE experi-
ments [21]. Even for long, 10 ps-wide pulses, the reversal (crossing of zero
magnetization) happens at around 13 ps, which is still relatively fast com-
pared to conventional magnetization reversal dynamics.

The realization that picosecond heating of the electrons is enough for
an ultrafast magnetization reversal in GdFeCo opens new possibilities for
applications but also raises a new question. Is direct optical irradiation
necessary, or can the heat be sourced by an adjacent, hot layer?

2.2. All-optical switching mediated by electronic transport

In recent years, a number of works have demonstrated that femtosecond
optical pulses can launch heat, spin and/or electronic current pulses that
can, themselves, trigger interesting magnetization dynamics in an adjacent
magnetic film [61, 62, 63, 64, 65]. We fabricated a series of samples to test
whether a similar experiment generating a pure ultrafast heat pulse would
switch a GdFeCo film, in the absence of any direct optical excitation [12].

The samples consisted of Pt(6 nm)/Au(t nm)/ GdFeCo(10 nm)/sapphire,
as shown in Fig. 4a, and were always excited through the top highly-
absorbing Pt layer [12]. The Au spacer layer, of thickness t, was included to
tune the amount of direct optical absorption in the GdFeCo. Via multilayer
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the fluence from heat currents via the Au electrons, the blue open circles represent the
fluence from direct optical absorption, and the filled black circles represent the total fluence
absorbed by the GdFeCo electrons from all sources. Lines are to guide the eye. Adapted
figures with permission from [12]. Copyright 2017 by the American Physical Society.

optical calculations, we estimated that for t > 30 nm the amount of optical
energy absorbed by the GdFeCo layer was negligible.

We irradiated all the films with single 55 fs pulses from an 810 nm wave-
length laser and checked for AOS using a MOKE microscope, by imaging
through the transparent substrate. AOS was observed for all Au thicknesses,
even for t = 200nm, as shown in Fig. 4b. To achieve switching, however, the
required incident energy had to be increased by a factor of ~10, going from
t = 0 to t = 113 nm, since some of the energy was lost to the Pt/Au layers
before even reaching the GdFeCo. For each Au thickness, the fraction of the
critical optical fluence reaching the GdFeCo layer is plotted in Fig. 4c (blue
curve). Above t = 30 nm, almost no direct optical energy is absorbed by the
GdFeCo layer. This necessitates that, for films with thicker Au, the energy
driving the switching must be of a different origin: heat transport initiated
by the hot Pt/Au layers.

Upon optical irradiation of a metal film, electrons are first excited to
high energy levels resulting in a non-thermal electron distribution (where
Fermi-Dirac statistics don’t apply). These electrons will then travel ballis-



tically until they scatter and lose energy to lower-energy electrons, giving
rise to the thermalization of the electron bath. This multitude of scatter-
ing events gradually transforms into electron diffusion, which is defined only
when the electron population is fully thermalized and temperatures can be
defined. Until total electron thermalization has been reached, a so-called
super-diffusive transient regime [66] has been proposed to describe the be-
havior. Although the possible co-existence of various transport mechanisms
following irradiation is well accepted, the timescales and length scales in-
volved are not. So how can we tell if the electrons that carry most of the
energy to our GdFeCo layer are, in nature, ballistic (high energy, thus similar
to an optical absorption) or diffusive (low energy)?

One way to answer to this question is to identify the delay in the arrival of
the heat pulse by measuring the (delayed) magnetic dynamics as a function
of spacer thickness. If transport is ballistic, the pulse should arrive within a
few hundred femtoseconds at most, since electrons travel at the Fermi veloc-
ity (1 nm/fs). However, our time-resolved MOKE experiments [12] revealed
a longer delay (~1 ps), compatible with diffusive energy transport. Never-
theless, the same experiments confirmed that the magnetization reversal was
still ultrafast.

A second way to address the question about the nature of the transport
is to check whether simple diffusive models predict enough heat currents to
allow for switching of GdFeCo. We first performed a calculation [12] that
yields a heat current estimation (shown in red in Fig. 4c) that increases
as the thickness of Au is increased. The resulting total absorbed energy
(optical 4+ heat transport) in the GdFeCo layer stayed nearly constant at
around 5 J/m? A constant switching energy threshold is expected if the
effective heat pulse duration is not excessively broadened [21]. Finally, we
compared the percentage of optical energy absorbed in the Pt/Au layers
with the percentage our model predicted would reach the GdFeCo layer.
Model estimations were based on our time-resolved demagnetization traces
for the same samples (see details in ref. [12]). Good agreement between the
experimental behavior and our calculations reinforced the idea that most of
the energy responsible for the switching of GdFeCo in the 200 nm Au film is
due to thermalized, low-energy, diffusive hot electrons.

In conclusion, our experiments and analyses showed that a pure heat pulse
of thermalized electrons is able to reverse GdFeCo [21]. This likely means that
any rapid excitation carrying enough energy to quickly raise the electronic
temperature to a certain point should suffice to trigger the magnetization
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switching in GdFeCo regardless of the initial electronic distribution. Finally,
this result confirms that picosecond electrical pulses can carry the required
heat energy and should be able to reverse the magnetic state of a GdFeCo
device, thus opening the door to an all-electronic ultrafast magnetic memory.

3. Electrical Current-Based Ultrafast Devices

Prior to driving ultrafast magnetization switching electrically, we first
consider the differences between optical irradiation and electrical stimula-
tion. In short, optical irradiation of magnetic metals makes electrons hot.
Hot electrons drive ultrafast magnetic phenomena in two ways. First, hot
electrons drive a complex cascade of electron-electron, electron-phonon, and
electron-magnon scattering processes. These scattering processes result in
flows of energy and angular momentum between electronic, spin, and vibra-
tional degrees-of-freedom [1, 8, 67, 68]. Second, spatial gradients in internal
energy drive transport phenomena [69, 70, 71, 55, 72, 73]. Numerous the-
oretical and experimental studies have credited ultrafast spin-currents as a
key driver of ultrafast magnetic phenomena [69, 70, 55, 74].

Optical irradiation is not the only method capable of generating hot elec-
trons in a metal, however. Electrical currents driven at frequencies much
lower than those of visible light can also generate a nonequilibrium state. At
room temperature, however, where electron-phonon coupling is quite strong
[75], large fields are necessary to induce non-equilibrium.

We can estimate the expected nonequilibrium between electrons and
phonons ATy, for a given field-strength E by equating the rate of Joule
heating to energy transfer between the lattice, g.,AT., ~ cE*. Here, g, is
the electron-phonon energy transfer coefficient, and o is the electrical con-
ductivity. Our study of all optical switching of GdFeCo with picosecond
optical pulses suggests that ultrafast switching requires heating sufficient to
drive electrons to temperatures ~ 100 K higher than the lattice [21], see
Fig. 3b. Typical values for electrical conductivity and electron-phonon cou-
pling in a magnetic thin film are o ~ 10 S/m and g., ~ 10" Wm™3 .
Therefore, a simple back-of-the-envelope calculation suggests a field strength
on the order of 10" V/m applied for ten picoseconds will drive a magnetic
metal into a nonequilibrium state comparable to the one caused by irradi-
ation by a ten-picosecond optical pulse. Such field strengths are achievable
in microelectronic devices, where small dimensions make large field strength
possible.
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To demonstrate the ability of picosecond electrical pulses to drive ul-
trafast dynamics in GdFeCo, we fabricated thin magnetic metal films into
coplanar strip lines with integrated photoconductive Auston switches [13, 14].
Following irradiation with an ultrafast laser pulse, the photoconductive Aus-
ton switches generate electrical pulses with durations ranging from 1-10 pi-
coseconds. The pulse duration depends on a number of factors, including the
semiconductor carrier recombination rate, the design of the Auston switch,
the electrical capacitance of the switch, and the duration of the laser pulse.
In our fabricated structures, the strip line is tapered down from a 50 pum
width to 5 pm width to increase the field magnitude. A 4 pm long section
of the 5 ym wide strip-line is made from a nanoscale magnetic film. When
the picosecond electrical pulses pass through the magnetic film section of the
strip-line, high electrical current densities result in hundreds of pico-Joules
of energy being deposited into the electrons of the magnetic metal [13, 14].

In Fig. 5, we show ultrafast switching of a Ta (5 nm)/GdsoFeg3Cor (20
nm)/Pt (5 nm) film in response to 9 ps electrical pulses, all of the same cur-
rent polarity. The GdFeCo film possesses perpendicular magnetic anisotropy,
a coercivity of 80 Oe, and a compensation temperature of ~270 K. Figure
5 shows MOKE micrographs of the GdFeCo in response to a sequence of
9-ps electrical pulses. After each electrical pulse, the magnetization toggle
switches to the opposite direction as previously observed with optical pulses.

To determine the speed of the switching, we performed time-resolved
MOKE measurements of the dynamics. After irradiating the Auston switch
with an optical pump pulse, an electrical current pulse is generated from
the switch and propagated down the transmission line. We then measure the
MOKE signal from the GdFeCo film with a time-delayed optical probe pulse,
see Fig. 5. Reversal of the magnetization direction occurs on a 10 ps time-
scale (defined by the zero-point crossing of the magnetization), similar to the
duration of the electrical pulse. Following reversal, the FeCo magnetization
recovers rapidly toward a new equilibrium state in the opposite direction. It
reaches 70% of saturation within just 30 ps. As heat diffuses out of the metal
film, the magnetization reaches saturation, i.e. complete reversal, on a 1 ns
timescale.

In addition to ultrafast heating, the electrical pulses will induce dynamics
via an oersted field and spin-orbit-torques from the Pt and Ta layers. The
associated oersted field is on the order of ~70 mT, much too small to cause
switching within 10 ps. Similarly, the spin-orbit torques produced are also
too small to cause ultrafast switching. Macro-spin calculations based on the
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Landau-Lifshitz-Gilbert equation suggest the change in the out-of-plane mag-
netization from spin-orbit torque will be less than 10% for the field strengths
of E ~ 107 V/m in our experiments [14].

Our experiments demonstrate that picosecond electrical pulses are effec-
tive at generating hot electrons and driving ultrafast switching. However, we
do observe differences in the dynamics that result from electrical vs. optical
pulses. For example, in similar experiments that we carried out on Co/Pt
multilayers [13], we observed significantly different ultrafast demagnetization
dynamics of the Co in response to electrical heating as opposed to optical
heating, see Fig. 6. Similar experiments by Bonetti et al. with free-space
THz irradiation also suggest the dynamics induced by THz fields differ from
optical irradiation [76]. Developing a detailed understanding of the origins of
these differences requires further study. However, our work to date suggests
that differences in the initial distribution of hot electrons plays an important
role [13]. Electrical heating excites a large population of electrons within
tens of meV of the Fermi level [13], while optical irradiation excites a smaller
number of electrons with eV-scale energies [77, 78, 79]; both are pictorially
illustrated in Fig. 6. Nevertheless, our work establishes that regardless of
the source from which these hot electrons are produced, whether by direct
optical irradiation, hot electron diffusion, electrical current pulse generation,
or THz irradiation, the final result of ultrafast demagnetization or ultrafast
switching of magnetic materials can still be the same.

4. Towards Realistic Applications

The ability to trigger ultrafast magnetization switching using electrical
current pulses can have tremendous impact on integrated electronic and
spintronic devices. The previous section described how we experimentally
demonstrated switching by picosecond electrical pulses that we generated
optically from optoelectronic switches. However, this type of current pulse
generation is not necessary. Instead, picosecond current pulses can be eas-
ily generated by today’s complementary metal-oxide semicondutor (CMOS)
transistor nodes [80]. Thus, we can now conceive of integrating ultrafast
spintronics given the possibility of driving ultrafast electrical switching of
magnetization using conventional CMOS technology.

Before complete integration of ultrafast spintronics may be possible, a
few challenges remain to be overcome. First, as discussed previously, an in-
tegrated device would require an electrical readout. Therefore, in addition to
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Figure 6: Time-resolved MOKE measurements of ultrafast demagnetization of a Co/Pt
multilayer film. Following irradiation with a 2.5 ps optical pulse the magnetization de-
creases by 1% and then recovers quickly to a new equilibrium at an elevated temperature
with a magnetization 0.5% lower than that before the excitation. Alternatively, the same
amount of energy deposited electrically results in a much smaller peak demagnetization.
We credit the different dynamics to differences in the number and average energy of ini-
tially excited distribution, illustrated on the right. Adapted from data in Ref. [13]

triggering the magnetization switching (the ”write” operation) electrically,
an ultrafast device could use a magnetic tunnel junction (MTJ) to "read” the
magnetization state in the form of a resistance. However, MTJs made with
ferrimagnetic GdFeCo have poor tunneling magnetoresistance compared to
tunnel junctions made from more conventional ferromagnetic materials [56].
Second, energy and density requirements demand that any integrated ultra-
fast devices be scaled down to nanometer sizes. Only at these dimensions
can the switching energy be reasonably sourced by an integrated circuit.
Smaller devices also allow more of them to be incorporated into a given
area. Thus, in an effort to integrate ultrafast spintronics, we must determine
whether the physics of ultrafast switching scales down to nanometer dimen-
sions. Finally, complete integration will likely require the incorporation of
rare-earth transition-metal alloys into devices with a more complex material
stack that interfaces with transistor-level circuitry. In this section, we detail
experiments that address the first two challenges. We show that ultrafast
switching of GdFeCo will also drive the reversal of an adjacent exchange
coupled ferromagnetic layer. We then show ultrafast switching of patterned
GdCo dots with nanometer-scale diameters.
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4.1. Ferromagnet single shot HI-AOS

A potential strategy for overcoming the low tunneling magnetoresistance
of GdFeCo tunnel junctions is to couple it to a ferromagenetic layer, while
maintaining the ultrafast switching of the two layers together. Tunnel junc-
tions with ferromagnetic layers as electrodes, usually Fe, Co, or a CoFeB
alloy, on both sides of the barrier can possess tunneling magnetoresistance
ratios orders of magnitude higher than that observed for a GdFeCo junction
28, 29, 30, 56]. To explore this avenue, in [81], we exchange coupled a ferro-
magnet to GdFeCo and found that the GdFeCo largely extended its ultrafast
switching capabilities to the ferromagnet.

In this experiment, Co/Pt served as the ferromagnetic material, where
an additional Pt spacer of thickness d between the ferrimagnetic GdFeCo
and the ferromagnetic Co/Pt defined whether the exchange coupling was
ferromagnetic or antiferromagnetic in nature based on RKKY coupling [82,
83, 84, 85]. The two types of couplings were characterized using depth-
sensitive MOKE hysteresis measurements [86]. For d = 1.5 to 3 nm, the
coupling was ferromagnetic and the hysteresis exhibited a typical square-
loop shape. For d = 4 and 5 nm, samples exhibited four remanent states,
where minor hysteresis loops unveiled an antiferromagnetic coupling.

Single shot experiments were done on films with the structure Ta (3
nm)/GdFeCo (20 nm)/Co (0.4 nm)/Pt (d)/Co (0.6 nm)/Pt (3 nm). No-
ticeable differences in the switching regions were observed for the two types
of coupling, as seen in Fig. 7. Ferromagnetically-coupled samples show a
single switching region corresponding to where the laser intensity is above
the critical fluence needed to switch both the GdFeCo and Co/Pt together.
Subsequent laser shots result in reproducible toggle switching of the mag-
netization, as expected of GdFeCo. Antiferromagnetically-coupled samples,
on the other hand, are characterized by a more complex switching behavior.
The sample is initialized with a very strong field such that both layers are
aligned parallel (against the film’s natural desire to be aligned antiparallel).
As in other laser shot experiments, the outer region of the sample beyond
the laser spot remains unchanged during the experiment. However, the re-
gion stimulated by the laser pulse is divided into two sections. In the inner
section, experiencing the highest intensity from the Gaussian pulse, the ex-
citation is enough to completely switch the magnetization of the GdFeCo
layer such that it aligns antiparallel to the Co/Pt. Although the Co/Pt is
significantly heated in the process, its magnetization remains unchanged, be-
cause this new anti-aligned configuration is already the lowest energy state.
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Figure 7: Single shot all-optical switching of both Co/Pt and GdFeCo layers. (a) Digitally
re-colored MOKE images of a sequence of AOS events on the GdFeCo/Co/Pt(d nm)/Co
stack series. Green and blue arrows represent GdFeCo and Co/Pt magnetizations, respec-
tively. (b) Laser intensity profile and resulting domain configuration on film d = 5 nm
after the first laser shot. (c) Absorbed critical fluence F. for AOS (blue filled circles),
F. for relaxation of parallel states following the AFM coupling (red empty circles, and
estimated peak lattice temperature rises AT (black squares) as a function of the Pt spacer
thickness d. Reprinted from [81], with the permission of AIP Publishing.
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Figure 8: Time-resolved depth-sensitive magneto-optical measurements of laser induced
dynamics. (a) GdFeCo/Co/Pt(d nm)/[Co/Pt]2 stack series with Pt spacer of thickness
d. (b) Depth-sensitive MOKE magnetic hysteresis loops on sample d = 4 nm. (c) Depth-
sensitive time-resolved demagnetization curves for antiparallel (AP) or parallel (P) initial
states of the stack d = 4 nm. Green and blue arrows represent GdFeCo and Co/Pt
magnetizations, respectively. (d) Depth-sensitive demagnetization and AOS experiments
at various fluences on sample d = 1.5 nm. Reprinted from [81], with the permission of
AIP Publishing.

In the ring between the inner and outer regions, though, the laser intensity is
insufficient to switch the GdFeCo but sufficient to heat the Co/Pt enough to
reverse its magnetization relative to the GdFeCo layer and relax the system
to the lowest energy state. Equally complex spatial behavior is also observed
in the recent work by Iihama et al. [16].

Time-resolved switching experiments were done on an almost identical
material stack of Ta (5 nm)/GdFeCo (20 nm)/Co (0.4 nm)/Pt (d)/Co (0.6
nm)/Pt (3 nm) where an integrated Au coil was patterned on top to reset
the magnet between pulses without influencing the magnetization dynamics.
Depth-sensitive MOKE once more allowed for the TR-MOKE to measure
only a single magnetic layer at a time. For the antiferromagnetically-coupled
sample, only time-resolved demagnetization experiments could be done be-
cause the maximum field produced by the patterned coil was smaller than
the saturation field of the material (~500 Oe). The sample was initialized
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to either the parallel (P) or antiparallel (AP) state and then excited by the
laser pulse. As shown, in Fig. 8c, the initial demagnetization in the first 1-2
ps is the same for both samples. Afterwards, the sample initialized as AP
settles back to its initial state much faster than the one initialized to P. This
is believed to be because the sample prefers to settle to its lowest energy AP
state. In the ferromagnetically-coupled sample, the TR-MOKE behavior in
Fig. 8d is much more intuitive. At low laser powers, only demagnetization
of both the GdFeCo and Co/Pt layers is observed. Eventually, at higher
powers, the GdFeCo switches (crosses zero) within 2 ps, and pulls the Co/Pt
along, making it reverse at around 7 ps.

These results imply that the exchange coupling is sufficient to couple a
ferromagnet with GdFeCo and push the ferromagnet to also switch ultrafast
within picoseconds. Future work can take advantage of this by construct-
ing magnetic tunnel junctions where the free layer is exchange-coupled to a
GdFeCo layer that would be triggered to induce ultrafast switching of mag-
netic memory technology.

4.2. Ultrafast switching of nanoscale magnetic dots

Another aspect of paving the way towards ultrafast spintronics inte-
gration is determining the phenomenon’s behavior and compatibility with
nanometer length-scale patterning. Until now, the roles of electrons, spins,
and phonons in HI-AOS are not yet completely understood. Furthermore, in
nanometer-scale devices, quantum mechanical interactions are expected to
be much more pronounced due to the structural confinement. Therefore, it is
unclear how dimensional down-scaling would influence the ultrafast behavior
of GdFeCo. Previous attempts to confine the magnetization reversal to a
nanoscale region within larger ThFeCo alloy films found it difficult to pre-
cisely control the switching location and behavior as a result of inhomogeneity
in the local anisotropy [87, 88]. Micro- and nanometer scale patterning of
GdFeCo was attempted by Le Guyader et al. [89, 90], but the magnetiza-
tion was often complicated by the low perpendicular magnetic anisotropy
(PMA) of GdFeCo, especially at diameters below 1 pm [90]. Our work in
[91] aimed to reduce the dimensions of the patterns to the nanoscale while
still preserving both PMA and ultrafast HI-AOS.

In our initial attempts to pattern a Ta (5 nm)/Gda;FegsCor (10 nm) /Pt
(5 nm) film, we observed similar loss of PMA for patterned sizes smaller
than 1 um. However, patterning of a GdCo-alloy instead yielded PMA down
to the smallest nanoscale patterns detectable (200 nm) with laser MOKE.
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Figure 9: Time resolved magnetization switching behavior of micro and nanoscale dot
patterns of a-Gd-Co, all taken at an incident fluence of 7 mJ/cm?. The normalized exper-
imental data is represented by the shaded regions with width of one standard deviation.
The curve fits summarize the behavior for each size. A clear trend can be seen where
smaller patterns settle to the reversed magnetization state at faster rates than larger dots.
Adapted from [91], with the permission of AIP Publishing.

Therefore, this latter material, consisting of the material stack Ta (3 nm)/Pt
(3 nm)/GdspCor (10 nm)/Pt (3 nm) was patterned into dot arrays and
utilized for HI-AOS experiments.

Arrays of patterned magnetic dots with diameter d and spacing 2d were
made to fill areas of size 25 pm x 25 pm. Each array of uniform dot size was
then measured by laser MOKE using a Ti-Sapphire laser with wavelength
810 nm and pulse width of 70 fs. Single shot switching was observed down
to the smallest detectable size of 200 nm, despite the noisy measurement at
such small dimensions. Prior to these results, a similar material only in the
form of synthetic ferrimagnets made of Pt/Co/Gd stacks demonstrated HI-
AOS [57], whereas alloys of composition Gd;7Cogs exhibited only ultrafast
demagnetization [92]. However, the present results indicate that GdCo alloys
with slightly higher Gd concentration than the latter can toggle switch like
GdFeCo alloys in response to femtosecond laser excitation.

Time-resolved MOKE experiments were utilized to study the time-domain
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Figure 10: The time required for the magnetization to cross a 75% reversal threshold
based on fitting of the TR-MOKE data for different dot diameters. The 75% reversal
threshold can be used to classify switching in digital electronics. The red curve is a guide
to the eye for the data as a function of size. The inset is an expanded view of the smaller
nanodot data. Asymmetric error bars arise from the uncertainty in the 75% reversal time,
particularly given the long tail in the remagnetization TR-MOKE data as compared to
the much more rapid demagnetization. Reprinted from [91], with the permission of AIP
Publishing.

switching behavior as a function of pattern size. Interestingly, a trend could
be seen from the data in Fig. 9 where dots of smaller diameters settled to the
reversed magnetization direction at a faster rate. Increased levels of noise
in the results for smaller patterns are assumed to be a result of non-uniform
light absorption with obliquely-incident light [93] as well as edge effects, drift
in the laser power and position, and spatial interference patterns arising from
the light’s interaction with the nanodot array. Nevertheless, the trend as a
function of dot size is clear in Fig. 9 and is quantified in Fig. 10 in terms
of the time each pattern size takes to reach a 75% reversal threshold useful
for determining the digital state in integrated electronics. What can be seen
is that the state of a large 15 um pattern takes 40 ps to be written to the
opposite state (assuming a 75% threshold), as compared to a 200 nm dot,
which can be written in just 2 ps. Such rapid write times present tremendous
potential for ultrafast spintronics integration.

To understand the experimental trend observed in Fig. 10, we pro-
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pose considering the rates of relevant electron-phonon and spin-lattice energy
transfer processes in the first few picoseconds after the laser stimulus [91].
In large continuous films, electron-phonon equilibration occurs within ~1 ps
[94]. For patterned dots with smaller lateral dimensions, the electron-phonon
coupling is known to increase [95, 96, 97] due to increased surface scattering,
therefore yielding shorter spin flip scattering times. It follows that increased
spin flip processes could mean increased rates for the magnetization dynam-
ics, which would be of particular importance to the rare-earth sublattice since
its dynamics are significantly slower than those of the transition metal sub-
lattice. In the end, this yields an overall faster cooling and recovery of the
magnetization, resulting in an overall faster switching speed for nanoscale
devices. This faster switching behavior can ultimately allow nanoscale ultra-
fast spintronic memories and other devices to be written by short picosecond
excitations then subsequently equilibrate their magnetization on the same
timescale.

5. Conclusions

The future of the field of ultrafast spintronics promises significantly faster
control of device magnetization for a similar cost in energy to current spin-
tronic technologies. Directly reversing the magnetization direction with cur-
rent via spin-transfer torque (STT) is much more energy efficient than switch-
ing via current-induced magnetic field [98]. However, fast STT switching, on
the order of a few hundred picoseconds to nanoseconds [99, 36, 35, 42], re-
quires a very high critical current level, often near the breakdown of the tun-
nel barrier in a magnetic tunnel junction. Therefore, driving STT devices at
high speeds gradually degrades the barrier and consumes significant dynamic
energy during write operations. Spin-orbit torque (SOT) switching avoids
driving current through and degrading the barrier [100]. Although, as with
STT-switching, SOT techniques struggle to maintain low dynamic energy
for fast precessional switching speeds, since the critical current required for
switching increases significantly as the pulse width is reduced [42]. (However,
we note that we very recently demonstrated energy efficient SOT switching
with single picosecond electrical pulses [101].) Given the challenges with
current-induced switching, voltage-controlled/magnetoelectric switching has
risen as an alternative or, perhaps, as a supplement to STT and SOT to
reduce the critical current required for switching [102, 46, 103, 104, 47, 105].
The switching speed, however, is still limited to the slower of either the
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magnetoelectric change or the precessional reversal of the magnetic moment.

In this review, we have outlined the potential of ultrafast magnetism and
demonstrated progress towards this new regime of spintronics in which exci-
tation of ultrafast magnetization dynamics can be initiated energy-efficiently
by picosecond pure charge current pulses. We have also presented related de-
velopments towards device integration of ultrafast spintronics through such
achievements as ultrafast, single-shot switching of ferromagnets and ultra-
fast switching of magnetic nanostructures. These advancements may resolve
some of the existing challenges in field of spintronics and, in turn, open up
many new opportunities for useful applications of ultrafast magnetism in
integrated electronics, without the need for femtosecond lasers.

As this article is appearing in a special issue in honor (in part) of the
late Professor Jean-Yves Bigot, we wish to acknowledge his interest in and
contributions to the work reviewed here. As a pioneer of the field of “femto-
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again in a more recent 2013 review of ultrafast magnetization dynamics in
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fruitful discussions about it with Professor Bigot. Bigot made many impor-
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