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Deterministic all-optical switching of synthetic ferrimagnets using single femtosecond laser pulses
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We experimentally demonstrate single-pulse all-optical switching in Pt/Co/Gd stacks using linearly polarized
laser pulses. This shows that thermal single-pulse switching is not limited to ferrimagnetic alloys, but is also
possible in ferrimagnetic multilayers that are highly suitable for future applications due to easy fabrication and
(interface) engineering. Moreover, it is shown that the threshold fluence needed for the optical switch strongly
depends on the thickness of the Co layer, with a remarkable low threshold fluence of ≈1.2 mJ/cm2 for a Co
thickness of 0.8 nm. Lastly, helicity-dependent measurements showed no significant effect of the magnetic
circular dichroism in these thin magnetic layers.
DOI: 10.1103/PhysRevB.96.220411

All-optical switching (AOS) of the magnetization was first
observed in ferrimagnetic GdFeCo alloys. At first, the switch
was found to be helicity dependent [1], which was explained
by means of an effective magnetic field created via the inverse
Faraday effect. A few years later, it was shown that for
this material the helicity dependence results from magnetic
circular dichroism [2], and purely thermal toggle switching
using linearly polarized laser pulses was demonstrated [3].
Insight into this thermal switching mechanism was obtained
using time-resolved element-specific x-ray magnetic circular
dichroism [4]. These measurements revealed that the ultrafast
switch is governed by the large difference in demagnetization
rates in combination with the antiferromagnetic (AF) exchange
interaction between the rare-earth (RE) and transition-metal
(TM) magnetic sublattices [4–7]. The thermal single-pulse
switching mechanism has only been observed in RE-TM
alloys, but is also predicted for synthetic ferrimagnetic
multilayers [8,9]. A second mechanism, helicity-dependent
multiple-pulse switching, has been found in a wider variety of
magnetic materials [10–13], typically needing tens of pulses
for the switch [12].
All-optical switching has gained a lot of attention due
to its high potential for fast and energy-efficient writing in
future data storage devices. An appealing concept would
be to combine AOS with the racetrack memory [14], as
illustrated in Fig. 1(a). To fully benefit from the speed and
energy efficiency of AOS, single-pulse switching is necessary.
At the moment, however, the thermal single-pulse AOS
is only observed in RE-TM alloys, requiring a relatively
complex fabrication process. In this Rapid Communication, we
experimentally demonstrate helicity-independent single-pulse
toggle switching in Pt/Co/Gd stacks. This structure is chosen
because of the AF coupling [15] and the large contrast in
demagnetization times [16,17] for the Co and Gd in the
Co/Gd bilayer, and the presence of a perpendicular magnetic
anisotropy due to the Pt seed layer. Our observations show that
thermal single-pulse switching is not limited to the RE-TM
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alloys, but is also possible in easy to fabricate and engineer
synthetic ferrimagnetic multilayers. Also, we show that the
minimum energy needed for AOS in these Pt/Co/Gd stacks can
be controlled by tuning the Co layer thickness. It is noted that
high domain wall velocities have been demonstrated in similar
Pt/Co/Gd stacks, attributed to the Dzyaloshinskii-Moriya
interaction [15], which further substantiates the applicability
of AOS in future memory devices.
The measurements are performed on Si:B(substrate)/Ta(4)/
Pt(4)/Co(tCo )/Gd(3)/Pt(2) stacks (thickness in nanometers),
which are deposited using dc magnetron sputtering
(10−7 –10−8 mbar base pressure) at room temperature.
In this Rapid Communication, we focus on a series of samples
with tCo = 0.8, 1.0, 1.2, and 1.4 nm. All Co thicknesses
result in a perpendicular magnetic anisotropy (PMA). A polar
magneto-optical Kerr effect measurement on the tCo = 1.0 nm
stack is shown in the inset of Fig. 1(b) (see Supplemental
Material Note I for all tCo [18]), showing a square hysteresis
loop with 100% remanence, confirming a well-defined PMA.
To verify the (AF) exchange interaction between the Co and
Gd layers, the magnetic moment per unit area is measured as
a function of temperature, extracted from hysteresis curves
measured at different temperatures using a VSM-SQUID.
Figure 1(b) shows the measurement performed on the tCo =
1.0 nm stack. The AF coupling between the layers is
demonstrated by the presence of a compensation temperature
at 120 K, at which the magnetic moments of the Co and
Gd layers are equal and compensate each other due to an
antiparallel alignment. Below (above) this temperature the
magnetic moment of the Gd (Co) layer is larger.
The Curie temperature of bulk Gd lies just below room
temperature. At the Co/Gd interface, however, it is enhanced
due to the exchange interaction with the Co. This results
in an induced magnetization in the Gd near the interface
at room temperature [see zoom-in Fig. 1(a)], as is seen in
Fe/Gd [19]. While some alloy formation at the interface is
likely due to interdiffusion of Co and Gd, an estimate of the
amount of magnetic Gd at room temperature can be made
assuming sharp interfaces, and using the data in Fig. 1(b). The
analysis, presented in Supplemental Material Note II [18],

220411-1

©2017 American Physical Society

RAPID COMMUNICATIONS

LALIEU, PEETERS, HAENEN, LAVRIJSEN, AND KOOPMANS

4
1

Mz / Ms

(b)

Magn. moment per unit area (10-3 A)

(a)

3

-1

2

-50

0

µ0H (mT)

50

Gd Co

1

0

0

TComp.
MGd> MCo
0

50

MGd< MCo
100

150

200

250

300

350

Temperature (K)
FIG. 1. (a) Illustration of the hybrid memory device, in which
magnetic data is written into a (Pt/Co/Gd) racetrack using AOS
(left), and readout all-optically using the magneto-optical Kerr effect
(right). Exploiting the PMA in the stack in combination with the
Dzyaloshinskii-Moriya interaction [15], data can be transported
efficiently through the racetrack using the spin Hall effect originating
in a (Pt) heavy metal seed layer [25]. Grayscale topside of the
racetrack displays Kerr images from an actual AOS measurement
performed on the Pt/Co/Gd stack. Zoom-in shows the AF coupled
Co and Gd layers, and the local magnetization near the interface in
the Gd at room temperature. (b) VSM-SQUID measurement of the
magnetic moment per unit area as a function of the temperature for
the Pt/Co/Gd stack with tCo = 1.0 nm. Compensation temperature
at 120 K demonstrates the AF exchange interaction between the Co
and Gd layers. Inset: Polar magneto-optical Kerr effect measurement
performed at room temperature on the same structure. The square
hysteresis loop with 100% remanence confirms a well-defined PMA.

shows a magnetic moment corresponding to 0.45 nm of fully
saturated Gd at 300 K, which is similar as found in previous
work [15].
After having confirmed the synthetic ferrimagnetic behavior, we examine the dynamic response of the magnetization in
the Pt/Co/Gd stacks on laser-pulse excitation. In these measurements, performed at room temperature, the magnetization
is first saturated with an external field, whereafter the field is
turned off and the structure is exposed to linearly polarized
laser pulses with a central wavelength of 700 nm and a pulse
duration of ≈100 fs. The response of the magnetization on the
laser-pulse excitation is measured in the steady state (i.e., long
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after the excitation) using a dedicated magneto-optical Kerr
microscope.
Figure 2(a) shows the result of the measurement performed
on the tCo = 1.0 nm stack, in which ten separate spots are
excited by a different number of subsequent laser pulses. The
figure shows the results for both up (top) and down (bottom)
initial magnetization directions, where the dark and light
regions correspond to the magnetization pointing up and down,
respectively. The labels indicate the number of pulses each spot
is exposed to. For the spots that are excited by a single laser
pulse, we observe that for both initial magnetization directions
a homogeneous domain with the magnetization in the opposite
direction is written [see also Fig. 2(b) for zoom-in]. This
demonstrates that we have single-pulse helicity-independent
AOS in the Pt/Co/Gd stack.
As a reference measurement, the same single-pulse measurement has been performed on a Si:B/Ta(4)/Pt(4)/Co(1)/
Pt(2) structure, i.e., without the Gd layer. The result is
shown in Fig. 2(c). In this case, a multidomain state is
created after the excitation, as found in previous work
[12]. A pulse-energy-dependent measurement shows the
creation of a multidomain state down to the threshold
pulse energy (see Supplemental Material Note III [18]).
The absence of single-pulse AOS in the Pt/Co/Pt stack
demonstrates the necessity of the Co/Gd combination for the
switch.
Next, we explore the effect of consecutive laser pulses on
the magnetization by examining the spots in Fig. 2(a) where
the structure is exposed to multiple pulses. For two pulses,
no net magnetization reversal is observed, showing that the
complete domain written by the first pulse is switched back
by the second pulse. Analogously, every odd number of pulses
leaves a switched domain, whereas an even number of pulses
results in no net reversal. Although the figure already shows a
complete toggle up to ten pulses, additional measurements
have shown deterministic toggle switching for over 5000
pulses. The observed switching behavior is consistent with
the thermal single-pulse switching mechanism discussed
earlier.
In Fig. 2(e) we investigate the effect of a domain wall
being present in the switching area by exciting the structure
with three partly overlapping laser pulses. The figure shows a
switched domain in the areas where there is no overlap between
the pulses (“1”), and where all three pulses overlap (“3”). At
the regions where only two pulses overlap (“2”) no net switch
is observed, again demonstrating a toggle behavior. Moreover,
it shows that the domain wall stays intact, and the domains at
either side toggle in opposite directions.
For AOS to be used in future memory devices it is important
to minimize the energy per unit area needed to switch the
magnetization, i.e., the threshold fluence. In the case of the
thermal switching mechanism, the threshold fluence depends
on the energy needed to fully demagnetize the TM layer,
which in turn depends on its Curie temperature. Considering
the decrease in Curie temperature with film thickness for
Co films in the thin-film limit, a reduction in the threshold
fluence can be expected for decreasing tCo in the Pt/Co/Gd
stack. Therefore, the Co thickness dependence of the threshold
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FIG. 2. AOS measurements performed on Pt/Co/Gd stacks. (a) Switching experiments performed on the tCo = 1.0 nm stack for both
initial saturation directions. The numbered regions (dotted circles) correspond to the spots where the structure is excited by the laser (fluence
4.2 mJ/cm2 ), where the labels indicate the number of pulses each spot is exposed to. (b)–(d) Zoom-in on single-pulse measurements performed
on the tCo = 1.0 nm stack (b) and a Pt/Co/Pt stack (c). (d) Single (top) and two-pulse (bottom) measurements performed on the tCo = 1.4 nm
stack (fluence 5.6 mJ/cm2 ). (e) AOS measurement with three partly overlapping pulses. The numbers in the different regions correspond to the
number of pulses the region has been exposed to.

fluence is investigated, which is done by measuring the size
of the written domain as a function of pulse energy. In this
measurement the sample is excited by single laser pulses with
different pulse energies. Figure 3(a) shows the measurement
performed on the tCo = 1.0 nm stack. The figure shows an
onset of AOS at a pulse energy of 280 nJ. Above this
value, the domain size increases with pulse energy, as is
expected for a spatial Gaussian-shaped pulse. Measurements
at very high fluences show the formation of a multidomain
state in the center area of the domain (not shown). At
these fluences the lattice temperature at the center of the
Gaussian pulse rises above the Curie temperature, after which
a multidomain state is formed during the successive slow
cooldown [1].
The threshold fluence is defined as the threshold pulse
energy divided by the laser-spot area (using the FWHM of a
Gaussian distribution as the spot diameter). Both the threshold
pulse energy and laser-spot area are determined using the size
of the switched domain as a function of the pulse energy, shown
in Fig. 3(b) for tCo = 0.8, 1.0, and 1.2 nm (solid symbols).
Following the Liu method [20] (and taking into account the
slight elliptical shape of the laser spot), the relation between
the domain size and the pulse energy P can be derived to be
 
P
Domain size = 2π rσ 2 ln
,
(1)
P0
in which P0 is the threshold pulse energy, σ the standard
deviation along the short axis of the slightly elliptical Gaussian
pulse, and r the (constant) ratio between the σ ’s along the

long and short axis (σlong = rσ ). With r determined from the
Kerr images, both σ and P0 can be obtained by fitting the
data using Eq. (1). From these values the threshold fluence
F0 is calculated, and shown in the inset of Fig. 3(b). A strong
Co thickness dependence of the threshold fluence is observed,
decreasing for smaller tCo . This indicates that the full magnetic
structure participates in the AOS. At the lowest thickness,
tCo = 0.8, a threshold fluence of 1.2 mJ/cm2 is found, which is
significantly lower than the threshold fluence found for singlepulse AOS in GdFeCo alloys [2].
The open symbols in Fig. 3(b) correspond to the tCo =
1.4 nm stack. Although the threshold fluence is in line with
those found for the thinner Co layers, the actual written
domains are not. Figure 2(d) (top) shows that for this structure
a speckled domain is written, instead of a homogeneous domain found for the other stacks. The pulse-energy-dependent
measurement shows this behavior for all pulse energies (see
Supplemental Material Note IV [18]). The speckled domain is
believed to be the result of the structure being near the spin
reorientation limit, observed by the change from a domain wall
propagation dominated reversal for small tCo to a nucleation
dominated reversal for the tCo = 1.4 nm structure during field
sweep measurements (see Supplemental Material Note I [18]).
As a result of the more stochastic behavior, the magnetization
only partly toggles back in a two-pulse experiment, as shown
in Fig. 2(d) (bottom).
Lastly, helicity-dependent measurements were performed
to investigate the effect of the magnetic circular dichroism
(MCD). From previous measurements on GdFeCo alloys
[1,2], it is known that the polarization-dependent absorption
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opens up a fluence window where the AOS becomes helicity dependent, adding functionality for future applications.
Measurements performed on the tCo = 1.0 stack, however,
show no significant effect of the MCD on the threshold pulse
energy (see Supplemental Material Note V [18]). This could
be the result of the limited thickness of the magnetic layer,
in which the MCD is generated, accounting for only 10%
of the full stack participating in the absorption of the laser
pulse.
Examining the AOS behavior observed in the Pt/Co/Gd
stacks, it is consistent with the thermal single-pulse switching
found in RE-TM alloys. Also, the Co:Gd (magnetic) thickness
ratio found for the Pt/Co/Gd stack is 0.69:0.31 [Fig. 1(b)],
which is within the range for which thermal AOS has been
predicted in Fe/Gd bilayers [9], where the local exchange interaction at the interface is used to drive the switch. However, due
to the localized nature of the magnetic layers in the Pt/Co/Gd
stack, nonlocal transfer of angular momentum is expected to
occur as well [21–23], possibly contributing or even initiating
the switch [24]. Using additional interface engineering in the
ferrimagnetic multilayers used here, e.g., adding dusting or
spacer layers, more insight into the importance of the different
mechanisms can be obtained in the future.
In summary, we have experimentally demonstrated singlepulse helicity-independent toggle switching in Pt/Co/Gd
stacks. The observation of single-pulse AOS in ferrimagnetic
multilayers with built-in DMI and suitable for spin Hall effect
driven domain wall motion provides an important step toward
the integration of AOS in future memory devices. Moreover, it
was found that the threshold fluence scales with the thickness
of the Co layer, going as low as 1.2 mJ/cm2 , which scales
down to below 50 fJ needed to switch a 50×50 nm2 bit.
FIG. 3. Pulse-energy-dependent AOS measurements performed
on Pt/Co/Gd stacks. (a) Kerr image of the measurement performed
on the tCo = 1.0 nm stack, showing an onset of AOS at 280 nJ and an
increase in domain size with pulse energy. Pulse energies are indicated
in the figure. (b) Domain size as a function of pulse energy for stacks
with tCo = 0.8, 1.0, 1.2, and 1.4 nm. Inset: Threshold fluence as a
function of the Co thickness.
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