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Ferrimagnetic alloys have raised strong interest owing to their 
ultrafast magneto-optical switching properties1–4 and high 
speed current-induced magnetic domain-wall motion5–7. 

These characteristics make ferrimagnets optimal candidates for 
non-volatile memory applications4,8,9, as well as for testing models 
of magnetization dynamics in multi-element systems6,10–15. Several 
rare-earth (RE) transition-metal (TM) alloys are ferrimagnetic 
because the localized 4f magnetic moments of the RE and the itin-
erant 3d moments of the TM couple antiparallel to each other, form-
ing two spin sublattices with distinct properties that can be tuned by 
composition and temperature16. In particular, the total magnetiza-
tion and angular momentum vanish at the respective compensation 
points, which makes the magnetization dynamics immune to exter-
nal fields and extremely fast.

These dynamics can be quite surprising. Intense laser pulses as 
short as 40 fs can toggle the magnetization of RE-TM ferrimagnets 
without the assistance of magnetic fields1,3,4. This all-optical switching 
involves an unusual transient ferromagnetic state17,18 during which 
the RE and TM magnetizations attain the same orientation for a few 
picoseconds. The ferromagnetic alignment results from the interplay 
of ultrafast heating and the transfer of angular momentum between 
two spin sublattices with distinct demagnetization rates, and is instru-
mental in achieving fast switching13,14,19,20. Besides optical means, 
the magnetic order of RE-TM ferrimagnets can be manipulated by 
current-induced heat21,22 and spin–orbit torques (SOT)23. Whereas 
intense picosecond-long heat pulses have a toggling effect similar to 
all-optical switching21,22, SOT induce bipolar switching24–27 and direc-
tional domain-wall motion with velocities of up to 5 km s–1, close to 
the angular momentum compensation point5–7. In general, however, 

the response of the RE and TM spin sublattices to an electric current 
can be more complex than considered so far, both in the temporal 
and spatial domains. In contrast to all-optical switching, for which 
the role of the RE and TM sublattices has been intensively investi-
gated12,14,17,18, the RE and TM magnetic moments are considered to 
be steadily coupled to each other during current-induced switching 
and domain-wall motion, similar to antiferromagnets28,29. Testing this 
assumption is important to understand the SOT-induced dynamics of 
ferrimagnets as well as to optimize their magnetization reversal speed.

Here, we present a study of the SOT-induced magnetization 
switching of RE-TM ferrimagnets that combines time, space and 
element resolutions. By using scanning transmission X-ray micros-
copy (STXM) and X-ray magnetic circular dichroism (XMCD), we 
probe the evolution of the RE and TM magnetizations excited by 
subnanosecond- and nanosecond-long current pulses. While being 
antiferromagnetically coupled in equilibrium, the two sublattices 
can evolve asynchronously in time and inhomogeneously in space 
during and after the electric pulses. This difference takes the form 
of a delay between domain walls in the two sublattices or, in the 
extreme case, of a transient ferromagnetic state that can last as long 
as 2 ns. Our measurements, combined with micromagnetic simula-
tions, reveal that the speed of the magnetization reversal in RE-TM 
ferrimagnets depends critically on the antiferromagnetic exchange 
coupling between the RE and TM sublattices, which is determined 
by the microstructure of the RE-TM alloy.

Magnetization reversal of the TM and RE sublattices. We 
employed a stroboscopic current-pump, X-ray-probe imaging 
technique to study amorphous ferrimagnetic alloys of GdFeCo 
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(15 nm) and TbCo (4 nm) with perpendicular anisotropy, shaped 
into circular dots with a diameter of 0.5 or 1 μm (Methods and 
Supplementary Notes 1 and 2). The dots were fabricated on top 
of a Pt layer (5 nm) that served for the injection of electric pulses, 
as shown in Fig. 1a,b. The devices were excited with a repeated 
sequence of set–reset pulses with alternating polarity that toggled 
the magnetization via the SOT23,30. The dynamics of the z magne-
tization component of each sublattice were detected by measur-
ing the transmission through the sample of circularly polarized 
X-rays tuned to the L3 and M5 absorption edges of the TM and 
RE elements, respectively. The X-ray beam, which consisted of 
70-ps-long X-ray pulses synchronized to the current excitation, 
was raster-scanned over the sample with a spatial resolution of 
35 nm (Methods).

The XMCD traces in Fig. 1c represent the time dependence of 
the spatially averaged magnetic contrast measured at the Fe and Gd 
edges in a Gd31Fe62Co7 dot excited by 200-ps-long electric pulses. 
The switching of a 1-μm-wide dot by 200 ps pulses confirms the 
fast current-induced dynamics of ferrimagnets. At equilibrium, Fe 
and Gd have opposite XMCD contrast, as expected from the anti-
parallel orientation of their magnetizations, MFe and MGd. At each 
electric pulse, both MFe and MGd switch to the opposite state. Their 
final up or down orientation is determined by the polarity of the 
pulse and the direction of the magnetic field applied collinear to the 
current, as typical of SOT23,30. However, the reversal path followed 
by Fe and Gd is unexpected and very different from the switch-
ing trajectory observed in ferromagnets. First, rather than switch-
ing during the electric pulse31, the process involves two phases: an 
abrupt transition and a slow oscillatory evolution towards equi-
librium that is particularly pronounced in Gd. Second, although 
both sublattices share this two-phase dynamic, they switch asyn-
chronously with respect to each other, as indicated by the different 
times at which the traces cross zero. Whereas MFe reverses its direc-
tion during the electric pulse, MGd maintains its original orienta-
tion. Only 2 ns after the pulse onset does MGd switch. Thus, the two 
magnetizations attain an average transient ferromagnetic state on 
the nanosecond timescale.

Spatially resolved dynamics. To better visualize the reversal pro-
cess, we increased the pulse length to 1 ns, as shown in Fig. 2a. 
Similarly to the switching with 200 ps pulses, the reversal proceeds 
via a rapid transition and a slow oscillatory phase, with a tempo-
rary ferromagnetic alignment of the two sublattices that persists 
well beyond the end of the electrical excitation. The underlying 
switching process is clarified by the frames in Fig. 2b, which display 
snapshots of the magnetization in the two sublattices. The reversal 
of MFe involves the nucleation of a domain at the edge of the dot 
and the motion of a domain wall across the device with a speed of  
0.8–1.3 km s–1, depending on the applied current density. We attribute 
this behaviour to the interplay of SOT, the Dzyaloshinskii–Moriya  
interaction and the magnetic field, in analogy to ferromagnetic 
systems31,32.

The dynamics of the Gd sublattice are substantially slower than 
those of Fe. No clear domain wall appears in Gd during the pulse. 
Instead, the magnetic contrast diminishes starting from the edges, 
but only partially, so that MFe and MGd attain the same orientation 
at the end of the pulse, as exemplified in the sketch in Fig. 2b. Only 
1 ns after the pulse, a domain appears to expand in the Gd sublattice 
from the left to the right side, thus reestablishing the antiferromag-
netic alignment between Gd and Fe. After about 3 ns from the onset 
of the pulse, no additional changes are observed in the two sub-
lattices apart from a progressive increase of the magnetic contrast 
(Supplementary Video 1). This intensification corresponds to the 
slow after-pulse dynamics evidenced by Figs. 1c and 2a, which are 
also accompanied by temporal oscillations of the magnetic contrast. 
Micromagnetic simulations identify the origin of the slow dynamics 
and its oscillations with the combination of delayed domain nucle-
ation events and collective magnetization precession, as discussed 
later. Our measurements show that this behaviour is observed for 
both down–up and up–down switching upon reversing the polar-
ity of the current; is independent of the pulse length or amplitude 
and the strength of the in-plane magnetic field; and is not caused 
by Joule heating. Finally, we do not identify differences between 
the magnetization of Fe and Co, which remain ferromagnetically 
coupled (Supplementary Notes 3–5).
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Fig. 1 | Time-, space- and element-resolved current-induced switching of GdFeCo. a, Schematic of the sample layout, which consists of a ferrimagnetic 
GdFeCo dot (black and white) on top of a Pt current line (blue). The electrical contacts are shown in yellow. The spin angular momentum induced by the 
current pulse J at the Pt surface (dotted circles and crosses) exerts spin–orbit torques of different magnitude (black arrows) on the TM and RE magnetic 
moments (red and blue arrows) and causes their switching by domain-wall motion. The yellow arrows represent the circularly-polarized X-rays. b, Scanning 
electron micrograph of the device and schematic of the electric set-up used for its excitation. The scale bar corresponds to 1 μm. c, Time dependence 
of the spatially averaged XMCD signal at the Fe L3 and Gd M5 edges measured while applying bipolar electric pulses with 200 ps duration (full-width at 
half-maximum) and 4.8 V amplitude (J ≈ 1.3 × 1012 A m–2) to a Gd31Fe62Co7 dot. A static magnetic field B = 25 mT was applied parallel to the current direction 
to define the switching polarity. The bottom panel shows the amplitude and duration of the voltage pulses over time (t). a.u., arbitrary units.
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Fig. 2 | Switching dynamics of GdFeCo. a,c,e, Time dependence of the spatially averaged XMCD contrast at the Fe and Gd edges for three distinct devices. 
The device composition is Gd31Fe62Co7, Gd30Fe63Co7 and Gd29Fe64Co7 in a, c and e, respectively. The electric pulses, plotted in the bottom panels, have a 
duration of 1 ns, 5 ns or 2 ns and amplitude of –2.5 V, –1.4 V or –2.3 V, respectively. A voltage of 2.5 V corresponds to a current density of ~0.7 × 1012 A m–2. 
The in-plane magnetic field was 20 mT, 10 mT and 20 mT, respectively. b,d,f, Snapshots of the dynamics in a, c and e, respectively. The schematics show 
the orientation of the magnetic moments of Fe (blue arrows) and Gd (red arrows) during the switching, the profile of the domain wall and the domain 
wall’s direction of motion (black arrow). The vertical axis defines the timing (in nanoseconds) of the frames, which have a dimension of 1.2 × 1.2 μm2. The 
dynamics in a and b were measured in the same device as in Fig. 1c.
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Beside these dynamics, which we label type I, we found two 
additional switching regimes in devices that differ in their micro-
structure and composition. These regimes, unlike the type I regime, 
involve a single phase that terminates before the end of the pulse 
without further slow changes of the magnetization. In addition, 
domain walls move in both sublattices. The type II dynamics, 
shown in Fig. 2c,d, are characterized by the asynchronous motion 
of the Fe and Gd domain walls, which are decoupled, both in time, 
with a small but measurable delay of about 200 ps, and in space, 
with different profiles across the dot (Supplementary Note 3 and 
Supplementary Video 2).

Last, MFe and MGd can also switch by preserving antiparallel 
coupling throughout the whole process. In these type III dynamics, 
the edge nucleation of a domain occurs at the same time in Fe and 
Gd, and the domain walls propagate together without a measurable 
delay (Supplementary Video 3). The type III regime corresponds to 
the scenario normally assumed in the modelling of current-induced 
switching and domain-wall motion in ferrimagnets, namely, the 
rigid antiferromagnetic coupling between the two sublattices.

These unexpected dynamics are not limited to GdFeCo. 
TbxCo1−x(4) alloys and (Tb(0.25)/Co(0.25))x6 multilayers also pres-
ent asynchronous switching regimes (Supplementary Note 6). 
For example, Fig. 3 shows the temporal evolution of the spatially 
averaged XMCD contrast measured at the Tb and Co edges in a 
Tb19Co81 dot excited by 2-ns-long current pulses. The small thick-
ness of TbCo limits the signal quality and hinders the detection of 
the spatial details of the dynamics. However, the traces present the 
same features as the type I dynamics of GdFeCo, namely, the faster 
switching of the TM sublattice and a ferromagnetic state lasting for 
about 1 ns.

These measurements disclose the existence of multiple switching 
paths in RE-TM ferrimagnets characterized by a variable degree of 
coupling between the two sublattices. Extensive experiments con-
firm that this variability is an intrinsic property of each sample, 
independent of the amplitude and duration of the electric pulses, 
as well as of the applied magnetic field (Supplementary Note 4). 
Moreover, the type of dynamics is not simply associated with the 
sample stoichiometry because devices with equal composition show 
distinct reversal regimes (Supplementary Note 6).

Micromagnetic modelling. To rationalize such diversified dynam-
ics, we performed micromagnetic simulations of the switching 
caused by SOT in RE-TM ferrimagnets, in which MFe and MGd are 

separately described by two coupled Landau–Lifschitz–Gilbert 
equations (Methods and the literature33). Since the major contribu-
tion to MGd comes from the localized 4f electrons, which lie about 
4 eV below the Fermi level, the magneto-transport properties of 
RE-TM ferrimagnets depend mostly on the 3d electrons of the TM 
element34–37. Thus, the SOT are expected to interact predominantly 
with the TM magnetic moments and be transferred to the RE sub-
lattice indirectly through the RE-TM exchange interaction. This 
imbalance was taken into account by adopting element-dependent 
effective spin Hall angles. In this scenario, our simulations repro-
duce the three types of dynamics under the assumption of a vari-
able antiferromagnetic coupling, whose strength is modelled by the 
exchange energy per unit volume Cex (Methods and Supplementary 
Note 7). In the following, we consider GdFeCo as model system, but 
similar considerations apply to TbCo.

Figure 4a,b shows the simulated dynamics of the Fe and Gd 
sublattices triggered by 1.5-ns-long pulses with 2 × 1012 A m–2 cur-
rent density, assuming effective spin Hall angles of θTM

SH = 0.21 
and θRE

SH = 0.07 and Cex = –6.8 kJ m–3. The simulations reproduce 
all the main features of the type I dynamics shown in Figs. 1c and 
2a,b, namely, the switching by domain nucleation and propagation 
in Fe but not in Gd; the formation of the transient ferromagnetic 
state; and the after-pulse slow recovery of the magnetization. Upon 
injection of the pulse, the SOT trigger the switching of MFe. For a 
sufficiently large current, this process is almost instantaneous27. 
However, since the effect of the SOT on MGd is small, the latter can 
switch only if dragged by the antiferromagnetic exchange torque38. 
This is a turbulent process without a reproducible spatial pattern 
because it develops when MFe has already completed the switch-
ing, which results in the weak homogeneous XMCD contrast, as 
observed in Fig. 2b. At the same time, the average perpendicular 
component of MGd oscillates around the total perpendicular field 
resulting from the exchange and anisotropy fields, in agreement 
with the oscillations visible in Figs. 1c and 2a.

The switching dynamics transition from type I to type III in a 
narrow range of Cex (Fig. 4c and Supplementary Notes 9 and 10). 
For ∣Cex∣ ≥ 11 kJ m–3, the switching is mediated by the displacement 
of a domain wall in both the Fe and Gd sublattices. A finite delay 
exists between the two domain walls for intermediate values of Cex, 
whereas for ∣Cex∣ ≥ 14 kJ m–3 the two magnetizations remain rigidly 
coupled during the entire process. Small variations of the satura-
tion magnetization and magnetic anisotropy lead to better agree-
ment of the simulations of different samples, but are not essential 
to reproduce the type of dynamics. Simulations performed for 
different values of the applied magnetic field, spin-transfer torque 
(STT), field-like SOT and Dzyaloshinkii–Moriya interaction or by 
including thermal fluctuations, defects and random spatial varia-
tions of the magnetic parameters do not reproduce the transition 
between the three dynamics regimes. The precise value of θRE

SH is also 
not fundamental to reproduce the experimental dynamics provided 
that θRE

SH < θTM
SH . Thus, the sole parameter that allows us to replicate 

the nanosecond-long ferromagnetic state and the change of switch-
ing regime is Cex.

We summarize these findings in Fig. 4c by simulating the delay 
time tD of MGd with respect to MFe as a function of Cex (all of the 
other parameters are fixed). We find that tD rapidly diminishes 
as Cex becomes larger, and the increase also results in an overall 
faster dynamics, as expected for antiferromagnets (Supplementary 
Note 11). The simulations clarify that the asynchronous switching 
originates from the weak and variable antiferromagnetic coupling 
between the RE and TM sublattices in conjunction with the mas-
ter–agent dynamics induced by the SOT. While the latter is ascribed 
to the different localization of the electronic orbitals and density of 
states at the Fermi level of the RE and TM elements35–37, we find that 
the former is linked to the composition and microstructure of the 
ferrimagnetic alloy, as discussed next.
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in-plane magnetic field was 110 mT.
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Discussion and outlook. The asynchronous sublattice magneti-
zation dynamics reported here are reminiscent of the all-optical 
switching observed in GdFeCo alloys3,4,17,18. Yet our measurements 
show that the decoupling of the RE and TM magnetization dynam-
ics is a general feature of RE-TM alloys that extends well beyond the 
ultrafast temporal regime of all-optical switching and also involves 
spin torque excitations. Moreover, in contrast with the toggling of 
the magnetization induced by ultrafast heat pulses21, the switching 
of GdFeCo and TbCo induced by SOT depends on the polarity of 
the current and is not limited to picosecond-long pulses. Joule heat-
ing associated with the current plays a role in activating domain 
nucleation27, but the temperature increase in our devices is too 
slow and moderate (<8 K ns–1; Supplementary Note 5) to induce 
thermal toggling of the magnetization21. Another specific feature 
of current-induced switching is the coherent domain-wall motion 
in the TM sublattice accompanied by either disordered or delayed 
domain-wall dynamics in the Gd sublattice in the type I or type II 
switching, respectively. Most importantly, a transient ferromagnetic 
state is not a prerequisite for switching, as indeed observed in the 
type III dynamics, because the reversal can directly occur due to 
the net transfer of angular momentum from the electric current to 
the magnetization. Besides these phenomenological considerations, 
all-optical and current-induced switching are fundamentally differ-
ent because ultrafast heating involves relaxation of the longitudinal 
magnetization, whereas the spin torque dynamics are determined 
by the relaxation of the transverse component of the magnetiza-
tion. The relaxation rate is proportional to the RE-TM exchange 
coupling in the first case, and to the effective magnetic field gener-
ated by the SOT in the second case39. Therefore, the observation of 
a nanosecond-long non-equilibrium ferromagnetic state cannot be 
explained by the thermal collapse of the longitudinal magnetization 

of the TM sublattice, as in all-optical switching. Such a long-lived 
transient state can be rationalized only by assuming uneven transfer 
of angular momentum from the electric current to the TM and RE 
sublattices and a relatively weak coupling among them, in agree-
ment with the results of our micromagnetic simulations. The com-
bination of these two factors is responsible for the master–agent 
dynamics between the TM and RE magnetization observed in type 
I and II switching.

Measurements performed in a period of one year in 20 devices 
differing in composition and age indicate a correlation between the 
time passed since the sample growth and the change of the dynam-
ics from type I to type III as the samples aged (Supplementary 
Note 6). Although changes of stoichiometry can also play a role, 
this trend suggests that ageing processes most affect the antifer-
romagnetic coupling between the RE and TM sublattices. To test 
this possibility, we have characterized nominally identical ‘fresh’ 
and ‘aged’ GdFeCo samples using scanning transmission electron 
microscopy (STEM) and energy-dispersive X-ray spectroscopy 
(EDX; Methods). The structural and elemental maps in Fig. 5 show 
that GdFeCo has an amorphous structure with nanoscale inhomo-
geneous distributions of Fe, Co and Gd. This inhomogeneity is pres-
ent in both samples, but is more pronounced in the fresh sample, 
where the degree of anticorrelation between Fe and Gd is highest 
as estimated from the elemental concentration profiles (Fig. 5c,f) 
and autocorrelation maps (Fig. 5g and Supplementary Note 13). 
The existence of atomic clusters is further confirmed by nanobeam 
electron diffraction measurements, which reveal the presence of 
nanometre-size crystallites of Gd and Fe atoms that tend to inter-
mix upon ageing. These results show that phase segregation takes 
place in RE-TM films, in agreement with previous studies20,40–44.  
An atomistic model of the antiferromagnetic energy density Cex 
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demonstrates the sensitivity of this parameter to the microstructure 
of ferrimagnets (Supplementary Note 7). Although our simplified 
calculation does not take into account the full structural and mag-
netic complexity of these materials (Supplementary Notes 7 and 13), 
it shows that the formation of Gd-rich and Fe-rich clusters reduces 
the intersublattice coupling relative to the homogeneous phase by 
limiting the number of direct Fe–Gd interactions45. This reduc-
tion may be further enhanced by the sperimagnetic order typical 
of RE-TM ferrimagnets46,47, which leads to a distribution of inter-
atomic exchange interactions. However, since the mixing enthalpy 
of TM and RE atoms is negative48, the intermixing of the two species 
increases with time49,50, in agreement with our STEM and electron 
diffraction observations. This structural relaxation affects Cex and, 
ultimately, the type of dynamics during the SOT-induced switching.

In conclusion, our measurements reveal that the RE and TM 
sublattices of ferrimagnetic alloys can respond either synchronously 
or asynchronously to spin torques. We observe domain-wall speeds 
exceeding 1 km s–1 and switching with 200-ps-long current pulses 
in 1-μm-wide devices. These rapid dynamics are the fingerprint of 
ferrimagnets. However, the two magnetic sublattices are not rigidly 
coupled and respond differently to SOT, which leads to spatially and 
temporally inhomogeneous dynamics. We identified three switch-
ing regimes, characterized by domain nucleation and propagation 
in the TM sublattice and (1) a transient ferromagnetic state followed 

by slow and spatially inhomogeneous reversal of the RE sublattice 
(type I), (2) delayed domain-wall propagation in the RE sublat-
tice (type II) and (3) synchronous switching of the RE sublattice 
(type III). Micromagnetic simulations rationalize this behaviour in 
terms of the antiferromagnetic exchange energy density, which var-
ies in response to thermodynamically driven relaxation processes 
that alter the atomic structure of the RE-TM alloy. Our results have 
practical implications for tuning the composition and microstruc-
ture of ferrimagnetic alloys utilized in spintronic devices to achieve 
maximum and uniform switching speed with minimal after-pulse 
dynamics. Moreover, they provide insight into the magnetization 
reversal of antiferromagnetically coupled systems that complements 
that obtained for all-optical switching at ultrafast timescales.
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Fig. 5 | Microstructure of fresh and aged GdFeCo films. a, STEM micrograph of a Gd31Fe62Co7 blanket film characterized one month after growth. 
b, Magnified STEM image and STEM–EDX elemental maps of the constitutive elements. c, Profiles of the Gd, Fe and Co concentrations across the 
sample thickness. The concentration of Co has been multiplied by five to ease the comparison. The profiles are averaged along the x direction in a. 
d–f, The same as a–c for a nominally identical sample deposited simultaneously to the device in Figs. 1c and 2a,b and characterized 30 months  
after growth. g, Correlation image of the Fe and Gd concentration in the fresh (top) and aged (bottom) samples corresponding to the dashed 
rectangle in d. The correlation coefficients calculated from the two images are –0.50 and –0.40, respectively. The correlation coefficients obtained 
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correspond to 5 nm.
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Methods
Sample growth and device fabrication. The magnetic stacks were grown by 
magnetron sputtering on Si/SiN chips. The samples employed for transmission 
X-ray microscopy were deposited on SiN membranes (200 nm) transparent 
to the X-rays. The Ar pressure during the growth was 3 mtorr, and the base 
pressure was lower than 10−7 torr. The deposited stacks were SiN/Ta(3)/Pt(5)/
RE-TM/Ta(5)/Pt(1), where RE-TM stands for GdxFeyCo(1−x−y)(15), TbxCo(1−x)(4) 
or a multilayer [Tb(0.25)/Co(0.25)]x6. The RE and TM elements of the GdFeCo 
and TbCo alloys were co-sputtered from elemental targets. The composition 
was varied by independently adjusting the power of the sputter guns, and the 
deposition rates were calibrated by X-ray reflectivity. Blanket film samples and 
devices were grown at the same time. The device fabrication was performed by 
lift-off and subtraction techniques. The polymethyl methacrylate resist was spun 
and baked at 180 °C for 10 minutes, exposed by electron-beam lithography and 
developed in a solution of methyl isobutyl ketone and isopropyl alcohol. Then, 
thin films were deposited on the patterned resist and lifted off. The second step 
of electron-beam lithography and the electron evaporation of Ti(25) defined the 
hard mask covering the dot (1 μm wide and 500 nm wide for GdFeCo and TbCo, 
respectively). In this second lithography step, the resist baking was skipped to 
avoid annealing the ferrimagnetic layers. Next, the Ti mask protected the device 
during the ion milling of the surrounding material, which was etched down to 
the Ta(3)/Pt(5) bilayer. The current line was contacted by Ti(5)/Au(50) pads 
fabricated by optical lithography and electron evaporation. Finally, 100 nm of  
Al were deposited on the back of the membranes to provide a heat sink during 
the measurements.

STXM. The X-ray measurements were performed at the PolLux beamline of 
the Swiss Light Source (Paul Scherrer Institut, Switzerland) and at the Maxymus 
beamline of the BESSY II electron storage ring (Helmholtz-Zentrum Berlin, 
Germany). A current-pump, X-ray-probe approach was employed to excite and 
detect the magnetization dynamics with both spatial and temporal resolutions. 
The elemental sensitivity was provided by XMCD. Since this effect depends on 
the projection of the magnetization on the direction of the light polarization, 
the samples were oriented normally to the X-rays to probe the perpendicular 
component of the magnetization. The energy of the circularly polarized X-rays 
with negative helicity was tuned to the L3 and M5 absorption edges of the TM and 
RE elements, respectively (Fe, 707 eV; Co, 778 eV; Gd, 1,190 eV; Tb, 1,243 eV). 
Monochromatic X-ray pulses with a 500 MHz repetition rate were focused onto 
the sample by a Fresnel zone plate and an order-selecting aperture. A typical image 
comprised about 35 × 35 pixels and was acquired by raster scanning the X-ray 
beam over an area of 1.2 × 1.2 μm2, which corresponds to a spatial resolution of 
35 nm. The transmitted photons were collected by an avalanche photodiode whose 
output was routed to a field-programmable gate array. The temporal resolution was 
determined by the duration of the X-ray pulses, on the order of 70 ps. The XMCD 
time traces were obtained by averaging the dichroic signal over the entire dot 
surface and then normalized to the steady-state signal.

The electric pulses were generated by an arbitrary waveform generator 
(Keysight M8195A, PolLux) or by a pulse-pattern generator (Keysight 81134A, 
Maxymus). The internal clock of these instruments was synchronized to the 
repetition rate of the light flashes (500 MHz, PolLux) or to the revolution frequency 
of the electron ring (1 MHz, Maxymus). The excitation pattern comprised 
sequences of set–reset pulses with similar amplitude and length and opposite 
polarity. The period of a set–reset unit was approximately 50 ns or 100 ns. The 
corresponding separation between the positive and negative pulses was usually set 
to 25 ns and 50 ns, respectively. The excitation was fed to a digital oscilloscope for 
monitoring purposes via a 20 dB pick-off tee. At each pixel, photons were collected 
typically for 500 ms; therefore each time trace was obtained by averaging the 
dynamics over ~1010 pulse sequences.

The device under testing was wire bonded to a printed circuit board, and its 
status was continually checked by monitoring its d.c. resistance. A 50 Ω resistor 
was connected in parallel to ensure the impedance matching. The in-plane 
magnetic field was controlled by an electro-mechanical magnet. O2 (PolLux) or 
He (Maxymus) at a pressure of 5–10 mbar was injected in the chamber prior to the 
measurements to improve the cooling of the devices and, in the case of O2, limit the 
carbon deposition over the scanned area.

Micromagnetic simulations. The micromagnetic simulations were performed 
with a custom-made, mumax3-based code51 that takes into account the individual 
sublattices (S1, Fe; S2, Gd) forming the ferrimagnetic dot (thickness, 15 nm; 
diameter, 512 nm). It solves the coupled Landau–Lifschitz–Gilbert equations of 
the two sublattices, linked by the antiferromagnetic coupling. The code includes 
the SOT and the STT. The Landau–Lifschitz–Gilbert equation of the ith = 1, 2 
sublattice reads as follows:

dmi

dt
= −γimi × Heff

i + αimi ×
dmi

dt
+ τSOTi + τSTTi (1)

where mi(r, t) is the normalized local magnetization that changes in time (t) and 
space (r). Heff

i  is the total effective magnetic field, which includes the external 

magnetic field, the effective anisotropy, the Dzyaloshinskii–Moriya interaction 
and the intra-lattice and inter-lattice exchange interactions. The latter is modelled 
by the antiferromagnetic exchange field HAF,i given by HAF,i = −

1
μ0Ms,i

δEex
δmi

 where 
Ms,i is the saturation magnetization and μ0 the permeability of free space. Here, 
Eex = −Cexmi ⋅ mj is the energy density of the antiferromagnetic coupling, whose 
strength is determined by the parameter Cex. In the present study, the latter was 
varied to reproduce the different experimental observations (Supplementary Note 
7). In addition, αi and γi = μ0giμB/ħ are the Gilbert damping and the gyromagnetic 
ratio of each sublattice, respectively, with gi the Landé factor; μB and ħ are the the 
Bohr magneton and the reduced Planck constant, respectively; and τSOTi  and τSTTi  
are the SOT and STT contributions. The details of the micromagnetic code can be 
found in ref. 33 and in Supplementary Note 8.

STEM and EDX. STEM and EDX measurements were performed on an FEI Titan 
Themis equipped with a probe spherical aberration corrector (DCOR, CEOS) 
and ChemiSTEM technology operated at 300 kV. A probe convergence semiangle 
of 18 mrad was used in combination with a collection angular range for the 
high-angle annular dark field detector set to 66–200 mrad.

Thin lamellas of the samples were cut in cross-section by means of an FEI 
Helios Nanolab 600i focused ion beam instrument at accelerating voltages of 
30 and 5 kV after deposition of C and Pt protective layers. Two samples with 
nominally identical Gd31Fe62Co7 composition were compared. The first sample 
(aged), grown simultaneously with the device whose measurements are presented 
in Fig. 2a,b, was 30 months old at the time of the STEM measurements. The second 
sample (fresh) was grown four weeks before the characterization with the same 
recipe as the first sample. We estimated by Rutherford backscattering spectroscopy 
that the Gd concentration was the same in the two samples within an uncertainty 
of less than 2%.

The composition of the samples was evaluated by EDX mapping, and the 
elemental maps of the C K, N K, O K, Si K, Fe K, Co K, Ta L, Pt L and Gd L 
signals were extracted from the spectrum image. The elemental profiles of Fe and 
Gd across the Gd31Fe62Co7 layer thickness were calculated by averaging over the 
horizontal direction in Fig. 5a,d. The correlation image was obtained by calculating 
at each pixel i the quantity fi−F

sf
gi−G
sg , where fi (gi) is the ith pixel intensity in the 

map of Fe (Gd), F (G) is the corresponding average image intensity and sf (sg) 
is the standard deviation52. The correlation coefficient was then calculated as 

1
N−1

∑N
i (

fi−F
sf )(

gi−G
sg ), where N is the number of pixels. As an alternative to this 

method, the correlation coefficient was also determined by comparing the intensity 
of the Fe and Gd STEM–EDX images, averaged along the vertical direction, as 
described in detail in Supplementary Note 13. Both approaches yield a higher 
anticorrelation in the fresh sample relative to the aged sample.

Nanobeam electron diffraction measurements were performed on the same 
set of GdFeCo samples53. The diffraction patterns were acquired in STEM mode 
by using the so-called microprobe mode (with the minicondenser lens excited), 
enabling an electron probe size of 2 nm to be focused onto the GdFeCo layer. 
For each sample, 270 diffraction patterns were recorded at different equidistant 
positions distributed in a rectangle of 7 × 42 nm2.

Data availability
The datasets presented in this study are available from the corresponding authors 
upon reasonable request and in the ETH Research Collection at https://doi.
org/10.3929/ethz-b-000482072.
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