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Origin of the Laser-Induced Picosecond Spin Current Across
Magnetization Compensation in Ferrimagnetic GdCo

Guillermo Nava Antonio, Quentin Remy, Jun-Xiao Lin, Yann Le Guen, Dominik Hamara,
Jude Compton-Stewart, Joseph Barker, Thomas Hauet, Michel Hehn, Stéphane Mangin,*
and Chiara Ciccarelli*

The optical manipulation of magnetism enabled by rare earth-transition metal
ferrimagnets holds the promise of ultrafast, energy-efficient spintronic
technologies. This work investigates laser-induced picosecond spin currents
generated by ferrimagnetic GdCo via terahertz emission spectroscopy. A
suppression of the THz emission and spin current is observed at
magnetization compensation when varying the temperature or alloy
composition in the presence of a magnetic field. It is demonstrated that this is
due to the formation of domains in the GdCo equilibrium magnetic
configuration. Without an applied magnetic field, the picosecond spin current
persists at the compensation point. The experimental findings support the
model for THz spin current generation based on the transport of hot
spin-polarized electrons, which is dominated by the Co sublattice at room
temperature. Only at low temperature a comparable contribution from Gd is
detected but with slower dynamics. Finally, spectral analysis reveals a
blueshift of the THz emission related to the formation of magnetic domains
close to magnetization compensation.
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1. Introduction

The field of THz spintronics seeks to
harness the spin angular momentum of
electrons in the characteristic timescale
of their exchange interaction to develop
faster, more energy-efficient information
technologies.[1–3] One of the principal
material platforms in this area is rare earth-
transition metal (RE-TM) ferrimagnets.[4–6]

In these systems, the net angular momen-
tum and magnetization are determined
by the superposition of the antiferro-
magnetically coupled RE and TM sub-
lattices and, therefore, depend strongly
on temperature and composition. At the
corresponding compensation tempera-
tures (TA and TM), where the RE and TM
contributions are equal in magnitude,
the angular momentum and magnetiza-
tion vanish.[7] These properties enable
RE-TM alloys, or synthetic structures, to
display high-frequency dynamics akin to

antiferromagnets, while preserving a finite net magnetization
that can be easily probed or manipulated, rendering them attrac-
tive for THz spintronics applications.[6]

More concretely, a renewed interest on RE-TM magnets surged
after the discovery of all-optical helicity-independent switching
(AOHIS),[8,9] which has the potential to revolutionize magnetic
storage or logic technologies. This effect consists in the reversal
of the net magnetization on the picosecond timescale with mini-
mal energy dissipation upon excitation with a femtosecond laser
pulse.[2] The first stage in an AOHIS event is the asymmetric
ultrafast demagnetization of the RE and TM sublattices,[10]

whose underlying mechanisms are an active discussion
topic.

In addition to the triggering of ultrafast demagnetization dy-
namics, a femtosecond laser pulse can produce a THz spin cur-
rent in multilayer structures.[11–14] Both processes are intrinsi-
cally linked, and it was recently demonstrated that in certain sys-
tems the exited spin current is proportional to the negative of
the time derivative of the magnetization.[15,16] Therefore, by mea-
suring the generated spin current, it is possible to gain a better
understanding of the physics underpinning AOHIS.

The origin of these laser-induced spin currents is in itself
an open research question. One of the leading theories con-
siders that the pump excites high-energy hot electrons with
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spin-dependent mobilities and lifetimes that propagate as a su-
perdiffusive spin current away from the magnetic material into
an adjacent layer.[12,17,18] Alternatively, the bulk spin pumping
model argues that the energy deposited by the laser in the itin-
erant electrons of the magnet enhances electron-magnon scatter-
ing, resulting in a local spin accumulation that can diffuse into a
neighboring material.[13,19,20]

Optically induced spin currents produced by RE-TM ferrimag-
nets have been investigated through time-resolved magneto-optic
Kerr effect (MOKE) spectroscopy. Initial measurements found
that certain features in spin accumulation transients could not
be accounted for by only considering a spin current produced
by the TM sublattice in ferrimagnetic GdFeCo, suggesting a sig-
nificant Gd contribution.[14] Subsequent experiments on spin
valve structures, where the spin current produced by GdFeCo
was exploited to switch a nearby ferromagnetic layer in the pi-
cosecond timescale, agreed with that conclusion.[21–24] There,
the switching was explained in terms of spin angular momen-
tum transfer into the ferromagnetic layer where the spin cur-
rent produced by Gd ostensibly played a crucial role.[25] How-
ever, recent spin transfer torque measurements showed that the
RE in a Gd/Co synthetic ferrimagnet can generate a spin cur-
rent that excites spin waves in a nearby perpendicularly mag-
netized ferromagnet only at GHz frequencies, not in the THz
range.[26]

A similar discrepancy has arisen from THz emission spec-
troscopy studies of ultrafast dynamics in RE-TM ferrimagnets,
where the THz generation was observed to strongly decrease at
certain temperatures.[27–29] This has been interpreted as evidence
that the RE sublattice can generate a spin current capable of
compensating the spin current produced by the TM, canceling
out the net spin generation.[27,29] In contrast, other works have
assumed that REs such as Gd and Tb contribute negligibly to
the spin current and THz emission.[28,30,31] In light of the above-
mentioned experiments, the characterization of the picosecond
spin current produced by a RE-TM ferrimagnet and the detec-
tion of a possible RE contribution have become relevant research
goals.

In this work, we study THz emission from heterostructures
containing GdCo in order to probe laser-induced spin angu-
lar momentum transfer. Our results align with the model in
which there is an element-specific origin of the picosecond spin
current at room temperature. The dependence of the THz sig-
nal spectrum on alloy composition indicates that this spin cur-
rent is dominated by Co. However, at 6 K, we find that the
Gd sublattice produces a significant spin current, albeit with
a spectrum shifted to lower frequencies compared to that of
Co.

Moreover, by investigating the evolution of the THz signal
around the magnetization compensation temperature under dif-
ferent magnetic fields, we explain the suppression of the THz
emission, and thus of the spin current, with the formation of
magnetic domains. We determine that this multi-domain state
also affects the THz emission spectrum, in the form of a shift
toward higher frequencies.

Our experiments evidence the tunability of RE-TM ferrimag-
nets as sources of picosecond spin current and highlight the im-
portance of the micromagnetic structure of the alloy on the in-
tensity and spectrum of the THz emission.

2. Results and Discussion

Spintronic THz emitters (STEs) were grown by magnetron sput-
tering in an Ar atmosphere with a pressure of 3 mTorr follow-
ing the procedure described in reference[32] with the general
structure: Intrinsic Si(substrate)/GdxCo1 -x(d)/Cu(2 nm)/HM(𝓁),
where the subscripts denote atomic percentages, d is the thick-
ness of GdCo layer, and HM is a heavy metal of thickness 𝓁. In
samples 1, 2, and 3, the Gd concentrations are, respectively, x =
0% (pure Co), 20%, and 100% (pure Gd), with d = 4 nm, 𝓁 =
3 nm and HM = Pt. Sample 4 has x = 100%, d = 4 nm, 𝓁 = 5
nm and HM = Ta. For sample 5, a GdCo wedge was grown such
that the composition and thickness vary laterally across the sam-
ple in the ranges x ∈ [5, 50] % and d ∈ [1.6, 6.4] nm, according to
Figure S1 (Supporting Information), and HM is Pt with thickness
𝓁 = 3 nm. Sample 5 was cut into smaller pieces wherein the Gd
concentration changed by about Δx = 5% from edge to edge. In
this manner, the interaction between regions with substantially
different compositions was eliminated. In the following, we refer
to different pieces of sample 5 by the Gd concentration at their
centers.

The equilibrium magnetic properties of the samples were
characterized by superconducting quantum interference device
(SQUID) magnetometry and static MOKE imaging. THz emis-
sion spectroscopy was employed to investigate picosecond spin
transport. In our experiments, the samples are illuminated with
a femtosecond laser pulse that heats up the electron system and
drives demagnetization dynamics, concomitantly generating a
spin current. The inverse spin Hall effect (ISHE) in the heavy
metal layer in the STE converts the injected spin current into a
transient charge current that is a source of THz radiation.[12,33]

Analysis of the emitted THz pulses therefore provides informa-
tion about the spin current and magnetization dynamics in the
sample in a contactless manner.

In THz emission spectroscopy, the measured quantity, here-
after referred to as the THz signal, is S(t) = R(t)*ETHz(t).[34] Here,
ETHz is the projection of the electric field of interest on the axis
of the last wire grid polarizer in our setup (see Experimental Sec-
tion), * denotes convolution, and R is the response function of
the spectrometer, which constrained our detection bandwidth to
the spectral range 0.3–2.8 THz (see Figure S2, Supporting Infor-
mation).

The THz electric field is related to the spin current (js) propa-
gating in the sample via[35]

ETHz (𝜈) ∝ 1
1 + n + Z0𝜎s (𝜈)

js (𝜈) = Z (𝜈) js (𝜈) (1)

where n = 3.4 is the virtually frequency-independent THz re-
fractive index of the Si substrate, Z0 = 376.7 Ω the impedance of

free space, and 𝜎s(𝜈) =
d+𝓁∫
0

𝜎(y, 𝜈)dy the electrical conductivity in-

tegrated over the total thickness of the metallic layers (in units of
Ω−1). The extraction of the THz conductivity of our samples is re-
ported in Note S1 (Supporting Information). To remove the effect
of the electrical conductivity from the THz signal, we define the
quantity S⋆(𝜈) = S(𝜈)/Z(𝜈) ∝ R(𝜈) js(𝜈). Since the response func-
tion R(𝜈) remains constant throughout our experiments, S⋆(𝜈) is
useful to monitor relative changes in the spin current spectrum.
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Figure 1. THz emission from the homogenous Gd20Co80(4 nm)/Cu(2 nm)/Pt(3 nm) sample. a) Schematic of the THz emission mechanism. Upon
irradiation with a femtosecond laser pump on the heavy metal side, the magnetic film demagnetizes, and a picosecond spin current pulse is generated,
which is then converted into a charge current through the ISHE in the heavy metal layer. This charge transient produces THz radiation that we measure
via electro-optic sampling. An in-plane bias magnetic field is applied along the ẑ direction, resulting in THz emission polarized along x̂. b) THz pulses
demonstrating the characteristic symmetries of the THz signal in an STE. The measurements were taken at 100 K with H = 8.5 kOe. c) Temperature
dependence of the THz emission from the Gd20Co80/Cu/Pt sample measured under a bias field of 8.5 kOe.

The deconvolution of the THz signal and extraction of js(𝜈) is hin-
dered in our setup due to R(𝜈), whose bandwidth is too narrow
compared to the emission spectrum of a typical STE that can ex-
tend over 30 THz.[35]

For an STE based on the ISHE, the polarization of the electric
field follows from the relationship ETHz||jc = 𝜃SH js × Ŝ, where
𝜃SH is the spin Hall angle of the heavy metal layer, jc the charge
current, and Ŝ the spin polarization direction.[12] The Cu spac-
ers in our samples were added to prevent a large perpendicular
magnetic anisotropy,[32] which is detrimental for THz emission
because an in-plane magnetization component is required to ob-
tain a THz signal due to the symmetry of the ISHE. Additionally,
the Cu layer mitigates a change in the magnetization compensa-
tion temperature linked to the magnetic polarization of the HM
in proximity to GdCo.[32]

2.1. THz Emission Across the Magnetization Compensation
Temperature

In this subsection, we consider the THz emission from sample
2: Gd20Co80/Cu/Pt, which has a nominally homogenous Gd con-
centration. Representative THz pulses measured at 100 K are
plotted in Figure 1b. The sign change upon reversal of the in-
plane magnetic field demonstrates the magnetic character of the
signal. The THz electric field is polarized in the direction orthog-
onal to both the sample plane normal (the propagation direction
of the spin current entering the HM) and the bias field, in accor-

dance with the geometry of the ISHE. These symmetries confirm
that the measured THz emission follows the phenomenology of
an STE described above. For simplicity, hereafter, we only include
the emission polarized along the x̂ direction (labeled S), accord-
ing to the reference system in Figure 1a.

Figure 1c shows how the THz emission amplitude changes
with temperature for a fixed in-plane magnetic field of 8.5 kOe
along ẑ. The reported temperatures have been adjusted to ac-
count for the effect of DC laser heating (see Note S2, Supporting
Information). Two major features can be observed in the wave-
forms: the polarity of the THz pulses is inverted across 41 K, and
the emission vanishes at this temperature, which we denote as
TTHz. The polarity inversion is a consequence of the switching of
the equilibrium sublattice magnetizations induced by the cross-
ing of the magnetization compensation temperature in the pres-
ence of a bias magnetic field. From SQUID magnetometry, we de-
termined TM = 41.4 ± 0.3 K (see Figure 2c; Note S3, Supporting
Information). Above TM, where the Co magnetization is larger
than the Gd magnetization, the former aligns with the external
field; below TM, the sublattices are in the opposite configuration
with the Gd magnetization aligned with the external field, as il-
lustrated in the inset of Figure 2c.

In order to understand the vanishing of the THz signal, we in-
vestigated how the external magnetic field affects the THz emis-
sion intensity, which we quantify with the variable

I = sgn
[
S
(
tmax

)]
∫

tf

ti

|S (t)| dt (2)
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Figure 2. THz emission intensity compared to the static magnetization of
the Gd20Co80(4 nm)/Cu(2 nm)/Pt(3 nm) sample as a function of temper-
ature around the compensation point. a,b) Integrated intensity of the THz
signal (defined in Equation 2) at 8.5 kOe and 0 Oe, respectively. Data in
orange (green) was taken while heating (cooling). The lack of significant
differences in the two thermal cycles shows the stability of the cryostat
temperature during the THz measurements. The dashed line in a) corre-
sponds to TTHz, the temperature at which the THz intensity is the lowest.
The inset in b) is a representative THz pulse detected with zero external
magnetic field at 80 K. c,d) Static magnetization along the ẑ direction mea-
sured by SQUID magnetometry under applied fields of 8.5 kOe and 0 Oe,
respectively. The dashed lines correspond to the magnetization compen-
sation temperature TM = 41.4, which was obtained by exploiting the ther-
mal hysteresis of the equilibrium magnetization as explained in Note S3
(Supporting Information). The inset in c) illustrates that above (below) TM
the Co (Gd) sublattice magnetization is larger than the Gd (Co) one.

where sgn[·] is the sign function, tmax the time at which the
absolute value of the THz signal has its maximum, and ti,
tf were chosen to encompass completely the THz pulses. In
Figure 2a,c, we plot the temperature dependence of |I| and com-
pare it with the ẑ-component of the static magnetization (Mz)
measured via SQUID magnetometry under the same bias field
of 8.5 kOe. The Mz data is described in detail in Note S3 (Sup-
porting Information), and here we simply note that the ob-
served broad valley is caused by the magnetization compensa-
tion. As remarked above, the signal intensity plummets at TTHz,
and this temperature coincides with TM within the experimental
uncertainty.

On the other hand, we observe a strikingly different behavior
when we apply a magnetic field of 8.5 kOe far away from TM (6
K when heating and 300 K when cooling), then remove the field
and vary the temperature (see Figure 2b,d). In this case, the THz
emission does not change sign and its intensity remains constant
in the vicinity of TM. A representative pulse measured with this
field protocol is displayed in the inset of Figure 2b to emphasize
that there is a clear THz signal visibly distinguishable from noise.
Therefore, considering Equation 1, Figure 2b implies that a finite
spin current pulse is excited even when the net magnetization is
zero, with a strength that is about half of that in the uncompen-
sated, saturated collinear state.

Prior works on other RE-TM ferrimagnets (GdFeCo and
TbFeCo) suggested that the suppression of the THz emission

in those systems at a certain temperature is caused by a can-
cellation of the spin current produced by the antiparallel mag-
netic sublattices.[27,29] If this was the case for GdCo, the vanish-
ing would occur even when the temperature was varied under a
zero bias field, which is not seen in Figure 2b. Similar zero-field
THz emission experiments should be carried out with GdFeCo
and TbFeCo STEs to test the hypothesis based on a spin current
cancellation.

In contrast, we argue that the suppression of the THz signal
in GdCo stems from the loss of the magnetization component
along the bias field direction due to the formation of domains
and an in-plane canting of the spin polarization. The emergence
of a multi-domain structure in sample 2 is supported by the I
versus H hysteresis loops measured at different temperatures
and reported in Note S4 (Supporting Information). This multi-
domain state can be attributed to small variations in the GdCo
composition (see Note S4, Supporting Information), which are
known to occur in RE-TM alloys because of elemental segrega-
tion and lead to spatially dependent magnetization compensa-
tion temperatures.[36,37] In particular, the Gd concentration is ap-
proximately proportional to the local magnetization compensa-
tion temperature,[38] as displayed in Figure 3a.

In a cooling measurement, when the temperature is just above
the spatially averaged TM, the sublattice magnetizations of the re-
gions with higher Gd content will switch if the applied magnetic
field is above the local coercivity. The regions with lower Gd con-
tent will not have switched yet, resulting in the coexistence of do-
mains with oppositely aligned sublattice magnetizations. These
domains produce THz radiation with different signs, and when
the temperature rises to TTHz their THz emission cancels out. An
analogous cancellation occurs when heating, but in that case the
Co-rich regions of the sample switch first. However, if the tem-
perature is varied without an applied field, there is no Zeeman
energy to drive the switching of the sublattice magnetizations,
and, therefore, the micromagnetic structure and the THz emis-
sion do not change across TM. At the same time, the THz signal
intensity in the absence of a bias field is a fraction of the intensity
measured with 8.5 kOe away from TM because the remanent sub-
lattice magnetizations are smaller than the saturation sublattice
magnetizations.

Additional mechanisms may contribute to the vanishing of the
THz signal. For instance, we detected an in-plane rotation of ≈40°

in the THz electric field polarization close to TTHz under a low
bias field along ẑ, indicating that the spin polarization tilts away
from the field direction (see Note S5, Supporting Information).
Due to the geometry of the ISHE, such canting diminishes the
recorded signal, which in our case is only the x̂-component of
the THz electric field. In a macrospin approximation, this tilt-
ing can be understood as an intermediate step in the reversal of
the Gd and Co macrospins across TM.[39] In reality, the sperimag-
netic structure in GdCo adds complexity to this process since the
Gd and potentially the Co spin orientations are distributed within
cones of varying aperture even away from compensation.[40] Also,
a spin-flop transition,[36,39,40] visible in Figure 2c and discussed
in Note S3 (Supporting Information), can induce a non-collinear
magnetic state in the presence of a high magnetic field and fur-
ther supress the THz emission. In the absence of an external
magnetic field, these effects are not active, and the THz emission
is unaltered around TM, as in Figure 2b.
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Figure 3. THz emission intensity compared to the static magnetization
for different GdCo concentrations in the GdxCo1–x(d)/Cu(2 nm)/Pt(3 nm)
sample. a) Magnetization compensation temperature as a function of the
GdxCo1–x concentration extracted from the SQUID magnetometry data in
panel c). The TM values were obtained by fitting fourth-order polynomials
to the Mz versus T curves and taking the position of the minimum of the
fitted functions. b) Integrated intensity of the THz signal as a function of
temperature for different GdxCo1–x concentrations measured under a bias
field of 8.5 kOe. The curve corresponding to x = 0% was reduced by a
factor of 2/3 for comparison purposes. c) Temperature dependence of the
static magnetization along the ẑ direction for different Gd concentrations.

Finally, the proximity of TM and TTHz in Figure 2 supports
the assertion that the vanishing of the THz emission is caused
by the static magnetization state of GdCo and not by dynam-
ical properties as claimed before.[41] For example, in thermo-
dynamic equilibrium, the magnetization dynamics of a ferri-
magnet are governed by the angular momentum compensation
temperature.[42] Due to the higher Landé factor of the TM com-
pared to the RE,[43] TA can be tens of kelvin higher than TM,[44]

but no distinctive feature away from TM was seen in our THz
emission experiments (see Figure 3b). In the past, significant dis-
crepancies between TM and TTHz have been found for other RE-
TM ferrimagnets.[27,29] However, such measurements could have
been affected by different temperature calibrations in different
equipment, laser heating, and aging of the samples between ex-

periments, which can result in a drift of TM of tens of Kelvin in a
few weeks after deposition.[45]

To further elucidate how local changes in alloy composition
lead to the suppression of the THz signal, we investigated the
emission from the wedge sample 5 where the Gd concentration
is intentionally varied, as described in the next subsection.

2.2. THz Emission as a Function of Gd Concentration

Here, we study the temperature dependence of the THz emission
in the composition range 22% ≤ x ≤ 30%, corresponding to the
magnetization compensation temperatures shown in Figure 3a.
Figure 3b presents the evolution of the integrated THz intensity
measured under an in-plane bias field of 8.5 kOe, similarly to our
measurements on the homogenous Gd20Co80 structure. For ref-
erence, the emission from the Co/Cu/Pt sample is also included.
In all cases, the intensity follows an overall decreasing trajectory
when lowering the temperature, which we ascribe to the increase
of the THz conductivity (see Equation 1; Figure S3, Supporting
Information) and changes in the spin Hall angle of Pt.[46,47] For
a finite Gd concentration, this trend is interrupted by narrow
dips that are close to the respective magnetization compensation
temperatures, corresponding to the minima in the Mz versus T
curves (see Figure 3b,c). The discrepancies between TTHz and TM
are attributed to the different sample areas probed in the two tech-
niques: spots with a diameter of 400 μm in THz spectroscopy
corresponding to fairly constant compositions; and ∼5 × 5 mm2

regions in SQUID magnetometry which yielded averaged prop-
erties over a range of Δx ≈ 5%.

Next, we compare these temperature-induced changes with the
dependence of the THz emission on Gd concentration at fixed
temperature. In order to remove the effect of the different THz
conductivities (see Figure S3, Supporting Information), we focus
on the normalized signal S⋆, defined at the beginning of Sec-
tion 2. As part of our analysis, we calculate the integrated inten-
sity of S⋆, labeled I⋆, as in Equation 2 with S replaced by S⋆.

Figure 4a presents I⋆ versus H hysteresis loops for different
Gd concentrations measured at room temperature. The change
in the polarity of the loops from x = 31% to 32% reflects the
transition from a Co-rich to a Gd-rich alloy magnetization. The
decrease in their height corresponds to the vanishing of the THz
signal, which is also manifested as the dip in Figure 4b. There,
we juxtapose the intensity I⋆ obtained at 8.5 kOe with the coer-
cive fields Hc extracted from the hysteresis loops in Figure 4a.
The intensity minimum is in correspondence with the coercivity
maximum, and the latter occurs along the compensation line in
the (x, T) phase diagram.[37] Hence, through Figures 3 and 4, we
have shown that the photo-excited spin current from GdCo is sup-
pressed at magnetization compensation, regardless of whether
this is reached through temperature or composition variation.

For x ≈ 31% with magnetization compensation at room tem-
perature, we imaged the multi-domain structure responsible for
the suppression of the THz signal. A representative static MOKE
micrograph taken with H = − 1.8 kOe is shown in Figure 5a,
where the composition gradient of the sample is shown by the
back arrow along the vertical direction. The MOKE signal is
mostly sensitive to the Co sublattice,[48,49] so the well-defined
light and dark contrast regions are Co-rich and Gd-rich domains,

Adv. Optical Mater. 2025, 2500056 2500056 (5 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Integrated THz intensity I⋆ for different GdCo concentrations of the GdxCo1–x(d)/Cu(2 nm)/Pt(3 nm) sample at room temperature. a) Inte-
grated intensity (I⋆) hysteresis loops across the compensation composition. b) Integrated THz intensity I⋆ at 8.5 kOe (orange) and coercivity of the
integrated intensity hysteresis loops (green) as a function of Gd atomic percentage. The intensity I⋆ was calculated by integrating the absolute value of
the S⋆(t) as in Equation (2). The shown intensities were normalized with respect to value at x = 5%.

respectively, where the Co magnetization points in opposite di-
rections. This is confirmed by the hysteresis loops in Figure 5b,
which were taken 250 μm above and below the center of the
MOKE image. The grey middle area corresponds to an unsatu-
rated region where the bias field is below the coercive field. This

Figure 5. Static MOKE characterization of the sample Gd31Co69(2.9
nm)/Cu(2 nm)/Pt(3 nm). a) MOKE imaging of the region in the sample
with magnetization compensation temperatures in the vicinity of room
temperature, taken with the probe laser pulses illuminating the metallic
surface of the sample. The composition gradient is such that the Gd con-
centration increases in the vertical direction, as indicated by the black ar-
row. The light (dark) contrast represents domains where the Co (Gd) sub-
lattice magnetization is aligned with the bias field of − 1.8 kOe. The grey
intermediate region corresponds to an unsaturated area where the coer-
cive field was larger than the bias field. b) Kerr rotation (𝜃K) measured at
250 μm above and below the center of the image in a), as symbolized by
the green and orange markers. The Kerr hysteresis loops were obtained
by averaging the MOKE contrast in regions of size ≈450 μm by 150 μm. c)
Sketch of the changes in the static magnetization configuration of the area
probed in the THz experiments at the temperatures indicated in the THz
intensity plot on the right. The light and dark regions represent domains
where the Co and Gd sublattices are dominant, respectively. The red circle
depicts the pump laser spot.

unsaturated stripe is expected to have a width of a few tens of
microns in the THz experiments when the applied field is 8.5
kOe (see Figure S8, Supporting Information), and thus it plays a
minor role in the THz emission data.

Considering that the pump spot size has a FWHM of 400 μm
in the THz measurements, it becomes clear that the THz sig-
nal vanishes when the pump illuminates equal amounts of Gd-
dominated and Co-dominated domains, where the local net mag-
netizations are opposite. Furthermore, the border between the
two domains shifts with temperature due to the spatial variations
of TM, so that sufficiently away from compensation a single do-
main is probed, as sketched in Figure 5c.

2.3. Gd Contribution to the THz Signal

In the previous subsections, we established that the vanishing of
the THz emission is not a consequence of the cancellation of the
spin current produced by the RE and TM sublattices. Here, we
explain why these two contributions to the spin current cannot
fully offset each other by examining their relative strengths and
timescales through the analysis of the THz emission spectrum
as a function of the alloy composition.

Figure 6a,c display the normalized THz signal and its corre-
sponding Fourier transform for different Gd concentrations mea-
sured at room temperature with a bias field of 8.5 kOe. The sim-
ilarity amongst the spectra for the extreme studied compositions
x = 0% (sample 1), 5%, and 50% (sample 5) suggest that the pi-
cosecond spin currents in these samples share the same origin.
The different behavior for x = 32% is explained in Section 2.4, in
terms of the interference of the THz emission from the magnetic
domains that form close to compensation. Additionally, note that,
in the sample with x = 50%, the Co magnetization sublattice is
antiparallel to the magnetic field because its Gd concentration is
well above the room temperature compensation value xM ≈ 31%.
Thus, the opposite sign and nearly identical spectrum of the THz
emission for x = 0% and 50% indicate that, at room temperature,
the spin current is dominated by the Co sublattice in a broad com-
position range.

Figure 6b,d present analogous data measured at 6 K. At
this temperature, elemental Gd is in its ferromagnetic phase,
and therefore it is possible to detect a THz signal from sam-
ples 3 and 4. In the past, THz emission from Gd-based
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Figure 6. Contribution of the Gd sublattice to the THz signal. a,b) Normalized THz signal measured for different Gd concentrations under a bias field
of 8.5 kOe at 300 and 6 K. The data for x = 5%, 20%, 32%, and 50% were obtained using the GdxCo1–x(d)/Cu(2 nm)/Pt(3 nm) sample. The data for
x = 0% and 100% were collected using the Co(4 nm)/Cu(2 nm)/Pt(3 nm) and Gd(4 nm)/Cu(2 nm)/Pt(3 nm) samples, respectively. The multiplicative
factors on the left of the panels indicate how much the waveforms were rescaled to have the same amplitude as the x = 0% pulse at the corresponding
temperature. c) and d) Absolute value of the Fourier transforms of the transients S⋆(t) in a) and b). The Co/Cu/Pt spectrum (in purple) is repeated
for comparison purposes. The spectra are normalized so that their peak amplitude is equal to one. In all panels, the solid lines are experimental data
and correspond to the averages of typically four individual measurements. In c,d), the color fringes represent uncertainty intervals corresponding to ±
one standard deviation, calculated from the various individual measurements taken under fixed conditions. In b,d), the black dashed lines are linear
combinations of the Gd/Cu/Pt and Co/Cu/Pt signals. In b), the green (purple) dashed lines represent the Gd/Cu/Pt (Co/Cu/Pt) component of each
superposition. The amplitudes of these components are A(x = 50%) = − 0.41, B(x = 50%) = 0.74, A(x = 20%) = − 0.52, and B(x = 20%) = 0.17.

heterostructures has been ascribed to the anomalous Hall effect
in this RE.[31] We ruled out that this is the main emission mech-
anism in our STEs by comparing the THz pulses generated by
Gd/Cu/Pt and Gd/Cu/Ta (see Figure S9a, Supporting Informa-
tion). The inverted polarity of the obtained waveforms, stemming
from the different signs of the Pt and Ta spin Hall angles, verifies
that the signal originates from the combination of the spin cur-
rent generation and the ISHE, as described at the beginning of
Section 2. Further confirmation of the relationship between the
Gd equilibrium magnetization and its THz emission is provided
in Figure S9 (Supporting Information).

The spectra in Figure 6d indicate that the spin current pro-
duced by pure Gd has an overall slower frequency content than
that produced by Co. Considering the connection between THz
spin transport and ultrafast demagnetization dynamics,[15,16] the
shift between the Co and Gd spectra is consistent with the dif-
ferent demagnetization time scales in the two elements, namely,
≈200 fs for Co, ≈1 ps for the first demagnetization stage of Gd,
and tens of picoseconds for its second stage.[50] Although such
dissimilar dynamics may result in clearly distinguishable THz
emission spectra just outside the STEs, the response of our spec-
trometer suppresses their differences, as described in Supple-
mental Note S6 (Supporting Information).

The THz emission spectrum of the alloy at low Gd concen-
trations, such as x = 20%, closely resembles the THz emission
from Co. As the Gd concentration is increased, a suppression of
the Fourier components between ≈0.9 and 1.7 THz develops, as
illustrated in the data for x = 50%, evidencing the existence of

a nonnegligible Gd contribution to the picosecond spin current.
Indeed, we are able to approximately reproduce the THz emis-
sion from GdCo with a linear combination of the signals from
pure Gd and Co (dashed lines in Figure 6) that can be expressed
as Σ (t, x) = A(x)S⋆(t, x = 0%) + B(x)S⋆(t, x = 100%). In this
superposition, the ratio of the amplitude of the Gd component
(B) to that of the Co component (A) increases with the Gd con-
centration. Hence, for high Gd content and at a sufficiently low
temperature, the Co sublattice no longer dominates the optically
induced spin current generation, and Gd can produce a compa-
rable contribution.

The temperature dependence of the Gd contribution can be
understood from the Gd electronic band structure. Most of the
magnetic moment of this element (7 𝜇B per atom)[51] lies in lo-
calized 4f orbitals that cannot be directly excited with the com-
paratively low energy of the pump (1.5 eV for our laser, versus
the potential energy of ≈8.4 eV of the 4f spins).[52] However, the
pump pulses can be absorbed by 5d valence electrons (carrying
0.55 𝜇B per atom),[51] which creates a superdiffusive spin current
and also increases the frequency of scattering events between the
localized and itinerant spins.[11] The latter effect, termed bulk
spin pumping,[19] creates a spin accumulation in the 5d subsys-
tem that can diffuse into the subsequent layers of the STE, con-
stituting an additional spin current generation mechanism.

Assuming a similar behavior in the alloy, the room tempera-
ture contribution of the Gd sublattice to the detected spin current
is negligible for two reasons. First, the characteristic timescale at
which 4f localized spins and itinerant spins scatter is too slow

Adv. Optical Mater. 2025, 2500056 2500056 (7 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. THz emission spectra across magnetization compensation. a) Normalized THz pulses emitted by sample Gd25Co75/Cu/Pt at temperatures
away (200, 162 K) and close (182 K) to the magnetization compensation point, measured with a bias field of 8.5 kOe. The vertical dotted line indicates
the time (tmax) corresponding to the maxima of |S⋆(t)| at 162 K. b) Absolute value of the Fourier transforms of the transients in a). The black dashed
lines in a,b) correspond to a linear combination of the emission at 200 and 162 K. c) Norm and phase of spectra from sample Gd25Co75/Cu/Pt taken
at temperatures ranging from 160 to 200 K. d) Time (tmax) corresponding to the maxima of the absolute value of the S⋆(t) data used to obtain c). The
dashed purple and orange lines underscore the shift of these times across TM, which corresponds to one experimental time step (33 fs). e) Normalized
THz signal from the homogenous sample Gd20Co80/Cu/Pt obtained at 38 K with bias fields 8.5, 0, and 0.5 kOe. The two latter measurements were taken
in the branch of the hysteresis loop where the magnetic field was increased, as indicated in the inset by the colored square markers. f) Absolute value of
the Fourier transforms of the pulses in e).

to be efficiently probed with our detection bandwidth of 0.3–2.8
THz; for example, this scattering time has been claimed to be 20
ps for Gd in a Gd/Co bilayer.[26] In contrast, the response func-
tion of our setup attenuates the sensed THz emission almost
linearly with respect to frequency between 0 and 1 THz, so that
Fourier components below 0.3 THz are strongly suppressed (see
Figure S2, Supporting Information). At frequencies below our de-
tection threshold, the room temperature Gd contribution might
be more sizable, as indeed observed in previous work.[26] Second,
the superdiffusive spin current transported by hot electrons is
weak due to the small spin polarization of the 5d bands. Nev-
ertheless, at low temperatures, this spin polarization increases
significantly[53] and the ultrafast demagnetization dynamics of
Gd speed up,[54] potentially signaling an acceleration of its laser-
induced spin current. Consequently, the Gd contribution to the
THz spin current becomes more prominent with decreasing tem-
perature.

Note that the analysis represented in Figure 6 that considers
the GdCo THz emission as a linear combination of the Co and
Gd signals assumes that the spin dynamics are the same in the
alloy and in the individual elements, which, in general, is not
true.[50,55] Nonetheless, Figure 6 correctly highlights that the spin
current produced by the RE and TM sublattices are associated
with different characteristic time scales. Thus, there is no “THz
compensation temperature” at which the Gd and Co contribu-

tion can completely cancel out, in agreement with the previous
subsections.

2.4. THz Emission Spectrum Close to Compensation

As described above, the Gd sublattice has a significant indirect
impact on the THz emission through its influence on the GdCo
static magnetic configuration. In particular, we have discussed
how the formation of magnetic domains suppresses the THz
signal. In the following, we describe how this domain struc-
ture can modify the THz emission spectrum close to magneti-
zation compensation. Figure 7a, corresponding to sample 5 with
x ≈ 25%, shows that sufficiently far away from TTHz = 181 K
the normalized THz transients resemble single-cycle pulses, but
close to TTHz the emission exhibits additional oscillations. In the
frequency domain, this is translated into a marked shift of the
peak in the spectra to higher frequencies close to compensation
(Figure 7b).

A more detailed Fourier dataset is provided in Figure 7c,d, dis-
playing nearly constant spectra when heating up toward the mag-
netization compensation temperature. After crossing TM, which
is represented by the 𝜋 phase shift in Figure 7d, there is a sudden
blueshift in the amplitude spectra that fades away with increasing
temperature. We also observe a similar spectral change at room

Adv. Optical Mater. 2025, 2500056 2500056 (8 of 11) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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temperature when the Gd concentration is close to its compen-
sation value, as evidenced by the data for x = 32% in Figure 6c.

As explained in the previous subsections, domains with op-
posite alignments of the magnetic sublattices coexist around
the magnetization compensation temperature. We ascribe the
change in the THz emission spectrum close to TM to the interfer-
ence of the spin current produced by these magnetic domains.
This is supported by the fact that we could reproduce the THz
emission just above TM with a superposition of the signals above
and below compensation (dashed lines in Figure 7a,b), where the
two summands represent the two types of magnetic domains.

The modified spectrum of this superposition arises from a
time shift of ≈30 fs between the THz emission of sample 5 above
and below TM. This delay across compensation is revealed in
Figure 7d, where we plot the time corresponding to the maxi-
mum of |S⋆(t)| (labeled tmax) as a function of temperature. Our
estimation of the magnitude of the time shift is hindered by the
duration of our probing laser pulse (50 fs), but its existence is con-
firmed by its consistent detection sufficiently far from TM.The re-
peatability of this effect was verified in various pieces taken from
sample 5 with different compositions and magnetization com-
pensation temperatures.

We leave the determination of the origin of this small time
delay for future work. We hypothesize that it could be related
to the sperimagnetism of GdCo,[40] which tilts the sublattice
spins asymmetrically across TM in a manner reminiscent of both
Figure 7c and the spin reorientation reported in Figure S7 (Sup-
porting Information). Considering that in certain systems the
amplitude of the equilibrium magnetization is coupled to the
characteristic time scale of the laser-induced spin current,[16] an
uneven canting of the GdCo magnetic sublattices may alter the
spin transport dynamics across TM. An alternative explanation
could be associated with spin mixing, which has been observed
to delay the onset of ultrafast demagnetization in pure Gd by up
to 200 fs depending on the equilibrium temperature.[56]

Lastly, a comparable suppression of the lower frequency com-
ponents of the THz emission was detected in sample 2, which
has a nominally homogeneous GdCo concentration, close to
TM when the bias magnetic field is approximately Hc (see
Figure 7e,f). In this case, the role of the coercive field, determined
from the THz hysteresis loop in the inset of Figure 7f, is to pro-
mote the formation of a multi-domain structure. As in sample 5,
a modified spectrum is obtained due to the interference of the
THz emission from different magnetic domains.

3. Conclusion

We have conducted a systematic characterization of laser-
induced picosecond spin transport in GdCo/Cu/Pt heterostruc-
tures through THz emission spectroscopy. In our experiments,
the THz signal is suppressed when crossing the magnetization
compensation line in the composition-temperature phase dia-
gram under a bias magnetic field. We explain this behavior as
a consequence of the GdCo equilibrium magnetization config-
uration, which partitions into domains close to compensation in
the presence of a bias field, due to composition inhomogeneities.
Without the external magnetic field, we detected THz emission
around and at TM with an intensity comparable to that in the sat-
urated state, demonstrating that a ferrimagnet can generate a pi-

cosecond spin current even when it is fully compensated. The
GdCo micromagnetic structure can also affect the shape of the
emitted THz pulses. This is associated with a blueshift of the THz
emission spectra close to magnetization compensation when the
THz signal from different magnetic domains interfere.

At room temperature, we determined that the optically trig-
gered spin current is dominated by the Co sublattice in the ex-
plored frequency range, i.e., 0.3− 2.8 THz. This is consistent
with previous studies which claim that there is a significant Gd
contribution[14,21–23] since, at room temperature, the Gd spin cur-
rent occurs at GHz frequencies outside our detection window.[26]

On the other hand, at 6 K, we observed that the Gd sublattice
can produce a THz spin current commensurate with that gen-
erated by Co. Nevertheless, the Gd and Co spin currents can-
not fully cancel out at all times because they are associated with
different characteristic time scales, which parallels the asymmet-
ric ultrafast demagnetization dynamics of the sublattices.[55] The
temperature evolution of the low-frequency components of the
Gd spin current inaccessible in our experiments may be tracked
through the application of novel on-chip detection methods,[57]

which would provide valuable insight into the underlying spin
current generation mechanisms.

This work presents a path to reconcile two seemingly incom-
patible phenomena in the THz dynamics of RE-TM ferrimagnets:
the dominant role of the TM in the photo-induced THz spin cur-
rent at room temperature and the vanishing of the THz emission,
previously thought to be a sign of equally strong THz spin gener-
ation by the RE and TM sublattices. In this way, our results build
on our understanding of the ultrafast magnetization dynamics in
RE-TM systems and are relevant for the physical description and
development of optically switchable spintronic devices based on
spin transfer.

4. Experimental Section
MOKE Measurements: The MOKE experiments were done at room

temperature in a longitudinal configuration (incidence angle of 45○) with
a pulsed laser repetition rate of 100 kHz, central wavelength of 515 nm,
and duration of 150 fs. An in-plane magnetic field ranging from 0 to 2 kOe
was applied.

THz Emission Spectroscopy: The THz spectroscopy setup, which was
different than the one used for the MOKE experiments, was described in
detail in reference.[58] Briefly, it was based on a Ti:Sapphire pulsed laser op-
erating at a repetition rate of 5 kHz, with a central wavelength of 800 nm,
and a pulse duration of ≈50 fs. The linearly polarized laser pulses were
collimated to a spot with 400 μm of FWHM, corresponding to an incident
fluence of 10.3 mJ cm−2. The pump impinged the STEs at normal inci-
dence on the heavy metal side (see experimental geometry in Figure 1a).
The samples were placed in a closed-cycle cryostat between the poles of an
electromagnet capable of applying in-plane magnetic fields between 0–8.5
kOe.

The emitted THz pulses were collected with off-axis parabolic mirrors,
filtered with wire grid polarizers that enable polarimetry capabilities and
focused on a 1 mm thick ZnTe detection crystal, where they overlapped
with gating laser pulses. The THz electric field was sensed through electro-
optic sampling.[34]

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