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Using the THz emission spectroscopy, we investigate ultrafast spin-to-charge current conversion in epitaxial
thin films of the altermagnetic candidate RuO2. We perform a quantitative analysis of competing effects that
can contribute to the measured anisotropic THz emission. These include the anisotropic inverse spin splitter and
spin Hall effects in RuO2, the anisotropic conductivity of RuO2, and the birefringence of the TiO2 substrate.
We observe that the leading contribution to the measured signals comes from the anisotropic inverse spin Hall
effect, with an average spin-Hall angle of 2.4×10−3 at room temperature. In comparison, a possible contribution
from the altermagnetic inverse spin-splitter effect is found to be approximately 2–4×10−4. Our work stresses the
importance of carefully disentangling spin-dependent phenomena that can be generated by the unconventional
altermagnetic order, from the effects of the relativistic spin-orbit coupling.

DOI: 10.1103/d17q-1lg4

Altermagnetism has recently emerged as a new symmetry
class in magnetism [1], characterized by a momentum-
dependent alternating spin polarization in the reciprocal space
of collinear, magnetically compensated systems. Unlike con-
ventional ferromagnets or antiferromagnets, the altermagnetic
order spontaneously breaks both spin-space and real-space
rotation symmetries, while preserving a symmetry combin-
ing spin-space and real-space rotation transformations. This
property gives rise to unconventional spin transport, such as
the spin-splitter effect, giant magneto-transport anisotropies,
and spin-polarized currents without net magnetization [2,3].
Among the broad class of proposed altermagnets, rutile-
structured RuO2 stands out as a particularly compelling
candidate [2,4,5]. In the altermagnetic phase, it is predicted to
combine metallic conductivity with d-wave-type spin order,
all in a simple binary compound [1–5], making it an ideal
platform for both theoretical and experimental investigations.

RuO2 has long been known as a nonmagnetic, versatile
material, useful in electrochemistry and electronics [6], yet
it has been going through a dynamic experimental devel-
opment in recent years. After reports indicating a presence
of a compensated collinear magnetic order, based on neu-
tron diffraction [7] and x-ray scattering [8], several transport
experiments showed signals suggestive of a theoretically pre-
dicted [4] altermagnetic anomalous Hall [9], a theoretically
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predicted [10] spin-splitter effect (SSE) measured via a GHz
ferromagnetic resonance [11–13], and an inverse spin-splitter
effect (ISSE) detected by a DC spin Seebeck effect [14] or
by THz emission [15]. However, the consensus on the mag-
netic ordering of RuO2 has been recently challenged by muon
spin rotation [16], neutron scattering [17], and angle-resolved
photoemission spectroscopy (ARPES) [18] studies reporting
no magnetic order in the studied samples. The ongoing debate
on altermagnetism in RuO2 involves, on one hand, additional
observations attributed to the altermagnetic order, including
the tunneling magnetoresistance [19], the anomalous Hall ef-
fect [20,21], the spin-split band structure measured by ARPES
[22], the DC SSE-induced switching of an adjacent magnet
[23], or the optically induced spin polarization [24]. On the
other hand, recent thermal-transport [25] and spin-pumping
[26] studies attributed the observed spin-to-charge conversion
to an anisotropic inverse spin Hall effect (ISHE), rather than
the ISSE. Similarly, a recent THz-emission study did not find
evidence for the ISSE, and ascribed the observed signals to the
anisotropic conductivity of RuO2 [27]. Therefore it is crucial
for the current discussion to scrutinize experimental data by
considering all other competing effects that may mimic the
altermagnetic (I)SSE by sharing analogous experimentally
observable symmetries.

In this paper, we provide an ultrafast probe of the spin-to-
charge current conversion in RuO2-based multilayers by the
time-domain THz emission spectroscopy. It is a natural tool
for probing processes with expected ultrafast dynamics, as
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FIG. 1. THz emission from FM|Pt, FM|RuO2 and symmetry of spin splitter effect (SSE). (a) Spintronic terahertz emission from a reference
bilayer ferromagnet (FM)|Pt. A femtosecond laser pulse excites the FM with in-plane magnetization M and, thus, injects a spin current js (red
arrow) into Pt, where it is converted into a transverse charge current jc (green arrow) by the ISHE, with an efficiency defined by the angle γ .
Consequently, a THz electromagnetic pulse is radiated. When changing the angle θ of M in the x-y plane by an external magnetic field, (b)
the emitted electric field E is always perpendicular to M and has identical amplitudes and waveforms, resulting in (c) the typical harmonic
projections Ex , Ey, and the constant total magnitude Er . [(d) and (e)] Symmetry of altermagnetic SSE. (d) Sending jc along [110] crystal
direction of a d-wave altermagnet leads to spin polarization of current, but no generation of any transversal component of js to the direction of
jc. (e) jc sent along [100] crystal direction leads to spin-dependent deflection of up and down spins, which translates to the transversal js. The
inverse equivalent, where js produces transversal jc, is dubbed the inverse spin splitter effect (ISSE). (f) THz emission from RuO2(100)|FM
with potential altermagnetic ISSE, acting analogously to ISHE in (a). θ = 0 corresponds to M ‖ [001] direction of RuO2. (g), (h) Analogous
projections of the ISSE-driven emitted E. Unlike (b) and (c), Ey = 0 because y axis is set along the [001] direction of RuO2. This is also the
direction in which the Neél vector lies and, consequently, no spin splitting is expected. Moreover, Er is not constant as the projection of the
injected spin to [001] direction of RuO2 is varying with angle θ .

it can infer, unlike transport and low- frequency techniques,
the dynamics and potential speed limits of the studied phe-
nomenon [28–30]. By considering three possible sources of
competing signals to the anisotropic ISSE—the anisotropic
ISHE in RuO2, the anisotropic conductivity of RuO2, and the
birefringence of the TiO2 substrate, we analyze the strongly
anisotropic THz emission in a quantitative way by a com-
parison to the emission model. The nearly perfect match of
our calculations with the measured data allows us to infer
the magnitude and polarity of the isotropic part of the ISHE
and to demonstrate a strong, anisotropic component of the
ISHE in the THz range. From our analysis of the measured
data at room temperature, we conclude that the ISSE angle is
approximately 2–4×10−4. This is three orders of magnitude
smaller than the zero-temperature theoretical value consider-
ing a single domain altermagnetic state of RuO2 [10,2].

The experiment follows the emission scheme from spin-
tronic THz emitters [Fig. 1(a)] [31]. Here, an ultrashort laser
pulse excites a bilayer consisting of a ferromagnetic-metal
layer FM and a heavy-metal layer HM, for example, Pt. The
optical heating generates a transient spin voltage in FM and,
thus, drives a spin current with density js across the FM/HM
interface [32]. The spin orientation of js is determined by the
direction of the in-plane magnetization M of FM. Inside HM,
js is converted to an in-plane charge current with density jc
via the ISHE. Finally, the total emitted field E directly behind
the sample corresponds to the total integrated charge current

Ic = ∫ jc(z)dz [30,33]:

E = eZIc ∝ eZγ Is × eM, (1)

where e is the elementary charge, Z is the sample impedance,
γ is the spin-Hall angle, Is = ∫ js(z)dz is the total integrated
spin current, eM is the unit vector in the direction of M, and
the ISHE is isotropic. It follows from the cross product in
Eq. (1) that the emitted E is perpendicular to M and forms
an isotropic texture [Fig. 1(b)] if M is rotated by an angle
θ . Correspondingly, the x and y components of E follow the
harmonic θ dependence, Ex ∝ cos θ and Ey ∝ − sin θ , while
the magnitude Er = |E| is constant [Fig. 1(c)].

If we replace HM = Pt by a suitably oriented d-wave alter-
magnet, in our case (100)-grown RuO2 in the altermagnetic
phase, we expect the ISSE [Figs. 1(d) and 1(e)]. This phe-
nomenon, together with its complementary spin-polarization
effect, are theoretically predicted to arise from a spin-split
band-structure the polarity of which alternates in the [110]
and [1–10] crystal directions of RuO2 [10]. The spin-polarizer
effect arises if an electric current jc is sent along one of these
directions and the current is spin-polarized due to the differ-
ence in the Fermi surfaces for spin up and down [Fig. 1(d)].
However, the spin-splitter effect appears when jc is applied
along a nodal direction [100] or [010] and a transversal spin
current js arises as a consequence of anisotropic spin splitting
[Fig. 1(e)], leading to spin-dependent deflection of electrons.
The inverse analog of the latter phenomenon is dubbed ISSE.
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The spin-to-charge current conversion due to it is represented
by the angle γ ′ and is added to the ISHE in the emission
scheme described above [Fig. 1(f)].

Since the direction of the spin-to-charge current conversion
due to the ISSE is determined by the fixed crystal orientation,
the emission texture is anisotropic. If we set θ = 0◦ for M ‖ y,
i.e., the [001] direction of RuO2, we expect only the y projec-
tion of the injected spin to contribute to Ex of the emission
texture and its θ dependence as shown in Figs. 1(g) and 1(h).
Notably, Ex ∝ cos θ , Ey = 0 and Er ∝ |cos θ |, which allows
us to disentangle the isotropic ISHE and the anisotropic ISSE.
From these considerations, we can formulate two basic criteria
to confirm the presence of the ISSE in RuO2-based samples:
(1) the THz emission from RuO2(100) must be consistent with
the texture in Fig. 1(g). (2) This contribution must vanish
in RuO(110), where no ISSE signal is theoretically expected
from symmetry, Fig. 1(e) [2,10] and used for interpretation of
experiments [11,12,14].

These criteria dictate the choice of our samples: 10-
nm-thick (100) or (110)-oriented RuO2 grown on a (100)
or (110)-oriented TiO2 substrate, followed by 2.5 nm of
ferromagnetic Co40Fe40B20, capped by 3 nm of Si (see Sup-
plemental Material note 1 for more sample characterization
[34]). As a reference sample, we use the same FM layer
grown on TiO2(100), capped by 2.5 nm of Pt. The in-plane
orientation of the CoFeB magnetization is controlled by a
rotatable external magnetic field of strength of 350 mT, which
is more than an order of magnitude larger than the saturation
field of the FM layers (see Supplemental Material, Fig. S5)
[34]. To excite the thin-film stacks, we use femtosecond laser
pulses generated in a regenerative amplifier (pulse duration
170 fs, energy 30 μJ, repetition rate 10 kHz). The emitted THz
field components Ex and Ey are probed by electro-optic (EO)
sampling [35,36] in a 2-mm-thick GaP(110) detection crystal
using two THz polarizers, resulting in EO signals SEO

x and
SEO

y . All experiments are performed in a dry-air atmosphere
and at room temperature.

The typical M-dependent THz waveforms Sx (t ) and Sy (t )
from our samples, after subtraction of the θ -averaged, non-
magnetic signal from SEO

x and SEO
y , are shown in Figs. 2(a) and

2(b). While the signal from the CoFeB|Pt reference sample
(magenta curves) shares practically identical temporal dynam-
ics in both x and y projections, the signal from RuO2|CoFeB
(red and blue curves) shows a notable difference. Mainly, Sy(t )
has a more bipolar character, whereas Sx(t ) is more unipolar,
similar to signals from CoFeB|Pt. This behavior suggests that
the spin-to-charge conversion process may partly have a dif-
ferent origin. The full θ dependence of signals is shown for
(100)-RuO2|CoFeB by a sequence of 40 colors.

Further, we measure the θ dependence of S(t ) for all sam-
ples (shown in Fig. 2 by a sequence of 40 colors and S1) [34],
compute the root-mean-square (RMS) of the waveforms, mul-
tiplied by the sign of the signal at the main waveform peak,
and plot them in the form of emission textures [Figs. 3(a),
3(c), and 3(e)] and of the corresponding Sx(θ ), Sy(θ ), and
Sr (θ ) projections [Figs. 3(b), 3(d), and 3(f)]. We note that
RMS is a convenient way to determine the signal strength
as it is less prone to single-data-point noise as compared to
the peak-to-peak value. Without any quantitative analysis, we
see that all the emission textures are not fully isotropic, as

FIG. 2. Typical THz-emission signals. (a) The x-projection Sx (t )
of the EO signals from RuO2(100)|CoFeB (red), RuO2(110)|CoFeB
(blue), and reference sample CoFeB|Pt (magenta, rescaled by an
indicated factor of 30) for θ = 0◦. (b) The same dataset for Sy(t )
and θ = 270◦. An example of the typical full θ dependence is shown
for (100)-RuO2|CoFeB (sequence of 40 colors shown in color map
on right side).

expected from the purely isotropic-ISHE-driven conversion
[cf. Figs. 1(b) and 1(c)]. To highlight the differences, we
model the isotropic contribution by fitting Sy by a harmonic
function, S

′
y = −Ai sin θ , where Ai with i = Pt, (110), (100)

is the amplitude of the isotropic conversion for the reference
CoFeB|Pt and the respective orientation of RuO2|CoFeB sam-
ples. Subsequently, we plot the corresponding x projection,
S

′
x = Ai cos θ , and the magnitude of the emission S

′
r = Ai

[curves in Figs. 3(b), 3(d), and 3(f)], and shade the difference
between the model and the experimental data. The best-fit
parameters A(100) = 0.024APt and A(110) = 0.031APt allow us
to estimate the effective spin Hall angle γRuO2 of the isotropic
conversion in RuO2 by a comparison to APt of the reference
sample. By assuming that the total conversion is dominated
by the conversion inside RuO2 and γPt = 10−1 [37–41] (see
Supplemental Material note 2 for more details [34]), we ob-
tain γRuO2 = −(2.1 ± 0.2)×10−3 and −(2.7 ± 0.2)×10−3

for the (100) and (110)-oriented sample, respectively. Note
that the negative sign of γRuO2 comes from the fact that the
signal polarity is the same as for CoFeB|Pt (Fig. 2), but the
layer order of the FM|HM stacks is reversed (Fig. 1).

The additional conversion contributions are analyzed by
subtraction of the isotropic model from the data, i.e., �Sx =
Sx − S

′
x and �Sy = Sy − S

′
y, and by normalizing them to the

corresponding Ai, as shown in Fig. 4. The residual emission
textures [(a), (c), and (e)] and their projections [(b), (d), and
(f)] follow an ISSE-like pattern [Figs. 1(d) and 1(f)] in all
three samples. Remarkably, the modulation depth of �Sx/Ai,
which quantifies the anisotropic emission, reaches (46 ± 1)%
and (53 ± 1)% for (100)-RuO2 and (110)-RuO2, respectively,
and (28.8 ± 0.3)% for the reference sample. The very similar
modulation strengths in both orientations (100) and (110) of
RuO2 clearly violate the criterion (2). The small difference
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FIG. 3. Analysis of θ dependence. (a) RMS of Sx and Sy as a function of θ as a texture plot for the CoFeB|Pt reference sample. (b) RMS
of the measured components Sx (θ ), Sy(θ ), and of the magnitude Sr (θ ) (symbols) compared with the model (lines) by Eq. (1) using only the
isotropic ISHE contribution. Here, Sy(θ ) is fit by A sin θ [Eq. (1), green curve], and the shaded areas for Sx (θ ) and Sr (θ ) highlight the difference
between the experiment and the isotropic model. (c), (d) Analogous analysis for RuO2(110)|CoFeB, where no ISSE is expected, and (e), (f) for
RuO2(100)|CoFeB sample, where the ISSE is allowed. Notice that textures in (a), (c) and (e) are based on the same underlying data as shown
in (b), (d) and (f), both providing different views on signal symmetries and their amplitudes.

FIG. 4. Modulation of θ dependence. [(a) and (b)] CoFeB|Pt sample. (a) Emission texture after subtraction of isotropic ISHE contribution.
(b) Residuals �Sx (θ ), �Sy(θ ), �Sr (θ ) from (a), normalized to A (symbols), compared to the model of anisotropic outcoupling part of Eq. (2),
i.e., only δZ/Zy �= 0 (violet dashed curve). [(c) and (d)] Analogous analysis for (110)-RuO2|CoFeB sample, the ISSE inactive orientation.
[(e) and (f)] Analogous for (100)-RuO2|CoFeB sample, the ISSE active orientation. In (d) and (f), we complement the partial model (only
δZ/Zy �= 0, violet dashed curve) with the full models by whole Eq. (2) including anisotropic ISHE. Model 1 assumes different spin transparency
between the two RuO2 samples (orange curve), model 2 assumes different conversion in the FM layer (red curve). See the main text for a
detailed description of the modeling procedure. Notice that textures in (a), (c), and (e) are based on the same underlying data as shown in (b),
(d), and (f).
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in the modulations indicates that a possible contribution of
the ISSE remains very limited in our measurements, with
an upper bound of several percent of the magnitude of the
isotropic ISHE conversion.

Next, we investigate the sources of anisotropies in emis-
sion that may appear in our samples. First, the used TiO2

substrate exhibits a very strong birefringence in the THz
spectral range [42,43], which affects the outcoupling of the
THz radiation from the sample. As anticipated by Eq. (1),
the outcoupling is characterized by the sample impedance Z ,
which can be modeled in the thin-film approximation [29,44]
as Z ≈ Z0/(1 + ns + Z0G). Here, Z0 ≈ 377 � is the vacuum
impedance, ns the refractive index of the substrate in the
polarization direction of E , and G is the THz conductance of
the conductive layers. We directly measured the two principal
values of ns in uniaxial TiO2 substrates in the THz range
(see Fig. S2 [34]), showing no significant spectral dependence
and yielding ns,x = 9.5 ± 0.1 and ns,y = 12.9 ± 0.1, respec-
tively. The substrate birefringence leads to an anisotropic

impedance: Zx = Zy + δZ , and accounts for its notable rela-
tive variation δZ/Zy = (26 ± 1)% for the average G of our
samples.

Another source of anisotropic outcoupling could be the
anisotropic G of the conductive layer itself, which was
suspected to cause the anisotropic THz emission from RuO2-
based samples in Ref. [27]. However, using THz transmission
experiments, we did not observe any large variation of G
in our samples as δG/Gy ≈ 1.4% and −4.3% for (100)-
and (110)-RuO2|CoFeB, respectively, while in the case of
CoFeB|Pt we inferred δG/Gy ≈ 18.6% (see Supplemental
Material, Table T1 [34]).

The third potential source is the recently suggested
anisotropy of the spin Hall angle in (100) and (110)-oriented
RuO2, which was evaluated by DC spin Seebeck exper-
iments to δγ /γy ≈ 30% [25]. Using the above-mentioned
anisotropies, we can model the anisotropic emission by sepa-
rating the x and y components of the emitted E and expanding
Eq. (1) as follows (see Supplemental Material note 3):

(
Ex

Ey

)
= e

(
ZxIc,x
ZyIc,y

)
∝

(
Zx(γx + γ ′) cos θ

Zyγy(− sin θ )

)
= Zyγy

[(
cos θ

− sin θ

)
+

(
δγ /γy + γ ′/γy + δZ/Zy + �

0

)
cos θ

]
. (2)

Here, both the x and y components include their respective
outcoupling Z , the spin Hall angle γ is anisotropic, and γ ′
contributes only to Ex. The first term after the last equality
is the isotropic conversion due to the isotropic ISHE, the
second one is the correction due to anisotropies and possible
ISSE, while � = (δZ/Zy)(δγ /γy) + (δZ/Zy)(γ ′/γy) are less
significant second-order terms. We see from Eq. (2) that all
anisotropies contribute to the correction with the identical
symmetry as the ISSE and, therefore, this altermagnetic fea-
ture cannot be separated based solely on the θ dependence of
the THz emission from one sample.

Therefore we can compare the THz emission from all three
samples with the model by plotting the anisotropic term of
Eq. (2) on top of the measured data in Figs. 4(b), 4(d), and
4(f). First, we consider only the outcoupling anisotropy δZ/Zy

and assume γ ′ = δγ = 0 (dashed violet curves). We observe
a perfect match in the case of the reference sample, CoFeB|Pt,
which is consistent with the expectation that Pt does not show
any anisotropic ISHE. On the other hand, the data from the
RuO2-based samples clearly cannot be explained just by the
outcoupling anisotropies (i.e., δns and δG). However, once we
also add the anisotropic ISHE and fit the modulation of (110)-
RuO2 (full orange curves), we obtain δγ /γy = (23 ± 2)%.
This value is consistent with the recent experimental observa-
tion [25]. By considering the anisotropy δγ /γy to be same in
both RuO2 samples, we use δγ /γy obtained from (110)-RuO2

also to model the response of (100)-RuO2 (labeled model
1). Here, we see a very good match of the model with the
measured data, showing a difference by ∼ 9%. From this
observation and from the fitted isotropic γy ∼ 2.4×10−3, we
can infer the upper bound of the magnitude of the potential,
area-averaged contribution of the ISSE to γ ′ ≈ 2×10−4 in our
(100)-RuO2 sample at room temperature. This is three orders
of magnitude lower than the theoretical prediction of the

zero-temperature ISSE in the single-domain altermagnetic
phase of RuO2 [2,10]. In addition, the amplitude of the
anisotropic emission from RuO2-based samples tended to de-
crease in time, and it shows no observable change when heated
by 40 °C above the room temperature (Supplemental Material,
Fig. S3 [34]).

The approximate isotropic γRuO2 = −(2.4 ± 0.2)×10−3,
averaged over both orientations of our RuO2 samples, de-
viates from values reported in previous experiments in
Refs. [11–13,23,26], where it had the opposite sign and ranged
from 1.5×10−2 to 4.5×10−2. However, the polarity of our
inferred SHE angle matches the recent study findings by Wang
et al. in YIG/RuO2 systems [25]. This work was performed
on a large set of samples with an insulating ferrimagnetic
layer, thus, without an additional contribution from the spin-
to-change conversion in the magnet. The authors assign the
overall positive polarity of the previous studies to this poten-
tial contribution of the positive SHE angle in metallic metals
like NiFe and CoFeB [45,46]. Considering the generally
lower γFM in Co40Fe40B20 [46], it may explain our lower and
negative value of γ . Other possible ISHE-like mechanisms
contributing to the overall emission, originating in the ferro-
magnet, are the ultrafast demagnetization [32], the anomalous
Hall effect [47] and anomalous Nernst effect [48]. All these
mechanisms, summarized in an effective conversion angle
γFM, are expected to be relatively weak in thin FM layers as
compared to the leading mechanism, ISHE from RuO2, and,
more importantly, fully isotropic, as they are originating from
the isotropic polycrystalline CoFeB layer. Therefore they
could not contribute to the anisotropic parts of the conversion,
the altermagnetic γ ′ or the anisotropic ISHE δγ . However,
they can, in principle, contribute to the isotropic ISHE con-
version γy itself. Additionally, the conversion by ISHE inside
RuO2 can be impacted by spin losses at the FM/RuO2 inter-
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face [37], resulting in its lower spin transparency ts, or the
Rashba-like conversion γI at the interface itself.

These probably small but potentially present contributions
are generally difficult to be disentangled in THz emission ex-
periments [37,49], and we advise to consider the isotropic part
of γ the total effective conversion efficiency of the particular
stack of layers:

γy = γFM + γI + tsγRuO2 . (3)

In Figs. 3(e) and 3(f), we see that the total isotropic conversion
γy (i.e., the amplitude of Sy) varies by ∼ 20% between the
sample stack with (110)-RuO2 and (100)-RuO2. In the above
estimate of the size, the altermagnetic conversion γ ′, we used
the relative value of the anisotropic ISHE, δγ /γy, from (110)-
RuO2 sample in the model of emission from (100)-RuO2
(model 1). This approach is immune to the variation of γy due
to spin loss at the interface, which we consider the probable
source of it, as ts cancels in the term δγ /γy. However, we
can explore the other extremal case when the difference of the
isotropic γy is solely due to a change in γFM and γI , implying a
variation of the CoFeB layer in these two stacks. To eliminate
this effect from the analysis, one needs to use only δγ from
(110)-RuO2 sample to model the conversion in (110)-RuO2.
This hypothetical situation leads to a proportionally larger
modulation [model 2, see red curve in Fig. 4(f)] and yielding
the maximal ISSE contribution γ ′ ≈ 4×10−4. The realistic
model, therefore, lies between models 1 and 2, giving the
upper bound of γ ′ in the interval (2−4)×10−4.

The absence of a sizable ISSE in our samples at room tem-
perature is the central conclusion of our paper. It is consistent
with its absence reported by the very recent DC thermotrans-
port [25] and THz emission experiments [27], and contrasts
with the earlier SSE spin pumping studies at room temperature
[11–13], where the authors inferred a magnitude of the SSE
conversion in the same order as the SHE. Remarkably, experi-
ments in Ref. [11] showed a strong temperature dependence of
the SSE, which also contrasts with the negligible temperature
dependence of our anisotropic signals (Supplemental Mate-
rial, Fig. S3 [34]). Following the ongoing intense debate on
the magnetic nature of RuO2, there are two main explana-
tions of our reported potential weak ISSE. (1) The magnetic
domain structure can be formed with mutually compensating
contributions to the ISSE. This argument was already used in
Refs. [11,13] when explaining why the inferred ISSE reached
only a fraction of the theoretically expected value [10]. (2)
The debated nonmagnetic nature of RuO2 at room temperature
in bulk and thin layers [16–18]. Reflecting on the ongoing
discussion of the magnetic order, we stress the relevance of
our study with new insights in origin of anisotropic signals in
RuO2 and we suggest that future studies should include the
THz emission experiments at lower temperatures [19,20] and
in RuO2 films of a variable disorder/impurity level [50] and
thickness, including ultrathin, strained RuO2 films with layer
thicknesses below 2 nm [21,51]. The last-mentioned ultrathin
strained films might be particularly interesting for the THz
emission experiments, as this technique is interface sensitive
and was successfully applied to nanometer-thin layers [37,49].

In summary, we performed THz-emission spectroscopy
on RuO2|CoFeB bilayers and studied the phenomenology
of the spin-to-charge current conversion, with a particular
focus on the observed anisotropic emission. To carefully an-

alyze the data, we modeled the emission by considering the
predicted altermagnetic contribution of the ISSE, together
with three additional sources of analogous anisotropy: the
birefringence of the substrate, the anisotropic ISHE, and the
anisotropic conductivity of RuO2. The modeling revealed that
the anisotropic ISHE, recently proposed [26,25] due to the
crystalline symmetry of RuO2 and unprecedented in THz
experiments, is indeed operative in the THz spectral range
and that it reaches similarly large magnitude in both (100)-
and (110)-grown RuO2. This finding can have an application
potential in devices that employ the transient spin accumula-
tion or spin transfer torque, where the current direction can
change the magnitude of the effect. Importantly, we observed
no significant contribution of the altermagnetic ISSE at room
temperature with a magnitude (2−4)×10−4. Our qualitative
and quantitative understanding of the interplay of all sources
of anisotropic THz emission is an important ingredient for the
analysis and designs of future optical and THz experiments in
RuO2.
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