npj | spintronics

Article

https://doi.org/10.1038/s44306-025-00083-2

Revisiting altermagnetism in RuO,: a
study of laser-pulse induced charge
dynamics by time-domain terahertz
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RuO: is one of the most studied altermagnetic candidate materials. However, it has recently been
scrutinized as evidence emerged for its lack of any magnetic order. In this work, we study bilayers of
epitaxial RuO, and ferromagnetic permalloy (Fe;gNig¢) by time-domain terahertz spectroscopy,
probing for three mechanisms of laser-induced charge dynamics: the inverse spin Hall effect (ISHE),
electrical anisotropic conductivity (EAC), and inverse altermagnetic spin-splitting effect (IASSE). We
examine four orientations of RuO,: (001), (100), (110), and (101). Our results are consistent with charge
dynamics induced by only the ISHE and EAC and do not indicate the presence of IASSE for either as-
deposited or field-annealed samples, casting further doubt on the existence of altermagnetism in
RuO.,. In addition, we find that the combination of ISHE and EAC in the (101) oriented sample produces
THz emission that is tunable between linear and elliptical polarization by modulation of the external

magnetic field.

Altermagnetism is a newly identified magnetic phase characterized by
collinear antiferromagnetism coexisting simultaneously with anisotropic
spin-splitting in the band structure, owing to the two spin-sublattices being
connected by a real space rotation symmetry'. Altermagnet materials are
poised to have a significant impact in the field of spintronics, as there is
already a significant effort underway to replace ferromagnet-based tech-
nologies with antiferromagnets, which host faster magnetization dynamics
and lack of stray field’. While the spin-degenerate band structure of anti-
ferromagnets makes their Néel state difficult to detect, the spin-splitting in
altermagnets is predicted to produce novel spin-transport phenomena that
are Néel vector dependent, thus overcoming the challenges faced by tradi-
tional collinear antiferromagnets. Since the prediction of altermagnetism™™,
the spintronics field has invested significant research effort in finding
altermagnetic candidate materials, with none more popular than rutile
RuO,. Although it had long been considered a paramagnet’, in 2017, a
report of neutron scattering provided the first indication suggesting the
existence of collinear antiferromagnetism along the c-axis with a small
moment of 0.05 p per Ru atom®. While many subsequent studies reported
positive indications for altermagnetism in RuO,”™", recent probes for the
ordered antiferromagnetism by neutron scattering, muon spin rotation, and

spin and angle-resolved photoelectron spectroscopy have suggested no
ordered antiferromagnetism or altermagnetic band structure'*™.

Here, we investigate epitaxial RuO, in bilayer with ferromagnetic
(FM) permalloy (Fe;9Nig;) by time-domain terahertz (THz) spectro-
scopy (TDTS), probing for three possible mechanisms of laser-pulse
(LP) induced charge dynamics: the relativistic inverse spin Hall effect
(ISHE), the non-relativistic inverse altermagnetic spin-splitting effect
(IASSE), and the non-relativistic and non-magnetic electrical aniso-
tropic conductivity (EAC). It is well known that FM/normal-metal(NM)
bilayers can be excited by a femtosecond (fs)-LP to produce an ultrafast
demagnetization process accompanied by charge dynamics that produce
THz radiation, called a spintronic emitter (SE)****. The common
interpretation is that the ultrafast demagnetization causes a spin current
(TS) to be injected from the FM into the NM, which then converts to a
transverse charge current (J,) by the ISHE, following the equation
Epyy, o J. = O] X @, where Oy is the spin Hall angle of the NM layer
and ¢ is the spin-polarization. Recently, the IASSE and EAC were
reported for the first time as novel non-relativistic THz emission
mechanisms, both in heterostructures comprising RuO,'>*’. While the
EAC mechanism only requires RuO, to be metallic and an epitaxial
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Fig. 1 | Crystal structure, anisotropic spin/charge conductivities, and diagram of
experiment. a Rutile RuO, unit cell with proposed antiferromagnetic spins along the
c-axis, b proposed spin-split Fermi surface of d-wave altermagnetism in RuO,,
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crystal axes, d diagram of experimental setup for TDTS measurement with y being
the angle between the laboratory frame (x,,2z) and the principle crystal axis,

e HRXRD 6/26 measurement of (101) oriented sample and f in-plane ¢ scan of the
asymmetric {222} planar family in both the film (red) and substrate (blue).

anisotropic crystal, the IASSE requires ordered antiferromagnetism and
an altermagnetic band structure. The tetragonal unit cell with proposed
antiferromagnetic spins along the c-axis is shown in Fig. la (image
produced using the VESTA software™), and the corresponding spin-
split altermagnetic Fermi surface is shown in Fig. 1b. Figure 1¢ shows the
ellipsoid conductivity tensor of RuO,, which we reiterate does not
depend on the presence of antiferromagnetism or altermagnetism. If
RuO, is an altermagnet and not an NM, the IASSE mechanism should
lead to spin-to-charge conversion that can contribute to the THz
emission when the injected spin current J. has a projection along the
[100] direction and the spin-polarization ¢ has a projection along the
Néel vector N, as illustrated in Fig. 1b. The EAC mechanism, however,
does not involve either J, or N, but only requires a charge current J.
injected along a crystal direction which has off-diagonal conductivity
tensor terms. In fact, in reference”, no FM layer is used, and so no spin
current is related to their observed THz emission. The EAC mechanism
is simply based on Ohm’s law, J. = oE, where the conductivity tensor ais
anisotropic because of the rutile crystal structure, with o, =0;,> 0.
Orientations that contain components of both the a and c-axis lattice
parameters projecting in the out-of-plane direction () will thus show
EAC-based THz emission. In our work, we use rutile TiO, substrates to
achieve epitaxial growth of the RuO, layer of four common orientations
in order to study the crystal direction-dependent conversion: (001),
(100), (110), and (101). Given that the altermagnetic band structure is a
direct consequence of the real space crystal structure, it is advantageous
to use a single crystal or epitaxial thin film to properly probe the crystal
direction-dependent phenomena. An example of the high-quality epi-
taxial nature of our films, grown by reactive magnetron sputtering, is
shown in Fig. le, f. The high-resolution X-ray diffraction (HRXRD) 06/20
scan shows many Laue oscillations, and the in-plane ¢ scan shows a
single in-plane phase that is matched with the substrate, as is the case for
all our samples, which are reported in the supplemental information (SI)
Figs. S1 and S2. THz emission from the samples is measured by TDTS. A

laser-pulse incident from the substrate side pumps the spin-polarized
charge current that is subsequently injected from the permalloy into the
RuO, along the —Z direction. The spin-polarization is controlled by the
rotation of the applied magnetic field angle 6y, as depicted in Fig. 1c. The
x and y components of the emitted THz electric field are measured as a
function of 0 and integrated to find the root mean square value of the
emitted amplitude, E,,,,. We emphasize that we utilized substrate side
laser excitation to prevent the TiO, substrates THz absorption and
birefringence from modulating the emitted THz signal.

Results

THz emission from non-EAC orientations of RuO,: (001), (100),
and (110)

We first consider the samples with RuO, layer orientations that are not
expected to have emission by EAC, i.e., the (001), (100), and (110) orien-
tations, which have only the a- or c-axes in the out-of-plane direction, and
thus have no off-diagonal conductivity tensor terms for a current injected
along —z. Polar plots of the measured E,,,,; under varied 0y are reported in
Fig. 2. For the (001) sample in Fig. 2a, the emitted THz amplitude is clearly
isotropic and well described by a circle, which is consistent with spin-
to-charge conversion by the ISHE only, as expected for RuO, being either a
NM or an altermagnet. For the (100) and (110) oriented samples in Fig. 2b-d,
the emitted THz amplitude is found to be slightly anisotropic, with the
stronger emission occurring when the magnetization is parallel to the c-axis
of the crystals at 0 = 90°. We argue that the in-plane EAC of those samples
causes the anisotropy and not the IASSE. This matter is further discussed in
the “Discussion” section.

It is important to note that, in contrast to our results, the THz emission
reported in reference' that was attributed to the IASSE was only observed
after field annealing of the samples. Additionally, their results indicated that
the IASSE contribution to the emission varies strongly with thickness, with
the strongest emission occurring for a 5 nm thick RuO, layer. In contrast,
our results in Fig. 2b, d show that the emission intensity (blue data points) is
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Fig. 2 | E, ;s as a function of external field angle 6 for samples without EAC.

a (001), b (100), and ¢ (110) samples with 12 nm thick RuO, layer, and d for (100)
oriented sample with 5 nm thick RuO, layer. Blue data points are from as-deposited
samples, red data points are post field annealing, and black circles are guides to the
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eye (with a radius equal to the as-deposited E,,,; average). e-h show the relative
orientation of the injected spin current to the crystal structure and proposed Néel
vector for each sample, respectively.

essentially the same for the (100) oriented samples with 12 and 5 nm thick
RuO, layer. In addition, the emission is unchanged after field annealing
following the same protocol used in reference”, i.e., annealing at 475 K for
2h and subsequent cooling in an 8 kG field (red data points).

THz emission from (101) oriented RuO,
We now consider the (101) oriented sample. It has already been demon-
strated that metallic (101) oriented rutile RuO, and IrO, generate THz
emission by the non-magnetic and non-relativistic EAC mechanism that is
enhanced by an additional NM layer”. However, the effect of the EAC
mechanism on a spin current that is injected from an FM layer into the (101)
RuO, film has not yet been explored. Considering that both the IASSE and
ISHE change sign when reversing the spin-polarization of the injected spin
current, but the EAC does not, we expect that the EAC contribution to the
THz emission can be isolated by reversing the magnetic field direction.
Adding the THz emission collected at 8 and 8;; + 180° and dividing by two
(Equation (1)) results in the EAC contribution that does not depend on the
field direction.

E,, rac = (Ey,(0y) + E, (6 + 180°))/2 1)

The x and y components of the total measured signal for the (101)
sample at crystal angle y = 0° (see Fig. 1¢) and field angle 0;; = 90° are plotted
in the time-domain in Fig. 3a, the extracted EAC component of the signal is
plotted in Fig. 3b, and the total signal remaining after subtracting the EAC
component is shown in Fig. 3c. In Fig. 3d-h, parametric plots of the x and y
components of the emitted electric field for the signal excluding the EAC
component is shown in blue, the EAC component is shown in red, and the
total THz emission is shown in yellow. It can clearly be seen that the
combination of the two emission mechanisms (ISHE and EAC) can result in
elliptically polarized light depending on the direction of the external mag-
netic field (e.g., yellow for 8 = 90°).

Figure 4 shows a polar plot of the E,,,,; of the total emitted THz signal in
yellow and the signal excluding the EAC component in blue. Figure 4a, b
illustrate that the EAC component follows the rotation of the crystal by the
angle y (red arrow), as expected. The signal excluding EAC (blue) shows the
same small anisotropy that was observed for the (100) and (110) samples
(Fig. 2b-d) that will be discussed below.

Discussion

We postulate that the small anisotropy of the THz emission observed in the
(100), (110), and (101) oriented samples is due to in-plane EAC of RuO,,
which modulates the in-plane charge currents that result from the ISHE. To
illustrate the out-of-plane EAC mechanism of THz emission, and the
in-plane EAC effect on THz emission from ISHE, the 2D projections of the
conductivity tensor are shown in Fig. 5. Panels (a—e) show the x-z planes of
each (hkl) orientation, (f-j) show the y-z plane, and (k-o0) shows the x-y
plane. Since the (100), (110), and (101) oriented films contain both the aand
c-axis of the lattice in their plane, the in-plane projection of the conductivity
tensor is elliptical. When the external field is rotated, the in-plane charge
current produced by the ISHE experiences different conductivities
depending on the crystal directions; the amplitude of the current decays
faster in the less conductive o, direction. While we do not measure the
direction-dependent in-plane conductivity of our samples, it is known that
the rutile crystal of RuO, shows anisotropic conductance. Since we observe
EAC-induced THz emission from our (101) RuO, sample, EAC is expected
to exist in RuO, samples with other orientations.

To exclude that the small anisotropy in the THz emission amplitude is
caused by magnetic anisotropy in the FM layer, we measured in-plane
magnetization hysteresis loops of each sample along both flat edge direc-
tions by vibrating sample magnetometry (VSM) and report the results in the
SI (Figs. S3-S5). We observe an easy and hard axis in each sample that
showed anisotropy in the THz emission amplitude, however the hard axis
magnetic anisotropy field H, is less than 1 kG for any given sample, so it is
reasonable to expect that all samples were saturated by the external applied
field with a field strenth of 1.4 kG. The high symmetry (001) sample had an
easy-plane magnetic anisotropy.

If RuO, was an altermagnet, we would expect to observe THz
emission from the TASSE in the (100) and (101) films. The linear
polarization of the IASSE-induced emission should follow the rotation of
the external magnetic field that aligns ¢ relative to the Néel vector.
However, our measurements can be explained by a combination of ISHE,
out-of-plane, and in-plane EAC. As discussed above, the small aniso-
tropy of THz emission amplitude can be explained by in-plane EAC, if it
were induced by IASSE, it should be absent for the (110) sample, for
which the TASSE is forbidden. In addition, the THz emission anisotropy
is essentially the same for both as-prepared and field-annealed (100)
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Fig. 3 | Separation of spin and EAC component signals and demonstration of

modulating the emitted THz polarization. Time-domain traces of the emitted THz
wave electric field components of (101) oriented sample with 12 nm thick RuO, layer
aty = 0°and 0y = 90° a total electric field, b EAC component, and ¢ total electric field

with EAC component subtracted. d-h Parametric plots of E vs E, for field angles
between 8 = 0° and 180°, with total signal (yellow), EAC component (red), and total
signal minus EAC component (blue).
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a The 12 nm sample at y = 45° and b at = 0°. ¢ The 5 nm thick RuO, sample at
y = 0°. The red arrows indicate the direction of the EAC emission, yellow data points
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represent the total signal, and blue data points represent the total signal with the EAC
component subtracted. d shows the relative orientation of the injected spin current
to the crystal structure and the proposed Néel vector.

samples (Fig. 2b, d). However, one would expect field annealing above
the Néel temperature of =400 K would align the antiferromagnetic
domains and enhance the TASSE signal. These results clearly demon-
strate the absence of the IASSE in our RuO; films. Our findings align with
recent observations from neutron and muon spin rotation
experiments'®"”. Notably, all our samples were epitaxially grown on
single crystal TiO, substrates, whereas in reference'”, the use of cubic
MgO and YSZ substrates are known to result in multiple in-plane crystal
phases of RuO,, which could be related to the reported anisotropy of THz
emission amplitude. Our results prompt a reexamination of theoretical
models and suggest further research to determine whether defects and

stoichiometry of RuO, films may account for the varying experimental
outcomes regarding the presence or absence of IASSE in RuO,.

We emphasize that the results from the (101) oriented sample give rise
to a novel method for producing elliptical polarized THz light due to the
superposition of THz radiation from two sources (ISHE and EAC). The
tunability of the polarization direction of THz from ISHE by an external
magnetic field gives control over the ellipticity and chirality of the resulting
field. In addition, unlike the ISHE, which predominantly occurs at interfaces
within the spin diffusion length of RuO,, the emission from the EAC effect is
a bulk phenomenon. Thus, by adjusting the RuO, layer thickness, it is
possible to control the relative phase between the two emitters, offering
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Fig. 5 | 2D projection of the ellipsoidal conductivity tensor for each sample
orientation. a, f, and k illustrate the plane of the sample examined for each row of
projections. b—e are the x-z plane, g—j the y-z plane, and 1-o the x-y plane. In panels

containing the Z direction, the pumped spin current 7;), is polarized into the plane,
and the three possible THz emission mechanisms (ISHE, IASSE, and EAC) are
included with their appropriate crystal direction dependencies.

flexible options for pulse shaping. Although recently, a hybrid THz emitter
consisting of a photo-conductive antenna (PCA) and SE have been com-
bined to produce elliptical polarized THz”, the current method is more
straightforward and can be easily implemented without the need for pat-
terning a PCA structure. Other methods to achieve polarization and pulse
shape control of THz waves require modulation and filtering, which limits
other wave properties such as bandwidth*. The EAC and ISHE both
produce essentially the same bandwidth of THz frequencies, whereas the
combination of PCA and SE hybrid emitters relies on the PCA component,
which is limited to approximately 3 THz bandwidth. Our elliptical emitter
can be optimized by using an EAC material with higher spin-orbit coupling
(SOC) or otherwise higher  parameter as described by Zhang et al. in ref. 25,
such as using IrO, instead of RuO,. Addition of a high-SOC NM layer in
between the EAC and FM layers could also improve emission strength by
enhancing the ISHE signal from the FM and also possibly pumping more
charge current into the EAC layer.

We have studied the laser-pulse induced charge dynamics in high-
quality epitaxial RuO, and permalloy bilayers by TDTS. Our results reveal no
evidence of the IASSE signature of altermagnetism in either the (100) or (101)
orientations for which it is expected, including after field annealing of the
(100) samples. However, we observed the non-magnetic and non-relativistic
EAC emission in the (101) oriented sample. We also observe for the first time
an angle-dependent THz amplitude in the (100), (110), and (101) oriented
samples that we assign to in-plane modulation of the ISHE converted charge
current by EAC. We demonstrated that the combination of ISHE and EAC
THz emission mechanisms in the (101) oriented sample can generate ellip-
tically polarized THz emission with chirality modulated by the applied
magnetic field. Our findings imply that RuO, is a normal metal and not an
altermagnet, and establish a novel, easily implemented approach for gen-
erating tunable, elliptically polarized THz light using an external field.

Methods

Sample fabrication

RuO, films were deposited on double side polished TiO, substrates by
reactive magnetron sputtering in a vacuum chamber with base pressure of
5 x 10~° Torr. Substrates were heated to 600 °C and baked for 10 min prior
to deposition. The Ru target was sputtered with 200 W RF power in an

atmosphere of 5:1 Ar/O, gas mixture with a total pressure of 15 mTorr.
Subsequent layers of 8 nm thick permalloy (Fe;9Nig; ) and 10 nm thick SiO,
capping layer were deposited in-situ after cooling substrates to room tem-
perature, using 5 mTorr total pressure of Ar and RF bias of 100 and 200 W,
respectively. The permalloy target was pre-sputtered for 10 min to clean any
oxide from the target surface.

High-resolution X-ray diffraction
X-ray diffraction patterns were measured using a Rigaku Smartlab dif-
fractometer with a Ge (220) double bounce monochromator.

Vibrating sample magnetometry

A Quantum-Design VersaLab vibrating sample magnetometer was used to
measure room temperature hysteresis loops with an in-plane magnetic field.
Field annealing of the (100) samples was performed in the VSM using an
oven sample holder.

Time-domain terahertz spectroscopy

Samples were illuminated from the substrate side (to eliminate the substrate
birefringence effect on the polarization of the emitted THz wave) with a laser
pulse of approximately 40 fs in pulse duration and a center wavelength of
800 nm at 10 kHz. The beam diameter was approximately 1 mm, and the
laser fluence was 2.23 mJ/cm’. The emitted THz wave was measured using
electro-optic sampling with a 1 mm thick (110)-ZnTe crystal. The sample
was placed in a constant field of 1.4 kG provided by a pair of permanent
magnets, which were rotated relative to the sample. A pair of THz polarizers
was used to extract the total electric field of the THz radiation.

Data availability
All data is available upon request from dplouff@udel.edu.
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