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Distortion-free sampling of ultrabroadband terahertz
electric fields by interfacial spin accumulation
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In spintronics, FM|HM stacks consisting of a ferromagnetic-metal (FM) and a heavy-metal (HM) layer are model systems
for spin transport and spin-charge interconversion. To explore their potential as detectors for ultrabroadband terahertz
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electromagnetic pulses, we measure the transient optical birefringence the terahertz field induces. Notably, the signal
component linear in the FM magnetization agrees excellently with the shape of the incident terahertz electric field
at 1 to 13 terahertz and beyond. Analysis indicates that the birefringence arises from the terahertz-field-driven spin
accumulation at the FM/HM interface through the spin Rashba-Edelstein effect (SREE). Because of spin-momentum
locking, the SREE decays by electron momentum relaxation in <10 femtoseconds, substantially faster than a
spin-Hall-effect-induced bulk spin accumulation. Our experiment demonstrates straightforward spintronic sam-
pling of intense ultrabroadband terahertz fields with flat amplitude and phase response. Furthermore, it provides
temporal signatures of the SREE and can be viewed as a versatile implementation of interface-specific terahertz

time-domain spectroscopy.

INTRODUCTION

Spintronics research has led to promising and fascinating concepts
for future applications in magnetic information processing based on
electron spins (1, 2). A ubiquitous spintronic model system is a
FM|HM stack (Fig. 1A) consisting of a ferromagnetic-metal layer
(FM) and a heavy-metal layer (HM). Such heterostructures have
powerful features for potential applications, but they also come along
with fundamental and methodological questions and challenges.

First, FM|HM stacks allow one to study spin transport between
FM and HM. An important process is the spin accumulation at the
FM/HM interface that results from spin-charge interconversion of
an in-plane charge current (Fig. 1B) (2). It is essential for magnetic
information writing by spin-orbit torques and, consequently, needs
to be understood and optimized (2). The current-induced spin accu-
mulation has two major contributions, the spin Hall effect (SHE)
and the spin Rashba-Edelstein effect (SREE). Their separation is
notoriously challenging because both phenomena have identical
macroscopic symmetry properties (2). Second, the spin accumula-
tion is localized close to the FM/HM interface (2) and expected to
decay on the femtosecond timescale (3). Therefore, it should ideally
be interrogated by schemes that are sensitive to buried interfaces
and ultrafast.

Third, FM|HM stacks have found application in terahertz pho-
tonics as spintronic terahertz emitters (STEs) (4-12). As seen in
Fig. 1A, an optical femtosecond laser pulse drives a spin current
from FM to HM, where spin-charge interconversion converts the
spin current into an in-plane charge current burst emitting a terahertz
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electromagnetic pulse. STEs offer attractive features, such as ultra-
broadband gap-free emission at 1 to 30 THz (4), flexible pump
wavelength (13, 14), terahertz polarization control (15), and peak
fields of the order of 1 MV/cm (16). These features suggest that
reversal of the STE principle could lead to versatile schemes for the
detection of ultrabroadband coherent terahertz electromagnetic
pulses. So far, however, only the Zeeman torque of a terahertz mag-
netic field on the magnetization of a FM (17, 18) has been exploited
(19, 20). While the response function of Zeeman torque field sam-
pling has a very simple structure (19), its pronounced low-pass
characteristics requires longer signal averaging when the sensitivity
at higher frequencies needs to be increased.

To spintronically detect broadband terahertz electric rather than
magnetic fields, we propose the reciprocal STE approach of Fig. 1B.
Here, the terahertz pulse to be measured is incident onto a FM|HM
stack. Inside this spintronic terahertz detector (STD), the terahertz
electric field E drives an in-plane charge current with density j. Because
of spin-charge interconversion, j and, thus, E induce a spin accumu-
lation close to the FM/HM interface where inversion symmetry is
broken. In the FM, the transient spin accumulation Asp,, can be inter-
rogated by a time-delayed magneto-optic probe pulse, whose polariza-
tion plane is rotated by an angle proportional to Asgy, and, thus, E.

We emphasize that the scheme of Fig. 1B is also highly interest-
ing for the fundamental and methodological challenges addressed
above. First, it may allow us to monitor the ultrafast conversion of a
terahertz charge current j into a transient spin accumulation Aspym
and, thus, identify the dominant contribution, i.e., the SHE or SREE,
based on their temporal dynamics. Second, as Asgy relies on the
broken inversion symmetry at the FM/HM interface, the resulting
optical birefringence may very sensitively report on so far elusive
interfacial resonances in the terahertz range.

In this work, we implement the idea of Fig. 1B to detect broadband
terahertz electric fields by ultrafast spin accumulation. We find that
the optical probe signal odd in the FM magnetization perfectly follows
the shape of the incident terahertz electric field. Consequently, upon
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Fig. 1. Spintronic generation and detection of terahertz electric fields. (A) In a spintronic THz emitter (STE), an optical pump drives spin transport (magenta arrow)
from a ferromagnetic-metal layer FM with equilibrium magnetization M, into an adjacent heavy-metal layer HM. Through spin-orbit interaction, the spin current is con-
verted into a transverse charge current j that emits a terahertz pulse with electric field E. (B) A spintronic terahertz detector (STD) is based on reciprocal spintronic tera-
hertz generation. A terahertz electric field E drives an electronic charge current j in a HM|FM stack. Because of spin-orbit interaction, j induces a transient accumulation
Asy of electron spins in FM, which is monitored by sampling the magnetic linear birefringence (MLB) by a probe pulse with field E,,.. Torques on M, are minimized by

choosing E L M,

amplitude calibration, our STD permits straightforward measurement
of intense broadband terahertz electric fields with constant detector
response amplitude and phase from 1 to 13 THz and beyond.

The quasi-instantaneous temporal response of the STD indicates
that the SREE rather than the SHE makes the dominant contribu-
tion to the birefringence signal. Our explanation is that the SREE
decays within the momentum relaxation time of less than 10 fs ow-
ing to spin-momentum locking. In contrast, an SHE-induced spin
accumulation in the FM bulk decays substantially more slowly by
electron spin relaxation. Our results are an important step toward
spintronic terahertz detection and the identification of spin-charge
interconversion effects based on their temporal signatures. More
generally, our findings indicate that terahertz-pump optical-probe
signals odd in E can directly report on the terahertz-field-driven
temporal dynamics of spins, electrons, and ions at interfaces. Thus,
they open up promising perspectives for interface-specific terahertz
time-domain spectroscopy.

RESULTS

Concept

In our approach (Fig. 1B), the terahertz electric field E inside the
FM|HM stack induces a spin accumulation close to the FM/HM
interface. In layer FM, the transient spin accumulation scales accord-
ing to Aspm o u, X E, where u; is a unit vector along the stack normal
(2). The Aspy formally adds to the in-plane magnetization M, and
can be detected by a linearly polarized optical probe pulse (Fig. 1B)
through a suitable magneto-optic effect (21). Here, we take advantage
of magnetic linear birefringence (MLB) that results in a refractive-
index change « (Aspy + M,)? in the direction parallel to M. There-
fore, we expect an E-induced MLB signal

(1)

Note that S,y 5 is odd in My and reports on the spin accumulation
Aspy exclusively in layer FM where M, # 0.

To put this idea on a general basis, we conduct a phenomeno-
logical analysis of the expected optical birefringence signal from a
FM|HM stack for a perturbing homogeneous electric and magnetic
field E and B. As shown and discussed in Materials and Methods for

Svig & 2M, - Aspy,
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normally incident terahertz and probe beams, the signal up to first
order in both the FM magnetization M and the terahertz field reads

S= (aEE+aBB)M0cos(2(pPr - Qg —(pMO) + (bEE+bBB)M0cos((pE —q)MD)
(2)

Here, E, B, and M, are the amplitudes of, respectively, E, B, and M,
which have in-plane angles of ¢, ¢5+90°, and @y, relative to the x
axis. In a microscopic interpretation of Eq. 2, the ag term includes
the spin accumulation/MLB scenario (Fig. 1B and Eq. 1) with the
typical MLB-like dependence on the probe polarization angle @,
The ap term shows that the terahertz magnetic field can, in princi-
ple, induce an effect with identical angle dependence.

The bg and bp terms capture such effects as spin-orbit torque
(22) and Zeeman torque (17-20), respectively. They are detected by
magnetic circular birefringence (MCB; Faraday effect), which is in-
dependent of @, (23). Because the sample is isotropic about the sur-
face normal for vanishing E, B, and My, the signal S of Eq. 2 depends
on @y only relative to @ and @, . For the sake of simplicity, an in-
tegration over the whole sample thickness along z (Fig. 1B) is omit-
ted in Eqgs. 1 and 2. Likewise, the fields E and B are assumed to be
quasi-static.

Experiment
In our setup (Fig. 1B and Materials and Methods), we focus on a
potential spin accumulation signal. Consequently, we minimize torque
effects (bg, by terms in Eq. 2) by choosing ¢ = (g, +90° (E L M),
which is achieved with high accuracy by using a reference sample
that only exhibits Zeeman torque (19). Furthermore, we maximize
the ag, ag terms by setting @, = ¢, + 45° if not mentioned other-
wise. The FM magnetization angle is set to ¢, = 0°. To cover the
large bandwidth from 0.1 to 10 THz and beyond, the terahertz pulse
is generated by a large-area STE (peak field >1 MV/cm) (16), and
the probe pulse (center wavelength, 800 nm) has a duration of 16 fs.
To faithfully measure the incident terahertz electric field, Zeeman
torque sampling is used (19). Once the probe beam has traversed
the sample, we detect both its transient rotation and ellipticity.

Our samples are FM(3 nm)|HM(3 nm) metal stacks on glass
substrates (see Materials and Methods). They are characterized by
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terahertz emission (Fig. 1A) and terahertz transmission spectros-
copy (fig. S1). We focus on CoyoFegB2o (CFB) for FM and Pt for HM.

Raw data
Figure 2A shows typical signal waveforms S(, + E, +M, ) as obtained
from CFB|Pt for opposite directions +E of the terahertz electric field
and, thus, magnetic field, and opposite directions +M, of the FM
magnetization. The signals S ( t,+E, + Mo) and § ( t, ¥E, — MO) agree
excellently. Therefore, it does not matter whether the terahertz field
E or the FM magnetization M, is reversed, in line with Eq. 2. Accord-
ingly, Fig. 2B displays the signal components
S(t,E, +M,) + S(t,E, —M,)
2
even (S,) and odd (S_) in M, The signal S_(¢) is unipolar, whereas
S_(t) is bipolar and has an approximately vanishing time integral
(Fig. 2B). S_(t) is not only odd in M, but also in E, consistent with
Fig. 1A and Eq. 2.

We confirm that S, and S_ scale quadratically and linearly with
the pump field E, respectively (see fig. S2). In the following, we focus
on S_(t) as measured by the probe polarization rotation, which
strongly exceeds the probe ellipticity change (fig. S3).

(©)

S,(t) =

Signal symmetries

In Fig. 2C and fig. S4, we vary the probe polarization angle Ppr- The
amplitude of S_ (Fig. 2C) follows a sin (Z(ppr) dependence, as predicted
by Eq. 2 with @, = 0° and @y = 90°. Therefore, the signal S_is
dominated by the ag, ag terms in Eq. 2, consistent with a MLB-type
probe mechanism.

To see whether the terahertz electric (ag) or magnetic (ag) field is
responsible for signal S_, we note that a nonvanishing a in Eq. 2
requires broken inversion symmetry of the FM|HM stack, whereas
ag does not (see Materials and Methods). More precisely, ag turns
into — ag for a perfectly reversed stack HM|FM, whereas ag does not
change sign.

As seen in Fig. 3A, the signal S_(¢) from CFB(3 nm)|Pt(3 nm)
equals the signal from Pt(3 nm)|CFB(3 nm) times — 0.84 (fig. S5).
This nearly complete signal reversal indicates that S_(¢) arises from
the electric rather than the magnetic component of the terahertz field

reversely grown Pt|CFB stacks are imperfect mirror versions of each
other. One reason can be a different structure of the CFB/Pt and Pt/
CFB interface (24).

For comparison, Fig. 3B displays terahertz emission signals odd
in M, from the same samples. The opposite sign of the signals from
CFB|Pt and Pt|CFB indicates that spintronic terahertz emission
(Fig. 1A), just like terahertz-field-induced MLB (Figs. 1B and 3A),
is governed by the broken inversion symmetry of the sample.

Dynamic response

To summarize, the signal S_(f) depends linearly on the terahertz
electric field E(t). Therefore, it can be used to sample E(t) with the
CFB|Pt stack acting as a STD. Note that Eq. 2 refers to quasi-static
fields E and B. In the case of a time-dependent incident linearly
polarized field E,,(t), ag = 0 and optimum detection configuration

mc

(@pr, = 0% @ = 90° and @, = 45°), Eq. 2 can be substituted by

S_(t) = (H*Eyp)(®) (4)
Here, (H * E,

ine)(®) = [ dt’H(t—t")E;, (') denotes convolution of
the terahertz electric-field amplitude E; (t) along ¢ and the re-
sponse function H(t) of the STD, which scales with ag M,,. To obtain
a signal S_(¢) that is as close to E; .(t) as possible, H(¢) should be
proportional to Dirac’s 8(t) function. In other words, the ideal re-
sponse should be instantaneous and yield S_(t) « E; (¢).

To determine H(t), Fig. 4A compares the measured S_(f) to the in-
cident terahertz electric field E; () obtained by Zeeman-torque sam-
pling (see Materials and Methods and fig. S6). We find that the scaled
signals agree perfectly with each other, and we have S_(t) « E;,.(¢).
Likewise, the Fourier amplitudes | E_(m) |and | Einc (w) | of the two sig-
nals excellently agree over the full range of frequencies ® / 2x from 1 to
13 THz (Fig. 4B).

For a more quantitative treatment, we Fourier-transform Eq. 4 and
calculate the Fourier-transformed H(t) by H (w) = S (w)/ Emc(oo). As
seen in Fig. 4C, the amplitude and phase of H(w) are constant over the
entire range of 1 to 13 THz of our experiment. To estimate the response
time 7, of the STD, we assume that H(t) follows a single-sided expo-

nential with time constant 7, resulting in

averaged over the sample thickness, i.e., |ag|>>|ag|. We ascribe the de- H(w) ; (5)
viation from a full signal reversal to the fact that CFB|Pt and the 1 +ioty
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Fig. 2. Typical birefringence signals from a CFB(3 nm)|Pt(3 nm) stack. (A) Signal waveforms S(t, +E, M) and S(t, E, + M, ) for opposite polarities +E of the terahertz
pump field and opposite magnetizations +M,,. Note that curves are plotted on top of each other. (B) Signal waveforms S (t) odd and even with respect to M, (see Eq. 3),
each shown for opposite terahertz pump fields +E. (C) Amplitude of the signal S_(t) versus probe polarization angle ¢,,. A fit by sin(2q)pr —2(p0) (black line) indicates a
slight miscalibration of the probe polarization angle by @, = 4°. Error bars are smaller than the symbol size.
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Fig. 3. Impact of sample structure. (A) Birefringence signals S_(t) (Fig. 1B) and
(B) terahertz emission signals (Fig. 1A) from stacks CFB|Pt (blue lines), Pt|CFB (red),
and CFB|MgO|Pt (green). Each layer in each stack is 3 nm thick.

in the frequency domain. The calculated |I~J (w)| curves for t;; =5 fs
and 100 fs in Fig. 4C indicate that T, is not substantially larger
than 5 fs.

We conclude that the MLB-type signal S_(¢) directly provides
the time-dependent terahertz electric field E, (¢) incident on the
CFB|Pt stack. The absolute field amplitude can straightforwardly be
determined by a calibration measurement using, e.g., Zeeman torque

sampling (fig. S6) (19).

DISCUSSION

STD features

Our STD CFB|Pt is highly useful for the distortion-free determination
of the terahertz electromagnetic field of intense linearly polarized tera-
hertz pulses used in nonlinear terahertz spectroscopy (17, 18, 22, 23,
25-33). Notably, the STD offers both a constant transfer function H(®)
over an ultrabroad bandwidth of 1 to 13 THz and a high amplitude
linearity, in contrast to electro-optic crystals, such as ZnTe and GaP
(25), which also require nontrivial deconvolution procedures (fig.
S6) (19, 34). For reliable determination of E;,(t), reversal of the
STD magnetization M| is sufficient (Fig. 2B).

The detector response magnitude IFI ()| of the current STD is
comparable to that of the recently demonstrated Zeeman-torque
detector (ZTD) at about 8 THz but does not require noise-prone post-
differentiation of the measured signal. For example, measurement of
the E(t) traces in Fig. 4A by the ZTD took a factor of 2.5 more time
than by the STD. However, |H(®)| is about three orders of magnitude
smaller than that of a 50-pm-thick GaP(110) broadband electro-optic
detector (34, 35). We emphasize that the reduced sensitivity is no issue
for detecting the intense pulses used in nonlinear terahertz spectros-
copy. Similar to STEs (5), the STD approach has large potential to reach
or exceed the sensitivity of electro-optic detectors because it offers a
large number of parameters for optimization. Examples include the

Chekhov et al., Sci. Adv. 11, eadq7741 (2025) 21 March 2025

FM and HM materials, thickness and sequence of the constituting
layers, as well as coatings and in-plane microstructuring.

In addition to its flat broadband response function, the STD has
further attractive features. It can easily be included in any existing
electro-optic sampling setup with minimum changes, i.e., by just sub-
stituting the electro-optic detection crystal by the STD and setting the
probe polarization to 45°. In the case of a terahertz pulse with ellipti-
cal or even arbitrary polarization, its two orthogonal electric field
components can be sampled by using a linear polarizer as analyzer
before the STD. Last, the interaction length between terahertz pulse
and optical probe pulse is constrained to the FM/HM interface.
Therefore, a STD can be used to sample terahertz electric fields with a
longitudinal resolution in the nanometer range.

Detection mechanism

The observed ultrabroadband signal contribution S_ « agM,E in
Eq. 2 can, in principle, be induced by many processes. An example
is a pump-induced magnetization change AM = M — M, due, for
instance, to a spin accumulation Asgy, (Fig. 1B). On the other hand,
the MLB-like S_ may also originate from changes in the non-spin
degrees of freedom of the sample, although AM = 0 (23). However,
additional data and arguments indicate that such nonmagnetic
effects make a minor contribution to our signals S_ (fig. S3). There-
fore, S_ arises from an in-plane magnetization change AM and its
detection through MLB according to S_ « A(M 2) ~2M, - AM (see
Materials and Methods). As a consequence, AM contributes to S_
only in regions with nonvanishing static magnetization M, i.e., in
the FM bulk and at the FM/HM interface.

To reveal the origin of these AM components, we introduce a
MgO layer between FM = CFB and HM = Pt. The insulating MgO
greatly suppresses electron spin transport between FM and HM, as
confirmed by terahertz emission spectroscopy (Figs. 1A and 3B). As
seen in Fig. 3A, the MgO also quenches the MLB signal S_. This
notable result implies that the FM/HM interface must be sufficiently
conductive to achieve a sizeable magnetization change AM  S_ in
FM. It indicates that AM arises from spin transport between HM
and FM and, therefore, equals the resulting spin accumulation Asg,,.
This conclusion is fully consistent with the scenario outlined by
Fig. 1B and Eq. 1.

At least two microscopic mechanisms are known to contribute to
Asp,;: the SHE and the SREE (2). The SHE converts the in-plane bulk
charge current j into an out-of-plane spin current that accumulates in
the FM and HM. In contrast, the SREE relies on spin-momentum
locking of electronic states at the FM/HM interface, where inversion
symmetry is broken. Consequently, an interfacial spin accumulation
appears whenever an in-plane charge current is flowing.

The experimental separation of SHE and SREE is a longstanding
challenge in spintronics research because the two effects have identical
macroscopic symmetry properties and the spatial localization of the
induced spin accumulation at the FM/HM interface is quite similar (2).
However, we expect that the relaxation time of the SHE-induced spin
accumulation Aspy, || M, in the FM bulk is given by the spin-electron
relaxation time of the FM material, which amounts to ~ 100 fs for CFB
(3). As seen in Fig. 3C, T; = 100 fs is highly inconsistent with the mea-
sured STD response H. In contrast, the decay of the SREE-related spin
accumulation is, owing to spin-momentum locking, determined by the
momentum relaxation time of the electrons. The latter is smaller than
10 fsin thin-film stacks (36, 37) like ours (see fig. S1) and consistent with
the response time t;; < 5 fs of the STD (see Fig. 4C and Eq. 5).
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Fig. 4. Dynamic response of the STD. (A) Birefringence signal S_(t) (blue line) from CFB(3 nm)|Pt(3 nm) in comparison to the incident terahertz electric field £, (t) (red).
(B) Fourier amplitudes|S_(w) |and|E;,. (o) | of the signals of (A) versus frequency /2. (C) Amplitude and (D) phase of the resulting transfer function H(®) = S_(®)/E;nc(®).
Dashed lines are calculated H(w) using Eq. 5 for a relaxation time 7, of 5 and 100 fs, which can be interpreted as lifetime of the spin accumulation in layer FM (Fig. 1B).

We summarize that the STD signal S_ (Fig. 3A) can consistently
be assigned to (i) an interfacial spin accumulation induced by the
terahertz electric field and the SREE and (ii) its MLB-type magneto-
optic probing (Fig. 1B and Eq. 1). This interpretation is confirmed
by measurements of S_ (Fig. 1B) and terahertz emission spectros-
copy (Fig. 1A) on more FM|HM stacks made of various metals
(figs. S1 and S5).

Toward terahertz interface spectroscopy

The signal S_arises from a pump-induced change AE,,, in the trans-
mitted probe field E,, (Fig. 1B). Analogous to electro-optic sam-
pling (34, 35), AE,,, scales with the product of E,,, and the terahertz
field E (fig. S2). Therefore, it is the result of a second-order nonlinear
effect, which is typically quantified by the second-order optical sus-
ceptibility tensor ¥? (see Materials and Methods). Because a non-
zero x requires a locally broken inversion symmetry, 2 is often
highly interface-sensitive. The very different amplitudes of the bire-
fringence signal S_ from samples with and without MgO interlayer
(Fig. 3A) confirm the interface sensitivity of our approach.

At infrared frequencies @/2n > 30 THz, an interfacial ¥®(w)
can routinely be probed in the frequency domain by infrared-
visible sum frequency generation (SFG) spectroscopy (38). This
technique has provided unique information on the properties of,
e.g., interfacial water due to resonant coupling of the infrared wave
to intramolecular vibrations (39). So far, however, access to x® at
frequencies w/2n < 30 THz by noncollinear SFG has been ham-
pered by the relatively small frequency of terahertz waves, which
makes the spectral and spatial separation of the SFG signal diffi-
cult (40).

This constraint does not apply to our straightforward collinear
terahertz-pump optical-probe experiment, which operates fully in
the time domain (Fig. 1B). It allows us to extract a response function
H(o) (Eq. 4) that is proportional to the complex-valued elements of
x? (o) of the CFB/Pt interface and at terahertz frequencies. We ex-
pect that such intrinsically phase-sensitive time-domain probing of
x'?(®) can be applied to any interface, potentially thereby yielding
unprecedented insights into the numerous terahertz resonances of
interfaces in condensed matter. Examples include intermolecular
modes of interfacial water (41), a two-dimensional electron gas be-
tween two insulating solids (42), or the dynamics of interfacial spin-
charge interconversion, as addressed here.

Chekhov et al., Sci. Adv. 11, eadq7741 (2025) 21 March 2025

Future directions

The preceding discussion implies that our results are relevant from
at least three perspectives. First, from an applied viewpoint, the STD
demonstrated here has an ideal response function and directly de-
livers the incident instantaneous terahertz electric field without any
distortion at 1 to 13 THz and likely far beyond. The upper frequency
is currently given by the maximum frequency of our high-field tera-
hertz source (16, 19). However, the detector bandwidth (Eqs. 4
and 5) is only limited by the electron momentum-relaxation time
Tty S5 fs and suggests that Iﬁ(w)/INJ(O)I drops below 50% above a
frequency of 1/2nt;; 2 30 THz. We expect that the detector sensi-
tivity can be increased considerably by the well-developed spintron-
ics toolbox for material and interface engineering.

Second, from a fundamental viewpoint, our broadband terahertz-
pump magneto-optic-probe experiment provides a direct temporal
signature of the SREE. It, thus, demonstrates a time-domain strategy
to differentiate contributions from the SREE and SHE, which are
typically hard to separate with other techniques. Such separation
will enable a better understanding of spin-charge interconversion in
FM|HM stacks, which is important to optimize applications, like
spin-orbit torque and spintronic terahertz-field detection. We fur-
ther expect that our methodology will provide insights into the ele-
mentary steps of electric-field-induced spin accumulation in a wide
range of environments. Examples include the surface states of three-
dimensional topological insulators (43), the bulk of magnetic mate-
rials whose inversion symmetry is broken on the unit-cell level (44),
and chiral Weyl semimetals that host parallel rather than the SREE-
like perpendicular spin-momentum locking (45).

Last, from a methodological viewpoint, our time-domain mea-
surement of the response function H(w) (Eq. 4) provides direct ac-
cess to the quadratic susceptibility x® (o) of the FM/HM interface at
terahertz frequencies w/2xm. In this sense, our experiment can be
considered an important step toward sensitive probing of the pleth-
ora of interfacial resonances in the elusive terahertz range, including
spin dynamics, electronic currents, and molecular vibrations.

MATERIALS AND METHODS

Signal phenomenology

For a linearly polarized probe beam that is normally incident
onto the FM|HM sample stack along the z axis (Fig. 1B), the
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sample-induced rotation or ellipticity of the probe polarization is
given by (23)

o, +0 6,—0C
2 cos (2y,) + 2L

2
S|E ol 3 3

G,,—0C
usin(Z(ppr)

(6)
Here, E,,, is the probe electric field amplitude in the frequency do-
main, and the 6;; with i, j = x or y are the in-plane components of the
conductivity tensor at the probe frequency. In Eq. 6, the integration
over the probed sample volume and over all probe frequencies is
omitted for simplicity.

As discussed previously (23), one can consider the impact of the
pump fields E and B on the sample (Fig. 1B) explicitly or implicitly.
In the explicit treatment, we quantify directly how E and B modify
the linear optical response 6;; of the sample. This treatment is highly
relevant for terahertz field detection where we wish to infer E from
the measured signal S. In the implicit treatment, we consider how E
and B modify each degree of freedom of the sample, all of which
determine the optical response c;;.
Explicit pump treatment
In the absence of the static magnetization M, and homogeneous
electric and magnetic fields E and B, respectively, our FM|HM sam-
ple stacks are isotropic in the stack plane but exhibit broken inver-
sion symmetry along the out-of-plane direction. Therefore, the
spatial point symmetries of our samples for vanishing M, E, and B
are summarized by the point group oo .

Up to second order in quasi-static observables M, E, and B, the
conductivity tensor has the structure

G;j=0j (M,,E, B) =0y; + 2 Mok Ey + Z BiMoB; + Z YVikExEr

™)
Here, o is the isotropic optical conductivity in the absence of M,
E, and B. The coeflicients o, B, and y;;, are fourth-order tensors,
and the contribution quadratic in B is neglected. By applying the
symmetry operations of the sample’s point group, we identify the
nonzero elements of each of the three fourth-order tensors and rela-
tionships between them. After applying trigonometric relationships,
we arrive at

S=(agE+agB)Mycos(2¢,, — Pg — Py, )

+ (bEE+ bBB)Mocos((pE _(PM(,) +cEE2cos(2(ppr —2(pE) ®)

Here, E, B, and M are the in-plane amplitudes of, respectively, E, B,
and M, which have in-plane angles of ¢, g + 90°, and @ relative

to the x axis. Furthermore, 2ay = —a,,,, — &, 2a5 = B, — By
by = oy, = 0 b5 = By, = Bragy = 2By and g =V, = Vi

As the tensor oy, is of fourth order and axial, space inversion will
result in a transformed tensor — a;; and, thus, a sign change of ag
and by. This conclusion remains valid for spatial reflection at the
FM/HM interface plane because our FM|HM stack is in-plane iso-
tropic for M, = 0.

Relationship to x?
InEq. 7, the change Y’ ot M E; in the optical conductivity implies that
the optical probe field E,,, induces an additional optical current

ffri 2 %gEpi Mo Ep. On the other hand, ]( ) can be rewritten as the
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time derivative 0 P(z) of the often—used second-order optical polariza-

@ ) @
tion P o > e Epr]
t1b111ty Comparlson of these relatlonsh1ps implies 37 ot Moy o xZ
2 %Moy (Eq. 4).

E,, where X ) is the second-order optical suscep-

z]l
and H o i, 1) because H « ag M, x
Implicit pump treatment
Equation 7 demonstrates how the pump fields E and B explicitly
modify the linear optical response ;; of the sample. Alternatively,
we can quantify how E and B act on all sample degrees of freedom,
which, in turn, modify the 6;; (23). To pursue this implicit treatment
of the pump, we suppose that E and B affect the optical sample prop-
erties exclusively through the electronic spin degrees of freedom.
The latter are assumed to be sufficiently characterized by the local
sample magnetization M = M, + AM, where AM arises from the
pump action. Thus, we can write 6; = 6;,(M).

Because we are only interested in changes linear in the pump
field, 5,,(M) still has the symmetry of the sample in the absence of
the pump (23). Therefore, up to second order in M, o acts on the
probe field E, according to (46)

(6;)ME,, = (c;)(0)E,, + aM X E, + bM (M -E,,) + cME,,, (9)

Here, (cij) (0) is the conductivity in the absence of M. The term with
coefficient a, b, and ¢, respectively, indicates MCB, MLB, and an iso-
tropic conductivity change o« M2, which is not detected (Eq. 6).
Combination of Eqgs. 6 and 9 yields the pump-induced signal

S A[—ZaMZ+bMﬁsin(2(ppr—2(pM)] + S 4 and, thus

S —aAM, + bsin(Z(ppr —2¢p, )MOAM” - bcos(Z(ppr =2y, YMEAQp+S,y
(10)

Here, M, and M| are the out-of-plane and in-plane components of
M, and @, is the in-plane angle of M relative to the x axis (Fig. 1B).
In the following, we briefly discuss possible AM mechanisms and
the non-spin signal contribution S ;- (23).

Spin-related signal mechanisms

At least three microscopic mechanisms can contribute to a magneti-
zation change AM = M — M, and, thus, birefringence signal S_.

1) For off-resonant field-like Zeeman torque, AM scales like
AM « M, X B, which is parallel to the z axis and, therefore, yields a
MCB-type signal «« — aM,Bcos(¢p =P, )

2) Spin accumulation is expected to scale according to
AM  As x u, X E, where u, is the unit vector of the z axis (Fig.
1B). Because of MyAM; =M, - AM MOEsin((pM0 —¢g) and
M Ay = u, - (MyXAM) & M, - E = MyEcos (@, — g ) the sig-
nal contribution arises from the two MLB terms in Eq. 10 and
writes o bMOEcos(Z(ppr —Qp, — (pE).

3) For off-resonant field-like spin-orbit torque, we obtain the
scaling AM o« M, X As < (M, -E)
x — aMOEcos<(pE — P, )

We emphasize that the spin-related signal contributions 1 to 3
are fully consistent with the explicit pump-field treatment in Eq. 8
and, thus, Eq. 2.

Non-spin signals S ,
In Eq. 10, the contribution S ;- does not arise from AM and rather
originates from a pump-induced variation of the non-spin degrees

u,, and, thus, a MCB-type signal
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of freedom ./ of the sample (23). It depends on geometrical param-
eters like ¢y and @ in the same way as the a, b, and ¢ terms of Eq. 10.

However, we observe that the rotation and ellipticity component
of the measured signal S_(t) exhibit the same dynamics (fig. S3),
consistent with S_(#) « AM(¢). In contrast, S ,- does not require such
identical evolution of probe rotation and ellipticity. Therefore, our
signals are most likely dominated by true spin dynamics.

Sample details and characterization

The thin-film stacks are fabricated at room temperature using a
Singulus Rotaris magnetron deposition tool with a base pressure of
5 x 10™® mbar. The metallic layers are grown through DC-magnetron
sputtering using targets (diameter, 100 mm) in an Ar gas flow. The
sputtering pressure varies from 3 to 6 x 107> mbar for the different
metallic targets. Substrate cleaning involves sonication in acetone,
followed by a similar treatment in isopropanol, and subsequent dry-
ing with nitrogen gas flow to eliminate residual organic impurities
and acetone.

The terahertz sample conductance is determined by terahertz
transmission time-domain spectroscopy (24, 36). For terahertz emis-
sion measurements, we use near-infrared pulses (nominal duration
10 fs, center wavelength 800 nm, energy 2.5 nJ) from a Ti:sapphire
femtosecond laser oscillator (repetition rate 80 MHz) to excite the
metallic FM|HM stacks through the glass substrate in transmis-
sion geometry. The emitted terahertz electric field is sampled in a
ZnTe(110) electro-optic crystal (thickness 1 mm) by a copropagating
femtosecond pulse from the same laser. An external in-plane mag-
netic field B,,, of magnitude 40 mT saturates layer FM. Emission sig-
nals odd in the FM magnetization M|, are measured for each sample
by reversing B, by 180° and using an equation analogous to Eq. 3. We
confirm that all samples are measured in the linear fluence regime
with the same pump power under ambient conditions.

Terahertz-pump optical-probe setup

The terahertz-pump optical-probe setup is similar to the one described
in (16, 19). To routinely record pump-induced signals at the shot-noise
limit of our detection, we use pulses from the Ti:sapphire seed laser of
our amplified laser system for probing (26) in combination with ZnSe
windows placed under Brewster angle behind the sample (47).
Terahertz field measurement

To obtain a faithful measurement of the terahertz electric field E; .
incident onto the sample, we use a ferromagnetic Fe(8 nm) thin-film
as the ZTD (see fig. S6) (19). The measured signal is proportional to
the time integral of the driving terahertz magnetic and, thus, electric
field. Consequently, in the frequency domain, the transfer function
of the ZTD equals

(11)

where a is a complex-valued coefficient and w/2x is the frequency.
Unlike the STD (Eq. 5), the ZTD response features a pronounced
1/o low-pass behavior (Eq. 11). However, by sufficiently long signal
averaging, the ZTD allows us to access high-frequency signal com-
ponents up to at least 11 THz as well (19).

The only coeflicient a determining H 1 (®) can be obtained bya
calibration measurement at a single frequency, thereby providing
access to the absolute terahertz field strength. Here, we calibrate our
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Zeeman detector based on the modeled transfer function of electro-
optic sampling in a GaP(110) window (thickness, 50 pm) at fre-
quencies below 2 THz, where the transfer function can be considered
frequency-independent (34, 35, 48). To model GaP, we take an
electro-optic coefficient of r,; = —0.88 pm /V (49), a terahertz re-
fractive index of 3.35 (35), and a refractive index of 3.19 at the probe
wavelength of 800 nm (50).

As the ZTD signal is proportional to the vector product
M, X B & M, X (u,xE), we use it to precisely calibrate the relative
angle between terahertz electric field E and the sample magnetiza-
tion M. In this way, we achieve E L M; and minimize the Zeeman
torque and spin-orbit torque signals in the STD.

Supplementary Materials
This PDF file includes:

Figs. S1to S6
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