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We demonstrate the detection of broadband intense terahertz electromagnetic pulses by Zeeman-torque
sampling (ZTS). Our approach is based on magneto-optic probing of the Zeeman torque that the terahertz
magnetic field exerts on the magnetization of a ferromagnet. Using an 8-nm-thick iron film as a sensor,
we detect pulses from a silicon-based spintronic terahertz emitter with a bandwidth of 0.1–11 THz and
a peak field of >0.1 MV/cm. A simple static magneto-optic calibration measurement provides access
to absolute transient terahertz field strengths. We show the relevant added value of ZTS compared to
electro-optic sampling (EOS): an echo-free transfer function with simple frequency dependence, linearity
even at high terahertz-field amplitudes, the straightforward calibration of EOS response functions, and
modulation of the polarization-sensitive direction by an external ac magnetic field. Consequently, ZTS
has interesting applications even beyond the accurate characterization of broadband high-field terahertz
pulses for nonlinear terahertz spectroscopy.
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I. INTRODUCTION

Recently developed high-field table-top terahertz (THz)
sources [1–6] allow one to resonantly drive numerous low-
energy excitations in all phases of matter into previously
inaccessible regimes [7–9]. Examples include the nonlin-
ear excitation of magnons [10], nonlinear magnon dynam-
ics [11–13], magnon-phonon coupling [14], the nonlinear
THz Kerr effect in liquids [15], and the phononic switch-
ing [16,17] or generation [18] of magnetic order. For such
experiments, it is essential to accurately determine the
time-dependent electric field E and magnetic field B of the
driving THz pulse at a given position.

The state-of-the-art method for THz-pulse detection is
electro-optic sampling [EOS, Fig. 1(a)]. It is based on the
linear electro-optic (EO) effect in the sensing material, i.e.,
an anisotropic variation of the material’s refractive index
along certain eigendirections (linear birefringence), which
is proportional to the applied transient electric field. EOS
requires crystals with broken inversion symmetry, such as
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ZnTe, GaP, or GaAs. The THz-field-induced transient bire-
fringence S(t) is typically measured by an optical probe
pulse as a function of the delay t between THz and optical
probe pulses [Fig. 1(a)].

Determination of E(t) from S(t) requires accurate
knowledge of the EOS transfer function, which is strongly
frequency dependent in the vicinity of phonon resonances,
typically in the range of 5–15 THz [19]. As a result, extrac-
tion of the transient THz electric field E(t) in particular,
absolute field strengths, from the measured S(t) is nontriv-
ial. This issue is most severe when the THz pulses cover
large frequency intervals of, e.g., 1–10 THz and beyond,
like those obtained by optical rectification in organic crys-
tals [20] or from photocurrents in spintronic THz emitters
[6,21].

An interesting alternative route to THz-pulse detection
is offered by the THz magnetic field B(t). In ferro- or ferri-
magnets, B straightforwardly couples to the magnetization
M of the material by Zeeman torque (ZT) and, thus, drives
ultrafast magnetization dynamics [Fig. 1(b)] [22–28]. So
far, ZT has been used to manipulate M with bandwidths
up to 5 THz [25].

Here, we show that the magnetization dynamics in a
ferro- or ferrimagnet driven by the ZT of the magnetic
component of THz pulses can be used to measure intense
transient THz electric fields of >0.1 MV/cm over the entire
range of 0.1–11 THz. We optimize the THz ZT-detector
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FIG. 1. Schematics of THz-electromagnetic-field detection by (a) EOS and (b) ZTS. In EOS, the THz electric field E induces an
anisotropic change �n in the refractive index and, thus, a linear optical birefringence of the detection material (dashed circle and solid
ellipse). In contrast, in ZTS, the THz magnetic field B exerts Zeeman torque TZ on the magnetization M of the magnetic sample and,
thus, induces a transient circular optical birefringence (Faraday effect).

composition to achieve the best performance in terms of
signal-to-noise ratio and bandwidth. The response function
of ZT sampling (ZTS) is found to have a simple frequency
dependence, and its absolute magnitude can be calibrated
by a static magnetic field. As a first application, we use
our detection method to determine the response func-
tion of commercial EOS crystals. Second, we demonstrate
modulation of the Zeeman-detector response at kilohertz
rates with an external magnetic field, thereby enabling
demodulation schemes of THz waves.

II. ZT DETECTION

In our ZTS approach [Fig. 1(b)], the THz pulse to be
measured and an optical probe pulse are normally inci-
dent on a magnetic thin film, the static magnetization M0
of which lies in the film plane. The magnetic field B(t)
of the THz pulse exerts a torque proportional to M × B
and, thus, deflects the dynamic magnetization M out of
the plane. For sufficiently small fields, the magnetization
change �M = M − M0 is given by

�M(t) = γ M0 ×
∫ t

−∞
dt′ B(t′), (1)

where γ is the electron gyromagnetic ratio. The optical
probe pulse detects the out-of-plane component of �M,
averaged over the probed volume, by the Faraday effect,
i.e., the circular birefringence induced by �M. As shown
in Appendix A, the birefringence signal at THz frequency
ω/2π is given by

S̃(ω) = H̃(ω)v · Ẽinc(ω). (2)

It is proportional to the projection of the incident THz field
Ẽinc(ω) on the unit-vector direction v = M0/|M0| of the
static magnetization. The transfer function

H̃(ω) = CE(ω)Cpr = b
iω

(3)

has two contributions. First, the coefficient CE(ω) ∝ 1/iω
[Eq. (A9)] quantifies the coupling of the incident THz
electromagnetic field into the thin film and the coupling
strength of B to M, where the straightforward 1/iω fre-
quency dependence arises from the time integration of B
and, thus, E [see Eq. (1)]. Second, the coefficient Cpr is
independent of ω [Eq. (A9)] and describes the probe cou-
pling to �M and coupling out of the film. All frequency-
independent factors of CE(ω)Cpr are summarized by the
coefficient b.

As detailed in Appendix A, Eq. (3) is an approxima-
tion that is valid for metallic ZT detectors. Interestingly,
in this approximation, the ZT signal of Eq. (2) is in the
time domain given by the integral

S(t) = −bv ·
∫ t

−∞
dt′ Einc(t′) (4)

and, thus, the vector potential of the incident THz pulse
in the radiation gauge, similar to signals obtained by
attosecond sampling of light fields [29].

We emphasize that the scaling factor b of the transfer
function H̃(ω) [Eq. (3)] can be determined by a sin-
gle straightforward static calibration measurement, thereby
providing access to the absolute strength of the incident
THz electric field (see Sec. III C and Appendix B).
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III. EXPERIMENTAL DETAILS

A. THz setup

To test the capabilities of ZTS [Fig. 1(b)], we use
pump pulses (center wavelength 800 nm, pulse energy
5 mJ, pulse duration 35 fs if bandwidth limited, repe-
tition rate 1 kHz) from an amplified Ti:sapphire laser
system to generate intense broadband THz pulses (spec-
trum 0.1–11 THz, peak field 1.7 MV/cm) in a Si-based
spintronic THz emitter (Si-STE, TeraSpinTec GmbH) [6].
As detailed in Fig. S1 [30], the THz focal field is sam-
pled with probe pulses (800 nm, 0.3 nJ, 30 fs, 80 MHz)
in the ZT detector. They are derived from the Ti:sapphire
oscillator seeding the amplified laser and exhibit excellent
stability allowing probing at the shot-noise limit [31].

For referencing, we use EOS in a freestanding GaP(110)

crystal (Swiss THz), the thickness of only 50 μm of
which facilitates a wide detection window of 0–7 THz and
beyond [19]. The EOS response function is analogous to
Eq. (2). The transfer function H̃(ω) and the unit-length
vector v are just replaced by expressions that are deter-
mined by the refractive index and quadratic optic response
tensor of GaP, as well as the GaP thickness, azimuthal
orientation, the probe pulse’s electric field, and its linear
polarization state [6,32,33].

B. ZTS detectors

Because Cpr is proportional to the thickness d and the
magneto-optic Voigt parameter Q ∝ |M0| of the ZT film,
the ZTS response is enhanced for films with large Q
and optimum thickness. The latter also depends on the
magnitude of the probe transmission. Consequently, we
choose the metallic ferromagnet Fe and the insulating
ferrimagnetic bismuth-substituted iron garnet Bi3Fe5O12
(BiIG).

Fe features the largest Voigt parameter |Q| ∼ 10−2

among 3d ferromagnets around the 800-nm probe wave-
length [34], but, at the same time, strongly attenuates the
probe beam [35]. We, therefore, choose an optimum thick-
ness d of 8 nm. In contrast, BiIG has a 1 order of magnitude
smaller |Q| ∼ 10−3, but 3 orders of magnitude smaller
absorption coefficient and lower reflection losses than Fe
[36]. At the same time, phonon resonances in the garnet
can distort and attenuate the THz pulse [37]. To minimize
this effect, we choose a thickness of 4.5 μm.

The Fe(8 nm) film is obtained by electron-beam evapo-
ration under ultrahigh-vacuum conditions onto a glass sub-
strate. The BiIG(4.5 μm) film (INNOVENT e.V.) with in-
plane magnetic anisotropy is grown on a gallium gadolin-
ium garnet substrate by liquid-phase epitaxy. The magneti-
zation M0 is set by a Halbach array of permanent magnets
and can be reversed by 180° azimuthal rotation [6].

C. Calibration

To calibrate our ZT detector, the most straightforward
approach would be to completely pull the static magne-
tization of the ferromagnet out of the plane and measure
the resulting Faraday rotation and ellipticity of the probe
beam. For our in-plane-magnetized Fe(8 nm) film, this pro-
cedure requires static magnetic fields of >2 T, which are
not easily available.

Therefore, we apply a saturating in-plane magnetic field
of 30 mT along the x axis [Fig. 1(b)] and measure the
magneto-optic response for an s-polarized probe beam in
reflection geometry with an angle of incidence of 52°,
i.e., the so-called longitudinal magneto-optic Kerr effect
(LMOKE). As detailed in Appendix B and Table S1 [30],
this information, along with the optical and THz refrac-
tive indices (or conductivities) of Fe and glass, is sufficient
to determine the complex-valued scaling factor b of the
transfer function in Eq. (3).

D. Signal contributions

In the experiment, the intense THz pulses can induce
nonlinear contributions in the THz fields [24,38]. To
discriminate quadratic contributions, we measure pump-
probe signals S±E,±M0 for opposite polarities of the THz
field (±E) by reversing the Si STE magnetization direc-
tion. Furthermore, to separate odd (linear) effects in the ZT-
detector magnetization M0, we alternate the latter (±M0)

by means of an ac electromagnet at a frequency of 500 Hz,
i.e., half the repetition rate of the THz pulses. The extracted
signals S = S(t), which are linear in terms of both the
driving THz field E and the ZT magnetization M0 are
calculated according to

S = S+E,+M0 − S−E,+M0 − S+E,−M0 + S−E,−M0

4
, (5)

as illustrated in Fig. S2 [30].

IV. ZTS RESULTS

A. ZTS raw data

Figure 2(a) shows signal waveforms S(t) obtained with
the various ZT and EO detectors under identical THz-
pulse excitation. While the EO signal from GaP and the
ZT signal from Fe correspond to probe-ellipticity varia-
tion (see Fig. S3 [30]), the ZT signal in BiIG is mea-
sured as probe-polarization rotation. A Fourier transforma-
tion yields the corresponding signal-amplitude spectra, as
shown in Fig. 2(b). For the Fe sample, we confirm that the
measured signal S(t), which is odd in E, grows linearly
with E. Quadratic contributions to E are minor, in par-
ticular, ultrafast quenching of the in-plane magnetization,
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FIG. 2. ZTS and EOS data. (a) Birefringence signals induced by the THz pump pulse obtained via ZTS in Fe(8 nm) (red solid line)
and BiIG(4.5 μm) (black) and, for reference, by EOS in GaP(50 μm) (blue). (b) Fourier amplitude spectra of the waveforms of panel
(a). (c) Transient THz electric fields, obtained by taking the time derivative of the ZTS signals (Fe and BiIG detectors) and by using the
calculated EOS transfer function (reference GaP detector). Signals are normalized to their peak value. (d) Fourier amplitude spectra of
the waveforms of panel (c).

which is not sensed by the Faraday effect of the normally
incident probe pulses (see Fig. S2 [30]).

The EO signal from the GaP(50 μm) reference detector
exhibits a main pulse centered at time t = 0 ps, but also
a sizeable echo at t = 1.5 ps [Fig. 2(a)], which results in
spectral oscillation with a period of 1/1.5 ps = 0.7 THz
[Fig. 2(b)]. The echo arises from reflection of the THz
pulse at the GaP-air and air-GaP interfaces and lim-
its the time window and, thus, frequency resolution
of EOS.

Note that the ZT signals are substantially different from
the EO reference signal. First, no echo is found in the cov-
ered time window. Second, the ZT signals are reminiscent
of the time-integrated EO signal [Fig. 2(a)], as expected
from Eq. (1). Interestingly, the ZT signal from Fe is only
a factor of 2 smaller than from BiIG but has a some-
what smoother time [Fig. 2(a)] and frequency dependence
[Fig. 2(b)].

B. From signals to incident fields

To extract the THz-field transients from the measured
EO and ZT signals of Fig. 2(a), we employ Eq. (2).
For EOS, H̃(ω) is obtained from previous work [21,22],
while, for ZTS, we need only to take the time deriva-
tive ∂tS(t) of the measured signal, according to Eq. (3).
The resulting normalized THz-electric-field transients and
their amplitude spectra are shown in Figs. 2(c) and 2(d),
respectively.

All time-domain waveforms [Fig. 2(c)] exhibit a very
similar shape, indicating a reliable extraction procedure.
For GaP, the extracted THz field still features the echo at
t = 1.5 ps in the time domain [Fig. 2(c)] and fringes in the
frequency domain [Fig. 2(d)], analogous to the EO signals
[Figs. 2(a) and 2(b)]. The reason for this behavior is that
the modeled EOS transfer function [21,22] does not take
the multiple reflections of the THz pulse inside the GaP
crystal into account and, thus, does not correct for them.
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FIG. 3. Absolute THz-field extraction. Back-to-back compari-
son of the transient incident THz electric field obtained from ZTS
and EOS signals of Fe(8 nm) (red curve) and GaP(50 μm) (blue
curve) shown in Fig. 2.

As expected from the ZT signals [Fig. 2(a)], the field
trace obtained with Fe(8 nm) is significantly smoother
than the trace obtained with BiIG(4.5 μm). We ascribe
this behavior to two effects: (i) a substantial variation
of the BiIG refractive index n(ω) in the considered fre-
quency interval of 0–12 THz due to the large number of
infrared-active optical phonon modes [37], and (ii) long-
wavelength quasiantiferromagnetic magnons [27] that may
alter the simple 1/iω scaling of CE in Eq. (3). Points (i) and
(ii) could, in principle, be accounted for by an appropriate
frequency dependence of CE.

We note that the refractive index of Fe exhibits dis-
persion, too. However, as shown in Appendix A and Fig.
S6 [30], the resulting frequency dependence of CE(ω) in
Eq. (3) can still be well approximated by 1/iω. To enable
ZT detection of broadband THz pulses with a smooth fre-
quency response, we, thus, focus on Fe in the remainder of
this work.

C. Extracting the absolute THz field

As detailed in Appendix B, we use a static LMOKE
measurement to calibrate the Fe(8 nm) ZTS detector. To
very good approximation, we infer b = (6.9 − 11.1i) m/V
for the scaling factor in Eq. (3).

Subsequently, we use Eq. (2) to extract the incident THz
electric field Einc(t) = v · Einc(t) with v ‖ Einc from the
measured probe-ellipticity variation. The resulting Einc(t)
is in good agreement with the field extracted from EOS
in the GaP detector, in terms of both shape and absolute
amplitude (Fig. 3).

V. ZTS APPLICATIONS

A. THz field sampling

Our ZT THz detector Fe(8 nm) permits accurate sam-
pling of intense THz fields (strength >0.1 MV/cm) over a
bandwidth of 0.1–11 THz and beyond, without showing
indications of saturation (see Fig. S2 [30]). This fea-
ture is crucial for virtually all nonlinear THz-spectroscopy
experiments.

As a further proof of principle, we use our ZT detector
for sampling of THz pulses generated through tilted-pulse-
front excitation of LiNbO3 (see Fig. S4 [30]). Again, the
extracted THz electric field is in good agreement with the
one obtained by EOS.

B. EOS calibration

As a second application, we use our ZT detector to cal-
ibrate THz EO detectors. So far, the response function
H̃(ω) of EO detectors with zincblende structure, e.g., GaP
and ZnTe, are calculated based on models with a num-
ber of parameters, such as a global scaling factor and the
ratio of ionic versus electronic optical nonlinearity, the
determination of which is not straightforward [19,39,40].

To determine H̃(ω) of, for example, GaP(50 μm), we
take the THz signals measured by ZTS in Fe(8 nm) and
by EOS in GaP(50 μm), and make use of Eq. (2) and the
fact that the THz excitation and optical probing conditions
in the experiment are the same. We obtain the EO transfer
function

H̃GaP(ω) = S̃GaP(ω)

S̃Fe(ω)
H̃Fe(ω), (6)

the frequency dependence of which directly follows from
the measured signals SGaP and SFe and Eq. (3).

Figure 4(a) shows the amplitude spectra of SGaP and
SFe and illustrates the low-pass behavior of ZTS [Eq. (3)].
The spectral amplitude and phase of H̃GaP(ω) resulting
from Eq. (6) are displayed in Fig. 4(b). They agree well
with model calculations [Fig. 4(c)]. For comparison, the
calculated H̃Fe(ω) is shown in Fig. 4(c), too.

C. ZTS modulation

A third outstanding functionality of the ZT detector fol-
lows from Eq. (2). The measured signal is proportional to
the projection v · Einc of the incident THz electric field Einc
on the magnetization direction v = M/|M0|. Therefore, we
can easily modulate the sign of H̃Fe(ω) by periodically
changing the magnetization of the ZT detector between
−M0 and +M0.

To demonstrate this THz demodulation scheme, we
employ an ac electromagnet operating at a frequency of
frep/2 = 500 Hz, i.e., half the repetition rate of the THz
pulses [38]. The delay time t is set to the maximum of the
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FIG. 4. EOS-response characterization by ZTS. (a) Fourier
amplitude of the EOS signal from GaP(50 μm) (black) and the
ZTS signal from Fe(8 nm) (purple). Prior to Fourier transforma-
tion, the signals are reduced to the echo-free time window from
−1 to +1 ps [see Fig. 2(a)]. (b) Amplitude (red) and phase (blue)
of the EOS transfer function H̃GaP(ω) for GaP(50 μm) obtained
by referencing to the ZTS signal from Fe(8 nm). (c) Calculated
response functions H̃GaP(ω) (solid curves) and H̃Fe(ω) (dashed
curves).

ZT signal for one magnetization direction [Fig. 5(a)]. Thus,
we modulate the Fe magnetization between ±M0 at frep/2,
and signals are measured for each THz pulse at a rate of
frep.

Figure 5(b) displays the signal recorded for some 50
subsequent pulses. The alternating signal amplitude clearly
confirms the amplitude modulation of the ZT-detector
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FIG. 5. Rapid amplitude modulation of the ZT detector. (a)
ZTS signal of a BiIG sample for opposite magnetization direc-
tions ±M0. (b) Pulse-to-pulse probe rotation when the garnet
magnetization is modulated at half the laser repetition rate of
frep/2 = 500 Hz. The delay line is set to the maximum of the
ZTS signal [see gray mark in panel (a)].

response at frep/2 = 500 Hz. While this frequency is lim-
ited by the laser-pulse repetition rate, modulation fre-
quencies of several 10 kHz, or even 1 MHz, are feasible
by sufficiently fast magnets [41], strain waves [42], or
current-driven spin-orbit torques [43].

VI. CONCLUSIONS

We demonstrate the detection of transient THz electric
fields by ZTS. The ZT detector has outstanding features
that enable interesting applications, for example, sampling
of intense THz pulses with a strength of >0.1 MV/cm
with a straightforward gapless transfer function and known
absolute magnitude, characterization of the response func-
tion of EO detectors, and modulation of the polarization
sensitivity in a noncontact fashion by an external magnetic
field.

The last feature is interesting for demodulation of the
modulated THz waves in, for instance, low-noise lock-
in detection schemes or data transfer without analog-to-
digital conversion. Finally, our study may serve as a guide
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for future works that aim to increase the sensitivity of ZT
detectors.
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APPENDIX A . DERIVATION OF ZTS RESPONSE
FUNCTION FOR THIN METALLIC FILMS

The magnetic field B of the THz pulse inside the mag-
netic film exerts Zeeman torque on the magnetization M.
We assume small magnetization deflections [M ≈ M0 on
the right-hand side of Eq. (1)] and consider only free
uniform precession. In particular, we neglect effects such
as perpendicular standing spin waves, attenuation, and
nutation [28,44,45].

In the frequency domain, the resulting out-of-plane
magnetization component is given by Eq. (1). Following
Fourier transformation �M̃(ω, z) = ∫ dt �M(t, z)eiωt, Eq.
(1) turns into

�M̃(ω, z) = − γ

iω
M0 × B̃(ω, z). (A1)

Assuming the magnetic medium has cubic symmetry for
M0 = 0, the transient out-of-plane magnetization gives
rise to off-diagonal elements �ε̃yx(ω, z) = −�ε̃xy(ω, z)
of the dielectric permittivity tensor, where �ε̃yx(ω, z) =
iQε2uz · �M̃(ω, z)/|M0|, uz is the unit vector along the
z axis, Q ∝ |M0| is the Voigt magneto-optic coefficient,
and ε2 is the dielectric permittivity of the metal film at
the mean probe frequency. The tensor element �ε̃yx(ω, z)
results in magnetic circular birefringence (Faraday effect)
and modulates the probe polarization.

To calculate the probe-polarization change, we consider
�ε̃yx(ω, z) as a small perturbation [46,47]. As the film
is thin with respect to the THz and visible wavelengths,
and because the probe resides within the film for a minor
amount of time, we assume instantaneous sampling of the
entire film by the probe. Likewise, we neglect the depen-
dence of the optical coefficients on the probe frequency ωpr
over the probe spectrum.

With the unperturbed probe field with amplitude
Epr0(ωpr, z) linearly polarized along the x axis, we obtain

the first-order change �Epr(ωpr, z) in the probe-field polar-
ized along the y axis as [46]

�Ẽpr(ωpr, z) = −ω2
pr

c2

∫ d

0
dz′Gz′(ωpr, z)�ε̃yx(ω, z′)

Epr0(ωpr, z′). (A2)

Here, d is the thickness of the metal film, and Gz′(ωpr, z)
is the known electric field Green function of the structure
for ε̃yx = 0. After substituting the corresponding expres-
sions for Gz′(ωpr, z) and Epr0(ωpr, z′) [47], we obtain
the complex-valued probe-polarization change behind the
magnetic film (z = d) according to

S̃(ω) = �Ẽpr(ωpr, d)

Ẽpr0(ωpr, d)
= iω2

pr

2β2c2 R(ωpr)

∫ d

0
dz �ε̃yx(ω, z)

× (1 + r21e2iβ2z)(1 + r23e2iβ2(d−z)), (A3)

where β2(ωpr) = n2(ωpr)ωpr/c is the angular spatial
frequency of metal, rij = (ni − nj )/(ni + nj ) are Fres-
nel reflection coefficients, and R = 1/(1 − r21r23e2iβ2d)

accounts for the multiple probe reflections in the metal
film.

As shown in Fig. S5 [30], the last two factors of the inte-
grand in Eq. (A3) can be approximated well by their values
at z = d/2 for the parameter values shown in Table S1
[30]. Considering Eq. (A1) and expressing �ε̃yx through
the Voigt coefficient, we arrive at

S̃(ω) = Qβ2

2
(1 + r21eiβ2d)(1 + r23eiβ2d)

1 − r21r23e2iβ2d

× γ

iω

∫ d

0
dz uz · [v × B̃(ω, z)], (A4)

with v = M0/|M0|.
To determine B̃(ω, z), we note that the studied Fe film

has a thickness d much smaller than the THz wavelength
and the THz attenuation length inside the film material.
Therefore, the THz electric field is, to a very good approx-
imation, constant across the film thickness. Its amplitude
at frequency ω is given by

Ẽ(ω) = 2n1(ω)

n1(ω) + n3(ω) + dZ0σ(ω)
Ẽinc(ω), (A5)

where σ(ω) is the conductivity of the metal film, and Z0
is the vacuum impedance [38]. By using Eq. (A5) and
Ampere’s law, we obtain the magnetic field

B̃(ω, z) = 2
c

n3(ω) + (d − z)Z0σ(ω)

n1(ω) + n3(ω) + dZ0σ(ω)
uz × Ẽinc(ω),

(A6)
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and Eqs. (A4) and (A6) yield

S̃(ω) = Qβ2d
2

(1 + r21eiβ2d)(1 + r23eiβ2d)

1 − r21r23e2iβ2d

× γ

iωc
2n3(ω) + Z0dσ(ω)

n1(ω) + n3(ω) + Z0dσ(ω)
v · Ẽinc(ω).

(A7)

We note that the term in front of v · Ẽinc in Eq. (A7) is
constant over the whole bandwidth of 0.1–10 THz (see Fig.
S6 [30]) and can be well approximated by its value at ω =
0 for the parameters listed in Table S1 [30].

As a consequence, the ZTS response finally becomes

S̃(ω) = CprCE(ω)v · Ẽinc(ω) (A8)

with

Cpr = −Qβ2d
2

(1 + r21eiβ2d)(1 + r23eiβ2d)

1 − r21r23e2iβ2d ,

CE(ω) = − γ

iωc
2n3(ω) + Z0dσ0

n1(ω) + n3(ω) + Z0dσ0
. (A9)

Note that the prefactor −Qβ2d/2 is the complex-valued
Faraday rotation for a thick magnetic film [34].

APPENDIX B . ZEEMAN-DETECTOR
CALIBRATION

As seen from Eqs. (A8) and (A9), the transfer function
of a metal-film-based Zeeman detector is fully determined
by its THz and optical refractive indices, THz conductiv-
ity, and magneto-optic Voigt parameter. In contrast to EOS
crystals, all required values can be measured using linear
optical and THz spectroscopies. Here, we limit ourselves
to the experimental determination of the magneto-optic
Voigt parameter Q while all other values are taken from
the literature (see Table S1 [30]) [38,48–50].

In the experiment, we use a reflection geometry (angle
of incidence 52°, s-polarized probe) and magnetize our
Fe sample along the x axis [Fig. 1(b)], corresponding to
the so-called LMOKE geometry. By measuring both rota-
tion and ellipticity variations of the probe polarization, we
obtain the complex-valued LMOKE signal S = 0.0016 −
0.0011i (see Fig. S7 [30]). As the magneto-optic Voigt
parameter Q is small, the response is linear, i.e., S = aQ
with coefficient a. Using a 4 × 4-transfer-matrix formal-
ism [51,52], we numerically determine the value of a for
an Fe film on a glass substrate using the parameter val-
ues listed in Table S1 [30]. Finally, we obtain Q = S/a =
0.060 − 0.001i, calculate the ZTS transfer function H̃(ω)

[Eqs. (A8) and (A9)], and arrive at the results shown in
Fig. 3. To very good approximation, we find H̃(ω) = b/iω,
consistent with Eq. (3), where b is (−6.1 + 11.1i) m/V for
our Fe(8 nm) ZTS detector.

It is important to note that both Q and n2(ωpr) are
reported to be thickness dependent in thin Fe films [49,53].
Here, we use an effective refractive-index value obtained
for an Fe thin film with a thickness of 12 nm [49].
For even better results, it is advisable to determine the
refractive index for the studied film separately. Addition-
ally, one can use epitaxially grown films [53], where the
impact of the thickness dependence is smaller compared to
sputter-deposited samples [49].
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