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OBJECTIVE

Investigate AF-TIs materials (e.g. MnxBiyTez) which might host axion quasiparticles by
means of a terahertz time domain spectroscopy apparatus (THz-TDS)
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Antiferromagnetically doped topological insulators (ATI) are among the candidates to host dynamical
axion fields and axion polaritons, weakly interacting quasiparticles that are analogous to the dark axion, a
long sought after candidate dark matter particle. Here we demonstrate that using the axion quasiparticle
antiferromagnetic resonance in ATIs in conjunction with low-noise methods of detecting THz photons
presents a viable route to detect axion dark matter with a mass of 0.7 to 3.5 meV, a range currently
inaccessible to other dark matter detection experiments and proposals. The benefits of this method at high
frequency are the tunability of the resonance with applied magnetic field, and the use of ATI samples with
volumes much larger than 1 mm3.
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Astrophysical and cosmological observations provide
strong evidence for the existence of nonbaryonic dark matter
(DM) [1–4]. Among possible candidates are dark axions
(DA) [5–11], which are hypothetical particles [12–14]
suggested to solve the charge-parity (CP) problem in
quantum chromodynamics (QCD) [15]. Searching for the
DA is challengingdue to itsweak coupling to ordinarymatter
(e.g., photons). For DA masses m a ≲ 0.2 eV the local
DA field, θD , can be described as a classical coherent state.
The local DMdensity is then ρDM ¼ jθD ðtÞj2m 2

af2a=2, where
m a andfa are the unknownaxionmass and “decay constant,”
and themeasured value is ρDM ≈ 0.4 GeVcm−3 [3]. The DA
field oscillates in time, with a frequency dominated by the
rest energy, m ac2, and an intrinsic width set by the galactic
velocity dispersion, σv≈230kms−1⇒Δωa=ωa¼σ2v=c2 ≈
10−6. The QCD axion mass can be computed in chiral
perturbation theory or on the lattice, and is given by m a¼
0.6meVð1010GeV=faÞ [13,14,16] (we use units ℏ ¼ c ¼ 1
if not stated otherwise). The central frequency is ν ¼
0.25ðm a=meVÞ THz.
Only one DM search, the axion dark matter experiment

(ADMX) [17,18], has made a significant constraint on
the QCD axion parameter space predicted by the
Kim-Shifman-Vainshtein-Zhakarov (KSVZ) [19,20] and

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [21,22] mod-
els. The QCD axion mass can span 10−12 ≲ m a ≲ 10−2 eV,
satisfying astrophysical constraints on the couplings
[23,24] with fa less than the Planck scale. There are hints,
however, pointing to the meV range, particularly for DFSZ-
type models [25,26]. Furthermore, constraints from the
CERN axion solar telescope (CAST) [27] and the any light
particle search [28], combined with the prediction of KSVZ
and DFSZ models provide a target range for the axion-
photon coupling 10−13 GeV−1 < gγ < 10−10 GeV−1 for
m a ¼ 1 meV. In the meV range, axion DM searches also
overlap with searches for spin-dependent forces [29,30].
The power output from the axion-induced electric field

[Fig. 1(a)] is:

P0 ¼
1

2
E2
0Veffωa ¼ g2γB2

0

ρDM
m 2

a
Veffωa: ð1Þ

Taking the effective volume Veff ≈ ð2π=m aÞ3 from the vac-
uum dispersion relation, m a ¼ 1 meV, gγ ¼ 10−10 GeV−1,
and B0 ¼ 1 T, gives P0 ¼ 10−27 W. Detecting the
axion requires amplifying this power. Methods to amplify
the signal include resonance in a microwave cavity
[17,18,31,32], ferromagnetic resonance [33], coherent
enhancement [34], and many others [33,35–41]. In parti-
cular, a resonant cavity haloscope method at mm wave-
lengths enhances the signal by the quality factor, Q , but
suffers from small effective volume, since the resonance
requires V ∼ ð2π=ωaÞ3. The highest frequency operating
cavity haloscope is ORGAN, at 0.1 meV [32], while
the MADMAX dielectric haloscope projects maximum
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F-TIs materials can host quasiparticles which are resonantly
driven in the presence of axions and emit THz photons which
can be detected using a single photon detector

− 0.7 < ma < 3.5 meV, axion mass interval currently
inaccessible to other DM experiments or proposals

− Vs . 1 cm3 (stage I); x100 (stage II)

− tunability of the resonance with applied magnetic field

dark count rate, Γd, of the detector to be smaller than the
flux. We use Γd ¼ 0.001 Hz, which has been demonstrated
for the quantum dot detector in THz regime at 0.05 K [89].
Awider bandwidth, lower dark count SPD using graphene-
based Josephson junction [90] has the potential to improve
significantly the search for heavy dark axions in the future,
including our proposal.
We propose to shield backgrounds by placing the entire

apparatus in a cryostat, and then measure the baseline
photon count at B0 ¼ 0. Measuring the dependence of the
signal on B0 and other features of the theoretical DA line
shape (measured using a bandpass) [17,18,91] will allow
candidate lines to be distinguished from signal.
The range of axion masses accessible to our technique

depends on the scaling of material properties with B0.
We take 1T < B0 < 10 T with stability δB0 ¼ 10−3 T over
the volume, which has been demonstrated [18,92]. For the
parameters of ðBi1−xFexÞ2Se3 given above and setting
ωþ ðk ¼ 0Þ ¼ m a we find 0.7 meV ≤ m a ≤ 3.5 meV (the
lower limit is approximately the B0 ¼ 0 spin wave mass).
Other materials with different anisotropy field strengths can
cover a wider range of masses.
Sensitivity to gγ is computed setting the signal to noise

ratio SNR ¼ 3. We take the measurement time on a single
frequency τ ¼ 102 s. The full range can be scanned in
6 months. The volume of any single, high quality sample
of ATI is limited to be less than 1 cm3 to achieve
homogeneous doping [93]. The sensitivity is shown in
Fig. 4 (stage-I).

Using N ATI samples, either with a simple tiling and use
of lenses, or with coherent addition [34], the gain in Veff
can increase linearly with N, with wide band response [44].
With N ¼ 100 (a feasible total number for solid state
synthesis [94]), the increased sensitivity is shown in
Fig. 4 (stage-II).
A further increase in Veff can be achieved by surrounding

the ATI samples with a cavity with a volume, Vc. Long
wavelength modes of the cavity E field can couple to high
frequency AP modes resulting in a TM010 type [95]
component to the AP, allowing Veff ≈ Vc even with a small
sample volume. In Fig. 4 (stage-III) we show the sensitivity
benefit of a Veff ¼ ð0.1λdBÞ3 ≈ 2000ð1 meV=m aÞ3 cm3.
The same stage-III sensitivity could be achieved if technol-
ogy and investment allowed for fabrication of a very large
volume of ATI.
In summary, we have shown that ATIs can host dynami-

cal axionic quasiparticles which are resonantly driven in the
presence of DAs with mass of order 1 meV and emit THz
photons which can be detected using an SPD, allowing
ATIs to detect dark matter. We showed that antiferromag-
netic Fe-doped Bi2Se3 satisfies the three Wilczek criteria
described earlier, and can be used to realize a DA detector
in the 0.7 to 3.5 meV range. Figure 4 shows the projected
reach of three possible schemes with different effective
volumes. Varying the applied B field scans the resonant
frequency, giving sensitivity to axion dark matter in a
parameter space inaccessible to other methods. Future work
on the material characteristics (such as the anisotropy field
strength) can allow for a wider range of DA mass detection.

We acknowledge useful discussions with Francesca Day,
Joerg Jaeckel, Alexander Millar, Jens Niemeyer, David
Tanner, Chris Weber, Willian Witczak-Krempa, and Ariel
Zhitnisky. M. A. and D. J. E. M. are supported by the
Alexander von Humboldt Foundation and the German
Federal Ministry of Education and Research. K. C. F.
acknowledges support from Army Research Office under
Cooperative Agreement No. W911NF-17-1-0574. L. Š.
acknowledges support from the EU FET Open RIA
Grant No. 766566.

*david.marsh@uni-goettingen.de
[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279

(2005).
[2] Planck Collaboration et al., Astron. Astrophys. 594, A13

(2016).
[3] F. Iocco, M. Pato, and G. Bertone, Nat. Phys. 11, 245

(2015).
[4] K. Olive et al. (Particle Data Group), Chin. Phys. C 38 ,

090001 (2014).
[5] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).
[6] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[7] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,

127 (1983).

FIG. 4. Axion parameter space. Vertical lines show the pro-
jected sensitivity of our proposal using Fe-doped Bi2Se3 at ∼5 T
applied field for 102 s integration time with dark count rate
Γd ¼ 0.001 Hz. Staged designs are described in the text. Gray
shaded regions assume scanning 1T ≤ B0 ≤ 10 T. The KSVZ
and DFSZ axion models are shown as the red band. Existing
exclusions from ADMX [17,18], CAST [27], and supernova
1987A [23] are shown as colored regions.
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Antiferromagnetically doped topological insulators (ATI) are among the candidates to host dynamical
axion fields and axion polaritons, weakly interacting quasiparticles that are analogous to the dark axion, a
long sought after candidate dark matter particle. Here we demonstrate that using the axion quasiparticle
antiferromagnetic resonance in ATIs in conjunction with low-noise methods of detecting THz photons
presents a viable route to detect axion dark matter with a mass of 0.7 to 3.5 meV, a range currently
inaccessible to other dark matter detection experiments and proposals. The benefits of this method at high
frequency are the tunability of the resonance with applied magnetic field, and the use of ATI samples with
volumes much larger than 1 mm3.
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Astrophysical and cosmological observations provide
strong evidence for the existence of nonbaryonic dark matter
(DM) [1–4]. Among possible candidates are dark axions
(DA) [5–11], which are hypothetical particles [12–14]
suggested to solve the charge-parity (CP) problem in
quantum chromodynamics (QCD) [15]. Searching for the
DA is challengingdue to itsweak coupling to ordinarymatter
(e.g., photons). For DA masses m a ≲ 0.2 eV the local
DA field, θD , can be described as a classical coherent state.
The local DMdensity is then ρDM ¼ jθD ðtÞj2m 2

af2a=2, where
m a andfa are the unknownaxionmass and “decay constant,”
and themeasured value is ρDM ≈ 0.4 GeVcm−3 [3]. The DA
field oscillates in time, with a frequency dominated by the
rest energy, m ac2, and an intrinsic width set by the galactic
velocity dispersion, σv≈230kms−1⇒Δωa=ωa¼σ2v=c2 ≈
10−6. The QCD axion mass can be computed in chiral
perturbation theory or on the lattice, and is given by m a¼
0.6meVð1010GeV=faÞ [13,14,16] (we use units ℏ ¼ c ¼ 1
if not stated otherwise). The central frequency is ν ¼
0.25ðm a=meVÞ THz.
Only one DM search, the axion dark matter experiment

(ADMX) [17,18], has made a significant constraint on
the QCD axion parameter space predicted by the
Kim-Shifman-Vainshtein-Zhakarov (KSVZ) [19,20] and

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [21,22] mod-
els. The QCD axion mass can span 10−12 ≲ m a ≲ 10−2 eV,
satisfying astrophysical constraints on the couplings
[23,24] with fa less than the Planck scale. There are hints,
however, pointing to the meV range, particularly for DFSZ-
type models [25,26]. Furthermore, constraints from the
CERN axion solar telescope (CAST) [27] and the any light
particle search [28], combined with the prediction of KSVZ
and DFSZ models provide a target range for the axion-
photon coupling 10−13 GeV−1 < gγ < 10−10 GeV−1 for
m a ¼ 1 meV. In the meV range, axion DM searches also
overlap with searches for spin-dependent forces [29,30].
The power output from the axion-induced electric field

[Fig. 1(a)] is:

P0 ¼
1

2
E2
0Veffωa ¼ g2γB2

0

ρDM
m 2

a
Veffωa: ð1Þ

Taking the effective volume Veff ≈ ð2π=m aÞ3 from the vac-
uum dispersion relation, m a ¼ 1 meV, gγ ¼ 10−10 GeV−1,
and B0 ¼ 1 T, gives P0 ¼ 10−27 W. Detecting the
axion requires amplifying this power. Methods to amplify
the signal include resonance in a microwave cavity
[17,18,31,32], ferromagnetic resonance [33], coherent
enhancement [34], and many others [33,35–41]. In parti-
cular, a resonant cavity haloscope method at mm wave-
lengths enhances the signal by the quality factor, Q , but
suffers from small effective volume, since the resonance
requires V ∼ ð2π=ωaÞ3. The highest frequency operating
cavity haloscope is ORGAN, at 0.1 meV [32], while
the MADMAX dielectric haloscope projects maximum
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F-TIs materials can host quasiparticles which are resonantly
driven in the presence of axions and emit THz photons which
can be detected using a single photon detector

− 0.7 < ma < 3.5 meV, axion mass interval currently
inaccessible to other DM experiments or proposals

− Vs . 1 cm3 (stage I); x100 (stage II)

− tunability of the resonance with applied magnetic field

dark count rate, Γd, of the detector to be smaller than the
flux. We use Γd ¼ 0.001 Hz, which has been demonstrated
for the quantum dot detector in THz regime at 0.05 K [89].
Awider bandwidth, lower dark count SPD using graphene-
based Josephson junction [90] has the potential to improve
significantly the search for heavy dark axions in the future,
including our proposal.
We propose to shield backgrounds by placing the entire

apparatus in a cryostat, and then measure the baseline
photon count at B0 ¼ 0. Measuring the dependence of the
signal on B0 and other features of the theoretical DA line
shape (measured using a bandpass) [17,18,91] will allow
candidate lines to be distinguished from signal.
The range of axion masses accessible to our technique

depends on the scaling of material properties with B0.
We take 1T < B0 < 10 T with stability δB0 ¼ 10−3 T over
the volume, which has been demonstrated [18,92]. For the
parameters of ðBi1−xFexÞ2Se3 given above and setting
ωþ ðk ¼ 0Þ ¼ m a we find 0.7 meV ≤ m a ≤ 3.5 meV (the
lower limit is approximately the B0 ¼ 0 spin wave mass).
Other materials with different anisotropy field strengths can
cover a wider range of masses.
Sensitivity to gγ is computed setting the signal to noise

ratio SNR ¼ 3. We take the measurement time on a single
frequency τ ¼ 102 s. The full range can be scanned in
6 months. The volume of any single, high quality sample
of ATI is limited to be less than 1 cm3 to achieve
homogeneous doping [93]. The sensitivity is shown in
Fig. 4 (stage-I).

Using N ATI samples, either with a simple tiling and use
of lenses, or with coherent addition [34], the gain in Veff
can increase linearly with N, with wide band response [44].
With N ¼ 100 (a feasible total number for solid state
synthesis [94]), the increased sensitivity is shown in
Fig. 4 (stage-II).
A further increase in Veff can be achieved by surrounding

the ATI samples with a cavity with a volume, Vc. Long
wavelength modes of the cavity E field can couple to high
frequency AP modes resulting in a TM010 type [95]
component to the AP, allowing Veff ≈ Vc even with a small
sample volume. In Fig. 4 (stage-III) we show the sensitivity
benefit of a Veff ¼ ð0.1λdBÞ3 ≈ 2000ð1 meV=m aÞ3 cm3.
The same stage-III sensitivity could be achieved if technol-
ogy and investment allowed for fabrication of a very large
volume of ATI.
In summary, we have shown that ATIs can host dynami-

cal axionic quasiparticles which are resonantly driven in the
presence of DAs with mass of order 1 meV and emit THz
photons which can be detected using an SPD, allowing
ATIs to detect dark matter. We showed that antiferromag-
netic Fe-doped Bi2Se3 satisfies the three Wilczek criteria
described earlier, and can be used to realize a DA detector
in the 0.7 to 3.5 meV range. Figure 4 shows the projected
reach of three possible schemes with different effective
volumes. Varying the applied B field scans the resonant
frequency, giving sensitivity to axion dark matter in a
parameter space inaccessible to other methods. Future work
on the material characteristics (such as the anisotropy field
strength) can allow for a wider range of DA mass detection.
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FIG. 4. Axion parameter space. Vertical lines show the pro-
jected sensitivity of our proposal using Fe-doped Bi2Se3 at ∼5 T
applied field for 102 s integration time with dark count rate
Γd ¼ 0.001 Hz. Staged designs are described in the text. Gray
shaded regions assume scanning 1T ≤ B0 ≤ 10 T. The KSVZ
and DFSZ axion models are shown as the red band. Existing
exclusions from ADMX [17,18], CAST [27], and supernova
1987A [23] are shown as colored regions.
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TERAHERTZ TIME DOMAIN SPECTROSCOPY (1)

Spectral range 0.1− 1 THz
→ region of interest for vibrational spectroscopy of liquids, low frequency modes of
molecular crystals, drugs, explosives. . .
→ suited to measure the dynamics of mobile charge carriers since they reflect and absorb
terahertz radiation

in 2012 we tested high speed semiconductors within the INFN MIR experiment (gr2)

− femtosecond laser (mode-locked Ti:Sa)

− two beam paths, one with delay

− photoconductive antennas

− lock-in techniques



TERAHERTZ TIME DOMAIN SPECTROSCOPY (2)

In the transmission spectrum we search for a resonance whose frequency and width coincide with the relevant
polariton parameters necessary to use AF-TIs as axion dark matter detectors.

How time domain measurements can provide spectral information:

1. different colours→ different delay-line positions, corresponding to different time points in (b)

2. measured THz time-domain signal (amplitude of the THz field at the detector antenna)

3. the FFT of the signal in (b) is used to infer system dynamic range



METHODOLOGY SNR AND DYNAMIC RANGE (DNR) (2)

The THz-TDS will be characterised in terms of dynamic range (DNR) and its resolution will be improved

generating synchrotron radiation or X-ray bremsstrahlung. The
formal reason for this effect can be derived from Maxwell’s
equations.76 For the simple case of a dipole emitter that is
much smaller than the wavelength being emitted having a
diameter of w0, the THz field observed at a distance r and
angle α is given by64

ETHz(t)/ w0
sin(α)
r

djIPC(tr)j
dtr

, (6)

with tr being the retarded time tr ¼ t " r=c, and IPC(t) is the
photocurrent. A change in current results in an emitted electro-
magnetic field. If this current change occurs on a femtosecond
timescale, the resulting emitted field has picosecond duration
with concomitant THz bandwidth.

In a PCA, this current pulse is generated in between two
metal contacts. These contacts are lithographically fabricated
on a semiconductor and biased with a DC voltage (UDC).
The semiconductor is undoped and, therefore, has high resis-
tivity and no current flows through the gap between the two
metal contacts (with moderate bias voltages). As a result, the
contacts act as a capacitor C. The energy W stored in a
capacitor is

W(t) ¼ 1
2
CU2

DC(t): (7)

The femtosecond laser pulse is focused on the gap between
the metal contacts, as illustrated in Fig. 3. The photon
energy of the pulse must be larger than the bandgap energy
of the semiconductor. Consequently, the laser pulse excites
electrons into the conduction band, which increases the

conductivity of the semiconductor (and, therefore, reduces
its resistivity). The bias voltage in conjunction with the pho-
toinduced decrease in resistance creates a rapid current flow
between the metal contacts, with a sharp rising edge deter-
mined by the temporal length of the laser pulse.

The net current is limited by the charge and energy
stored in the capacitor. As soon as the charges in the gap are
accelerated by the voltage, the capacitance energy (W) is
transferred into kinetic energy. The reduction of capacitance
energy also results in a decrease in the local bias Uloc, which
in turn lowers the saturation velocity vs / Uloc.

65,104–106 The
charge velocity is therefore larger than the saturation velocity
which results in strong electron scattering and limits the pho-
tocurrent. Furthermore, the carrier lifetime in the semicon-
ductor substrate limits the length of the current pulse. The
precise calculation of both effects65 is beyond the scope of
this work, but if the materials and the geometry are chosen
correctly, sub-picosecond current pulses IPC(t) are produced
in the PCA which then emit THz radiation.

The THz emission can be described as dipole radiation.
The strong angular dependence of this radiation results in a
strongly divergent THz beam. Usually, this radiation is colli-
mated directly after the generation using a silicon lens. The
refractive index of silicon is very similar to that of the PCA sub-
strate, hence there are minimal reflection losses. Additionally,
silicon has a large refractive index in the THz spectral range
(n Si # 3:42107) and is fairly easy to machine, which allows for
a compact and small lens that can be mounted directly on the
PCA chip. It is important to stress that the lens must be aligned
precisely at the center of the emitter with micrometer precision.
This can either be done with micrometer-precision screws in the
research lab itself or the lens can be glued onto the chip, which
is frequently offered in commercial PCAs.

The most commonly used semiconductor for the emitter
is gallium arsenide (GaAs), either semi-insulating GaAs
(SI-GaAs) or low-temperature grown GaAs (LT-GaAs).
A less common one is radiation damaged silicon on
sapphire (r-SOS). The carrier mobility in r-SOS is rather low
(μ # 1500 cm2

Vs )
106 compared to GaAs (μ # 8500 cm2

Vs ).
106

Additionally, the carrier lifetime in r-SOS (τ # 600 fs)108 is
longer than in LT-GaAs (τ # 100 fs).109 Therefore, LT-GaAs
is currently the material of choice for commercial emitters.

A drawback of GaAs is that it exhibits optical phonons at
8.5 THz106 and, therefore, high frequency THz radiation is
absorbed by the emitter before it can be routed to the spectrom-
eter. This issue can be circumvented by using a thin GaAs
layer of 1–2 μm. However, this material is too fragile for practi-
cal applications and performing lithography on it is impossible.
Therefore, this thin layer of LT-GaAs must be bonded to a
back-substrate such as silicon, which has a similar refractive
index and is THz transparent. THz pulses of up to 10 THz
bandwidth have been demonstrated with this technique.101,103

IV. THz DETECTION

Similar to THz generation, there are several different
approaches for THz detection. For THz-TDS, only coherent
detection mechanisms are suitable, and we will not con-
sider thermal detectors such as bolometers and Golay cells.

FIG. 3. (a) Optical microscope image of a dipole photoconductive antenna
(PCA). The laser spot is focused in the gap, while a bias voltage is applied
between the metallic contacts. Inset: overview of a simplified antenna, the
red dashed circle indicates the location of the laser illumination. (b)
Simplified electrical circuit diagram illustrating the basic concept of the pho-
toconductive switch. (c) Simplified band scheme illustrating the photoexcita-
tion by an photon with E ¼ hν . Eg, i.e., larger than the bandgap.

231101-4 J. Neu and C. A. Schmuttenmaer J. Appl. Phys. 124, 231101 (2018)



METHODOLOGY (2)

The measurements will be performed at a series of cryogenic temperatures and large magnetic fields

Example:
α-RuCl3

α-RuCl3. However, as translational symmetry is changed at
TN , it is also conceivable that the resonance results from
folding to the zero wave vector of an acoustic phonon.
To test whether the resonance is indeed AFMR, we

performed TDS as function of in-plane magnetic field from
0 to 7 T, obtaining the absorption spectra shown in
Fig. 2(c). The resonant mode clearly shifts systematically
to lower frequency with increasing B. As the periodicity of
the antiferromagnetic order does not change with field [30],
this observation demonstrates that the mode is not a zone-
folded phonon and confirms its identity as AFMR.
Assuming that photons couple to the AFMR through the

magnetic dipole interaction, we can evaluate the imaginary
part of the dynamic magnetic susceptibility at zero wave
vector, χ2ðωÞ, associated with the peak. To focus on this
component we subtract the zero-field spectrum from those
measured with B ≠ 0; the resulting difference spectra are
shown in Fig. 2(d). The strength of the absorption thereby
is directly related to χ2ðωÞ via the relation

αðωÞd ¼ ωnd
2c

χ2ðωÞ ¼
ωTrt

4
χ2ðωÞ: ð1Þ

Note that the absolute, as opposed to the relative, values of
χ2ðωÞ are obtained directly from fundamental observables:
the optical density αd and the pulse round-trip time Trt (see
Sec. I of the Supplemental Material [38]).
We find that for all values of the magnetic field the

resonance can be well fit by a Lorentzian line shape, that is,

χ2ðω; BÞ ¼
SωΓ

ðω2 − ω2
RÞ2 þ ω2Γ2

; ð2Þ

whereωR, Γ are now field dependent andSðBÞ parametrizes
the overall amplitude. The dashed line in Fig. 2(d) illustrates
the quality of the fit for the 4 T difference spectrum (equally
good fits for other fields are shown in Sec. IV of the
Supplemental Material [38]). The variation with B of the
resonant frequency and inverse quality factorΓ=ωR obtained
from the line shape analysis are shown in Fig. 2(e). The
width of the resonance measured at a zero applied field,
≈300 μeV, is at least 5 times smaller than the qab ≈ 0 peak
observed by INS [27,53]. It is striking that although ωRðBÞ
decreases with increasing B, the resonance remains remains
a well-defined, underdamped mode despite the loss of
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FIG. 2. (a) Coherent magnon emission measured in the time domain at 2, 4, 6, and 8 K on an expanded vertical scale. Inset: time trace
of the transmitted terahertz E field at 2 K (blue) and 15 K (red). The 2 K pulse shows coherent magnon radiation while the 15 K pulse
does not. (b) Resonance amplitude (left-hand scale) with B ðtÞ⊥a (blue) and B ðtÞ⊥b (red) and the FWHM along a (right-hand scale) as a
function of temperature. The dashed lines are a guide to the eye. (c) The absorption spectrum at 4 K as a function of the magnetic field.
(d) Absorption spectra with the dc B field parallel to the terahertz field B ðtÞ, both at 45° between the a and b axes. The zero-field
spectrum is subtracted. (e) Dependence of the AFMR energy (left-hand axis) and inverse quality factor ΓR=ωR (right-hand axis) on the
magnetic field. (f) The solid black and red circles show the static magnetic susceptibility χð0Þ and the contribution to χð0Þ from the
q ¼ 0 spin wave, respectively, as a function of the magnetic field. The shaded region between indicates the maximum contribution from
a magnetic excitation continuum.
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1. narrow peak in the spectrum of the THz pulse transmitted through the sample for T < 10 K (c)

2. the final plot with report A (amplitude of oscillations), Γ (decay rate of the oscillations)
and frequency ωR vs temperature

3. confirm AFMR with magnetic field variation
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C Braggio (50%), F. Borghesani (60%), E. Conti (15%), P. Marchetti (15 %),

− FTE PV: 1.2
F. Pirzio (60%), A. Agnesi (60%)

− Richieste finanziarie 60 keu (2021), 25 keu (2022)
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