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ABSTRACT

We have developed a terahertz (THz) nonlinear spectrometer at low temperatures (1.5-300 K) and under high magnetic fields (up to 10 T)
by combining the laser-driven table-top intense THz source with a superconducting magnet. The strong-field THz pump pulse was generated
from LiNbOj3 crystal using the tilted-pulse-front technique and tightly focused into the center of the magnet by an off-axis parabolic mirror
and a THz lens. The electric fields at the focus can achieve 500 kV/cm with a monocycle waveform and 30 kV/cm with a multicycle waveform
at 0.5 THz. The sample was mounted on a low-temperature motorized rotation stage, which enables performing the polarization dependent
measurements of the third harmonic generation (THG) intensity without rotating the incident THz pulses. The magnetic field direction can
be rotated using a mechanical rotator, allowing for a convenient switch between Faraday and Voigt geometry. We demonstrate the excellent
performance of our instrument by conducting THG measurements in the two-band superconductor MgB, as a function of temperature,
sample azimuth angle, as well as in-plane and out-of-plane magnetic fields. The successful combination of the strong field THz source with
magnetic fields enables us to study a variety of materials with magnetic-field-dependent properties of interest.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0215129

I. INTRODUCTION elementary excitations. These excitations, including lattice vibra-

tions (phonons), collective spin wave excitations in magnets
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The magnetic field is a clean knob for both probing and tun-
ing symmetry-breaking phases and electronic topology in quantum
materials. The magnetic field can have a substantial effect on quan-
tum materials by, for example, inducing a change in the band
structure of a metal or semimetal (e.g., the formation of Landau lev-
els), driving a quantum phase transition, altering the ground states in
frustrated magnets, revealing hidden orders, or inducing new phases
in magnetic or charge ordered materials.

Following Landau’s paradigm, the functional properties of
quantum materials are mainly determined by the low-lying

(magnons), binding energy of electron-hole pairs (excitons), pairing
energy gaps and Josephson plasmons in high-temperature supercon-
ductors, amplitude modes or phase modes in charge density wave
compounds, etc., are exactly in the far-infrared or terahertz spectral
range.' In the last two decades, magneto-THz/infrared spectrome-
ters have been developed to study the magnetic field dependence
of the elementary excitations, as exemplified by the observation of
exotic magnetic excitations in quantum magnets,” ~ the quantized
topological electromagnetic response in topological insulators,”
and the Landau level transitions of Dirac electrons.”'” When one

Rev. Sci. Instrum. 95, 103007 (2024); doi: 10.1063/5.0215129
Published under an exclusive license by AIP Publishing

95, 103007-1


https://pubs.aip.org/aip/rsi
https://doi.org/10.1063/5.0215129
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0215129
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0215129&domain=pdf&date_stamp=2024-October-23
https://doi.org/10.1063/5.0215129
https://orcid.org/0009-0001-0565-3911
https://orcid.org/0009-0001-7366-5121
https://orcid.org/0000-0002-9849-5237
https://orcid.org/0000-0002-3514-2207
https://orcid.org/0000-0002-8139-9169
https://orcid.org/0000-0002-1980-0038
https://orcid.org/0000-0003-0380-7611
https://orcid.org/0000-0003-2584-9265
mailto:xinbowang@iphy.ac.cn
mailto:taodong@pku.edu.cn
mailto:nlwang@pku.edu.cn
https://doi.org/10.1063/5.0215129

Review of

Scientific Instruments

extends the THz optical responses into the nonlinear response
regime, combining access to applied magnetic fields with a strong
field THz source provides an alternative knob for probing the func-
tional properties of quantum materials in a nonlinear fashion and,
more importantly, for manipulating the functionality of materials on
demand. For instance, in the two-dimensional electron gas (2DEG)
heterostructure, a sufficiently strong magnetic field forces the free
electrons to form energy equidistant Landau levels, which are char-
acterized by a cyclotron frequency. The two-dimensional coherent
spectroscopy measurement with a 5 kV/cm electric field reveals a
significant THz four- and six-wave mixing signature of the Lan-
dau level transitions beyond Kohn’s theorem. This indicates the
Landau level transitions may offer a unique playground for a quan-
tum control with relatively low-field amplitudes.'’ The subsequent
THz pump-THz probe magneto-optical measurement on mono-
layer graphene with non-equidistant Landau level transitions further
observes the realization of strong light-matter coupling in Landau-
quantized graphene with the Rabi frequency exceeding the carrier
wave frequency.'” However, the reported table-top implementations
have not been able to achieve stronger electric fields due to the long
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focus distance restricted by the magnets and the limitation of the
generated THz power.

An alternative route to realize the magneto-THz nonlinear
spectrometer is to couple the magnetic fields with the free electron
laser (FEL) facilities, which can provide a sufficiently strong elec-
tric field THz pulse with tunability in a wide spectral range. The
FELIX"’ and ELBE'"" facilities have successfully developed THz
pump-probe spectrometers and THG spectroscopy under the mag-
netic field.'® However, the limitations of the FEL facilities are rather
obvious. First, the carrier envelope phase of FEL facilities except the
TELBE FEL is not stable, which prevents subcycle resolved non-
linear response within the THz pulse. Second, the THz radiations
from the FEL facilities are mostly multicycle. It is difficult to switch
from the multicycle geometry to the monocycle configuration if one
requires a comparison experiment. Finally, the available beamtime
at the FEL facilities is very limited. Here, we have developed a ter-
ahertz high harmonic generation spectrometer based on table-top
laser systems under magnetic fields. The electric fields inside the
magnet center can achieve 500 kV/cm with a monocycle waveform
and 30 kV/cm with a multicycle waveform at 0.5 THz. To test the
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FIG. 1. Strong field THz nonlinear spectroscopy instrument. (a) Schematic illustration of our setup. BS: beam splitter; CL: cylindrical lens; TL: THz lens; L: focusing lens;
HWP: half-wave plate; LNO: LiNbO3; OAP: off-axis parabolic mirror; BPF: THz bandpass filter; QWP: quarter wave plate; WP: Wollaston prism; PD: photodiode; TD: time
delay stage. (b) Experimental setup of the THz nonlinear spectrometer. (c) PZT-driven linear and rotation stages mounted at the end of the sample rod.
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performance of our setup, we measured the THz THG of a typical
two-band superconductor MgB; as a function of temperature, mag-
netic field, and sample azimuth angle. The excellent performance of
our setup illustrates the versatile applicability of our spectrometer to
a wide range of quantum materials, in which magnetic-field-induced
exotic nonlinear response can be measured by the THz THG and
even higher-order harmonic generation spectroscopy.

Il. INSTRUMENT DESIGN

In Fig. 1, we show the schematic setup of our nonlinear THz
spectroscopy instrument. It consists of two parts: (i) THz genera-
tion using the tilted-pump-pulse-front scheme and signal detection
based on electro-optic (EO) sampling, and (ii) a 10 T split-pair
superconducting magnet providing a cryogenic sample environment
in the temperature range of 1.5-300 K. Both the THz generation
and detection parts are placed outside the 50-G line of the supercon-
ducting magnet to minimize the magnetic force on the mechanical
components. Below, we separately describe the two components of
the instrument in detail.

A. Intense THz source

The intense monocycle THz pulses were generated by tilted-
pump-pulse-front optical rectification'”'* in a 5% MgO doped
LiNbOj3 crystal (CTL Photonics) with a prism angle of 63°. We used
an amplified Ti:Sapphire laser (Spectra Physics Spitfire ACE) with a
pulse energy of 7 m], a pulse duration of 35 fs, a center wavelength of
800 nm, and a repetition rate of 1 kHz. The main laser beam was sent
to a gold-coated blazed grating (Spectrogon) with a groove density of
1500 lines/mm. The efficiency of the diffraction at minus one order
is greater than 90% for horizontal polarization. The incident and
diffraction angles'®'” were 20.4° and 58.2°, respectively. After the
grating, the pump beam was collimated and focused onto the surface
of LiNbO3 by a 4f imaging telescope, consisting of two cylindrical
lenses with 100 and 60 mm focal lengths, respectively. A half-wave
plate was inserted between the two lenses to rotate the polarization
of the diffracted beam from the horizontal to the vertical direction
to allow the phase matched THz generation in LiNbO3 crystal.”’ The
generated THz pulse energy after the crystal was measured by a com-
mercial thermopile detector (Ophir 3A-P-THz), which was covered
by a 4-mm-thick silicon wafer to block the scattered light from the
pump beam. The THz output facet of the prism was anti-reflection
coated by Kapton tape with a thickness of 60 ym to minimize the
Fresnel loss.”! The maximum THz pulse energy was 15 yJ under the
infrared pump energy of 4.2 m]J before the LiINbO; crystal, corre-
sponding to a pump-to-THz energy conversion efficiency of 0.35%.
The THz pulse energy decreases with further increasing the pump
intensity, which can be ascribed to the free carrier absorption of THz
pulses in LiNbO3.'*”” The generated THz fields are vertically polar-
ized. A pair of wire-grid THz polarizers was employed to attenuate
the THz intensity as well as to change its polarization.

B. Tight focusing of THz beam

In THz nonlinear experiments, the field strength of the THz
source determines its ability to interact nonlinearly with matters
by driving them out of equilibrium state. Qualitatively, the THz
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field strength is directly proportional to the square root of pulse
energy but inversely proportional to the spot size. For the given pulse
energy, the THz beam spot at focus should be as small as possible to
achieve a higher field strength. Unfortunately, the long wavelengths
associated with the THz frequency, 1 THz ~0.3 mm, and the multi-
octave spanning frequency content make it difficult to tightly focus
the THz beam. In principle, off-axis parabolic (OAP) mirrors with
short focal length can be used to decrease the focused spot size.”**
However, this is even more difficult to implement with a 10 T split-
pair magnet because only the OAP mirrors with focal lengths longer
than 8 in. can be used due to the large size of the magnet, as shown
in Fig. 1.

The generated THz beam was expanded by an OAP mirror
telescope (OAP1 and OAP2) with a magnification factor of 10 and
then focused into the center of the magnet by another OAP mir-
ror (OAP3). Owing to the limited space between the magnet and its
aluminum alloy mount, a third OAP mirror with 310 mm effective
focal length and 3-in. diameter was employed, and its distance from
the magnet center was fixed at 220 mm. To further decrease the focal
spot size, the ray tracing method was employed to simulate and opti-
mize the THz focusing optics. The wavelength for the investigation
was 714 um, corresponding to 0.42 THz. After performing opti-
mization, we found that an additional plane-convex high-density
polyethylene (HDPE) lens (TL) with a focal length of 450 mm placed
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FIG. 2. lllustration of our ray tracing analysis performed in the optical design soft-
ware for the THz focusing with (a) a single OAP mirror and (b) the combination of
an OAP mirror and a HDPE lens. (c) The spot at the sample position measured
with a THz camera for the multicycle THz pulses. The red dashed line is the fitting
result using the inversely proportional formula. The inset shows the spot of the
monocycle THz pulse.
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TABLE I. Measured THz beam size and pulse energy at the sample position without
and with two BPFs at different center frequencies.

Frequency (THz) Beam size" (mm) Pulse energy (u])

S 1.8 9.5

0.42 5.0 0.54

0.5 4.2 0.85

0.7 3.1 0.74

0.85 2.5 0.58
1 2.2 0.58

1.26 1.7 0.11

91/e* of power distribution.
b)Monocycle THz pulse without BPFs.

directly after the OAP mirror (OAP3) can focus the THz beam right
into the center of the superconducting magnet with a diameter of
4 mm, which is 22% smaller than the spot size of 5.2 mm focused
by a single OAP mirror with a focal length of 203 mm, as illustrated
in Figs. 2(a) and 2(b). This result indicates that the combination of
an OAP mirror with a lens can be employed for tightly focusing the
THz beam.

In order to demonstrate the feasibility of our approach, we
measured the THz beam profile by using a commercial uncooled
microbolometer camera (Swiss Terahertz S2x). The camera was
placed at the sample position, i.e., the THz focal point, and the mag-
net was moved outside the optical path during the measurements.
The THz intensity was attenuated by the polarizers to avoid the
saturation of the camera. As illustrated in Fig. 2(c), the radially sym-
metric cross-section of the THz beam spot with a diameter of 1.8 mm
(1/é* of power distribution) was realized by adopting the combina-
tion of the OAP mirror and HDPE lens. Moreover, the usage of an
additional HDPE lens allows us to fine tune the THz focus position
inside the magnet along the THz propagation direction.

To further characterize the THz beam around the focus, a set
of bandpass filters (BPFs) with a bandwidth of 20% were inserted
between the second and third OAP mirrors to produce the narrow-
band THz pump beam, as depicted in Fig. 1. We show the measured
THz spot at the focus for different frequencies in Fig. 2(c). The
image was fitted to a two-dimensional elliptical Gaussian function,
where an effective diameter was obtained by the square mean of the
major and minor axes of the fitted ellipse. As expected, the focused
beam size decreases monotonically with increasing frequency. The
extracted beam size and full THz pulse energy as a function of fre-
quency at the sample position (without the magnet) are summarized
in Table I. The THz pulse energy without the BPFs was 9.5 yJ, corre-
sponding to an energy transfer efficiency of 63%. The relatively low
value was caused by two factors: one is the THz beam misalignment
in the long-distance propagation, and the other one is the absorp-
tion by water vapor in the THz pulse propagation in the atmosphere.
Note that the THz beam path was not purged with nitrogen or dry
air to remove the water vapor since there is no strong absorption at
the frequencies of the BPFs used in our experiments.

C. Temporal and spectral THz pulse characteristics

After passing through the magnet, the THz beam was colli-
mated and refocused on the detection crystal using a pair of 3 in.
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diameter OAP mirrors (OAP4 and OAP5) with focal lengths of
7 and 2 in., respectively. The temporal profile of the terahertz elec-
tric field was measured by standard EO sampling with a 2-mm-thick
ZnTe crystal. For the EO detection, two crossed THz polarizers were
inserted to reduce the field intensity before the detection crystal.
Figures 3(a) and 3(b) show the typical THz signals in the time and
frequency domain, respectively. The monocycle THz pulses were
centered around 0.8 THz and carried significant spectral intensity
up to ~2 THz. Indeed, the majority of THz energy was concentrated
at low frequencies below 1 THz, as listed in Table I. Figure 3 shows
the multicycle THz electric field traces and corresponding spectra
with two BPFs at different frequencies. The ratio of spectral band-
width to nominal center frequency of multicycle THz pulses was less
than 20%. It is noteworthy that the usage of non-magnetic holders
and screws for OAP3 and OPA4, as well as the THz lens, can further
eliminate the magnetic force experienced by the opto-mechanical
components and hence guarantee a good THz phase stability even
in high magnetic fields.

As the knowledge of THz field strength is crucial in THz non-
linear experiments, we estimated the peak electric field in the THz
beam focus by a combination of THz pulse energy (&puise)> beam size
(defr), and EO sampling signal (Eth, ) using the following equation:

A
éapulse = gSOCdgff /dt E'Zl'Hz(t)’ (1)

where & is the permittivity of vacuum and c is the speed of light.
Using the parameters in Table I and the normalized waveform in
Fig. 3(a), we obtained the peak electric field of 500 and several
tens kV/cm for the monocycle and multicycle THz pulses, respec-
tively. This method is widely used for characterization of intense
THz,'""” even though it easily overestimates the actual field strength
due to the multiple error factors about the measurement of the
above-mentioned parameters.

D. Sample environment

Due to the use of optics with long focus length, we were able
to integrate the intense THz source with a superconducting magnet
(Oxford Spectromag SM4000). It was a split-pair, horizontal-field
superconducting magnet system providing a sample environment
with variable magnetic fields and low temperatures for optical mea-
surements. The maximum magnetic field can go up to 10 T, and
the sample temperature can be tuned by a variable temperature
insert (VTI) in the range of 1.5-300 K. The windows of the VTI
were upgraded to diamond, which features high transmission with
spectral coverage from ultraviolet to terahertz, while z-cut quartz
was used as the window of the outer vacuum chamber of the mag-
net for THz experiments. The magnet was mounted on a linear
stage and a swing bearing, enabling convenient rotation of the mag-
netic field by 90° relative to the terahertz propagating direction (see
supplementary material). Therefore, either the in-plane (Voigt con-
figuration) or out-of-plane (Faraday configuration) magnetic field
could be applied to the sample. Furthermore, a pair of PZT-driven
linear and rotation stages (MultiFields Tech) were mounted at the
end of the sample rod, as shown in Fig. 1(c). The linear stage
allows us to move the sample up and down, and the rotation stage
enables us to rotate the sample 360° about the sample surface. Both
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FIG. 3. (a) Measured temporal waveforms of the fundamental radiation electric field without and with THz BPFs, and (b) their corresponding Fourier-transformed spectra.

stages can work independently at temperatures as low as 1.5 K and
magnetic fields up to 10 T.

I1l. INSTRUMENT PERFORMANCE

For demonstration of the performance of our instrument, we
carried out studies of THz THG in a MgB; thin film. High-quality
single-crystalline MgB, thin film with c-axis epitaxy and a thick-
ness of 10 nm was grown on a MgO (111) substrate using a hybrid
physical-chemical vapor deposition method. The film is known to
have a T, of 36 K. THz THG measurements have been reported
previously in MgB, below T. driven by intense narrowband THz
pulses.””” In the following, we investigate the THG response of
MgB; as a function of temperature, sample azimuth angle, as well
as in-plane and out-of-plane magnetic field. In the THz THG exper-
iments, two BPFs with a center frequency of f = 0.42 THz were used
to generate the narrowband pump pulses (see Fig. 3 for the time
domain waveform and corresponding spectrum), and an additional
3f=1.26 THz BPF was added after the sample to suppress the funda-
mental harmonic and extract the THG signal. The THz peak electric
field of the fundamental THz beam was attenuated to 5 kV/cm.

Figure 4(a) displays the time trace of emitted radiation from
MgB; at 2 K, which is clearly dominated by 3f oscillation. The
Fourier transformed spectrum of the time-domain data, as shown in
Fig. 4(b), exhibits a sharp peak at 1.26 THz and a negligible hump
at 0.42 THz. As shown in Fig. 4(d), the THG intensity increases

with increasing temperature until it reaches a maximum around
26 K, after which it decreases rapidly and is dramatically reduced
above T.. This observation in MgB, is in agreement with earlier
publications.”””” The resonant behavior of THG intensity in the
superconductmg state has been ascribed to the resonant excitation
of Higgs mode™”** when twice the pump frequency matches the
superconducting gap frequency in the 7 band.”

It has been theoretically proposed that two competing
scenarios,” " i.e., Higgs mode”""" and charge-density fluctua-
tions,”* both contribute to the nonlinear THG response but exhibit
different dependence on the angle between the THz polarization and
the crystal axis.”® In previous experiments,”"”” two THz wire-grid
polarizers were employed to rotate the incident THz polarization
from vertical to horizontal, resulting in a reduction of the THz
electric field by a factor of two. Additionally, two additional polar-
izers were placed behind the sample to correct the THz detection
efficiency, which made the experiments complicated and intro-
duced more uncertainty. Here, we can rotate the sample on site by
360° around the THz propagating direction. As shown in Fig. 4(c),
the amplitude of the THG signal exhibits an isotropic response
with respect to the rotation of the sample’s azimuthal angle. This
result indicates that the THG signal is independent of the pump
polarization, which is similar to the previous results.”®

To demonstrate the stability of our system, temperature-
dependent THG measurements were performed with an external
magnetic field applied both parallel (out-of-plane) and perpendic-
ular (in-plane) to the c-axis of the sample. For the case of an

1-33
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A 1.26 THz BPF was inserted after the sample to suppress the transmitted fundamental component. (b) Fourier-transformed spectra of the corresponding time traces. (c)
THG intensity as a function of sample azimuthal angle. Temperature dependence of the THG intensity measured in various magnetic fields, which were applied in both (d)

out-of-plane and (e) in-plane directions to the film.

out-of-plane magnetic field, as presented in Fig. 4(d), the resonant
peak disappears in finite fields. Instead, the THG intensity mono-
tonically increases with decreasing temperature. Besides, the onset
temperature of THG decreases with increasing magnetic field, and
the THG signal roughly vanishes when the magnetic field is greater
than 7 T. These observations are in line with the previous report.””
Figure 4(e) shows the THG intensity vs temperature under in-plane
magnetic fields up to 9.5 T. When the field is below 2 T, the THG
intensity decreases slightly with a resonant feature around 20 K. The
resonant peak shifts to 17 K at 4 T and disappears above 6 T. At
low temperatures, the THG intensity increases slightly with increas-
ing magnetic field from 2 to 6 T, then it is reduced with further
increasing magnetic field. At higher temperatures, the THG intensity
decreases monotonically with increasing magnetic field. At 9.5 T, the
onset temperature of THG is around 30 K, and the THG amplitude
at 2 K is comparable to that at zero field.

IV. DISCUSSION

The contrasting field-induced evolution of the THG responses
for H ||c and H L ¢ can be ascribed to the anisotropic supercon-
ducting properties of MgB, under different magnetic fields. In the
superconducting state, MgB, opens gaps on a two-dimensional o-
band and a three-dimensional 7z-band simultaneously, with values of
2A; several times larger than 27,22 % Such band structure leads
to a highly anisotropic upper critical magnetic field in MgB,.””*’ The
reported transport measurements reveal the upper critical field as
HJ =7.0 - 7.5 T for H||c, while for H 1 c the upper critical field H5,
extends up to above 20 T.*! In the subsequent point-contact spec-
troscopy measurement, field dependences of the superconducting
order parameters A, and A, were measured with the field applied
parallel and perpendicular to the film.”> In the perpendicular field
(H ||c), both order parameters collapse above HZ. In the parallel
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field (H 1 ¢), the Ay is completely suppressed when the field is

larger than H, CH, while the A, is decreasing much more gradually
and survives to H ~ 20 T. On the other hand, the typical two-gap
feature of MgB; leads to rich collective excitations of the supercon-
ducting order parameters. Besides the individual Higgs modes of
An and A, order parameters, the coupling between the two order
parameters introduces a massive phase mode, known as the Leggett
mode, which locates between the two superconducting energy gaps
2A, and 2A,. At the current stage, which collective mode domi-
nates the THz nonlinear signal is still under debate.”> Our previous
THz THG measurement suggests that the Higgs mode of
Ay order parameter is the cause of the THG signal,”® while the sin-
gle cycle THz pump-probe measurement indicates that the Leggett
mode dominates the nonlinear response.** The dichromatic field
dependences of the superconducting order parameters A, and
A, may provide an alternative route to distinguish the different
contributions.

Figure 4(d) shows the magnetic field dependence of the THG
signal with H |c. Since the magnetic field kills the A, and A,
superconducting order parameters quickly for H |c, the resonance
temperature is suppressed to below the achieved lowest tempera-
ture (1.5 K) in our setup, leading to a monotonic increase of the
THG intensity with decreasing temperature. When the magnetic
field is rotated to in-plane (H 1 c¢), as shown in Fig. 4(e), the mag-
netic field evolution of the THG intensity is obviously distinct. As
the magnetic field increases up to 6 T, the resonance peak shifts
gradually toward lower temperature with a slight decrease in its
intensity. Above 8 T, as described earlier, the A, superconducting
gap is closed, leading to the disappearance of the A, Higgs mode
and the Leggett mode. However, a sufficient THG signal survives
above 8 T, which seems to be contradictory to the A, Higgs mode
predominated nonlinear response scenario. At 4 K with an in-plane
8 T magnetic field, the As(8 T,4.2 K) is roughly 5 meV according
to the previous point-contact spectroscopy measurement.*> If the
residual THG signal above 8 T is contributed by A, Higgs mode,
a resonance behavior should be observed in the vicinity of temper-
atures where the resonance condition would be fulfilled for the gap
in the o-band. The absence of resonance behavior suggests that fur-
ther THz pump-probe measurement under in-plane magnetic fields
is desirable to identify the intrinsic frequency of the superconduct-
ing order parameter above 8 T and eventually elucidate the different
contributions.

V. CONCLUSIONS

In this work, we report the combination of the laser-driven
table-top strong-field THz source with a superconducting mag-
net to achieve the measurement of THz nonlinear spectroscopy
at low temperatures and under high magnetic fields. The intense
THz pump beam was generated from LiNbO; crystal by using the
tilted-pulse-front technique and tightly focused into the center of
the magnet by an off-axis parabolic mirror and a THz lens. We
demonstrate the excellent performance of our instrument by con-
ducting the THG measurements in the two-band superconductor
MgB, with a superconducting transition temperature of 36 K as a
function of temperature, sample azimuth angle, as well as in-plane
and out-of-plane magnetic field. This state-of-the-art instrument
will enable us to study a variety of materials with magnetic field
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dependent properties of interest, such as correlated electronic mate-
rials like superconductors, transition metal oxides, and topological
materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the illustration video of the
rotation of the magnetic field.
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