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Pulsed magnet technology is the only way to generate ultra-strong magnetic fields higher than 45 T so far. However,
the inherently fast-changing field strength (typically on the order of 1000 T/s) poses significant challenges for spectroscopic
measurements which rely on time integration of signals to improve spectral qualities. In this work, we report high-sensitivity
spectroscopic measurements under pulsed high magnetic fields employing the long flat-top pulsed magnetic field technique.
By means of a multiple-capacitor power supply, we were able to generate pulsed high magnetic fields with controllable
flat-top pulse width and field stabilities. By synchronizing spectroscopic measurements with the waveform of the flat-
top magnetic field, the integration time of each spectrum can be increased by up to 100 times compared with that of
the conventional spectroscopic measurements under pulsed magnetic fields, thus enabling high-sensitivity spectroscopic
measurements under ultra-strong pulsed magnetic fields. These findings promise an efficient way to significantly improve
the performance and extend the application of optical measurements under pulsed high magnetic fields.

Keywords: pulsed magnet, flat-top pulsed magnetic field, optical spectroscopy, photoluminescence
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1. Introduction

High magnetic field has pronounced effects on magnetic
moments of materials. It is capable of altering electron spin
and orbital states, thereby engineering the properties of ma-
terials. Thanks to the rapid progresses in the past decades,
high magnetic field has become an important extreme experi-
mental condition that has significant applications in cutting-
edge scientific research across various disciplines, such as
physics, chemistry, materials science and biomedicine. On
the other hand, with the advantages of non-contact operation,
high precision and fast analysis speed, spectral measurements
represent one of the most powerful tools for characterization
of materials. The combination of high magnetic field with
spectral measurement techniques, i.e., magneto-spectroscopy,
will undoubtedly play a key role in promoting scientific re-
search in materials science. Indeed, the successful applica-
tion of magneto-spectroscopy has led to plenty of significant
breakthroughs at the forefront of condensed matter physics.
By means of absorption spectroscopy measurements in high
magnetic field, Miyata et al.l'l measured precisely the ex-
citon binding energy and effective masses for charge carri-
ers in organic-inorganic tri-halide perovskites, providing cru-
cial information about the photophysics of these materials.
In a similar way, Goryca et al.l?! successfully revealed a se-
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ries of essential material parameters for monolayer transi-
tion metal dichalcogenide semiconductors. With the help of
high magnetic field spectroscopy, quantum correlation among
charge carriers, which leads to the generation of superfluores-
cence/superradiance, can be elucidated, as reported by Timo-
thy et al.B! for plasma in semiconductor quantum wells. Ad-
ditionally, much intriguing physics, such as brightening of

[4-61 quantum chaos of shallow impurities in

dark excitons,
semiconductors!”-8! and the Aharonov—Bohm effect,[®-111 has
also been revealed through magneto-spectroscopy.
Considering the significant role of high magnetic field,
technologies capable of generating high magnetic field have
become the focus of attention over the past few decades. Due
to the severe challenges brought by Joule heating and electro-
magnetic forces, pulsed magnet technology has become the
only way to generate ultra-strong magnetic fields higher than
45 T so far. Thanks to the advancement in magnet technology,
non-destructive pulsed magnets are now capable of generat-
ing strong magnetic fields as high as 100 T. There’s no doubt
that such pulsed high magnetic fields have made significant
contributions to the rapid development of both fundamental

12-17] However, as intrin-

science and industrial applications.
sic characteristics of pulsed magnets, the fast-changing field

strength (typically on the order of 1000 T/s) poses severe chal-
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lenges for spectroscopic measurements as they rely on time in-
tegration of signals to improve spectral qualities. For this rea-
son, spectroscopic measurements under pulsed high magnetic
fields have long been limited to samples with strong emis-
sion/absorption signals. Lots of novel materials and struc-
tures with weak optical signals but significant applications
cannot be studied spectroscopically under pulsed high mag-
netic fields. Therefore, the development of new spectroscopic
measurement techniques with high detection sensitivity under
pulsed strong magnetic fields has long been a pursued goal in
scientific communities.!®!

In this work, we report the development of a high-
sensitivity spectroscopic measurement technique under pulsed
high magnetic field. This new technique was developed on
the basis of long flat-top pulsed magnetic fields!'*3 — a
magnetic field generation technology which possesses both
the high field strength characteristic of pulsed magnets and
the advantage of high stability inherent in steady-state mag-
nets. Through the introduction of a multiple-capacitor power
supply, we were able to generate pulsed magnetic fields with
maximum field strength of 50 T and pulse width of flat-top
up to 100 ms. By means of precise synchronization among
the pulsed field, external light source and the spectral detec-
tor, the integration time of a single spectrum was successfully
increased up to 100 times compared with that of the conven-
tional spectroscopic measurement schemes in pulsed magnetic
field. High-sensitivity spectroscopic measurements are thus
made possible under pulsed ultra-high magnetic fields.

2. System overview

A schematic diagram of our spectroscopic measurement
system under pulsed high magnetic field is shown in Fig. 1.
The system is primarily composed of four sub-systems, in-
cluding external light sources, a spectrometer, a delay/pulse
generator and a pulsed magnet. The pumping beam from ex-
ternal light sources is guided onto samples placed in the center
of the bore of the pulsed magnet through optical fibers. The

(a)

Magnetic field (T)

emitted/reflected signal is guided out of the magnet using an-
other optical fiber with a relatively larger core diameter and
transferred to a spectrometer, where the signal is spectrally
analyzed and detected. As pointed out in the previous text, the
magnetic field generated by a pulsed magnet system changes
very fast with time and typically lasts only tens to hundreds of
milliseconds. Therefore, synchronization among the magnet,
the detector and light sources is very important. To do this,
we use a delay/pulse generator to control precisely the trigger
time of these devices. To avoid unwanted heating of the sam-
ples by the pumping beam, a high-speed optical shutter is in-
corporated into the optical path to control the excitation time
of the samples. The magnetic field generated by the pulsed
magnet is detected by a home-built pickup coil which operates
based on Faraday’s law of electromagnetic induction. The in-
duction signal from the pickup coil, as well as the feedback
transistor-transistor logic (TTL) signals from the optical shut-
ter and charge-coupled device (CCD) detector, is recorded by
a data acquisition card and subsequently processed by a com-
puter.

Light source

CCD

Shutter Lens
Optical fiber

Optical fiber

—
Monochromator | 0

Delay/pulse
generator

Computer 45. ol DAQ
—

! Pulsed magnet

Fig. 1. Schematic diagram of spectroscopic measurement system under
pulsed high magnetic field. DAQ: data acquisition card. CCD: charge-
coupled device. LNj: liquid nitrogen.

Magnet bore

Fig. 2. (a) Typical waveform of magnetic field generated by a pulsed magnet. The vertical green lines represent trigger signals for spectral
measurements. (b) Left: schematic diagram showing the internal structure of a pulsed magnet. Right: a photo of a real pulsed magnet from

‘Wuhan National High Magnetic Field Center.
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For comparison, Fig. 2(a) shows the typical waveform of
magnetic fields generated by a pulsed magnet. As one can see,
the magnetic field increases from O to 50 T in just ~ 15 ms
and then drops to zero again in less than 80 ms, demonstrating
its inherent characteristics of fast-changing field strength. To
address this challenge, the integration time of a single spec-
trum is usually reduced to ~ 1 ms in conventional spectro-
scopic measurements in pulsed magnetic fields. High-speed
detectors, such as electron multiplying charge-coupled device
(EMCCD) and intensified charge-coupled device (ICCD), are
typically introduced to record consecutively a series of spectra
in a single pulse of magnetic field, as illustrated schematically
by the vertical green lines in Fig. 2(a). A schematic diagram
as well as a photo of the pulsed magnet is given in Fig. 2(b),
for the readers’ convenience.

3. Design of optical probe

In sharp contrast to commercial superconducting mag-
nets, the bore of pulsed magnets is usually very small (typ-
ically around 10 mm) and filled with liquid nitrogen as the
whole magnet is immersed into liquid nitrogen to deal with
Joule heating. Moreover, severe mechanical vibration is in-
evitable for pulsed magnets due to the huge pulsed current in-
jected by the power system. Considering these limiting con-
ditions, optical fibers are the most appropriate choice to make
optical probes for spectroscopic measurements under pulsed
high magnetic field. We designed four sets of optical probes
for different types of measurements.

o | o

The optical probe for

Fiber bundle

— Polarizer
—

Sample Sample

Polarizer
Sample

s Polarizer

photoluminescence measurements is shown schematically in
Fig. 3(a). A fiber bundle is used to guide the pumping laser
(photoluminescence signal) into (out of) the pulsed magnet.
Here, the central fiber with larger core diameter is used to
guide the laser beam. The outer array of fibers with smaller
core diameter is used to collect signals emitter by samples. An
optional thin-film polarizer can be inserted between the fiber
bundle and samples for polarization-resolved photolumines-
cence measurements. The setup of optical probe for reflectiv-
ity measurements is plotted in Fig. 3(b). It has a very similar
structure to the optical probe for photoluminescence measure-
ments, except that the fiber bundle is replaced by a multi-mode
fiber. In contrast, optical probes for absorption (transmission)
measurements are quite different from those for photolumi-
nescence and reflectivity measurements. The optical probe
for transmission measurements under Faraday configuration is
shown in Fig. 3(c). We use two optical fibers with different
core diameters to guide light beams. The small core fiber is
used to guide the incident white light beam to the samples.
The relatively larger fiber is used to collect the transmitted
light beam as larger fibers can increase the signal collection
efficiency. Two small-sized prisms are introduced to construct
the complete optical path. Figure 3(d) shows schematically
the setup of optical probe for transmission measurements un-
der Voigt configuration. Compared with that for Faraday con-
figuration as shown in Fig. 3(c), the main difference is that
the samples and polarizers are sandwiched between the two

d)l

Polarizer Sample

prisms.

o] |

Prism

Fig. 3. Design of optical probes with different configurations. (a) Optical probe for photoluminescence measurements. (b) Optical probe for
reflectivity measurements. (c) Optical probe for transmission measurements under Faraday configuration. (d) Optical probe for transmission
measurements under Voigt configuration. The pulsed magnetic field is applied along the vertical direction.

4. Generation of flat-top pulsed magnetic field

As pointed out in the previous text, the severest chal-
lenge for spectroscopic measurements in pulsed high mag-
netic fields is their rapidly-changing field strength. This in-
herent characteristic reduces the typical integration time of
spectral measurements under pulsed magnetic field to ~ 1 ms,
which in turn significantly limits the application of magneto-

To address
this challenge, we introduced a special type of pulsed mag-

spectroscopy under pulsed high magnetic fields.

netic field — flat-top pulsed magnetic field. For flat-top pulsed
magnetic fields, the field strength can remain constant for a pe-
riod of time after reaching its peak value. Therefore, they pos-
sess the advantages of both the high field strength of pulsed
magnets and the good stability of steady-state magnets.
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Fig. 4. Generation of flat-top pulsed magnetic fields through multiple-capacitor power supply scheme. (a) Simulated time-dependent current
and voltage applied to a pulsed magnet. (b) Simulated current and the resulting magnetic field for a pulsed magnet. (c¢) Simulated magnetic
field and the externally applied voltage. (d) Simulated field strength and the applied voltage for conventional non-flat-top pulsed magnetic field.

In our work, we employed a multiple-capacitor power
supply scheme to generate flat-top pulsed high magnetic fields.
The pulsed magnet system can be regarded as an resistor—
Inductor—capacitor (RLC) circuit. The strength of the mag-
netic field generated by the solenoid coil is directly propor-
tional to the magnitude of the current passing through it.
Therefore, we can control the waveform of the pulsed mag-
netic field through that of the pulsed current injected into the
magnet. In Wuhan National High Magnetic Field Center, the
pulsed magnets are powered by a series of independent ca-
pacitor banks. Both charging and discharging parameters for
these capacitor banks can be controlled independently. The
sequential discharge of a series of capacitor banks based on
designed time series and voltages can yield a flat-top pulsed
magnetic field. We calculate the discharge parameters of mul-
tiple capacitor banks through a hybrid algorithm based on the
genetic algorithm and particle swarm optimization. The theo-
retically predicted waveforms for the applied voltage, current
and magnetic field, modeled in MATLAB/Simulink, are plot-
ted in Figs. 4(a)-4(c). Figure 4(a) shows the applied voltage
and the resulting current as a function of time. Each spike in
the voltage curve represents the discharge of an additional ca-
pacitor bank. The superposition of these sequential discharg-
ing curves leads to a broad current waveform with a flat top,
as illustrated by the red curve in Fig. 4(a). As the generated
magnetic field is proportional to the current passing through
the magnet (Fig. 4(b)), the flat-top current directly yields a
flat-top pulsed magnetic field, as shown by the black curve in

Fig. 4(c). As both charging and discharging parameters can
be controlled flexibly, the magnetic field waveform can be tai-
lored conveniently. As an example, we show the magnetic
field generated by the same magnet but different discharging
parameters in Fig. 4(d), where a conventional waveform of the
magnetic field can be clearly identified. Using our method,
both the width and ripple of the flat top of the pulsed magnetic
field can be adjusted in real time.

Figure 5 shows the measured flat-top pulsed mag-
netic fields generated by the multiple-capacitor power supply
scheme discussed above. As one can see, the experimental
waveforms are in very good agreement with theoretical predic-
tions. The width of the flat top is about 100 ms and the highest
field is ~ 50 T (limited by the available capacitor banks).

Magnetic field (T)

1

0 0.1

1 1

0.4 0.5

0.2 0.3
Time (s)
Fig. 5. Typical flat-top pulsed magnetic fields generated by the
multiple-capacitor power supply scheme.
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5. Spectroscopic measurements

To study directly the effects of pulse width of magnetic
field on spectroscopic measurements, we carried out spec-
tral measurements under both conventional and flat-top pulsed
magnetic fields. The samples we used are mechanically exfo-
liated InSe flakes, which are typical two-dimensional layered
semiconductors that have received much attention in the past
decades. The measured photoluminescence spectra pumped
by a 532 nm continuous wave laser at a temperature of 170 K
are plotted in Fig. 6. For easy direct comparison, we first mea-
sured the samples under pulsed magnetic field with a conven-
tional waveform. In this case, the spectral integration time
must be set very short as the field strength changes very fast
(Fig. 6(e)). The spectrum obtained with an integration time
of 1 ms, which is typically adopted in pulsed magnetic field
spectral measurements, is shown in Fig. 6(a). As one can see,
no spectral features can be distinguished due to the insufficient
exposure time of the CCD detector.
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Fig. 6. Photoluminescence spectra of mechanically exfoliated InSe
flakes under pulsed high magnetic fields with different pulse widths.
Measured photoluminescence spectrum with integration time of (a) 1 ms,
(b) 10 ms, (c) 50 ms, and (d) 100 ms. (e) Magnified view of a conven-
tional pulsed magnetic field waveform near its peak region. (f) Magnified
view of a pulsed magnetic field with larger pulse width. (g) A flat-top
pulsed magnetic field whose flat top width is ~ 50 ms. (h) A flat-top
magnetic field whose flat top width is ~ 100 ms. The numbers given in
(e)—(h) denote the available integration time for one spectrum. All pho-
toluminescence spectra were taken at 170 K using a 532 nm continuous
wave laser.

Figure 6(b) shows the photoluminescence spectrum when
the integration time was increased to 10 ms. To do this, we
increased the pulse width of the magnetic field through the
multiple-capacitor power supply scheme. As illustrated, an
emission peak at ~ 1.25 eV,[>*23 which stems from excitons
of bulk InSe, can be identified. However, minor spectral struc-
tures that probably exist cannot be distinguished due to the
poor signal-to-noise ratio. In Fig. 6(g), we generated a flat-top
pulsed magnetic field with a flat-top width of ~ 50 ms. In this
case, the spectral integration time can be increased to 50 ms
as well. The resulting spectrum is plotted in Fig. 6(c). The
spectral quality is improved significantly. Using the multiple-
capacitor power supply scheme, we eventually increased the
width of the flat top up to ~ 100 ms, as shown in Fig. 6(h).
The corresponding photoluminescence spectrum is plotted in
Fig. 6(d). In addition to the main emission peak, a minor struc-
ture at ~ 1.34 eV, 20281 a5 highlighted by a blue arrow, can
also be identified unambiguously.

To quantify the evolution of the signal-to-noise ratio of
the magneto-spectra in flat-top magnetic fields, we calculated
the signal-to-noise ratio using the measured spectra. The cor-
responding results are shown in Fig. 7. Here, the signal-to-
noise ratio is defined as SNR = Lgna1 / Onoise> Where ignal rep-
resents the peak intensity of the spectrum and G, is the stan-
dard deviation of noise. As one can see from the figure, the
signal-to-noise ratio shows threshold-like behaviors as a func-
tion of the flat top width (integration time). Such behaviors
demonstrate clearly the importance of flat-top pulsed magnetic
fields for spectroscopic measurements, as such long integra-
tion time is only possible when flat-top magnetic fields are

introduced.
140
L 2
120
% 100}
.
~ 8ot
*
60F & *
1 10 100

Integration time (ms)

Fig. 7. Signal-to-noise ratio of the magneto-spectra as a function of the
width of the flat top.

For the purpose of a straightforward comparison, the pho-
toluminescence spectrum taken under 50 T pulsed magnetic
field with a flat top width of 100 ms is plotted together with
that taken under zero magnetic field, as shown in Fig. 8. The
minor structure at ~ 1.34 eV comes from excitons of thin InSe
flakes. As one can see, excitonic emission behaviors of thick
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and thin flakes respond differently to external magnetic fields
as a result of the quantum confinement effect. While exci-
ton emission from thin flakes is enhanced significantly by the
pulsed magnetic field, exciton emission of thick flakes shows
only slight enhancement.

1600

1400

1200

1000

800

PL intensity (arb. units)

6001.1 1.2 1.3 1.4 1.5
Photon energy (eV)

Fig. 8. Effect of high magnetic field on the photoluminescence of ex-
foliated InSe flakes. Black curve: without magnetic field. Red curve:
taken under 50 T magnetic field. Sample temperature: 170 K. Pumping
laser: 532 nm continuous wave laser.

6. Conclusion and perspectives

In summary, we report the development of a high-
sensitivity spectroscopic measurement technique under pulsed
high magnetic fields. Through the introduction of a multiple-
capacitor power supply scheme, we were able to generate
flat-top pulsed high magnetic fields with a flat top width of
~ 100 ms and maximum field of ~ 50 T. By synchronizing
the pulsed magnetic field, the detector and the light source, we
successfully increased the spectral integration time to 100 ms,
which is up to 100 times longer than that adopted in conven-
tional spectral measurements in pulsed high magnetic fields.
High-sensitivity spectral measurements in pulsed magnetic
fields are thus made possible. Our technique represents an
efficient solution for high signal-to-noise ratio spectral mea-
surements in pulsed high magnetic fields.
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