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Abstract— Fourier-transform infrared (FTIR) magneto-
spectroscopy is a powerful spectroscopic technique used to
investigate many important effects in materials, e.g., electron
spin resonance (ESR), cyclotron resonance, and transitions
between Landau levels (LLs). Despite their enormous potential
in material science, infrared (IR) magneto-spectrometers are still
relatively rare and custom-made since such systems generally
require complex infrastructure. This article presents a versatile
broadband setup for FTIR magneto-spectroscopy spanning the
range from THz/far-IR (FIR) to near-IR (NIR), high magnetic
field up to 16 T, and cryogenic temperatures down to 2 K.
It consists of a commercial FTIR spectrometer and 16 T cryogen-
free superconducting magnet coupled with custom-designed
optical coupling and transmission probes for experiments with
various detectors. The functionality of the FTIR magneto-
spectroscopic setup is demonstrated by the magneto-optical
measurements on a cobalt-based single-molecule magnet (SMM)
in the FIR region and germanium (Ge) in the NIR region.

Index Terms— Cryogen-free superconducting magnet, elec-
tron spin resonance (ESR), Fourier-transform infrared (FTIR)
magneto-spectroscopy, germanium (Ge), Landau levels (LLs),
single-molecule magnets (SMMs).
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I. INTRODUCTION

INFRARED (IR) spectroscopy is considered one of the
most powerful and widespread spectroscopic tools of the

20th and 21st centuries [1]. It provides detailed information
about molecular vibrations, which are useful for identifying
molecules, studying their structure, and interactions with a
surrounding environment [1]. A major breakthrough in IR
spectroscopy that led to its widespread use came in the
1970s with the introduction of Fourier-transform IR (FTIR)
spectrometers equipped with interferometers, exploiting the
well-established mathematical process of Fourier transform
(FT) [2]. Due to its significantly improved acquisition of IR
spectra, leading to better signal-to-noise and reduced data
acquisition time, the FTIR spectrometers are nowadays pre-
dominantly used spectrometers in the IR range [3]. Thus,
IR spectroscopy is frequently referred to as FTIR spectroscopy.
The IR region, roughly defined in the range 10–12 500 cm−1

(1 mm–800 nm, 1.24 meV–1.56 eV, 300 GHz–375 THz),
is rather broad in terms of energy; therefore, it is divided
into three regions: near-IR (NIR) (4000–12 500 cm−1), mid-IR
(MIR) (400–4000 cm−1), and far-IR (FIR) (10–400 cm−1) [4].
For the last two decades, THz spectroscopy has developed
remarkably due to its intriguing applications in solid-state
physics, material science, etc., [5], [6]. The THz region is
usually defined as the region extending from 0.1 to 3 THz
(3.3–100 cm−1), filling the frequency gap between the
microwaves (MWs) and the IR region [7].

The presence of a magnetic field expands the range of
phenomena observable by FTIR spectroscopy to, e.g., electron
spin resonance (ESR), cyclotron resonance, and transitions
between Landau levels (LLs) [8], [9]. FTIR spectroscopy in
high magnetic fields hereinafter referred to as FTIR magneto-
spectroscopy, especially in low temperatures, is an ideal
spectroscopic technique to study new physical phenomena
and elucidate the exotic behavior of novel materials, such as
single-molecule magnets (SMMs) [10], [11], [12], [13], [14],
[15], [16], [17], [18], graphene [19], [20], [21], [22], [23],
topological insulators [24], [25], [26], Weyl semimetals [27],
[28], or superconductors [29], [30].

High magnetic fields are commonly achieved using super-
conducting magnets cooled by liquid helium (LHe). Operating
and maintaining these magnets in laboratories requires a
dedicated infrastructure (helium recovery system, liquefiers)
and periodic transfer of cryogenic fluids. Nonetheless, with
the development of cryogen-free superconducting magnets
in recent years [31], [32], [33], experiments in high mag-
netic fields have become feasible also for facilities without
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LHe infrastructure. Cryogen-free superconducting magnets
are becoming popular due to their relatively simple opera-
tion compared to conventional LHe-cooled superconducting
magnets [31].

Several different experimental configurations utilizing FTIR
magneto-spectroscopy are available worldwide. Such systems
are frequently an integral part of large research facilities for
high magnetic fields, such as the Grenoble High Magnetic
Field Laboratory (GHMFL) in France [12] or the National
High Magnetic Field Laboratory (NHMFL) in Tallahassee,
Florida, USA [18]. Some research facilities utilize syn-
chrotrons as a source of radiation to improve the performance
in the FIR and THz regions, e.g., Helmholtz Zentrum Berlin
(HZB) operating the BESSY II synchrotron [34], [35], or IR
beamline U12IR at the National Synchrotron Light Source
(NSLS) of Brookhaven National Laboratory [36]. However,
IR magneto-spectroscopic setups can also be found at a few
university laboratories/research centers [8], [23], [37], [38],
[39], [40], [41], [42], [43].

In this article, we describe the design and implementation
of a versatile broadband FTIR magneto-spectroscopic set up in
the range 50–10 000 cm−1 (1.5–300 THz). This setup provides
measurements in high magnetic fields up to 16 T and low
temperatures down to 2 K. The setup consists of a commercial
FTIR spectrometer and a 16-T cryogen-free superconduct-
ing magnet coupled to the transmission probes designed for
magneto-optical measurements with multiple detectors. Using
various detectors, the setup spans the entire IR and partially
the THz range. This aspect is particularly important because
it enables the measurement of different types of samples from
SMMs in the FIR region to germanium (Ge) in the NIR region,
as demonstrated in the magneto-optical measurements section.
Another novelty of the setup lies in the usage of a cryogen-free
superconducting magnet.

II. EXPERIMENTAL SETUP

Our FTIR magneto-spectroscopic setup, shown in Fig. 1,
is based on a commercially available FTIR spectrometer
Bruker Vertex 80v (Bruker Corporation, Billerica, USA) and
a 16-T cryogen-free superconducting magnet (Cryogenic Ltd.,
London, U.K.). We have engineered custom optics to couple
the spectrometer with the superconducting magnet, incor-
porating optical coupling and transmission probes (A, B)
for multiple detectors. Additionally, the setup includes a
home-built movable table housing the FTIR spectrometer,
optical coupling, and detectors. The table, composed of alu-
minum profiles (Bosch Rexroth AG, Lohr am Main, Germany),
ensures easy transfer and precise alignment of the setup due
to its compatibility with the magnet frame, which is outfitted
with an automatic motion mechanism originally designed for
THz-FRaScan-EPR configuration [44], [45].

A. Beam Propagation

Fig. 2 presents the schematic of the FTIR magneto-
spectroscopic setup, detailing beam propagation through
two detector placement configurations. The beam originates

Fig. 1. Photograph of the FTIR magneto-spectroscopic setup at the Central
European Institute of Technology, Brno University of Technology (CEITEC
BUT). The setup shown in the photograph is in the configuration with Probe
A and 1.6-K standard bolometer system.

Fig. 2. The schematic of the FTIR magneto-spectroscopic setup shows the
beam propagation through the setup in two configurations of the detector
location. (a) Probe A, inserted into the superconducting magnet, is designed
for the detector located outside the magnet and (b) Probe B is designed for
the detector located inside the magnet. (VTI in the figure stands for VTI,
BMS stands for beamsplitter, and APT stands for aperture.)

from the spectrometer’s source, passing through the aperture
(APT = 8 mm) and beamsplitter (BMS) of the Michelson
interferometer. The parallel beam is then guided through a
spectrometer’s output (OUT 2) toward the optical coupling,
where it is reflected at a 90◦ angle by a parabolic mirror,
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and focused to a gate valve. Upon closing the gate valve, the
spectrometer, and optical coupling are evacuated to approxi-
mately 2 mbar pressure to reduce radiation losses caused by
absorption in water vapor. This rough vacuum reaches the
probe’s window when the transmission probe is connected and
the gate valve is reopened. After inserting the transmission
probe through an airlock into the superconducting magnet’s
variable temperature insert (VTI), the probe is filled by helium
gas. The setup’s windows, made of 35 µm thick mylar foil,
keep the helium gas inside the probe, separating it from the
optical coupling and surrounding environment. Two transmis-
sion probes can be attached to the optical coupling.

1) Probe A: In this configuration, the detector (D) is placed
outside the magnet, see Fig. 2(a). The beam enters the first tube
and passes through the window (W ). Then, it is transmitted
through a sample (S) centrally located within the magnetic
field. At the bottom of the probe, the transmitted beam is
reflected by two 90◦ flat mirrors (M) and propagates up
through a second tube. At the end of the second tube, another
90◦ flat mirror (M) is located, which reflects it to a third,
horizontal, tube. At the end of this tube, the beam passes
through another window (W ) and goes to the detector (D).

2) Probe B: In this configuration, the detector (D) is placed
inside the superconducting magnet, see Fig. 2(b). The beam
enters the tube through the window (W ), propagating toward
a sample (S) located in the magnetic field’s center. The
transmitted beam from the sample (S) goes to the detector
(D) positioned below the sample.

More details on Probes A and B will be described in
Section III.

III. SETUP DESIGN AND COMPONENTS

In designing the setup’s custom components, priority was
given to using non-magnetic materials like brass, bronze,
aluminum, and non-magnetic stainless steel (316 L). This
choice mitigates complications from the magnet’s stray fields.
Another selection criterion for materials was suitability for
cryogenic temperatures. The setup’s components are sealed
with o-rings ensuring rough vacuum conditions.

A. FTIR Spectrometer

The Bruker Vertex 80v spectrometer is designed for spectro-
scopic measurements under vacuum conditions, being supplied
with an oil-free scroll vacuum pump. Standard configuration
provides apodized spectral resolution of better than 0.2 cm−1.
The spectrometer is currently equipped with.

1) Sources: Standard MIR source (Globar), and NIR source
(tungsten halogen lamp).

2) Beamsplitters (BMS): CaF2 for NIR range, standard KBr
for MIR range, Mylar Multilayer for FIR range.

3) Detectors: There are standard detectors operating at
room temperature supplied together with the spectrometer:
NIR InGaAs, MIR-DTGS (deuterated triglycine sulfate), and
FIR-DTGS. Besides additional commercially available detec-
tors operating at low temperatures can be connected to the
spectrometer: a pumped LHe-cooled 1.6 K standard bolometer
system (Infrared Laboratories, Tuscon, USA) for the FIR

Fig. 3. Scheme of the optical coupling design. The optical coupling reflects
the parallel beam from the spectrometer using a parabolic mirror and focuses
it to Probe A or B inserted into the superconducting magnet.

range, and a sealed 4.2 K general purpose bolometer with
3 mm diamond absorber (Infrared Laboratories, Tuscon, USA)
for the FIR, MIR, and NIR ranges, which is designed to
operate inside the superconducting magnet.

B. Superconducting Magnet

A cryogen-free superconducting magnet is a primary choice
for research facilities without cryogenics infrastructure. Our
setup utilizes 16 T cryogen-free superconducting solenoid
magnet equipped with two pulse cryocoolers and inte-
grated VTI with a �50 mm sample space, which enables
control of the temperature T inside the magnet between
T = 1.8–320 K. The VTI incorporates a home-built air-
lock port for probe insertion, avoiding contamination of the
closed-cycle helium environment by pumping and flushing
the probe space before sliding into the operation position via
the opened VTI valve [44].

C. Optical Coupling

The optical coupling (see Fig. 3) is designed to reflect
the parallel beam from the spectrometer using a parabolic
mirror and focus it on the transmission probe inserted into the
superconducting magnet. Its main purpose is to enable align-
ment, ensuring effective coupling of the probes. It comprises a
guiding tube connected to the spectrometer’s output (OUT 2,
as displayed in Fig. 2), a housing for the parabolic mirror,
a focusing cone mounted on the bottom of the housing, and
a gate valve VATLOCK (VAT group AG, Haag, Switzerland)
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Fig. 4. Scheme of Probe A and B designs with multiple different views and photograph insets. These transmission probes are used as waveguides guiding
the beam through a sample/reference in the magnetic field to the detector, which is in case of Probe A-external detection probe, placed outside the magnet,
and in case of Probe B-internal detection probe, placed inside the superconducting magnet.

of inner diameter 15.1 mm with a manual actuator. Inside the
mirror housing, a precision kinematic mirror mount (Thorlabs,
Newton, NJ, USA) holds the �76.2 mm 90◦ off-axis gold-
coated parabolic mirror with Reflective Focal Length RFL =

228.6 mm (Thorlabs, Newton, NJ, USA). The parabolic mirror
is aligned by two adjusting screws and through the opening
covered by a top plate. A back plate serves to mount/dismount
the parabolic mirror and the mirror mount. The parabolic
mirror reflects the beam by 90◦ and focuses it at its focus
point designed to be in the middle of the gate valve. The gate
valve, mounted on the end of the focusing cone, separates the
optical coupling from the probe A/B connected to the coupling
by an adjustable top 1 or 2. When it is opened, the space until
the window at the top of the probe is pumped to a rough
vacuum (2 mbar) by the spectrometer’s scroll pump.

D. Transmission Probes

Transmission probes, in other words, waveguides or light
pipes, are tubes guiding the beam through a sample (reference)
placed in the magnetic field to the detector. To reach stable
cryogenic temperatures at a sample, it is necessary to reduce
the heat flow from the top of the probe, which is at room
temperature, to the probe tubes and a sample located inside
the cryogenic helium environment. Therefore, the tubes (inner
diameter of 15 mm) in our setup are made of non-magnetic
stainless steel (316 L) due to its relatively low thermal con-
ductivity compared with other materials traditionally used for

waveguides, e.g., Nickel silver. These tubes were additionally
polished inside to improve the reflectivity (to further improve
reflectivity, it is possible in the future to coat the inside of the
tubes with a thin layer of gold).

1) Probe A-External Detection Probe: Probe A (see Fig. 4)
is connected to the gate valve flange by an adjustable top 1
which consists of two tubes sliding in each other to adjust
the suitable height (center of the magnetic field at a sam-
ple). A window mount 1 is located below, where a window
(mylar foil) is sealed by two o-rings. The thickness of the
window can be up to 5 mm. Probe A consists of three
non-magnetic stainless steel tubes/waveguides (probe tubes 1,
2, 3) attached to a probe head, which is hermetically con-
nected to a non-magnetic stainless steel cover tube 1. The
cover tube 1 secures the smooth loading of the probe into
the airlock and the VTI. The probe head has two open-
ings on the sides designed for connectors. There is one
11-pin connector DBEE104A056-130 (Fischer Connectors,
Saint-Prex, Switzerland) used for connecting the temperature
sensor Cernox CX-1050-SD-HT (LakeShore Cryotronics Inc.,
Westerville, USA) by Quad-Lead cryogenic wire 36 AWG
(LakeShore Cryotronics Inc., USA). Probe tubes 1 and 2 are
centered by five copper baffles that provide a lower heat
transfer along the probe. The copper baffles are mounted to
the brass rings attached to the probe tubes by hard soldering.
On the end of the probe tube 1, a polished brass sample cone
focusing the beam onto a sample is attached. The sample is
placed in one of two slots of a sample holder. Another opening
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is left empty to provide a measurement of a reference. The
sample is in the Faraday configuration (i.e., in transmission
mode, with the magnetic field parallel to the wave vector of
the irradiation beam) and its vertical position is designed to be
in the center of the magnetic field. Horizontally, the sample
is 10 mm shifted from the center of the magnetic field due
to the two-tube design. A sample can be a pressed powder
pellet with �5 mm or a wafer sample up to 8 mm in diameter
that is fixed in the sample holder. The temperature sensor is
mounted on the side of the sample holder, close to the sample.
The shape of the sample holder is designed to provide precise
switching between a sample and a reference by its sliding
on a holder plate. On one side, a removable pin mounted to
the holder plate is slotted to the sample holder to secure one
extreme position, and the second extreme position is secured
by probe tube 2, shown in Probe A inset in Fig. 4. Rotation
of the sample holder is enabled by a brass rod mounted to
the sample holder. A rod knob above the probe head is used
to rotate the rod manually. After the beam passes through the
sample/reference, it is guided by a mirror mount 1 with two
90◦ flat mirrors covered with a polished silver layer. They
reflect the transmitted beam and guide it up to probe tube 2.
Then, the beam is led by the probe tube 2 to another 90◦ flat
mirror mounted onto a mirror mount 2. The beam guided by
the mirror mount 2 propagates to a horizontal probe tube 3
toward the detector. On the end of the probe tube 3, window
mount 2 seals a window 2 (mylar foil or other up to 5 mm)
with an o-ring. When the room temperature detectors (InGaAs,
MIR-DTGS, FIR-DTGS) are used, a Winston cone (Infrared
Laboratories, Tuscon, USA) that concentrates the beam to a
small spot, is attached to the end of the window mount 2. In the
case of the LHe-cooled standard 1.6 K bolometer system, there
is no need to use this cone since one is already incorporated
into the bolometer’s dewar.

The main advantage of the Probe A configuration, when the
detector is placed externally (outside of the magnet), is that the
temperature at a sample in the VTI can be varied (useful e.g.,
for materials with a phase transition). Moreover, the detectors
are in this configuration further from the magnet, so measure-
ments of the reference are unnecessary since the high magnetic
fields do not influence the sensitivity of detectors. On the
other side, when using LHe cooled 1.6 K standard bolometer
system, regular filling of the bolometer’s dewar with LHe is
necessary for its operation. Also, since the end of the window
mount 2/winston cone is not hermetically connected to the
detector, the beam is going through the air approximately
5 cm, which causes absorption in water vapor in FIR spectra.
The absorption in water vapor can be reduced by flowing
nitrogen gas into this area. Another disadvantage is that the
signal at the detector is lower due to losses caused by the
relatively long optical path (approximately 2.5 m) of the beam
propagating through the probe tubes. Also, the sample is not
entirely in the horizontal center of the magnetic field, as the
probe consists of two probe tubes.

2) Probe B-Internal Detection Probe: Probe B (see Fig. 4)
is connected to the gate valve of the optical coupling
by an adjustable top 2. Below, a window screw seals a
mylar foil window with two o-rings. Probe B consists of

one non-magnetic stainless steel tube/waveguide, a probe
tube, attached to a probe head, which is connected to the
cover tube 2 with a side port designed for inserting a
piezo motor mount with a piezo step-motor LEGS Rotary
LR23-50 (PiezoMotor Uppsala AB, Uppsala, Sweden). The
piezo step-motor serves for automatic switching between
a sample and a reference by rotation of a bronze rod
mounted to a sample holder. The probe head has four open-
ings on the sides designed for connectors. There is one
11-pin connector (DBEE104A056-130) for connecting the
temperature sensor Cernox CX-1050-SD-HT (by Quad-Lead
cryogenic wire 36 AWG), and heater (four 25 � resistors
in series connected by a copper wire), and one four-pin
connector SFE 102 A053-130 (Fischer Connectors, Saint-
Prex, Switzerland) for connecting the sealed 4.2 K General
Purpose Bolometer (Infrared Laboratories, Tuscon, USA) by
Quad-Lead cryogenic wire 36 AWG. All wires are placed
inside two wire tubes mounted along the probe tube. The
temperature sensor and the heater are both mounted on the
body of the sealed bolometer. The probe tube is centered by
four copper baffles mounted to brass rings hard-soldered to the
tube. On the bottom of the probe tube, a brass tube is mounted.
Four pins with thread endings are inserted into the bottom
of the brass tube and anchored in a holder plate. A Winston
cone (Infrared Laboratories, Tuscon, USA) is mounted on the
bottom of the brass tube. A sample holder with three slots for
the samples/reference is placed under the Winston cone. The
sample is again in the Faraday configuration, and its horizontal
and vertical positions are designed to be in the center of the
magnetic field.

It can be �5 mm pressed powder pellet or wafer sample
up to 8 mm in diameter, which is fixed in the sample holder.
The shape of the sample holder is designed to provide precise
switching between a sample and a reference. On both sides,
two pins are slotted to the sample holder to secure extreme
positions. The sample holder slides on the holder plate to
which the sealed bolometer is mounted. After the beam passes
through the sample/reference, it is guided by a Winston cone
already incorporated in the sealed bolometer to its sensitive
element. At the bottom of the sealed bolometer there are three
pins for bias, signal, and ground. The wires from these pins go
to the four-pin connector on the probe head. The ground wire is
connected to the connector’s frame, the bias wire goes to a bias
box with two 9 V batteries, and the signal wire is connected to
the input of a 200 MHz High Input Impedance Voltage Ampli-
fier HVA-200M-40-F (FEMTO Messtechnik GmbH, Berlin,
Germany). The output of the amplifier is connected to an A/D
converter (Bruker Corporation, Billerica, USA) connected to
the spectrometer.

A significant advantage of the Probe B configuration, when
the detector is placed inside the magnet, is that we can
use the LHe from the closed-cycle system used in the VTI
for the operation of the sealed bolometer. Moreover, the
signal at the detector is stronger due to lower losses of the
beam since the optical path (approximately 1 m) is shorter
than in Probe A. Additionally, by attaching the chip sample
holder [44] instead of the sealed bolometer, Probe B can be
used for testing graphene bolometer devices [46]. However,



6006611 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023

the vibrations from the closed-cycle system might negatively
influence the quality of the spectra. Another disadvantage is
that since the operational temperature of the bolometer is
4.2 K, it is impossible to change the temperature on the sample
and make temperature-dependent measurements. Also, the
sealed bolometer is nearly in the center of the magnetic field
(approximately 5 cm under the center of the magnetic field),
so the reference measurements are needed due to the influence
of the high magnetic field on the bolometer’s sensitivity.

IV. PERFORMANCE OF THE SETUP

We have characterized the performance of the FTIR
magneto-spectroscopic setup in several different configurations
depending on the probe, source, beamsplitter, and detector
choice. The results from these tests are summarized in Table I,
in which typical operating spectral ranges for beamsplitters,
detectors, operating temperature ranges for detectors, and
possible sample temperatures are listed. We demonstrate the
performance of the setup by the power spectrum, which
depicts intensity versus wavenumber and the so-called 100%
line, which is a typical indicator of the noise level of the
spectroscopic system [3]. 100% line is obtained by measuring
a transmission spectrum (spectrum 1) and then dividing it by
a subsequent spectrum (spectrum 2). In the ideal case, the
division should be a straight line at 100%. The deviation from
this line represents the noise and instability of the system
as a function of wavenumber (frequency) [8]. 100% line
clearly displays the performance and workable setup range
(fifth column of the table) for each configuration. To compare
the performance between configurations in the specific IR
range, 100% line spectra are plotted with the same y-axis
range, ±1% for the NIR configurations, ±10% for the MIR
and FIR configurations. These measurements were performed
on an empty opening (reference) at zero magnetic field. All
spectra were acquired with the same scanning time (10 min)
and resolution (1 cm−1). The interferometer scan speed fSCN
displayed in the power spectra was optimized for each detector
based on its characteristics. As expected, the performance of
the setup in configurations with room temperature FIR-DTGS
and MIR-DTGS detectors is clearly worse than with using
LHe-cooled detectors in the FIR and MIR ranges. In all
presented configurations, mylar foil (35 µm) windows were
used in the setup, but they can be easily replaced with windows
made of other materials. We have chosen mylar due to its wide
frequency range where it can be used. However, mylar caused
typical absorptions around 1500 and 3000 cm−1 visible in the
MIR range power spectra and noise peaks in 100% line (see
Table S1 in the supplementary information).

V. MAGNETO-OPTICAL MEASUREMENTS

The functionality of the FTIR magneto-spectroscopic setup
was demonstrated on two samples. The first sample was a
representative of SMMs with very large ZFS, which was
measured in the FIR range on the IR magneto-optical setup
at GHMFL; results of these measurements can be found
in [12], in the section called far infrared magnetic spectroscopy
(FIRMS) for complex labeled as 3. We chose this sample

(identical 12 mg pellet) so we can compare the results obtained
from our setup in the FIR region with those previously pub-
lished. By the magneto-optical measurements of complex 3,
we tested the setup in the FIR region.

The second sample was a well-known indirect band gap
semiconductor—Ge, measured in the NIR region to observe
the magneto-optical response of its absorption edge. We chose
Ge due to its well-studied band structure and the amount of
available literature [55], [56].

A. Cobalt(II)-Based SIM

SMMs are molecules displaying slow relaxation of their
magnetization of purely molecular origin [47]. Since their dis-
covery in 1993 [48], their potential applications in the storage
and processing of digital information have drawn the attention
of the scientific community [49], [50]. An important class of
SMMs is complexes containing only a single metal ion, often
referred to as single-ion magnets (SIMs) [47]. SMMs, includ-
ing SIMs, are usually characterized by a magnetic anisotropy
constant D, also called the axial zero-field splitting (ZFS) [52],
that represents the main anisotropic contribution to the spin
Hamiltonian (SH). ZFS causes degeneration of spin states
even at zero magnetic field. The SH also includes the rhombic
ZFS contribution E and anisotropic Zeeman term defined by
the g tensor. The knowledge of the SH parameters is vital
to define the properties of the SMMs [15]. However, direct
experimental determination of these parameters for SMMs
with large ZFS, which are of current interest [10], [53], might
be challenging. Besides, conventional MW ESR systems do
not provide experimental access to the ESR transitions of
SMMs with large ZFS. FTIR magneto-spectroscopy enables us
to observe ESR transitions of SMMs with large ZFS, mainly
based on transition metal complexes [10], [11], [12], [13], [14],
[15], [16], or lanthanides [17], [18], and to determine ZFS
directly from the spectra [35], [54]. For cobalt(II) complexes
with S = 3/2, the ZFS between two Kramers doublets is
equal to 2(D2

+ 3E2)1/2. This energy gap is then directly
observable in FTIR magneto-optical spectra as 2-D (when
omitting rhombicity E).

The spectra of pressed powder pellet of pentacoordinate
cobalt(II)-based complex 3 ([Co(L2)Cl2], where L2 = 2,
6-bis(1-dodecyl-1H-benzimidazole-2-yl)-pyridine (see Fig. S1
in the supplementary information), were recorded in Probe A
configuration with 1.6 K standard bolometer system in the
FIR region at T = 2 K and magnetic fields B up to 16 T. The
spectra were measured with resolution 4 cm−1, same as in [12]
(see Fig. S2 and S3), and resolution 1 cm−1, see Fig. 5 (see
Fig. S4 and S5). Since the peaks are very narrow, resolution
1 cm−1 was found to be more suitable than resolution 4 cm−1.
The transmission spectra of the sample at magnetic field (TB)
were normalized by the zero-field transmission spectra of the
sample (T0), TB /T0. Normalized relative transmission spectra
(see Fig. S2 and S4) are depicted in the form of a color map
in Fig. 5 (see Fig. S3 and S5) for better identification of
the ESR transitions. Color maps of the normalized relative
transmission spectra show a clear field-dependence of one
of the peaks starting at ∼186 cm−1 at zero magnetic field
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TABLE I
ALL POSSIBLE CONFIGURATIONS OF THE FTIR MAGNETO-SPECTROSCOPIC SETUP ACCORDING TO THE CHOICE OF THE PROBE, SOURCE,

BEAMSPLITTER, AND DETECTOR, WITH SPECTRAL AND SAMPLE TEMPERATURE RANGES, AND CORRESPONDING POWER SPECTRUM
(INTENSITY VERSUS WAVENUMBER) TOGETHER WITH 100% LINE, OBTAINED AS THE DIVISION OF SPECTRUM 1 BY A

SUBSEQUENT SPECTRUM 2. (∗THIS RANGE OF THE BOLOMETER WAS PROVIDED BY THE MANUFACTURER,
BUT THE BOLOMETER WORKED FAR ABOVE THIS RANGE)

attributed to the ESR transition from ms = ±3/2 to ms =

±1/2 states. In Fig. 5, we applied the same simulation as
in [12] calculated using the EasySpin Toolbox for Matlab [57]
based on the SH and the parameters E/D = 0.162, D =

−89 cm−1, giso = 2.1. In addition, we normalized the data

as TB /TB+1 and applied the same simulation to confirm the
peak position (see Fig. S5). Red color of the simulation
represents the strongly allowed transitions; gray color indicates
forbidden/weakly allowed transitions. The spectra obtained
on our setup at CEITEC BUT shown in Fig. 5 are almost
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Fig. 5. Color map of normalized relative transmission spectra recorded
on pressed powder pellet of 3 measured at T = 2 K, magnetic field up
to 16 T, and resolution 1 cm−1 obtained on our FTIR magneto-spectroscopic
setup. Simulations with the SH (S = 3/2, D = −89 cm−1, E/D = 0.162,
giso = 2.1) are shown as dotted lines. Red color represents the strongly
allowed transitions; gray color indicates forbidden/weakly allowed transitions.

Fig. 6. Normalized relative transmission spectra, TB /T0, plotted with an offset
for 64 values of applied magnetic fields from 0.25 to 16 T with step 0.25 T.
The maxima correspond to individual inter-LL transitions, and the minima
emerge due to the suppression of the zero-field absorption.

identical to those obtained at GHMFL [see Fig. S3(b)]. In all
color maps, the tendency toward the yellow color means
the absorption is suppressed by the magnetic field, whereas
the dark blue color means the absorption is induced by the
magnetic field.

B. Germanium

Using the FTIR magneto-spectroscopy, we can probe the
band structure, e.g., LLs, and elucidate the electronic proper-
ties of 2-D materials such as graphene [19], [20], [21], [22],
[23], or semiconductors such as Ge [55], [56].

The magneto-optical spectra were acquired on a very
weakly p-type galium-doped Ge (ρ = 11 �cm, p = 2 ×

1014 cm3) (100) wafer at 5 K in the magnetic field B up
to 16 T with Probe A and InGaAs room temperature detector in
the NIR region. Fig. 6 shows normalized relative transmission
spectra (TB /T0) of Ge measured with resolution 8 cm−1 at
64 values of applied magnetic fields B from 0.25 to 16 T
with step 0.25 T plotted with an offset for clarity. The spectra
are shown in the range of absorption edge of Ge at low

Fig. 7. (a) Color map of normalized relative transmission spectra from Fig. 6.
(b) Color map of the second derivative of normalized relative transmission
spectra from (a). (c) Minima of (b) fit with a model of LL transitions as
described in the text. Three markers correspond to three values of reduced
effective mass. The solid and dashed lines correspond to two values of 1EN .

temperatures. The maxima correspond to individual inter-LL
transitions. The minima correspond to the suppression of zero-
field absorption. Normalized relative transmission spectra from
Fig. 6 were visualized as a color map shown in Fig. 7(a).
Fig. 7(b) displays a color map of the second derivative of
these normalized relative transmission spectra to enhance fine
structures, e.g., the splitting of LL transitions. The maxima
of the signal in Fig. 7(b) are shown in Fig. 7(c). They
were analyzed using the model of transitions between LLs
of parabolic bands [58]

EN = 1EN +

(
N +

1
2

)
h̄ωc

where N = 0, 1, 2, . . . is the index of a LL, 1EN is the
energy value at B = 0, ωc = eB/µ is the cyclotron fre-
quency, e is the elementary charge, and µ is the reduced
effective mass. Parabolicity of the bands leads to the linear
dependence of the energy of absorption lines to the magnetic
field, which is well fulfilled in the whole measured range.
The model employs three different reduced effective masses,
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µ1 = (0.128 ± 0.015) m, µ2 = (0.132 ± 0.016) m,
µ3 = (0.138 ± 0.014) m where m is the free electron mass,
to account for the small splitting of LL, which becomes
apparent for N > 3. The LL with N = 0 has a different
value of 1EN=0 = 769 meV than for N > 3, 1EN>0 =

773 meV. The latter indicates that a different phonon mediates
N = 0 transition than N > 0 transitions. Considering the value
of the band gap of Ge at low temperatures of 741 meV [59],
the energy of phonons amounts to 28 meV for N = 0 transition
and 32 meV for N > 0 transitions. The three values of
reduced effective masses compare well with the electron
effective masses obtained by Dresselhaus et al. [55]for the
sample with a magnetic field tilted by a few degrees from the
(001) direction, see Fig. 5. Surprisingly, the obtained effective
masses compare well with the electron effective mass rather
than with the reduced effective mass 1/µ = 1/mhh + 1/me,
which is expected for an indirect transition between the heavy
hole band with effective hole mass mhh = 0.29 m and the
conduction band with effective electron mass me = 0.13 m for
B in 001 direction. We tentatively interpret this observation as
a transition between localized hole states (with a very large
effective mass) to the conduction band.

VI. CONCLUSION

In this article, we have described in detail the versatile
FTIR magneto-spectroscopic setup operating in the range
50–10 000 cm−1, temperatures between 2 and 320 K, and
magnetic fields up to 16 T located at the Central European
Institute of Technology of Brno University of Technology
(CEITEC BUT). We have tested the performance of the
FTIR magneto-spectroscopic setup at zero magnetic field for
various configurations to determine a workable setup range
summarized in Table I. The functionality of the setup has been
demonstrated on magneto-optical measurements of cobalt(II)-
based SIM in the FIR region and Ge in the NIR region. The
measurements of SIM have shown that the setup provides
high-quality spectra and results comparable to those performed
on a similar setup at GHMFL. In Ge, we observed indirect
inter-band transitions between LLs and analyzed them with a
model yielding three values of reduced effective masses.

In the context of prospective advancements, the flexibil-
ity of the FTIR magneto-spectroscopic setup enables further
development and improvements, such as the implementation
of new sample holders for different types of measurements,
internal coating of waveguides with a layer of gold to fur-
ther enhance the transmission, etc. Our group focuses on
the studies of SMMs and high-spin coordination compounds
with large ZFS, including transition metals and lanthanides,
exploring the physics behind their behavior still rarely reported
at those energy ranges. Furthermore, the presented ver-
satile setup allows performing field-induced measurements
on 2-D devices [46], e.g., by shifting the Fermi level in
semiconductors, and electrically detected magnetic resonance
(EDMR) [60], which may lead to interesting discoveries.
Moreover, we are interested in exploring the properties of
topological insulators [24] and Weyl semimetals [27], which
are known to exhibit exotic electronic properties under applied
magnetic fields.

Thanks to its relatively simple design and implementation
of a cryogen-free superconducting magnet, the presented FTIR
magneto-spectroscopic setup paves the way for other research
institutions without the LHe infrastructure to perform IR
magneto-optical experiments in high magnetic fields. Data in
this article will be available on request.
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