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ABSTRACT
The development and technological applications of molecular spin systems require versatile experimental techniques to characterize and
control their static and dynamic magnetic properties. In the latter case, bulk spectroscopic and magnetometric techniques, such as AC mag-
netometry and pulsed electron paramagnetic resonance, are usually employed, showing high sensitivity, wide dynamic range, and flexibility.
They are based on creating a nonequilibrium state either by changing the magnetic field or by applying resonant microwave radiation. Another
possible source of perturbation is a laser pulse that rapidly heats the sample. This approach has proven to be one of the most useful techniques
for studying the kinetics and mechanism of chemical and biochemical reactions. Inspired by these works, we propose an inductive detection
of temperature-induced magnetization dynamics as applied to the study of molecular spin systems and describe the general design and con-
struction of a particular induction probehead, taking into account the constraints imposed by the cryostat and electromagnet. To evaluate the
performance, several coordination compounds of VO2+, Co2+, and Dy3+ were investigated using low-energy pulses of a terahertz free electron
laser of the Novosibirsk free electron laser facility as a heat source. All measured magnetization dynamics were qualitatively or quantitatively
described using a proposed basic theoretical model and compared with the data obtained by alternating current magnetometry. Based on
the results of the research, the possible scope of applications of inductive detection and its advantages and disadvantages in comparison with
standard methods are discussed.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0211936
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I. INTRODUCTION

There are a number of experimental techniques of paramount
importance for the detailed characterization of molecular spin sys-
tems in bulk, at the single-molecule, multi- and single-layer levels.
The most popular of these are alternating (AC) and direct (DC)
current magnetometry,1–6 electron paramagnetic resonance (EPR)
spectroscopy,7–12 inelastic neutron scattering,13–15 and various x-ray
spectroscopies.16–20 In some cases, also nuclear magnetic resonance,
muon spin and Mössbauer spectroscopies can provide valuable
information on the physical characteristics and electronic struc-
ture.21 When considering bulk dynamic properties, the gold stan-
dard for system characterization is AC magnetometry and pulsed
EPR. In these techniques, the spin system under study is trans-
ferred to a nonequilibrium state either by changing the magnetic
field or by applying resonant microwave pulses when the system
is in a static magnetic field B0. The perturbation creates a change
in magnetic flux through the pickup coil in AC magnetometry or
transverse magnetization in EPR that are detected. A sudden change
in the lattice temperature of the sample also leads to a nonequilib-
rium population of spin levels and induces magnetization dynamics.
The subsequent relaxation of the longitudinal magnetization can be
tracked, for instance, by using a pickup coil, oriented parallel to B0.
From the measured kinetics, the longitudinal relaxation time can be
extracted and used to evaluate the performance of a prospect spin
system. For some molecular spin systems, e.g., with a total spin S
= 1/2, time-resolved or pulsed EPR spectroscopy can also be used
to trace the temperature-induced magnetization dynamics. Induc-
tive detection, however, is a more general approach that can also
be employed for EPR silent systems. The ubiquity of such detection
is emphasized by the existence of longitudinal detection of EPR, in
which the pickup coil detects the signal caused by perturbing the
system with resonant microwave pulses.22–25

The original method for generating temperature jumps
(T-jumps) described in Ref. 26 is based on electrical discharge of a
capacitor through a conducting solution. A more robust alternative
to the discharge technique is the direct heating of the sample by a
powerful light pulse, which is absorbed by the solvent, matrix, or dye
and converted to heat.27–30 There are many different laser systems
utilized as a pulsed heat source, including neodymium-doped,31,32

iodine,33,34 holmium,35 and others that can be tuned to the desired
wavelength by a stimulated Raman effect.36 The majority of the laser
systems operate in the visible and near-infrared frequency range and
are capable of creating electronically excited transient states. In some
cases, it is done purposefully, for instance, when the absorption of
the pulse energy by a solvent or dye perturbs the thermal equilib-
rium, and the relaxation kinetics to a new equilibrium is followed.
This method is popular in the investigation of various biochemical
reactions and biological objects in water, in which the overtone of
the OH stretching band can be excited in the near-infrared range.29

In other cases where the magnetization dynamics of the compound
that is excited is of interest, generated electronically excited states
can interfere with the time dynamics of the perturbed but unexcited
spin system. To avoid such interference, low energy quanta such as
terahertz (THz), microwave, or radio frequencies should be used to
irradiate the sample. This radiation interacts with the vibrational
levels of the system under study or causes a temperature change
due to polarization losses without generating electronically excited

states. In some cases, optical photons in the THz range could also
be used to directly excite spin transitions in molecular spin sys-
tems. For instance, pulsed microwave radiation with a frequency
of 118 GHz was used to study the spin dynamics in Fe8 single-
molecule magnet using a Hall-probe magnetometer.37 Such resonant
processes can be avoided or enhanced, if necessary, by changing
the frequency of the radiation used. There are many available radi-
ation sources in the specified frequency ranges, differing in mode
of operation, available power, coherence of radiation, wavelength
tunability, etc.

In this paper, a THz free electron laser (FEL) of the Novosi-
birsk free electron laser facility is used as a source of high-power
pulsed radiation with a duration of dozens of microseconds. The
available spectral range of 25–111 cm−1 (90–400 μm; 0.75–3.3 THz)
and the average power of the THz FEL allow changing the tem-
perature of a bulk sample without affecting its electronic state at
heating rates up to 7.3 K ms−1 even starting from liquid nitro-
gen temperatures.38 The investigated systems are typical examples
of molecular spin systems with different total spin or total angu-
lar momentum, based on the coordination compounds of VO2+,
Co2+, and Dy3+. Various vanadium-based systems are considered
as coherent systems for the realization of electronic qubits,10,11,39–42

while cobalt and dysprosium coordination compounds are promis-
ing anisotropic single-molecule magnets.43–45 For the mentioned
three systems, we measured the magnetization dynamics and com-
pared it with the results of AC magnetometry either qualitatively
or quantitatively. This provides a comprehensive analysis of the
magnetic relaxation data from both techniques and emphasizes the
pros and cons of the induction method, which tracks the magne-
tization dynamics through a T-jump in the sample lattice. Other
sections of this article include a detailed description of the detection
circuit, the model of temperature-induced magnetization dynam-
ics, a description of the radiation source and experimental setup
used, and the general design and construction of the induction
probehead.

II. EXPERIMENTAL DETAILS
A. Radiation source. Novosibirsk free electron laser
facility

The Novosibirsk free electron laser (NovoFEL) facility consists
of three FELs operating in the terahertz, far-infrared, and mid-
infrared ranges.46,47 To date, terahertz FEL of the facility is the most
powerful source of coherent narrowband radiation in the world
in the spectral range of 25–111 cm−1 (90–400 μm; 0.75–3.3 THz).
The unique radiation parameters, including an average radiation
power of 0.5 kW and a peak power of about 1 MW, are provided
using an energy recovery linear accelerator for electron acceleration
and a resonator-type FEL. In all experiments, the NovoFEL facility
was operated in the macropulse lasing mode.48 This regime allows
for the use of macropulses of radiation with a minimum duration
determined by the optical resonator of the THz FEL. The mini-
mum reliable duration of the macropulse when using the range of
0.75–3.3 THz is 50–100 μs. In all experiments, macropulses of 60 μs
duration were used.

The magnetization dynamics of paramagnetic species has been
investigated using monochromatic radiation from the NovoFEL
with 76.9 cm−1 (130 μm; 2.31 THz) wavenumber. The repetition rate

J. Chem. Phys. 160, 224201 (2024); doi: 10.1063/5.0211936 160, 224201-2

Published under an exclusive license by AIP Publishing

 27 June 2024 08:45:11

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

was 1–5 Hz and was limited by the thermal relaxation time of the
studied systems, which is in the range of 10–100 ms. The average
radiation power was measured using a Gentec-EO UP19K-15S-VR
detector (Gentec-EO, Quebec, QC, Canada) and was in the range of
2–25 W. The average power was measured in front of the THz wave-
guide, so the actual power reaching the sample was at least half as
high.49 A detailed description of the THz beamline of the endstation
is given elsewhere.50–52 The typical radiation spectrum is shown in
Figs. S1–S2 of the supplementary material. The choice of the exact
wavenumber is driven by the most stable lasing of the NovoFEL
including the achievable average power.

B. Induction probehead
The conceptual detection circuit comprises a coil with a sam-

ple inserted in it, located in a static magnetic field. Throughout the
relaxation process of the sample, changes in magnetic flux within
the coil lead to the generation of an induced electromotive force
(EMF). The detection of EMF occurs at the output of a coaxial cable
connected to the coil. To theoretically assess the potential signal,
registered in such a circuit, a numerical simulation was performed
using the Elmer software.53 The simulation employed a cylindrical
pellet with a diameter of 4 mm and a thickness of 5 mm, containing
a sample of one of the investigated compounds (see Sec. II B) diluted

with polyethylene in a ratio of 0.05:0.95. This sample was positioned
inside an 80-turn coil of the same size, placed in a static magnetic
field of 510 mT. The analysis was carried out at two initial sample
temperatures of 3.4 and 8.0 K. More details are given in Sec. S3 of the
supplementary material. Considering the application of a low noise
preamplifier (see Sec. II C) with a gain of 200, the estimated value
of the recorded signal is ∼10–30 mV that indicates the feasibility of
signal registration.

The general design of the induction probehead mimics a com-
mercial X-band microwave resonator,54,55 since the two essential
components for investigating the T-jump induced magnetization,
namely the magnet and cryostat (see Sec. II C), are parts of the
X-band EPR spectrometer.50 Figure 1 shows the construction of the
proposed probehead, which takes into account all the size restric-
tions imposed by the latter. The central parts of the probehead are
two G10 fiberglass tubes with an outer diameter of 12 mm and an
inner diameter of 8 mm. A multimodal hollow metal/dielectric THz
waveguide 1 is placed in one of these tubes (hereafter, the num-
bers correspond to Fig. 1). The waveguide is described elsewhere.49

Another G10 tube holds a sample holder with a semi-rigid 0.086 in.
microwave coaxial cable 2 inside that terminates with the detection
coil 12. The sample rod and the detection coil are easily extracted
from the probehead, providing a quick sample exchange proce-
dure, even when the cryostat is stabilized at helium temperatures.

FIG. 1. Structure of the constructed induction probehead. (a) 2D view with a local sectional view of fiberglass tubes and depiction of the THz beam path. (b) Photographs of
the probehead. The top and bottom parts are given in different scales for convenience. The bottom part is located inside the cryostat. (c) Photograph of the detection coil with
a sample pellet. (d) A side view of the brass parallelepiped 9 with a plain mirror 11 and a polarizer holder 8. The numbers show: (1) THz beam path, (2) microwave coaxial
cable, (3) sealing chuck with silicone o-rings and polytetrafluoroethylene collet inside, (4) pusher, (5) cylinder made of anodized alloy D16 with several panel connectors,
(6) vacuum KF-50 flange, (7) polarizer holder clamp, (8) polarizer holder, (9) brass parallelepiped with several functional holes, (10) quarter-wave plate, (11) stainless steel
plane mirror, and (12) sample position.
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The fiberglass tubes pass through a cylinder 5 made of anodized
alloy D16 with several holes for various panel connectors, such
as twin BNC for thermocouple wire and others. The cylinder 5 is
connected to a vacuum KF-50 flange 6, which isolates the lower
part of the probehead, placed in the cryostat, from the upper part.
The G10 tubes are screwed into a brass parallelepiped 9 with a
size of 20 × 40 × 36 mm3 and several functional holes. A mirror
11 made of a polished stainless steel plate is fixed to 9 with four
screws. The mirror turns the THz beam so that it passes through
the polypropylene polarizer (Tydex, Saint Petersburg, Russia) and
quarter-wave plate for single operation wavelength 10 (Tydex, Saint
Petersburg, Russia) and finally reaches the sample, placed in the
detection coil 12. This mutual arrangement of the radiation prop-
agation vector k and the static magnetic field B0 corresponds to
the Faraday geometry and allows for selective excitation of inter-
Kramers doublet transitions of suitable high-spin objects.56 The
polarizer is placed in one of the three slots of the holder 8. Another
polarizer rotated at an angle of 90○ with respect to the first one
is placed in its other slot, and the last slot is empty. The clamp 7
is connected to the pusher 4 with a two-piece rod made of stain-
less steel and fiberglass to prevent thermal coupling. By moving the
pusher 4 back and forth, one of two circular polarizations of the inci-
dent THz radiation can be selected or the polarizer can be omitted
during the experiment without removing the probehead from the
cryostat.

A close view of the detection coil is shown in Fig. 1(c). The coil
consists of 80 turns of 0.09 mm diameter heat-resistant enameled
copper wound on a polypropylene tube and soldered to the coax-
ial cable. The coil and transmission line have the following L, R,
and C values: 146 μH, 9.1 Ω, and 17 nF, respectively, measured at
100 kHz at room temperature using an MS5308 LCR meter (Mas-
tech, Charlotte, NC, USA). A protective cover made of an Eppendorf
safe-lock tube (Eppendorf, Enfield, CT, USA) is provided to rein-
force the coil and prevent its possible displacement. The sample
is a compressed pellet of a mixture of investigated compound and
polyethylene (see Sec. II D), 4 mm in diameter and 1–4 mm thick.
The pellet fits tightly into the tube and is held securely by friction. To
ensure that the entire system is sealed, a chuck with silicone o-rings
3 is provided to hold both the main G10 tubes and other internal
tubes.

C. Experimental setup
The magnetization dynamics of several model paramagnetic

compounds (see Sec. II D) induced by pulsed heating was investi-
gated at the EPR endstation of the NovoFEL facility.50,51 Figure 2
shows the general scheme of the experimental setup. In detail, the
sample pellet is placed inside the induction coil (see Sec. II B) located
at the end of the sample holder (see Fig. 1). The sample holder is
inserted in the helium cryostat placed between the poles of the elec-
tromagnet, which allows for using a magnetic field in the range of
0–900 mT. The magnetic field is controlled using a homemade mag-
netic field controller57 and is supplied by a homemade power supply.
The magnetic field stability is better than 10 μT h−1. The signal from
the coil is amplified using a low noise preamplifier SR560 (Stanford
Research Systems, Sunnyvale, CA, USA) with 1 MHz bandwidth
and a gain of 200 and detected using a 100 MHz Keysight DSO-X
2012A (Keysight Technologies, Santa Rosa, CA, USA). The arbitrary

waveform generator of the same oscilloscope was used to trigger
the electronic modulation system of the NovoFEL that generated
THz macropulses. The shape and intensities of the macropulses were
tracked in parallel with the experiment.52 The temperature of the
helium cryostat (Cryotrade Engineering, Moscow, Russia) was con-
trolled using a LakeShore 335 temperature controller (Lake Shore
Cryotronics, Westerville, OH, USA) equipped with a Cernox cryo-
genic temperature sensor and type E thermocouple (both Lake Shore
Cryotronics, Westerville, OH, USA). All experiments were carried
out in the temperature range of 3.4–8.0 K. The temperature stabil-
ity was better than 0.05 K. The measurements were fully automated
using the open-source software Atomize.58 The measurements of
the temporal dynamics of magnetization were repeated several times
at the same T0 or B0 for the same pellet to perform statistical
analysis of the obtained data. This approach does not take into
account uncertainties in the sample preparation and arrangement,
but at least includes instabilities of the cryostat temperature, THz
macropulse power, least square fitting errors, and other instrumental
factors.

D. Model compounds
To study the temporal dynamics of the magnetization

induced by the T-jump, three compounds were used, namely
[VO(TPP)], where TPP is 5,10,15,20-tetraphenylporphyrin;
[CoTp2], where Tp is bis[tris(pyrazolyl)borate]; and [Dy(HL)(L)
(MeOH)2]⋅2MeOH, where H2L is N′-(3,5-di-tert-butyl-2-hydroxy-
benzylidene)isonicotinohydrazide. The chemical structures of
the compounds are shown in Fig. 3. Hereinafter, the chemical
abbreviations [VO(TPP)], [CoTp2], and [Dy(HL)(L)(MeOH)2]
(two methanol molecules in the outer sphere of the complex are
omitted for clarity) will be used for them. All compounds have
different magnetic moments that are determined by total electron
spin S for [VO(TPP)] (S = 1/2) and [CoTp2] (S = 3/2) within the
approximation of the spin Hamiltonian. This approximation is not
completely satisfied for [CoTp2];59 nevertheless, for simplicity, the
value of S is used to mark the magnetic moment of this compound.
Paramagnetic lanthanides have a large unquenched orbital momen-
tum associated with high magnetic anisotropy and require the use of
the total angular momentum J. In the case of [Dy(HL)(L)(MeOH)2],
J is equal to 15/2. The synthesis as well as the characterization of
the magnetic properties of [VO(TPP)] and [CoTp2] have been
described elsewhere.59–62 Due to the existence of two crystal forms
of [CoTp2] (monoclinic and tetragonal),62 additional AC magnetic
measurements were carried out using exactly the sample pellet
used to investigate the T-jump induced magnetization dynamics.
The details are given in Sec. S4 of the supplementary material. The
synthesis, characterization of [Dy(HL)(L)(MeOH)2], as well as the
results of DC and AC magnetic measurements are given in Sec. S5
of the supplementary material.

The studied compounds were finely ground, mixed with ultra-
high molecular weight polyethylene powder (Micro Powders, Tar-
rytown, NY, USA), and pressed into pellets with a diameter of
4 mm. The pellet contains the following amount of paramagnetic
species: 2.7 mg of [VO(TPP)], 1.5 mg of [CoTp2], and 3.1 mg of
[Dy(HL)(L)(MeOH)2]. The transparency of the pellets at the used
wavenumber of 76.9 cm−1 (130 μm; 2.31 THz) is about 20%–40%
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FIG. 2. (a) General scheme of the experimental setup for measuring the temporal dynamics of magnetization induced by pulsed THz radiation. The numbers show:
(1) polyethylene sample pellet with a length of 1–4 mm and a diameter of 4 mm, (2) parallelepiped with the plain mirror, polarized holder, and quarter-wave plate slot,
(3) helium cryostat, (4) THz waveguide,49 (5) electromagnet, and (6) Hall probe.

FIG. 3. Structures of the compounds used in this work, namely, [VO(TPP)], where TPP is 5,10,15,20-tetraphenylporphyrin; [CoTp2], where Tp is bis[tris(pyrazolyl)borate]; and
[Dy(HL)(L)(MeOH)2] ⋅ 2MeOH, where H2L is N′-(3,5-di-tert-butyl-2-hydroxy-benzylidene)isonicotinohydrazide.

as controlled by far-infrared Fourier transform infrared (FTIR)
spectra.

III. THEORETICAL MODEL
Consider a paramagnetic system in thermal equilibrium with

the lattice, placed in an external static magnetic field. Under a per-
turbation, such as a sudden change in magnetic field or lattice
temperature, the z-component of the magnetization M reverts to its
equilibrium value Meq with a time constant called the longitudinal
or spin–lattice relaxation time, T1.63 The relaxation time measured
in AC magnetometry is commonly referred to as τ. This is essen-
tially an approximation when a single relaxation time is used to
describe a multilevel high-spin system, in which there is a differ-
ent T1 for each transition. The comparison between these times is
not straightforward.64,65 Since the proposed inductive detection is
not a resonant method, hereinafter we used a symbol τ to describe

the relaxation time and referred to it as either the longitudinal or
spin–lattice relaxation time. The final expression for the recovery of
Mz in the notation used is given by the following equation:

M(t) =Meq − (Meq −M0) ⋅ exp (−t/τ), (1)

where M0 is the magnetization value before the perturbation. The
value of Meq in the high-temperature limit, gβB0S/kT ≪ 1, is lin-
early dependent on the external magnetic field and is inversely
proportional to temperature, as shown in the following equation:63

Meq = −gβN0
∑S

m=−Sm ⋅ exp (− gβB0m
kT )

∑S
m=−S exp (− gβB0m

kT )

≈ N0
g2β2B0S(S + 1)

3kT
= C

B0

T
, (2)
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FIG. 4. Numerical calculation of the temporal dynamics of the magnetization induced by the T-jump (a) at a constant thermal relaxation time τTERM of 10 ms and different
relaxation times τ from 0.1 to 5.0 ms (see the legend) and (b) at a constant relaxation time τ of 1 ms and different thermal relaxation times τTERM from 1 to 100 ms (see the
legend). A fixed initial temperature of 4.0 K, a pulse duration of 100 μs, and α of 0.1 K were used.

where N0 is the total number of paramagnetic species, β is the Bohr
magneton, g is the electron g-factor of the paramagnetic species, k is
the Boltzmann constant, S is the total electron spin, B0 is the value
of the static magnetic field, T is the temperature of the paramag-
netic system, and C is a constant determined by the properties of the
system. For B0 and T (see Sec. II C) used in this work, the high-
temperature limit is always satisfied. Then, since the temperature
jump was used as the perturbation, the magnetization dynamics can
be written as given in the following equation:

M(t) = C
B0

T(t) − (C
B0

T(t) − C
B0

T0
) ⋅ exp (−t/τ), (3)

where t = 0 corresponds to the beginning of the perturbation, which
in our case is determined by the THz macropulse (see Sec. II A), and
T0 is equal to the cryostat temperature (see Sec. II C).

The temperature dynamics of the sample is given by Eq. (4).
It consists of two parts: (i) fast linear heating caused by the THz
macropulse during the time 0 ≤ t ≤ tp, where tp is the duration
of the macropulse; and (ii) thermal relaxation with a characteristic
time τTERM that is also present during the macropulse. The heating
rate is determined by an empirical parameter α that depends on the
macropulse power and the heat capacity of the sample. Such a model
corresponds to the simplest case of uniform heating of the sample
with heat capacity and thermal relaxation time that are independent
of temperature,

T(t) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

T0 +
αt
tp
⋅ exp (−t/τTERM), 0 ≤ t ≤ tp,

T0 + α ⋅ exp (−t/τTERM), t > tp.
(4)

The relaxation time τ in Eq. (3) is also assumed to be indepen-
dent of T. This approximation is valid in most cases when there are
no phase transitions in the studied compounds, and the tempera-
ture dependence of the relaxation time does not change significantly
upon a temperature increase of a few percent. In the limit of an

infinitesimal temperature jump, the obtained τ approaches the value
corresponding to the temperature T0. In other cases, the model
described gives an average value of τ for the range of temperatures
defined by the T-jump.

Figure 4 shows the results of numerical calculation of the tem-
poral dynamics of the T-jump induced magnetization for different
values of τ or τTERM at α corresponding to a T-jump of about 1 K,
tp, and T0 corresponding to typical experimental values. Both the
longitudinal and thermal relaxation times affect the leading and
trailing edges of the magnetization dynamics, where τ mainly deter-
mines the front edge and τTERM determines the trailing one. Usually,
τTERM ≫ τ, so the thermal relaxation time can be determined from
the trailing edge. As for the longitudinal relaxation time, qualita-
tively, the longer the τ, the greater the deviation of the front edge
from the assumed linear rise in the sample temperature. It means
that the spin system relaxes slowly; its temperature is lagging and
does not coincide with the lattice temperature. Since the macropulse
duration cannot be infinitesimal (see Sec. II A), the lower bound of
the τ value that can be determined by the proposed method is at
least a few tp.

The induction probehead proposed in this paper (see Sec. II B)
is sensitive to the change in magnetic flux through the coil, so the
recorded signal is proportional to the derivative of the sample mag-
netization. Figure 5 shows typical examples of the experimental EMF
signals. It distinguishes two limiting cases of a sufficiently long and
short τ. After an initial sharp negative signal during the time tp, the
two cases differ in their subsequent dynamics that is determined
by τ and slowed down for the case of slow longitudinal relaxation.
The trailing edge discussed earlier manifests itself as a long-lasting
and low-intensity positive signal that is usually not measured until
complete decay. For further analysis (see Secs. IV A and IV B), the
raw experimental signal is integrated in the Julia programming lan-
guage.66 The examples of integrated signals are shown in the inset
of Fig. 5. To extract τ and τTERM , the obtained kinetics is fitted by
the least squares method using the LsqFit package with Eq. (3) as a
model with fixed tp, α, and T0. The value of tp is equal to the dura-
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FIG. 5. Example of the experimental EMF signals for two limiting cases, a suffi-
ciently long (dark green; [CoTp2] at 510 mT and 3.4 K) and a sufficiently short
(dark blue; [CoTp2] at 510 mT and 8.0 K) relaxation time τ. The signals were
recorded using a low-noise preamplifier (see Sec. II C) with a gain of 200. The
inset shows the cumulative integral of the raw experimental data. The integral
shows the temporal dynamics of the T-jump induced magnetization.

tion of the THz macropulse used in the experiment. The fixed value
of α determines a T-jump and is about 1 K, which is a reasonable
estimation under the experimental conditions used. The value of T0
is equal to the cryostat temperature (see also Sec. II C). A typical fit
example is shown in Fig. S18 of the supplementary material. The val-
ues of τTERM and its dependence on temperature and magnetic field
are not considered in this paper.

IV. RESULTS AND DISCUSSION
A. Qualitative description of the temperature-induced
magnetization dynamics
1. [VO(TPP)]

The first investigated system [VO(TPP)] has a low magnetic
moment determined by S = 1/2. The response of the used sample
pellet to an abrupt temperature change produces in the induction
probehead a signal in the range of 1–10 mV at helium temper-
atures. This signal level corresponds to the use of the low noise
preamplifier with a gain of 200 (see Sec. II C) and a typical THz
macropulse duration and power, i.e., 60 μs and 10 W. Such values
are sufficient for reliable signal registration and subsequent deter-
mination of parameters τ and τTERM according to the previously
proposed model. As for other high-spin systems utilized in this
work, a higher response can be expected, allowing for the use of
either shorter or less powerful THz pulses. According to Fig. 6, the
relaxation time τ of [VO(TPP)] determined by the front edge of
the measured kinetics is comparable with the duration of the THz
macropulse used. For example, the fit shows that τ is in the range
of 100–400 μs at a temperature of 3.4 K in the magnetic field range
of 110–680 mT. At a higher temperature, τ is even shorter. Despite
this, we decided to use this compound because of its profound char-
acterization in the literature61 and limited ourselves to a qualitative
discussion.

According to Fig. 6(a), the dependence of τ on the magnetic
field is consistent with that commonly observed for this vanadyl por-

phyrin system.61 Namely, in the investigated magnetic field range
of up to 680 mT, the spin–lattice relaxation time grows with B0.
Various spin–spin and spin–nucleus interactions, which induce spin
relaxation by breaking the time-reversal symmetry of the Kramers
doublet,67,68 are suppressed by the increase in the magnetic field,
leading to an increase in τ.

The temporal dynamics of the T-jump induced magnetization
of [VO(TPP)] measured at different T0 is presented in Fig. 6(b). As it
follows from the apparent shortening of the front edge of the kinet-
ics, the τ value of [VO(TPP)] expectedly decreases with increasing
temperature. As it is already mentioned, it is not possible to correctly
establish and analyze the exact relationship, due to unsuitable relax-
ation times that are comparable to tp. Nevertheless, a comparison of
τ obtained using Eq. (3) with the results of AC magnetic measure-
ments given in Ref. 61 allows us to estimate the magnitude of the
T-jump as 1–2 K at the used parameters of THz radiation. Given the
absolute signal amplitude for this system at 3.4 K (about 3 mV at 110
mT and 8 mV at 680 mT after the preamplifier with a gain of 200),
such a T-jump is the lowest reasonable for a S = 1/2 system with
∼2.7 mg of the paramagnet in the pellet.

2. [Dy(HL)(L)(MeOH)2]
The dysprosium complex [Dy(HL)(L)(MeOH)2] with J = 15/2

was used as an example of a system with a high magnetic moment.
The preliminary magnetic characterization given in Sec. S5 of the
supplementary material shows that this compound has a rather
short spin–lattice relaxation time, which is only 550 μs at a tem-
perature of 3.0 K in an external magnetic field of 100 mT. This
temporal dynamics of magnetization is very fast compared to other
Dy3+ complexes44,45,69–72 and can hardly be studied quantitatively
when induced by THz macropulses of 50–100 μs duration. There is
another feature for [Dy(HL)(L)(MeOH)2]. The out-of-phase com-
ponent of the magnetic susceptibility χ′′ agrees substantially better
with the generalized Debye model under the assumption of two
merged peaks in the dependence of χ′′ on the frequency of the
AC magnetic field (see Sec. S5 of the supplementary material). This
assumes the existence of two parallel processes of magnetic relax-
ation that can be explained by the disorder of the t-butyl group of the
ligand. Such a complex spin–lattice relaxation cannot be described
by the simple model presented in Eq. (3), so only a qualitative
description of the temperature-induced magnetization dynamics for
[Dy(HL)(L)(MeOH)2] is possible.

As shown in Fig. 7(a), the magnitude of τ, determined by the
front edge of the measured kinetics, has a non-monotonic depen-
dence on the magnetic field with the longest τ for B0 in the range of
100–300 mT. This magnetic field range agrees well with the results
of AC magnetic measurements. The general behavior of τ on B0
corresponds to a significant influence of quantum tunneling of the
magnetization on spin–lattice relaxation along with other typical
relaxation mechanisms.

The Kramers ground state doublet of the dysprosium com-
plex has the high projection (±15/2) of the total angular momentum
that substantially increases the signal amplitude. The signal reaches
about 18 mV at 100 mT and 90 mV at 3.4 K for 3.1 mg of the para-
magnet in the pellet after the preamplifier with a gain of 200. The
temperature dependence of τ in the static magnetic field of 100 mT is
shown in Fig. 7(b). The longest spin–lattice relaxation time obtained
by fitting the experimental kinetics at 3.3 K and 100 mT is only
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FIG. 6. Temporal dynamics of the T-jump induced magnetization of [VO(TPP)], measured with the induction probehead, (a) at a constant cryostat temperature of 3.4 K and
different magnetic fields from 110 to 680 mT (see the legend) and (b) at a constant magnetic field of 510 mT and different cryostat temperatures from 3.4 to 7.0 K (see the
legend). In all experiments, pulsed THz radiation with a wavenumber of 76.9 cm−1 (130 μm; 2.31 THz), a repetition rate of 3.7 Hz, and a pulse duration of 60 μs was used.
The average power measured in front of the THz waveguide was 11 W.

FIG. 7. Temporal dynamics of the T-jump induced magnetization of [Dy(HL)(L)(MeOH)2], measured with the induction probehead, (a) at a constant cryostat temperature of
3.4 K and different magnetic fields from 100 to 680 mT (see the legend) and (b) at a constant magnetic field of 100 mT and different cryostat temperatures from 3.3 to 6.0 K
(see the legend). In all experiments, pulsed THz radiation with a wavenumber of 76.9 cm−1 (130 μm; 2.31 THz), a repetition rate of 3.1 Hz, and a pulse duration of 60 μs was
used. The average power measured in front of the THz waveguide was 1.9 W.

150 μs. It is only twice the duration of the THz macropulses used,
and, as a consequence, this estimation is probably inaccurate. If
we compare this value with the AC magnetometry data, then the
THz macropulse causes the T-jump of about 1–1.5 K, which is close
to the case of [VO(TPP)] and [CoTp2]. It should also be noted
that the quality of the fitting of experimental data using a single
τ by Eq. (3) is rather poor. One example is given in Sec. S6 of the
supplementary material. This indirectly confirms the proposed two
parallel processes of magnetic relaxation in the processing of the AC
magnetometry data. Additional information concerning the temper-
ature dependence of τ obtained by AC magnetic measurements is
given in Sec. S5 of the supplementary material.

B. Quantitative description of the
temperature-induced magnetization dynamics
1. [CoTp2]

The last example is a high-spin Co(II) complex [CoTp2] with
S = 3/2 within the approximation of the spin Hamiltonian. The
electronic structure59 and magnetic properties62 of this compound
have been described in detail in the literature. The magnitude of
τ in the temperature range of 3–10 K and B0 of up to 1 T is in
the range of 10 μs–100 ms. This makes [CoTp2] an ideal candidate
to quantitatively describe the magnetization dynamics measured
by the induction probehead if THz macropulses of about 100 μs
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FIG. 8. Temporal dynamics of the T-jump induced magnetization of [CoTp2], measured with the induction probehead, (a) at a constant cryostat temperature of 3.4 K and
different magnetic fields from 110 to 680 mT (see the legend) and (b) at a constant magnetic field of 510 mT and different cryostat temperatures from 3.4 to 8.0 K (see the
legend). In all experiments, pulsed THz radiation with a wavenumber of 76.9 cm−1 (130 μm; 2.31 THz), a repetition rate of 2.1 Hz, and a pulse duration of 60 μs was used.
The average power measured in front of the THz waveguide was 12 W.

duration are used. Figure 8(a) shows the temporal dynamics of
the T-jump induced magnetization measured at 3.4 K in different
external magnetic fields in the range of 110–680 mT. Similar to
the case of [Dy(HL)(L)(MeOH)2], there is an optimal B0 at which
the most efficient suppression of quantum tunneling of the mag-
netization is observed. In this case, this value lies in the range of
0–110 mT, where measurements using an induction probehead were
not performed due to the low signal intensity, which is propor-
tional to B0. The signal level was on the order of a few mV, see
Fig. 5, for the [CoTp2] pellet investigated under THz macropulses
of 60 μs duration and 12 W average power. Further decreasing
the signal level and increasing the measurement time to obtain the
required signal-to-noise ratio is not feasible. At higher magnetic
fields, the spin–lattice relaxation time decreases significantly, reach-
ing a value of 750 ± 20 μs at 680 mT, which is consistent with
AC magnetic measurements, taking into account T-jump (see also
discussion below).

Figure 8(b) shows the temperature dependencies of the tempo-
ral dynamics of the magnetization measured at B0 of 510 mT. The
fitting of the experimental data by Eq. (3) gives the τ value lowering
from 1450 ± 60 μs at 3.4 K to 65 ± 21 μs at 7.0 K. The standard devi-
ation of τ at 7.0 K reaches 33% that is mainly due to the significant
drop in the signal intensity caused by (i) the increase in tempera-
ture and (ii) the decrease in the T-jump (see details below). Both
of these reasons depend weakly on the nature of the sample, so the
temperature of 7–8 K is the highest reasonable temperature at which
the measurements can be made with the induction probehead in its
current design.

A direct comparison of the obtained relaxation times at differ-
ent temperatures and magnetic fields with AC magnetometry data
is presented in Fig. 9. For better comparison, both sets of data were
obtained using the same pellet. Both dependencies agree with each
other, except for the T-jump that is inevitably present in the data
measured by the induction probehead. According to Fig. 9(a), the
T-jump value is close to 1.6 K at 3.4 K and further decreases to

1.1 K at 7.0 K. The temperatures indicated correspond to the cryostat
temperature T0 in the measurement performed with the induction
probehead. Strictly speaking, these T-jumps are smaller than the
intrinsic T-jump, since τ in Eq. (3) is independent of temperature.
As a result, the fit yields an average τ value for the temperature
range defined by the intrinsic T-jump, while our estimates of the
T-jumps here and in Sec. IV A correspond to the temperature dif-
ference between the AC magnetometry data at T0 and the average τ
obtained from the fit. The apparent decrease in the T-jump at higher
T0 is related to the increase in the heat capacity of the sample.73

Probably, T-jump can also influence the τTERM value,50 which is
mainly determined by the macroscopic characteristics of the sample.
Figure 9(b) shows a comparison of the magnetic field dependencies
of τ obtained using the induction probehead and AC magnetome-
try. Measurements with the induction probehead were carried out at
3.4 K, while the results of AC magnetometry are presented at differ-
ent temperatures to visualize the T-jump. Two different techniques
give consistent results taking into account the T-jump. Reducing the
THz macropulse power by placing 1 mm thick polyethylene tereph-
thalate films in the optical system of the endstation52 decreases the
T-jump predictably. Approximately 2.5 times reduction of the aver-
age power gives two times lower T-jump compared to the full power.
Such a decrease in the T-jump inevitably leads to a worse signal-
to-noise ratio, which can be clearly seen from the increase in the
standard deviation of τ values, presented by semi-transparent areas
on the corresponding dependencies. Thus, reducing the magnitude
of the T-jump to obtain a more accurate value of τ, corresponding
to the temperature T0, is always a matter of finding a trade-off with
the amplitude of the signal.

A separate case worth mentioning is the direct excitation of
spin transitions by THz radiation with the wavenumber resonant
with the energy splitting of levels within the spin system. Indeed,
in addition to heating the sample with THz radiation and thus
inducing magnetization dynamics, properly tuned THz radiation
can cause direct transitions in the spin system of the studied com-
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FIG. 9. Comparison of the relaxation times τ of [CoTp2], obtained using the induction probehead and AC magnetic measurements, (a) at a constant magnetic field of 510 mT
and different cryostat temperatures from 3.4 to 10 K and (b) at different magnetic fields in the range of 110–680 mT and a cryostat temperature of 3.4 K with full (12 W) or
reduced (5.1 W) average power of pulsed THz radiation using the induction probehead. The cryostat temperature was in the range of 3.9–5.5 K (see the legend) in the case
of AC magnetic measurements. The semi-transparent dark green and red areas show the standard deviation of the obtained values.

pounds.56 Such transitions could result in a rapid change in the
magnetization caused by the resonant THz macropulse and can be
detected by the induction probehead. In the case of direct THz-
induced spin transitions, the corresponding dynamics is expected
to develop on the timescale of the THz macropulse, i.e., 50–100 μs,
allowing one to distinguish such a fast process from relatively slow
spin–lattice and slow thermal relaxations. The detection of the res-
onant magnetization dynamics using the induction probehead has
several apparent advantages compared to other experimental tech-
niques. For example, it has superior temporal resolution compared
to AC magnetometry and can detect EPR silent compounds in both
magnetically concentrated and diluted forms.

V. CONCLUSIONS
The proposed combination of the inductive detection with the

creation of a nonequilibrium state by a sudden change in the lattice
temperature caused by pulsed THz radiation demonstrates proper
sensitivity and versatility. Virtually, any molecular spin system start-
ing from a total spin S = 1/2 can be investigated by the proposed
method at temperatures of up to 8 K. For analyzing the measured
temporal dynamics of the magnetization induced by T-jump, a
simple model is proposed that allows for determining relaxation
time τ with a lower limit determined by the duration of the THz
macropulses used, i.e., 50–100 μs. The performed comprehensive
analysis of magnetic relaxation data measured by the induction
probehead and AC magnetometry shows good consistency at qual-
itative and quantitative levels for the investigated systems with
different total spin or total angular momentum. This allows us to
consider the proposed method, which has its advantages and limita-
tions, as an alternative to other methods, such as AC magnetometry
and pulsed EPR, for studying magnetization dynamics in molecular
spin systems.

The apparent advantage of the proposed method compared to
AC magnetometry is the rapid measurement time, even taking into
account the lower sensitivity. In this case, there is no need to sweep
the frequency of the AC magnetic field to obtain the relaxation time
τ. It is sufficient to register only one kinetic in a static magnetic field
and temperature of interest. The magnitude of the T-jump deter-
mines the amplitude of the recorded signal but inevitably affects the
measured values of the relaxation time τ. Reducing the T-jump to
obtain a more accurate value of τ is always a trade-off with the signal
amplitude. In the measurements performed, the lower boundary of
the T-jump was estimated to be 1–2 K, which allowed reliable sig-
nal registration in magnetic fields of 100 mT and higher, using a
standard preamplifier and an oscilloscope. The temporal resolution
of the proposed inductive detection is limited not by fast internal
transient processes in the pickup coil, but by the duration of the
heating pulse, which should be short compared to the characteristic
relaxation time of the system. In the case of the NovoFEL, the THz
macropulse duration is typically 50–100 μs, which determines the
shortest relaxation time available for this study. A unique advantage
of using the NovoFEL as a radiation source in T-jump experiments
with inductive detection is the possibility to investigate spin reso-
nance processes. If THz quanta correspond to the energies of spin
transitions in high-spin systems, the excited spin transitions can
redistribute the population of spin levels, which is detected by the
induction probehead. The access to magnetic relaxation processes
and THz-induced direct spin transitions provided by the induction
probehead makes the proposed approach an efficient general tool for
studying the dynamics of molecular spin systems.

SUPPLEMENTARY MATERIAL

The supplementary material provides (i) radiation spectra and
THz macropulse shapes, (ii) estimation of the signal magnitude

J. Chem. Phys. 160, 224201 (2024); doi: 10.1063/5.0211936 160, 224201-10

Published under an exclusive license by AIP Publishing

 27 June 2024 08:45:11

https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7252675


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

recorded by the induction probehead, (iii) AC magnetic mea-
surements of [CoTp2], (iv) synthesis and magnetic properties of
[Dy(HL)(L)(MeOH)2] ⋅ 2MeOH, and (v) additional figures.
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