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Electron Paramagnetic Resonance (EPR) station at the Novosibirsk Free Electron Laser (NovoFEL) user
facility is described. It is based on X-band (�9 GHz) EPR spectrometer and operates in both
Continuous Wave (CW) and Time-Resolved (TR) modes, each allowing detection of either direct or indi-
rect influence of high-power NovoFEL light (THz and mid-IR) on the spin system under study. The optics
components including two parabolic mirrors, shutters, optical chopper and multimodal waveguide allow
the light of NovoFEL to be directly fed into the EPR resonator. Characteristics of the NovoFEL radiation, the
transmission and polarization-retaining properties of the waveguide used in EPR experiments are pre-
sented. The types of proposed experiments accessible using this setup are sketched. In most practical
cases the high-power radiation applied to the sample induces its rapid temperature increase (T-jump),
which is best visible in TR mode. Although such influence is a by-product of THz radiation, this thermal
effect is controllable and can deliberately be used to induce and measure transient signals of arbitrary
samples. The advantage of tunable THz radiation is the absence of photo-induced processes in the sample
and its high penetration ability, allowing fast heating of a large portion of virtually any sample and induc-
ing intense transients. Such T-jump TR EPR spectroscopy with THz pulses has been previewed for the two
test samples, being a useful supplement for the main goals of the created setup.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

THz (far-IR) range of electromagnetic radiation is being inten-
sively explored nowadays, with many rich scientific opportunities
still not implemented [1]. The main reasons limiting the progress
in THz science and technology are the lack of intense THz sources
and sensitive THz detectors [2]. Among the variety of the
developed THz sources [3], only free electron based ones, in gen-
eral, provide such unique properties of THz radiation as tunability
and high power [4]. In addition, Free Electron Lasers (FELs) feature
coherent light and picosecond-pulse time structure [5], making
them sources of choice for fundamental and applied research.
Extreme high-field/high-frequency Electron Paramagnetic
Resonance (EPR) spectroscopy operates in (sub-)THz range and
follows the instrumentation progress in this field [6]. In the
‘‘high-field” direction the boundaries are almost identified. The
world record constant field of 45 T was achieved for hybrid magnet
[7,8], and a 25 T resistive magnet with high homogeneity (up to 1
ppm over a sphere of 1 cm with shimming) [9] is being used for
EPR studies (vmw is up to 700 GHz for g = 2 systems) demonstrating
the advantages of superior spectral resolution [10,11]. The use of
superconducting magnets in EPR spectroscopy is more convenient
for routine studies; however, the magnetic field strength in such
systems reported in literature is currently limited by �17 T [12].
Implementation of the pulsed magnets allows one to increase the
accessible maximum magnetic field up to 100 T [13–16]. At these
fields the electron Larmor frequency reaches almost 3 THz
stressing the crucial importance of THz sources for extreme high-
field/high-frequency EPR.
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The majority of high-field/high-frequency EPR spectrometers
based on solid-state harmonic oscillators operates at microwave
(mw) frequencies up to 500 GHz [17–30] and mainly focuses on
chemical and biological applications which strongly benefit from
the high spectral resolution. The spectrometers operating at even
higher frequencies (up to 3 THz) are based on the backward-
wave oscillators [12,31,32], gyrotron [33] and CO2 laser systems
with different lasing gases [15,34–37]. The use of very-high-
frequency sources is especially meaningful when studying the
high-spin systems S � 1 with the zero-field splitting (ZFS) up to
tens of cm�1. For measurements of very large ZFS (up to a few hun-
dreds of cm�1) typical for some of the transition-metal ions,
another approach called frequency-domain Fourier-transform
THz-EPR (FD-FT THz-EPR) can be used [38–40]. Broadband radia-
tion source such as mercury lamp or synchrotron is used in
FD-FT THz-EPR experiments. The use of narrow band high-power
FEL radiation grants unique opportunities for EPR spectroscopy,
such as 6 ns length of p/2 pulses at 240 GHz [41] and frequency
range of 1.2–75 THz combined with pulsed magnetic fields up to
70 T [42]. A considerable coherence of the individual THz micro-
pulses of the FEL was demonstrated for narrow EPR lines [43],
which is a prerequisite for a resonant control and THz electron spin
echo spectroscopy.

Taking into account that the frequency range accessible by
Novosibirsk FEL (NovoFEL) starts from �1.2 THz and expands up
to mid-IR range (�30 THz), we have chosen different experimental
concept of EPR setup based on NovoFEL. We do not aim at EPR
detection with THz frequency, but we use conventional X-band
(�9 GHz) EPR for observation of direct/indirect influence of high-
power NovoFEL light on the spin system under the study (such
experiments can be called ‘‘THz-pump – EPR-probe”). In the fol-
lowing sections we discuss the main goals of the project and
describe this X-band Continuous Wave (CW) and Time-Resolved
(TR) EPR setup with THz light excitation fed from NovoFEL. We
briefly introduce the design and some parameters of NovoFEL
Fig. 1. (a) Energy levels of S = 3/2 spin systemwith negative axial ZFS parameter in the ex
light. X-band accessible EPR transitions are shown by green arrow. (b) Schematic circular
nitroxide-copper(II)-nitroxide three-spin cluster. Structures corresponding to ground a
nitroxide radicals is depicted. Expected mechanism of the reverse conversion induced by
legend, the reader is referred to the web version of this article.)
important for the proposed EPR experiments. We describe optical
system allowing NovoFEL radiation to be fed into the EPR probe-
head, as well as the transmission and polarization-retaining prop-
erties of the waveguide used in our experiments. Possible
experimental techniques utilizing the time profile of the NovoFEL
radiation and CW/TR EPR are discussed. It is shown that the inter-
action of high-power THz light with the sample leads to its rapid
heating, giving rise to intense T-jump induced transient EPR signals
at low temperatures. Thermal dynamics of typical EPR samples is
measured, and possible use of these extra effects is discussed.
2. Objectives

The studies in field of molecular magnetism pay significant
attention to the high-spin systems with large ZFS as promising
candidates for ultradense magnetic memory units [44,45] and
quantum computing elements [46,47]. As was mentioned in Intro-
duction, most of the single-high-frequency EPR spectrometers
operate in a frequency range of 0.5–1 THz and magnetic fields up
to 17 T; therefore they have strict limitations of the magnitudes
of ZFS attainable for investigation [6]. In turn, FD-FT THz-EPR spec-
troscopy expands the mw frequency range up to several THz grant-
ing the precise determination of very large ZFS (�100 cm�1 and
higher). Well-defined parameters of high-spin system allow selec-
tive excitation of its spin levels. This opens up a perspective, e.g., to
study the relaxation times of the excited spin levels and to manip-
ulate the magnetization of paramagnetic species. The excitation of
spin levels by mw pulse of Gunn oscillator (vmw � 110 GHz,
Pmw � 30 mW) has been successfully used previously to study
the magnetization dynamics in single-molecule magnet (SMM)
Fe8 [48]. However, if the splitting of spin energy levels exceeds
the above-mentioned sub-THz values, perhaps only FELs can grant
THz power and frequency tunability required for such
experiments.
ternal magnetic field. Red arrows show EPR transitions which can be induced by THz
section of the potential energy surface associated with the two Jahn–Teller valleys in
nd metastable geometries are sketched on top; spin density of copper(II) ion and
THz radiation is shown. (For interpretation of the references to colour in this figure
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With respect to SMMs, the objective of X-band EPR setup at
NovoFEL is to develop the approach for manipulation of SMMmag-
netization, where we currently consider single-ion magnets (SIMs)
based on the high-spin cobalt(II) as most suitable (spin system
S = 3/2). General idea of the proposed experiments is sketched in
Fig. 1a: resonant pumping of the spin transitions between ±1/2
and ±3/2 Kramers doublets should induce detectable changes in
the X-band EPR spectrum of studied compound. Such changes
are expected to be most pronounced for the spin 3/2 system
characterized by axial ZFS tensor with large negative D parameter
(depicted in Fig. 1a). The compound is ‘‘EPR silent” at helium tem-
peratures due to the thermal depletion of ±1/2 Kramers doublet
[49]; however, resonant THz pumping of �3/2M �1/2 and/or
3/2M 1/2 transitions should lead to the onset of X-band EPR
spectra. Implementation of time-resolved EPR provides means to
study the THz-induced spin dynamics on the timescale of tens
ns. Moreover, high-spin systems with positive axial ZFS parameter
D are also suitable for such investigations: THz pumping
of �1/2 M �3/2 and 1/2M 3/2 transitions should result in partial
depopulation of the ±1/2 ground levels leading to a suppression
of the detected EPR signal.

Another objective of the X-band EPR setup at NovoFEL is also
related to the field of molecular magnetism, in this case focusing
on the magnetoactive compounds exhibiting magnetostructural
bistability. Perhaps the brightest representatives of such
complexes are Fe-based spin-crossover compounds [50]. The other
interesting bistable compounds intensively studied by us using
EPR are the copper(II) complexes with stable nitroxide radicals
[51,52]. In particular, EPR has been demonstrated as a very infor-
mative technique to study both temperature- and light-induced
transitions in such complexes [53–56]. At helium temperatures
such complexes can be found either in ground or in metastable
magnetostructural state (Fig. 1b). The lifetime of metastable state
exceeds several days at 5 K for some of the complexes [57], but
shortens abruptly due to relatively small activation energy barrier
(EA � 10–20 K) when the sample is warmed up to 15–20 K [55].
Taking into account EA values, the relaxation process from the
metastable to the ground state can be induced by the quanta of rel-
atively small energy (compared to visible light) via excitation of
the vibrational levels [58] (this mechanism is depicted in Fig. 1b)
or low-energy d-d transitions of copper(II) ion [59]. In both cases
the high-power NovoFEL radiation is perfectly suitable for such
experiments.

Obviously, the discussed objectives do not cover all possible
applications of the setup in the future, and we expect their number
to increase in time. However, all conceivable experiments must at
the first place carefully consider the concomitant heating effects
being the inevitable consequence of the interaction of high-
power THz light with the sample. The understanding of such
heat-induced EPR effects is crucial for subsequent interpretations,
and as such, these phenomena will be addressed in detail in the
following sections of this work. Note also, that the samples which
we selected for benchmarking the thermal heating effects are
directly related to the main objectives of NovoFEL EPR station: they
are the cobalt(II) complex and bistable copper(II)-nitroxide
compound; therefore the test studies described below provide
necessary grounds for the future implementation of the target
experiments sketched in Fig. 1.
Fig. 2. Schematic view of the NovoFEL consisting of three FELs in its multi-turn ERL
structure. Injector, linac, bending magnets, undulators, mirrors and dump are
shown.
3. Design of setup and experiments

3.1. X-band EPR spectrometer

X-band (�9 GHz) EPR spectrometer combined with NovoFEL is
based on modified commercial X-band mw bridge ER 046MRPTW
(Bruker, Germany). Mw pulsing circuit similar to that described
elsewhere [60] introduced into the original bridge. It was used
for determination of the upper (�1.1 MHz) and lower (�1.1 Hz)
frequency limits of the EPR detection scheme showing the fre-
quency range accessible in TR mode (see Fig. S1 in Supplementary
Material). In the EPR experiments performed with NovoFEL radia-
tion the mw pulsing circuit was not used. Mw frequency was con-
trolled by the Agilent 53131A-124 (Agilent, USA) frequency
counter. EPR spectrometer is equipped with the Oxford Instru-
ments temperature control system based on ER-4118CF cryostat
and ITC503 (Oxford Instruments, UK) temperature controller,
which allows us to perform the EPR experiments in the tempera-
ture range of 4–300 K. ER 4118X-MD5 resonator (Bruker,
Germany) was used, but the dielectric sapphire insert was replaced
by the bismuth germanate (BGO) one (4 mm inner diameter) to
improve the quality of baseline in CW experiments [61]. Permalloy
based electromagnet of 3 Ohm resistance was used to produce the
magnetic field of up to 0.9 T (see Fig. S2 in Supplementary Mate-
rial). The power supply SPS 40A-160V (ELIP, Russia) and Hall effect
field controller BH 15 (Bruker, Germany) were used to control the
magnetic field. The phase-sensitive detection of the EPR signal in
CW mode was done using SR830 lock-in amplifier (Stanford
Research Systems, USA). The G3-112/1 amplifier was used to
amplify 100 kHz modulation sine wave of the SR830 that was
applied to modulation coils of the EPR resonator. The maximum
available modulation amplitude was 4 Gs; however, 2 Gs modula-
tion was sufficient for the experiments described in this work. The
detection of the EPR signals locked to the repetition rate of Novo-
FEL micropulses (3.7–7.5 MHz) can be done with 200 MHz lock-in
amplifier SR844 (Stanford Research Systems, USA). Recording of
the transient signals in TR mode was performed with LeCroy
9350AM oscilloscope (Teledyne Technologies, USA). fsc2 program
running under GNU/Linux was used for controlling the spectrome-
ter (web page: www.fsc2.org). Photograph of the EPR spectrometer
combined with NovoFEL is shown in Fig. S3 of Supplementary
Material.
3.2. Radiation source NovoFEL

The NovoFEL facility consists of three FELs. The main blocks of
NovoFEL and their spacial layout are illustrated in Fig. S4 of Supple-
mentary Material. A simplified scheme of NovoFEL is shown in
Fig. 2. All the FELs use the electron beam of the same electron
accelerator, a multi-turn energy recovery linac (ERL). Starting from
low energy injector, electrons pass from one to four times

http://www.fsc2.org


Table 1
Electron beam and radiation parameters of NovoFEL. Brief description of the parameters shown: 1 – the energy of electron in the beam in front of undulator; 2 – the electron
current in the beam; 3 – the time between electron pulses (and radiation pulses) within continuous train; 4 – the duration of radiation pulse; 5 – the FWHM diameter of NovoFEL
radiation beam at the output of nitrogen-filled beamline at EPR station; 6 – the maximum average radiation power.

FEL number FEL1 FEL2 FEL3 rated FEL3 achieved

Electron energy1, MeV 12 22 46 42
Electron current2, mA 30 10 50 3
Pulse repetition time3, ns 180 133 267 267
Min. pulse duration4, ps 70 20–50 10–20 10–20
Radiation linewidth (FWHM), % 0.2–1 0.2–1 0.1–1 0.1–1
Wavelength, lm 90–240 35–90 5–15 8.5–9.6
Wavenumber, cm�1 110–40 285–110 2000–670 1170–1040
Radiation beam diameter5, mm 35–50 15–25 5–18 8
Radiation power6, kW 0.5 0.5 5 0.05

Fig. 3. (a) Sketch of the sample holder used for THz irradiation. Grid lines show silver mirror coating, red circle illustrates the sample. (b) Optical system based on two off-axis
parabolic mirrors. THz beam path (red), parabolic mirrors (yellow), THz power probe (green) and power meter (cyan) are shown. (c) Irradiation scheme of the experiment. All
parts of the EPR spectrometer except for cryostat and resonator are omitted. 1 – sample holder, 2 - EPR probehead, 3 – EPR cryostat, 4 – sample inside the EPR resonator,
5 – optical window of the cryostat. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(depending on the FEL used) through accelerating radio frequency
(RF) structure. After that, they lose part of their energy (�10�3) in
the FEL radiated system (undulator and optical resonator). The
used electron beam is decelerated in the same RF structure, and
the low-energy electrons are absorbed in the beam dump.

The radiation of all three FELs is released through opening in
mirrors of the optical resonators, then it passes through the CVD-
diamond windows, is directed to the radiation combiner and
finally transferred through the nitrogen-filled beamline to the
users stations [62]. The first FEL has been in operation since 2003
[63]. It provides a narrow-band (less than 1%) terahertz radiation
in the wavelength range of 90–240 lm (Table 1) at an average
power of up to 0.5 kW and a peak power of up to 1 MW (�100
ps pulses at a repetition rate of 5.6 MHz). The second FEL was com-
missioned in 2009 [64], it is based on two track ERL and works in
far infrared spectral range (35–90 lm). The third FEL was commis-
sioned in 2015 [65], it is based on four track ERL and the expected
spectral range is 5–15 lm (mid infrared). Customization of the
third FEL is in progress; average radiation power of 50 W was
already achieved for the wavelength range of 8.5–9.6 lm.

NovoFEL is capable of producing up to 1 MW peak power in THz
range, and owing to its recuperation scheme it is the most power-
ful source of THz coherent radiation in the world. NovoFEL radia-
tion consists of continuous train of �10–70 ps pulses with a
repetition time from 133 to 267 ns (depending on the FEL used,
Table 1). The radiation wavelength can be precisely tuned within
the ranges mentioned above; the relative linewidth of the radiation
spectrum is �0.2–1%. The laser radiation is linearly polarized and
completely spatially coherent. The laser beam intensity profile
has a Gaussian shape. For brevity below we refer to NovoFEL radi-
ation as THz radiation, independently of the FEL used/discussed.
3.3. THz multimodal waveguide and optical scheme of the setup

Optical elements used in the cryostat (quartz windows) and EPR
resonator (sapphire or BGO dielectric insert) are not transparent in
certain ranges of far-IR-mid-IR radiation. Therefore, the most
straightforward way to feed radiation directly to the sample in
the EPR resonator is to use a sample holder which also plays a role
of hollow waveguide for THz radiation. Instead of standard sample
holder (a rod of �60 cm length and 8 mm in diameter), a glass tube
of the same outer diameter and similar length is used. The inner
diameter of the tube is 5 mm. The sample access size of the EPR
dielectric resonator is limited by the inner diameter of correspond-
ing dielectric insert: 5 mm for standard sapphire insert and 4 mm
for BGO insert used in this work. To fit to this size, the glass tube
has a narrowing to 3.6 mm or less (outer diameter) at one of its
ends. Tollens’ reagent was used to apply a silver mirror at the inner
surface of the tube making it reflective for NovoFEL radiation. The
only part of inner surface of the tube which was free of the silver
mirror is the narrowed end of the tube positioned in the EPR
resonator (Fig. 3a). THz waveguide has been characterized by
transmittance and polarization-retaining parameters at two
wavenumbers (Table 2).

Relatively low transmission coefficient of the waveguide used is
mainly caused by conversion losses of the Gaussian beam to main
waveguide modes and reflection of the light at the narrowed end of
the waveguide. Polarization preservation coefficient of the waveg-
uide is quite high and therefore polarization-sensitive experiments
can be performed.

The size of the THz beam coming out of the nitrogen-filled
beamline of NovoFEL (Table 1) was adjusted to the cross section
of THz waveguide using optical system (Fig. 3b) of two off-axis



Table 2
Transmission and polarization-retaining coefficients of the THz waveguide measured
at 52 cm�1 and 77 cm�1.

Wavenumber, cm�1 77 52
Transmittance, (Pin/Pout) 0.11 0.21
Polarization preservation, (Pmax � Pmin)/Pmax 0.44 0.34

Fig. 4. THz radiation time profiles proposed for experiments at NovoFEL X-band
EPR station. (a) Individual THz pulses for the study of fast relaxing processes; (b)
quasi-continuous THz radiation for CW EPR On/Off experiments; (c) power-
modulated quasi-continuous THz radiation for lock-in detection at the modulation
frequency; (d) THz pulse packets for TR EPR experiments.
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parabolic mirrors. The mirrors compress the THz beam by a factor
of �15. Optical system is equipped with mechanical shutter and
diaphragms to attenuate the incident radiation; it also has THz
power probe and tuning mechanism to align the THz beam and
waveguide. In the THz pathway between the optical system and
waveguide entrance, the beam-modulating devices can be installed
(discussed in the next section). The sample under the study is
placed at the bottom of the sample holder (THz waveguide) which
is covered with polyethylene film cap transparent for THz radiation
(Fig. 3a). Then the waveguide with the sample is inserted into the
EPR resonator (Fig. 3c). The THz power is measured at the output of
THz power probe by Gentec-EO UP19K-15S-VR detector prelimi-
nary calibrated for THz frequencies used in experiments.

3.4. Types of proposed experiments

X-band EPR setup at NovoFEL grants the unique opportunities
for selective excitation of spin, vibrational or low-lying electronic
levels of the system under study (see Section 2); the response to
this excitation is simultaneously recorded by X-band EPR. Here
we consider the experimental approaches attainable using this
setup in general perspective.

Taking into account quasi-stationary character of NovoFEL radi-
ation, several types of experiments using CW and TR EPR modes
can be proposed. In this work we discuss prospectively five of them
(i-v) anddemonstrate experimentally last three in test experiments:

(i) As was mentioned above, THz radiation of NovoFEL consists
of continuous train of THz pulses. The duration of individual
pulse and spacing between them vary from 10 to 100 ps and
from 133 to 267 ns, respectively, depending on the FEL used
(Table 1). In the case of fast-relaxing processes the pulsed
structure of radiation (Fig. 4a) causes the modulated
response of the system under study, and the THz pulse rep-
etition frequency can be used for lock-in detection of the
modulated signal.
(ii) The kinetics induced by single THz pulse can as well be
recorded in TR EPR experiments with high repetition rate.
This experiment also requires fast relaxation times to let
spin system fully revert to original state between the THz
pulses. In addition, critically coupled EPR resonators with
low Q-value have to be used in this approach. As a result,
such high frequency lock-in detection and TR experiments
are hardly feasible without modification of EPR probehead
and even thus can be applied to some limited objects only.

(iii) The EPR sample properties can be changed (ir)reversibly
under continuous exposure to THz light (Fig. 4b). Such influ-
ence can be studied with EPR spectroscopy by comparing
CW EPR spectra measured with THz irradiation on/off
(shown in Section 4.1).

(iv) Power modulation of the THz light (Fig. 4c) can be used to
make the THz induced changes more evident. This can be
done during recording of CW EPR spectrum (shown in Sec-
tion 4.1); alternatively, the lock-in detection at the power
modulation frequency can be employed.

(v) The use of an optical chopper with a small duty cycle (0.5%
in this work, see Fig. S5 in Supplementary Material) allows
the formation of short (800–400 ls) pulse packets at the
repetition rate of 10–20 Hz (Fig. 4d). Optical chopper also
significantly reduces the average power applied to the sam-
ple and thus prevents its overheating. Processes induced by
such THz pulse packets can be studied by EPR in TR mode
(shown in Section 4.3).

3.5. Choice of samples and preparation

Two complexes have been used as test samples: mononuclear
cobalt(II)-based NBu4[CoPiv3] (where NBu4 is tetrabutylammo-
nium ion and Piv is pivalate) and polymer chain copper(II)-based
Cu(hfac)2LPr (where Cu(hfac)2 is copper(II) bis-
hexafluoroacetylacetonate and LPr is pyrazolyl-substituted nitronyl
nitroxide radical) referred to as I and II, respectively. The synthesis
and structure of Iwere reported earlier [66]. The geometry of coor-
dination environment of the central Co(II) ion (S = 3/2) in I is close
to a trigonal prism (Fig. 5a), which is favorable for single-ion mag-
net (SIM) behavior with high Orbach relaxation barrier [67,68].
Although the magnetic properties of I were not yet studied, we
use this complex here as a test system whose EPR and far-IR prop-
erties are similar to the other Co(II)-based SIMs. Thus, in the fol-
lowing experiments we assume that the high-power THz
radiation excites the vibrational modes of I rather than transitions
between its spin levels. To prepare the sample, 11 mg of I was
finely ground, mixed with 60 mg of powdered polyethylene and
compressed into a pellet of 13 mm diameter. Far-IR spectra of this
pellet were measured (Fig. S6 in Supplementary Material) and used
to select the proper wavelength of THz radiation. A piece of pellet
was placed in the THz waveguide for EPR experiments.

Structural, magnetic [69], EPR [51] and optical (including far-
and mid-IR) [70,71] properties of compound II (Fig. 5b) were stud-
ied earlier. Contrary to sample I, the spin relaxation times of II are
less temperature dependent and EPR signals can be observed in a
wide temperature range as is usually the case for copper(II) com-
plexes. Single crystal of II of �0.2 � 0.2 � 0.5 mm3 size was used
in experiments.

Both test compounds belong to magnetically concentrated sys-
tems with no spin-echo signals detectable even at low (5 K) tem-
peratures. Although spin-lattice (T1) relaxation time in these
systems is not known, we assume it to be short enough, so that
the populations of the spin levels follow the changing temperature
of the sample on a sub-millisecond timescale.

Sample I was irradiated at k = 86 cm�1 where its absorbance
was less than 0.4 (Fig. S6 in Supplementary Material) implying



Fig. 5. Chemical structures of the compounds used as test samples: (a) NBu4[-
CoPiv3] and (b) Cu(hfac)2LPr. Co(II) ion: deep blue, O:red, N: light blue, C: gray, Cu(II)
ion: orange. NBu4, H atoms and CF3 groups are omitted for clarity. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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almost homogeneous irradiation of the sample volume. Due to the
small size of single crystal II, its absorbance at the excitation
wavenumber (k = 76 cm�1) was unknown. However, sample II
was also assumed (semi-)transparent, since the far-IR spectrum
of Cu(hfac)2LPr has no intense absorption bands in this spectral
range [70]. In all the experiments performed the pressure of He
cooling gas in the EPR cryostat was equal to atmospheric one.
4. Thermal dynamics of the EPR samples

Experimental setup described in this work allows performing
time-resolved experiments with THz light excitation and X-band
EPR detection, in this way revealing the influence (direct or indi-
rect) of high-power THz radiation on the spin system. Indepen-
dently of the type of dipole transitions (magnetic or electric)
targeted by THz light, the interaction of high-power THz radiation
with the sample leads to (at least) partial absorption of radiation
resulting in the heating of the sample. Therefore, the control of
the sample temperature in such experiments is of high importance
for the subsequent data interpretation: as will be shown later, the
sample heating results in intense transient EPR signals. T-jump
Fig. 6. (a) Temperature dependence of the CW EPR spectrum of I. Temperatures are ind
under (red) THz radiation. Blue spectrum was recorded by shuttering the THz light with
power (Pmw) = 0.2 mW, modulation frequency = 100 kHz, lock-in time constant = 30 ms
referred to the web version of this article.)
transient EPR applied in this work allowed us to study thermal
dynamics of typical EPR samples in detail, being important for
future experiments with NovoFEL, because it is absolutely
necessary to distinguish between such heating/cooling effects
and non-equilibrium spin dynamics induced by THz light pumping
of spin system.

The power level of continuous THz radiation required for
T-jump EPR observation strongly depends on a number of sample
properties and experimental conditions. These include an
absorbance of studied sample at THz range, sample size/shape,
the location of the sample at the bottom of THz waveguide (irradi-
ation efficiency), temperature of experiment, THz waveguide
losses, alignment of THz waveguide with the beam, etc. In the
experiments described below the power of quasi-stationary THz
radiation did not exceed several watts and was decreased/
modulated upon experimental requirements. T-jump transient
EPR signals could be observed at sub-watt THz power level.
4.1. CW EPR spectra of I irradiated continuously by THz light

Fig. 6a shows the temperature dependence of the EPR spectrum
of I. Q-value of the EPR resonator used is almost constant at tem-
peratures <40 K [61]; therefore the observed spectral changes
reflect the property of the sample (its temperature, relaxation
times, etc.), but not the detection scheme. The EPR signal almost
disappears at 30 K, and further temperature increase does not lead
to significant spectral changes. Irradiation of the sample with THz
light leads to significant decrease of the signal intensity and broad-
ening of the EPR lines (Fig. 6b, red). The changes observed are com-
pletely reversible: when THz light is switched off the CW EPR
spectrum of I coincides with initial one. Shuttering of the THz light
during the CW EPR spectrum measurement results in fast (on the
timescale of CW EPR) switching of the sample spectrum between
these two limits (Fig. 6b, blue). We assign this effect to a heating
of the EPR sample by THz light, because: (a) CW EPR spectrum at
30 K (THz off) is similar to CW EPR spectrum at 5 K with THz on;
(b) the THz-induced spectral changes are completely reversible;
(c) THz quanta used have low energy (the photo-induced processes
are improbable); (d) the observed effect is reproducible using
another THz frequencies. Comparison of Fig. 6a and b leads to con-
clusion that the THz light heats up the EPR sample from 5 K to T �
30 K in the described experiment. Fast timescale of the observed
changes upon switching the THz light on/off indicates that: (i) only
the sample is heated by THz light, but not the part of EPR resonator
or cryostat, and (ii) time-resolved EPR can be applied to study
these processes in more detail.
icated on the right. (b) CW EPR spectrum of I measured at 5 K without (black) and
0.5 Hz frequency. EPR parameters of the CW spectra: mw frequency = 9.81 GHz, mw
. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 7. (a) TR EPR data of I triggered by switching on the THz light, (b) TR EPR data of I triggered by switching off the THz light, (c) TR EPR spectra taken at 160 ms (red) and
420 ms (black), and (d) TR EPR kinetics taken at global maximum of the spectrum (247 mT for both). s is the decrement in monoexponential decay function exp(�t/s) used for
kinetic simulation. Blue-yellow bars above the TR data indicate the time profile of THz power applied to the sample. The base temperature was 5 K. TR EPR settings: mw
frequency = 9.81 GHz, Pmw = 0.2 lW, magnetic field step = 2 mT, number of scan averages = 1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4.2. T-jump TR EPR of I induced by low-frequency (�0.5 Hz) THz light
shuttering

Prior to considering time-resolved (TR) EPR spectroscopy of I,
we would like to briefly mention the differences of measurement
approaches in TR and CW modes. CW EPR employs external mag-
netic field modulation and subsequent lock-in detection of the sig-
nal, which results in derivative-like shape of the spectrum. TR EPR
does not employ field modulation, but records mw absorption
changes upon external influence on the spin system (e.g. laser
pulse). Because of that TR EPR spectrum corresponds to the zero-
harmonic (not derivative-like) line shape. In many situations,
before applying light the EPR spectrum is simply absent. However,
if this is not the case, but external stimulus switches the spin sys-
tem between states having two different EPR spectra, the sign and
shape of the resulting TR EPR spectrum will depend on this differ-
ence [54,56]. Summarizing all these points, in our case the TR EPR
spectrum of I recorded upon shuttering of THz light on/off should
correspond to the difference of the two (THz on/off) zero-harmonic
EPR spectra (i.e. first integrals of CW EPR spectra) (see Fig. S7a in
Supplementary Material).

In this type of experiment, we trigger the oscilloscope by the
THz light mechanical shutter with repetition rate of �0.5 Hz and
record transient processes induced by the THz light. The duty cycle
of THz radiation equals to �50% meaning that sample is repeatedly
exposed to THz light for �1 s and then relaxes during �1 s. Such
low repetition rate was used to ensure that the stationary temper-
ature is achieved before each triggering (THz off? on or THz on?
off). The observed transient signals are filtered by �1.1 Hz
high-pass filter of the EPR detection scheme. Both processes
THz off? on (Fig. 7a) and THz on? off (Fig. 7b) can be recorded
at the base temperature of 5 K. The 2D TR EPR data (intensity vs.
time and magnetic field), TR EPR spectra taken at the maximum
of kinetics, and TR EPR kinetics taken at the global maximum of
the spectrum are shown in Fig. 7. TR EPR kinetics and spectra have
opposite signs for THz light off? on and on? off processes. As
expected, the shape of TR EPR spectra (Fig. 7c) looks quite similar
to the mw absorption difference of I measured in CW mode at
two limits: THz off and THz on (Fig. S7b in Supplementary Materi-
als). This confirms that the processes observed in TR mode and the
spectral changes recorded in CW mode have the same origin and
are caused by thermal influence of THz light. Although TR detec-
tion is less sensitive compared to CW mode, it accesses the time
profile of the EPR signal change upon external stimulus and pro-
vides insights into the characteristic heating/cooling times of the
EPR sample. The rise of the signal upon THz off? on (heating)
occurs with s � 2 ms and originates from the sample (here and
below we use the same letter s to characterize thermal relaxation;
it is obtained by fitting the experimental curve with monoexpo-
nential function exp(�t/s)). The subsequent decay kinetics occurs
with s � 140 ms (Fig. 7d, red) and is determined by the lower fre-
quency limit (�1.1 Hz) of the EPR detection scheme (Fig. S1 in Sup-
plementary Materials). The manifestation of THz on? off process
(cooling) is different: first the signal gradually rises (originates
from the sample) with the time constant of �100–200 ms, and
then the suppression of this signal by the EPR detection scheme
(with s � 140 ms) overcomes the rising trend (Fig. 7d, black).

CW EPR with THz light on/off and TR EPR with low-frequency
(<1 Hz) THz light shuttering allowed conclusions on the ampli-
tude and timescales of the induced temperature jumps and thus



Fig. 8. Kinetics of the TR EPR spectrum of I triggered by switching on (red) and off
(black) the THz light and recorded at magnetic field with maximum signal intensity
(247 mT for both). The base temperature was 5 K. EPR parameters of the TR spectra:
mw frequency = 9.81 GHz, Pmw = 20 lW, number of scan averages = 1. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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can be used to the temperature jump adjustment/limitation. For
the THz power used in the above experiments, CW EPR revealed
the heating of the sample from 5 to �30 K. In turn, TR EPR data
showed that such temperature jump (DT � 25 K) results in TR
signal amplitude of �1 V at Pmw = 0.2 lW. To control the sample
temperature jump amplitude in TR EPR experiments with THz
pulse packet excitation (see Section 4.3) we should ‘‘calibrate”
the EPR response of the sample to its temperature changes.
Assume we need a temperature jump of DT � 1 K at base tem-
perature of 5 K. To estimate the TR EPR response we can do
the following: (i) run CW EPR experiment with THz light on/
off and adjust the THz power level so that the spectrum taken
at 5 K with THz on corresponds to the spectrum taken within
the temperature range of 5–6 K with THz off (Fig. S8 in Supple-
mentary Material); (ii) measure the corresponding maximum
amplitude of the TR EPR kinetics recorded with low-frequency
(<1 Hz) THz light shuttering (Fig. 8). According to Fig. 8, the
sample temperature jump of DT � 1 K results in THz-induced
TR EPR signal with the amplitude of �0.6 V at Pmw = 20 lW.
Note that for such a small temperature jump (DT � 1 K) the
cooling process and the heating one occur with almost the same
characteristic time (�5–7 ms), contrary to the situation for DT >
25 K (Fig. 7d). The subsequent decay of the signal originates
from the EPR detection scheme (Fig. S1 in Supplementary
Materials).

Due to the strong change of the spin level population upon
heating of the sample at He temperatures the lock-in detection
can also be applied to observe the EPR lines of temperature modu-
lated sample [72]. This technique is particularly useful for record-
ing the broad lines, because the sensitivity of widely employed
external magnetic field modulation approach decreases upon an
increase of the EPR line width. Temperature modulated technique
effectively works with the modulation frequency up to 30 Hz,
being limited by the thermal relaxation time of the sample. Note,
when the light source with high-energy quanta is used (such as
tungsten, Mercury lamps or UV–Vis laser systems) a great care
must be taken to sort out the photo-induced signals from the
temperature-modulated ones.
4.3. T-jump TR EPR of I with DT < 1 K and DT � 5–7 K

The use of short THz pulses (Fig. 4d) benefits from the higher
peak intensities of THz light tolerating the moderate sample
heating. As was mentioned above, NovoFEL emits high-power
quasi-stationary THz radiation which cannot be focused on the
sample without its excessive temperature increase. Implementa-
tion of the optical chopper wheel of 0.5% duty cycle rotating with
�20 Hz frequency reduces the average THz power significantly
and forms the high-power THz pulse packets of 300–400 ls length.
In the absence of direct THz pumping of the spin system (the case
assumed in this work) the TR EPR signals induced by THz pulse
packets are caused by sample temperature jump and trace both
heating and cooling dynamics of the sample.

T-jump EPR spectra of I observed at the base temperature of 5 K
with the sample temperature jumpDT < 1 K (Fig. 9a) andDT �5–7
K (Fig. 9b) are shown (in order to estimate the amplitude of tem-
perature jump a procedure described in Section 4.2 was per-
formed). Although the magnetic field dependence of these
spectra is identical, their time dependence (Fig. 9c, d) is clearly dif-
ferent. While the signal drop time (temperature rise time) is the
same in both cases (�400 ls, THz pulse packet length), the
subsequent thermal relaxation time s is �2.0 ms for DT < 1 K and
ca. two times longer s = 4.3 ms for DT �5–7 K. The observed slow
down of the thermal relaxation upon the increase of the tempera-
ture jump amplitude shows a clear trend converging to the very
slow (s �100–200 ms) thermal relaxation at DT � 25 K shown in
Section 4.2.

This observation might be explained by the different thermal
relaxation rate of the sample at different temperatures, and traces
back to the temperature dependence of thermal capacity of the
sample. To investigate this effect in more detail, T-jump TR EPR
spectra should be measured at different base temperatures. Param-
agnetic species with S = 1/2 are superior for this task compared to
high-spin S = 3/2 system due to their simpler temperature
behaviors.
4.4. T-jump TR EPR spectra of II measured at different base
temperatures

At temperatures below 90 K the EPR properties of II can be
modeled by two independent S = 1/2 spin systems. First one
belongs to weakly-interacting copper(II) ion with the hyperfine
structure (ICu63=65 = 3/2) resolved. Second one belongs to
exchange-coupled nitroxide-copper(II)-nitroxide cluster with
strong antiferromagnetic copper(II)-nitroxide exchange interac-
tion. These systems have different g-tensors and can be spectrally
separated when single crystal is studied. Fig. S9 in Supplementary
Material shows chemical structure of II with its paramagnetic spe-
cies highlighted (Fig. S9a) and assigns these species to the CW EPR
signals observed in the experiments (Fig. S9c). T-jump TR EPR data
of II measured at 5 K (Fig. S9b) and the corresponding spectrum
(Fig. S9d) are also shown in Supplementary Material. Time depen-
dence of T-jump EPR signals was found the same for all the peaks
(four peaks of weakly-interacting copper(II) ion and one peak of
exchange-coupled nitroxide-copper(II)-nitroxide cluster). The
intensity of copper(II)-nitroxide line is the highest (Fig. S9c), there-
fore this EPR signal was traced at different temperatures.

T-jump TR EPR signals of II measured at the magnetic field of
351.5 mT (EPR line of nitroxide-copper(II)-nitroxide cluster) and
different base temperatures 5–20 K are shown in Fig. 10a; THz
power applied in these experiments was constant. The same
spectra, but normalized, are shown in Fig. 10b. As one can see, both
the signal amplitude and the thermal relaxation time of T-jump-
induced EPR signal depend on temperature. Temperature



Fig. 9. (a) T-jump TR EPR data of I induced by �400 ls THz pulses. EPR sample temperature jump DT is <1 K. (b) T-jump TR EPR data of I induced by �400 ls THz pulses. EPR
sample temperature jump DT is �5–7 K. (c, d) Kinetic cross-section of corresponding TR EPR data taking at the magnetic field with maximum signal intensity (247 mT for
both). Blue-red bars above the TR data indicate the time profile of THz power applied to the sample. The base temperature was 5 K. EPR parameters of the TR spectra: mw
frequency = 9.81 GHz, Pmw = 20 lW (a) and 2 lW (b), magnetic field step = 2 mT, number of scan averages = 20. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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dependence of the T-jump EPR amplitude is shown in Fig. 10c.
Starting from more than 2500 mV at 5 K, the signal amplitude
drops down to �30 mV at 20 K (see Fig. 10c inset). Fit of this curve
by monoexponential decay function exp(�T/T0) with the decre-
ment T0 yields T0 � 2.4 K. Temperature dependence of the thermal
relaxation time constant is much weaker; nevertheless it changes
from s � 7 ms at 5 K to almost 30 ms at 18 K.
4.5. Discussion of the thermal dynamics observed

Thermal dynamics of EPR sample induced by high-power radi-
ation depends on a number of factors (Section 4). In this regard,
our consideration below will be rather qualitative than quantita-
tive. Nevertheless, we expect that such parameter as thermal
relaxation time discussed below should be similar for various
EPR samples of similar size.

The time required for thermal equilibration strongly depends
on the temperature jump amplitude induced by applied radiation
(the base temperature of 5 K is assumed). Thus, when the temper-
ature jump is limited by <1 K, the steady state temperature is
approached with 5–6 ms time constant (Fig. 8). Moreover, this
value should be considered as the upper limit, since it includes
the time required to cut the THz beam by mechanical shutter. TR
EPR experiments performed at this temperature jump show the
thermal relaxation time constant of 2 ms and this value can be con-
sidered as the lower limit for EPR sample at 5 K and 1 Atm of He
pressure (at least, in our experiments we did not observe faster
cooling processes so far). The increase of the temperature jump
amplitude leads to a rapid slow down of the cooling process, which
takes hundreds ms at DT > 25 K (Fig. 7d). Such pronounced effect
can be explained by strong temperature dependence of the heat
capacity (Cp) of the sample. Although this characteristic is
unknown for I, the data for e.g. Co tungstate CoWO4 is available
[73]. Thus, Cp of CoWO4 at 5 K is 10 times smaller than that at
12 K, 100 times smaller than that at 23 K and 103 times smaller
than that at 90 K. It should be mentioned that the thermal
conductivity of He also increases with temperature [74], but less
dramatically: at 5 K it is 2 times smaller than that at 12 K and 10
times smaller than that at 170 K. Very low Cp at He temperatures
favors fast thermal relaxation, while at higher temperatures the
relaxation is slowed down significantly due to dramatic increase
of the heat capacity of the sample. This also contributes to the
deceleration of thermal relaxation observed by T-jump EPR at
higher base temperatures (Fig. 10d).
5. Summary

High-power THz laser sources offer unique opportunities to
study the (direct/indirect) influence of THz light on the spin
system, which is of great interest for such fields as molecular
magnetism and spintronics, since the energy splittings of many
single-molecule magnets lie in the THz range. The setup described



Fig. 10. (a) T-jump TR EPR signals of II measured at base temperature 5–20 K. (b) Normalized T-jump TR EPR signals of II measured at base temperature 5–12 K. (c)
Temperature dependence of T-jump EPR signal amplitude. Red curve shows fit by monoexponential decay function exp(�T/T0)). Inset shows the dependence in logarithmic
scale. (d) Temperature dependence of the thermal relaxation time of II. The settings of TR EPR experiment: mw frequency = 9.81 GHz, Pmw = 20 lW, magnetic field position =
351.5 mT, number of scan averages = 40. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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herein combines X-band (�9 GHz) EPR spectrometer and Novosi-
birsk Free Electron Laser facility and thus provides means to trace
the influence of high-power tunable THz/far-IR/mid-IR laser light
on the spin system. The parameters of EPR spectrometer and
NovoFEL radiation are described. Attention is paid to the THz exci-
tation scheme, THz waveguide construction and its transmittance
and polarization-retaining characteristics. Possible types of exper-
iments utilizing time profile of NovoFEL THz radiation are
discussed. In the test experiments performed with high-power
THz radiation the concomitant effect consisting in sample heating
is considered. It was shown that high-power THz pulses give rise to
intense T-jump transient EPR signals which carry the information
on thermal dynamics of EPR sample. Thermal relaxation times of
EPR samples were found strongly temperature dependent varying
from�2 ms at�5 K base temperature to >100 ms when the sample
is heated up to >30 K. Characterization of the thermal relaxation
times performed in this work is important for distinguishing
between T-jump transient EPR signals and THz induced non-
equilibrium spin dynamics in the future THz-pump X-band
EPR-probe experiments.
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