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Broadband two-dimensional infrared spectroscopy with signal detection
in visible range by nonlinear chirped-pulse upconversion
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The paper presents a technique for broadband two-dimensional infrared spectroscopy with signal detection in
visible range by nonlinear chirped-pulse upconversion. This approach helps to avoid direct measurement of the mid-
infrared signal that requires cryogenic technology, and instead uses low-cost high-sensitivity multichannel silicon
linear arrays. This leads to a reduction by two orders of magnitude of the measurement time of a single two-
dimensional spectrum, which makes it possible to observe the fast dynamics of complex molecular compounds.
The use of a quasi-phase-cycling achieved by sub-cycle delay modulation suppresses scattering background by
almost two orders of magnitude and increases the measurement speed twice compared to optical chopping.
Numerical simulation using the density matrix formalism and analysis of its evolution based on the solution of the
Bloch-Redfield equation effectively reproduces the features of the two-dimensional infrared spectrum of inorganic

octacarbonyl dicobalt compound.

Keywords: Two-dimensional mid-infrared spectroscopy, ultrashort mid-infrared pulses, upconversion.

DOI: 10.61011/E0S.2023.08.57288.4531-23

The technique of two-dimensional infrared (IR) Fourier
spectroscopy using ultrashort pulses of the mid-IR range is
a modern method for studying fast dynamics in complex os-
cillatory systems, which is based on the nonlinear four-wave
interaction of pulsed broadband IR radiation with the sub-
stance [1-7]. Femtosecond time resolution in combination
with spectral selectivity and high spatial resolution make it
possible to use two-dimensional IR spectroscopy in prob-
lems of characterizing rapidly interconverting substances
and recording ultrafast processes in complex biological and
chemical systems. Two-dimensional IR spectroscopy allows
obtaining more information about the substance under study
compared to one-dimensional techniques, identifying the
relationship between interacting modes, observing the time
evolution of vibrational frequencies, and determining the
influence of the environment on the behavior of individual
elements in complicated complexes and in solutions [1-7].

The 2D IR spectrum is measured using a sequence
of three ultra-short mid-IR laser pulses with precisely
controlled timing. The induced third-order nonlinear po-
larization in the medium can be written in the following
form [1,5]

P<3>(t) O(/ dT3/ de/ dT1 R(T3, 7, Tl)E(t — T3)><
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where R(73, 72, 71) is third-order response function, which
determination is the fundamental task of nonlinear spec-
troscopy. Two-dimensional spectroscopy allows measuring
it with the greatest completeness, using a sequence of three
ultra-short pulses that minimize the effect of convolution on
the result. The pump field can be represented as a sequence
of delta pulses:

E(t) :E36(t)eiiwtq:ikr + E25(t +t2)eiiwtq:ikr+

+E8(t +tp + ty)eH o F (2)
where the first two pulses E; and E,, lagging each other by
a time t;, are known as pump pulses, the third pulse E;,
delayed relative to the pumping by a waiting time tp,
is known as a sounding pulse or a probe pulse. The
delta pulse approximation is valid when the characteristic
times of the response function in the frequency range
under study are much longer than the pulse duration.
In the implemented configuration of two-dimensional IR
Fourier spectroscopy, this condition is met because the pulse
durations are tens of femtoseconds, while the characteristic
times of evolution of the vibrational states of molecules
are in the range from hundreds of femtoseconds to tens of
picoseconds. Substituting the field represented as (2) into
equation (1) taking into account a given sequence of pulses
(E; — E; — E3) and a certain direction of signal detection
allows us to obtain a nonlinear signal proportional to the
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third-order response function:

P O(E1E2E3/ dT3/ de/ dTlR T3, T, Tl)

x§t—n3)S(t+t, — 13 — 1) x
x6t+t1+th—mm —m—7) xR, to, 1). (3)

For detection, the nonlinear signal is mixed with the
fourth, additional femtosecond pulse known as local oscil-
lator, which is delayed by a time t3 relative to the probe
pulse. Thus, in the delta function approximation, the
detected signal S(t3, tp, ;) at the output from the medium
under study turns out to be directly proportional to the
response function R(t3,tp,t;). The interpretation of the
third-order response function in frequency representation is
more understandable and informative, therefore, to visualize
the two-dimensional spectrum, a two-dimensional Fourier
transform is performed over t; and t; variables. The
resulting two-dimensional spectrum contains information
about the relationships between the excited and detected
frequencies during the interaction of radiation with the
substance, and varying the delay t, of the probe pulse allows
obtaining ,,snapshots” to observe the dynamics of the state
of molecules of the substance under study:

0o oo ) _
S(a)3, tz, a)l) :/ / S(t3, tz, tl)elwltlelw3t3dt1dt3 =

0 0
letleiw3t3dt1dt3.

e .

Experimental measurements in this study were carried
out in one of the most common configuration for recording
two-dimensional IR absorption spectrum with femtosecond
time resolution [8], which is based on Michelson IR-
interferometer, and pulses interact with the sample in the
Lpump-probe“ geometry (Fig. 1). In such a geometry, the
nonlinear response propagates strictly in the direction of
the probe pulse, with the latter acting as a local oscillator
(ts =0). To measure one two-dimensional spectrum, it
is necessary to scan the delay t; in a certain range at
a fixed waiting time t, (Fig. 1,5 shows the sequence of
pulses incident to the sample under study). The Fourier
transform is performed only for the variable t;, and to
obtain a spectrum along the w3 axis, the radiation of the
nonlinear response is decomposed into a spectrum using a
monochromator.

The mid-IR femtosecond pulse is generated in a laser
system based on a kilohertz regenerative Ti:Sapphire am-
plifier of chirped pulses with subsequent frequency down-
conversion in an optical parametric amplifier and a differ-
ence frequency generator based on a GaSe crystal [9,10].
The output pulse of the laser system with a duration of
60—100 fs is tunable in a wide range of wavelengths from 3
to 11 um, reaching a maximum energy of 25 uJ (at a central
wavelength of 3—5 um). This pulse is split into two unequal

R(ts, t, t1)e
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replicas by a zinc selenide beam splitter with a small wedge
(30°). A weak reflection with an energy of about 200 nJ
is used as a probe beam, and a more powerful transmitted
beam is introduced into the Michelson interferometer, where
a pair of pump pulses with an adjustable delay t; is
formed. This delay is determined with high accuracy by
a quadrature detector from the interferogram formed in the
same interferometer by a highly coherent He-Ne laser. The
probe pulse passes through its own independent automated
delay line (t,), after which all three IR pulses are focused
onto the sample by an off-axis parabolic mirror (PM1).
After passing through the sample under study, the pump
pulses are recorded by the IR MCT-diode D1, and the
spectrum of the probe pulse is studied either directly in
the IR range using a monochromator and a liquid nitrogen-
cooled MCT-diode, or in the visible range after nonlinear
optical frequency conversion in the process of generating
the sum frequency with a reference pulse.

The theoretical maximum resolution of the ,excitation
spectrum® (along the horizontal axis of the two-dimensional
IR spectrum) is determined by the scanning range of the
delay t; between the arms of the pump interferometer.
Thus, to obtain a resolution of the order of one inverse
centimeter, it is necessary to scan the delay in the range
of 30 ps. To restore the studied high-frequency components
of the nonlinear spectrum, the distance between individual
sampling moments should not exceed the radiation half-
wavelength, and taking into account the loss of half
of the laser ,shots“ for determining and subtracting the
background illumination when using an optical chopper,
it should not exceed quarter-wavelength. Together with
the relatively low pulse repetition rate of the laser system
(1kHz), this imposes a limitation on the maximum delay
scanning speed t; and results in the situation that at least
10s are spent for one scan. Thus, in the implementation of
a configuration with direct detection by a single-element IR
detector, about 10 min are spent for the measuring a two-
dimensional map with a resolution of 100x 100 points with
a spectral resolution of the order of one inverse centimeter.

The peak spectral power density of the absolute black
body radiation at room temperature occurs at a wavelength
of an order of 10 um, therefore for the direct detection of
radiation in the mid-IR range (3—10um), cooling of the
detector to the temperature of liquid nitrogen is applied,
which significantly increases the cost and complexity of
the detector that can be made in both single-channel and
multi-channel versions. To increase the speed of the system,
we have implemented an alternative technique for spectral
analysis of the IR probe pulse based on nonlinear optical
frequency transfer of the signal under study to the visible
region of the spectrum, ie. up-conversion. This approach
allows the use of more efficient and faster silicon CCD
matrices and linear arrays to record the spectrum at once
in the entire frequency range of interest, resulting in a
two-order reduction in the time of collecting data of one
two-dimensional spectrum. This opens up the possibility
of studying the processes of fast chemical and biological
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Figure 1. (a) Schematic diagram of a two-dimensional IR spectrometer based on Michelson interferometer using a nonlinear optical
crystal to transfer the radiation to the visible region of the spectrum. Ch — chopper (optical shutter), W — wobbler, D1, D2 — MCT
detectors, NF — narrowband filter, PL — polarizer, FL. — high frequency filter, Mono — monochromator, Camera — kilohertz silicon
linear matrix, L1-2 — zoom-out telescope, PM1-3 — parabolic mirror, FM — movable mirror. (b) Sequence of IR pulses incident on the
sample under study: t; — delay between pump pulses, t; — delay between the second pump pulse and the probe pulse.

Sample

reactions in real time. In the process of transferring the
spectrum to the visible region in a nonlinear optical crystal,
it is also possible to avoid inherent noise of photodiodes
that record the radiation in the mid-IR range. The photon
of the radiation under study is not absorbed by the
substance, but is transformed in the transmission region of
the nonlinear optical material on the x(® square nonlinearity.
In accordance with Kirchhoff’s law of thermal radiation,
the absorption of a medium in thermodynamic equilibrium
is equal to its emission, which means that a nonlinear
medium that is transparent in the mid-IR range and kept at
room temperature will not emit additional thermal photons,
introducing distortions into the converted radiation under
study.

For the conversion of radiation in the spectral range
of 3—6um when mixed with a chirped pump pulse of
a Ti:Sapphire laser system, MgO:LN and LilO3 crystals
are the most attractive, possessing wide phase matching
of the sum frequency generation process in the region of
the central wavelength of 4 and 5 um, respectively (Fig. 2).
This allows, on the one hand, carrying out correlation
measurements in a wider spectral range, covering all modes
of interest in the molecular system under study, and, on
the other hand, the use of longer crystals, compensating
for their relatively low radiation resistance, to increase the
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conversion efficiency. To transform the IR spectrum in the
range of 2000—2080cm™!, in this study we use a LilOs3
crystal with a thickness of 500 um, cut out at an angle of
0 =21.5° and ¢ = 0°.

A picosecond pump pulse at a central wavelength of
808 nm is taken from the unused reflection of the uncom-
pressed pulse into the zero order of diffraction grating of
the regenerative chirped pulse amplifier compressor. Then,
the beam passes through a narrow-band filter (NF in Fig. 1)
with a bandwidth of 3nm to remove spectral components
that do not participate in the conversion and, accordingly,
reduce the radiation load on the nonlinear crystal. To match
the sizes of the waists of the radiation under study and
the reference radiation, a compression telescope formed
by focusing and scattering lenses (L1 and L2 in Fig. 1)
is installed downstream of the narrow-band filter, due to
which, at the focus of 150mm of the off-axis parabolic
mirror, the waists of the crossed beams are equal to each
other, their diameter is 150 um, which makes it possible to
achieve high efficiency of the nonlinear optical conversion.
The excess energy of the picosecond pulse was attenuated
by a set of neutral filters to the maximum peak intensity, at
which no optical breakdown of the crystal takes place yet,
ie. about 0.7-10° W/cm?. The probe pulse energy at the
central wavelength of 5um downstream of the sample was
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Figure 2. Two-dimensional map of phase-matching lengths of the sum frequency generation process when mixing the radiation in the
mid-IR range with a pump pulse at a central wavelength of 808 nm in a MgO:LN crystal (a) and a LilO; crystal (») depending on the

wavelength and crystal orientation.

150nJ, and the energy of the pulse at the sum frequency
(at a wavelength of about 700nm) was 2.4 nJ. Thus, the
conversion efficiency was about 11% in terms of the number
of photons.

As a result of up-conversion of IR radiation into the
visible region when mixed with a picosecond pulse at a
central wavelength of 808 nm, the spectrum of the main
absorption lines of the octacarbonyl dicobalt solution in
the range of 2000—2080 cm™! is transferred into a spectral
region with a width of only 4nm — from 691.5 to 695.5nm
(Fig. 3,a). To record such a narrow spectrum in the
visible region with a resolution of at least 100 points,
a M522 ,SolarLS* monochromator with a 1200 1I/mm
grating was used. Instead of an exit slit, a TCN-1209-
U ,,Mightex” high-speed linear camera was installed behind
the monochromator, allowing recording of a 12-bit image
with a size of 1x2048 pixels synchronously with an external
trigger at a frequency of 1000 frames per second with a
minimum exposure time of 0.3ms. The pixel size of the
matrix of this camera is 14um, which, in combination
with the inverse linear dispersion of the monochromator
of 14nm/mm, makes it possible to achieve a spectral
resolution of 0.02nm. To collect data, synchronize and
control the laser system, a NI USB-6356 (BNC) general-
purpose ADC-DAC module by National Instruments is
used, the software is written in the LabVIEW environment
and is optimized for multi-core processing of the continuous
large data stream from the camera and detectors operating
at kilohertz frequency.

As a sample for testing the technique of recording two-
dimensional IR spectrum with nonlinear optical frequency
conversion, we have chosen the previously used a carbonyl
complex of cobalt, Coy(CO)s [10]. The spectrum of this
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compound in a hexane solution has pronounced absorption
lines near 2000 cm~! (which corresponds to a wavelength
of about 5um). In a solution of octacarbonyl cobalt alkanes,
it exists in two stable states, corresponding to different
isomers [10-12]. The IR spectrum of each isomer contains
several CO absorption bands at slightly different frequencies
corresponding to different vibrational modes. This results in
the emergence of off-diagonal peaks in the two-dimensional
spectrum, associated both with the redistribution of energy
within one isomer and with a change in the state of the
molecule and its transition from one isomer to another after
excitation of the vibration by a femtosecond laser pulse. This
property makes it possible to use the carbonyl complex of
cobalt as a convenient test sample to optimize the procedure
for recording and processing nonlinear signal to form a
two-dimensional spectrum. The substance under study in
a liquid state is placed in a cuvette consisting of two optical
windows made of calcium fluoride, between which there
is a calibrated fluoroplastic spacer with a thickness of 50
to 1000um. The small thickness of the cuvette makes
it possible to increase the ratio of the efficiency of the
nonlinear process, which occurs only in the focal volume
near the waist of the intersecting beams, to linear absorption
in the entire exposed volume of the substance. Also, a
decrease in the thickness of the cuvette results in expansion
of the range of angles where the phase matching conditions
are met for a nonlinear signal arising as a result of four-
wave interaction. The concentration of the cobalt carbonyl
solution in standard hexane was selected in such a way
that the absorbance at the wavelength corresponding to the
highest absorption in the region of 2000cm~! was about
unity with a thickness of the liquid layer under study of
about 100 um.
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Figure 3. (a) The spectrum of the IR pulse downstream of the cuvette with the sample, measured in the IR range (blue curve, 1)
and after up-conversion (green curve, 2). (b) Nonlinear spectrum of octacarbonyl dicobalt at a detection wavelength of 4942 nm and the
corresponding signal (c), detected by an MCT-diode (blue curves, /) and one element of kilohertz silicon linear matrix (green curves, 2).
(d) Two-dimensional IR spectrum of octacarbonyl dicobalt measured in a single scan of delay t; using the method of up-conversion to
the visible spectral region and with direct detection of mid-IR radiation by a liquid nitrogen-cooled MCT-diode (e).

Fig. 3,d—e shows the results of measuring the two-
dimensional IR absorption spectrum of octacarbonyl di-
cobalt by two different methods: using direct detection of
radiation with a MCT-diode cooled with liquid nitrogen
(Fig. 3 ,d), as well as by the method of nonlinear
optical frequency conversion to the visible frequency range
(Fig. 3,¢). Due to the use of a multichannel linear
matrix, the latter method provides a significant gain in the
measurement speed, but loses on signal-to-noise ratio to
the IR diode cooled to cryotemperatures. Fig. 3,c shows
the normalized dependence of nonlinear signal of the diode

at a fixed wavelength of 2 = 4942nm on the delay t; and
the corresponding dependence of the signal of one camera
pixel after frequency conversion. The calculated ratio of
root-mean-square signal to root-mean-square noise at a large
delay for one pixel turns out to be approximately 5 times
lower, however, in the overall picture this disadvantage is
compensated by the high density of camera pixels, which
exceeds the actual optical resolution of the method.

The use of a special window function when processing
a nonlinear signal with a sufficiently high signal-to-noise
ratio makes it possible to significantly increase the spectral

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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(¢) Spectrum calculated from the signal with the use of a window function (brown curve, 2) and without it (green curve, 1).

resolution of the method along the pump axis. The window
function is selected in such a way as to compensate for
the signal attenuation with increasing delay (in this case,
a exp(—t/a — (t — tyax)?/b) exponential function was used
(blue curve in Fig. 4). However, when implementing this
approach, the signal-to-noise ratio decreases significantly —
for the signal shown in Fig. 4, this ratio decreased by
10 times to a value of the order of 1. Therefore, when
building up a two-dimensional spectrum, the results of 10
measurements were averaged, which took no more than
2min. As a result of applying window filtering of the
signal, it was possible to resolve nearby vibrational lines
of octacarbonyl dicobalt at frequencies of 2044cm and
2049 cm~! along the pump axis (Fig. 4, a).

At the same time, it was not possible to resolve these
individual oscillations along the detection axis, because the
resolution along two axes on a two-dimensional graph is
determined by fundamentally different elements of the set-
up: the resolution of the pump spectrum (Fourier transform)
depends on the effective delay scanning range t;, where
the fading nonlinear signal is still distinguishable against the
background noise, and the resolution along the detection
axis is determined by the characteristics of the spectral
device (monochromator and linear camera) and the spectral
width of the reference radiation involved in the process
of up-conversion. Thus, the use of a broadband chirped
pulse as a reference leads to the situation that as a result of
its addition to the nonlinear signal under study, spectral
broadening of the lines takes place: a slowly fading IR
signal (with a duration of more than 10 ps) interacts with
various spectral components of the chirped pump pulse,
separated by time. This disadvantage of the technique
can be overcome at the stage of data processing by the
method of deconvolution of the measured spectrum, taking

Optics and Spectroscopy, 2023, Vol. 131, No. 8

into account the known phase modulation of the reference
pulse [13].

An alternative approach is to implement a nonlinear
optical conversion with a dispersed beam of IR radiation, in
which the spectral resolution is determined by the properties
of the spectral device in the mid-IR range and does not
depend on the spectral bandwidth of the reference pulse[14].

In the process of two-dimensional spectrum recording,
the detector receives not only the radiation of the probe
pulse and the nonlinear response of the substance under
study, but also the pump pulses, which are partially scattered
on inhomogeneities of the sample and the surface of the
cuvette and propagate in the same direction as the probe
pulse. Taking into account the fact that pump pulses, as
a rule, have an order of magnitude greater intensity, the
interference of even a small fraction of them with the probe
pulse leads to a significant background illumination, which
in two-dimensional spectra appears as a band along the
diagonal of the image. If only off-diagonal peaks of the
two-dimensional spectrum are of interest for the study, then
this illumination can be ignored, otherwise it is necessary to
use additional methods to determine and subtract it. The
detected signal, accurate to the first order of smallness,
consists of four main terms:

2
S Eprobe + EprobeENL + EprobeEpumpl + EprobeEpump2’

where Egmbe and EpropeEpump2 disappear after the Fourier
transform over the delay t;, because they do not depend on
it, Eprobe Ent 1s useful signal, and Eprobe Epump1 is background
illumination that must be removed from the spectrum.
In the simplest case, a mechanical chopper is used for this
(Ch in Fig. 1, a), installed in the stationary arm of the pump
interferometer, tuned to half the pulse repetition rate, and

blocking every second pulse. In this case, all odd sampling
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Figure 5. (a) The interference of the probe pulse and the moving pump pulse recorded behind the monochromator at a wavelength
of 4930nm with optimal adjustment of the wobbler oscillation amplitude. Odd (pink curve, /) and even (green curve, 2) sampling
points corresponding to different wobbler angles are shown separately. (b) Relative phase shift of the interference between even and odd
sampling points depending on the wavelength (solid brown curve — experimental data, dashed brown curve — calculation, caption on
the left) and its corresponding residual intensity background illumination (solid blue curve — experimental data, dashed blue curve —
calculation, caption on the right). (c,d) Measured two-dimensional spectrum of an empty cuvette with the wobbler turned off (¢) and
with the wobbler turned on (d), the oscillation amplitude of which is optimized for a wavelength of 4930 nm (= 2028 cm™!).

points will contain information about the useful signal with
illumination, and even ones will contain only illumination.
Subtraction of spectra calculated independently from two
halves of the sample makes it possible to remove illumina-
tion, while halving the number of points with a useful signal,
which is the main disadvantage of the chopper leading to

the doubling of the registration time of a two-dimensional
spectrum.

As an alternative to the optical chopper, to eliminate the
background illumination, a device can be used that reverses
the phase of every second pump pulse (often in the English
literature it is called a ,wobbler (W in Fig. 1,4). The

Optics and Spectroscopy, 2023, Vol. 131, No. 8
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operating principle of such a device is based on introducing
an additional optical delay into the pump beam, varying with
a frequency half the pulse repetition rate [15]. This device
in our experiments was made in an original design using a
non-resonant galvanic scanner from a laser projector and a
plane-parallel zinc selenide plate with a size of 9—18 mm
and a thickness of 1 mm, glued instead of mirror onto the
galvanic scanning head. The plate is installed at the Brewster
angle to the pump radiation in front of the Michelson
interferometer, the rotation of the scanner is controlled by an
analog signal in the form of a sine wave with a frequency of
500 Hz, generated synchronously with pulse repetition rate
by the NI USB-6356 (BNC) input-output device National
Instruments. The phase of the control sine signal is selected
in such a way that two successive pump pulses pass through
the plate at the moments of time when it deviates by a
maximum angle from the equilibrium position in one and
the other direction, respectively. In this case, the amplitude
of the plate oscillations determines the delay of even and
odd pulses relative to each other. This method makes it
possible to accurately reverse the phase of pulses at one
specific wavelength, as a result of which the interference
spectrum of the probe pulse with the moving pump pulse is
effectively zeroed when calculated over the entire scanning
range. At the same time, the third order nonlinear response
phase

®NL = FPpumpl =+ Ppump2 + Pprobe

remains unchanged for even and odd pulses, because it
depends on the phase difference between the two pump
pulses, which makes it possible to obtain twice as much
useful signal at the same scanning speed compared to
the optical chopper. However, the dispersion of zinc
selenide results in the situation that with increasing distance
from the wavelength for which the vibration amplitude of
the plate is optimized, the value of the phase difference
deviates from s, which leads to incomplete suppression of
the interference spectrum (Fig. 5,¢,d). In the presented
experiments, the amplitude of the wobbler oscillations
was chosen in such a way as to accurately suppress
the interference at a wavelength of 4930nm (Fig. 5,a).
Fig. 5,b shows the experimentally obtained dependences
of the relative phase shift and the intensity of parasitic
interference on wavelength, as well as the corresponding
theoretical dependences calculated for millimeter-plate of
zinc selenide.

It can be seen from the presented results that the use of
the wobbler based on a plane-parallel zinc selenide plate
makes it possible to completely suppress the background
illumination caused by the interference of the probe pulse
with the moving pump pulse only at one specific wave-
length (in this experiment, a wavelength of 4930 nm was
chosen). Around it, in the spectral range with a width of
100cm™!, the signal/background ratio increases by more
than 20 times, and in the spectral range with a width of
20cm~! it increases by more than 100 times compared to
measurements without a wobbler and an optical chopper.

Optics and Spectroscopy, 2023, Vol. 131, No. 8

When directly detecting a nonlinear signal in the mid-IR
range with a single-element detector, the use of a wobbler to
suppress background illumination is more preferable than an
optical chopper, because the amplitude of plate oscillations
can be adjusted automatically in the process of scanning
the wavelength with a monochromator, ensuring complete
suppression of the unwanted interference throughout the
entire range of wavelengths under study and giving a 2-
fold gain in scanning speed due to a larger number of
Lwuseful points. When using the up-conversion technique
to simultaneously record a nonlinear response in a wide
range of wavelengths using a wobbler, it is necessary to take
into account the incomplete compensation of background
illumination, which is manifested at the edges of the
spectrum due to the dispersion of the zinc selenide plate
(Fig. 5,b).

For the theoretical modeling of the obtained two-
dimensional IR spectrum, a quantum description of the
process of pump fields interaction with the medium under
study is used using the formalism of the density matrix
operator and analysis of its evolution (and, accordingly,
analysis of the dynamic response of the substance) based
on solving the Bloch-Redfield equation. To model the
response function of the medium in the scheme of two-
dimensional IR Fourier spectroscopy, it is necessary to
find the Hamiltonian of the system under study [16,17].
The complete Hamiltonian is given by the sum of the
eigen Hamiltonian of the system H, and the interaction
operator V(t) in the dipole approximation with an external
,classical“ field. All significant vibrational modes can be
represented as three-level anharmonic oscillators (the three-
level approximation and anharmonicity quadratic in the
number of bosons are sufficient for modeling the two-
dimensional spectrum [18]). The full Hamiltonian can be
rewritten in the approximation of local modes coupled by
energy transfer interactions; this also allows the use of a
number of approximate calculation methods [19]. General
form of the Hamiltonian is as follows:

N
H(t) =) hon(t)aja, — 3 > Kn()afanajan+
n

where the first four terms are responsible for the energies
of normal vibrations in the molecule and intramolecular
interactions (Ho), and the last one is responsible for the
coupling with the external field in (V(t)).

The modeling of the nonlinear signal resulting from the
interaction between the quantum system and the pump
fields is described through the density matrix formalism.
Assuming that the change in the Hamiltonian of the system
caused by the external field is small, perturbation theory

with expansion in a small correction V(t) is used to find



1052 E.A. Stepanov, G.D. Ivanov, A.N. Zhdanov, A.A. Voronin, A.S. Shvedov...

the evolution of the system. In the perturbation theory, the
density matrix is represented as the following expansion:

p(t) = p (1) +p' (1) + (1) + 07 (1) + - .

The zero term is the exact solution to the problem in the
absence of perturbation. Then the evolution of corrections
to the state is represented by the following equation:

(n) R
W20 Li o) +

L"),

) ) (6)
where L, is Liouville superoperator for Ho, Lir is Liouville
superoperator for V(t). Before the start of interaction, all
fields are absent, which determines the boundary condition
of [p(M(—00))) =0 for all terms of the expansion except
the zero term. In this case, the solution can be written in

the following form:

™ :__/ drG(t — )Ln() ™ V(@) (7)

Taking light pulses to be infinitely short, solution (7) can
be simplified as follows:

P (1)) = ~ Gt~ ta)ir(ta) o™ ().

The above Hamiltonian (5) allows specifying all states
of a quantum closed system that can be reproduced in
the nonlinear response, however, it does not in any way
determine the interaction with the external environment,
dissipative processes and processes of intermode interaction
involving degrees of freedom of the reservoir. To describe
dissipative systems, there is the Bloch-Redfield equation
for the evolution of the density matrix in the form of an
equation with a time-independent superoperator, which in-
cludes population relaxation and cross-relaxation, coherence
relaxation, coherence transfer [20,21]. In this approximation,
the external environment (,,the reservoir“) and the quantum
system can be determined independently. The coupling
of the system with the reservoir is specified by operators
defined in the Hilbert space of the system and its state
at previous moments of time. To approximate Markov
dynamics, it is necessary to take into account that the times
of relaxation processes in the reservoir are much shorter
than the typical evolution times of the system and the
noise correlation function decays in a time shorter than the
characteristic evolution time of the system. Then the Bloch-
Redfield equation, which derivation is presented [21-23],
takes on the following form:

do(t) 1
dt ih Hs. p

+p(t)D’ kS

-7 Z, ) ~ Djio(t)S;+

— é,—ﬁ(t)f)'jk).
(8)
The entire second term can be called the relaxation
superoperator R, and then the equation takes on a more

compact form:

iAoM) o
g = HO,

p(®)] +1ARo(Y). ©)

The Bloch-Redfield equation written in this form was
used in our theoretical modeling. Due to the fact that
the pump and probe pulses have different directions, the
equations to be solved must take into account the geometry
of the experiment. This is achieved by substituting into
the evolution only those complex components of the light
field, the interaction with which will lead to the emission of
a signal in the direction to be detected. In the general
case, there can be two directions of interest in a two-
dimensional spectroscopy experiment: rephasing and non-
rephasing. The names of the directions indicate the presence
or absence of a photon echo effect from an ensemble of
oscillators. This effect is due to the fact that in the case
of rephasing interaction, the frequencies of the complex
components of the first and third pulses have different
signs. In this case, the phases of individual particles of an
inhomogeneously broadened ensemble, accumulated during
the coherence time t;, effectively acquire the opposite
direction of evolution, which leads to the emergence of an
optical signal from the ensemble at the time t3 = t; relative
to the third impulse.

In the case of a non-rephasing interaction, the direction
of evolution of the phases of the ensemble particles remains
unchanged, which means that the rephasing effect does not
occur and the photon echo is not observed. Solving a system
of three equations of form (9) yields the evolution of the
density matrix operator for the system under study, which
makes it possible to find the nonlinear response function.
The program code is implemented in Python, within which
the evolution of a quantum system with a Hamiltonian
of form (5) is calculated by solving equation (9) using
the matrix exponential method, after which the third-order
nonlinear response function is calculated. The problem was
solved within the framework of the secular approximation,
ie. with a time-independent relaxation superoperator; to
build up the initial Hamiltonian of a system of form (5), the
states were taken into account, where no more than three
excitation quanta are involved. The main mode frequencies,
as well as their anharmonicity for octacarbonyl dicobalt,
obtained in [10,12], were used as the initial data for the
calculation. As a result of the calculation, a nonlinear
response function of the 3-rd order was obtained and
the spectra of its rephasing and non-rephasing parts were
calculated (Fig. 6,4, b), and a two-dimensional spectrum of
the full (sum) response function was built-up, coinciding
with good accuracy with the absorption spectrum obtained
during the experiment in the ,,pump-probe” geometry of
beams (Fig. 6,¢). A comparison of experimental results
and numerical modeling shows good qualitative agreement,
which suggests the effectiveness of the model and numerical
code used and, accordingly, the possibility of using them for
the analysis of other molecular systems.
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Figure 6. Two-dimensional IR spectrum of octacarbonyl dicobalt, calculated from the rephasing (a) and non-rephasing (b) parts of
the model nonlinear response function, as well as the absorption spectrum (c), corresponding to the experimental measurement in the

»pump-probe” beam geometry.

Thus, the study demonstrates that converting radiation
into the visible region of the spectrum makes it possible
to get rid of the direct measurement of signal in the mid-
IR range with expensive detectors that require the use of
cryogenic technologies, and to use instead the technolog-
ically advanced and affordable multi-channel silicon linear
matrices that have high sensitivity and allow one laser shot
(,,single-shot“) registering the radiation spectrum in a wide
range.

The demonstrated decrease in the time of measurement of
one two-dimensional spectrum by two orders of magnitude
makes it possible to observe the fast temporal dynamics
of complex molecular compounds. The use of a phase
compensation scheme for background illumination makes
it possible to suppress the noise arising from parasitic
scattering by almost two orders of magnitude and double
the measurement speed for both modalities of the recording
system. Numerical modeling of the process of interaction
of pump fields with the medium under study using the
formalism of the density matrix operator and analysis of
its evolution based on the solution to the Bloch-Redfield
equation made it possible to qualitatively reproduce the
features of the two-dimensional IR absorption spectrum
of octacarbonyl dicobalt and make a conclusion about the
applicability of the code used for analyzing the dynamics of
molecular vibrations of a wide range of substances.
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