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Abstract.  A novel, 2.6-to-10-μm wavelength-tunable laser 
source of sub-70-fs pulses is combined with mid-IR heterodyne 
detection to provide a versatile laser platform for broadband 
two-dimensional Fourier-transform infrared spectrochronog-
raphy. The mid-infrared laser output serves as both a short-
pulse driver and a broadband probe for time-resolved studies of 
ultrafast molecular coherence, population dynamics, and mul-
timodal energy transfer in a vast class of complex molecular 
systems. 
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1. Introduction 

The methods of nonlinear optics [1 – 4] offer unique oppor-
tunities  for  studying  fast  processes  in  complex  physical, 
chemical, and biological systems. Multidimensional nonlin-
ear  spectroscopy  [5 – 12]  is  one of  the most promising and 
dynamically  developing  areas  of  nonlinear  optics.  Unlike 
the  methods  of  conventional,  one-dimensional  spectros-
copy,  multidimensional  spectroscopy makes  it  possible  to 
reveal physically and chemically significant classical [7 – 10] 
and  quantum  [11]  correlations  in  the  spectra  of  nonlinear 
response, as well as to study the dynamics of fast processes 
in  complex  atomic  and molecular  systems  [6,  10]  and new 
quantum materials [13]. 

The methods of 2D Fourier-transform infrared (2D-FTIR) 
spectroscopy are most widely used to analyse the dynamics of 
complex  organic  compounds,  in  particular,  new  types  of 
molecular  markers  used  in  the  analysis  of  biological  com-
plexes  [14 – 19]. Two-dimensional  IR  spectroscopy makes  it 
possible to obtain information about the environment of pro-
teins reflected in a two-dimensional line shape, to measure the 
characteristic  times  of  excitation  transfer  from  one  vibra-
tional  mode  to  another,  to  distinguish  between  solvent-
affected and disordered proteins, and to increase the spectral 
resolution  due  to  the  so-called  off-diagonal  peaks  (see 

Section 5). For example, using 2D-FTIR spectroscopy, new 
features of the relationship between the vibrational degrees of 
freedom in nucleic acids were discovered  [20 – 22]. The high 
temporal  resolution  of  the  technique  allows  analysing  the 
dynamics  of  peptide  folding  and  protein  oligomerisation 
[21 – 24],  including  the  technique  of  labelling  cells  with  the 
carbon-13 isotope [24]. 

The use of modern laser systems that generate femto-
second laser pulses in the mid-IR range with a repetition 
rate up to 100 kHz, as well as fast multi-element linear IR 
detectors  and  spatial  light  modulators  to  control  the 
pump  radiation,  allowed  the  time  of  recording  a  two-
dimensional  spectrum  to  be  reduced  to  several  hundred 
milliseconds. A significant increase in the signal-to-noise 
ratio with a decrease in the IR pulse energy by an order 
of magnitude also became possible [25, 26]. An increase 
in the rate of recording 2D spectra is also facilitated by 
the development of algorithms  for  restoring 2D  images 
from a significantly thinned and shortened data sample, 
which  reduces  the  minimum  number  of  required  read-
ings  and  increases  the  signal-to-noise  ratio  by  several 
times when using a priori information about some prop-
erties of  the recorded signal  [27]. Progress  in  the devel-
opment  of  experimental  techniques  and  signal  process-
ing  methods  has  made  it  possible  to  develop  a  new 
promising  type  of  nonlinear  optical  microscopy  based 
on a two-dimensional IR analysis of coupled vibrational 
molecular modes [28]. This method assigns some param-
eters determined from the two-dimensional IR spectrum 
to  each  point  of  the  test  sample.  Thus,  in  the  paper 
devoted  to  the  observation  of  protein  breakdown  in 
mouse pancreatic  tissues  [29],  the displayed parameters 
were  the  fundamental  frequency  shift  of  a  vibrational 
mode,  the  intensity  of  an  off-diagonal  peak,  and  the 
anharmonicity  of  vibrational  levels, which  can  only  be 
obtained by applying this technique. 

In this paper, we present a universal  laser platform for 
broadband 2D spectroscopy using ultrashort mid-IR pulses. 
The  laser  system developed  for 2D spectroscopy generates 
radiation  pulses  with  a  duration  of  less  than  70  fs  and  a 
wavelength tunable in the range of 2.6 – 10 mm.  Broadband 
excitation and probing by pulses with  such parameters,  in 
combination with the heterodyne detection technique imple-
mented in the mid-IR range, open up possibilities for study-
ing  ultrafast  dynamics  of  molecular  coherence,  as  well  as 
ultrafast population kinetics and energy exchange between 
different  degrees  of  freedom  in  a  wide  class  of  complex 
molecular systems.
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2. Laser system 

Our experiments are based on a laser system (Fig. 1), which is 
a  multifunctional  femtosecond  Ti : sapphire  laser  complex, 
consisting of a master oscillator, a regenerative amplifier, and 
an optical parametric amplifier [30 – 32]. The master oscillator 
generates pulses with a centre wavelength varying in the range 
of 730 – 860 nm and a duration of about 30 fs. These pulses 
are amplified  in a  regenerative Ti:sapphire amplifier, which 
produces ~60 fs pulses with an energy of up to 2.4 mJ at a 
centre wavelength of 790 – 810 nm. These pulses are used to 
pump  an  original  two-channel  optical  parametric  amplifier 
(OPA)  that  generates  tunable  radiation  at  wavelengths  of 
1100 – 1550 nm (signal wave) and 1550 – 2200 nm (idler wave) 
with  pulse  energies  up  to  350  and  200 mJ  and durations  of 
about 60 and 55 fs, respectively. 

To generate tunable pulses in the mid-IR region, a 300 mm 
thick GaSe crystal is used, in which the signal and idler waves 
are  mixed  (DFG).  By  changing  the  idler  and  signal  wave-
lengths,  it  is  possible  to  obtain  femtosecond  pulses  with  a 
duration of 70 – 100 fs, tunable in the mid-IR range (3 – 10 mm), 
which  are  further  divided  into  replicas  and  used  as  pump 
pulses for 2D-FTIR spectroscopy. 

3. Technique of two-dimensional spectroscopy 

Nonlinear polarisation arising in a medium under the action 
of three IR pulses is described by the expression [8]
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where  R  is  the  response  function  whose  measurement  is 
exactly the goal of nonlinear spectroscopy. Different meth-
ods  of  four-wave  time-resolved  spectroscopy  allow  deter-
mining the response function in various approximations, at 
zero values of some variables, t1, t2 or t3, or by integrating 
over  them, or by measuring only  the modulus of  the com-
plex  response  function.  Two-dimensional  spectroscopy 
completely measures the third-order response function using 
a  train of  three ultrashort pulses  to minimise  the  effect of 
convolution on the result. Ideally, when using pulses shorter 
than  the  characteristic  response  times of  the  system under 
study,  but  much  longer  than  the  field  period,  the  field 
strength can be written as

E(t) µ ( ) ( )exp i i it t rk! " "d w j ,  (2) 

where d(t) is a delta function, but the frequency, phase, and 
wave vector of the field are preserved. In this case, the convo-
lutions in the expression for the nonlinear polarisation disap-
pear, and the generated signal turns out to be directly propor-
tional to the nonlinear response:
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To  determine  the  amplitude  and  phase  of  the  response 
function, heterodyne detection is used, i.e., the measurement 
of  the  sum of  the  nonlinear  signal with  the  local  oscillator 
Eloc(t – tloc), where tloc = t3, k k k kloc 1 2 3" != +
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Visualisation  and  interpretation  of  the  third-order 
response function in the frequency representation turns out to 
be more intuitively understandable. Therefore, the measured 
function S(t1, t2, t3) is subjected to a two-dimensional Fourier 
transform, which is equivalent to the Fourier transform of the 
third-order response function in the short-pulse approxima-
tion  (in  the  case  of  a  precisely  phased  spectrum,  the  phase 
factor is taken to be one): 
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where  t1,  t2  and  t3  are  the  delays  between  four  IR  pulses 
directly  controlled  in  the experiment. Usually,  the Fourier 
transform  is performed over  the variables  t1 and  t3, which 
leads to a set of two-dimensional spectra for various values 
of  the system evolution time  t2, giving complete  informa-
tion  about  the  third-order  nonlinear  response  function 
R(w3, t2, w1). 
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Figure 1. (Colour  online)  Schematic  of  a  two-dimensional  IR  spec-
trometer  based  on  a  Michelson  interferometer  with  a  quadrature 
He – Ne detector  (QD);  (PM1, PM2)  off-axis  parabolic mirrors;  (D1, 
D2) MCT detectors; (Mono) automated monochromator; (Sample) cu-
vette with the test substance; (Ch) optical chopper; l/4 is the quarter-
wave plate.
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4. Measurement of two-dimensional spectra 

In  the present work, a  two-dimensional  IR spectrometer  is 
designed in the pump – probe geometry based on a Michelson 
interferometer, which  forms a pair of pump pulses propa-
gating along one axis with an adjustable delay  t1  [33]. The 
pump  radiation  is  focused by an off-axis parabolic mirror 
into  the  cell with  the  substance under  study  together with 
the third, weak replica of the IR pulse, which plays the role 
of probe radiation. In this geometry, the nonlinear signal is 
generated in the same direction as the probe pulse, which, in 
turn, acts as a  local oscillator  that amplifies  the nonlinear 
signal.  Together  they  are  focused  on  a  monochromator, 
behind which they are detected by a sensitive mercury – cad-
mium –tellur  (MCT)  detector  cooled  with  liquid  nitrogen. 
Since the delay t3 between the nonlinear signal and the local 
oscillator  (probe  pulse)  in  this  geometry  turns  out  to  be 
unchanged, instead of the Fourier transform in this coordi-
nate, radiation is expanded into a spectrum using a mono-
chromator,  which  immediately  gives  a  signal  in  the  form 
S(t1, t2, w3).  To  obtain  the  two-dimensional  spectrum 
S(w3, t2, w1), it remains to perform a Fourier transform with 
respect to the variable t1: 
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To  maximise  the  speed  of  measuring  two-dimensional 
spectra, an automated recording system was assembled, con-
sisting of a  synchronous multichannel megahertz ADC  (NI 
USB-6356), two fast radiation detectors in the mid-IR range, 
two stepper motors for controlling delays t1 and t2, a helium-
-neon quadrature detector, and an optical chopper. To avoid 

intermediate data interpolation, the Fourier transform is cal-
culated on a nonuniform mesh. 

To  determine  the  third-order  nonlinear  response  func-
tion in accordance with Eqn. (6), it is necessary to determine 
very accurately  the phase  factor, which  includes  the phase 
difference of the pump fields j1 – j2, which is equivalent to 
finding  the  absolute  delay  between  the  pump  pulses.  This 
delay must be measured to a fraction of a period, as other-
wise,  the mixing of  imaginary and  real  components of  the 
response  function  in  the  nonlinear  absorption  spectrum 
occurs  (the  rotation  of  the  vector  by  exp[i(j1  –  j2)]).  To 
phase  the  spectrum  accurately,  a  femtosecond  interfero-
gram of  pump pulses  is  recorded  synchronously with  the 
nonlinear signal using the second IR detector (see inset in 
Fig. 2b), which yields the  interferogram spectral phase of 
the  pump  transmitted  through  the  sample.  The  auxiliary 
detector is installed in the pump beam behind the sample, 
ensuring a high signal level and an exact match between the 
phase of  the  interferogram and  the one  that acted on  the 
sample, but gives rise to phase distortions near the absorp-
tion bands of the sample (green line in Fig. 2b). In the first 
approximation, however, we can ignore the exact form of 
the spectral phase of  the  interference pattern, but restrict 
ourselves  to  its  linear  approximation, which  corresponds 
to a  reference  frame  shift  relative  to  the  exact  zero delay 
between  two  pump  pulses,  in  which  all  spectral  compo-
nents interfere in phase. Figure 2b shows the linear shift of 
the spectral phase with an error in choosing the zero delay 
between pump pulses in one field cycle at a wavelength of 
5 mm (16.7 fs). 

5. Two-dimensional spectroscopy  
of complex molecular systems 

The 2D-FTIR spectrometer described was used to measure 
the two-dimensional IR correlation spectrum of the cobalt 
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Figure 2. (Colour online) Exact phasing of the two-dimensional spectrum in terms of the spectral phase of the autocorrelation function: (a) the real 
(blue curve) and imaginary (red curve) components of the Fourier spectrum of the substance nonlinear response (the signal is shown in the inset); 
(b) Fourier spectrum (filled blue curve) and spectral phase (green curve) of the autocorrelation function of the pump pulses (shown in the inset) 
measured behind the sample with detector D2, the pointed line shows the spectral phase at the zero delay between pulse per radiation period at the 
central wavelength 5 mm (~16.5 fs).
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carbonyl complex of composition Co2(CO)8 in hexane solu-
tion. Metal carbonyls are used as reagents and catalysts and 
have  important  practical  applications  in  organometallic 
chemistry and organic synthesis. The substance under study 
has  pronounced  absorption  lines  near  2000  cm–1  (about 
5 mm)  in  the  set  of  frequencies  corresponding  to  different 
CO vibrational modes. In an alkane solution, dicobalt octa-
carbonyl exists in three stable states corresponding to differ-
ent isomers [34], giving rise to off-diagonal peaks – a nonlin-
ear signal corresponding to the response of the studied mol-
ecule at a frequency different from the excitation frequency, 
which lies off the wpump = wprobe diagonal of the two-dimen-
sional map and, therefore, bears information about both the 
redistribution of energy within one isomer and the change in 
the state of the molecule and its transition from one isomer 
to  another  after  exciting  the  vibration  by  a  femtosecond 
laser pulse. 

The  studied  substance  in  the  liquid  state  is placed  in a 
100 mm thick cuvette with calcium fluoride windows. In the 
experiments  performed,  a  solution  of  cobalt  carbonyl  in 
hexane  with  an  initial  concentration  of  50  mg  mL–1  was 
diluted with a solvent to reduce the optical density at wave-
lengths  corresponding  to  the  highest  absorption  in  the 
region  of  2000  cm–1  to  a  value  of  about  one.  In  the  used 
pump – probe beam geometry, the probe pulse itself acts as a 
local oscillator, since it propagates strictly in the same direc-
tion as the nonlinear signal [33]. The resolution of the excita-
tion  spectrum  is determined by  the  sample  length of  scan-
ning the variable t1. Thus, to obtain a resolution of ~1 cm–1 
(which corresponds to 100 points in the wave number range 
of  interest  to  us,  1990 – 2090  cm–1,  where  the  absorption 
lines of vibrational modes of all cobalt carbonyl isomers are 
located),  it  is  necessary  to  scan  the  delay  in  the  range  of 

30 ps. The second automated translation stage with a retro-
reflector  is used  to control with  femtosecond accuracy  the 
delay t2 between a pair of pump pulses and a probe pulse. 
Measurement of two-dimensional spectra at different values 
of  the  parameter  t2  allows  one  to  trace  the  vibrational 
dynamics of a molecular complex with a resolution of a few 
femtoseconds. 

The results presented in Fig. 3a clearly demonstrate that 
even  a  single  two-dimensional  spectrum  of  the  substance 
under study allows a distinct identification of the overlapping 
absorption spectra of several different isomers, which funda-
mentally cannot be separated chemically, since they intercon-
vert  into  each  other  on  a  picosecond  time  scale.  Thus,  the 
absorption lines of isomers I and II near 2070 cm–1, indistin-
guishable  in  the  one-dimensional  Fourier  spectrum  (black 
curve  in  Fig.  3c),  exhibit  substantially  different  cross-peak 
patterns  in  the  2D  image, which  allow  not  only  separating 
them from each other, but also correlating with other eigen-
frequencies  of  each  isomer.  The  line  having  a  higher  fre-
quency,  ~2073  cm–1,  forms  two  pronounced  off-diagonal 
peaks with a  central absorption  line with a wavenumber of 
~2045 cm–1; in the two-dimensional spectrum, these off-diag-
onal  peaks  have  coordinates  of  2045,  2073  cm–1  and  2073, 
2045 cm–1. At  the  same  time,  the  line at ~2065 cm–1  forms 
pronounced  peaks  with  coordinates  2020,  2065  cm–1  and 
2065, 2020 cm–1. This  testifies  in favour of  the fact  that  the 
lines at 2020 and 2065 cm–1 are inherent in one isomer, and 
the  lines at 2045 and 2073 cm–1  in another, which coincides 
with the results of the experiment and numerical simulation 
performed in Ref. [34]. 

However,  much  more  information  about  the  structure 
and vibrational dynamics of the compound can be provided 
by the time dependence of the two-dimensional spectra on the 
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Figure 3. (Colour online) (a) Two-dimensional IR spectrum of dicobalt octacarbonyl measured for a delay t2 = 8 ps; (b) dependences of the ampli-
tudes of peaks 1 – 4 (framed by dashed squares in the panel in Fig. a) on the delay t2 in the range of 0 – 15000 fs; (c) Fourier absorption spectrum of 
octacarbonyldicobalt (black curve) and IR spectrum of pump/probe radiation (red curve).
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delay between the pump pulses and the probe pulse. By vary-
ing the duration of the so-called ‘evolution time’ of a molecu-
lar  system,  one  can  observe  the  redistribution  of  energy 
between different vibration modes with a femtosecond resolu-
tion. To demonstrate  this possibility, we measured  the  time 
dependences  of  the  excitation  spectra  for  several  detection 
frequencies  in  our  experiments.  Figure  3b  shows  a  two-
dimensional  image of the excitation spectrum versus time 
t2 scanned in the range of 0 – 15 ps with a step of 100 fs for 
a detection frequency of 2073 cm–1. The normalised inten-
sities  of  the  diagonal  peak  at  a  pump  frequency  of  2073 
cm–1 [curve ( 4 )] and the off-diagonal peak at a pump fre-
quency of 2045 cm–1 curve ( 1 )], calculated as  integrals of 
the  excitation  spectrum  in  the  vicinity  of  the  lines,  are 
shown (with  the opposite  sign  for convenience of percep-
tion)  in  Fig.  3b.  The  dependences  demonstrate  damped 
periodic  oscillations  against  the  background  of  an  expo-
nential decay. Regular  fluctuations  in  the  intensity of  the 
peaks  are  associated  with  the  energy  transfer  between 
vibrational  modes.  A  correlation  analysis  of  the  time 
dependences of the intensities of all observed diagonal and 
off-diagonal peaks makes it possible to reveal the direction 
and  rate  of  reactions,  to  refine  the  energy  parameters  of 
states, and to identify the influence of the environment of a 
molecule on its vibrational dynamics [34]. However, in our 
experiments with  a  single-element detector, we were only 
able to measure time dependences for three distinct detec-
tion wavelengths. 

As  a  result  of  using  tunable  broadband  femtosecond 
pulses and a registration system with low-noise MCT detec-
tors  cooled  by  liquid  nitrogen,  our  system  allowed  us  to 
measure  the  correlation  of  vibrational  lines  not  only  near 
2000  cm–1,  where  the  pump  spectral  density  is maximum, 
but also in the region 1850 – 1870 cm–1 using the long-wave-
length IR spectrum wing (red curve in Fig. 3c). Both detected 
lines at  frequencies of 1857 and 1866  cm–1 are  responsible 
for  vibrations of  the bridging CO  ligand, which  is present 
only  in  isomer I  [35]. This  result  is  confirmed by our  two-
dimensional spectra in this region: the brightest off-diagonal 
peaks corresponding to the pumping of isomer I (including 
peak 2  at  a pump  frequency near  2045  cm–1, Fig.  3a),  are 
present  at  zero  delays  t2,  gradually  increasing  with  its 
increase [curve ( 2 ) in Fig. 3b], whereas the other peaks cor-
responding to pumping isomers II and III (including peak 
1  at  the  pump  frequency  near  2020  cm–1  in  Fig.  3a)  are 
absent  at  zero  delay,  but  also  appear  and  grow  with  its 
increase  [curve  ( 1 )  in  Fig.  3b].  From  the measured  time 
dependences,  one  can  determine  the  relaxation  rate  of 
excitation  from  higher-frequency  modes  of  isomer  I  to 
lower-energy modes,  and  also  see  the  rate  at  which  the 
transformation  of  the  first  isomer  into  the  second  and 
third occurs. 

6. Conclusion 

Thus,  we  have  presented  a  universal  laser  platform  for 
broadband spectroscopy based on the use of ultrashort mid-
IR pulses. The laser system developed for 2D spectroscopy 
generates radiation pulses with a duration of less than 70 fs 
and  a  wavelength  tunable  in  the  range  of  2.6 – 10  mm. 
Broadband excitation and probing performed by pulses with 
such parameters, in combination with the heterodyne detec-
tion  technique  implemented  in  the mid-IR  range,  provide 

important advantages over the methods of one-dimensional 
nonlinear  optical  spectroscopy  [36,  37],  opening  up  possi-
bilities  for  studying  the  ultrafast  dynamics  of  molecular 
coherence,  as  well  as  ultrafast  population  kinetics  and 
energy exchange between different degrees of freedom in a 
wide class of complex molecular systems.
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