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Abstract Multidimensional spectroscopy in the visible and infrared spectral ranges has 

become a powerful technique to retrieve dynamic correlations and couplings in wide-

ranging systems by utilizing multiple correlated light-matter interactions. Its extension to 

the terahertz (THz) regime of the electromagnetic spectrum, where rich material degrees 

of freedom reside, however, has been progressing slowly. This chapter reviews some of 

the THz-frequency two-dimensional (2D) spectroscopy techniques and experimental 

results realized in recent years. Examples include gas molecule rotations, spin 

precessions in magnetic systems, and liquid molecular dynamics studied by 2D THz or 

hybrid 2D THz-Raman spectroscopy techniques. The methodology shows promising 

applications to different THz-frequency degrees of freedom in various chemical systems 

and processes.  

Keywords Terahertz; gas-phase molecular rotations; liquid-phase molecular dynamics; 

magnetic resonances 

Contents 

1. Introduction ............................................................................................................... 2 

2. Methods...................................................................................................................... 5 

2.1 THz pulse generation and signal detection ......................................................... 5 

2.1.1 Intense THz pulse generation methods ............................................................. 5 

2.1.2 THz time-domain detection by electro-optic sampling ..................................... 8 

2.1.3 Optical detection methods ................................................................................ 9 

2.2 Nonlinear 2D THz spectroscopy methods ........................................................... 9 

2.2.1 Pulse sequences in 2D THz and 2D THz-Raman spectroscopies ...................... 9 

2.2.2 Collinear phase matching and differential chopping detection ........................ 12 

mailto:kanelson@mit.edu


 
2 

2.3 Experimental setups for 2D THz and 2D THz-Raman spectroscopies ............ 13 

3. 2D THz rotational spectroscopy of gas-phase molecules........................................ 16 

3.1 Molecular orientation induced by THz pulses .................................................. 16 

3.2 Molecular alignment induced by THz pulses and two-quantum THz-THz-

optical rotational spectroscopy ................................................................................ 18 

3.3 2D THz rotational spectroscopy of acetonitrile ................................................ 22 

3.4 Extensions of 2D THz rotational spectroscopy ................................................. 27 

4. 2D THz and hybrid 2D THz-Raman vibrational spectroscopies ........................... 27 

4.1 2D THz spectroscopy of phonons in semiconductors........................................ 28 

4.2 2D THz-THz-Raman spectroscopy of intramolecular vibrations in liquids .... 32 

4.3 2D Raman-THz spectroscopy of water and aqueous salt solutions .................. 35 

4.4 Extensions of 2D THz and 2D THz-Raman vibrational spectroscopies ........... 38 

5. 2D THz magnetic resonance spectroscopy ............................................................. 38 

5.1 Background and motivation .............................................................................. 38 

5.2 2D THz spectroscopy of collective spin waves................................................... 39 

5.3 Extensions of 2D THz EPR spectroscopy .......................................................... 44 

6. Conclusion and outlook ........................................................................................... 45 

Acknowledgements ...................................................................................................... 45 

References .................................................................................................................... 46 

 

1. Introduction 

    Recent years have witnessed increasing interest in two-dimensional spectroscopy in 

many regions of the spectrum. Two-dimensional infrared (2D IR) vibrational 

spectroscopy [1–4] is a powerful technique for studying structural dynamics and 

correlations between coupled molecular motions in chemical and biological systems such 

as water [5], proteins [6], and DNA [7]. With visible light, multidimensional electronic 

spectroscopies [8] have been applied to probe the high-order correlations of excitons in 

quantum wells [9, 10] and light-harvesting complexes [11–13]. Recently, 2D electronic 

spectroscopy has been extended across the visible spectrum and into the ultraviolet 

regime [8, 14]. In the most common 2D spectroscopy experiments, three resonant 
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interactions between incident light fields and the sample generate a nonlinear signal field 

that is fully characterized through heterodyne mixing with a reference or local-oscillator 

field and either time- or frequency-resolved measurement of the superposition. By 

varying the relative time delays and relative phases between incident fields and 

measuring the effects on the signal field, dynamical information about sample coherences 

and populations, couplings between different modes, and a great deal more can be 

learned. Variation of the time interval between two phase-coherent incident fields 

provides a second dimension along which the nonlinear signal can be measured, usually 

displayed along a second frequency axis after Fourier transformation of the signal as a 

function of the relative (inter-pulse) delay. The results often reveal features that remain 

hidden in conventional 1D linear spectra.  

    The terahertz (THz) regime of the electromagnetic spectrum is overlapped with a rich 

variety of material degrees of freedom including rotations of polar gas molecules, lattice 

vibrations in solids, molecular dynamics of liquids, spin dynamics in materials with 

magnetic order and/or high magnetic anisotropy, and many others [15]. Linear THz time-

domain spectroscopy allows access to both the amplitude and phase of the THz electric 

field after its interaction with the sample, from which the real and imaginary parts of the 

dielectric function can be retrieved simultaneously without referring to the Kramers-

Kronig relation [15]. Linear THz time-domain spectroscopy has found wide-ranging 

applications in the characterization of molecular and material systems relevant to 

chemistry, biology, and physics. In such experiments, THz pulses are typically generated 

by femtosecond laser pulses that either undergo optical rectification (OR) in nonlinear 

optical crystals such as zinc telluride (ZnTe), gallium phosphate (GaP), or gallium 

arsenide (GaAs), or that generate ultrafast photocurrent in biased photoconductive 

antennas [15]. The achievable electric field strength is generally less than 10 kV/cm [16], 

which in most samples precludes any significant nonlinear light-matter interactions. The 

absence of strong tabletop THz sources placed early THz spectroscopy exclusively in the 

linear response region [17–19]. 

    With the advent of strong tabletop THz sources, the subfield of nonlinear THz 

spectroscopy has been growing rapidly in the past decade. Nowadays, intense single-

cycle THz pulses spanning the low THz region between 0.1 and 3 THz with pulse 

energies of several µJ and electric field strengths as high as 1 MV/cm (corresponding to 

magnetic field strengths of 0.33 T) have been routinely generated by OR of Ti:Sapphire 

laser pulses in lithium niobate (LiNbO3) crystals [20, 21]. THz pulses of 10 MV/cm 

electric fields (corresponding to multi-tesla magnetic fields), higher center frequencies 

and broader bandwidths have been recently demonstrated by OR of near-IR fs pulses 

with center wavelengths between 1.2 and 1.5 m in novel organic nonlinear optical 

crystals [22–24]. The rapid development of intense THz sources has enabled coherent 

THz spectroscopy and control over electronic, orbital, lattice and spin degrees of freedom 

in various systems [25, 26].  
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    Compared to the well-established research areas of multidimensional spectroscopy in 

the visible and IR frequency ranges, the methodology and application of 2D THz 

spectroscopy are still in a nascent stage. In recent years, there have been developments of 

2D THz techniques which led to the first demonstrations of 2D multi-THz and 2D THz 

spectroscopies in the study of mostly nonresonant electronic and some lattice vibrational 

responses with strong nonlinearities in condensed-matter systems. Examples include 

carrier dynamics in graphene [27], correlations between carriers and phonons in quantum 

wells [27, 28], THz nonlinear frequency mixing in LiNbO3 [29], and coherent cyclotron 

resonance nonlinear mixing in a 2D electron gas [30]. Demonstrations of 2D THz 

spectroscopy more directly relevant to chemistry include 2D THz rotational spectroscopy 

of molecules in the gas phase [31, 32], 2D THz vibrational spectroscopy of phonons in a 

semiconductor [33, 34], and 2D THz magnetic resonance spectroscopy of magnons [35, 

36]. In the first of these, THz photon echo signals have been revealed for the first time in 

the gas phase and the full set of THz third-order (    ) nonlinear responses have been 

mapped into 2D spectra. In the second example, the first demonstration of 2D THz 

spectroscopy using three separate pulses has been realized which reveals strong 

nonresonant nonlinearity beyond      responses associated with the two-phonon quantum 

coherences in the system. The last example, though conducted on magnons in an 

antiferromagnetic crystal, is directly relevant for the development of 2D THz electron 

paramagnetic resonance (EPR) spectroscopy and the study of chemical and biological 

systems which have spin resonances in the THz regime. THz pulses combined with 

optical excitation and detection through non-resonant Raman processes have enabled 

demonstrations of hybrid 2D THz-Raman spectroscopies. Hybrid 2D THz-Raman studies 

have revealed couplings among the intra-molecular vibrational modes in halogenated 

liquids [37, 38], and the inter-molecular dynamics of the hydrogen-bond network in water 

[39] and aqueous salt solutions [40] through THz photon echoes. 

    This chapter is organized as follows. In the Methods section, the basic techniques for 

intense THz pulse generation and time-domain signal detection are reviewed. The 

methods involving 2D THz spectroscopy in collinear geometry and typical pulse 

sequences are discussed. As there are key differences between the techniques used in 2D 

THz and 2D IR or visible spectroscopies, we will elaborate the 2D THz methods in detail 

and frequently make comparisons with their analogs in the IR and visible. In what 

follows, we will review 2D THz rotational spectroscopy, 2D THz vibrational 

spectroscopy, 2D THz-Raman spectroscopies and 2D THz magnetic resonance 

spectroscopy in detail. Lastly, a summary and a brief outlook of the directions to which 

2D THz spectroscopy can lead are presented. 
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2. Methods 

2.1 THz pulse generation and signal detection 

    As 2D spectroscopies involve nonlinear signal generation and detection, experiments 

require strong excitation sources and sensitive detection schemes. Intense THz pulse 

generation mainly relies on OR of strong fs laser pulses in a nonlinear optical crystal. The 

typical picosecond (ps) to sub-ps durations of THz pulses allow detection of their electric 

field profiles in the time domain, gated by fs laser pulses. 

2.1.1 Intense THz pulse generation methods 

    OR is a second-order (    ) nonlinear process. Typically, a broadband fs laser pulse at 

800 nm from a Ti:Sapphire amplifier is used to pump a nonlinear optical crystal in 

collinear geometry. Field components at nearby frequencies,       and      , within 

the laser pulse bandwidth undergo difference-frequency mixing and generate 

electromagnetic radiation centered at        , which is in the THz frequency range. In 

the perturbative regime, the THz-frequency fields are radiated by a      polarization      

[41] given by, 

                                             

Similar to other nonlinear processes [41], the      nonlinear coefficient of the crystal and 

the phase matching of the optical pump and the generated THz pulses in the crystal are 

crucial for efficient generation of the THz fields. The phase-matching condition for THz 

generation by OR with collinear optical and THz wavevectors is given by a scalar 

equation, 

                                                       

where k is the wavevector magnitude,   the angular frequency, and              is 

satisfied. From the perspective of photons,              dictates photon energy 

conservation and Eq. (2) dictates photon quasi-momentum conservation. The index 

matching condition can be obtained from Eq. (2), and is given by 

        
 

         

where                     is the THz refractive index and    
 

             

the optical group index in the nonlinear optical crystal (c is the speed of light in vacuum).  

Inorganic nonlinear crystals including ZnTe, GaP, and GaAs have optimal index-

matching between 800 nm and THz pulses. Phase matching can be satisfied in a simple 

collinear geometry and the experimental implementation is hence straightforward. But 

these crystals have relatively small      nonlinear coefficients and large-area crystals are 



 
6 

typically required for strong THz pulse generation [16]. LiNbO3 has a large     nonlinear 

coefficient, but the large phase mismatch between 800 nm and THz pulses in LiNbO3 

leads to inefficient THz generation in collinear geometry. To circumvent the phase-

matching problem and utilize the large      coefficient in LiNbO3, a non-collinear phase-

matching scheme involving tilting of the 800-nm pulse intensity front to match the THz 

wavefront has been developed [20, 21, 42, 43], which enabled the rapid proliferation of 

tabletop nonlinear THz spectroscopy experiments [25]. 

The geometry for the tilted-pulse-front method is shown schematically in Fig. 1(a). 

The broadband fs pump pulses from the Ti:Sapphire laser with a flat intensity front are 

incident onto a grating. The first-order diffraction which has a tilted intensity front is 

collected and imaged into a specially cut LiNbO3 crystal. The demagnification of the 

imaging lens adjusts the tilt angle of the intensity front for optimal phase matching. Once 

achieved, the wave front of the generated THz pulses is parallel to the intensity front of 

the pump pulses. They travel at the same velocity along the direction normal to the pump 

intensity front, and the THz field amplitude becomes coherently enhanced. As a result of 

this non-collinear phase matching, strong THz pulses with J energies can be achieved at 

the output facet of the LiNbO3 crystal. Typical pump-to-THz energy conversion 

efficiency in LiNbO3 using the tilted-pulse-front method is on the order of 0.1% at room 

temperature. The generated THz pulses are collimated and focused to a submillimeter 

spot which can result in single-cycle THz electric fields of 1 MV/cm strength and 

bandwidth ranging from 0.1 to 3 THz [21]. The focused THz fields are used to excite and 

interrogate the sample. 

 

Fig. 1 (a) Schematic illustration of the setup for THz generation in a stoichiometric 

LiNbO3 (sLN) crystal using the tilted-pulse-front method. (b) and (c) Single-cycle THz 

electric field waveform (b) and spectrum (c) generated in LiNbO3. (from [21, 43]) 
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Strong THz pulses can also be generated from organic nonlinear optical crystals with 

high      nonlinear coefficients such as 2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-

enylidene)malononitrile (OH1), and 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium 

2,4,6-trimethylbenzenesulfonate (DSTMS) [23]. Collinear phase matching between THz 

and pump pulses is achieved when the crystals are pumped by near-IR pulses centered 

between 1.1 m and 2 m, typically from a near-IR optical parametric amplifier (OPA). 

THz pulses with μJ energies have been demonstrated in such organic crystals [44]. Due to 

the higher center frequencies of the generated THz pulses compared to those from 

LiNbO3, the THz pulses can be focused to smaller diffraction-limited spots, thus resulting 

in electric fields on the order of tens of MV/cm as demonstrated recently [22, 44]. 

Examples of intense THz pulses generated in organic crystals DSTMS and OH1 are 

shown in Fig. 2. 

 

Fig. 2 THz electric field profiles (a) and spectra (b) generated by OR in organic crystals 

DSTMS and OH1. (from [22]) 

In addition, gallium selenide (GaSe) is a nonlinear medium that allows the generation 

of multi-cycle THz radiation at higher frequencies (e.g., around 20 THz) by OR with 

collinear phase matching[27, 34]. These three THz generation methods are used in the 

works reviewed in this chapter. There are also other methods for strong and broadband 

THz pulse generation using either fs lasers in tabletop setups [45, 46] or relativistic 

electron bunches in accelerators [47, 48], which will not be discussed here. We note that 

the THz electric field profile is determined from the optical pump pulse intensity profile, 

so the THz fields used for 2D THz spectroscopy are inherently carrier-envelope phase-

stable. This simplifies measurement of the full THz field as described below.  
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2.1.2 THz time-domain detection by electro-optic sampling 

    THz pulses generated as described above typically have subpicosecond durations and 

can be sampled in the time domain using optical gate pulses of considerably shorter 

duration. For that purpose, a weak portion of the fs pulse used for THz generation is used 

to detect the THz electric field profile in a nonlinear optical crystal such as ZnTe and GaP 

via the electro-optic (EO) Pockels effect, i.e., electro-optic sampling (EOS) [49, 50]. As 

the THz generation and detection both originate from the same laser pulse, timing jitter 

between the gate and THz pulses is minimal. The same measurement method is used for 

the nonlinear THz signals in 2D THz spectroscopy measurements. Because the time-

dependent THz electric field profile is measured in this manner, there is no need for 

heterodyne detection of the signal as typically used in 2D IR and visible spectroscopies. 

The geometry for EOS is shown schematically in Fig. 3. The THz pulse and optical 

gate pulse, both with linear polarization, are focused into the EO crystal. Without the 

presence of the THz electric field, the gate pulse does not experience any birefringence in 

the EO crystal and remains linearly polarized. It is subsequently transmitted through a 

quarter wave-plate and becomes circular polarized. The horizontal and vertical 

polarization components (   and   ) of the circularly polarized gate pulse are separated 

by a Wollaston prism (polarizing beamsplitter) and the difference (zero without the THz 

electric field) in their intensities is detected by a pair of balanced photodetectors. When 

the THz pulse is overlapped with the gate pulse in time, the THz electric field biases the 

EO crystal, causing a rotation    of the index ellipsoid of the crystal and resulting in a 

transient birefringence. After transmission through the EO crystal and the quarter wave-

plate, the gate pulse becomes elliptically polarized. The difference between    and    is 

linearly proportional to the THz electric field in the limit of small    and is measured by 

the balanced photodetectors. The polarity of the THz electric field determines the sign of 

   and hence the sign of the detected signal. Sweeping the time delay    between the 

THz pulse and the gate pulse, one can map out the electric field profile of the THz pulse. 

A numerical Fourier transformation of the THz field yields the complex THz spectrum. 

 

Fig. 3 Schematic illustration of the optical setup for THz electric field profile 

characterization via EOS. The phase retardation    of the optical gate pulse in the EO 
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crystal is converted to intensity modulations of the horizontal and vertical polarization 

components    and    by a quarter wave-plate and a Wollaston prism. The difference 

between    and    is detected by the balanced photodetectors. Sweeping the delay    

between the THz and gate pulses, the THz electric field waveform is mapped out. 

    In THz transmission measurements, the THz fields transmitted through the sample are 

collected and re-focused into the EO crystal for detection. If the sample under study has a 

resonant absorption in the THz excitation bandwidth, it absorbs and radiates THz 

radiation at its resonant frequency, manifested as a free-induction decay (FID) signal in 

the time domain. A numerical Fourier transformation of the FID signals yields the 

absorption or emission spectrum of the sample resonant with the excitation THz pulse. In 

a 2D THz spectroscopy measurement, three THz field interactions with the sample 

produce the emitted THz field that is measured through EOS.   

2.1.3 Optical detection methods 

    In many THz pump-probe experiments, a weak optical pulse is used as the probe pulse. 

It is time-delayed relative to and spatially overlapped at the sample with the THz pump 

pulse(s). The optical responses of the sample induced by the THz field, such as 

absorption [51], frequency shifts [52], optical harmonic generation [53], birefringence 

[54], and polarization rotation [55], are detected. Examples of THz pump-optical 

birefringence probe spectroscopy include the THz Kerr effect in liquid molecules [37, 54, 

56], and ferroelectric crystals [57, 58], and THz-induced dipolar alignment of polar gas 

molecules [59, 60]. Here, THz electric fields orient or align the molecules and the 

orientational diffusion in the liquid or alignment revivals in the gas phase are monitored 

by optical birefringence through the anisotropic polarizability. Raman-active vibrational 

modes have also been observed using the THz pump-optical birefringence probe method, 

where anharmonic couplings between THz-driven THz-active modes and optically-

detected Raman-active modes are believed to play a role [37, 56, 58]. 

2.2 Nonlinear 2D THz spectroscopy methods 

2.2.1 Pulse sequences in 2D THz and 2D THz-Raman spectroscopies  

In 2D IR and visible spectroscopies, three pulses with controlled time delay between 

two neighboring pulses are usually used to conduct the experiments. In 2D THz 

spectroscopy, there is only one example to date using three time-delayed THz pulses [33, 

34]. This is limited in part by experimental difficulties in generation of multiple THz 

pulses and the recombination of the pulses at the sample. Most importantly, a very long 

data acquisition time is usually required, as all the inter-pulse delays and the time-domain 

signal detection time need to be scanned by mechanical delay stages. In this chapter, we 

mainly consider three types of pulse sequences and relevant light-matter interactions 
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represented by the Feynman diagrams (details on the Feynman diagrams can be found in 

Refs. [1, 61, 62] etc.) shown in Fig. 4 which are typically used in different types of 2D 

THz spectroscopies. In the Feynman diagrams, the notations of the states may indicate 

the number of quanta in a particular degree of freedom in some cases, and in others they 

denote various levels of different modes. In the hybrid THz-Raman spectroscopies of 

liquid molecules, the transitions induced through THz or Raman excitations can in 

general include overtone and combination band transitions which are usually allowed in 

liquids where the intra- and intermolecular vibrations largely have strong 

anharmonicity[63]. 

 

Fig. 4 Pulse sequences of 2D THz and 2D THz-Raman spectroscopies. The fields in 

black are THz fields and those in red are optical fields. Each field has one interaction 

with the sample unless indicated otherwise in parentheses. (a) THz-THz-THz sequence 

where all field-matter interactions arise from THz fields. The final signal emission is a 

THz field     detected by EOS. Typical nonrephasing (NR) and rephasing (R) pathways 

following this sequence are described by the Feynman diagrams shown. (b) THz-THz-

Raman sequence where each THz field interacts with the sample once and a final Raman 

(optical) field interacts with the sample once (  ) to generate the nonlinear signal field 

   , which is detected optically through heterodyne mixing with the Raman pulse field. 

Typical NR and R pathways following this sequence are described by the Feynman 

diagrams shown. (c) Raman-THz-THz sequence where field-matter interactions involve a 

second-order Raman interaction by    and a THz interaction by   . The final signal 

emission is a THz field    , detected by EOS. Typical NR and R pathways following this 

sequence are described by the Feynman diagrams shown. 
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In the THz-THz-THz sequence shown in Fig. 4(a), all field-matter interactions involve 

THz fields. An example of the      interaction pathways following the pulse sequence is 

illustrated here with examples of typical nonrephasing (NR) and rephasing (R) pathways 

shown by the Feynman diagrams. As shown in Fig. 4(a), THz field    generates a first-

order coherence which evolves during time period  . THz field    interacts with the 

sample twice, generating in succession a second-order population and a third-order 

coherence. The third-order coherence evolves during time period t and radiates the signal, 

which is detected by EOS as a function of  .  If we index the possible time delays by 

which field interaction they follow, then inter-pulse delay   is the coherence time   ; 

population time      (field interactions 2 and 3 are time-coincident); and the detection 

time t corresponds to   .    can also interact twice to generate in succession a first-order 

coherence and a second-order population, the latter of which evolves during time period  . 

   interacts once to generate a third-order coherence radiating the nonlinear signal. In 

this case, we have coherence time      (first two interactions time-coincident) and 

population time     ; the detection again, and generally, is t = t3.  

In the THz-THz-Raman sequence and typical Feynman diagrams shown in Fig. 4(b), 

THz fields    and    each interact with the sample once and together result in a second-

order coherence or population. Inter-pulse delay   corresponds to the coherence time    

and time period   corresponds to either a coherence time or a population time. The 

Raman pulse converts the second-order coherence or population into a Raman coherence 

which is detected optically. In birefringence detection, the detection time    is integrated 

by the photodetector.  

In the Raman-THz-THz sequence and typical Feynman diagrams shown in Fig. 4(c), a 

second-order interaction of the Raman pulse    generates a Raman coherence which 

evolves during  . Via one THz interaction, THz pulse    converts the Raman coherence 

into a second-order THz-active coherence radiating the signal field    , which is 

detected by EOS as a function of  . In this case, we have      and     . 

These three pulse sequences, as well as the pulse sequence in 2D Raman spectroscopy 

[64, 65], are complementary to each other. They allow one to study all THz-active modes, 

all Raman-active modes, or coupled THz- and Raman-active modes with flexibility. 
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2.2.2 Collinear phase matching and differential chopping detection 

 

Fig. 5 Schematic representation of the differential chopping detection method.     

    As the wavelength of THz pulses is typically comparable to the spot size of a focused 

THz beam, the THz wavevector is not well-defined at the focus. The non-collinear FWM 

method with phase matching satisfied by the BOXCARS geometry, which has been 

routinely used in 2D IR and visible spectroscopies, cannot directly apply to THz fields. 

However, phase-resolved time-domain THz field detection and optical birefringence 

signal detection methods can allow nonlinear THz spectroscopy to be conducted with 

collinear phase matching, i.e., through wavevector-degenerate FWM. 

To separate the nonlinear signals induced by both THz pulses from the signals induced 

by each THz pulse individually, a differential chopping detection method is usually used. 

Each THz pulse is modulated at a sub-harmonic frequency of the laser repetition rate by 

an optical chopper. One example of the differential chopping detection method is shown 

in Fig. 5. The laser repetition rate is 1 kHz. THz pulses A and B are both modulated at 

250 Hz. In four successive laser shots, one can detect the signal emerging from the 

sample in response to both pulses together, pulse A only and pulse B only, and no 

incident pulses (i.e., the background noise). The nonlinear signal field          that is 

measured as a function of inter-pulse delay   and detection time t is given by 

                                        

where          is the signal field with both THz pulses present, and         and       

the signal fields with either pulse A or B present individually. With collinear phase 

matching and the differential chopping detection method, the measured signal          is 

not restricted to      signals, as nonlinear signals of other orders are also collinear. 

Numerical 2D Fourier transformation of          with respect to t and   yields the 2D 

spectrum as a function of detection and excitation frequencies denoted as f and  , 

respectively. Different contributions to the signal field          associated with different 

interaction pathways have different characteristics and phase accumulation as functions 

of   and  , so spectral peaks of different types can be separated in the 2D spectrum, 

which we will elaborate with examples in the subsequent sections. 
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   Differential chopping detection in experiments that have three separate THz pulses 

denoted by A, B and C becomes more complicated, as the signals that originate from 

each individual pulse and each pair of pulses need to be accounted for. The nonlinear 

signal field is described by the following equation. 

                                                                     

                        

where   is the coherence time,    is the population time or waiting time, and t is the 

detection time. Details about the nonlinear signal detection method in experiments that 

involve three separate THz pulses can be found in references [33] and [34]. 

2.3 Experimental setups for 2D THz and 2D THz-Raman spectroscopies 

 

Fig. 6 An example of 2D THz spectroscopy experimental setup. Two time-delayed THz 

pulses are generated by two time-delayed optical pulses using the tilted-pulse-front 

method in a LiNbO3 crystal. The THz signals are detected by EOS in a ZnTe crystal. BS: 

beamsplitter, HWP: half wave-plate, QWP: quarter wave-plate, P: polarizer, WP: 

Wollaston prism, PM: parabolic mirror, LN: lithium niobate, PD: photodiode, DAQ card: 

data acquisition card. (from [31])     

An example of the experimental setup for 2D THz spectroscopy is shown in Fig. 6. 

Two time-delayed THz pulses are generated in a LiNbO3 crystal by OR of two time-

delayed optical pulses recombined at the LiNbO3 crystal using the tilted-pulse-front 

method. The collinearly propagating THz pulses are collimated and focused into the 

sample by a pair of parabolic mirrors. The peak THz electric field strength is typically 

larger than 0.3 MV/cm for each pulse. THz signals transmitted through the sample are 

collected and re-focused into an EO crystal for detection. Two choppers are used to 
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modulate the optical beams that generate the THz pulse pair. The differential nonlinear 

signal     is processed by a data acquisition (DAQ) card. The total data acquisition time 

depending on the time windows required for   and t as well as data averaging typically 

ranges from one day to one week. 

An example of the experimental setup with three separate THz pulses for 2D THz 

spectroscopy is shown in Fig. 7. Three multi-cycle THz pulses centered at around 20 THz 

which are time delayed with respect to each other are generated by OR in three separate 

GaSe crystals. Due to the relatively high frequency content of the pulses, the output THz 

radiation is nearly collimated with small divergence. The three THz beam paths are 

focused and recombined at the sample by one parabolic mirror. The resulting nonlinear 

signals are collected and focused onto a ZnTe crystal by a pair of parabolic mirrors. An 

ultrashort optical pulse from the laser oscillator is time-delayed and overlapped with the 

THz signals in a ZnTe crystal for high-bandwidth signal detection by EOS. Three 

choppers at 1/2, 1/4 and 1/8 of the laser repetition rate are used for differential chopping 

detection. 

 

Fig. 7 An example of the experimental setup for 2D THz spectroscopy with three 

separate THz pulses. (from [34]) 
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Fig. 8 An example of 2D THz-THz-Raman spectroscopy experimental setup. (from [38]) 

An example of the experimental setup for 2D THz-THz-Raman spectroscopy is shown 

in Fig. 8. Two DSTMS crystals are pumped by two time-delayed near-IR pulses from the 

signal and idler of an OPA. The time-delayed THz pulses, generated with orthogonal 

polarizations, are recombined by a THz polarizer and focused onto the sample by a pair 

of parabolic mirrors. A weak portion of the Ti:Sapphire laser pulse is time delayed with 

respect to the THz pulses and incident onto the sample through a hole in the parabolic 

mirror for birefringence measurements. Differential chopping detection is realized by 

chopping the signal and idler at 250 Hz and 166.6 Hz, respectively, and detecting the 

differential signal at 83.3 Hz by a lock-in amplifier. 

    An example of the experimental setup for 2D Raman-THz-THz is shown in Fig. 9, 

which is essentially adapted from an optical pump-THz probe setup. Optical pulses from 

the Ti:Sapphire amplifier are split into three paths. One path is used for THz generation 

by OR in a GaP crystal. The generated THz pulses are focused onto the sample by an 

elliptical mirror. The THz signals transmitted through the sample are collected by another 

elliptical mirror and focused onto another GaP crystal for detection. The second portion 

of the optical pulse is time delayed with respect to the THz pulse and incident through a 

hole in the elliptical mirror onto the sample where it is used as a Raman pump. The third 

path is time delayed and recombined with the THz signal at the GaP crystal for THz 

detection by EOS. Differential chopping detection is realized similar to Fig. 6. The GaP 

crystals used for THz generation and detection provide broad bandwidth, but the THz 

field strength generated is not as strong as in the former two cases. As a result, a high 

repetition laser (5 kHz in Fig. 9), a sensitive detection scheme (Brewster windows and 

large numerical aperture optics shown in Fig. 9) and a long data averaging time (2 weeks 

in [39]) are required to observe weak nonlinear signals, such as the THz photon echo 

signals from water observed with this setup [39]. 
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Fig. 9 An example of a 2D Raman-THz-THz spectroscopy experimental setup. (from 

[39]) 

3. 2D THz rotational spectroscopy of gas-phase molecules 

3.1 Molecular orientation induced by THz pulses 

    Rotational dynamics of polar molecules have been the subject of extensive efforts in 

coherent spectroscopy and coherent control. Motivated by interests in rotational angular 

momentum, energy relaxation processes, and high-order optical interactions with 

multilevel quantum systems, rotational excitations were examined by optical, microwave, 

and THz spectroscopies. Due to their unique energy level structure and their inherently 

quantum mechanical behavior, molecular rotations show dramatic differences from other 

degrees of freedom such as vibrations and spin precessions. We first discuss the linear 

responses of polar molecules to THz excitation. 
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Fig. 10 (a) Schematic energy level diagram of molecular rotations within the rigid rotor 

framework. (b) and (c) FID signals from carbonyl sulfide (OCS) and acetonitrile (CH3CN) 

respectively. The superposition of all the rotational coherences results in bursts of THz 

emission called rotational revivals, labeled Rev1, Rev2, etc. (d) The rotational spectrum of 

CH3CN which results from a numerical Fourier transformation of the FID signals in (c) 

and which shows each rotational transition as a sharp peak. (from [31, 59]) 

For small linear molecules with a permanent dipole moment, the Hamiltonian 

considering linear THz field-dipole interactions is given by 

                                 

The static Hamiltonian    is assumed to be a rigid rotor Hamiltonian which accounts for 

the rotational dynamics of linear molecules. In   ,    is the angular momentum operator 

and   the moment of inertia, given by           where   is the Planck constant, c is 

the speed of light, and B is the rotational constant of the molecule.     in this form has an 

analytical solution. The eigenvectors are constructed by spherical harmonics and the 

eigenenergies are given by               as shown in Fig. 10(a). Here, each 

eigenstate is denoted by the angular momentum quantum number   and the energy 

difference between two adjacent   states is given by                  . The field-

dipole interaction Hamiltonian is                            , where   is the 
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angle between the permanent dipole   and the polarization of     . A THz field couples 

adjacent rotational states   and     (i.e. the selection rule is      ) yielding 1-

quantum coherences (1QCs) between adjacent states of the thermal ensemble. From the 

viewpoint of classical field-dipole interactions, the THz electric field exerts a torque on 

the dipoles, and the dipoles rotate at discrete 1QC frequencies                . The 

time-dependent THz emission from the rotating dipoles, given by the net dipolar 

orientation       , is the rotational free-induction decay (FID). 

    The THz pulse induces a net orientation of the molecular dipoles, i.e. nonzero       , 

but since the rotational coherences are at many different frequencies (determined by the 

different initial rotational levels J, many of which are thermally populated at ordinary 

temperatures), they rapidly go out of phase and the net orientation is lost. However, since 

the 1QC frequencies are all integer multiples of the lowest frequency    , the dipoles go 

back in phase and there is a short-lived periodic “revival” of net dipole orientation        

with the quantum rotational revival period [66] given by             . Upon each 

revival, the net dipolar orientation results in a macroscopic polarization in the sample, 

which emits a burst of coherent THz-frequency radiation. The FID signal thus consists of 

a sequence of such bursts separated by     . Examples of the FID signals from carbonyl 

sulfide (OCS) [59] and acetonitrile (CH3CN) [31] gases excited by one single-cycle THz 

pulse generated from LiNbO3 and detected by EOS are shown in Figs. 10(b) and (c) 

respectively. The revival periods are            for OCS and              for 

CH3CN, both consistent with literature values of their rotational constants B. Fourier 

transformation of the periodic FID signal in Fig. 10(c) yields the linear rotational 

spectrum (the absorption spectrum) of CH3CN consisting of equally spaced peaks 

separated by     as shown in Fig. 10(d). Each rotational transition between adjacent 

rotational states is resolved as a sharp peak. 

3.2 Molecular alignment induced by THz pulses and two-quantum THz-

THz-optical rotational spectroscopy 

    The molecular orientational 1QCs discussed in Section 3.1 are the linear responses 

induced by one THz field-dipole interaction. Second-order nonlinear rotational responses 

resulting from two successive THz field-dipole interactions, manifested as 2-quantum 

coherences (2QCs) and non-thermal populations, have also been demonstrated. The 

second-order field-dipole interaction Hamiltonian takes the approximate form    

            
 
          

      , where we are neglecting other excitation pathways 

including stimulated scattering. 2QCs and excited rotational population correspond to net 

alignment of molecular dipoles, described by the alignment factor        , with no net 

molecular orientation or associated macroscopic polarization because the dipoles may be 

antiparallel as well as parallel. Optical detection methods such as optical birefringence 

can be used to measure the alignment since it leads to anisotropy in the optical refractive 
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indices between the direction of alignment (THz electric field polarization direction) and 

the direction normal to the alignment direction. The experimentally measured 

birefringence is proportional to        . 

 

Fig. 11 (a) Alignment-induced birefringence signal from OCS. (b) Rotational spectrum of 

OCS resulting from a numerical Fourier transformation of the signal in (a). (from [59])  

    Rotational 2QCs result from two successive THz field-dipole interactions that generate 

coherent superpositions of first   and     levels and then  ,     and     levels 

through successive transitions with the selection rule      .  The 2QCs between levels 

  and     evolve in time at frequencies of                 , and their 

superposition leads to periodic, short-lived revivals of constructive interference similar to 

those of the 1QCs but with a period of               . The measurement results from 

OCS in Fig. 11(a) show that the 2QC revivals appear as expected. Fourier transformation 

of the birefringence signal yields the rotational spectrum in Fig. 11(b). Note that the 

successive resonant THz field interactions with the dipoles are completely different from 

non-resonant optical excitation of 2QCs through stimulated rotational Raman interactions 

with the molecular polarizabilities, with the selection rule       [67].  
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Fig. 12 (a) Optical birefringence signal from OCS in response to two THz pulses with a 

relative delay of 29 ps. Insets show the experimental geometry and the double-sided THz-

THz-Raman Feynman diagram describing the 2QC excitation and detection pathway. (b) 

Optical birefringence signals from OCS in response to THz pulse pairs with variable 

relative delays color-coded as shown. The inset shows the far smaller birefringence 

signals induced by two successive interactions from one THz pulse. (from [60]) 

    The periodic 2QC signals are superimposed on the steady-state second-order 

population response that is also induced by successive THz field interactions that produce 

first the 1QCs between adjacent levels   and     and then excited-state populations in 

levels    . The excited rotational populations are anisotropic because each thermally 

populated level   includes equal populations in all of the      degenerate rotational 

sublevels labeled by quantum number  , where                    while the 

excited population in level J + 1 includes only the same sublevels and not the two 

sublevels –       and       because of the      selection rule. 

As the molecular alignment involves two THz field-dipole interactions, one can 

separate these two interactions and control the amplitudes of 2QCs using two time-

delayed THz pulses. Molecular alignment in response to two time-delayed THz pulses 

has been measured [60], yielding the results shown in Fig. 12. The pulse sequence used in 

the experiment is shown in the inset of Fig. 12(a), which is the same as the THz-THz-

Raman sequence shown in Fig. 4(b). In Fig. 12(a), the birefringence signal induced by 

two THz pulses with an inter-pulse delay of   is separated from the second THz pulse by 
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   . The 2QC signal level from time-delayed field-dipole interactions is far higher than 

that induced by two field-dipole interactions from either individual THz pulse. In Fig. 

12(b), the birefringence signals are measured at several different inter-pulse delays and 

the 2QCs signals achieve the maximum amplitude when the delay   is close to        

     . This is because at         , the 1QCs induced by the first THz pulse with odd-

number   are in phase with each other, and those with even-number   are also in phase 

with each other, and, the alignment factor of the molecular dipoles is maximized. After 

the interaction with the second THz field, the generated 2QCs are in phase at          

(       after the second THz pulse). The constructive interference of the 2QCs is optimal 

at         , which leads to the maximum coherent enhancement of the 2QC signal 

amplitudes [60]. 

 

Fig. 13 2D time-domain plot of the optical birefringence signals from OCS in response to 

THz pulse pair. 

This experiment demonstrates 2D two-quantum rotational spectroscopy in the time 

domain. In Fig. 13, we show the two-quantum signals at different time delays in a 2D 

plot which clearly shows that the maximum signal is achieved at          (41 ps for 

OCS). 2D Fourier transformation of the 2D time-domain signal with respect to the inter-

pulse delay   and the detection time t would yield a 2D rotational spectrum where 2-

quantum (2Q) signals appear at  -resolved positions along the frequency diagonal of 

     , where the excitation and detection frequencies   and   are conjugate to the 

inter-pulse delay   and the detection time t. This is because the phase accumulation of the 

2QCs during t is approximately twice as fast as the phase accumulation of the 1QCs 

during  . 
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3.3 2D THz rotational spectroscopy of acetonitrile 

    In molecular rotations, there have been theoretical works that predict the possibility to 

observe THz photon echoes using both classical calculation of the rigid-rotor angular 

distribution [68] and quantum mechanical calculation of the dipolar orientation [26], in 

response to pairs of time-delayed THz pulses. The characteristic frequency patterns and 

the narrow linewidths typically observed in molecular rotational spectroscopy make it an 

ideal testbed for measurement of rephasing (R, or photon echo) and other contributions to 

2D THz spectra. 2D THz rotational spectra were observed for the first time in CH3CN 

[31]. 

 

Fig. 14 (a) and (b) Experimental nonlinear time-domain signals     showing photon 

echoes (R) and non-rephasing signals (NR) at various inter-pulse delays   indicated in the 

inset. The dashed lines are separated by             . (from [31]) 



 
23 

 

Fig. 15 Normalized 2D THz rotational spectrum of CH3CN. NR: nonrephasing, R: 

rephasing, PP: pump-probe, 2Q: 2-quantum, magnified 8 . (from [31]) 

The experimental setup is the same as shown in Fig. 6, with a static pressure gas cell 

with CH3CN is placed at the sample position. Nonlinear signal traces     as a function of 

EOS detection time   at various inter-pulse delays   are measured by the differential 

chopping detection technique. The nonlinear signals     are shown in Fig. 14. THz pulse 

B is fixed at    , and a positive inter-pulse delay   is incremented, which means THz 

pulse A appears earlier than pulse B. At each delay   shown in the insets, a burst of THz 

signal appears at    , which confirms that the observed signals are photon echoes. As 

THz signal emission results from the collective polarization formed during the orientation 

of the molecular dipoles, the photon echo signals also show periodic revivals, of the same 

form as the linear FID signals. In this process, pulse A interacts with the dipoles once and 

generates first-order 1QCs which evolve and accumulate phase during  . Pulse B 

interacts with the dipoles twice, generating second-order populations and third-order 

1QCs with reversed phase accumulation with respect to the first-order 1QCs. The third-

order 1QCs are in phase at     and at                     , at which times 

they form collective polarizations that radiate the photon echo signals. At the revivals of 

THz pulse A, additional nonlinear signals are observed which are due to field-induced 

changes in the amplitudes of the revival signals generated by pulse A. These are 
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identified as nonrephasing (NR) signals. In this signal pathway, the first two interactions 

are the same as those in the R pathway, and the second interaction with pulse B results in 

third-order 1QCs that are not phase-reversed with respect to the first-order 1QCs. The NR 

third-order 1QCs are hence in phase at the same time as the FID revivals induced by 

pulse A. 

The 2D THz rotational spectrum          of CH3CN results from 2D numerical 

Fourier transformation of the nonlinear trace          recorded by measurement of t-

dependent EOS signals at each inter-pulse delay  . The 2D magnitude spectrum is shown 

in Fig. 15. The spectrum is separated into the NR and R quadrants with a difference in the 

sign of the excitation frequency  . The NR quadrant consists of NR and 2Q signals which 

do not have reversed phase during time periods   and t, while the R quadrant consists of 

R and also weaker fifth-order 2-quantum rephasing (2Q-R) signals which have reversed 

phase during   and t. Along    , there are pump-probe (PP) signals which do not have 

phase accumulation during  . Each type of signal consists of  -resolved spectral peaks 

located at the frequencies of rotational 1QCs or 2QCs as will be discussed below. 

 

Fig. 16 (a) NR and (b) R (excitation frequency shown as positive) quadrants of the 2D 

spectrum of CH3CN. Spectral amplitudes inside the red dashed area are magnified 10  to 

bring out the 2Q (in a) and 2Q-R (in b) signals. The dashed boxes cover rotational 

transition frequencies       from        to       . (c) and (d) Enlarged views of the NR (c) 

and R (d) spectra within the dashed boxes in the NR quadrant (in a) and R quadrant (in b) 

as functions of initial and final   quantum numbers along the vertical and horizontal axes, 

respectively. Third- and fifth-order off-diagonal peaks are separated from the diagonal 

peaks at  -resolved positions. All of the spectra are normalized and plotted based on the 

color map shown. (from [31]) 

The NR and R quadrants of the 2D magnitude spectrum of CH3CN are plotted 

separately in Fig. 16, with the excitation frequency   of the R quadrant made positive. 
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Enlarged spectra at the centers of each quadrant are shown and plotted as a function of 

rotational   quantum number. Each quadrant is normalized to its maximum amplitude. 

Weak spectral features of the fifth-order 2Q-R signals appear along the frequency 

diagonal      when they are magnified. The THz field-dipole interaction pathways for 

the different types of signal are discussed as follows. 

In the NR and R signals,  -state-resolved diagonal peaks are clearly observed along the 

frequency diagonals     in Figs. 16(a) and 16(b). For these diagonal peaks, THz pulse 

A interacts once with the molecular dipoles to induce first-order 1QCs described by 

density matrix elements             . After inter-pulse delay  , pulse B interacts twice with 

the dipoles to induce in succession second-order rotational populations                and 

third-order 1QCs              (NR) or              (R). The NR and R signals are radiated by 

these third-order 1QCs and are measured during the detection time  . The third-order 

nonlinear signal field          shows oscillations at the 1QC frequencies along the two 

time variables, and in this example the frequencies are the same, such that Fourier 

transformation of the signal with respect to both time variables yields J-state-resolved 

diagonal peaks at frequencies                     in the 2D spectrum. In 

addition, for each excitation frequency                  , off-diagonal peaks are 

observed at detection frequencies               and                    . 

The off-diagonal peaks indicate that the first-order              coherences induced by THz 

pulse A are correlated not only to the third-order coherences              discussed above 

but also to the third-order coherences              and                involving two 

neighboring J levels induced by pulse B. These spectral peaks are located at  -resolved 

positions as shown in the 2D J-number map plotted as a function of initial and final 

rotational level    and    (related to frequencies variables by             and 

           ) in Figs. 16(c) and 16(d). 

For 2Q and PP signals, pulse A interacts twice with the molecular dipoles to produce 

either 2QCs              or populations                respectively. After inter-pulse delay 

 , pulse B interacts once with the dipoles to produce third-order 1QCs              that 

radiate the measured signals during time  . The 2Q signal field          shows 

oscillations as a function of   at the 2QC frequencies and oscillations as a function of   at 

the 1QC frequencies, giving rise to J-state-resolved peaks at     . For PP signals, 

there is no coherence evolution during the inter-pulse delay so the signal appears in the 

2D spectrum at zero frequency along   and at J-resolved positions along  . 

In addition to these third-order signals, fifth-order spectral peaks including 2Q-R 

signals and off-diagonal NR and R signals coupling   and     levels are also observed. 

They originate from five THz field-dipole interactions, which are elaborated as follows. 

The 2Q-R peaks arise from two field interactions with pulse A to create 2QCs              

and three field interactions with pulse B. The first two interactions with pulse B create a 

population                and the third induces a rephased 1QC                or 
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               which radiates the nonlinear signals during  . The 2Q-R signals give rise 

to peaks along      in the R quadrant shown in Fig. 16(b). For the fifth-order NR and 

R signals shown in Figs. 16(c) and 16(d), THz pulse A induces 1QCs              evolving 

during  , and pulse B promotes them via four field-dipole interactions to fifth-order 1QCs 

with final rotational level,   , two quanta away from the initial level    (namely,         

 ) at                (R) or                (NR). The fifth-order 1QCs then radiate signals 

correlated to the 1QCs induced during  . 

Example pathways of the THz field-dipole interactions described here are further 

elaborated by the double-sided Feynman diagrams presented in Fig. 17. 

 

Fig. 17 Double-sided Feynman diagrams describing the THz field-dipole interactions. 

Diagram (i)-(iii) describes the third-order diagonal and off-diagonal peaks in the NR 

quadrant of the 2D spectrum. Diagrams (iv)-(vi) describe the third-order diagonal and 

off-diagonal peaks in the R quadrant. Diagrams (vii)-(viii) describe two excitation 

pathways that lead to the PP peaks. Diagrams (ix)-(xii) describe typical excitation 

pathways leading to the 2Q and 2Q-R peaks. Diagrams (xii)-(xiv) and (xv)-(xvi) describe 

typical excitation pathways leading to the fifth-order NR and R off-diagonal peaks. The 

bra and ket symbols for the density matrix elements             are assumed in all the 

diagrams. The time subscripts denote the number of preceding field interactions. The 

nonlinear signal emission time period   corresponds to    in all third-order processes and 

   for the fifth-order processes. The inter-pulse delay time   corresponds to    for the R 

and NR signals (for third- and fifth-order signals) and to    for the PP, 2Q and 2Q-R 

signals. (from [31]) 
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3.4 Extensions of 2D THz rotational spectroscopy  

    The initial demonstrations of 2D THz rotational spectroscopy have provided 

illustrations of multiple-pulse THz coherent control over rotational dynamics and a 

detailed elaboration of the different signal contributions to 2D rotational spectra at third 

and fifth order. The results suggest possible experimental advances and a wide range of 

new information that can be uncovered. For example, by including a third THz pulse at a 

controlled delay with respect to the second pulse [33] such that the rotational population 

time can be varied, 2D rotational spectroscopy with three THz pulses can enable 

measurements of the time-dependent evolution of off-diagonal spectral peaks and spectral 

diffusion as in other 2D spectroscopies [69, 70]. Such measurements may reveal specific 

rotational energy transfer and relaxation pathways (due to dipole-dipole interactions 

among the molecules under study, collisions with other species, etc.) by comparing the 

strengths and line shapes of the 2D spectral peaks for different population times. 

Independent control of the THz pulse polarizations could reveal the dynamics of 

relaxation among the M sublevels of the rotational   levels. The use of stronger THz 

pulses will allow measurement of still higher-order signal contributions, which will 

reveal additional correlations among rotational transitions and will allow the method to 

be used on molecules with moderate or small dipole moments. In addition to THz 

excitation pulses, optical excitation can be used to achieve enhanced control over 

rotational dynamics in linear and nonlinear molecules [71, 72]. Thus a wide range of 

experimental refinements is possible, offering prospects for new insights in to molecular 

rotational dynamics and the molecular interactions that mediate them. 

4. 2D THz and hybrid 2D THz-Raman vibrational 

spectroscopies 

    Multidimensional IR vibrational spectroscopy has proved to be a powerful tool to 

study complex liquid-state vibrational dynamics, for example the hydrogen bonds in 

water [5, 73] and intramolecular vibrations in proteins and DNA [6, 7]. Multidimensional 

THz vibrational spectroscopy of liquids could extend the range to low-frequency 

molecular vibrations and intermolecular motions that may provide additional insights, for 

example, into the structural dynamics of water, proteins and DNA and to their chemical 

properties. However, 2D THz vibrational spectroscopy has so far been realized only on 

lattice vibrations in semiconductors. On the other hand, hybrid 2D spectroscopy 

combining THz and optical excitation or detection methods has enabled 2D THz-Raman 

variations that are complementary to 2D THz and 2D Raman spectroscopies. As dipole 

and polarizability interactions are both involved, the hybrid methods can provide 
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enhanced sensitivity to study some vibrational modes and their interactions. In this 

section, we discuss some of the 2D THz and 2D THz-Raman vibrational spectroscopies 

and their applications to the study of lattice vibrations in semiconductors, molecular 

vibrations in halogenated liquids and intermolecular dynamics of the hydrogen-bond 

networks in water and ionic aqueous solutions.  

4.1 2D THz spectroscopy of phonons in semiconductors 

 

Fig. 18 (a) Waveform of THz pulse A before the InSb sample as a function of EOS 

detection (“real”) time t. (b) Waveforms of pulses A, B, and C transmitted through the 

InSb sample. Each pulse develops oscillatory features emerging from the sample. The 

delays between pulses A and B and between pulses B and C are respectively the 

coherence time and waiting time denoted by  and Tw. (c) Fourier transform spectra of 

pulse A before the sample (dashed line) and transmitted through the sample (solid line). 

The dip at around 18 THz is due to a two-phonon resonance in the silicon filter in the 

beam path, while the peak at around 10 THz emerges from the two-phonon resonance in 

the InSb sample. 

The first demonstration of 2D THz spectroscopy with three THz pulses has been 

realized very recently in the study of phonon nonlinearity in the semiconductor indium 

antimonide (InSb) crystal [33, 34]. The experimental setup is shown in Fig. 7. Multi-

cycle THz pulses centered at 20 THz with 6 THz bandwidth are generated by OR in GaSe 

crystals and are incident onto the sample. The waveforms of the generated THz pulse and 
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the three pulses transmitted through the sample denoted as A, B and C are shown in Fig. 

18. Comparing the spectra of the incident THz pulse and the pulses transmitted through 

the sample, a spectral peak at 10 THz emerges which is identified as a two-phonon 

coherence in InSb. As there is nearly no spectral amplitude at 10 THz in the incident THz 

spectrum, the two-phonon coherence is generated nonresonantly by impulsive excitation. 

 

Fig. 19 (a) 2D plot of              which is superposition of the electric fields of all 

three pulses transmitted through the sample as a function of coherence time   and real 

time t.  (b) Nonlinear signal field             extracted according to Eq. (6) for a 

waiting time          . The dashed line indicates the center of pulse A. (c) and (d) 2D 

magnitude spectra                  for       and       . The circles in (c) mark the 

spectral peaks resulting from two-phonon resonances. (e) Calculated 2D spectrum for 

         . 

To study the nonlinear responses of the two-phonon coherences in detail, 2D THz 

spectroscopy with three pulses was conducted. The pulse sequence is shown in Fig. 18. 

The coherence time and waiting (population) time are denoted by   and    respectively 

while the “real” time is the EOS detection time with its zero at the peak of pulse C. The 

2D time-domain signals emerging from the sample in response to the three THz pulses 

and the 2D THz spectra at two different waiting times are shown in Fig. 19. The 2D time-

domain data shown in Fig. 19(a) is the signal              in response to all three pulses. 

Pulses B and C have fixed relative delay, i.e. waiting time, Tw, while pulse A is delayed 

with respect to pulse B. The data shown in Fig. 19(b) show the nonlinear signal 

            extracted according to Eq. (6) at a selected waiting time of 827 fs. It is 

evident that there are oscillatory signals following the pulse that arrives latest (pulse A 
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for           and pulse C for          ). The nonlinear signals exhibit interference 

patterns due to the presence of several signal contributions following different interaction 

pathways. 2D Fourier transformation of the signal in Fig. 19(b) gives rise to the 2D 

spectrum               where    and    are detection and excitation frequencies at the 

selected waiting time   . The experimental 2D magnitude spectra at       and        

and calculated 2D magnitude spectrum at a           are shown in Figs. 19 (c)-(e). 

There is very good agreement between the experimental data and calculation. The strong 

features at           are mainly due to field-induced interband tunneling of carriers 

and interband two-photon absorption which are in the strongly nonperturbative regime 

due to the extremely large transition dipole between the valence and conduction bands 

[33]. The weak features at           originate from the two-phonon resonances in 

InSb, which are isolated from the 2D spectra and analyzed in the time domain in detail in 

the following. 

 

Fig. 20 Left column, experimental 2D time-domain signals from the spectral peaks at 
                            (a), at                                  (b), and at 
                            . Right column, calculated 2D time-domain signals 

resulting from the corresponding spectral peaks. The black solid lines mark the zeroes of 

coherence time and real time while the orange dashed line marks the center of pulse A. 
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The 2D time-domain signals as functions of coherence time and real time resulting 

from inverse Fourier transformation of selected isolated spectral peaks in Figs. 19 (c)-(e) 

are shown in Fig. 20. There is good agreement between the experimental data and 

calculations. The signal in Fig. 20(b) is assigned as a rephasing signal as the phase front 

of the signal is perpendicular to the phase front of pulse A (orange dashed line), i.e., the 

nonlinear signal is phase-reversed with respect to the coherences generated by pulse A. 

Due to the lack of even-order signals in the data and the nonresonant nature of the two-

phonon coherence generation, the seventh-order (    ) pathway shown by the diagram (i) 

in Fig. 21 was proposed [33] as which is the lowest-order pathway to describe the light-

matter interactions. According to the diagrams, pulse A induces a two-phonon coherence 

via impulsive excitation with two interactions, and pulse B projects the two-phonon 

coherence back to the ground state also impulsively with two interactions. Finally pulse C 

generates a rephased two-phonon coherence of seventh order also via impulsive 

excitation, but with three interactions. This excitation process is shown separately in 

diagram (i). The two-phonon coherence radiates the nonlinear signal shown in Fig. 20(b). 

 

Fig. 21 Ladder diagrams describing relevant light-matter interactions for impulsive 

generation of two-phonon coherences (i), experimentally observed R signal (ii) and NR 

signal (iii). Time evolution is rightward. The red, green and blue solid and dashed arrows 

represent interactions between pulses A, B, and C and the system on the ket and bra sides 

respectively. The yellow lines represent two-phonon states and the yellow wavy lines 

represent two-phonon coherences. The black arrows pointing downward denote final 

nonlinear signal emission. 

The origins of the nonlinear signals in Figs. 20(a) and 20(c) were assigned to an 

eleventh-order (     ) NR pathway which was proposed as the lowest-order pathway that 

can lead to these signals. It is described by the ladder diagram (iii) in Fig. 21 and 

analyzed as follows. Each pulse has to interact at least once to lead to the nonlinear signal. 

Due to the observation that the phase front of the signal is independent of that of pulse A, 

pulse A should interact an even number of times. A third-order process hence is not 

sufficient to explain the signal origin. As shown in Fig. 4 of reference [33], the nonlinear 

signal at           is found to be a direct continuation in amplitude and phase of that 

at         . Besides, its phase is independent of the pulse sequences. Hence the 



 
32 

nonlinear two-phonon coherence signal follows the phase of pulse B only, while pulses A 

and C create long-lived electronic excitations in InSb whose bandgap is about 41 THz, 

twice the frequency of the THz pulses. The ladder diagram (iii) shown in Fig. 21 can be 

read as follows. Pulse A excites an electronic population via four interactions, pulse B 

impulsively induces a two-phonon coherence via three interactions, pulse C promotes this 

two-phonon coherence from the first electronic excited state to the second one, and 

finally the two-phonon coherence at the second electronic excited state radiates the 

nonlinear signal. 

In this experiment, the exceptionally high-order nonlinear interactions were proposed 

on the basis of the huge transition dipole moments associated with the electronic and 

vibronic transitions in the InSb sample. In pure vibrational systems where nonlinearity is 

not as dramatic, 2D spectra resulting from all THz interactions have so far not been 

available. Hybrid 2D THz-Raman methods can provide better sensitivity due to 

simultaneous interactions via dipole and polarizability. Several examples of 2D THz-

Raman vibrational spectroscopies are discussed in the following sections. 

 

4.2 2D THz-THz-Raman spectroscopy of intramolecular vibrations in 

liquids 

    A demonstration of 2D THz-THz-Raman spectroscopy has successfully revealed the 

anharmonic couplings between intramolecular vibrational modes in halogenated liquids 

[37]. The experimental setup used is the same as in Fig. 8. Two THz pulses with 

orthogonal polarizations and a relative time delay   are generated from two DSTMS 

crystals and are focused into the sample to excite the liquid. An optical probe pulse that is 

delayed from the second THz pulse by time t and polarized at 45º with respect to each 

THz pulse is incident onto the sample to probe the THz-induced response. The 

birefringence of the probe pulse is measured as a function of THz inter-pulse delay  and 

measurement time t. 

Let us first consider the experiment with a single THz excitation pulse, i.e., a THz 

pump-optical birefringence probe measurement [56]. The excitation bandwidth spanning 

1-5 THz includes THz-active vibrational modes in many liquids. The transient 

birefringence of the probe pulse is measured as a function of the delay t between the THz 

and optical pulses. The results are shown in Fig. 22. During the THz pulse, an 

instantaneous birefringence signal that scales with the square of the THz electric field 

emerges due to the THz nonresonant electronic Kerr effect [54, 56]. A slow decay due to 

the THz-induced orientation of the molecules, i.e. the THz rotational Kerr effect, and 

subsequent diffusion to an isotropic distribution. On top of the orientational signal, 

oscillatory signals corresponding to Raman-active vibrational modes are observed. These 
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Raman-active modes are excited via two THz interactions and the excitation pathways 

are revealed in 2D THz-THz-Raman spectroscopy as discussed below. 

 

Fig. 22 (a) Orientational diffusion and vibrational coherences observed in THz Kerr 

effect measurements of halogenated liquids. (b) Vibrational signals extracted from (a). (c) 

Fourier transforms of the oscillatory signals in (b) reveal the vibrational spectra. (from 

[56]) 

In the 2D THz-THz-Raman spectroscopy experiment, differential chopping detection 

ensures that the nonlinear signal     results from one interaction with each THz pulse, as 

the signals resulting from two interactions with either individual THz pulse are excluded. 

An example of the THz field-matter interaction pathways is illustrated following the 

THz-THz-Raman pulse sequence shown in Fig. 4(b). Let us consider a three-level system 

consisting of three states      ,      , and       which denote the combination bands        , 

       , and         of two vibrational modes. The transitions between each pair of states can 

be both THz- and Raman-allowed. The typical pathways for different types of signals are 

described by the Feynman diagrams shown in Fig. 23. We elaborate one possible 

pathway as shown in diagram (i) describing the NR signals observed in Ref. [37] as 

follows. The system starts with a population               . THz pulse A interacts once to 

generate a first-order coherence               , which evolves at frequency     during the 

time period   (or    in [37]). THz pulse B interacts once to induce a second-order 

coherence                which evolves at frequency     during the time period   (or    in 

[37]). As this coherence is correlated to the amplitude of               , the amplitude of 

               is modulated as the delay   is varied. The optical probe pulse detects                

at each   point through a Raman transition between         and        . The transient 

birefringence that the probe pulse experiences measures the amplitude of               . The 

interaction pathway is described by a third-order response function           as follows: 

                 
          

                  

where     and     are the polarizability and dipole transition moments and     is the 

density matrix at equilibrium. The 1D signals shown in Fig. 22 essentially arise from the 

same response function with   set to zero. 2D Fourier transformation of the response 
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function with respect to   and   gives rise to an off-diagonal peak located at       

             showing the coupling between the two vibrational modes. 

 

Fig. 23 Feynman diagrams that describe the typical nonrephasing and rephasing 

pathways in THz-THz-Raman experiments. 

 

Fig. 24 2D spectra of several simple liquids showing off-diagonal NR peaks originating 

from anharmonic couplings among various intramolecular vibrations. (from [37]) 
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2D THz spectra of several simple liquids are shown in Fig. 24. Off-diagonal peaks 

from different NR pathways are observed, which clearly show the anharmonic vibrational 

couplings between different modes in these simple liquids. The experimental data agree 

well with simulations using the full set of response functions including couplings 

between different states and all possible pathways as outlined above. The 2D spectra can 

guide theoretical and computational efforts to elaborate the rich insights into the 

microscopic dynamics of thermally populated liquid-state vibrational dynamics. 

 

Fig. 25 Experimental 2D THz spectrum from CHBr3. The spectral peaks are labeled. The 

peaks in the first quadrant are NR signals while those in the second quadrant are R 

signals. 

Diagonal peaks that involve vibrational population pathways were not observed in this 

experiment due to the orthogonal polarizations of the input THz pulse pair and the limited 

THz bandwidth. Moreover, rephasing signals were not observed due to the limited THz 

bandwidth. As shown by the example R pathway in diagram (iii) of Fig. 23, it requires 

THz excitation of the transition from       to      , the frequency of which is beyond the 

available THz bandwidth in Ref. [37]. In a follow-up work with THz bandwidth, R 

signals were observed [38]. The experimental 2D spectrum of CHBr3 is shown in Fig. 25. 

In comparison with the spectrum in Fig. 24(a), in addition to the two NR peaks, several 

NR peaks are observed at higher frequencies in the first quadrant while several R peaks 

are observed in the second quadrant. The 2D spectrum reveals the rich anharmonic 

couplings among different vibrational modes in this simple liquid. The relevant light-

matter interactions can be described by the Feynman pathways shown in Fig. 23. 

4.3 2D Raman-THz spectroscopy of water and aqueous salt solutions 

    The hydrogen-bond dynamics in water have been explored extensively by 2D IR 

spectroscopy which focuses on the intramolecular vibrations, for example the OH stretch 

mode [73, 74]. These observations are rather indirect, as information is inferred from the 



 
36 

IR-frequency spectator modes which are sensitive probes of the strength of hydrogen 

bonding to the environment, but may not necessarily provide a full picture of the complex 

collective intermolecular motions of the hydrogen-bond network. The possibility to use 

2D Raman-THz spectroscopy to investigate the hydrogen bond in water has been 

examined theoretically recently [75, 76] as an alternative. THz-frequency intermolecular 

dynamics of the hydrogen bond, including the librational motion (~ 20 THz), and the 

stretch and bend vibrations (<10 THz) [38], may reveal direct information about the 

molecular dynamics related to the hydrogen bond of water under ambient conditions. 

Specifically, a photon echo signal investigating the heterogeneity of the hydrogen-bond 

network would allow one to infer the time scale of a stable network pattern, and thus 

provide mechanistic insights into the microscopic structure of the hydrogen bond in neat 

water and aqueous solutions [39]. 

 

Fig. 26 (a) Feynman diagrams shows the typical rephasing pathways that describes the 

Raman-THz-THz photon echo signals. The states may denote different states from two 

intermolecular vibrational modes. (b) 2D Raman-THz time-domain signal of neat water 

and (c) the instrument response function. (from [39])  

The first 2D Raman-THz spectroscopy experiments have been realized in water and 

aqueous solutions recently [38], yielding 2D time-domain signals including that shown in 

Fig. 26. The observation of photon echoes in neat water and various aqueous salt 

solutions yields the hydrogen-bond relaxation times for these systems. The experimental 

setup was the same as shown in Fig. 9. The relevant light-matter interaction is elaborated 

by the pulse sequence shown in Fig. 4(c) and the Feynman diagrams describing typical 

rephasing pathways shown in Fig. 26(a). For example, in diagram (i), the initial state of 

the system is a population           . The Raman excitation pulse induces a first-order 

vibrational coherence            which evolves during time period   (or    in Fig. 26(b)). 

This 1QC originates presumably from the broad range of collective intermolecular modes 
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involving the hydrogen bond bend and stretch vibrations, and shows rapid decay. The 

THz field interacts with the system once, generating a second-order rephasing coherence 

           through a two-quantum transition, for example, to a combination band. The 

rephasing coherence evolves and emits the nonlinear THz-frequency signals during   (or 

   in Fig. 20(b)). The nonlinear signals are detected by EOS. The photon echo signal lies 

along the diagonal     (or       in Fig. 26(b)) in the 2D time-domain trace, i.e. as 

usual the echo signal emerges after a delay t equal to the inter-pulse delay . The 2D 

Raman-THz-THz time-domain signal from neat water is shown in Fig. 26(b) in 

comparison to the instrument response function (IRF) in Fig. 26(c) which assumes the 

sample response to behave as a  -function.The difference between them shows evidence 

of a photon echo signal along the diagonal     with an average relaxation time of less 

than 100 fs [39]. 

 
Fig. 27 2D Raman-THz-THz responses of various aqueous salt solutions. The photon 

echoes lie on the diagonals (dashed lines). The insets show the photon echoes signals as 

1D cuts along the diagonals, which give average relaxation times from different solutions. 

(from [40]) 

In a follow-up study [39], several aqueous salt solutions were investigated using the 

same 2D Raman-THz-THz method. The experimental 2D Raman-THz-THz time-domain 



 
38 

signals from these solutions are shown in Fig. 27. In these solutions, the presence of 

different cations changes the viscosity of water presumably by modulating the hydrogen-

bond network via ion-water interactions. 2D Raman-THz-THz echoes report on the 

inhomogeneity of the hydrogen-bond network can therefore provide insight into the range 

of water-ion interactions. The decays of the photon echo signals in these solutions show 

subtle differences. The average relaxation times extracted from the photon echo signals 

show a strong correlation with the effects of the corresponding cations on the viscosity of 

water [40]. 

4.4 Extensions of 2D THz and 2D THz-Raman vibrational spectroscopies  

    2D spectroscopies utilizing high-frequency THz pulses and hybrid sequences of THz 

and Raman pulses have proved successful in measuring the nonresonant two-phonon 

coherences in semiconductors, and intramolecular and intermolecular dynamics in liquids 

including simple halogenated liquids, water, and aqueous salt solutions. The 

methodology provides new information about low-frequency motions that are important 

in a wide range of systems including crystalline solids, simple liquids, biomolecules, 

polymers, glasses, and other materials. All-THz 2D spectroscopy also should prove 

useful for further progress. Improvements in the excitation THz field strength and 

bandwidth [22, 46] as well as data acquisition methods utilizing single-shot signal 

detection [77] could accelerate the use of these approaches for study of condensed phase 

molecular dynamics. 

5. 2D THz magnetic resonance spectroscopy 

    The examples discussed in the above two sections all utilize the THz electric field for 

2D spectroscopy of molecular rotational and vibrational degrees of freedom. It is also 

possible to use the THz magnetic field to drive the spin degrees of freedom in molecular 

and condensed matter systems and to conduct 2D THz magnetic resonance spectroscopy, 

which is directly relevant to chemistry and biology. In this section, we will discuss 2D 

THz magnetic resonance spectroscopy and show the first example of its application to 

collective spin waves (magnons) in a magnetic material.  

5.1 Background and motivation 

Nonlinear manipulation of spins is the basis for all advanced methods in magnetic 

resonance including multidimensional nuclear magnetic resonance and electron 

paramagnetic resonance (EPR) spectroscopies [78, 79], magnetic resonance imaging, 

and, in recent years, quantum control over individual spins [80]. The methodology is 
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facilitated by the ease with which the strong-field regime can be reached for 

radiofrequency or microwave magnetic fields that drive nuclear or electron spins 

respectively, typified by sequences of magnetic pulses that control the magnetic moment 

directions [78–80]. The capabilities meet a bottleneck, however, for far-infrared magnetic 

resonances, which are characteristic of molecular complexes including molecular 

magnets [81] and metalloproteins [82] containing high-spin transition-metal or rare-earth 

ions. In these systems, zero-field splittings (ZFSs) due to high magnetic anisotropy and/or 

spin-spin interactions result in transition frequencies in the THz frequency region even in 

the absence of external magnetic fields. Measurements of the spin resonances originating 

from ZFSs can provide mechanistic insight into molecular magnetic properties and 

protein catalytic function as the ZFSs show exquisite sensitivity to ligand geometries and 

transition metal electronic structure. With strong applied magnetic fields (~10 T), 

resonances of unpaired electron spins in molecular complexes and metalloproteins can be 

shifted from the usual microwave regime into the THz range, thereby drastically 

improving the resolution of spectral splittings [79, 83, 84].  

Despite the critical importance of THz-frequency EPR spectroscopy, current EPR 

technology remains limited at THz frequencies because the weak sources used only 

permit measurements of linear responses, i.e. 1QC or free-induction decay (FID) signals. 

Utilization of the strong THz generation techniques discussed in Section 2.1.1 can 

circumvent this limitation. Nonlinear and 2D THz spectroscopy methods can allow the 

extension of established, commercially available multidimensional EPR spectroscopy 

from the microwave to the THz frequency range. To date, the only available example of 

2D THz spectroscopy of the spin degree of freedom was conducted on magnons in a 

magnetic material [36]. We review it here in the expectation that the methodology will be 

extended to molecular and biomolecular samples. 

5.2 2D THz spectroscopy of collective spin waves 

    Magnons are the elementary excitations in material systems with spin order such as 

ferromagnetic (FM) and antiferromagnetic (AFM) phases. In these systems, the high 

magnetic anisotropy and strong spin-spin interactions result in an intrinsic internal 

magnetic field that is commonly on the order of 10 T. As a result, magnon resonances are 

usually found in the THz range. Some of these materials have been studied with 

continuous-wave and pulsed THz fields, revealing the magnon frequencies through their 

FID signals [85, 86] and demonstrating linear superposition in the responses to time-

delayed pulse pairs [55, 85]. So far there are very limited examples of nonlinear THz 

driving of spins [87–89]. As in other types of 2D spectroscopy, 2D magnetic resonance 

allows the distinct nonlinear responses to be separated from each other and from linear 

responses. 
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An initial demonstration of 2D THz spectroscopy using THz magnetic fields was 

conducted on magnons in yttrium ferrite (YFeO3 or YFO) which has canted AFM order, 

as shown in Fig. 22(a). The static spin Hamiltonian describing the two sublattice spins is 

given by [90, 91], 

                            
       

  

 

   

         

The first term describes the AFM coupling between neighboring spins    and    with a 

positive exchange constant  . The second term derives from the Dzyaloshinskii-Moria 

(DM) spin-spin interaction with the antisymmetric exchange parameter D, a vector along 

the crystal b-axis. As the first term favoring AFM order of the spins is much larger than 

the second term favoring orthogonal orientation between the two spins, the interplay 

between them results in the canted AFM order shown in Fig. 28(a) with a canting angle 

of about       [90, 91]. A net magnetization M is formed along the crystal c axis due to 

the canting. The third term accounts for the orthorhombic magnetic anisotropy, which is 

manifested as the ZFS of the unpaired spins of the high-spin Fe
3+

, with Ka and Kc the 

magnetic anisotropy parameters along the crystal a and c axes. 

 

Fig. 28 (a) Spin order and the two magnon modes in YFO. (b) THz fields transmitted 

through the sample followed by FID signals of each magnon mode. (c) FT magnitude 
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spectra of both magnon modes, resulting from a numerical Fourier transformation of the 

FID signals in (b). (from [36]) 

The Zeeman interaction between the THz magnetic field      and the sublattice spins 

   and    describes the light-matter interactions. The interaction Hamiltonian    is given 

by, 

            

 

   
         

where   is the gyromagnetic ratio. In the linear response region, two THz-active magnon 

modes, the quasi-AFM (AF) and quasi-FM (F) modes, can be constructed based 

respectively on the out-of-phase and in-phase cooperative precessional motions of the 

sublattice spins. Macroscopically the AF mode corresponds to oscillation of the net 

magnetization amplitude and the F mode to precession about the net magnetization 

direction as shown in Fig. 28(a). In YFO at room temperature, the AF mode at     

          and the F mode at              can be selectively excited by THz pulses 

with magnetic field polarizations parallel and perpendicular respectively to the net 

magnetization direction. Experimentally this is done by rotating the single-crystal sample 

while maintaining the polarization directions of the THz fields. In response to linear THz 

excitation, magnons radiate FID signals      at their resonance frequencies, revealing the 

linear-response spin dynamics. The FID signal fields are measured by EOS and each 

magnon mode is resolved in the spectrum from Fourier transformation of the FID signals, 

as shown in Figs. 28(b) and 28(c). 

    The experimental setup used is identical to that shown in Fig. 6. The sample is an a-cut 

single crystal of YFO. In response to time-delayed strong THz pulse pair excitation, 

nonlinear magnon responses are readily revealed in the time-domain signal of    . An 

example of time-domain nonlinear signal measurements of the AF mode is shown in Fig. 

29. In this case, the delay   is selected to be 3.7 ps which is twice the AF mode period. 

The magnon responses    and    induced by each THz pulse individually are in phase as 

shown in Fig. 29(a). As a result, the AF mode response     induced by both THz pulses 

shows a coherent enhancement in the signal amplitude as shown in Fig. 29(b) [55, 85]. 

The nonlinear signal     is detected via the differential chopping detection method 

following              . In the trace of     , weak oscillations which have a 

phase shift of      relative to     and slight asymmetric distortions are observed. The 

shifted phase is that of a third-order response function and the asymmetry indicates a 

second-harmonic generation (SHG) signal. Fourier transformation of the nonlinear signal 

reveals the nonlinear spectrum as shown in Fig. 29(c). A third-order spectral peak is 

located at the fundamental AF mode frequency    . The peak arises from a sum of the 

third-order signals resulting from different excitation pathways as detailed below. 

Magnon SHG signal is located at the second-harmonic AF mode frequency     . 
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Fig. 29 (a) and (b) Nonlinear signal    , extracted by              , from the 

AF mode magnons excited with a fixed inter-pulse delay of  = 3.7 ps. (c) Fourier 

transformation of the oscillatory signals in     reveals the third-order and second-order 

nonlinear signals at     and      respectively. (from [36]) 

The 2D     trace of the AF mode was recorded as a function of the inter-pulse delay   

and detection time t by incrementing   with a small step size and recording the t-

dependent signal     at each  . Rotating the sample about the crystal a axis allowed 

excitation of the F mode, and the 2D     trace of the F mode was recorded in the same 

manner. 2D numerical Fourier transformation of the          traces with respect to   and 

  generated the 2D complex spectrum of each magnon mode. The 2D magnitude spectra 

of the two magnon modes in YFO are shown in Fig. 30. As in the 2D rotational spectra, 

the 2D magnetic resonance spectra are separated into NR and R quadrants due to the 

phase evolution of the magnon coherences during   and   in the two different excitation 

pathways. In each magnon mode, the full set of      signals is observed and the R, NR, 

2Q and PP signals appear at easily distinguished locations in the spectra. The relevant 

THz field-spin interaction pathways are elaborated as follows. 

The R (spin echo) peak and NR peak each result from a single field interaction during 

pulse A that creates a first-order magnon 1QC and, after delay  , two field interactions 

during pulse B that generate a magnon population and then a third-order magnon 1QC 

(either phase-reversed or not relative to the first-order 1QC) that radiates the nonlinear 
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signal. The 2Q peak arises from two field interactions during pulse A that create a 2QC 

which accumulates phase at twice the magnon frequency and, after time  , one field 

interaction during pulse B that induces transitions to a third-order 1QC that radiates the 

signal. The 2Q signal reveals correlations between pairs of zone-center magnons [92] 

which are distinct from zone-boundary magnon correlations revealed in 2-magnon 

Raman spectra [93]. The PP signal is generated by two field interactions during pulse A 

that create magnon population and, after delay  , one interaction with pulse B that 

generates a third-order 1QC that radiates the signal. 

 

Fig. 30 2D THz magnetic resonance spectra of magnons in YFO. (a) Experimental AF 

mode 2D magnitude spectrum. Third-order spectral peaks include pump-probe (PP), non-

rephasing (NR), rephasing (R), and 2-quantum (2Q) peaks. Second-order peaks include 

second harmonic generation (SHG) and THz rectification (TR) peaks. (b) Experimental F 

mode 2D magnitude spectrum showing the full set of third-order peaks. The artifacts are 

due to signal double-reflections in the sample. Both spectra are normalized and plotted 

according to the color scale shown. (from [36]) 

Relevant pathways of the various      THz field-spin interactions described here are 

further elaborated by the double-sided Feynman diagrams shown in Fig. 31(a). In the 2D 

spectrum of the AF mode, type-I      signals due to SHG and THz rectification are also 

present, which are described by the Feynman diagrams shown in Fig. 31(b). These 

signals are emitted by a      magnetization due to the sum- and difference-frequency 

mixing of the magnon 1QCs generated by each THz pulse, which are given by, 
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These signals are observed due to the anharmonic precessions of the sublattice spins    

and    whose excursions away from the equilibrium are about       [88].      signals 

are in principle also observable in the 2D spectrum of the F mode. But for the F mode, 

the      signals that are expected to be parallel to the direction of the net magnetization 

are perpendicular to the fundamental field polarization. Phase-matching for the type-II 

     process is not satisfied in the thick sample used in this experiment, as the 

birefringent YFO crystal has a large index difference between the two crystal axes along 

which the fundamental and      magnetic fields are polarized. 

 

Fig. 31 Double-sided Feynman diagrams show typical excitation pathways leading to the 

coherent emission of third-order [(a), (i)-(iv)] and second-order [(b) (v)-(vi)] nonlinear 

signals. (from [36]) 

5.3 Extensions of 2D THz EPR spectroscopy 

    In this section, we have discussed an example of 2D THz magnetic resonance 

spectroscopy that has directly revealed the full set of      nonlinear signals originating 

from the magnons in a magnetic material. The methodology is expected to be applicable 

to the study of many chemical and biological systems with spin resonances at THz 

frequencies. To date, linear THz-frequency EPR spectroscopy has been conducted based 

on THz time-domain spectroscopy [94, 95], coherent synchrotron radiation [96] or 

blackbody radiation [97, 98]. These studies have measured the ZFSs in single-molecule 

magnets [95, 96] and other molecular and biological systems [95, 99, 100] at zero and 
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nonzero external magnetic field. We anticipate that 2D EPR spectroscopy of molecular 

complexes and biomolecules in the THz frequency range will be demonstrated and will 

provide wide-ranging new insights just as it has in lower frequencies.   

6. Conclusion and outlook 

    Utilizing existing THz spectroscopic techniques, it is now possible to record 2D THz 

spectra originating from various material degrees of freedom and phases, including the 

rotations of gas-phase molecules, spin precessions in a magnetic crystal, and intra- and 

intermolecular dynamics in liquids. We note again that we have not reviewed 2D THz or 

multi-THz spectroscopy of electronic responses [27, 29, 30, 101]. Even including those 

examples, it is evident that 2D THz spectroscopy is still in a very nascent stage. The use 

of recently developed nonlinear optical crystals [22–24, 102] for generation of strong 

THz fields that span a wide frequency range, extending all the way to the long-

wavelength IR region, will substantially increase the scope of 2D THz studies. Further 

use of frequency-selected and otherwise tailored THz fields [103–105], a third THz pulse 

[33, 34] to establish an additional variable time period, multiple THz sources or beam 

paths to permit non-collinear THz field polarizations [37] and combined THz and optical 

fields for signal generation and detection [37, 60] will extend the information content that 

can be extracted in a wide range of samples. Incorporating single-shot THz detection 

methods [77] could drastically reduce the long data acquisition times which presently 

hinder virtually all 2D THz measurements. As in other frequency ranges including radio, 

microwave, infrared and visible, multidimensional spectroscopy in the THz regime can 

reveal otherwise elusive structure, interactions, and dynamics. With further advances in 

the relevant technologies and refinements of the measurement methodology, 2D THz 

spectroscopy can be expected to take its place among the multidimensional 

spectroscopies that have produced broad and deep advances in all areas of chemistry.  
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