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ABSTRACT
Two distinct measurement schemes have emerged for the new technique of two-dimensional terahertz spectroscopy (2DTS), complicating the
literature. Here, we argue that the “conventional” measurement scheme derived from nuclear magnetic resonance and its optical-frequency
analogs should be favored over the “alternative” measurement scheme implemented in the majority of 2DTS literature. It is shown that the
conventional scheme avoids issues such as overlapping nonlinearities and facilitates physical interpretation of spectra, in contrast to the
alternative scheme.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0272203

Multidimensional coherent spectroscopy (MDCS)1 is now a
well-known technique with established experimental acquisition
protocols both in nuclear magnetic resonance (NMR)2 and at opti-
cal frequencies.3,4 By contrast, its terahertz analog, termed two-
dimensional terahertz spectroscopy (2DTS),5 still remains in its
infancy with a variety of experimental implementations and mea-
surement schemes. Two distinct measurement schemes have been
implemented for 2DTS in the literature. One scheme derives from
multidimensional optical spectroscopy and NMR,3,4 which we refer
to as the “conventional scheme.” The other scheme is unique to
2DTS and appears to be introduced by Kuehn et al.,6 which we refer
to as the “alternative scheme.” In this Perspective, we argue that the
conventional scheme avoids overlapping nonlinearities and facili-
tates physical interpretation of spectra and should thus be favored
over the alternative scheme.

We first define the excitation protocol used in most implemen-
tations of 2DTS, comprised of two pulses EA and EB. In anticipation
of defining the two measurement schemes, the inter-pulse time delay
τ is defined to be (positive) negative when (EA) EB arrives first, and
EB is always stationary in time. The time axis of nonlinear signal
emission tsig is then defined by setting its origin to the arrival of the
second pulse. We now find distinct scenarios for the two excitation
pulse time-orderings. For positive inter-pulse delay (τ > 0, EA arrives
before EB), the origin of time tsig = 0 is stationary and defined by the
fixed pulse (EB) as shown in Fig. 1(a). For negative inter-pulse delay

(τ < 0, EB arrives before EA), tsig = 0 advances in time and is defined
by the moving pulse (EA) as shown in Fig. 1(b).

With the two excitation pulse time-orderings in mind, we must
now distinguish between the time axis of the nonlinear signal emis-
sion tsig (whose origin is defined by the arrival of the final excitation
pulse) and the laboratory observation time t (along which we Fourier
transform). In the conventional scenario depicted in Fig. 1(a), the
two time variables tsig and t both have a stationary origin of time
and can be taken to be equivalent. In the second scenario depicted in
Fig. 1(b), however, the two variables are related by a transformation
t = tsig − τ (recall that τ is negative for this excitation time-ordering).
Below, we examine the consequences of this difference in 2DTS
spectra.

For the two scenarios of positive and negative inter-pulse delay
described above, optical responses deriving from physically identi-
cal nonlinearities appear at different points in frequency-space. We
demonstrate this schematically by simulating the third-order non-
linearities of a quantum-ladder system with resonance frequency ω0
via standard perturbative solution of the optical Bloch equations (see
the Appendix for details) in which the dephasing time T2 is limited
by the population relaxation time T1 for simplicity, whose nonlin-
ear signal is plotted in the time-domain for a stationary and moving
origin of time in Figs. 2(a) and 2(b), respectively. Note that the hor-
izontal axis t is the laboratory time with a stationary origin, causing
the origin of tsig to move with a change in τ.
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FIG. 1. Two conventions for measuring nonlinear signal emission. (a) For EA arriv-
ing before EB, τ is defined to be positive and the origin of time tsig is stationary.
(b) For EB arriving before EA, τ is defined to be negative and the origin of time tsig
moves with changing τ.

We then Fourier transform the time-domain signals into the
frequency-domain to obtain their respective 2DTS spectra shown
in Figs. 2(c) and 2(d). Four third-order nonlinearities are observed
in both spectra that evolve with a response frequency ωt = ω0,
termed in the literature3,4 as rephasing (R), pump–probe (PP), non-
rephasing (NR), and two-quantum (2Q). Between the two spectra,
the various nonlinearities manifest at drastically different positions
along the delay frequency ωτ due to the opposite sign of inter-
pulse delay and the rotating frame imposed by the transformation
t = tsig − τ described above.

Having now clarified how various third-order nonlinearities
appear in 2DTS spectra for either a stationary or moving origin of
time tsig , we can now define the two measurement schemes that
form the crux of this Perspective. The “conventional scheme” is
directly shown in Figs. 2(a) and 2(c), where only a single excitation
time-ordering is measured and the origin of time tsig is stationary.
Applications of this conventional scheme in the 2DTS literature have
been limited.7–12 The “alternative scheme” involves simultaneous
measurement of both excitation time-orderings shown in Figs. 2(a)
and 2(b), and the resultant 2DTS spectra are thus a combination of
both spectra shown in Figs. 2(c) and 2(d). Applications of this alter-
native scheme in the literature have been more widespread.13–20 In
the remainder of this Perspective, we advocate for the conventional
scheme over the alternative scheme with two primary arguments:
(1) We first show that the conventional scheme cleanly separates
distinct third-order nonlinearities that overlap in the alternative
scheme. (2) We then demonstrate that peak positions and patterns
in the conventional scheme facilitate direct physical interpretation,
which is obfuscated in the alternative scheme.

To demonstrate how overlapping nonlinearities in the alter-
native scheme can lead to ambiguities of the nonlinear optical
response, we again examine the third-order nonlinearities of a

FIG. 2. Time-domain nonlinear signal for a (a) stationary and (b) moving origin of
time, corresponding to the excitation time-orderings shown in Figs. 1(a) and 1(b),
respectively. The corresponding amplitude 2DTS spectra are shown in (c) and (d)
respectively, which exhibit drastically different peak positions for each nonlinear-
ity. Dephasing limited by population relaxation (T2 = 2T1) was assumed, with
parameters 2π/T1 = ω0/5 and 2π/T2 = ω0/10 used for the simulations.

quantum-ladder system. Now we assume that the system experi-
ences significant pure dephasing of coherences, resulting in a signif-
icant difference between dephasing and population relaxation times
(T2 ≪ T1). The 2DTS spectrum of an identical system acquired
in the conventional scheme is shown in Fig. 3(a), in which the
non-rephasing and pump–probe nonlinearities are cleanly sepa-
rated. Here, the large difference between dephasing and population
relaxation timescales is obvious by inspection and can be extracted
without ambiguity by conventional methods21 in all cases. For com-
parison, the time-domain nonlinear signal is shown in Fig. 3(b)
for the alternative measurement scheme, in which both excitation
time-orderings are measured simultaneously. The corresponding
2DTS spectrum is shown in Fig. 3(c), in which both peaks at
ωτ = 0 and ωτ = ω0 result from a combination of the pump–probe
and non-rephasing nonlinearities and exhibit identical characteristic
linewidths. Furthermore, a contribution of two distinct nonlinear-
ities and a moving reference frame results in spectral line shapes
that, besides the limiting cases of dominant population relaxation
and dominant dephasing, cannot be fitted with the usual analytical
expressions.21 Note that the rephasing nonlinearity (not shown in
Fig. 3) will remain isolated in the absence of a two-quantum non-
linearity, allowing for extraction of the dephasing time T2 (even in
the presence of inhomogeneous broadening), but will suffer from the
same issue described above if this condition is not met. Other physics
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FIG. 3. Nonlinear signal for the typical situation of dominant pure dephasing (T2 ≪ T1). (a) 2DTS spectrum acquired in the conventional scheme that separates the non-
rephasing and pump–probe nonlinearities and their respective dephasing and relaxation timescales. Amplitude of the non-rephasing nonlinearity was scaled by a factor of 5 to
show the line shape difference. (b) Time-domain signal acquired in the alternative scheme with both excitation time-orderings. (c) Corresponding amplitude 2DTS spectrum,
in which both peaks at ωτ = 0 and ωτ = ω0 are dominated by the pump–probe nonlinearity and the dephasing and relaxation timescales are intertwined. Parameters of
2π/T2 = ω0/2 and 2π/T1 = ω0/10 were used for the simulations.

such as excitation-induced effects4 can even further complicate the
analysis.

While the above comparisons already hint that the alterna-
tive measurement scheme muddles physical interpretation of peaks
in 2DTS spectra, the advantage of the conventional measurement
scheme becomes obvious once we consider a system that involves
coupling. Here, we consider a quantum “vee” level system shown in
Fig. 4(a), consisting of two optical resonances frequencies ω1 and ω2.
These two transitions are coupled through a shared ground state,
which is found straightforwardly in Fig. 4(b) by a 2DTS spectrum
acquired in the conventional scheme. For the non-rephasing non-
linearities shown, the two “on-diagonal” peaks located at (ωτ , ωt)

= (ω1, ω1) and (ωτ , ωt) = (ω2, ω2) inform the two optical transitions

FIG. 4. (a) Quantum “vee” level system, consisting of two transitions of frequen-
cies ω1 and ω2 as indicated. Identical linewidths and transition dipole moments
are assumed between the transitions for simplicity. [(b), (c)] The corresponding
amplitude 2DTS spectra, with only non-rephasing nonlinearities shown, are plot-
ted for the (b) conventional scheme and (c) alternative scheme. The simultaneous
measurement of two time-orderings doubles the number of non-rephasing peaks
in (c) with respect to the four peaks in (b).

and the two “off-diagonal” peaks located at (ωτ , ωt) = (ω1, ω2) and
(ωτ , ωt) = (ω2, ω1) indicate that they are coherently coupled.

In contrast, the 2DTS spectrum acquired with the alternative
scheme is far more complicated. For simplicity, we only show the
non-rephasing nonlinearities, which are now doubled in number.
Additional peaks now appear at ωτ = {ω1 − ω2, 0, ω2 − ω1}, which,
to emphasize, arise from the exact same nonlinearities as the four
original peaks appearing at ωτ = {ω1, ω2}. These redundant fea-
tures can lead to incorrect interpretations of additional resonances
and coupling thereof. Including the other rephasing, pump–probe,
and two-quantum nonlinearities for complex systems often renders
physical interpretation of spectra unfeasible altogether.

We now discuss potential reasons for favoring the alternative
scheme over the conventional scheme. A scenario typically cited to
favor the alternative scheme is when a nonlinear signal is only gener-
ated during overlap of the excitation pulses, leading to the origin of
τ being poorly defined. Whether due to short system decay times
or off-resonant excitation, however, we have previously shown22

that both such cases lead to 2DTS spectra whose line shapes are
largely defined by the excitation spectrum. Therefore, in both cases,
a 2DTS measurement (with both the conventional and alternative
measurement schemes) provides minimal advantage over a simple
time-domain measurement of the nonlinear signal along either τ or
t or both, which informs the strength of the optical nonlinearity.

Another common reason cited in favor of the alternative
scheme is to reduce oscillatory artifacts in 2DTS spectra that result
from incomplete sampling of the time-domain signal along delay τ.
While truncating the nonlinear signal reduces the necessary data
to be acquired, this advantage is usually outweighed by the addi-
tional redundant (for a collinear geometry) data measured for the
second time-ordering in the alternative scheme. We finally note that
fully sampled nonlinear signals in the conventional and alternative
schemes will yield spectra of identical spectral resolution (despite the
latter being composed of twice the number of sampling points) after
enforcing causality with zero-padding23 in the former scheme.

Finally, from an experimental standpoint, we have implicitly
assumed the prevailing collinear excitation geometry, which ren-
ders the signals for the two time-orderings in Fig. 1(a) redundant
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(for identical excitation pulses). The resulting issue of overlap-
ping nonlinearities discussed above can thus be lifted by breaking
the symmetry between the two time-orderings in two ways: First,
we may distinguish the two excitation pulses from one another,
either by polarization16 or by spectral content.19 Second, a non-
collinear excitation geometry10 will result in unique phase-matching
conditions of different nonlinearities for each time-ordering. Such
considerations regarding the interplay of time-ordering and phase-
matched nonlinearities are not new and have been discussed exten-
sively, for example, in the context of one-dimensional photon echo
spectroscopies.24–26

In this Perspective, we have compared the two primary mea-
surement schemes employed in the 2DTS literature and clarified
various disadvantages of the “alternative” scheme used by most
authors. The disadvantages of overlapping nonlinearities and more
complicated interpretation were demonstrated for nonlinearities of
a quantum-ladder system, but analogous considerations apply to
2DTS of a classical nonlinear oscillator22 as well. While these issues
of the alternative scheme can be remedied to some degree by vary-
ing experimental implementation, we advocate for the conventional
scheme and unifying measurement schemes in 2DTS with their
established counterparts across the electromagnetic spectrum.
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APPENDIX: SIMULATION DETAILS

The simulations in this Perspective are performed based on a
standard perturbative solution of the optical Bloch equations.3,4

In the “conventional scheme,” the third-order optical response
functions S(3) of the rephasing (R), pump–probe (PP), and non-
rephasing (NR) nonlinearities are well-documented. For the two
excitation pulses considered here,

S(3)R (τ, t)∝ eiω0(t−τ)e−τ/T2 e−t/T2 , (A1)

S(3)PP (τ, t)∝ eiω0te−τ/T1 e−t/T2 , (A2)

S(3)NR (τ, t)∝ eiω0(t+τ)e−τ/T2 e−t/T2 , (A3)

where {τ, t} > 0 and we have dropped amplitude prefactors (from
the dipole moments, excitation field strengths, etc.) for clarity.

The functional form of the two-quantum (2Q) signal is more
complicated, as the contributing pathways to S(3)2Q identically cancel
without a mechanism to break the symmetry between the ground to
singly excited state and singly to doubly excited state transitions.4
Therefore, for the purposes of inducing a signal in our simulations,
we have assumed that the latter (singly to doubly excited state) tran-
sition experiences stronger dephasing with respect to the former
(ground to singly excited state) transition, known as excitation-
induced dephasing.4 The dephasing rate of the double-quantum
coherence (ground to doubly excited state) is assumed be twice that
of the single-quantum coherence.
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