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Abstract. High-field multi-THz pulses are employed to analyze the coherent nonlinear 
response of the narrow-gap semiconductor InSb which is driven off-resonantly. Field-
resolved four-wave mixing signals manifest the onset of a non-perturbative regime of 
Rabi flopping at external amplitudes above 5 MV/cm per pulse. Simulations based on a 
two-level quantum system confirm these experimental results. 

Two-dimensional spectroscopy has been a powerful tool to examine spectral correlations and 
ultrafast dynamics in condensed-matter systems. For example, studies in the near- (NIR) and mid-
infrared (MIR) spectral region [1] have provided insight into molecular structures of proteins [2]. At 
yet lower THz frequencies two-dimensional spectroscopy has been anticipated to provide access to 
fundamental low-energy excitations such as inter-molecular motion in water [3] or gap dynamics in 
superconductors [4]. 

Recently, a promising THz multi-wave mixing has been suggested [5]. These lead-off 
experiments exploiting field amplitudes of the order of 1 MV/cm have been limited to model 
systems with especially large dipole moments. It has been shown that Rabi oscillations can be driven 
resonantly in semiconductors with intense optical pulses [6,7]. The latest development of an 
ultraintense laser source for MIR pulses with peak fields exceeding 100 MV/cm paves the way 
towards a systematic study of extreme THz nonlinearities [8,9]. Based on the electro-optic detection 
scheme, the time trace of the carrier field can be retrieved with absolute amplitude and phase. 

Here, a high-field THz laser system is employed to study the nonlinear response of bulk 
semiconductors using a two-dimensional spectroscopy scheme [5]. We show that in spite of the 
excitation far below the interband resonance extreme THz electric fields are able to coherently drive 
a system close to population inversion. 

Our THz multi-wave mixing experiment is performed in the narrow-gap semiconductor indium 
antimonide InSb (Eg/h = 41.1 THz) at room temperature. An undoped (100)-oriented single crystal 
has been mechanically polished to a thickness of 30 µm facilitating THz transmission. Intense THz 
transients centered at 25 THz are obtained by difference frequency mixing of near-infrared pulse 
trains in a GaSe emitter. All relevant frequency components are located well below the fundamental 
band gap of InSb. In contrast to previous studies [5], the generation of double pulses is implemented 
in our setup by splitting the THz beam after the emitter crystal to preclude nonlinear mixing effects 
of two beams within the emitter itself. Two equally intense transients are obtained via a Au-coated 
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Ge substrate. The transmitted pulse is delayed by a linear stage. Both beams are tightly focused onto 
the sample. Emerging linear and nonlinear fields are collected with large numerical aperture, 
directed onto a 140- m-thick GaSe sensor, and electro-optically sampled by 8 fs-short near-infrared 
gating pulses. 

The total transmitted field E12 is detected as a function of the electro-optic sampling delay time t 
and the relative temporal offset  between the THz pulses. We retrieve the nonlinear signal ENL by 
subtracting the linear contributions (E1 and E2) from the total response: ENL = E12 – E1 – E2. A two-
dimensional Fourier transform (FT) of ENL enables the separation of various nonlinear contributions, 
such as pump-probe signals and four-wave mixing (FWM) processes [5]. The inverse FTs of 
selected regions in frequency space then individually display the temporal hallmark of the 
nonlinearity. In particular the FWM response is sensitive to the respective phases of both THz pulses 
and carries information about the coherence induced in the system. Therefore, it is free of influence 
of incoherent processes related e.g. to carrier multiplication. 

For an experimental study of the field dependence of the FWM signal external peak fields of 
2 MV/cm, 3.5 MV/cm and 5.3 MV/cm per few-cycle pulse are applied. An oval-shaped envelope of 
the time domain FWM signal is detected for the lower electric field regime. This signal is identical to 
the cross-correlation function of both pulses (Figure 1(a)) as expected in perturbative nonlinear 
optics far from resonance. For higher peak electric fields a deviation from the symmetric profile is 
observed, leading towards an asymmetric S-shaped signal for external peak fields of 3.5 MV/cm 
(Figure 1(b)). At the maximum field of 5.3 MV/cm even a splitting of the FWM signal is induced, 
indicating an extremely nonlinear regime (Figure 1(c)). 

 

Fig. 1. (a-c) Two-dimensional FWM signatures with external peak fields of the driving 
transient of 2 MV/cm, 3.5 MV/cm and 5.3 MV/cm, respectively. (d-f) Simulated FWM 
data reproducing the essential features of the corresponding measured signals above. 

For a better understanding of these results we analyze a two-level system as a simplified model, 
describing the interband resonance in InSb which is driven by an off-resonant THz transient with 
few optical cycles. This simulation is based on a system of Maxwell-Bloch equations [10], which are 
solved numerically without applying the rotating-wave and slowly-varying-envelope 
approximations. A set of time domain FWM signals for different field strengths is calculated and 
shown in Figures 1(d)-(f). The transition dipole moment µ12 = 2.4 eÅ and the density of the two-level 
systems N = 2.9·1020 cm-3 were selected to provide the best agreement concerning the shape and 
intensity of the experimentally obtained FWM signatures. The essential features observed in the 
experiment are well reproduced in the simulation. 
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For a qualitative physical understanding of the splitting observed in the FWM signal for high 
peak electric fields, one can study the polarization response of a two-level system driven by two 
temporally overlapping THz transients (τ = 0 ps). Figure 2(a) shows a simulation of the time-
resolved dielectric polarization for different peak electric fields Em of the driving pulses. The plot on 
the right hand side indicates field-dependent maximal population inversion wmax. For moderate fields 
wmax remains negative indicating a perturbative response of the two-level system. The shape of the 
polarization follows the field profile of the driving field (Figure 2(a) bottom) and the deviation of the 
Bloch vector from the ground state is minor (Figure 2(b)). For a high peak electric field in excess of 
5 MV/cm, the system is promoted almost to the limit of a complete population inversion 
(Figures 2(a),(c)). In this regime, the corresponding polarization response is minimal leading to the 
observed splitting in the center of the FWM signal where the driving field reaches its maximum. 
Here, our high-field THz transients induce a Rabi splitting comparable to the large detuning of 18 
THz between driving field and the fundamental interband transition of InSb. 

 

Fig. 2. (a) Normalized polarization response of the two-level system as a function of the 
real time t and the peak electric field Em for τ = 0 ps. Right hand side: Maximum 
inversion wmax as a function of Em. Bottom: Driving field of the THz transient. (b,c) 
Corresponding pathways of the Bloch vector for a moderate (Em = 2 MV/cm) and a high 
(Em = 5.3 MV/cm) peak electric field. 

In conclusion, ultraintense few-cycle THz pulses are generated to drive bulk InSb far off the band 
gap providing a direct access to the coherent dynamics of the interband polarization. A new regime 
with a non-perturbative response is observed proving the high potential of high-field multi-THz 
technology. 
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