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We report the first observation of two-phonon quantum coherences in a semiconductor. Two-
dimensional terahertz (THz) spectra recorded with a sequence of three THz pulses display strong
two-phonon signals, clearly distinguished from signals due to interband two-photon absorption and
electron tunneling. The two-phonon coherences originate from impulsive off-resonant excitation in the
nonperturbative regime of light-matter interaction. A theoretical analysis provides the relevant Liouville
pathways, showing that nonlinear interactions using the large interband dipole moment generate stronger
two-phonon excitations than linear interactions.
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Phase-coherent superpositions of the wave functions of
different quantum states represent a fundamental elemen-
tary excitation of matter. In a basic generation scheme, an
optical field interacting resonantly with the transition
dipole between two levels induces a quantum coherence
connected with a coherent optical polarization. Such one-
quantum coherences have been generated, optically
manipulated, and read out on both electronic and vibra-
tional transitions in a wide range of condensed-matter
systems [1–6]. Decoherence due to nonadiabatic couplings
and/or scattering processes determines their temporal
evolution in the subpico- to picosecond time domain,
requiring ultrashort optical pulses for mapping coherent
dynamics in nonlinear time-resolved spectroscopy [7–11].
Decoherence of one-photon excitations has been the sub-
ject of extensive theoretical work, which has allowed for
identifying the underlying interaction mechanisms [12–14].
Much less is known about two-quantum coherences, in

which the phases of two coupled excitations are locked.
The optical excitation of two-quantum coherences is
inherently nonresonant. Both linear and nonlinear gener-
ation schemes exist, the relative efficiency of which has
remained unknown, as have the dynamics of two-quantum
coherences. Prototypical two-quantum excitations are pho-
non combination tones in crystalline solids, which have
been studied by stationary linear absorption and Raman
spectroscopies. The phonon system has also attracted
considerable interest from the new field of quantum
phononics, where nonclassical states such as squeezed
and entangled phonons have been investigated [15–19].
In the narrow-gap material InSb, which is a prototypical
III–V semiconductor, different second-order bands of
transverse acoustic as well as transverse and longitudinal
optical phonons have been observed [20,21]. Second-order
Raman data have allowed for determining the related elec-
tron–two-phonon deformation potentials [22]. Coherent
dynamics, however, have not yet been studied.

In this Letter, we report the first time-resolved study of
two-phonon coherences. We apply a novel method of
nonlinear two-dimensional (2D) terahertz (THz) spectros-
copy t*o measure the coherent THz emission of two-
phonon excitations in bulk InSb in amplitude and phase and
identify the relevant nonlinear interaction mechanisms.
Our experiments are based on phase-resolved 2D col-

linear THz spectroscopy [23,24]. In contrast to all previous
2D THz studies, we implement a sequence of three pulses
interacting with the sample [Fig. 1(b)]. The phase-locked
pulses A and B are separated by the coherence time τ,
while pulse C is delayed by the waiting time Tw relative to
pulse B. The pulses incident on and transmitted through the
sample and the THz emission from the sample are detected
by phase-resolved electro-optic sampling [25], giving the
THz electric fields as a function of the real time t.
THz pulses with a center frequency of 20 THz, a band
width of 6 THz, and pulse lengths between 100 and 200 fs
are generated by optical rectification of 800 nm input
pulses in three separate GaSe crystals (thickness, 100 μm).
The 25 fs pulses at 800 nm and a 1 kHz repetition rate are
generated in two multipass Ti:sapphire amplifiers synchro-
nously seeded by the output of a Ti:sapphire oscillator.
A 10-μm-thick (110)-oriented ZnTe serves for electro-
optic sampling with 12 fs pulses from the Ti:sapphire
oscillator [26].
With three pulses incident on the sample, the signal

contains the linear response and one-, two-, and three-pulse
nonlinear responses. To separate the pure three-pulse
nonlinear response, we use three mechanical choppers
synchronized to one half, one quarter, and one eighth of
the 1 kHz repetition rate of the amplifiers. In this way,
seven transients are determined, one when all three pulses
ABC interact with the sample, three for the pairs AB, BC,
and CA, and three for the single pulses A, B, and C. From
these transients, the pure three-pulse nonlinear field emitted
by the sample is derived as
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ENLðτ; Tw; tÞ ¼ EABCðτ; Tw; tÞ − EABðτ; Tw; tÞ
− EBCðTw; tÞ − ECAðτ; Tw; tÞ
þ EAðτ; Tw; tÞ þ EBðTw; tÞ þ ECðtÞ: ð1Þ

A 2D Fourier transform of ENLðτ; Tw; tÞ along τ and t
generates the frequency-domain signal ENLðντ; νtÞ as a
function of the excitation frequency ντ and the detection
frequency νt.
The semiconductor sample studied at room temperature

is a 70-μm-thick (100)-oriented InSb single crystal with a
low n-type doping (n ≤ 1016 cm−3). The fundamental band
gap of Eg ¼ 0.17 eV [27,28] corresponds to a frequency of
νTHz ¼ Eg=h ¼ 41 THz. Around 10 THz, the InSb crystal
displays several two-phonon absorption lines [20]. It is
important to note that the incident 20 THz pulses are
nonresonant with respect to both the band gap and the two-
phonon lines.
THz transients are shown in Figs. 1(a) and 1(b), where

the electric field is plotted as a function of the real time t.
Figure 1(a) shows the pulse A before interaction with the
sample, Fig. 1(b) the pulses A, B, and C transmitted
through the sample with their mutual delays τ and Tw.

The real time t ¼ 0 is set at the maximum of pulse C.
In contrast to the incident pulse, the transmitted pulse A
shows an additional oscillating field component between
t ¼ −0.6 ps and t ¼ 0 ps which is radiated by the sample
and decays on a time scale of 1 ps. A Fourier transform of
the time-dependent fields gives the spectra in Fig. 1(c). The
additional time-dependent field component in the trans-
mitted pulse A gives rise to the pronounced peak around
10 THz, i.e., at the two-phonon resonance of InSb.
In Fig. 2, we present results of the three-pulse 2D

experiments. Figure 2(a) shows a contour plot of the sum
of the electric field transients EAðτ; Tw; tÞ þ EBðTw; tÞ þ
ECðtÞ transmitted through the InSb sample as a function of
the coherence time τ and the real time t for a waiting time
Tw ¼ 827 fs. All contour plots are normalized to their
respective maximum signal. Using Eq. (1), we calculated
the time-dependent nonlinear signal ENLðτ; Tw; tÞ shown in
Fig. 2(b). In accordance with causality, a nonvanishing
ENLðτ; Tw; tÞ is observed only after the last pulse in the
timing sequence. The orange dashed line indicates the center
of pulseA, which intersects the horizontal τ ¼ 0 (black) line
at t ¼ −Tw.

FIG. 1. (a) Incident THz electric field transient A as a function
of real time. (b) Electric field transients A, B, and C transmitted
through the InSb sample. τ is the coherence time, Tw the waiting
time in the 2D experiment. (c) Incident (dashed line) and
transmitted (solid line) spectra. The sharp dips at 18 THz stem
from linear two-phonon absorption in the silicon filters blocking
the 800 nm pulses used for generating the THz pulses. The peak
around 10 THz originates from the impulsively excited two-
phonon coherence in InSb.

FIG. 2. Two-dimensional THz spectroscopy on InSb. (a) Con-
tour plot of the electric field transient EABCðτ; Tw; tÞ transmitted
through the InSb sample as a function of the coherence time τ and
the real time t. (b) Nonlinear signal ENLðτ; Tw; tÞ according to
Eq. (1) for a waiting time Tw ¼ 827 fs. The dashed line indicates
the center of pulse A. (c),(d) Contour plot of the amplitude
jENLðντ; νtÞj, the 2D Fourier transform of ENLðτ; Tw; tÞ, for two
waiting times Tw. The colored circles indicate the position of the
two-phonon signals in the 2D frequency space. (e) Theoretical 2D
signal calculated for a waiting time Tw ¼ 750 fs.
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Two-dimensional spectra were derived from time-
domain signals such as in Fig. 2(b) by a 2D Fourier
transform along τ and t. In Figs. 2(c) and 2(d), we show
contour plots of the amplitude jENLðντ; νtÞj for waiting
times Tw ¼ 35 fs and Tw ¼ 827 fs. The position of the
different signal peaks is determined by the respective
interaction sequence with the THz fields [24]. We basically
observe strong nonlinear signals in the spectral range of
the driving pulses 15 THz < νt < 25 THz and on the two-
phonon resonances νt ¼ 10 THz (the circles). Concerning
the excitation frequency ντ, we find significant nonlinear
signals for ντ ¼ 0, ντ ¼ −νt, and ντ ¼ þνt. There are no
2D signals from interactions with one-phonon resonances
around νt ¼ 5 THz because of strong absorption in this
frequency range.
The 2D signals at νt ¼ 22 THz originate mainly from

field-induced interband tunneling of carriers and from
interband two-photon absorption [8,29,30]. Because of
the extremely large transition dipole between the valence
and the conduction band (dcv ¼ e × 4 nm [31,32], where e
is the elementary charge), the interband Rabi frequency for
THz electric fields of E ¼ 50 kV=cm is ΩRabi ¼ Edcv=ℏ ¼
3 × 1013 s−1, comparable to the THz carrier frequency.
Thus, light-matter interaction is in the strongly nonpertur-
bative regime, allowing for multiple interaction sequences
even with the electric field of a single THz transient.
We now analyze the two-phonon 2D signals occurring at

νt ¼ 10 THz. A Gaussian filter centered at the individual
frequency vector ðντ; νtÞ is applied to the data, which are
then Fourier back transformed into the time domain ðτ; tÞ
[23]. The results shown in Figs. 3(a) and 3(b) reveal the
markedly different time structure of the signals at the
(0, 10) and (10, 10) THz frequency positions. Comparing
Figs. 3(a) and 3(c), one can see that the signal amplitude is
independent of the coherence time τ. This behavior is due
to interaction sequences in which a single THz pulse
creates the oscillating two-phonon coherence. For closer
inspection, we plot in Fig. 4(a) the two nonlinear transients
ENLðt − TwÞ (coherence time, τ ¼ 0). The red curve
(Tw ¼ 827 fs) is the direct continuation in amplitude and
phase of the black transient for Tw ¼ 35 fs. This agrees
with the picture that pulse B creates the oscillating two-
phonon coherence readout by pulse C. The signal field is
radiated after pulse C and follows a free induction decay.
The blue line in Fig. 4(a) is a fit of the amplitude decay with
a time constant of τdecay ¼ 450 fs corresponding to a
linewidth of Δν ¼ 1.1 THz (37 cm−1). This value matches
perfectly the 2TO-phonon density of states (Fig. 3 of
Ref. [22]) but is ≈

ffiffiffi

2
p

times broader than the IR absorption
(Fig. 2 of Ref. [20]), as will be discussed below. The
two-phonon signal shown in Fig. 3(b) displays phase
fronts perpendicular to those of pulse A, and thus it
represents a rephasing signal. Its evolution as a function
of the real time t [Fig. 4(b)] is similar to the transients in
Fig. 4(a).

We now discuss the light-matter interaction sequences
relevant for the two-phonon coherences by considering
Liouville pathways in the framework of density matrix
theory. In Figs. 4(c)–4(f), pathways of different orders in
the electric field, i.e., with different numbers of inter-
actions, are illustrated using the diagrammatic technique of
Ref. [33]. The linear response of the two-phonon coher-
ence, the midinfrared absorption at 10 THz [20,21], is
described by diagram Fig. 4(c). The absorption strength is
proportional to NInSbjd2phj2 with the density of oscillators
NInSb and their transition dipole moment d2ph [34]. From
the 2TO phonon absorption strength [20], one derives an
extremely small transition dipole of d2ph ¼ e × 27 fm,
resulting in a negligible linear contribution to the two-
phonon coherences we observed.
Owing to its lack of inversion symmetry, the zinc blende

structure possesses nonlinear susceptibilities χð2Þ, χð4Þ;…
of an even order. As a result, two-phonon coherences can,
in principle, be generated by two-phonon-resonant differ-
ence frequency mixing [35]. However, the nonlinear 2D
signal ENLðτ; Tw; tÞ of Figs. 2–4 does not contain any χð2Þ
contributions since, according to Eq. (1), only terms caused

FIG. 3. Experimental time-domain 2D signals on different two-
phonon peaks for waiting times of (a),(b) Tw ¼ 35 fs and
(c) Tw ¼ 827 fs. (d)–(f) Calculated time-domain 2D signals.
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by all three interacting fields are preserved. Furthermore, in
our experimental geometry with a (100)-oriented InSb
crystal and collinearly polarized driving fields, all even-
order contributions are excluded by the selection rules of
point group 4̄3m, which require that the driving fields and
the emitted field have finite projections onto all crystal

axes [36] (nonzero components are, e.g., χð2Þxyz, χ
ð4Þ
xyzzz, and

χð6Þxyyyzzz).
We now address the rephasing nonlinear response at

10 THz [Figs. 3(b) and 4(b)]. The lowest-order diagram
generating a rephasing two-phonon coherence is the χð3Þ
process shown in Fig. 4(d). For all transitions off-
resonantly driven by pulses A, B, and C, the rephasing
nonlinear signal in Fig. 3(b) is strongest during the

(approximate) temporal overlap of all three pulses, i.e.,
at Tw ¼ 35 fs and τ ¼ 0 [the dashed line in Fig. 4(b)].
In contrast to the linear absorption [Fig. 4(c)], which is
proportional to jd2phj2, this χð3Þ response involves the weak
transition dipole d2ph just once (during the emission of the
signal field), so the χð3Þ response has a larger spectral width
than the linear absorption.
The transition dipoles dcv and dfc result from electronic

inter- and/or intraband transitions, relevant also to the two-
photon absorption in InSb [29,30]. The nature of diagram
Fig. 4(d) is similar to that of the ground state bleaching
contribution in two-photon absorption but with modified
transition dipoles. From the InSb Raman spectrum [22],
one estimates the dipole moment dfc≈0.1dcv ¼ e×0.4 nm.
Taking the parameters of our experiment, i.e., electric field
E ¼ 50 kV=cm, pulse duration Δt ¼ 200 fs, and detuning
ℏΔω ≈ 10 THz, we get a two-phonon coherence in the

density matrix of pð3Þ
2ph≈ðdcvE=ℏΔωÞ2dfcEΔt=ℏ¼0.1 com-

pared to pð1Þ
2ph ≈ d2phEΔt=ℏ ¼ 4 × 10−5 in the linear case

[Fig. 4(c)]. Thus, the nonlinear excitation scheme involving
combined electronic and vibronic transitions generates
two-phonon coherences orders of magnitude stronger than
in the linear case. Since the driving pulses A, B, and C are
off resonant, the rephasing nonlinear signal at Tw ¼ 827 fs
[the red curve in Fig. 4(b)] is much smaller. Here, only
higher-order diagrams [cf. Fig. 4(e)] allow for a rephasing
signal with a two-phonon coherence period between pulses
A and B.
The nonrephasing signals in Figs. 3(a), 3(c), and 4(a)

display vertical phase fronts. Since pulse A has diagonal
phase fronts, it has to interact an even number of times (at
least twice) to generate vertical phase fronts. According to
Eq. (1), each of the pulses has to interact at least once.
This rules out a χð3Þ process. The two-phonon coherence is
created only by pulse B; it is independent of the pulse
sequences ABC (τ > 0), BAC (−Tw < τ < 0), and BCA
(τ < −Tw < 0). In other words, the signal does not depend
on the exact timing of pulses A andC. Thus, pulses A andC
just create long-lived electronic excitations in InSb, requir-
ing at least four interactions each. Figure 4(f) shows the
lowest-order diagram that can lead to such a signal. For
τ > 0, pulse A performs a complete two-photon absorption
event, thereby creating a first electron-hole pair. After the
coherence time τ, pulse B creates the two-phonon coher-
ence, which evolves during the waiting time Tw. Pulse C
generates the second electron-hole pair, thereby transfer-
ring the two-phonon coherence (the orange wavy line) to
the final electronic state. After the third pulse, the two-
phonon coherence evolves along the real time t emitting
radiation via its optical dipole (the black arrow). Similar
Liouville pathways exist for the pulse sequences BAC
and BCA.
Theoretical model calculations of the nonlinear two-

phonon response are based on an ensemble of three-level

FIG. 4. (a) For a better comparison of the nonlinear transients
from Figs. 3(a) and 3(c) at two different waiting times, we plot
them here at τ ¼ 0 shifted in time by Tw. (b) Rephasing nonlinear
transients at τ ¼ 0 [Fig. 3(b)]. (c)–(g) Liouville pathway dia-
grams of the relevant linear and nonlinear signal contributions.
The arrows indicate possible pathways (time evolves from left to
right). Evolutions on the jketi and hbraj side of the density matrix
are displayed as solid and dashed arrows, respectively [33].
The final (black) arrow indicates the electric field emitted by the
coherent polarization. The orange wavy lines indicate two-
phonon coherences.
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systems. The three levels are the ground state of the InSb
crystal, an electronically excited state accessible by two-
photon absorption—i.e., one electron-hole pair without
two-phonon excitation—and the electronic ground state
with the excitation of two TO phonons. The energy levels
and decoherence times T interband

2 and T two-phonon
2 were

adapted to experimental values and—for simplicity—
infinite lifetimes of all levels were assumed. The calculated
nonlinear response in Figs. 2(e) and 3(d)–3(f) is in excellent
agreement with the data in Figs. 2(d) and 3(a)–3(c). In
particular, the calculations reproduce the scenario in which
a single pulse creates the oscillating two-phonon coher-
ence, whereas the remaining two each perform a complete
two-photon absorption event.
In conclusion, we have applied three-pulse 2D THz

spectroscopy to map the dynamics of two-phonon coher-
ences in a bulk semiconductor. In the nonperturbative limit
of light-matter interaction, higher-order contributions in the
driving fields strongly dominate over the linear two-phonon
response. Our work paves the way towards 2D THz
spectroscopy of low-energy excitations like phonons and
magnons, and of transitions between ground and excited
states of excitons and impurities with multiple-pulse
sequences.
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