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We demonstrate amplification of longitudinal optical (LO) phonons by polar-optical interaction with an elec-

tron plasma in a GaAs structure coupled to a metallic metasurface using two-color two-dimensional spec-

troscopy. In a novel scheme, the metamaterial resonator enhances broadband terahertz fields, which generate

coherent LO phonons and drive free electrons in the conduction band of GaAs. The time evolution of the LO

phonon amplitude is monitored with mid-infrared pulses via the LO-phonon-induced Kerr nonlinearity of the

sample, showing an amplification of the LO phonon amplitude by up to a factor of 10, in agreement with a

theoretical estimate.

Amplification of sound in crystalline materials is a hot topic

of current condensed-matter research, which provides new in-

sight into coupled carrier-phonon dynamics and has resulted

in novel ultrasound sources with high emission intensities at

sub-THz frequencies. An interesting application of such ul-

trasound sources is in imaging, since spatial resolutions in the

nm-range can be reached without ionizing radiation. Begin-

ning with early work on the acousto-electric effect at frequen-

cies of a few gigahertz [1–3], the amplification of acoustic

phonons by interaction with electric currents has been stud-

ied in a variety of bulk semiconductors and, most recently,

in semiconductor quantum wells and superlattices [4–8]. In

the latter case, zone-folded acoustic phonons at frequencies of

hundreds of gigahertz have been amplified by interaction with

a tunneling or an intra-miniband current. Gain coefficients of

up to g = 10000 cm−1 have been observed [7].

Phonon amplification exploits the coupling of phonons and

electrons via mechanisms like deformation potential, piezo-

electric, or polar-optical interaction. The basic process for

phonon amplification consists in the stimulated emission of

phonons via intraband transitions of electrons. To amplify

phonons with a wave vector q and an energy h̄ωq, the net

gain has to compensate for phonon absorption and for sponta-

neous phonon decay into other lattice modes. This requires a

population inversion within the carrier distribution fe(k), i.e.,

∑k [ fe(k)− fe(k−q)] δ [E(k)−E(k−q)− h̄ωq] > 0 with

E(k) the electron energy at k. The preceding condition is

valid for both acoustic and optical phonons, although the cou-

pling mechanisms may be different. For acoustic phonon am-

plification one reaches population inversion once the drift ve-

locity of the electron ensemble becomes larger than the sound

velocity [7, 9]. In the experiments [6, 7], coherent acoustic

phonons have been generated by femtosecond lasers and their

amplification has been detected via time-resolved reflectivity

measurements.

Figures 1(a) and (b) illustrate the inversion condition for

optical phonons. A symmetric electron distribution centered

at the Γ point [blue line in Fig. 1(a)] shows only phonon ab-

sorption, the inversion condition is met for no q. In con-

trast, a displaced electron distribution [red line in Fig. 1(b)]

shows phonon gain for a certain range of q, determined by

the electron displacement. For a small electron displace-

ment the inversion condition is only met for phonons with

large q, phonons with smaller q reach the gain condition

for larger electron displacements. To achieve a significant

phonon gain, the electron displacement should be of the or-

der of q0 = 2.5× 108 m−1 with h̄2q2
0/2me = hνLO, i.e., the

wavevector where the electron has a kinetic energy equal to

the phonon energy.

Amplification of optical phonons is much more difficult

than that of acoustic phonons because of their different phys-

ical properties. First, optical phonons have a significantly

higher energy than acoustic phonons, e.g., νLO = 9 THz and

νTO = 8 THz for longitudinal (LO) and transverse (TO) op-

tical phonons in GaAs [10]. Second, the inversion condition

outlined above cannot be met under quasi-stationary condi-

tions because of the huge heat load generated by a current

sufficient for a stationary displacement of the electron distri-

bution in k space of the order of q0. Such issues call for new

strategies to amplify optical phonons.

In this Letter, we use a combination of a metasurface with

a GaAs heterostructure [11] and 2D spectroscopy [12] to

demonstrate LO phonon amplification by a terahertz-driven

transient electron distribution displaying inversion for optical

phonons. Exploiting the partly longitudinal character of an

enhanced THz field at the interface between a metallic res-

onator and a GaAs structure, a broadband THz pulse gener-

ates an initial LO phonon population and drives a Γ valley

electron distribution to generate a transient population inver-

sion for LO phonon amplification. The LO phonon amplitude

is determined as a function of delay by the MIR probe pulse.

The sample studied here [Fig. 1(c)] consists of a 3-nm thick

GaAs cap layer and a 40-nm thick AlAs layer grown on a 300-

µm thick GaAs layer. The AlAs was added to avoid quench-

ing of the optical phonon polarizability very close to the metal

[13] and to prevent the exchange of electrons between the

metal and the thick GaAs layer. The sample surface is cov-

ered with a metasurface consisting of a periodic square array

(period 5 µm) of metallic dogbone resonators (MDRs) (see

Fig. 1(d) and [14]). In our spectroscopic experiments with a
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FIG. 1. (a), (b) The upper parts show the electron energy in the con-

duction band as a function of wavevector, the lower parts electron

distribution functions. A phonon is absorbed when an electron is

scattered from k−q to k (the electron energy increases by h̄ωLO),

a phonon is emitted when an electron is scattered from k to k− q

(the electron energy decreases by h̄ωLO). (a) Phonon absorption is

more probable for fe(k−q)> fe(k), (b) phonon emission (gain) for

fe(k− q) < fe(k). (c) Sample structure with the electric field dis-

tribution in the semiconductor layers underneath the MDRs. Right:

strong electric fields create electron-hole pairs in GaAs. These elec-

trons are accelerated into the thick GaAs layer thereby creating inver-

sion for stimulated emission of coherent LO phonons. (d) Shape of

the MDRs. (e) Black line: incident THz pump pulse E in
THz(t,τ = 0).

The green curve shows a low-pass-filtered THz pump pulse without

frequencies above 5 THz. (f) Spectrum of the THz pump pulse (red

line) and of the MIR probe pulse (blue line). Black line: measured

sample reflectivity R(ν) = |Ere(ν)/Ein(ν)|
2.

spot diameter on the sample of some 100 µm, pulses in a fre-

quency range from 1 to 20 THz interact with both the MDRs

and the underlying semiconductor heterostructure. The meta-

surface was designed with its lowest resonance at 13 THz, cor-

responding to AlAs LO phonons, but off resonance to GaAs

LO phonons [15]. Because the resonance is detuned signif-

icantly from the GaAs phonon frequency, the resonators do

not provide an efficient radiative coupling pathway of LO

phonons to free space, thus preventing a significant reduction

of their lifetime. A numerical analysis of the electric field dis-

tribution underneath the MDRs reveals a roughly 15-fold and

5-fold enhancement of the incident transverse fields around

15 THz and 2 THz, respectively [14]. The enhanced field dis-

plays pronounced longitudinal components under the metallic

resonators [arrows marked LO in Fig. 1(c)] extending down

to the interface between AlAs and the thick GaAs layer, thus

enabling an excitation of GaAs LO phonons at 9 THz [16–18].

In the 2D THz experiments, p-polarized broadband THz

and mid-infrared (MIR) pulses are sent onto the sample under

an angle of incidence of 20◦ [14]. The beams reflected from

the sample are detected in amplitude and phase by free-space

electrooptic sampling [19, 20] in ZnTe. Figure 1(e) shows the

THz transient and Fig. 1(f) the spectra of both pulses. The

THz spectrum extends from 1 to 15 THz, the MIR spectrum

from 10 to 17 THz with a maximum at 15 THz.

The sample reflectivity R(ν) = |Ere(ν)/Ein(ν)|
2 measured

with the attenuated THz pulse is shown in Fig. 1(f). Here

Ere(ν) is the field reflected from the sample and Ein(ν) is the

field reflected from an unstructured gold layer. In the rest-

strahlen band of GaAs (8 to 9 THz), the reflectivity reaches

almost unity. The strong field enhancement of the MDRs in

the spectral range from 10 to 15 THz makes features corre-

sponding to the optical phonons of the thin AlAs layer visible

[21]. The dip at 5 THz is caused by the reststrahlen band of

the electrooptic ZnTe crystal, the features at 17 and 20 THz

by the minima of |ETHz(ν)| (red line).

Results of the two-color 2D experiments are presented in

Fig. 2. In the 2D scans we apply, in a collinear reflection

geometry [14], both the THz pump pulse ETHz(t,τ) [panel (a)]

and the MIR probe pulse EMIR(t) [panel (b)] to the sample

and measure the nonlinearly emitted electric field ENL(t,τ) =
Eboth(t,τ)−ETHz(t,τ)−EMIR(t) [panel (c)] as a function of

real time t and delay time τ [Eboth(t,τ): field with both pulses

present]. Figure 2(d) shows the amplitude of the 2D Fourier

transform |ÊNL(νt ,ντ )| of the nonlinear signal of panel (c).

One sees signals for νt in the range of EMIR(ν), whereas there

are signals at ντ = 0, ±9, and ±18 THz. The nonlinearly

emitted MIR field ENL(t,τ = 437 fs) [red line in Fig. 2(e)] is

a 90◦ phase-shifted replica of the MIR pulse and displays an

amplitude of more than 10 kV/cm. As a function of delay time

τ , this behavior is repeated periodically with the LO phonon

period, as illustrated by the cut ENL(0,τ) in Fig. 3(c) (black

solid line).

In a reference experiment [14], we applied a THz pulse

without the 9-THz frequency component. Under such con-

ditions, there is no nonlinear response at all. We conclude

that excitation of the thick GaAs layer by the 9-THz compo-

nent, i.e., at the LO phonon frequency, is essential for gener-

ating the pronounced nonlinear response shown in Fig. 2(c).

Interestingly, pure phonon nonlinearities of the GaAs optical

phonons, which would show up in Fig. 2(d) at νt = 9 THz,

are not observed. An estimate shows that an (internal) electric

field of 1 MV/cm corresponds to a nonequilibrium phonon

population of only 2 × 10−4, way too low to observe pure

phonon nonlinearities.

The experimental results can be explained by nonlinear
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FIG. 2. Two-dimensional nonlinear terahertz spectroscopy performed on our sample. Measured reflected electric fields as a function of real

time t and delay time τ: (a) the THz pump pulse ETHz(t,τ), (b) the MIR probe pulse EMIR(t,τ), and (c) the nonlinearly emitted electric field

ENL(t,τ). The values for Emax are: (a) 33, (b) 150, and (c) 12 kV/cm. (d) Amplitude of the 2D Fourier transform |ÊNL(νt ,ντ)| of the nonlinear

signal. (e) Red curve: ENL(t,τ = 437 fs) [vertical dashed line in (a) to (c)] compared to the probe pulse EMIR(t,τ = 437 fs) (black line). The

horizontal dashed lines in (a) to (c) and (e) illustrate the 90◦ phase shift between ENL(t,τ) and EMIR(t,τ).

light-matter interaction involving longitudinal phonon ampli-

fication. In this picture the 9 THz component generates co-

herent LO phonons, which are amplified by interaction with

a current driven by the 1.5 THz component. The longitudinal

9 THz field component generated by the MDRs extends into

the thick GaAs layer [Fig. 1(c)] and generates a coherent LO

phonon excitation via the infrared transition dipole. The field

enhancement in the thick GaAs layer by the MDRs results in

1.5 THz electric field strengths larger than 100 kV/cm. Such

fields generate a coherent superposition of valence and con-

duction band eigenstates and move the coupled wavefunctions

or ’virtual’ carriers over a wide range in k-space [22]. Deco-

herence destroys the coherent superposition (the virtual carri-

ers become real) within a very short time, effectively leading

to a promotion of electrons from the valence band into the

Γ minimum of the conduction band [23, 24]. Such electrons

gain energy by interaction with the THz field, in particular

in the extended subpicosecond periods over which the sub-

5 THz frequency components of the broadband pulses exist

[Fig. 1(e)]. The corresponding vector potential A(t,τ = 0) =
A(0, t) =

∫ t
−∞ ds ETHz(s,τ = 0) is shown in Fig. 3(a) [25]. For

a cycle-averaged motion with electron energies well above the

threshold of phonon emission the corresponding electron dis-

tribution in the Γ valley shows at most instants of time an in-

version situation, allowing for the stimulated emission of LO

phonons. The electric field leads to a movement of the elec-

trons generated into the material, whereas the generated hole

distribution is clamped at the AlAs/GaAs interface. Together,

this results in an electric field ESC pointing away from the

AlAs/GaAs interface.

Interaction of coherent LO phonons with this inverted elec-

tron distribution via the polar-optical coupling results in stim-

ulated LO phonon emission, i.e., amplification of the initial

LO phonon excitation induced by the THz pulse. The con-

nected longitudinal LO phonon polarization is enhanced con-

comitantly. The LO phonon amplification mechanism is illus-

trated in Fig. 1(b). Electrons promoted to the conduction band

[23, 24] are displaced in k-space (red distribution function) by

the large vector potential A(t) of the THz pulse [22]. The

coherent phonons kicked off by the initial part of the pump

pulse [Fig. 3(a)] thus experience amplification during periods

of large amplitudes of A(t).

We now address the readout of LO phonon amplification

with the MIR pulse. This pulse is nonresonant to the optical

phonons between 8 and 9 THz and to the bandgap of GaAs

around 400 THz. The emitted MIR field shown in Fig. 2(e)

displays a 90◦ phase-shift relative to the incoming MIR pulse.

A 90◦ phase-shift of ENL(t = 0,τ) to earlier times corre-

sponds to a refractive index change of ∆n/n ≈−2% [26–29].

This index change is caused by the THz-generated electron-

hole plasma via a ’Drude-like’ contribution and, more im-

portantly, by the internal electric field ELO(t,τ) originating

from the LO phonon, which involves relative movements of

anions and cations. Being longitudinal, ELO(t,τ) does not di-
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FIG. 3. (a) Time-dependent vector potential of the broadband THz

pulses obtained from ETHz(t,τ = 0) in Fig. 2(a) [25]. The arrows

indicate times for which the areas under the peaks [diamonds in panel

(c)] show the steepest climbs. (b) (Linearly) emitted electric field

by the GaAs TO phonons in the sample gained by a subtraction of

the incident from the reflected THz field ETO(τ) = Ere
THz(t = 0,τ)−

E in
THz(t = 0,τ). (c) Nonlinearly emitted electric field ENL(t = 0,τ)

(black line) [horizontal dashed line at t = 0 in Fig. 2(c)]. The area

under the individual peaks (diamonds) is proportional to the coherent

LO phonon population.

rectly contribute to the reflection, but it changes the refrac-

tive index for the MIR pulse via the Kerr effect. Since ETHz

and ESC also contribute to the Kerr effect, the MIR pulse ex-

periences a quasi-instantaneous Kerr nonlinearity ∆n(t,τ) ∝
[ELO(t,τ) + ETHz(t,τ) + ESC(t,τ)]

2, resulting in a nonlin-

ear signal ENL(t,τ) proportional to ∆n(t,τ). Because of the

quadratic field dependence, the resulting nonlinear signal has

Fourier components at ντ = 0, ±νLO, and ±2νLO [Fig. 2(d)].

The predominance of the LO phonon contribution is evident

from the absence of a nonlinear signal in the reference exper-

iment where electrons are driven by the THz pulse without

initially exciting coherent phonons.

Most important is the fact that ENL(t,τ) plotted as the black

line in Fig. 3(c) consists of a series of peaks separated by the

LO phonon oscillation period (νLO)
−1= (9 THz)−1=115 fs.

The area under the individual peaks, a measure for the co-

herent LO phonon amplitude, displays a substantial increase

with τ [red diamonds in panel (c)], well beyond the duration of

the 9 THz component of the broadband THz pulse [Fig. 1(e)].

This rise is a hallmark of amplification of the initially excited

LO phonons. The times at which pronounced increases of the

LO phonon amplitude occur are marked by arrows in Fig. 3(c)

and agree well with the minima or maxima of the vector po-

tential of the THz pulse [Fig. 3(a)]. At these times, the dis-

placement of the electron distribution in k-space is highest

[Fig. 1(b)], leading to the highest gain.

While the THz signal reflected from the sample contains

emission from TO phonons, emission from LO phonons is

absent as expected for a longitudinal polarization. The TO

phonon signal shown in Fig. 3(b) decreases with delay time

since TO phonons interact only weakly with Γ valley elec-

trons and therefore do not experience gain.

Taking an electron distribution generated in the region of

k-space with high interband transition dipoles [23] we cal-

culated the time-dependent gain coefficient for LO phonon

amplification determined by the large THz vector potential

A(t,τ) of the THz pulse. Details of the theoretical model are

given in [14]. The calculations give an amplification factor

of 5 to 10, in good agreement with the experimental results

in Fig. 3(c). The theoretical analysis predicts a delayed onset

of amplification due to the buildup of the electron population

inversion from carrier cooling. Moreover, there are periods of

phonon reabsorption whenever the electron distribution driven

by A(t,τ) passes the range of small k-vectors [cf. Fig. 1(a)].

Such mechanisms are behind the delayed step-like increase of

the LO phonon amplitude shown in Fig. 3(c).

In conclusion, two-dimensional two-color THz spec-

troscopy on a nano-layered semiconductor structure covered

by a metasurface made of metallic MDRs reveals clear sig-

natures of coherent optical phonon amplification. In the ex-

periments, we apply THz fields enhanced and modified by the

MDRs to generate coherent LO phonons and an electron dis-

tribution in the conduction band of GaAs. Electrons period-

ically accelerated in the THz field allow for amplification of

coherent LO phonons within a 1.5 ps time range. Amplifica-

tion is due to stimulated phonon emission by the THz-driven

electrons. This novel amplification scheme holds potential for

a range of applications in phononics [30–33]. Since optical

phonons are nonpropagating because of their weak dispersion,

they can not be directly used for imaging. However, one can

generate optical phonons in one material and use these to gen-

erate acoustic phonons with the same frequency in another

material, potentially allowing sub-nanometer spatial resolu-

tion. Obviously, sources of optical phonons can also be used

for the study of optical phonons themselves, which are impor-

tant for many material properties like transport and supercon-

ductivity.
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