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Light-matter interaction beyond
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stimulated phonon polaritons
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For decades, the light-matter interaction (LMI) based on Born-Oppenheimer (BO) approx-
imation has dominated the fields of photonics, materials, and condensed-matter physics.
However, in polar crystals, the BO approximation is not applicable when stimulated phonon
polaritons are excited. Unlike the studies on topological physics and physical chemistry that
go beyond BO approximation, here we unravel a stimulated phonon polariton-mediated LMI
mechanism in polar crystals, which is radically different from the traditional LMI interpreted
by BO approximation. In the regime of stimulated phonon polariton-mediated LMI, two
exemplary experiments were conducted at different wavelengths: Q-factor increase of a
LiINbO3 terahertz microcavity, and a five orders-of-magnitude enhancement of second-
harmonic generation of infrared laser pulses in a LiNbOs3 slab. Our study enhances the
understanding of the LMI mechanism and shows potential for applications in the fields of
optics/photonics and condensed-matter physics.
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optical physics!. In the traditional LMI regime, electrons and

ions are treated separately according to the
Born-Oppenheimer (BO) approximation®3. Generally, electrons
are considered to take the dominating role in the LMI processes,
since ions are too heavy to respond to the fast electromagnetic
oscillations of visible or near-infrared light. Therefore, the ionic
contribution is typically ignored in most LMI processes, as illu-
strated in Fig. la. However, the ionic contribution plays an
important role in many cases, such as Raman scattering or sti-
mulated Raman scattering. Particularly, the ionic contribution is
also unignorable in case that a low-frequency electromagnetic
wave, such as a microwave or a terahertz (THz) wave, is
inputting*-7.

In polar crystals, the LMI process is inevitably affected by the
stimulated phonon polaritons (SPhPs), which can be excited by
the THz waves, as illustrated in Fig. 1b, c. In this case, the
SPhPs dominate the LMI process, where the electronic states are
modulated by the SPhP-excited ions, and therefore the visible/
infrared light performs a different excitation. Therefore, the
SPhPs render a distinctive mechanism of LMI which is funda-
mentally different from that of the traditional LMI which is
mediated only by electrons, or by pure ions when the oscillation
of the pump wave is far lower than that of the optical phonons
without strong coupling’. Although the breakdown of BO
approximation has been extensively explored in topological
Berry phase, quantum chemistry, and molecular physics®-10,
most work on LMI in polar crystals is still based on BO
approximation!-3.

Light—matter interaction (LMI) plays an indispensable role in
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PhPs are a type of polaritons that are found in polar crystals.
Recently, there emerged tremendous interests in long-wavelength
light-matter interactions, from mid-infrared to THz polaritonics,
in common optical crystals!!~13, where the novel effects have
been revealed by the advanced experimental tools!“. They origi-
nate from the coupling between optical phonons and radiated
THz waves!>~17. Huang equations are sufficient to provide a good
description for spontaneous PhPs (heat-excited), as verified by an
example of measuring a GaP crystal in 1965!>1018. However,
when polar crystals are excited by femtosecond laser pulses or
THz waves, the SPhPs get generated and exhibit very different
properties from that of spontaneous PhPs17:19-23, Specifically, the
SPhPs enable to achieve a giant nonlinearity or an efficient
control over polar materials. Thus, we proposed nonlinear Huang
equations to describe the nonlinearity of the SPhPs!®.

Moreover, the SPhPs exhibit remarkable delocalization and
coherence including both temporal coherence and spatial
coherence!®. This makes the BO approximation inapplicable.
Here, the delocalization implies a high mobility of phonon
polaritons, which could transport the ionic state quickly through
the crystal but does not mean that the ions are moving through
the lattice!®. The SPhP-mediated LMI (SPhP-LMI) gives rise to a
new mechanism that enables PhPs to be directly involved in the
LMI and is a much more efficient mechanism than the traditional
LMI mechanism. Furthermore, this mechanism makes significant
changes to the ionic states directly and creates a significant
impact on the electronic states through ion-electron coupling.
This indicates promising prospects in the field of optical physics
by covering a large range of wavelengths.

SPhP excited (ions)
Electrons modulated

THz wave

VIS/IR

. Li excited

. Nb . Nb excited

® o ® Oexcited

e excited » e modulated @ e mod. + excited

Fig. 1 Diagram of stimulated phonon polariton-mediated light-matter interaction (SPhP-LMI) in LiNbOs crystal. a Traditional LMI mechanism. Only
electrons can be excited when visible/infrared light inputs the LiINbOs crystal, and the ions are hardly excited. b SPhP-LMI mechanism excited by THz
waves. SPhPs are excited when THz waves input the LiINbO3 crystal. The ions are modulated by SPhPs and show strong coherent delocalization, where
electronic states are changed accordingly through ion-electron coupling. This indicates a distinct LMI between THz waves and LiNbOs crystal, beyond
Born-Oppenheimer approximation. € SPhP-LMI mechanism excited by visible/infrared light with THz waves exciting SPhPs. Electronic states are thus
modulated by the SPhP-induced coherently delocalized ions, so the visible/infrared light performs a different excitation, which results in a dramatical
material modulation and finds a distinctive approach to achieving weak-light nonlinear photonics. Here Born-Oppenheimer approximation is not applicable.
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In this study, we demonstrate the SPhP-LMI mechanism
beyond BO approximation. The SPhP-LMI mechanism enables a
series of phenomena for a large range of wavelengths and is
experimentally demonstrated using LiNbO; polar crystals
through two representative experiments: temporal evolution of
THz waves in a microcavity and second-harmonic generation
(SHG) of near-infrared laser pulses. The first experiment indi-
cates that this mechanism can induce a significant loss reduction
in the microcavity and thus increases its Q factor in the THz
region. The second experiment demonstrates that the SPhP-LMI
can enhance the SHG approximately 4.8 x 10° times for the near-
infrared laser pulses. Moreover, we also discuss the rationality
and general applicability of the SPhP-LMI in other closely related
fields.

Results

SPhP-LMI mechanism in polar crystals. The SPhPs are usually
generated when a polar crystal is pumped by external femtose-
cond laser pulses or THz waves. From a theoretical perspective,
this process can be described by the nonlinear Huang
equations!%24, represented by Eq. (1)

% + pi + wix = (Nm)"V2bE — ax® + (q/m)E,,

b 12 ()
=(Nm)"*bx + ¢y (e,, — 1)E,
where x andw, represent the motion amplitude and eigen-
frequency of the ions, respectively, while y and a represent their
decay rate and the coefficient of the nonlinear restoring force,
respectively. An external driving field E,, acts on the ions whose
effective mass and electrical charge are represented by m and g,
respectively. N is the number of oscillators per unit volume. E and
P indicate the macroscopic electric field and the polarization in
the crystal, respectively. The coupling between phonons and the
radiated THz waves is characterized by the constant
b= wyy/€)(& — &), with & and e, representing the low- and
high-frequency relative permittivity of the material, respectively.
The permittivity of vacuum is €, = 8.85x 107> F m~—1.

Different from the heat-excited spontaneous PhPs?, the
specialty of the SPhPs lies in the attendance of external coherent
THz driving and the strong delocalization, which breaks the
traditional LMI mechanism which is based on BO approximation.
The traditional material model assumes that the ions are fixed in
the crystal, where the electron-ion coupling is generally regarded
as different energy band structure, so that only electrons can be
directly excited by visible or infrared light, as illustrated in Fig. 1a.
However, once THz waves are employed in the polar material,
SPhPs are generated. They transport the ionic states by
electromagnetic fields in the whole material, indicating a strong
delocalization of the SPhPs and ionic states, which has been
demonstrated in our previous work!®. Furthermore, the external
driving field makes the noncoherent ionic oscillations in
spontaneous PhPs become coherent, which is guaranteed to
confirm the external driving THz field and behaves in a regular
temporal phase evolution. Moreover, the spatial coherence of the
SPhPs is protected by the temporal coherence and strong
delocalization. Therefore, THz waves can directly excite the ions
of polar crystals via SPhP-LM]I, as depicted in Fig. 1b. This results
in a significant nonlinear LMI and induces a series of phenomena
at the THz frequencies.

Moreover, the strong delocalization and the coherence of
SPhPs change the electronic states and make it invalid to treat the
ions and electrons separately. Here the electronic states are
altered by SPhPs through ion-electron coupling. This in turn may
lead to unexpected effects for high-frequency light, including both
visible and infrared light, as illustrated in Fig. 1c. Two examples

were chosen to show the general applicability of the SPhP-LMI
mechanism: one is a Q factor increase of LINbO; microcavity at
THz frequency, and the other is an SHG enhancement of near-
infrared light pulses, from which we demonstrate that the SPhP-
LMI mechanism is generally applicable at various wavelengths.

Q factor increase of a THz microcavity. To theoretically inves-
tigate this LMI mechanism in a THz microcavity, an ideal one-
dimensional Fabry-Perot cavity was constructed and calculated
by the finite-element method through COMSOL Multiphysics,
where the cavity length L = 200 pm and the material absorption
of the cavity loss are set by a complex refractive index of
n =5.10 4+ 2.20x 1072i, which is consistent with the LiNbO;
crystal. The two boundaries are perfect electrical conductor layers
with a reflectivity of 100%, as presented in Fig. 2a. A broadband
THz source was placed in the middle of the cavity which radiates
a Gaussian-form THz pulse with center frequency of 0.4 THz,
duration of 2 ps (ranging from 0.2—0.6 THz in frequency), as
shown in Fig. 2b.

When only Maxwell equations are used to solve the
electromagnetic waves in the microcavity, the polarization field
is determined by P =e¢yxE with y indicating the linear
susceptibility. In this case, the electric field decays rapidly, as
indicated by the red curves in Fig. 2c. However, when considering
the SPhP-LMI mechanism, the coupled Maxwell equations and
nonlinear Huang equations are solved in the microcavity, where
the polarization field is determined by Eq. (1). Here, only the
linear effect is considered, therefore the coefficient of the
nonlinear restoring force a is set as zero. In this case, the electric
field decays slowly, as indicated by the blue curve in Fig. 2c. This
demonstrates a significant absorptance modulation through the
SPhP-LMI mechanism in the microcavity. By taking a Fourier
transformation, the spectral information of the confined THz
waves in both cases is obtained as depicted in Fig. 2d.
Accordingly, when considering the traditional optical micro-
cavity, the Q factor is approximately 83.71, while this value is
increased to 127.4 when the SPhP-LMI mechanism is involved,
indicating a Q factor increase of approximately 52.2%.

In the experiment, an L3 photonic crystal microcavity is
fabricated in an x-cut LiINbO; wafer (indicated by y direction in
our experimental system), with a size of 1 mm (x) x 0.05 mm (y) x
1.1 mm (z), using the femtosecond laser direct writing technique (see
Method)?027, where the lattice constant @ = 170 pm, unit radius
r = 50 pum, and shift s = 0.15r. After the microcavity is prepared, a
femtosecond laser pulse is line-focused in the middle of the
microcavity to generate THz PhPs, as illustrated in Fig. 3a. Since the
LiNbO; microcavity slab is only 50 pum-thick, the generated THz
PhPs propagate along the direction of x-axis?28. The L3
microcavity was laid vertically to ensure that only one mode of
the microcavity can be excited. To acquire the spatio-temporal
information regarding the THz PhPs, the pump-probe technique
and phase-contrast imaging were employed (see Method and
Supplementary Fig. 1)21:28-31,

Figure 3b presents the temporal evolution of the THz PhPs in
the microcavity (see Supplementary Movie 1). One can see that
after THz PhPs are generated, they propagate bidirectionally
along the x-axis. At approximately 2 ps, they reach the boundaries
of the microcavity, and then the reflected PhPs unavoidably
interfere with incident PhPs at 4 ps. At the same time, some
energy leaks from the cavity. During this process, only the PhPs
that match the cavity modes are allowed to be preserved, while
others decay very quickly during the interference.

An energy band diagram for the photonic crystal is calculated
and presented in Fig. 4a, in which a bandgap from 0.375 THz to
0.490 THz can be seen, and is marked by the gray region. By
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Fig. 2 Stimulated phonon polariton-mediated light-matter interaction in an ideal one-dimensional Fabry-Perot microcavity. a Diagram of the ideal
Fabry-Perot microcavity with cavity length L = 200 pm. An absorption medium is placed between two perfect electrical conductor boundaries. A
broadband THz source is placed in the middle of the microcavity. PEC: perfect electric conductor. b Temporal trace and spectrum of the source
emitted THz wave. ¢ Decay of the electric field in the microcavity with and without considering the stimulated phonon polaritons. d The Fourier

spectra of ¢.

Fig. 3 Experimental design of the microcavity and measured temporal
evolution of the THz phonon polaritons. a Illustration of the pump laser
and layout of the microcavity. Parameters: a =170 um, r = 50 um,

s = 0.15r. b Temporal evolution of THz phonon polaritons in the
microcavity. From left to right, are snapshots of the electric field of the THz
phonon polaritons in the sample from t = O ps to 4 ps upon generation.

4

choosing a specific point, indicated by the black dot in the top
inset of Fig. 4b, in the experimental results, we can obtain the
decay of the electric field in the microcavity, as presented in
Fig. 4b. In the bottom inset of Fig. 4b, the initial broadband
oscillation is obtained by selecting the initial oscillation after the
first 5 ps from the microcavity confined PhPs. Accordingly, the
resonant mode can be easily identified from the Fourier spectra of
the electric fields in the cavity and the broadband radiations,
presented in Fig. 4c. The Q factor in the experiment was
measured and found to be 68.83. Figure 4d presents the
distribution of the electric field at the line indicated in the inset
of Fig. 4d in the frequency domain.

Since we cannot remove the contribution of the SPhP-LMI in
experiments, a finite-difference time-domain simulation was
performed and employed as a reference case of pure electro-
magnetic waves without this mechanism. To ensure consistency,
the geometry of the microcavity in the simulation was made to
remain identical to the experiment. LiNbO; is regarded as a
dielectric by ignoring its thermal influence, and its complex
refractive index at 0.4 THz was set as n, = 5.10 + 2.20x 1072i for
the extraordinary light which agrees well with the value in the
experiment (see Supplementary Note 1).

The simulation results are presented in Fig. 4e, where the
simulated microcavities have a resonant frequency of 0.421 THz.
However, the Q factor of the simulated pure electromagnetic-
wave microcavity is only 46.78, which is less than the value
of 68.83, measured in the experiment mediated by the SPhP-LMI
mechanism. Therefore, at least a 47.1% Q factor increase is
attributed to the loss modulation induced by the SPhP-LMI
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Fig. 4 Experimental phonon polaritons and simulated electromagnetic waves in the microcavity. a Energy bands of the LiNbO3 photonic crystal. The gray
region indicates the bandgap spanning from 0.375 to 0.490 THz in the band structure. b Electric field oscillation of a point in the microcavity, and the point
is presented by the black dot in the top inset. The top inset also shows the pump position, while the bottom inset indicates the femtosecond laser-
generated broadband THz phonon polaritons, the initial oscillation after the first 5 ps from the microcavity confined phonon polaritons. ¢ Spectral
information of the microcavity confined phonon polaritons, Fourier transformation of (b). The inset presents the spectral comparison between the
broadband and localized phonon polaritons. d Simulated spectral information at the line shown by the inset, in the microcavity. e Spectral information along
a line and at a point in the microcavity, where the positions of the line and the point are the same as in the experiment.

mechanism. This result indicates a good agreement with our
expectations and presents the calculation of the ideal 1D
Fabry-Perot microcavity. Besides, the Q factor is also influenced
by the photonics design of the microcavity?®, and a thinner slab
results in a larger Q value and a higher resonant frequency (see
Supplementary Note 2).

SHG enhancement of near-infrared light pulses. After SPhPs
are generated in a polar crystal, the ionic nonlinearity was greatly
enhanced with the help of the SPhP-LMI mechanism, and thus
the giant nonlinearity of THz waves was achieved!®. Simulta-
neously, the electronic nonlinearity also gets increased because of
the ion-electron coupling.

To verify this point, we examined the influence of the SPhP-
LMI on near-infrared laser pulses. As illustrated in Fig. 5a, the
femtosecond laser pulses were focused to generate an SHG signal
in a LiNbO; crystal. The tilt-pulse setting was employed to
distinguish the contributions of laser power and SPhPs!%22. The
first-order diffraction light of a 1200 mm~! grating was focused
by a 5cm convex lens, and the LINDO; crystal was moved from
the image plane to the focus plane of the grating (see
Supplementary Note 3). During this process, the SHG signal
was recorded by a spectrometer at each position as presented in
Fig. 5a.

According to the phase-match condition of the tilt-pulse
settings, the SPhPs can only be excited if the LINbOj; crystal is
placed at the image plane of grating??. Therefore, a strong SHG
signal should be measured when the sample reaches this position.
After that, although the sample moves closer to the focus plane
and the power density of the laser pulses increases, the SHG
signal should decrease as illustrated in Fig. 5a. The experimental
observations well agree with this expectation. Figure 5b presents
the SHG spectrum during the movement of the sample, and one

can see two local maximum values, each located in the focus and
the image plane of the grating. According to the theoretical
evaluation, the nonlinear susceptibility at the image plane which
is enhanced by SPhP-LMI is approximately 4.8 x 10° times larger
than the one at the focus plane (see Supplementary Note 3). The
maximum value at the image plane is attributed to the SPhP-LMI
mechanism, while the one at the focus plane is caused by the
intense pump power, where the LiNbO; crystal is ablated soon at
the focus plane. The peak intensity and the total average energy of
the SHG signal depend on the position of the LINbO; sample as
presented in Fig. 5c.

Generally, the microscopic polarization of materials includes
dipolar polarization (orientation), ionic polarization, and electro-
nic polarization (including distortion of electron cloud). While
for ionic crystals of LiNbOs, ionic polarization and electronic
polarization both contribute to the nonlinear polarizations.
Generally, where there are no SPhPs, the ionic polarization is
less possible to be directly excited by visible or infrared light since
the ions are too heavy to respond such fast oscillations are
ignored. However, the potential energy between ions are
determined by Madelung constant, and its form is highly
enharmonic so as to generate optical nonlinearity.

Nevertheless, electronic polarization, the one that can only be
excited by visible or infrared light, is much weaker, which
acquires most nonlinearity by electron-ions coupling. Therefore,
the optical nonlinearity in the traditional case is very low excited
only by polarizing electrons.

After SPhPs join in this process, the LMI process is changed.
The spontaneous PhP originates the coupling of radiated THz
waves (photons) by lattice vibration and phonons, while the
SPhPs (stimulated) is a much stronger version excited by input
THz waves. Thus, the ionic nonlinearity is utmost activated
through the mechanism of “input THz waves—slattice
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Fig. 5 Second-harmonic generation (SHG) enhancement of near-infrared laser pulses due to the stimulated phonon polariton-mediated light-matter
interaction. a Experimental setup for excitation of the stimulated phonon polaritons and the measurement of SHG signal of infrared laser pulses. CL:
convex lens; LN: lithium niobate slab; BF: blue filter; SP: spectrometer; FP: focus plane; IP: image plane. b Spectra of the SHG signal obtained by moving the
LN slab. ¢ Peak intensity and the total energy of the SHG signal when the sample is moved. The inset shows the details of the peak value near the

image plane.

vibrations <— radiated THz waves”. Accordingly, the electronic
nonlinearity is enhanced so that the tremendously SHG
enhancement is observed.

Discussion

In the above experiments, the influences of the SPhP-LMI on the
absorption of THz microcavity and the efficiency of near-infrared
laser SHG were studied. Furthermore, the significance of the
SPhP-LMI can extend to other fields where many expected effects
can be found by experimental evidence in the literature results.
However, the contribution of SPhP has not yet been paid enough
attention.

THz-induced nonlinearity is one of the most important results
and mainly includes two types of discoveries. The first one is by
using THz waves to break the centrosymmetric properties of the
materials and for generating even-order nonlinearities in mate-
rials such as THz-induced SHG3!32. Generally, the centrosym-
metric materials cannot support the generation of even-order
nonlinear phenomena. Later, researchers found that THz waves
can be used to induce SHG in centrosymmetric materials because
they can excite SPhPs so as to break the symmetrical property of
these materials31:32. The second one is using THz waves to
enhance the nonlinearity by exciting SPhPs. The most direct
result of the SPhP-LMI is to achieve giant THz nonlinearities by
tremendously increasing the ionic nonlinearity!®-32-34, Besides,
the SPhPs change the electronic nonlinearity by “ion-electron”
coupling so that the nonlinear polarization of high-frequency
light such as SHG, Kerr effect, and Pockels effect can be
improved?135-37, Especially, the Pockels effect which is generally
used to detect THz waves?l.

THz-induced spin and magnetism is another well-debated
topic33-42. The magnetism of the materials always depends on the
spin of certain ions, such as iron or nickel, whereas the magne-
tization and demagnetization of the materials can be modulated
by controlling the ionic spin of such materials. Generally, the
magnitude of the macroscopic magnetization field is determined
by both the external magnetic field and the restraint of the lattice.
After the SPhPs get generated, the delocalization property of the
PhPs would ease this restraint and significantly amplify the
magnetization. The electric polarization can be improved in polar
crystals in a similar way so that THz waves can be used to induce
ferroelectricity since the restraint can be eased by SPhPs. The
pertinent result was demonstrated in 201943,

Moreover, some experiments also demonstrated that THz
waves can induce phase transitions including topological phase
transition and Mott phase transition (insulator to metal
transition)#3-46, THz waves can also induce the Stark effect and
thermal effect, and drive ionic flow in a superionic
conductor0-4%, All of these ion-dependent properties can be
induced or modulated through the SPhP-LMI mechanism in
polar crystals.

Conclusions

In conclusion, we demonstrated the SPhP-LMI mechanism in
polar crystals. This mechanism dominates the LMI processes
when THz waves are involved and the Born-Oppenheimer
approximation is broken. With the attendance of the SPhPs,
nonlinear LMI can be easily achieved so as to alter the optical
properties of the polar crystals (abundant materials in nature).
The strong delocalization and coherence of SPhPs break the
Born-Oppenheimer approximation so that the ions and electrons
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in the LMI can no longer be treated separately. Furthermore, the
electronic states are modulated accordingly, indicating a
remarkable nonlinear LMI phenomenon. We use two typical
examples in LiNbO; polar crystals to experimentally demonstrate
this mechanism at various wavelengths: Q factor enhancement of
a LiNbO; terahertz microcavity and the giant SHG enhancement
of near-infrared laser pulses. In the THz microcavity, the non-
linear mechanism led to an increase of the Q factor cavity by
more than 50%, illustrating a completely different approach. On
the other hand, this mechanism indeed led to an increase of five
orders of magnitude in the SHG signals of near-infrared laser
pulses.

This study proposes a distinctive LMI mechanism in polar
crystals, which introduces extra possibilities that do not rely on
the traditional LMI mechanism within the BO approximation.
For instance, this mechanism enables more effective modulations
of the optical properties and domain structures of the polar
crystals by directly controlling ions, this breaks the restrictions of
the very limited modulation by merely controlling electrons. Our
findings are not only important for the development of optical
and photonic devices but may also prove relevant for the
understanding of other polariton-based phenomena in
condensed-matter physics.

Methods

Fabrication of the LN photonic crystal. We use the femtosecond (fs) laser direct
writing technique to fabricate the microcavity structure used in our experiment?”.
About 2 pm protective coatings (SiO,) are deposited on both surfaces of the
LiNbOj; slab. Subsequently, 5 pJ fs-laser pulses (amplified Ti:sapphire laser pulses,
800 nm central wavelength, 120 fs duration, 1 kHz repetition rate) are focused with
a 0.25 NA objective to a spot size of approximately 4 um and then used to mill the
microcavity. A three-dimensional translation stage holds the 50 um thick LiNbO;
slab and is programmed to move laterally such that the outline of a circle is
irradiated and drilled through the depth of the slab. Repeated operations of this
sort are used to carve a series of periodic structures. After machining, the SiO,
layers are removed with a hydrofluoric acid solution, which also removes any
LiNbOj; debris that is ejected during the machining process. These steps guarantee
an optical-quality surface.

Generation and probing of the THz PhPs. The experiments are carried out
using a Ti:sapphire fs-laser system with a central wavelength of 800 nm, a
repetition rate of 1 kHz, and a pulse duration of about 120 fs. As shown in
Supplementary Fig. 1, the laser output is split into a pump-pulse (400 yJ) and a
probe-pulse (frequency-doubled, 400 nm, 50 yJ), which can be delayed relative
to one another.

The pump pulse is directed to a mechanical time-delay line, and then line-focused
into the center of the microcavity by a cylindrical lens with a focal length of 15 cm.
After the pump pulses enter the sample, the THz PhPs are generated by a nonlinear
optical process. Due to the polarization of the pump pulse being chosen parallel with
the optical axis of the sample (z-direction), the generated THz pulses mainly
propagate as the transverse electric modes of the slab microcavity. Here, the time-
dependent information is obtained by adjusting the time delay of the pump pulse.

The generated THz PhPs propagate along the x-direction in the microcavity?!.
In order to visualize this field, a probe beam is employed that is spatially filtered
and expanded to homogeneously illuminate the entire sample. This beam
propagates in the y-direction through the sample of thickness / and thereby gathers
an integral phase shift of A¢,,.;..(x, z). Because the refractive index of the LiNbO;
at a THz frequency is higher, it propagates slower than the probe beam. Thus, this
integral phase-shift maps approximately the effective projection Epy,(x,z) of the
electric field of the THz PhPs along the beam path, i.e,, it is more or less the integral
of the electric field along the beam path. The relation between this projection field
Erp,(x,z) and the phase shift is given by the following equation:

3
I nirs

An(x,z) =2m

Ayrope(¥,2) = 27 By, (%, 2), @

A

probe probe

where [ is the thickness of the sample and A, is the wavelength of the probe
beam. The extraordinary polarization is chosen for all the electromagnetic fields,
i.e., the pump, probe, and the THz waves, to achieve an optimum signal for the
LiNbOj; crystal under investigation. Accordingly, n, and r;; denote in Eq. (2) the
(extraordinary) refractive index and the electro-optic coefficient of the LiNbO;
crystal, respectively.

To make the phase-shift visible, a phase-contrast imaging technique
is employed: it consists of a CCD camera together with a 4f system (with

two achromatic lenses each having a focal length of 10 cm) and a phase

plate in the Fourier plane of the system. The phase plate introduces a 1/4 phase
shift to the zero-order diffraction component in the Fourier plane. Thus, the
phase image was transformed into an intensity image according to the
equation?!:

I(x,z) =I,(x, z){3 -2 [cosA¢Pmbe(x, 2) = sinA¢y, ope (% z)} }

(©)
N, (6,2) [ 1+ 2003103, 2)|
where I(x, z) is the intensity distribution of the original probe beam (at
A¢pobe = 0). The phase in the sample is retrieved from:
1[1I(x,z2) 1AI(x, z)
A - —1] == 4
o9 ~3 105 1] =35055 @

with Al = I — I,
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