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The excitation of four coherent phonon modes of different symmetries are realized in copper
metaborate CuB204 via impulsive stimulated Raman scattering (ISRS). The phonons are detected
by monitoring changes in the linear optical birefringence using the polarimetric detection (PD)
technique. We compare the results of the ISRS-PD experiment to the polarized spontaneous Raman
scattering spectra. We show that agreement between the two sets of data obtained by these allied
techniques in a wide phonon frequency range of 4-14 THz can be achieved by taking into account the
symmetry of the phonon modes and corresponding excitation and detection selection rules. It is also
important to account for the difference between incoherent and coherent phonons in terms of their
contributions to the Raman scattering process. This comparative analysis highlights the importance
of the ratio between the frequency of a particular mode, and the pump and probe spectral widths.
We analytically demonstrate that the pump and probe pulse durations of 90 and 50 fs, respectively,
used in our experiments limit the highest frequency of the excited and detected coherent phonon
modes to 12 THz, and define their relative amplitudes.

PACS numbers: 78.47.D-, 78.30.-j, 74.72.Cj, 78.20.Fm

I. INTRODUCTION

Impulsive stimulated Raman scattering (ISRS)! is a
powerful technique, allowing the generation of collective
excitations in a medium via inelastic scattering of a sin-
gle (sub-)picosecond laser pulse. It has become a widely

used tool for exciting coherent phonons,? 2 magnons,%7

phonon-polaritons,2 and coherent charge fluctuations.?
ISRS is essentially the stimulated inelastic scattering of
a photon of frequency w; into a photon of frequency
wj = w; —  accompanied by the creation of a quasipar-
ticle of frequency 2. This process is, on the one hand,
governed by selection rules, i.e., by medium properties
described by a Raman tensor, and, on the other hand,
highly responsive to the spectral and temporal charac-
teristic of the exciting laser pulse. As a result, ISRS
enables selective excitation of particular coherent quasi-
particles achieved by choosing proper polarization of the
laser pulse. Control of the coherent quasiparticle ampli-
tude can be realized by pulse shaping.i9 1% Importantly,
ISRS can be realized in both opaque and transparent
media. While in the former case ISRS competes with
other excitation mechanisms based on impulsive light
absorption ¢ in the latter case, non-resonant ISRS is the
sole mechanism driving coherent excitations of electrons,

lattice, or spins.7

ISRS and spontaneous Raman scattering (RS) are
closely related processes. The selection rules for RS de-
fine the polarization of exciting femtosecond pulses to
be used for triggering impulsively specific excitation in
a medium. However, since the (sub-)picosecond pulse
should possess a sufficiently broad spectrum to excite

a coherent mode of a given frequency, the pulse dura-
tion defines the efficiency of the ISRS. In contrast to
RS experiments, ISRS employs probe pulses to moni-
tor excited coherent quasiparticles in the time domain.
Therefore, the polarization and duration of these pulses,
although often disregarded, are of no lesser importance
for the outcome of the conventional ISRS experiments.
The ISRS and RS processes differ in the character of the
quasiparticles addressed; coherent versus incoherent, re-
spectively. Understanding how the interplay of all these
factors affects the results of the ISRS experiment, and
establishing vivid links between Raman tensor compo-
nents and values measured in the ISRS experiments are
crucial in light of recent developments of ISRS-based
techniques. Thus, a novel approach was recently sug-
gested to obtain information about Raman tensors from
ISRS-based coherent lattice fluctuation spectroscopy.i®
It has been shown that a comparison of RS and pump-
probe data can be used to identify the processes underly-
ing coherent phonon-plasmon mode generation in doped
GaN .12 The comparison between RS data and the out-
come of pump-probe experiments was also recently made
for the case of displacive excitation of coherent phonons
(DECP) in opaque bismuth and antimony to obtain in-
sights into ultrafast processes triggered by femtosecond
laser pulses.2? It was recently suggested in Ref.21 and
later disputed in Ref.22 that the changes in the coher-
ent phonon amplitude with pump pulse duration may
shed light on the excitation mechanism and help distin-
guish resonant ISRS from DECP mechanisms. Finally,
the excitation and detection of a plethora of coherent
quasi-particles in a single experiment, as well as access
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to other types of high-frequency collective excitations,23

has recently become possible owing to the availability of
laser pulses of ever-shorter durations.2? Therefore, tun-
ing polarization 22 spectral A7 temporal 22 and phase26:27
characteristics of laser pulses are actively exploited nowa-
days for realizing selective excitation of particular collec-
tive modes.

In this Article we demonstrate how an intrinsic inter-
connection between the values measured by RS and ISRS
techniques can be achieved by designing a single ISRS ex-
periment. This reveals the roles of the pump and probe
polarizations and durations, as well as the incoherent and
coherent natures of involved quasiparticles. All prerequi-
sites for such an experiment are met by impulsively excit-
ing in a dielectric copper metaborate CuB20O,4 multiple
coherent optical phonon modes of different symmetries,
and probing them via a polarization-sensitive optical ef-
fect. The choice of CuB20y, is motivated by its crystallo-
graphic structure?® yielding an exceptionally rich phonon
spectrum, unique optical 22 magnetic,2? and magneto-
optical properties.21:32 We demonstrate that laser pulses
of 90-fs duration can effectively excite, in CuB2Qy, at
least four optical phonon modes of A; and By symmetries
with frequencies between 4 and 12 THz. These are de-
tected in the ISRS experiment with the polarimetric de-
tection (PD) technique, in which the polarization modu-
lation of the 50-fs probe pulses is monitored. By compar-
ing the results of our experiment to the RS spectra,23:34
we establish the link between the values measured by
these two complimentary techniques, and show that an
analysis of the efficiencies of excitation of multiple modes
via ISRS has to be performed by taking into account
the symmetry of each mode, the corresponding excita-
tion and detection selection rules, and the ratio between
the frequency of the particular mode and the pump and
probe spectral widths. We note that our approach of re-
vealing the role of the pump and probe pulse durations in
ISRS is an alternative to the conventional one, when one
tunes the duration of the pump or probe pulses and mon-
itors the corresponding changes in a particular excited
coherent phonon mode in a medium.22:32 In latter stud-
ies special care had to be taken to account for the positive
or negative chirp of either pump or probe pulses, having
different effects on the amplitudes of excited26:26:37 and
detected3® coherent quasiparticles.

This Article is organized as follows. In Sec.[[Ilwe briefly
discuss the copper metaborate properties. In Sec. [II]
we describe the sample of copper metaborate CuB2Oy4
and the details of the ISRS-PD experiment. In Sec. [V]
we present the experimental data of the excitation and
detection of multiple coherent phonons in CuB2O4 by
femtosecond laser pulses. In Sec. [V Al we introduce the
formalism for describing the ISRS excitation and polari-
metric detection of coherent phonons. In Sec. VBl we
compare the outcomes of the ISRS-PD experiments with
the spontaneous RS spectra and analyze the excitation
mechanism and specific detection features of the tech-
niques employed. This is followed by an analysis and dis-

cussion in Sec. [V.(Jregarding the effect of the pump and
probe pulses durations on the excitation and detection of
coherent phonons. In Sec. [VIl we summarize our findings
and discuss their eventual impact on further studies of
ultrafast laser-induced processes.

II. CRYSTAL STRUCTURE AND LATTICE
EXCITATIONS IN A COPPER METABORATE
CuB204

CuB20Oy4 crystallizes in the tetragonal non-
centrosymmetric space group I42d, and its primitive
unit cell contains 42 atoms.?®8 This results in 126
zone-center phonon modes, including three acoustical
and 123 optical. Jahn-Teller Cu?* (3d°) ions occupy
two non-equivalent crystallographic positions, 8d and
4b, in a strongly elongated [Cu?*O2~] octahedron and
planar [Cu?t03~] complex, respectively. This unique
structure yields nontrivial optical 22 phonon,22:34:39 and
magnon 244041 gpectra, of this compound.

The fundamental optical band gap of copper metabo-
rate is ~4 eV.22 The polarized optical absorption spectra
below the fundamental band gap are characterized by an
exceptionally pronounced set of zero-phonon lines arising
from 3d — 3d localized electronic transitions in Cu?* ions
in two positions, and accompanied by multiple phonon-
assisted sidebands.2? This observation has naturally trig-
gered an interest in experimental and theoretical analyses
of the phonon modes in CuB504 by means of infrared and
Raman spectroscopy in a wide temperature range of 4—
300 K.23:34:32 A]] theoretically predicted optical phonon
modes in the center of the Brillouin zone were observed in
the frequency range above 4 THz and assigned to partic-
ular atomic motions.22 Below ~15 THz phonon spectra
are dominated by vibrations in Cu-O complexes, while
the dynamics of B-O complexes contributes to the higher-
frequency phonon modes. Some of these modes involve
vibrations within [Cu?t03~] exclusively, while no such
pure modes exists for the other complex.

It is worth noting that an intricate magnetic struc-
ture of CuBs0y is described by two magnetic sublat-
tices comprised by Cu?* ions in the 8d and 4b positions.
Strong exchange interactions were found only within the
sublattice formed by Cu?*(4b) magnetic moments below
the Néel temperature, Tny=21 K. Intersublattice inter-
actions yield an ordering of the second sublattice be-
low ~10 K424l Ag a result, CuB,O4 possesses a very
rich magnetic phase diagram 224245 the details of which
were clarified experimentally only recently and are not
yet fully understood.22 Driving coherent phonon modes,
in particular pure [Cu?t037 "] modes, can be seen as a
prospective approach for exploiting phonon-magnon in-
teractions in such a complex system.

In the last few years, there have been a number
of intriguing and controversial reports of the magneto-
optical properties of copper metaborate,21:32:46-51 includ-
ing the very recent demonstration of laser-induced non-



reciprocal light absorption.22

III. EXPERIMENTAL

The sample was a plane-parallel single crystal plate cut
perpendicular to the [010] axis from a large boule grown
by the Kyropulos method from the melt of the oxides
B503, CuO, Li»0O, and MoO3.23 We used a coordinate
system with the z-, y-, and z-axes directed along the
[100], [010], and [001] crystallographic axes, respectively
[Fig. M(a)]. We note that the [100] and [010] axes can-
not be distinguished in the paramagnetic phase, and the
assignment of x and y to these axes was performed for
the sake of convenience. The thickness of the sample was
do =67 pm.

The experimental studies of the excitation of the coher-
ent phonons by femtosecond laser pulses were performed
using an optical pump-probe technique. The 50-fs laser
pulses with a central photon energy of 1.55 ¢V at a repe-
tition rate of 1 kHz were generated by a regenerative am-
plifier. Here and below we define the pulse duration as
the full width at the half maximum (FWHM) of its inten-
sity profile. Part of the output beam was steered to the
optical parametric amplifier, producing 7, = 90-fs pump
pulses of hwy, = 1.08-eV central photon energy. CuB204
is transparent in this spectral range, and so ISRS was
the dominant mechanism for coherent phonon excitation.
Linearly polarized pump pulses at the azimuthal angle
with respect to the z-axis [see Fig.[I{a)] propagated along
the sample normal. The pump spot size at the sample
was 70 pm (FWHM). A second part of the regenera-
tive amplifier output beam was used as the probe pulses
(hwpy = 1.55 eV, 7, = 50 £5) and was delayed with the
respect to the pump pulses by the variable time, ¢. The
incident probe pulses were linearly polarized with the
azimuthal angle ¢ with respect to the x-axis [Fig. Ia)].
The probe spot size at the sample was 40 ym (FWHM).

Coherent phonons excited by the pump pulses modu-
late the dielectric tensor components of CuB20Oy4, which
can be seen in the experiment as a modulation either of
the probe pulse ellipticity [Fig. D{b)] or the probe pulse
polarization azimuthal angle due to the pump-induced
changes in the crystallographic linear birefringence or
dichroism, respectively. We note that the absorption co-
efficient of CuB2O,4 at the probe photon energy is ~60
cm ™!, which suggests that the dichroism experienced by
the probe pulses is relatively weak. In the experiments we
measured the pump-induced probe ellipticity changes An
by employing the PD technique. A quarter-wave plate
(QWP) placed in the probe beam behind the sample was
used to convert the ellipticity An to a polarization rota-
tion A¢ [Fig.[l(c)]. The probe beam transmitted through
the sample and QWP was split by a Wollaston prism into
vertically and horizontally polarized beams and their in-
tensities were detected by two Si-photodiodes. In this
way, the change of the polarization of the probe pulses,
measured as the difference between the signals at the two
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FIG. 1: (Color online) (a) Relative orientation of the crystal-
lographic axes and laboratory frame xyz. The pump pulses
are incident along the y-axis. The angle of incidence of the
probe beam is 7°. The pump (EP) and probe (EP") pulses
are linearly polarized with the azimuthal angles 6 and ¢, re-
spectively. (b) Elliptically polarized probe pulse after trans-
mission through the sample. (c) Ellipticity, An, of the probe
pulses converted to a rotation A¢ of the polarization plane
after transmission through the quarter-wave plate.

diodes, was monitored as a function of the pump-probe
time-delay ¢. The pump-probe traces were recorded in
steps of 0.02ps up to 10ps, including a —2ps negative
pump-probe delay. All measurements were performed at
T =293 K.

We would like to emphasize that the detection of co-
herent phonons, excited via ISRS, is usually realized via
the monitoring of changes in the reflectivity or transmi-
tivity. Instead, we employed the PD scheme to reveal
transient polarization changes, which is more common
for experiments on coherent magnons excited via ISRS.”
To emphasize the differences with the conventional ISRS
experiments with coherent phonons, further on we refer
to our experimental layout as to ISRS-PD experiment.
An advantage of such a scheme for coherent phonon de-
tection is that it allows the analysis of the symmetry of
particular phonon modes and can discriminate between
them if necessary by choosing a proper probe polariza-
tion, as we discuss in detail below. We note that such a
scheme is a powerful alternative to the reflective electro-
optical sampling technique.24:2> The polarization sensi-
tive detection of coherent phonons was reported in e.g.,
Ref.@, where the polarization dependent reflectivity was
analyzed. Here we employ measurements of the tran-
sient birefringence, which is an advantageous technique
for transparent media.

IV. EXCITATION AND DETECTION OF
COHERENT PHONONS IN CuB:04

Figure[2 shows the time-delay dependence of the probe
polarization excited by the pump pulses of three differ-
ent polarizations, § = 0° (EP|x), § = 90° (EP||z), and
0 = 45°. The probe was polarized at ¢ = 45°. In all three
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FIG. 2: (Color online) Probe ellipticity change An as a func-
tion of the pump-probe time delay, ¢, measured at three dif-
ferent polarizations, 0, of the pump pulses. The probe polar-
ization is ¢ = 45°.

excitation geometries, a strong coherent artifact was ob-
served at the pump-probe overlap (¢ = 0), followed by a
pronounced oscillatory signal, consisting of several super-
imposed harmonic components. The fast Fourier trans-
forms (FFT) amplitude spectra of the traces at positive
delays t > 1 ps are plotted in Figs. B(d—f). In the FFT
spectra, four lines with frequencies of 4.38, 7.52, 10.00,
and 12.03 THz are clearly distinguished.

To reveal the nature of the observed oscillations of the
probe polarization and to examine their relation to the
coherent phonons excited by the pump pulses, we com-
pared the FFT spectra (Fig. B(d-f)) to the spontaneous
RS spectra at 293 K reported in Ref. 33 [Figs. Blac)].
The frequencies of the lines appearing in the FFT spec-
tra in our experiments at 0 = 0,90° [Figs. Bl(d,f)] are
in excellent agreement with the lowest phonon lines in
the RS spectra [Figs. Bla,c)]. In particular, the phonons
appearing in the z(zz)Z RS spectrum [Fig. Blc)] are ex-
cited by the pump pulses polarized along the z-axis and
propagating along the y-axis [Figs. B(f)]. We note that
such a comparison is justified because the [100] (z) and
[010] (y) crystallographic axes in CuB2O4 are equivalent.
Analogously, there is a correspondence between the spon-
taneous y(zxz)y RS spectra?334 and our data obtained for
the pump pulses polarized along the z-axis. Such a good
agreement allows us to assign the observed oscillations
of the probe polarization to the modulation of the di-
electric permittivity by coherent phonons excited by the
pump pulses.

From the comparison of our experimental data with the
results of the spontaneous RS experiments, we can de-
termine the particular coherent phonon modes that were
excited in each geometry. Pump pulses polarized along
the z-axis excite non-polar A; modes with frequencies of
7.52, 10.00, and 12.03 THz, while the pump pulses po-
larized along the x-axis excite the 4.38- and 10.00-THz

non-polar B; modes in addition to the A; modes (7.52
and 10.00 THz).

For the geometry with the pump pulses polarized
at an angle § = 45°, the excitation of the modes
with E(y) symmetry are expected, which appear in the
RS spectrum?? measured in the y(xz)y configuration
[Fig. Blb)]. However, this is not the case, as can be seen
in Fig. Ble).

In Fig. @(a) we show the pump-probe traces obtained
for the pump polarization § = 90° for three distinct probe
polarizations; ¢ = 45°, 90°, and 135°. In Fig. @(b) we
plot the amplitude of the oscillatory signals Amng versus
the incident probe polarization azimuthal angle ¢ at a
frequency of Qy/27 = 10.00 THz (the most pronounced
oscillatory contribution to the signal [Fig. B(f)]). The
amplitudes, Ang, were extracted from the fit of the ex-
perimental data to the sine-function. We note that here
and elsewhere in the text Arng is defined as the signed
amplitude of the measured signal. The oscillation am-
plitude is strongly enhanced when the incoming polar-
ization of the probe pulse makes an angle of ¢ = 45°
with the z-axis, thus demonstrating the crucial role of
the probe pulse polarization in the ISRS-PD experiment.
In particular, the results in Figs. ll(a,b) suggest that the
probe polarized at a nonzero angle with respect to the
pump polarization plane favors detection of the coher-
ent phonon mode excited by the latter.22 This provides
a hint for explaining the absence of the coherent phonon
modes in the E(y) symmetry for the signal [Figs.2l and
Ble)] measured with § = 45° and ¢ = 45°.

The most evident difference between the results of
the ISRS-PD experiments and spontaneous RS data is
that the relative values of the amplitudes of the coherent
phonons excited via ISRS cannot be directly related to
the amplitudes of the corresponding lines in the spon-
taneous RS spectra. Furthermore, no coherent phonons
with frequencies above 12.03 THz could be reliably ob-
served in the ISRS-PD experiments, despite the fact that
some of these yielded very strong lines in the RS spec-
tra (Fig. B). In Sec. N AHV (] we consider the excitation
and detection of coherent phonons in detail to account
for these observations.

V. THEORETICAL BACKGROUND AND
DISCUSSION OF ISRS-PD IN CuB20.4

A. ISRS as the excitation mechanism of coherent
phonons in CuB304

In general, there are two mechanisms, ISRS and DECP,
which can mediate the excitation of coherent phonons
by the femtosecond laser pulse. We argue that, in our
experiments, ISRS is the mechanism responsible for the
excitation. First, the sample is transparent for the pump
central photon energy, which suppresses the alternative
DECP mechanism.?* Furthermore, DECP is expected
to only drive symmetric A; modes.t® Indeed, when the
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FIG. 3: (Color online) (a—c) Spontaneous RS spectra measured in the geometries (a) z(zz)Zz, (b) y(x2)y, and (c) z(z22)%
(adapted from Ref.[33). (d-f) FFT spectra of the ISRS-PD experimental data (Fig. B]) measured in the geometries (d) EP||z

(0 = 0), (¢) 0 = 45°, and (f) EP||z (0 = 90°).

In the data sets (a,c) the spectra were normalized by the intensity of the

10.00-THz line, while in the data set (b) — by the intensity of the strong 11.92-THz line. In the data sets (d—f) the spectra were
normalized by the amplitude of the 10.00-THz line. The symbols represent the experimental data, and the lines show their fit
using Lorentzian functions [Eq. ([@)]. The numbers indicate the phonon frequencies 0 /27. The amplitudes Cy and FWHMSs oy,
of the phonon lines are given in Tables [[TI] and [Vl Different colors indicate the phonon modes of the A; (black), B1 (red), and
E(y) (blue) symmetries. The green color denotes the lines to which the phonons of both A; and By symmetries contribute. The
inset shows the pump fluence dependence on the amplitudes of the 7.52- (squares), 10.00- (circles), and 12.03-THz (triangles)
lines in the FFT spectra shown in panel (f). The lines are linear fits.

DECP mechanism is involved, the ions are driven from
the equilibrium positions at the ground state to the non-
equilibrium positions at the excited state. As a result,
the symmetry of the crystal remains unchanged and only
the symmetric vibrational A; mode can be excited.

The ISRS-driven excitation of a coherent phonon with
frequency €y and normal coordinate Q)(t) can be phe-

nomenologically described by the equation of motion:3:23
’Q 2
@ 9=
1 *
Hi—ngo (wp)Rel&:(1)E;(t)"] =
1 *
%Rgo (WP)ISRe[eiej]a(TpaQO)a (1)
where R%‘) (wp) = 0Oeij(wp)/0Q is the Raman tensor

and €;;(wp) is the dielectric permittivity tensor. Note
that Eq. () does not include energy dissipation. It
is also assumed that the dielectric permittivity disper-
sion is negligible within the spectral width of the pump
pulse. &;(t) is the time-dependent electric field enve-

lope defined as E;(t) = Rel&;(t)e™»!] with amplitude &
and FWHM 7. The pump intensity IJ is introduced as
I = nc|&]?/(4m), where n is the refractive index at the
pump wavelength. e = (e, ey, €,) is the polarization
unit vector. a(7p, o) includes the relation between the
duration of the pump pulse, or its spectral width o}, and
the frequency of the coherent phonon mode. The coeffi-
cient a7y, Qo) in Eq. (@) for the phonon mode 2 can be
obtained by recalling that the product of two functions
in the time domain can be expressed via the convolution
of their Fourier-transforms:

B 7 & (w)Ep(w — Qo)dw
) = e e @

(2)

The nominator in the expression for a(7,, Qo) reflects the
physical description of the ISRS process, in which pairs
of photons with frequencies that differ by £y contribute
to the generation of the corresponding coherent phonon
mode. Both the nominator and denominator reduce to
4nI) /nc for the 6—pulse, and a(r, — 0,€) = 1. The
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FIG. 4: (Color online) (a) Probing ellipticity, An, versus the
pump-probe time delay, ¢, measured for three initial polar-
izations, ¢, of the probe pulses, with a pump polarization of
0 =90°. (b) Amplitude of the pump-induced oscillations at a
frequency 10.00 THz of the probe polarization Ang as a func-
tion of probe azimuthal angle ¢. (c) Calculated amplitude of
the pump-induced oscillations of the probe polarization as a
function of ¢ (see the text for details).

solution of Eq. () takes the simple form of a sine-function

(3)

In the ISRS-PD experiments reported here, the measured
value is the change of the ellipticity An of the probe
polarization occurring due to modulation of the dielectric
permittivity by excited coherent phonons, and converted
to the polarization rotation by QWP [Figs. Di(b,c)]. The
temporal evolution of An can be then expressed as (see
App.[Alfor details)

Q(t) ~ a(rp, QO)R%“ (wp)IDRelese}] sin (Qot) .

wdy i) (wpr) (1)
An(t) = %prﬂ—ﬁjw)* ‘}gr , (4)

where Ip,.(t) is the temporal profile of the probe pulse,
the exact form of which is introduced below, and * de-
notes the convolution operation. The convolution with
the probe pulse temporal profile I, () is required to ac-
count for the particular probe duration 7p,. Apr is the
probe wavelength. Here, the dielectric permittivity dis-
persion is assumed negligible within the spectral width
of the probe pulse.

The driving force for the non-polar A; modes can be
nonzero for any polarization. In the considered geometry
the pump pulse of any linear polarization excites these
modes, provided the Raman tensor components R,, and
R.. are nonzero for that particular mode. Indeed, this

The amplitude of the coherent phonons excited and
detected in the ISRS-PD process [Eq. @)] has four main
constituents:

(i) Specific values of Raman tensors RZ“ (wp) and

R%‘) (wpr) are determined by the material proper-
ties at the frequencies wy and wp, of the pump and
probe pulses, respectively. Generally speaking, the
absolute values of the R?j‘) components at these two
optical frequencies can differ due to a dispersion in
the corresponding spectral range.

The product RZ“ (wp)IPReleiel] describes the de-
pendence of the driving force on the intensity Ig
and polarization e of the pump pulses.

The parameter a(7p, o) describes the role of the
limited spectral width of the pump pulse in the
excitation process.

The convolution with I, (¢) allows us to account for
the polarization changes of the probe pulse due to
the modulation of the dielectric permittivity within
the range 7, near the time delay, ¢.

B. Role of the pump and probe polarizations in
the ISRS-PD experiment

First, we consider the excitation and detection of co-
herent phonons in CuB2Oy4, neglecting the duration of
the pump and probe pulses, i.e., setting a(7,, Q) = 1
and I, (t) = ID,6(t). In this case Eq. @) is simplified and
takes a form An(t) = Angsin(Qot), where:

mdo RZO (WP)R%O (wpr)
2)\pr \/Eij

The Raman tensor components for a mode of particular
symmetry in CuB,O4 belonging to the point group 42m
are listed in Table[[l33 The modes of the symmetry A, are
silent. Considering the expressions for the Raman tensor
components R;;, we can write the r.h.s. of Eq. () in
the form given in Table[[l From this symmetry analysis
one can see directly that the By and E(x) modes can
be excited under the conditions e;e; + eye; # 0 and
eye; + eze; # 0, respectively. This is not the case in
our experiments, since e, = 0 when the pump pulses
propagate along the y-axis.

Any = ISRe[eie;].

(5)

is observed in our experiment, where the three lowest
Ay modes at 7.52-, 10.00-, and 12.03 THz are all excited
by the pump pulse polarized along the z-axis [Fig. B{f)],
because all relevant Raman tensor components R, are
nonzero [Fig.B(c)]. In contrast, only the 7.52- and 10.00-



TABLE I: Raman tensor components R;; and the corresponding driving forces in Eq. () for the phonon modes of a particular
symmetry under the assumption of infinitesimally short pump pulses. Also listed are the dielectric tensor components de;;(t)
modulated by coherent phonons of the particular symmetry. For convenience we have omitted the factor Ig /4nc in the

expressions for the driving forces.

Phonon
symmetry

Rij ISRS driving force

bei;(t) = Ri; Q(1)

Ay Rez = Ryy, Rzz|RaezRe (exe; + eye;) + R:-Re(ez€})|0eza(t) = deyy(t), de-x(t)

By Raze = —Ryy RaexRe (exey — eye;, dewa(t) = —Oeyy(t)
Bs Ray = Rya RayRe (exe], + eye; 0ezy(t) = deya(t)
E(zx) Ry =TRzy Ry:-Re (eyel + ezey) 0eyz(t) = dezy(t)
E(y) Row = Ras Re-Re (e.e; + exe}) 0€22(t) = deaz(t)
THz A; modes are excited by the pump pulses polar- polarization 6 are
ized along the z-axis [Fig. Bld)], which agrees well with
the observation that the line corresponding to the 12.03- 0 =0: (6)
THz A; (zx) phonon is also very weak in the spontaneous 7d Rox(Wpr)  Raw(Wpr)
RS spectra [Fig. Bla)]. Non-polar B; modes can be ex- A 2 A = WRM (wp) { = - = } ;
cited when |e,|* # |ey|? (see Table[l). In our experiment . = o
this corresponds to the pump pulse polarization making By : Ay = 7do Rax (wp)wa(Wpr);
a nonzero angle with the z-axis. Indeed, the B; mode is 2Xpr Caa
excited by the pump pulses with azimuthal angles 6 = 0 0 = 90°: (7)
and 45° [Figs' (d’e)]' A A wdy R Rzz(wpr) Rz (wpr)
1 - o = Wpr 2z (wp) . - Con )
0 = 45°: (8)
V2rd
Ar o A = . (Raoz(wp) + Rz (wp))
Aoy
Rex(wpr)  Raa(wpr) .
Polar E(y) coherent phonon modes are expected to be - = ;
excited under the condition e.ef + ezef # 0, which is = e
met at § = 45°. However, as follows from a compari- B Ap — V2mdy Rae(wp)Raw (wp)
son of the spectra in Figs. B(b,e), no line associated with 1 2= 4M\pr Cam
the E(y) phonon modes appear in the FFT spectrum of E(y) : Any=

the ISRS-PD data measured in this geometry. This hap-
pens because in the ISRS-PD experiment the detection
process is as important as the excitation. In our experi-
mental geometry, optically excited coherent phonons are
detected via the modulation of the probe polarization
[Eq. )] originating from transient changes of the linear
birefringence. The components of the dielectric tensor
modulated by the coherent phonons of a particular sym-
metry are listed in Table[ll Clearly, the detection of the
Ay and B coherent phonons requires the probe polariza-
tion to make an angle ¢ # 0 and 90° (see App.[Alfor the
details). In contrast, the modulation of the probe polar-
ization by F(y) coherent phonons vanishes at ¢ = 45°.

The relevant amplitudes Ang [Eq.B] of the ellipticity
modulation at the phonon frequency )y for the probe
pulses initially polarized at ¢ = 45° for each pump pulse

Note that all €;; components should be taken at the op-
tical frequency of the probe pulse here.

It is worth noting that the distinct pump and probe
polarizations provide the most efficient conditions for
the excitation and detection of coherent phonons or
magnons,22 as clearly seen from the probe polarization
dependence of the ISRS-PD signal shown in Figs. @(a,b).
We numerically analyzed the dependence of the ampli-
tude of the oscillations of the probe ellipticity measured
in ISRS-PD scheme on the probe polarization azimuthal
angle, ¢, when a coherent phonon of a symmetry A; mod-
ulates the real part of the dielectric permittivity tensor,
thus changing the linear crystallographic birefringence.
The calculations were performed using the Jones ma-
trix method, taking the experimentally obtained value
of 3.1x1073 of the static birefringence in the xz plane
of the studied sample at the probe photon energy. Cal-
culations show [Fig. dl(c)] that the oscillatory signals are
indeed caused by modulation of the linear birefringence
of CuB20y4 due to coherent phonons, and demonstrate
the importance of the correct choice of the probe polar-



TABLE II: Initial phases of the probe ellipticity oscillations
An(t) extracted from the fit of the data in Fig. @ to two or
three damped sine-functions.

6 | 438 THz | 7.52 THz | 10.00 THz | 12.03 THz
0° [(160.6£4.9)° | (142.9£4.6)° [ (326.7£0.7)° -
45°|(186.3£6.6)° - (35.0+0.6)° -
90° - (358.442.1)° | (13.240.9)° |(199.1+3.2)°

ization for detection of a laser-driven coherent phonon
mode of a particular symmetry.

To conclude the discussion of the excitation mecha-
nism of the coherent phonons, we note that ISRS is the
sole mechanism of excitation of the B; coherent phonon
mode, while the A; mode, in general, can be excited
via the DECP mechanism as well. The modulation of
the probe ellipticity by the coherent phonons excited via
ISRS and DECP should possess sine- [Eq. {@])] and cosine-
like temporal behaviors, respectively.27:2® We have there-
fore fitted the data in Fig. Bl to the sum of two or three
damped oscillations.?2 The resulting initial phases are
shown in Table [[Il All phonon modes show nearly sine-
like behaviors, i.e., the initial phases are ~ 0 or ~ 180°
rather than ~ 90° or ~ 270°. We note also that the
amplitude of the lines in the FFT spectra show a lin-
ear dependence on the pump fluence Ig (see the inset in
Fig.B)), as expected for the coherent phonons excited via

ISRS [Eqs. (@)

C. Role of the pump and probe durations in the
excitation of coherent phonons via ISRS

Now we analyze the significant differences between the
amplitudes of the phonon lines in the FFT spectra of the
ISRS-PD data and those of the spontaneous RS spec-
tra (Fig. B). While both RS and ISRS processes are de-
scribed by the same Raman tensor components R;;, there
is an essential difference between them.? This is due to
the character of the light used in the RS and ISRS ex-
periments; continuous wave versus ultrashort pulse, and
due to the different registration techniques. These fac-
tors are accounted for in Eqs. (IHd]) by the constituents
(iii-iv) that are dependent on the temporal/spectral pro-
files of the pump and probe pulses. Furthermore, in the
RS experiment light scattering from incoherent phonons
takes place in thermal equilibrium, and the Bose-Einstein
thermal occupation factor enters the expression for the
Raman line intensity.®? This is not the case when the

coherent phonons are driven by the ISRS process.5!

We consider four A; and three B; lowest phonon
modes, observed in the spontaneous RS spectra below
15 THz [Fig. Bl(a,c)].23 The lines assigned to these modes

TABLE III: Amplitudes C% and FWHMs o} of the A1 + By
phonon lines in the RS (z(zx)z) and ISRS (EP|z) spectra
[Figs. Bla,d)]. The Raman tensor R.. values were extracted
from the spontaneous RS data taking into account the ther-
mal occupation numbers N(€) + 1 at T = 293 K. The am-
plitudes of the oscillations AnS*'® were calculated from the
ISRS model, accounting for the pump and probe pulse du-
rations (see text). All amplitudes were normalized to the
corresponding amplitude of the 10.00-THz line.

= D
Qu/2m RS (z(z2)Zz) -~ NISRS (EP||x)
(THZ) Ok; Ok Rzz AI:]O;k Ok Ang,alic

(rel.unit) | (GHz) | (rel.unit) | (rel.unit) | (GHz) | (rel.unit)

4.38 0.04 68 0.16 0.1 40 0.48
7.52 0.02 7 0.13 0.09 48 0.07
10.00 1 " 1 1 79 1

10.71 0.08 88 0.29 - - 0.04
12.03 0.04 108 0.21 - - 0.01

14.13 1.31 124 1.21 - - 0.04

are fitted by the sets of Lorentzian functions

Ok

#(Q — Q)2 +02’

Tns(@) = e+ 3 2k )
k

where 0 and oy, are the frequency and FWHM of the k-
th phonon line, respectively. These are listed in Tables[IT]]
and [Vl The amplitudes C}, of the Stokes lines

O~ (N(%) +1) [RE ()] (10)

can be used as a measure of the magnitude of the Ra-
man tensor component Rg’“ (w) describing the scatter-
ing of light at the frequency w by the corresponding
phonon. Here N () = (exp(hQx/kpT) — 1)~! is the
Bose-Einstein thermal occupation factor. Note that at
room temperature the coefficient N (€2j)+1 deviates from
unity and affects the intensity ratio between different Ra-
man lines when the broad frequency range is considered.
As an example, we mention that the ratio R*-38 /R14:13
extracted from the RS data appears to be overestimated
by ~25% when the thermal occupation factor is not
taken into account.

The peak intensity of the particular phonon line is
related to the amplitude and FWHM as Z34(Q%) =
2C(mor,)~t. We note that a less intense but broader Ra-
man line may have a larger contribution to the Raman
tensor. We also note that the line at /27 =10.00 THz
in the z(xx)z spectrum [Fig. Bl(a)] contains contribu-
tions from both the A; and B; phonons, i.e., Cig.00 ~

2 2
(Rig'(ozgl)(w)) + é;%ig'(ogl)(w)) . As was found experi-
mentally in Ref. 133, the A; phonon contribution domi-

nates.
The RS data reported in Ref. 33 were obtained at the
photon energy of hw = 2.41 eV. However, as demon-

strated in Ref. [34, the change of the excitation energy
in the RS experiments from 2.71 to 1.96 eV did not



TABLE IV: Amplitudes Cx and FWHMs o) of the A;
phonon lines in the RS (z(zz)Z) and ISRS (EP||z) spectra
[Figs. Bl(c,f)]. The Raman tensor R.. values were extracted
from the spontaneous RS data taking into account the ther-
mal occupation numbers N(€) + 1 at T = 293 K. The am-
plitudes of the oscillations AnS*'® were calculated from the
ISRS model, accounting for the pump and probe pulse du-
rations (see text). All amplitudes were normalized to the
corresponding amplitude of the 10.00-THz line.

O /2 RS (z(z2)x) - NISRS (EP||2)

(THz) Cy ok R.. Al:lo;k Ok Ange
(rel.unit) | (GHz) | (rel.unit) | (rel.unit) | (GHz) | (rel.unit)

7.52 0.09 54 0.25 0.39 56 0.35

10.00 1 57 1 1 70 1

12.03 1.2 75 0.88 0.24 " 0.23

14.13 3.12 115 1.65 - - 0.08

yield any significant redistribution of the intensity of the
phonon lines in the spontaneous RS spectra. This ob-
servation indicates that the RS process at the photon
energies as high as 2.71 eV is of a non-resonant nature.
Therefore, we can consider the relative intensities of the
Raman lines reported in Ref. 133 as a reliable measure
of the Raman tensor components for the case of non-
resonant scattering at the pump (hw, = 1.08 ¢V) and
probe (hwp, = 1.55 e€V) photon energies used in our ex-
periments: ng (wp) = ng (wWpr)-

The normalized amplitudes of the phonon lines in
the FFT spectra obtained for the pump-probe traces
[Figs. Bl(d—f)] using the fit function [Eq. [@)] are sum-
marized in Tables [ITl and [Vl The relation between the
Lorentzian line amplitudes C; ~ Amny and the Raman
tensor components can be obtained from Egs. [@HS) and
is, in general, less straightforward than in the case of
RS because of the chosen detection technique. For the
sake of simplicity, we assume the ratio R,,/R.. =~ 3 for
the A; mode of frequency Q /27 =7.52 THz, as estimated
from Egs. (), (D) and from the data in Figs. Bl(d,f). Then
Egs. [@),([d) are reduced to

0=0 : (11)
3 1
A Cp~Ang ~ — ;
L G B~ R bs— ¢a—]
R
Bl : Ol ~ AT]O ~ s .
6 =90° : (12)
A G~ A R LN
1 - K] 770 -4 \/@ 3\/@ :

From Eqs. (II),([I2) it follows that the amplitudes C;
obtained for the ISRS-PD data should be compared with
those from the RS spectra. In Fig.[H(a) the amplitudes C;
that are plotted are normalized with respect to the 10.00-
THz line in the relevant spectra. There are two gen-
eral trends. First, the 10.00- and 12.03-THz A; phonon

-
o

o
3

0.0

o
)

=]
oo

Normalized amplitude (rel. unit)

e
3

o
o
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FIG. 5: (Color online) (a) Amplitudes C ~ Ang (blue bars)
of the coherent phonon modes, as extracted from a FFT of
the ISRS-PD experimental data [Figs. B(d-f)]. Also shown
(hatched bars) are the values of the corresponding squared
Raman tensor components R?j (see Tables [l and [V)). (b-
¢) Amplitudes of the probe ellipticity Ano calculated using
Eq. @) for the cases (b) 7,:=50 fs, 7, =90 fs, (¢) Tp:=50 fs,
7 —0 (open bars), and 7pr —0, 75=90 fs (gray bars). All
amplitudes are normalized by the amplitude of the 10.00-THz
mode in the relevant spectra. Dashed lines in the panel (c)

show the frequency dependence of the normalized coefficient
a(90 fs, Q).

lines in the z(z2)Z RS spectrum have similar amplitudes,
while in the ISRS spectrum the amplitude of the 12.03-
THz coherent phonon line excited by the pump pulses
with EP||z appears to be ~4 times smaller than that of
the 10.00-THz line. Furthermore, no coherent phonons
with frequencies above 12.03-THz could be detected in
the ISRS-PD experiment, while some of the phonon lines
in this range gain high intensities in the RS spectra, e.g.,
the 14.13-THz line. Second, from the RS data it fol-
lows that (R;Q-OO/RZ?)? ~ 10 for the A; modes. In
the ISRS spectrum, the corresponding ratio appears to
be only Ant0-90/Anl-52 ~ 3.

To analyze the observed difference in the RS and ISRS
spectra we consider how the durations of both the pump
and probe pulses affect the results. We assume that the
pump and probe pulses have Gaussian temporal profiles;

g(t) _ 506_21n 2(1&2/72)'

In the frequency domain, both these pulses are assumed
to be Fourier-limited, and their spectral profiles are ob-
tained as a Fourier transform of Eq. (I3)

v21In2
VIO (pr)

p( " is the FWHM of the pump
and probe pulse intensity profiles in the spectral domain.

The amplitude Ang of the measured probe polariza-
tion oscillations in the ISRS-PD experiment increased as

(13)

872 In 2(w2/0§(pr) )7

g(wp(pr)) =& (14)

where oppr) = 4In27



the probe pulse duration 7, decreased, as compared with
the period of a particular coherent phonon. To illustrate
this effect we calculated the expected change An(t) in
the ISRS-PD experiment using Eqs. @),([), and (T2,
as well as assuming infinitesimally short pump pulses,
ie., a(r, — 0) = 1. In Fig. Bl(c) we plot the normalized
FFT intensities of A; (EP||z), Ay and By (EP||z) coher-
ent phonons calculated in this way. The probe duration
was taken to be 7,,=50 fs (0}, /27=9 THz), i.e., equal to
that used in our experiments. The resulting 12.03-THz
line (7,,€2; ~ 0.7) is noticeably suppressed as compared
with the 10.00-THz line (75,,§2; ~ 0.5). This is despite
the fact that the intensities of these two phonon modes
in the z(zz)Z RS spectra (Fig. Bla)) and, consequently,
the corresponding Raman tensor components, are nearly
equal. The effect of the probe duration is even more
pronounced when the ratios between the intensities of
the 10.00- and 14.13-THz lines in the RS spectrum are
compared with those in the calculated ISRS spectrum.
Thus, considering only the probe pulse duration, one can
account for, to a certain extent, the differences in the in-
tensities of the phonon lines in the RS and ISRS spectra
in the high-frequency part of the spectrum.

While the duration of the probe pulse affects the detec-
tion part of the pump-probe experiment, the duration of
the pump pulse determines the efficiency of the coherent
phonon excitation. This is accounted for by the coeffi-
cient o (7p, o) @), which has the following form for the
Gaussian pulses:

(7, Qo) = e 22(%/77), (15)

The normalized coefficient a(90 fs, Q) in the range be-
low 15 THz is shown in Fig. Blc) using the dashed
lines. This graph clearly demonstrates that the efficiency
of the excitation of, e.g., the 10.00-THz phonon mode
would be ~3.5 times greater than that of the 12.03-
THz mode, given equal Raman tensor components as-
sociated with these modes. We illustrate the effect of
the pump pulse duration on the outcome of the pump-
probe experiments by calculating the ISRS-PD spectra
using Eqgs. {),([),([12), and(IH), as well as assuming an
infinitesimally short probe pulse I, (t) = I2,6(t) and a
pump pulse of duration 7, =90 fs (0,/27 ~5 THz). We
note that the amplitudes Any obtained at 7p,, — 0 are
proportional to the squared amplitudes of the normal
coordinates Qg, i.e., to the corresponding atomic dis-
placements excited by the pump pulse.

Finally, we calculate the ISRS-PD amplitudes of the
phonons by considering the durations of both the pump
(=90 fs) and probe (7,,=50 fs) pulses. The results are
shown in Fig. BIb) and listed in Tables [[II] and [Vl For
the excitation of the A; mode (left side of Fig.Bl(b)), our
model adequately describes the main trends observed in
the experiments. As shown, for the three A; modes with
frequencies lying in the range 7-15 THz, this model ac-
counts for either the partial or total suppression of the
phonon lines with frequencies above 10 THz in the ISRS-
PD spectrum, in all considered geometries. In the lower

10

frequency range the discrepancy between the experimen-
tal results and model occurs only for the 4.38-THz B;
phonon mode, in which the amplitude appears to be
overestimated. Importantly, our calculations show that
a reasonable agreement between the calculated ISRS-PD
spectra and those obtained from the pump-probe experi-
ment is obtained only by including the durations of both
the pump and probe pulses.

To complete the comparative analysis of the sponta-
neous RS and ISRS-PD data, we note that the phonon
lines in the RS spectra have very narrow widths (see
Tables [l and [V)).23 Thus, in the z(zz)Z RS spectra,
the line at 10.00 THz is characterized by a FWHM of
~60 GHz. In the FFT spectra of the ISRS-PD data mea-
sured with EP||z, this line has a FWHM of 70 GHz, i.e.,
broader by only ~ 15%. We note that, as discussed in
Ref. [4, the shorter decay time (broader line width) of
the coherent phonons excited via ISRS, as compared to
that of incoherent phonons contributing to the RS spec-
tra, is caused by different energy dissipation channels.
However, some of the lines appear to be even narrower in
the ISRS-PD experiments compared with those of the RS
spectra. This is most probably related to the experimen-
tal limitations in the temporal and spectral resolutions
in these two cases.

VI. CONCLUSIONS

We have performed a detailed study of laser-induced
excitation and detection of multiple coherent phonon
modes in the ISRS-PD experiment in the dielectric cop-
per metaborate CuB2Qy, characterized by a large prim-
itive unit cell containing 42 atoms. In total, three non-
polar A; and one non-polar B; modes were distinguished
in the frequency range of 4-13 THz. We have shown that
90-fs linearly polarized laser pulses with a central photon
energy in the optical transparency range (hw,=1.08 eV)
excite the coherent phonons via ISRS. By comparing the
results of the ISRS-PD experiment to spontaneous RS
spectra in this material, we demonstrated that the re-
lationship between the amplitudes and intensities of the
phonon lines in these two types of experiments, is deter-
mined by both the excitation and detection conditions,
respectively. Namely, the amplitude of the excited coher-
ent phonon is determined by the polarization, intensity,
and duration of the pump pulses. Probe pulse polariza-
tion and duration are as important as those of the pump
pulses. They determine how the transient changes of the
dielectric permittivity due to excited coherent phonons
lead to the modulation of the probe polarization detected
in the ISRS-PD experiment.

A comparison between the spontaneous RS spectra and
ISRS-PD data also allowed us to analyze in detail the lim-
itations imposed by the durations of the pump and probe
pulses on the excitation and detection of the coherent
phonons. Accounting for both durations is required to
adequately calculate the modulation of the probe polar-



ization in the pump-probe experiment using the spon-
taneous RS data. It is important to understand the
role played by the pump and probe pulse durations in
ISRS, because ever-shorter laser pulses are currently em-
ployed in pump-probe experiments, providing access to
high-energy collective excitations in solids. To the best
of our knowledge, no such detailed analysis for the case
of multiple coherent phonon modes excitation has been
reported to date.

Finally, we would like to note that the reported de-
tails of the ultrafast coherent lattice dynamics in copper
metaborate CuB2Qy4 are of importance in light of recent
attention given to the high-frequency phonon-magnon in-
teraction and their role in the ultrafast dynamics driven
by femtosecond laser pulses.534 We demonstrated the
excitation of coherent vibrations of Cu?t ions belonging
to different magnetic sublattices. In particular, the By
4.38-THz coherent phonon is the vibration in a Cu(4b)O4
complexes solely with periodic displacement of Cu?* (4b)
ions along the z-axis. Magnetic ions in this complex pro-
vide the strongest contribution to the magnetic ordering
in CuB50y4.
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Appendix A: Probe polarization changes in the
ISRS-PD experiment

Here we derive the expression that relates the changes
of the ellipticity of the probe pulses measured in the
ISRS-PD experiment to the Raman tensor components,
and the pump and probe parameters.

1. A case of A; and B; coherent phonons

Let the coherent phonon only contribute to the mod-
ulation of the diagonal components of the dielectric
permittivity tensor, as in the case of the A; or B;
phonons. Then, the expression for the dielectric ten-
sor is Eij + 56@‘@), where 5Eij(t) = 0if 4 75 ] 5617‘
is related to the coherent phonon normal coordinate as

deij(t) = Rij Q(t).
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We consider the light propagating along the j-axis.
The eigenwaves in this case are two orthogonal linearly-
polarized waves E; and Ej, where i and k are the unit
vectors in the directions of the i- and k-axes, respectively.
The corresponding complex refraction indices for these
eigenwaves are 1) — ki) = /€ii(kk) T OCii(kk)- After
travelling the distance dy these waves acquire additional
phases of 27n;(;)do /A and their amplitudes are decreased
by e—27mi(k)d0/>\'

First, for the sake of clarity we consider a nondissipa-
tive medium (#;) = 0). Therefore, the diagonal com-
ponents of the dielectric permittivity tensor and, conse-
quently, refractive indices, are real values. We assume
that the light is initially linearly polarized at an angle
¢ to the i-axis [Fig.[[{a)]. Then, upon traveling the dis-
tance dy, the light becomes elliptically polarized. Con-
sidering that the relationship between the complex am-
plitudes of the orthogonal components of the light polar-
ization is given by%3

tan ¢ +itann

E Ei: )
e/ 1 —itan¢tann

we obtain the ellipticity n(t) [Fig.D{b)] that relates the
acquired phase shift between two eigenwaves by

tan 2n(t) = 2m(n:(t) 5 ne®)do 10, (A1)
For small n(t) this yields
nt An) = T0n(t) —m() sin2o~ (A2
7Td0

2 (Ve - VER)sin26 +

wdy (g4 (t) dekk (1) .
ETN (—\/a — —@ )s1n2¢,

where 7 is the static contribution to the ellipticity due
to crystallographic birefringence. This expression was
obtained by taking into account that the modulation
of the dielectric permittivity tensor induced by coher-
ent phonons is significantly weaker than the value of the
corresponding unperturbed component, i.e. de;; < €;5.

As can be seen from Eq. (A2), there are two con-
tributions to the ellipticity of light passing though the
medium. The first one is related to the birefringence
of the unperturbed medium and does not contribute to
the measured ISRS-PD signal. Thus, the changes in the
ellipticity are related to the normal coordinate of the cor-
responding coherent phonon by

mdo ( Rii  Rik
22 \VeEii  Erk

where we took into account the relationship between the
dielectric permittivity tensor components and phonon
normal coordinate.

As can be seen from Eq. (A3), in order to detect the
Ay and B; coherent phonons by measuring the changes

An(t) =

) Q(t)sin2¢,  (A3)



of the probe pulses ellipticity An(t) the geometry must
be chosen with ¢ # 0, 90°, and ¢ = 45° ensuring the
best sensitivity. It also follows from Eq. (A3), and the
Table[ll that the A; coherent phonons would not manifest
themselves in the experiments with pump or probe light
propagating along the z-axis of the crystal, since de,, =
Oeyy-

In our experiments, the QWP was placed after the
sample with its axis parallel to the incoming probe beam
polarization. It is convenient to consider this experimen-
tal geometry in the coordinate frame, with two axes di-
rected along the light propagation direction and incom-
ing light polarization. In this frame the Jones vector
for the light passing through the medium, with an ac-
quired ellipticity An(t), has the form [Eg; EgAn(t)e'™/2].
After passing through the QWP, which introduces a
m/2 phase shift between the components of the Jones
vector, the light becomes linearly polarized with the
Jones vector [Ep; EgAn(t)]. Thus, the azimuthal angle
of the probe pulses appear to be rotated by the angle

Ag(t) ~ tan(Aé(t)) = Anlt).

2. A case of By, E(z), and FE(y) coherent phonons

For the case of a coherent phonon mode, which
modulates the off-diagonal components of the dielec-
tric permittivity tensor de;x, e.g., E(y), the eigenwaves
are two linearly polarized waves with azimuthal angles
arctan (0g; /(egr — €4;)) with the i- and k-axes. Here
we assumed that the changes of the dielectric permit-
tivity tensor components are smaller than the difference
between the diagonal tensor components of the unper-
turbed medium. The corresponding refractive indices are
ni2) = \/Eiieky = 02k (£))?/(ere — €ii) (ki) = 0 for a
nondissipative medium).

The detailed expression for the changes of the light po-
larization are rather complex in this case, and we simplify
it by noting the following. In contrast to the previously
considered case, here the excited coherent phonons per-
turb the basis formed by the eigenwaves, while the re-
fractive indices for the eigenwaves can be treated as un-
changed ny(2) & |/Eii(kk)- Therefore, it is convenient to
consider this scenario as if the basis remains unchanged
and coincides with the - and k-axes, but the light po-
larization azimuthal angle is modulated by the angle
arctan (0e;x(t)/(exx — €ii)) ~ dein(t)/(ekk — €4:). By re-
placing ¢ by ¢+ deix(t)/(ekr — i) in Eq. (AJ) we obtain
the expression for the oscillatory part of the probe ellip-
ticity:

An(t) ~

mdy 2R
A VERk + VEi
2
@ (M) (VEkk + V/€ii) sin 2¢.

E€kk — E€ii
Thus, in contrast to the A; or By coherent phonons, de-
tection of the, e.g., E(y), coherent phonons can be re-
alized with probe pulses polarized at ¢ = 0, while at

(t) cos2¢ + (A4)

static LB
LB modulated
T Poa | by a nonpolar (A ) phonon:
I —-— gy — = -g-3¢
VAN acs 6,
= 27 O\ An, (at Q)

17 AN o |
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(:) ,'/./,/ ~‘\\~\\\ by a polar (E(y)) phonon: © S
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FIG. 6: (Color online) Ellipticity of the probe polarization
n=4dno occurring due to static linear birefringence (LB) (black
solid line), and modulation of the dielectric tensor by non-
polar (red lines) and polar (blue lines) coherent phonons. The
dashed and dash-dotted lines capture the ellipticity at maxi-
mal positive and negative changes of the dielectric permittiv-
ity by coherent phonons, respectively. The red and blue solid
lines show the expected amplitudes of the ellipticity modu-
lation by non-polar and polar coherent phonons at the fre-
quency 2. The inset displays a magnification of the range
close to ¢ = 45° to show that only a weak modulation of the
ellipticity at the frequency 22 is expected for this polarization
for the case of a polar coherent phonon.

¢ = 45° their effect on the probe polarization is quadratic
on small perturbations.

To summarize, we plot in Fig.[6 the ellipticity of the
probe pulses as a function of incoming polarization ¢ for
two considered cases. If the non-polar phonons modulate
the diagonal elements of the dielectric permittivity ten-
sor, this modulation manifests itself in a periodic change
of the amplitude of the 7 versus ¢ dependence, while the
knots and maxima of the dependence remain at their po-
sitions. The amplitude of the modulation A7y increases
as the incoming polarization reaches 45°, and is zero if
¢ =0, 90°. In contrast, the polar coherent phonon peri-
odically shifts the knots and maxima of the 7 versus ¢ de-
pendence, leaving its amplitude unchanged. As a result,
the amplitude of the ellipticity modulation Arng at the
phonon frequency €2 reaches its maximum at ¢ = 0, 90°.
At ¢ = 45° only a weak modulation at doubled phonon
frequency 212 is expected (see inset in Fig.[d).

3. A case of opaque medium

When the absorption in a medium cannot be neglected,
the diagonal dielectric tensor components are complex
(Ki(ky > 0). We consider here the limiting case when the
imaginary part of the dielectric permittivity dominates,
and the A; coherent phonon of a symmetry is detected.



Then the light propagating a distance dy acquires the
modulated change of the azimuthal angle of:

- 7Td0 R” Rkk .
Aoty ~ T ( i m) QUysin2e,  (A3)

Thus, the coherent phonon mode can be detected by di-
rectly measuring the rotation of the probe polarization

13

passing through the crystal. We note here that the rota-
tion (Eq. (A3)) induced by coherent phonons via linear
dichroism is sensitive to the incoming probe polarization
in the same way as the ellipticity occurring due to linear
birefringence.
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