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Enhanced coherent phonon excitation in Fe;GeTe, via resonance Raman effect
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Coherent phonon excitation via femtosecond laser pulses can be used to control physical properties of matter,
and enhancing coherent phonon excitation is highly relevant. Here, we report the strong enhancement of coherent
phonon excitation in Fe;GeTe, (FGT) via the resonance Raman effect. On the basis of the femtosecond transient
optical spectroscopy measurements, the A, coherent phonon excitation in FGT is obtained as a function of pump
photon energy. Its excitation can be maximized by tuning the pump photon energy. The maximum coherent
phonon excitation at the 1.574-eV pump photon energy corresponds to an electronic transition in FGT, and is a
direct result of the resonance Raman effect. The A, coherent phonon generation follows the impulsive stimulated
Raman scattering mechanism. Our work demonstrates that the resonance Raman effect can be an effective way
to enhance coherent phonon excitation via electronic excitation.

DOI: 10.1103/PhysRevB.103.024302

I. INTRODUCTION

Coherent phonons can be exploited for collective coher-
ent control over the transient states of matter via driving
periodic lattice vibrations. Inducing superconductivity in
cuprates [1-3], triggering polarization in ferroelectrics and
quantum paraelectrics [4,5], controlling the topological band
structures of topological materials [6,7], and engineering
electronic transport of complex oxides [8], all via coherent
phonons, have been demonstrated. To control the physical
properties of matter, a strong excitation of coherent phonons
is necessary, and how to enhance coherent phonon excitation
has been of interest.

Direct coupling of light to infrared-active vibration and
ionic Raman scattering have been demonstrated as effective
ways to induce strong coherent phonon excitation [1,9,10].
However, coupling light to infrared-active vibration requires
an electric dipole in materials, which limits its application.
Tonic Raman scattering pumps a material using a THz pulse
with a fixed frequency close to the phonon frequency, and
can increase coherent phonon excitation by increasing the
strength of incident THz pulses [9]. It has been demonstrated
to drive strong periodic lattice vibrations in solids and used
to manipulate materials’ properties [1,9]. However, the access
to intense THz radiation is still difficult. Nonequilibrium hot
carrier decay via electron-phonon coupling can also excite
coherent phonons [11-14]; the excited nonequilibrium hot
carrier releases their excess energy to lattice via exciting co-
herent phonons (Fig. 1). However, how to enlarge coherent
phonon excitation via electron-phonon coupling remains un-
derexplored.
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Here, we report strong enhancement of coherent phonon
excitation in Fe;GeTe, (FGT) by tuning pump photon energy,
measured with femtosecond transient optical spectroscopy
(FTOS). The FGT single crystal is an itinerant van der Waals
ferromagnet with a ferromagnet-paramagnet transition near
150-230 K [15-22]. The FTOS measurements are conducted
in a pump photon energy range of 1.544-1.656 eV, and a
temperature range of 5-350 K, at different pump fluences.
We observe the strong dependence of coherent phonon excita-
tion on pump photon energy. The maximum coherent phonon
excitation occurs at the 1.574-eV pump photon energy, cor-
responding to the energy of an electronic transition in FGT
and a result of the resonance Raman effect. Our experiments
demonstrate the potential of manipulating physical properties
with strong coherent phonon excitation via the resonance Ra-
man effect.

II. EXPERIMENT

FGT single crystals are grown by the chemical vapor
transport method. Powders of high-purity Fe (99.99%), Ge
(99.99%), and Te (99.99%) are mixed at a stoichiometric
ratio of 3:1:2 and pressed into a pellet and then placed into
a quartz tube. The sealed quartz tube is set in an oven with
a temperature gradient from 1023 K to 973 K for a week.
The FGT pellet is placed at the hot end of the quartz tube
and vaporizes gradually, and single-crystal FGT grows at the
cold end via vapor deposition. Before being loaded on a cool-
ing stage for the FTOS experiments, an FGT single crystal
is cleaved with scotch tape to obtain a fresh surface. The
schematic setup for FTOS was presented elsewhere [23]. We
use a Ti:sapphire laser with a 80-MHz repetition rate and a
35-fs pulse duration for the FTOS measurements. The central
wavelength of the Ti:sapphire laser can be tuned between
749 nm and 803 nm (photon energy 1.656-1.544eV). The
pump laser fluence is tuned in the range of 5.4-90 uJ/cm?,
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FIG. 1. Diagram of the coherent phonon excitation. CB: con-
duction band; VB: valence band; CBM: conduction band minimum,;
VBM: valence band maximum; e: electron; h: hole; E: energy; k:
wave vector.

while the probe laser fluence is fixed at 0.5 uJ/cm?. Both
degenerate and nondegenerate pump-probe measurements are
conducted. For degenerate pump-probe measurements, the
pump and probe laser frequencies are the same. For nondegen-
erate pump-probe measurements, we use a second harmonic
generation crystal barium diboron tetra oxide (BBO) to double
the frequency, and a bandpass filter (400 £ 20 nm) to filter out
the residual near-infrared component, and the energy-doubled
laser beam is used for pump. A discussion refers to degenerate
measurements unless stated otherwise. A Montana cryostation
system is used for temperature control.

III. RESULTS

Figure 2 shows color maps of AR/R, time series at dif-
ferent temperatures (7') for single-crystal FGT collected at
various pump photon energies in degenerate pump-probe

1.651 eV

1.598 eV

I
0 3 6 90 3 6 3
Delay time (ps) Delay time (ps)

1.584 eV

Delay time (ps)

5K 300 K
(a) (b)

M 1.544 eV
JM’W\ANWWNW M 1574 eV

ARIR,

1.584 eV
1.590 eV

1.606 eV

e re19ey]
.
kn T T

T .
90 3 6 9
Delay time (ps)

1.636 eV

1.651 eV

o -
w
[}

FIG. 3. AR(t)/R, time series collected with different pump pho-
ton energies at (a) 5 K and (b) 300 K. Pump fluence: 10 uJ/cm?;
probe fluence: 0.5 uJ /cm?.

measurements. Here AR = R — Ry is differential reflectivity,
R denotes current total reflectivity, and Ry refers to the total
reflectivity without pump. Immediately after the femtosecond
laser pump, AR/R( exhibits an instantaneous rise at time
t = 0 ps, as aresult of photoexcitation of hot carriers from the
valence band to the conduction band. The most pronounced
difference among the AR(t)/R, time series collected at vari-
ous pump photon energies lies in the damping oscillations as
seen in the color maps, which are due to the reflectivity mod-
ulation by coherent phonons in FGT. The oscillation signal
is the strongest when the pump photon energy is 1.574 eV,
indicating the strong pump photon energy dependence of the
coherent phonon excitation in FGT. Figure 3 shows more
detailed AR(t)/Ry time series collected with various pump
photon energies at 5 K and 300 K. The intensity of the
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FIG. 2. Color maps of AR(t)/R, time series at different temperatures (7') for single crystal FGT collected with different pump photon

energies. Pump fluence: 10 uJ/cm?, and probe fluence: 0.5 pJ /cm?.
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FIG. 4. (a) Nondegenerate and (b) degenerate pump-probe mea-
surements on AR(t)/R, time series at different pump photon
energies. Pump fluence: 10 11J/cm?; probe fluence: 0.5 11J/cm?.

oscillation signal is strongly dependent on the pump photon
energy at both temperatures.

AR(t)/Ry time series are also measured in the nonde-
generate mode, and compared to their counterparts in the
degenerate mode (Fig. 4). In the degenerate and corresponding
nondegenerate pump-probe measurements, the probe mea-
sures the same electronic band level of FGT with the same
photon frequency, while electrons are excited to different
electronic band levels due to different pump photon energies.
The AR(t)/Ry time series from the degenerate pump-probe
measurements show strong coherent phonon oscillations, but
such oscillations are much weaker or negligible in the nonde-
generate pump-probe measurements due to the considerably
higher pump photon energy.

The coherent phonon vibrations can be measured by FTOS
as the periodic oscillations in the AR(#)/R, time series. To the
first-order approximation, the reflectivity modulation induced
by coherent phonons can be expressed as [24,25]
B[AR(I)/Ro]Q _ 9[AR()/Ro]

90 B 00
where Q is the coordinates of coherent phonon and Qy =
exp [—( — 1)/ Top] cOs(wt + @) is the normalized coordinates
of coherent phonon. Ay, Top, @, and ¢ are amplitude, de-
phasing time, angular frequency, and the initial phase of the
damping oscillations of coherent optical phonons, respec-
tively. The subscript op denotes the optical phonon. More
excited phonons will induce larger oscillations in AR/Ry.

The AR(t)/R, time series can be described with the com-
bination of exponential functions and a damping oscillation
function, i.e.,

AR(t)/Ro,, = AgpQo, (1)

t—1
AR()/Ry = Aep exp (— - )
ep

+ Aop €Xp (—t to) cos(wt +¢)+C. (2)
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FIG. 5. AR(t)/R, time series collected at 300 K with a pump
energy of 1.574 eV, along with the fitting with the combination of an
exponential function and a damping oscillation function. The inset
is the fast Fourier transform (FFT) of the oscillation components,
revealing the Aj;-mode coherent phonon of FGT. Pump fluence:
10 /4] /cm?; probe fluence: 0.5 uJ /cm?.

Here A¢p and 7., are the amplitude and decay time of the
nonoscillation component, representing the hot carrier decay
due to the electron-phonon coupling. (The subscript ep de-
notes electron-phonon coupling.) The second term represents
the damping oscillation component due to coherent phonon
oscillation and decay. C is a fitting constant.

We use the AR(t)/R, time series at 300 K with the 1.574-
eV laser pump as an example of fitting with the above equation
(Fig. 5). The fitting yields Ao, = (10.68 £0.02) x 107,
Top = 1.36 £ 0.01 ps, w = (23.93 £0.02) x 10'? rad/s, and
¢ = 3.03 £ 0.06 ~ 7 rad, referred to as the coherent phonon
dynamics parameters. The frequency of the oscillation com-
ponent is /2 ~ 3.81 THz (126.8 cm™'), suggesting that the
coherent phonon is of the A;; mode [26,27]. The fitting also
yields A¢, = (8.71 £0.02) x 1079, and Tep = 0.88 £ 0.01 ps
for the nonoscillation component, which are referred to as the
hot carrier dynamics parameters.

Figure 6 shows the color map of the AR(t)/Ry time se-
ries at different pump laser polarizations. The AR(t)/R, time
series, including the coherent phonon oscillation component,
remains unchanged upon varying pump polarization, i.e., the
coherent phonon oscillation is independent of pump laser po-
larization, consistent with the full symmetry of the A, mode.

Given the AR(r)/Ro time series, we can obtain Ay, at
different pump photon energies. Figure 7 show the A, of the
Ajyg coherent phonon as a function of pump photon energy at
5 K and 300 K. The pump fluence is fixed at 10 J/cm?, and
the probe laser fluence, at 0.5 J/cm?. Corrections are made
to consider the wavelength-dependence of the reflectivity. The
maximum A, appears at the 1.574-eV pump photon energy
for both temperatures, and increasing or reducing pump pho-
ton energy results in decreased Aqp. The Aoy values at 300 K
are lower than those at 5 K.
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FIG. 6. Color map of AR(t)/R, time series at different pump
polarization angles with the 1.574-eV laser pump at 5 K. Pump
fluence: 10 J/cm?; probe fluence: 0.5 puJ /cm?.

We also explore the effect of pump fluence on coher-
ent phonon oscillations. Figure 8 shows the AR(#)/Ry time
series collected at 5 K with three representative pump pho-
ton energies, 1.619 eV, 1.574 eV, and 1.544 eV, for pump
fluences ranging from 5.4 1J /cm? to 90 uJ/cm?. Such mea-
surements are conducted in the pump photon energy range
of 1.544-1.656 eV. The intensity of AR(t)/Ry, as well as
the coherent phonon oscillation component, increases with
increasing pump fluence (F').

We fit the AR(#)/R, time series at different pump fluences
with Eq. (2), and obtain A, as a function of pump fluence
for different pump photon energies [Fig. 9(a)]. All the Ay, (F)
curves obtained at different pump photon energies are linear
with a positive slope, but different in the slope values. To
quantify the coherent phonon excitation efficiency in terms
of pump photon energy, we define the photosusceptibility
of the A, coherent phonon at a given pump photon en-
ergy as x = dAyp/dF. x is obtained as a function of pump
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FIG. 7. Ay, as a function of pump photon energy at 5 K and
300 K. Pump fluence: 10 pJ /cm?; probe fluence: 0.5 uJ /cm?.

photon energy from linear fittings in Fig. 9(a), and plotted in
Fig. 9(b). x increases and then decreases rapidly with increas-
ing pump photon energy, with the maximum x = 9.9262 x
107 uJ~'em? at 1.574 eV. For example, a slight increase of
pump photon energy from 1.574 eV to 1.651 eV induces a
reduction in x by a factor of ~15.

IV. DISCUSSION

FGT undergoes the ferromagnetic-paramagnetic transition
near about 220 K. The spin-ordering in magnetic materials
can influence coherent phonon excitation [28]. However, the
Ayg coherent phonon excitation shows a strong pump photon
energy dependence at both 5 K and 300 K (Figs. 3 and 7),
indicating that the A, coherent phonon excitation is not cor-
related to the ferromagnetic-paramagnetic transition in FGT.
For coherent phonon excitation via electron-phonon coupling
in a hot carrier decay process, an electron in a low energy
state is excited into a high-energy state by femtosecond laser
pump, and then the excited electron returns to the initial state
by releasing their excess energy via exciting bosons [29]; the
excited bosons are coherent phonons, and each phonon take
an energy of 7w (angular frequency w) from the hot carrier.
One would expect more coherent phonons excited with a
higher pump photon energy (Fig. 1). However, the strongest
coherent phonon excitation occurs at a specific pump photon
energy (1.574 eV) across a pump photon energy range of
1.544-1.651 eV. Therefore, there should exist an electronic
transition in FGT with an energy gap of ~1.574eV, and
electron hopping in this electron transition strengthens the
Ag mode coherent phonon excitation. As shown by the first-
principles calculation [30], there are two electronic transitions
with gaps close to 1.574 eV: one from an Fe d orbital state
below the Fermi level Er to an Fe d orbital state above Ef,
and the other from an Fe d orbital state below Er to a Te p
orbital state above Eg. Since the gaps of these two electronic
transitions are too close, the exact transition cannot be identi-
fied with FTOS.

The strong enhancement of the A, phonon excitation at
the 1.574-eV pump photon energy in FGT in our FTOS
measurements points to the resonance Raman effect. The
resonance Raman effect is a Raman scattering enhancement
phenomenon via tuning the pump photon energy to the en-
ergy of an electronic transition, and can enhance the Raman
scattering intensity by a factor of 102-~10° [31]. The enhance-
ment of coherent phonon excitation via the resonance Raman
effect was also investigated by calculation [32] and experi-
ments [33-35]. However, the phonon excitation mechanism
and the effects of the enhanced coherent phonon excitation on
the hot carrier and phonon decay were unclear.

The resonance Raman effect involves an electronic tran-
sition between a low energy level and a high energy level,
and their gap is AE. To induce a Raman resonance effect, the
pump photon energy must be tuned to satisfy that E = AE +
hw. Here, liw represents the energy of an excited phonon. For
a phonon with w/2w = 3.81 THz, fiw = 0.01538¢eV. In our
experiment, the maximum coherent phonon excitation via the
resonance Raman effect is obtained at a 1.574-eV laser pump
in FGT. Hence, the energy gap of the electronic transition in
FGT is AE = 1.559¢eV.
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FIG. 8. AR(t)/Ry collected at 5 K with pump photon energies of (a) 1.619 eV, (b) 1.574 eV, and (c) 1.544 eV, and different pump fluences

as noted. Probe fluence: 0.5 uJ /cm?.

We now discuss the mechanism for coherent phonon gen-
eration. The ionic Raman scattering mechanism is unlikely
since it requires that pump photon energy be close to coherent
phonon energy (in the 1-100 meV range), and the pump
photon energy in our experiments is much higher (1.544—
1.656 eV) [9]. In general, the excitation of coherent optical
phonons via femtosecond laser with a wavelength in the near
infrared region is believed to be initiated either via impulsive
stimulated Raman scattering (ISRS) [13,14], or displacive
excitation of coherent phonons (DECP) [11,12].

In the DECP mechaism, instantaneous redistribution of the
nonequilibrium carriers via laser pump is the driving force of
phonon excitation and the coherent phonon excitation depends
on density of laser-excited nonequilibrium carriers ng [36]. In
our measurements, only the A;g coherent phonon is excited
(Fig. 5, inset), and A, is linearly dependent on pump fluence
in a pump photon energy range of 1.544—-1.651 eV [Fig. 9(a)].
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FIG. 9. (a) A, as a function of pump fluence at 5 K with different
pump photon energies as noted. (b) Photosusceptibility of the Aj,
coherent phonon as a function of pump photon energy at 5 K.

The fitting to the AR(t)/Ry time series collected at 300 K with
a pump fluence of 10 uJ/cm? yields Aep = (8.71 £0.02) x
107% and A,p, = (10.68 £0.02) x 107® at 1.574 eV, while
Aep = (8.03£0.02) x 10~ and Ay, = (0.71 £0.02) x 107°
at 1.651 eV. The A, values are close, indicating that a slight
increase of pump photon energy from 1.574 eV to 1.651 eV
results in a negligible change in n,. On the other hand, A,
obtained at 1.574 eV is significantly higher (by a factor of
~15) than that at 1.651 eV. If DECP were the mechanism
for the A, coherent phonon excitation in FGT, the A, values
would be similar for the 1.574-eV and 1.651-eV pump photon
energies, in contrast to the experimental observation. There-
fore, DECP is an unlikely mechanism for the A, coherent
phonon excitation in FGT, and the only likely mechanism is
ISRS.

For the ISRS mechanism under the two-band condition, the
coherent phonon excitation is enhanced considerably when
the pump photon energy is close to the energy of the elec-
tronic transition between these two transition bands [13,33—
35,37]. Indeed, the pump photon energy dependence of the
Ayg coherent phonon excitation in the FGT (Fig. 9) points to
the resonant ISRS mechanism under the two-band condition.

The strong Az coherent phonon excitation via the res-
onance Raman effect may induce distortion in FGT, thus
modifying the dynamics of hot carrier and coherent phonon
decays. We first discuss the effect of the enhancement of co-
herent phonon excitation on the hot carrier decay. Figure 10(a)
shows the temperature dependence of 7., in FGT collected at
various pump photon energies. 7., represents the hot carrier
decay time via electron-phonon coupling. All the 7., values
obtained at different pump photon energies show similar tem-
perature dependence, except for the 1.574-eV pump photon
energy.

The anomalous temperature dependence of 7., obtained
at the 1.574-eV pump photon energy is a result of the
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enhancement of coherent phonon excitation via the resonance
Raman effect. The enhancement of coherent phonon excita-
tion normally strengthens electron-phonon coupling. Under a
fixed pump fluence, the strength of electron-phonon coupling
Ma?) o ‘L'CBI [38]. The stronger electron-phonon coupling in-
duces a smaller 7., i.e., a quicker hot carrier decay [39—41].
However, 1, is the longest in most of the temperature range
for the 1.574-eV pump photon energy, suggesting weakened
electron-phonon coupling, in contrast with certain previous
reports [39-41]. The contradiction in electron-phonon cou-
pling may due to the pronounced coherent phonon excitation
via the resonance Raman effect, which re-excites the hot
carrier, as observed in narrow-band materials. This is the
so-called “bottleneck effect” [36,42], which occurs when an
energy gap opens as a result of the competition between
phonon emission during the decay of quasiparticles and the
generation of quasiparticles by phonons. However in FGT,
an energy gap is not open up, and its pronounced coherent
phonon excitation may re-excite the hot carrier, giving rise to
a longer Te,.

We discuss next phonon anharmonicity in FGT experi-
encing the resonance Raman effect. The 7., values obtained
at the 1.574-eV pump photon energy are also the smallest
among all the pump photon energies explored, in particular,
at low temperatures [Fig. 10(b)]. However, the w(T) curves
at different pump photon energies overlap with each other
[Fig. 10(c)]; the insensitivity of w(7T) to the pump pho-
ton energy indicates the negligible thermal effect induced

by the pump laser, even for the 1.574-eV pump photon
energy.

Both lattice thermal expansion and anharmonic phonon-
phonon interaction contribute to the red shift in frequency
of coherent optical phonons with increasing temperature [43].
The temperature-dependent optical phonon frequency can be
written as [44,45]

o(T) = wy + Aw"(T) + AP (T), (3)
where @y is the intrinsic phonon frequency at 0 K, Ao
is the frequency shift due to lattice thermal expansion and
Aw® is due to anharmonic phonon-phonon interaction. The
contribution of thermal expansion is [44,45]

T
Ao"(T) = w0|:exp <—y/ (otg +ctp + ac)dT’> — 1i|.
0

Here y is the mode Griineisen parameter, and ¢, o, and o,
are linear thermal expansion coefficients along the a-, b-, and
c-axes, respectively. Since the values for these parameters are
not available, the estimated values are used: y ~ 1-2, and o,
o, and o, are ~107° K1,

In anharmonic phonon-phonon interaction, the three-
phonon process is the most common way for optical phonon
decay, in which an optical phonon (wg) decays into two
acoustic phonons with identical frequencies but opposite wave
vectors (w; = wy = wp/2), giving rise to a frequency shift
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of [46]
AP (T) = D[1 + n(w;) + n(w)], o)

where n(w) = (e®/*sT — 1)_1 is the Bose-Einstein distribu-
tion of the phonon, D is a fitting parameter, and kg is the
Boltzmann constant. In the three-phonon process, phonon de-
cay rate t(;,l varies with T [46] in the following way:

Top (T) = G[1 4 n(w)) + n(@)], (©)

where G is a fitting parameter and w; = w;.

The fittings to w(T) and r(;)'(T) measurements with the
1.574-eV pump photon energy are presented in Fig. 10(d).
o(T) can be well described with Egs. (3) to (5), we obtain
wy = (23.89 +0.02) x 10'2 rad/s, and w; = w, = (11.94 +
0.01) x 10'? rad/s. The thermal expansion term contributes
only a small portion to the frequency shift, and the fitting is
not sensitive to the exact values of the related parameters.
However, the fitting to ‘L’O_p] (T) with Eq. (6) is less satisfactory.
In addition to the anharmonic phonon-phonon interaction,
there may exist other ways for annihilating the A, coherent
phonons in FGT, including the reexcitation of the hot carrier
by the coherent phonons, and the anti-Stokes Raman scatter-

ing, in which a photon of the probe laser absorbs a phonon
and emits a blue-shifted photon.

V. CONCLUSION

Strong enhancement of the A, coherent phonon excitation
in FGT is demonstrated via the femtosecond transient optical
spectroscopy measurements. The A, coherent phonon exci-
tation is strongly dependent on pump photon energy, and the
maximum coherent phonon excitation occurs at 1.574 eV, as
a result of the resonance Raman effect when pump photon
energy is tuned to an electronic transition in FGT. The A,
coherent phonon excitation in FGT follows the ISRS mecha-
nism. There is a linear relation between A, coherent phonon
excitation and pump laser fluence, and photosusceptibility of
the A, coherent phonon excitation is the highest at 1.574 eV.
The intense A, coherent phonon excitation also modifies the
dynamics of hot carrier decay and coherent phonon decay.
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