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We used optical laser pulses to create transient gratings (TGs) with sub-10 µm spatial periodicity
in a Bismuth Germanate (310) (Bi4Ge3O12) single crystal at room temperature. The TG launches
phonon modes, whose dynamics were revealed via forward diffraction of a third, time-delayed,
heterodyne-detected optical pulse. Acoustic oscillations have been clearly identified in a time-
frequency window not covered by previous spectroscopic studies and their characteristic dynamic
parameters have been measured as a function of transferred momenta magnitude and direction.

I. INTRODUCTION

Bismuth Germanate (BGO) stands out as an opti-
cally isotropic material boasting a eulitine cubic crys-
talline structure, a quality that has garnered signifi-
cant attention due to its versatile electro-optic, electro-
mechanical, and scintillation attributes [1, 2]. The util-
ity of BGO crystals extends across a spectrum of appli-
cations. Notably, they have emerged as crucial compo-
nents in particle scintillation detectors employed in high-
energy physics experiments [3]. Beyond this, BGO crys-
tals have also found application as a medium for holo-
graphic data storage [4], a fundamental material in high-
resolution positron emission tomography, a host for solid-
state lasers when doped with trivalent rare-earth ions [5],
and an electro-optic material enabling the realization of
optical voltage, current, and electric power sensors [6].

In a TG experiment, temporally coincident pulses of
wavelength λ (referred to as pumps) are superimposed
onto the sample at an intersecting angle of 2θ. The in-
teraction between these two pulses leads to the creation
of a spatially modulated light intensity pattern, charac-
terized by a period ΛTG = λ/(2 sin θ); as illustrated in
Fig. 1. This structured excitation serves as a transient
diffraction grating for a third variably-delayed pulse (the
probe), with wavelength λpr, giving rise to a fourth pulse:
the diffracted beam (signal).

In this work, the excitation grating is generated by
two laser pulses (1064 nm, 25 ps FWHM) obtained by
splitting a single pulse through a solid diffraction grating
using a solid diffraction grating, their subsequent inter-
ference giving rise to an impulsive, spatially periodic al-
teration in the dielectric constant δϵij(t) within the sam-
ple. This spatial variation is characterised by a wavevec-

tor |q⃗| = |⃗k1 − k⃗2| = 4π
λ sin θ, where k⃗1,2 represent the

wavevectors of each respective pump pulse. A second
laser beam (532 nm, continuous wave (CW)), the probe,
is directed onto the induced grating at the Bragg angle.
This arrangement leads to the emergence of a diffracted
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beam, spatially differentiated from both the pump and
probe beams, yielding the dynamic information from the
relaxing grating. The complete description of TG ex-
periments Comprehensive details on Transient Grating
(TG) experiments can be found in a multitude of review
papers, including references such as [7–9]. When hetero-
dyne detection is employed [10–12], the transient grating
diffracted field is combined with a reference beam at the
detector. This superposition encompasses the local field,
which entails an electric field sharing the same frequency
as the probe beam and being in phase with it. The re-
sultant signal assumes a general form:

SHD(q⃗, t) ∝ δϵij(q⃗, t) ∝ Rijkl(q⃗, t). (1)

Here, the Cartesian indices i and j delineate the po-
larizations of the local and probe fields, while k and
l denote the polarizations of the pump fields. The
quantity δϵij represents the change induced in the di-
electric constant due to the pump laser, and Rijkl de-
fines the system’s response function, governing the dy-
namic characteristics of the measured experimental quan-
tities. Both δϵij and Rijkl are spatial Fourier compo-
nents corresponding to the exchanged wave vector q⃗, i.e.,
the grating wave vector. Consequently, the signal ac-
quired through heterodyne-detected Transient Grating
(HD-TG) directly and linearly captures the relaxation
processes defined by the tensor components of the re-
sponse function. By strategically selecting suitable elec-
tric field polarizations, it becomes possible to isolate a
specific component of the tensor. It is noteworthy that
distinct response components typically correspond to dis-
similar relaxation processes [13–18], wherein both trans-
lational and rotational degrees of freedom come into play.
The influence of rotational dynamics can be experimen-
tally explored through a comparative analysis of the HD-
TG signals SHD

VVVV, S
HD
HHVV, and SHD

VVHH wherein H and V
denote horizontal and vertical polarizations, respectively.
In the present experimental setup, all the aforementioned
polarizations are oriented vertically, thus enabling the fo-
cused examination of the individual tensorial component
of the response function, specifically RVVVV. Consider-
ing the entities in figure 1, the resulting forward signal
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FIG. 1. Shows the experimental setup, including the laser
system. The label M stands for the mirrors, CL1,2 labels the
cylindrical lenses, and DM labels a dichroic mirror. DOE is
the diffractive optic element, AL1,2 are the achromatic lenses,
and APD is an avalanche photodiode. In the zoom-in, we
illustrate the polarization configuration and beam directions.
Eex

1 and Eex
2 are the excitation laser pulses and Epr and Ed are

the probing and diffracted beams, respectively. The optical
heterodyne detection is obtained with the local field, Eloc.
The sample was mounted on a hollow goniometer, able to
rotate on the whole circle angle, i.e., 2π, with a 0.5◦ precision.

can be expressed as:

S(q, t) ∝ ⟨|Ed(q, t) + Eloc|2⟩ =
= ⟨|Ed(q, t)|2⟩+ ⟨|Eloc|2⟩+

+ 2⟨|Ed(q, t)|⟩⟨|Eloc|⟩ cos(∆ϕ).

(2)

Here, ∆ϕ represents the phase discrepancy existing be-
tween the diffracted field Ed and the local field Eloc,
while ⟨·⟩ denotes the temporal averaging conducted over
an optical period. The trio of terms present on the right-
hand side of Eq. 2, corresponds, respectively, to the
homodyne, local field, and heterodyne contributions, as
read from left to right. To specifically isolate the latter

term, a subtraction operation was executed between two
signals characterized by differing phases. This process
involved the initial acquisition of a signal denoted as S+,
with a corresponding phase ∆ϕ+ = 2nπ (n ∈ N), fol-
lowed by the acquisition of a secondary signal, labelled
as S−, characterized by a phase ∆ϕ− = (2n+ 1)π. This
procedure yields the following expression:

SHD(q, t) = [S+ + S−] ∝ ⟨|Ed(q, t)|⟩⟨|Eloc|⟩ (3)

There are two significant advantages associated with
using heterodyne detection over homodyne detection.
Firstly, it substantially enhances the signal-to-noise
ratio across the entire time range, attributed both to the
augmentation of the signal itself and to the elimination
of all non-phase-sensitive spurious signals. Secondly, it
elevates sensitivity levels, as the recorded signal becomes
directly proportional to ⟨|Ed(q, t)|⟩, as opposed to being
proportional to its square.

II. EXPERIMENTAL SETUP

The BGO sample was sectioned along the (310) crys-
tallographic plane, exhibiting an azimuthal (in-plane) an-
gle of approximately 45◦ in relation to the [100] crys-
tallographic direction when the goniometer reading was
ϑ = 0. The sample’s dimensions were 10 × 10 × 1 mm3

(L × W × T ). The optical configuration, depicted in
Fig. 1 incorporates a diffractive optical element (DOE)
serving as a phase grating. By regulating the groove
depth and spacing, it becomes feasible to achieve no-
tably high diffraction efficiency, surpassing 80% for the
first two diffraction orders. However, since the experi-
mental setup must manage the diffraction of both pump
and probe lasers (1064 nm and 532 nm, respectively)
utilizing a single grating, a compromise must be struck.
The chosen DOE results in a 12% diffraction efficiency
for the first order at 532 nm and a 38% diffraction effi-
ciency for the first order at 1064 nm. Six gratings, each
with distinct spacing, were employed to manipulate the
q⃗ vector. Assisted by a dichroic mirror (DM), the exci-
tation and probe beams are directed collinearly onto the
DOE, which subsequently generates the two excitation
pulses (Eex

1,2), the probe (Epr), and the reference beam

(Eloc). These beams are gathered by a primary achro-
matic lens (AL1), refined through a spatial mask that
obstructs other diffracted orders, and then recombined
and focused onto the sample using a second lens (AL2).
The local laser field is attenuated by a neutral density
filter, and its phase is adjusted by passing through a pair
of properly etched quartz slabs. The excitation grating
formed on the sample mirrors the illuminated DOE phase
pattern. In scenarios where AL1 and AL2 share identi-
cal focal lengths, the excitation grating exhibits half the
spacing of the DOE [12]. This setup inherently fulfils the
Bragg condition for all beams, resulting in a remarkably
stable phase alignment between the probe and reference
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FIG. 2. Panel a) shows the long trace SHD
VVVV acquired up

to 900 ns. In the insert, a zoom-in underlying the oscillation
is given by acoustic phonons. In panel b), the FFT of the
SHD
VVVV signal, shows two main frequencies labelled as the LA

and TA phonons.

beams, a pivotal requisite for implementing heterodyne
detection. A cylindrical lens (CL2) is employed to fo-
cus the excitation beam onto the DOE. Consequently,
the resulting grating generated on the sample extends
along the q⃗ direction for approximately 5 mm. Con-
versely, the probe beam is focused into a circular spot
measuring 0.5 mm on the sample, achieved through the
use of lenses CL1 and CL2. During this measurement,
laser energy on the sample was minimized to mitigate
unintended thermal effects, while the continuous wave
beams were gated within a window of approximately 1
ms every 10 ms, facilitated by a mechanical chopper syn-
chronized with the excitation pulses. The average excita-
tion energy amounted to 7 mW (equivalent to 35 µJ per
pulse at 100 Hz), while the probing energy was set to 6
mW. The reference beam’s intensity is deliberately kept
low and is experimentally adjusted, employing a variable
neutral filter, to be roughly 100 times smaller than the
intensity of the diffracted signal. Given these intensity
levels, the experiment operates comfortably within the
linear response regime, with no discernible influence of
the beam intensities on the HD-TG signal shape. The
HD-TG signal, post optical filtration, is measured and

captured by the New Focus DC-Coupled Photoreceiver
(with a bandwidth of 12 GHz), interfaced with a Tek-
tronix oscilloscope possessing a limiting bandwidth of 7
GHz and a sampling rate of 20 Gs/s. The BGO crystal is
mounted on a hollow goniometer with a precision of 0.5◦,
enabling the sample’s rotation within the x̂− ŷ plane.

III. RESULTS

The signal obtained from the BGO sample was
recorded within the time range of 0-1 µs, utilizing a time
step of 50 ps. Each data point is an average derived from
5000 individual recordings, ensuring an excellent signal-
to-noise ratio. To eliminate the homodyne contribution
and mitigate other undesired influences while markedly
enhancing data quality [10], each measurement was con-
ducted at two distinct phases ϕ of the local oscillator
field, separated by ∆ϕ = π, following Eq. 3. We system-
atically examined the relaxation process of BGO with re-
spect to the rotation angle ϑ across six different |q⃗| values:
|q⃗| = 0.6283, 1.0134, 1.3674, 1.7915, 2.0854, and 2.4961
µm−1. The determination of these wave vectors is in-
fluenced by the experimental geometry, introducing a de-
gree of error i.e., approximately 0.8% for the first two val-
ues, around 0.6% for the intermediary two, and approx-
imately 0.4% for the final two values. For each distinct
wave vector, data was acquired as a function of the angle
ϑ in increments of 45 degrees across a complete circular
range. For the case of |q⃗| = 2.4961 µm−1 measurements
were also conducted with a 15-degree interval during the
first half of the circular range. Fig. 2a) showcases illus-
trative HD-TG data, visually revealing that the density
dynamics of BGO are characterized by two predominant
dynamic processes: an immediate response to the abrupt
heating of the sample, succeeded by the subsequent lo-
cal temperature relaxation attributed to thermal diffusiv-
ity. Additionally, oscillations corresponding to phonons
launched by the abrupt density fluctuation are evident.
Consequently, the measured response function, directly
proportional to the q⃗ component of the induced density
variations, can be elucidated through a simple physical
model:

SHD(q, t) =
1

2

[
1 + erf

( t

σ

)]
·
[
Ae−

t
τ +

−
∑
i

Ai sin(2π νi(q) t+ ϕi) e
− t

τi

]
.

(4)

Here, the erf function encapsulates the sudden rise of the
signal (with σ representing the rise width), succeeded by
an exponential decay characterized by a time constant τ
and additional i attenuated vibrational modes; outcomes
are depicted as blue lines in Figs. 3. Following this,
Fourier Transforms (FTs) were performed on the dispari-
ties between the measured traces and their corresponding
exponential fits, as illustrated in Fig. 2b). The result-
ing FTs of the waveforms reveal the distinct presence
of two well-defined modes, corresponding respectively to
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FIG. 3. The first few ns of the SHD signal and its fit obtained
using Eq. 4, excluding the laser spurious contribution.

FIG. 4. Panels a) and b) showcase the linear and angular
dispersion profiles of the LA phonon at a |q⃗| value of 2.4961
µm−1. Similarly, panels c) and d) exhibit the dispersion pat-
terns of the TA phonon, corresponding to the same value of
|q⃗|. Panels e) and f) provide a 3D reconstruction detailing
the linear and angular dispersion characteristics of the LA
and TA phonons, respectively. For enhanced clarity, the os-
cillations have been magnified by factors of 25 (LA) and 15
(TA) around their respective mean values for a given momen-
tum. Notably, black lines denote fitted curves applied to the
angular dispersion data across various momentum values.

the Transverse Acoustic phonon (TA) and the Longitu-
dinal Acoustic phonon (LA). The findings concerning the
frequencies of these oscillations are portrayed in Fig 4.

Throughout the data acquisition process, the stability
of the Nd-YAG laser exhibited inconsistency, resulting in
the presence of several harmonics of the laser within the

signal. The amplitude of these harmonics varied irreg-
ularly within the same scan and consequently from one
scan to another. The most prominent contribution from
the laser was the harmonic peak at 0.767 GHz, which was
duly accounted for during the fitting procedure. Unfor-
tunately, due to the aforementioned instability, a com-
prehensive fitting of the signal (depicted in Fig. 2a))was
not feasible. Instead, fitting was confined to the initial ns
range (as shown in Fig. 3), during which the laser’s con-
tribution could be considered relatively constant. Con-
sequently, the assessment of the decay time for acoustic
oscillations was not possible, leading to the assumption
of undamped sinusoidal functions during the fitting pro-
cess. Moreover, the same instabilities posed challenges in
obtaining a reliable value for the thermal decay constant
τ . Fig. 2b) displays the normalized FT of the represen-
tative HD-TG BGO data presented in Fig. 2a). Within
this plot, a distinct peak emerges at 1.63 GHz, signifying
the longitudinal acoustic (LA) phonon. In the inset of
the figure, a closer view reveals a fainter trace of a trans-
verse acoustic (TA) phonon around 1 GHz. The presence
of the TA phonon can be attributed to the sample being
cut along the (310) crystallographic plane, introducing
a small component of transferred momentum q⃗ in the ẑ
plane. To precisely deduce the frequencies of the LA and
TA phonons, FT fitting was performed using Gaussian
functions to pinpoint the peak positions accurately. The
associated error for each frequency value was determined
based on the standard deviation of the Gaussian curve.

In Fig. 4a), the linear dispersion of the LA phonon is
presented, measured at ϑ = 45◦. The angular scale was
established during the experiment to align with ϑ = 0◦

when a specific side of the sample was oriented parallel
to the ground. This alignment was expected to coincide
with one of the crystallographic directions of the BGO
crystal, potentially leading to a maximum or minimum in
the rotational dispersion frequency. In Fig. 4b), the rota-
tional dispersion of the LA phonon is depicted, measured
at |q⃗| = 2.4961 µm−1 alongside the corresponding sound
propagation speed within the material. Figs. 4c) and 4d)
extend this presentation to encompass the corresponding
linear and rotational dispersions for the TA phonon. The
rotational dispersion of the LA phonon exhibits a peri-
odicity of π, prompting the application of a double sine
function for fitting. Conversely, the rotational dispersion
of the TA phonon displays a periodicity of π/2, lending
itself to a single sine function fitting. Each rotational an-
gle yields a linear fit, while each transferred momentum
yields sinusoidal fits, collectively contributing to the for-
mulation of the 3D dispersions shown in Figs. 4e) and
4f). Notably, the sinusoidal amplitudes of the fits, visual-
ized as black lines in the figures, are magnified by factors
of 25 and 15 for the LA and TA phonons, respectively,
around their respective mean values for a given momen-
tum. With the parameters derived from the fitting, the
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3D dispersions can be effectively modelled as follows:

LA(|q⃗|, ϑ) = A|q⃗|+B|q⃗| sin(f1ϑ+ φ1)+

+ C|q⃗| sin(f2ϑ+ φ2)
(5)

TA(|q⃗|, ϑ) = A|q⃗|+B|q⃗| sin(f1ϑ+ φ1) (6)

The values of the parameters are shown in table I.

LA(|q⃗|, ϑ) TA(|q⃗|, ϑ)
A 0.6521± 0.0002 0.4041± 0.0001
B −0.0035± 0.0004 0.0060± 0.0002
C 0.0015± 0.0004 /
f1 0.0701± 0.0006 0.0700± 0.0002
f2 0.0351± 0.0008 /
φ1 0.99± 0.08 0.96± 0.02
φ2 −0.31± 0.14 /

TABLE I. The values of the parameters obtained from the
functions in Eqs. 5 and 6, used to fit the 3D dispersion of the
LA phonon and TA phonon, respectively.

IV. CONCLUSIONS

We collected optical Transient Grating signal studying
the propagation of the high-frequency acoustic waves in
Bismuth Germanate Bi4Ge3O12 (310), in dependence on
the transferred momentum and the rotation angle of the
sample. By exploiting the heterodyne detection of the
employed setup, we were able to produce data with ex-
cellent S/N ratios, compatible with values obtained with
X-Ray TG spectroscopy [19]. Further investigations will
be conducted to study thermal and acoustic decay mech-
anisms.
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