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A B S T R A C T

High quality bismuth germanium oxide single crystals were irradiated by a femtosecond pulsed laser
beam of increasing power. Analyses performed on irradiated and unirradiated samples showed
significant changes in transmittance, transmission spectra, sample color, Raman spectra, X-ray diffraction
(XRD) pattern, Verdet constant, magneto-optical property, and absorption coefficient. After irradiation,
the transmission spectra values increased whereas anisotropy detected in the transmission spectra of
unirradiated samples disappeared. The change of color caused by irradiation was noticeable to the naked
eye. The XRD measurements confirmed structural changes induced by laser irradiation, i.e., the laser-
beam-incident side of the sample became almost amorphous, whereas the side opposite to the incident
can be indexed to the Bi12GeO20 compound. Irradiation caused increase of Raman spectra peaks with the
exception of crystal peaks of type E, which disappeared. The femtosecond pulsed laser irradiation can be
used to improve bismuth germanium oxide single crystal optical properties.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Bismuth germanium oxide (Bi12GeO20), commonly abbreviated
as BGO, or more specifically as s-BGO, belongs to the sillenite group
of cubic crystals of the I23 space group. The chemical formula of
cubic crystals with the sillenite-type structure is Bi12Mn+O20�d

where M may be an element from the II–V group of the Periodic
Table or a combination of such elements [1–3]. Analysis of the
experimental data on the component interaction and the phase
equilibrium in the Bi2O3-MxOy systems revealed the possibility to
achieve phases of the sillenite-type structure with oxides of Rb,
Mg, Zn, Cd, B, Al, Ga, In, Tl, Si, Ge, Ti, Pb, P, V, As, Nb, Cr, Mo, W, Fe, Co,
Ni, Ru, and Ir [4]. In [2], the atomic structure of Bi12Mn+O20�d was

discussed in detail for Bi12M4+O20 (M = Si, Ge, Ti, Mn), Bi12(A
3þ
1=2B

5þ
1=2)

O20 (A = Fe, B = P), Bi12M2+O20 (M = Zn, Co), Bi12M3+O20 (M = Al, Ga,
Fe, Tl), Bi38B2O39, g–Bi2O3, and Bi12VO20�d. A more recent study of
sillenites Bi12SiO20, Bi25FeO39, and Bi25InO30 gave a representative
sillenite structure using Si4+, Ti4+, Fe3+, and In3+ as examples for M
cation [5] and refered to [6] for more details about the sillenite
structure. In [6], a general structural formula for the stoichiometric
sillenites, Bi12(Bi4=5�nxM

nþ
5x )O19.2+nx, was developed and discussed

in detail for sillenites with M2+ ions (Cd, Co, Zn), M3+ ions (Ga, Fe, Cr,
Tl, In, Al), M4+ ions (Si, Ti, Ge, Mn, B1/2P1/2), and M5+ ions (V, As, P).

For BGO, BSO, and BTO crystals the structural formula becomes
Bi12MO20, where M is Ge, Si, and Ti, respectively. The cubic cell unit
of Bi12GeO20 is composed of two formula units, namely 24 Bi, 40 O
and 2 Ge. The Ge atoms occupy the center and the vertices of a cube
and are tetrahedrally coordinated by oxygen atoms. The Bi atoms,
due to their massiveness, constitute the core of the cell, they are
heptacoordinated as BiO5E, where E = 6s2 is the non-shared
electron pair in Bi, and the common edges form dimers. The five
oxygen atoms compose an incomplete octahedral arrangement
and the remaining two oxygen atoms are electrostatically
coordinated on a side of E [1,3]. Due to its photoconductivity,
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photochromism, photorefractivity, piezoelectricity, as well as to
electro-optic and magneto-optic effects it supports [7,8], Bi12GeO20

is suitable for a broad range of applications and devices such as
optical limiting, holography, spatial light modulation, optical phase
conjugation, optical memories, fiber optic sensors, Pockels cells [8–
12]. The properties of non-doped as well as doped Bi12GeO20 were
investigated and reported in a number of studies, for example in
[13–21]. Characteristics of Bi12GeO20 single crystals after exposure
to thermal treatment [16–19,22], to beams of electrons [23],
uranium ions [24], fluorine ions [15], g-ray [19] or light
[9,18,22,25–28] were investigated. Nonlinear properties of
Bi12GeO20 crystals were measured with pulsed laser beams in
the nanosecond range in [9], whereas in [26–28] BGO crystals were
irradiated by picosecond laser pulses. Transmission, absorption
[16,19], and Raman spectra [19] were found to be significantly
influenced by doping and annealing. Thermally stimulated
currents as a function of both the temperature at which the
crystals are photoexcited and the density of energy used to
photoexcite them were reported in [18]. Influences of laser
irradiation, thermal treatment [22], and electron beam [23] on
luminescence of Bi12GeO20 are reported. Photo-induced absorption
in Bi12TiO20 was thoroughly studied in [29], whereas significant
influence of doping and annealing on transmission and absorption
of BGO were addressed in [16] and [19]. However, to the best of our
knowledge, photo-induced increase in BGO transmission has not
been reported so far. Therefore, following the determination of
magneto-optical quality and refractive index of BGO single crystals
presented in [20], we studied the influence of the femtosecond
laser irradiation on Bi12GeO20 single crystals. The irradiation
caused permanent changes visible to the naked eye, as can be seen
in Fig. 1. In order to quantitatively define visually observed
changes, we measured the transmittance, transmission spectra,
color, Raman spectra, X-ray diffraction patterns, Verdet constant,
absorption coefficient, and magneto-optical quality of Bi12GeO20

single crystals.

2. Experimental

2.1. Preparation of crystal samples

Single crystals of Bi12GeO20 with diameters of 12–13 mm and
length of 70–80 mm were grown by the Czochralski technique. As
explained in detail in [20], the critical crystal diameter and critical
rotation rate were calculated to be 12 mm and 20 rpm, respectively,
whereas the pulling rate was determined experimentally to be 2.8–
3 mm/h. The crystal puller MSR 2 combined with the Eurotherm
temperature controller was used to grow the crystals. The crystal
diameter size was controlled by monitoring the crucible weight,
and its deviation from the chosen value was kept below 0.1 mm.
The system as a whole provided protection from excessive

radiative heat losses and granted melting temperature fluctuations
typically smaller than 0.2 �C. The crystals were grown in the air,
without crucible rotation during the growth, using the Bi12GeO20

seed oriented in the 111
ED
direction, and a mixture of Bi2O3 and

GeO2 in the stoichiometric ratio 6:1 as a charge. After its growth,
the crystal boule was cooled to room temperature at the rate of
approximately 50 �C/h. The crystals were not annealed after the
growth. Crystal samples of size 4 mm � 4 mm � 10 mm were cut
from the boule and mechanically as well as chemically polished.
The crystal samples were chemically etched using the solutions HF
+ HNO3 in the ratio 2:1, HCl + H2O in the ratio 1:2, and HCl + H2O in
the ratio 1:5, whereas chemical polishing was performed with the
solution HCl + HNO3+ H2O in the ratio 1:1:5. Observance of the
polished crystal surfaces under polarized light confirmed the
absence of the core. The purity of Bi2O3 and GeO2was 99.5 wt.% and
99.98 wt.%, respectively. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [20].

2.2. Crystal irradiation and characterization

Crystal samples were exposed to a femtosecond laser irradia-
tion of increasing power. The femtosecond pulsed laser beam was
produced with the Coherent Mira 900 F femtosecond laser using as
an input a 532 nm continuous wave pump beam obtained with the
Coherent Verdi V-10 pump laser, Fig. 2. The irradiating beam
wavelength of 800 nm was determined with the spectrometer
Ocean Optics HR2000CG UV-NIR. Crystal samples were irradiated
along their longest axis, z, i.e., along the crystal growth direction.
The beam radius provided partial irradiation of the exposed crystal
facet. The beam power on a sample was adjusted by a graded filter
and was increased from 50 mW to 950 mW, which corresponds to
the fluence range of 75–1425 nJ/cm2. The samples were irradiated
by each beam power for 3 s, which was measured by a stopwatch
with 0.2 s accuracy. The repetition rate of 90 fs long laser pulses
was 76 MHz. The total irradiation time and energy were
intentionally kept low to avoid significant contribution of an
accumulative process caused by repopulation of the traps [28]. The
Ophir powermeter with thermal and photometric heads was used
to perform beam power measurements.

Sample transmittance in the wavelength range between 200
and 1100 nm with the resolution of 1 nm was determined in the
spectrometric device Beckman Coulter DU 720 General Purpose
UV/VIS spectrometer. The obtained transmission spectra were
used to calculate sample color, as well.

The X-ray diffraction patterns were measured with the Rigaku
Ultima IV Multipurpose X-ray diffraction system. The system was
operated at 40 kV and 40 mA to produce nickel-filtered CuKa1

X-ray with l = 0.1540 nm. The XRD data were collected in the 2u

Fig. 1. Photographs of unirradiated and laser irradiated samples. The photographs
are taken without (left) and with (right) a flash. In each photo the irradiated sample
is placed to the right. The femtosecond laser irradiation was incident to the upper
base of the prism. The visible laser induced changes span to approximately one
quarter into the sample depth.

Fig. 2. Experimental setup for sample irradiation and power transmission
measurements. PL � pump laser, PB � pump beam, FS � femtosecond laser, FB
� femtosecond beam, MPX, MPY, MPZ � micro-positioners in x, y, and z direction
respectively, SM � spectrometer, PM � powermeter.
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range between 20 and 70� at the scanning rate of 5�/min. The phase
analysis was performed using the PDXL2 software, version 2.0.3.0
[30], with reference to the patterns of the International Centre for
Diffraction Database (ICDD), version 2012 [31].

Using the backscattering configuration and the 532 nm line of
Verdi G optically pumped semiconductor laser as an excitation
source, the micro-Raman spectra of crystal samples were obtained
with the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector. The spectra were recorded
at room temperature in the spectral range between 100 and 1100
cm�1 with 1 cm�1 resolution.

Optical activity and Faraday rotation were measured at the
wavelength of 632.8 nm by an orthogonal polarization detection
polarimetric method described in detail in [20]. Output signal
voltages U1 and U2, obtained respectively from vertically and
horizontally polarized component of the laser beam transmitted
by the Bi12GeO20 crystal sample, after transimpedance stages are

U1 ¼ k1G0

2
ð1 þ sinð2uÞÞ; U2 ¼ k2G0

2
ð1 � sinð2uÞÞ;

where Γ0 is the beam irradiation, k1 and k2 are constants that
include optical losses and optoelectronic conversion efficiency. The
linear polarization rotation angle u was determined using the
difference over sum method that is independent of light source
fluctuations. Use of the birefringent crystal instead of polarizing
prism led to parallelism of separate optical paths that allowed
employment of quadrant photodiode and further enabled match-
ing of optoelectronic conversion gains as much as possible. Setting
k1 = k2, the angle u can be calculated as

u ¼ 1
2
sin�1 U1 � U2

U1 þ U2

� �
:

In the absence of magnetic field component parallel to the laser
beam, the angle u = u0 represents the optical activity. When
Bi12GeO20 crystal sample is placed in a magnetic field generated by
an alternating current through the Helmholtz coils, the angle u
becomes the sum of the optical activity and Faraday rotation, and
can be used to calculate the Verdet constant [32]. The Hall probe
was used to measure magnetic induction and to establish its linear
relation to the coil current, namely

B½T� ¼ 0:001282 � I½A�
The Verdet constant is calculated from

V ¼ u0AC
B0l

¼ 1
2B0l

sin�1 U1 � U2

U1 þ U2

� �
0AC

;

where u0AC is the amplitude of the AC signal and B0 is the amplitude
of magnetic induction. The coils were powered by a 50 Hz sine
wave constant amplitude current that creates magnetic induction
of the same frequency. Consequently, FFT was used to separate
spectral components of U1 and U2. The Faraday rotation was
determined from the magnitude of 50 Hz component.

Bulk absorption measurement was normalized using the
reference beam created by the CaCO3 birefringent crystal that
was used for beam separation. Absorption coefficients were
obtained by measuring the difference in beam intensities at the
quadrant photodiode with and without Bi12GeO20 crystal in the
beam path. Background light influence was eliminated by
measuring the photodiode output without the laser beam and
subtracting it from the two previous measurements.

3. Results and discussion

The change of sample transmittance with the increase of
irradiating laser power for the two considered crystal samples is

shown in Fig. 3. The error bars were calculated from the
uncertainties of measured values of the incident and transmitted
power, DP0 and DP1. The transmittance generally undergoes initial
growth followed by a decrease. The maximal transmittance of
25.1% occurs at the irradiating laser power of 455 mW. It seems
that curve exhibits local irregularities which occur at 197.4–
249.7 mW, 552–605 mW and 800–857 mW. Similarly to our
findings about transmittance dependence on the irradiating laser
power, initial growth followed by a decrease in transmittance is
found to be an outcome of annealing, as well [16]. Skorikov et al. in
[16] reported that annealing of Bi12SiO20, Bi12GeO20, and Bi12TiO20

crystals in vacuum or inert atmosphere at 500–750 �C for 2–12 h
typically raises the transmittance near the intrinsic edge and
observed the most pronounced effect for Bi12SiO20 annealed at 650
�C for 2 h. Increase in temperature and/or annealing time was
found to be associated with a decrease in transmittance to its initial
or an even lower level, particularly in Bi12GeO20 and Bi12SiO20.

Transmission spectra of samples were determined along both
directions of the longest sample axis and are shown in Fig. 4. In
addition to the treated samples, i.e., the samples irradiated by the
femtosecond laser beam of increasing power, the unirradiated
samples were examined, as well. The unirradiated crystal exhibits

Fig. 3. Change of crystal transmittance during increase of irradiating laser power.
Each data point corresponds to a 3 s long sample irradiation by the femtosecond
laser beam with the incident power P0, given in the bottom axis, and the
corresponding incident fluence, I0, depicted in the top axis. The transmittance is
given as P1/P0, where P1 is the transmitted power. The irradiating beam wavelength
was 800 nm.

Fig. 4. Transmission spectra of irradiated and unirradiated samples. The
transmission spectra of all samples were measured in the direction of crystal
growth as well as in the direction opposite to it. The unirradiated sample exhibits
significant anisotropy, which disappears after irradiation. Irradiation also causes
transmission increase.
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noticeable anisotropy. The transmissions of the crystal have small
irregularities, which are probably caused by impurities, at 655 nm
and 800 nm and a steep growth after 850 nm. For the unirradiated
crystal the transmission corresponding to the z direction is larger
than the one in the �z direction. For wavelengths larger than
1000 nm the transmission is larger than 37 % and 24 % in the z and
�z direction, respectively. After irradiation the anisotropy dis-
appeared, and the transmission of the crystal increased becoming
larger than 51 % for wavelengths above 1000 nm. Measurements
repeated after prolonged period of time confirmed full reproduc-
ibility of the obtained results and verified that the detected light-
induced changes are permanent.

Our results are in agreement with the conclusion given in [16]
that doping as well as annealing has significant effect on
transmission and absorption spectra. They found that annealing
at 650 �C for 12 h and at 740 �C for 2 h each cause decrease of
absorption spectra throughout the considered range of 300–900
nm, when compared to the absorption spectrum of non-annealed
Bi12GeO20 crystal. However, after absorption decrease in the low-
wavelength range, annealing at 650 �C and 700 �C for 2 h resulted
in local absorption minimum at approximately 450 nm and local
maximum around 530 nm, followed by the absorption values
somewhat larger than those of non-annealed case for wavelengths
larger than 530 nm. The absorption spectra of untreated, annealed
in N2 for 8 h at 450 �C and 550 �C, g-ray irradiated, and Mo doped
Bi12GeO20were studied in [19]. They found that the absorption was
higher for annealed and yet higher for doped crystals. The
absorption peaks for all studied cases were located at 390 nm
followed by local maxima around 400 nm, steep linear decreases
between 400 and 500 nm, and approximately constant absorbance
values above 550 nm. Absorbance values above 550 nm listed in
the increasing order correspond to the untreated, annealed in N2

for 8 h at 450 �C, annealed in N2 for 8 h at 550 �C, g-ray irradiated,
and Mo doped Bi12GeO20. Consequently, it can be concluded that
annealing can be used to alter absorption of Bi12GeO20 crystals;
however, nature and intensity of the change depend on the
temperature and duration of annealing [16,19]. An asymmetric
transmission through a photorefractive crystal, shown in Fig. 4,
could be attributed to the nonlinear interaction between a beam
and its own reflection from the back face of the crystal, as
suggested in [33]. Impurities along the beam path, such as defects
or color centers, surface irregularities caused by cutting and
polishing, as well as mechanical imperfections and structural
changes confirmed by XRD measurements given in Fig. 6, may
contribute to the asymmetry detected in transmission spectra.

Changes in sample color caused by irradiation were quantified
by calculating CIE chromaticity coordinates. The obtained results
given in Fig. 5 revealed that the change of crystal color was
significant.

The X-ray diffraction (XRD) patterns of prismatic unirradiated
and irradiated single crystal samples, as well as of powdered
samples taken from unirradiated and irradiated Bi12GeO20 crystals
are given in Fig. 6. The XRD patterns of the two prism-shaped
samples shown in graphs (a) and (b) in Fig. 6 were recorded along
the z as well as along the �z direction, i.e., using both bases of the
prism as the incident facet. The relative shift between the XRD
spectra that correspond to the z and �z direction indicates that
there is an offset between the prism axis and the crystal axis,
regardless of the parallelism between the prism’s bases, i.e.,
between the facets used as incident for XRD measurements. In
addition, the z XRD spectrum of laser irradiated prism sample
reveals that the side of the crystal sample that was not incident
with regard to the laser beam, can be indexed to the Bi12GeO20

compound. The XRD spectrum of irradiated prism sample that
corresponds to the �z direction implies that the laser-beam-
incident side of the sample is almost amorphous, indicating

fragmentation of a monocrystal into disoriented fractals. This is in
good agreement with the defect structure of Bi12GeO20 crystal [1],
which is sensitive to any extreme conditions.

All the peaks in the powdered unirradiated Bi12GeO20 XRD
pattern given in Fig. 6(c) correspond to the denoted Bi12GeO20

phases, which is in good agreement with the JCPDS Cards No. 34-
0096. More details about this spectrum are given in [20].

The comparison between X-ray diffraction patterns of the
powdered slices of irradiated prism, collected from the laser-
beam-incident side, �z, and from the side opposite to it, z, shows
significant general decrease in peak intensity as well as disappear-
ance of some peaks in the �z spectrum, with the exception of peaks
(222), (622), and (613) that are somewhat stronger, see Fig. 6(d).
This may be explained by an amorphization caused by laser
irradiation. The lattice parameter values calculated for unirradiat-
ed and irritated materials confirmed this assumption. Namely, the
lattice parameter of the laser-beam-incident side of powdered
irradiated sample, a0 = 10.1411, is smaller than the one of the
powdered unirradiated sample, a0 = 10.1456, whereas the lattice
parameter of the z–side of powdered irradiated sample,
a0 = 10.1454, is very close to that of the powdered unirradiated
sample.

The Raman spectra of Bi12GeO20 single crystals at room
temperature in the spectral range from 150 to 800 cm�1 are
shown in Fig. 7. The results obtained for unirradiated crystals are in
agreement with those given in [2,20]. Irradiation of the crystal
caused all the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6 cm�1, to disappear and intensity increase of all other
peaks. The change in the same Raman spectrum peaks of Bi12GeO20

was reported in [19]; however, the most, medium, and least
intense peaks discussed there correspond to the annealed, doped,
and untreated samples, respectively.

The dominant role in formation of peaks at 234, 454 and
619.6 cm�1 is played by oxygen. Generally, it has been shown that
all the peaks in the low-frequency region, i.e., below 650 cm�1, are
caused by excitations of the bismuth-oxygen sub-lattice, whereas
the main contributors to the high-frequency region, i.e., above 650
cm�1, are oscillations of [GeO4] tetrahedron [2]. In sillenites all E

Fig. 5. Sample colors in CIE chromaticity diagram. The change in the crystal color
was visible to the naked eye.
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modes consist of oxygen vibrations, which elongate the cluster by
stretching, rocking, and bending of Bi��O bonds [34–36]. Our
results indicate that, under the influence of femtosecond laser
irradiation, bonds of this kind are broken, some others are newly
formed, and some oxygen have evaporated from the surface,
causing the E type peaks at 234, 454, and 619.6 cm�1 to disappear.
Similarly, high pressure is reported in [37] and references therein
to cause breakage of some of the bonds and formations of new
ones. Note that these conclusions are confirmed by the XRD
measurements given in Fig. 6.

Optical properties of unirradiated and irradiated Bi12GeO20

crystal samples are compared in Table 1. The unirradiated sample
has 24.38% lower Verdet constant compared to the irradiated
sample. The absorption coefficient of unirradiated sample is
22.22% higher than the one of the irradiated crystal. The increased
Verdet constant and lower absorption of irradiated sample led to
its better magneto-optical quality, which is by 37.8% higher than
the magneto-optical quality of the sample that has not been
irradiated.

Previous work [38] suggests that Bi12GeO20 crystal exhibits
continuous decrease in Verdet constant with increasing wave-
length, which begins with 140 rad/(T m) at 480 nm and drops down
to 50 rad/(T m) at 700 nm. A typical value for the Verdet constant is
around 60 rad/(T m) at 632.8 nm. Another study [39] suggests an
increase in the Verdet constant for undoped and Cr doped BSO and
BTO:Cu crystals when exposed to white light for 20 min. The
Verdet constant dependence on the wavelength remains mono-
tonically decreasing with illumination causing a few percent
increase of the Verdet constant at lower visible wavelengths.

All measurements were performed several months after
irradiation, i.e., long after full post-irradiation relaxation of crystal
samples; therefore, all the detected changes are stable and
permanent.

4. Conclusions

The 800 nm, femtosecond pulsed laser irradiation of increasing
power caused significant permanent changes in optical properties
of Bi12GeO20 single crystals. The transmittance dependence on the
applied irradiation power undergoes initial growth, reaches
maximum, and then decreases. The maximal transmittance of
25.1% occurred at 455 mW. In the transmission spectra of
unirradiated sample anisotropy was detected. After irradiation,
the transmission increased, whereas the anisotropy disappeared.
To the best of our knowledge, photo-induced increase in BGO
transmission has not been reported before. The XRD measure-
ments performed on the prismatic crystal samples as well as on the

Fig. 6. X-ray diffraction spectra of Bi12GeO20. The XRD patterns correspond to the
(a) unirradiated prism, (b) irradiated prism, (c) powdered unirradiated prism slice,
and (d) powdered irradiated prism slices of Bi12GeO20. The �z and z spectra in (d)
correspond to the powdered slices taken from the laser-beam-incident side of the
irradiated sample and the side opposite to it, respectively. The relative shift between
spectra recorded in the z and �z direction in (a) and (b) indicates offset between the
prism and crystal axes. The laser-beam-incident side of the irradiated sample
became almost amorphous, as can be seen from the �z spectrum in (b) as well as
from a significant decrease in �z spectrum peaks in (d). From the spectra
corresponding to the z direction in (b) and (d) it can be concluded that this side of
irradiated crystal prism can be indexed to the Bi12GeO20 compound.

Fig. 7. Raman spectra. The E type peaks at 234, 454, and 619.6 cm�1 disappeared
after irradiation, whereas all other peaks, i.e., A and F type peaks, underwent a small
enhancement.

Table 1
Optical properties at 632.8 nm.

Property Unirradiated sample Irradiated sample

Verdet constant (rad T�1m�1) 47.34 62.64
Absorption coefficient (cm�1) 3.3 2.7
Magneto-optical quality (rad T�1) 0.143 0.23
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powdered slices taken from the crystal facets confirmed mechani-
cal imperfections as well as femtosecond laser induced structural
changes. The laser-beam-incident side of the sample became
almost amorphous, indicating fragmentation of a monocrystal into
disoriented fractals, whereas the side of the crystal sample that
was not incident with regard to the laser beam, can be indexed to
the Bi12GeO20 compound. The Raman spectra peaks became
somewhat stronger, except for the E type peaks at 234, 454, and
619.6 cm�1, which disappeared. Irradiation also caused significant
change of the crystal color. The irradiation improved magneto-
optical quality by 37.8%, and resulted in 24.4% increase of the
Verdet constant as well as 22.2% decrease of the absorption
coefficient. Optical properties of Bi12GeO20 single crystals can be
improved by irradiation with the femtosecond pulsed laser beam.
For the best results, the wavelength, duration, and power of
irradiating laser beam, need to be optimized.
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Femtosecond pulsed laser irradiation can improve optical properties of Bi12GeO20 single crystals. We investigate if the effect 
occurs if the crystals are grown from high purity components. The samples are irradiated by a femtosecond pulsed laser 
beam of increasing power. The maximal transmittance of 44% occurs at the irradiating laser power of 451 mW. After 
irradiation, intensity of Raman spectra peaks increase, except for the peak at 203  cm

–1
, whose intensity decreases. The 

irradiation also changes the sample colour. Although the Verdet constant does not change, the absorption coefficient 
decreases significantly, which leads to magneto-optical quality improvement of approximately 70%.  
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1. Introduction 
 

Bismuth germanium oxide (Bi12GeO20) from the 

sillenite group of cubic crystals is commonly abbreviated 

as BGO or s-BGO. Due to its fitting optical characteristics , 

such as photoconductivity, photochromism, 

photorefractivity, piezoelectricity, as well as to electro-

optic and magneto-optic effects it supports  [1, 2], it has 

been used in a wide range of optical applications and 

devices [2–6]. Its cubic cell unit is composed of two 

formula units, namely of 24 Bi, 40 O and 2 Ge. The Ge 

atoms positioned in the centre and the vertices of a cube 

are tetrahedrally coordinated by the oxygen atoms, 

whereas the Bi atoms are heptacoordinated [7–9]. There 

are numerous studies that considered properties of doped 

and un-doped BGO, see for example [10–18], as well as 

those investigating property changes induced by a wide 

variety of exposure types such as thermal treatments, 

particle beams or light treatments [3, 12–16, 19–25].  

BGO is a good example of a Faraday rotator crystal 

possibly applicable in sensor systems. In order to evaluate 

usability of a crystal for sensing purposes not only its 

Faraday rotation capability, but its ability to be integrated 

into a sensing optical system must be considered. In 

general, in fiber-optic sensing systems optical beams used 

to sense the measured quantity are guided through the 

fibers, giving rise to the absorption coefficient as the most 

important optical property. Crystals with high absorption 

coefficient are in general less useful for sensor systems 

because they absorb much of the light and cause low 

signal-to-noise ratio at the receiving photo diode. If the 

magnetic field is to be detected, the intensity of light 

caused by magnetic field modulation is proportional to the 

Verdet constant, whereas the intensity of light reaching the 

photodiode as well as the photocurrent is inversely 

proportional to the crystal absorption. The noise in a fiber 

optic sensing system is predominantly determined by the 

noise in the processing electronics and can be expressed as 

the noise present in the photocurrent. Therefore, the 

signal-to-noise ratio of the magnetic field sensor is 

proportional to the Verdet constant and inversely 

proportional to the absorption coefficient of a crystal. 

Consequently, due to its proportionality to the signal-to-

noise ratio, the magneto-optical quality of a crystal defined 

as a ratio of the Faraday rotation, which is proportional to 

the Verdet constant, and the absorption coefficient can be 

used as a measure of a crystal’s applicability in a magnetic 

field sensing system. 

When Bi12GeO20 crystals were exposed to pulsed laser 

beam irradiation, there are examples of laser beam 

operating in the nanosecond [3], picosecond [23–25], or 

femtosecond range [26]. In [26] it was determined that 

femtosecond pulsed laser irradiation of increasing power 

causes significant changes in the transmittance, 

transmission spectra, sample colour, Raman spectra, X-ray 

diffraction pattern, Verdet constant, magneto-optical 

property, and absorption coefficient of lower quality black 

Bi12GeO20 single crystals. Here we analyze if the same 

increasing power pattern of femtosecond pulsed laser 

irradiation has similar effect on the high quality yellow 

Bi12GeO20 single crystals, i.e., on the crystals that were 

grown from the components whose purity is higher than 

that of the black crystals , and whose magneto-optical 

quality is the maximal obtainable by the applied crystal 

growth technique. 
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2. Experimental procedure 
 

2.1. Preparation of crystal samples 

 

Single crystals of Bi12GeO20 were grown in the air by 

the Czochralski technique using the MSR 2 crystal puller, 

Eurotherm temperature controller and the calculated 

critical crystal diameter, critical rotation rate and pulling 

rate, as explained in detail in [17, 26]. The system 

provided small fluctuations  in crystal diameter size as well 

as in melting temperature. The Bi12GeO20 seed was 

oriented in the 111 direction and the charge was a 

mixture of Bi2O3 and GeO2 in the stoichiometric ratio 6:1. 

The light yellow crystal samples were obtained using the 

Bi2O3 and GeO2 purity of 99.999 wt.% and 99.9999 wt.%, 

respectively. Crystal samples of size 4 mm  4 mm  

10 mm were cut from the boule and mechanically as well 

as chemically polished. The technique used to prepare the 

samples insured maximal sample quality within the limits  

corresponding to their purity [17]. 

 

 

2.2. Crystal irradiation and characterization 

 

The equipment used to produce the femtosecond 

pulsed laser beam and establish its wavelength was the 

Coherent Mira 900F femtosecond laser, Coherent Verdi V-

10 pump laser that provided a 532 nm continuous wave 

pump beam, and Ocean Optics HR2000CG UV-NIR 

spectrometer. Crystal samples were irradiated along the 

crystal growth direction (z), i.e. along the samples’ longest 

axis. The irradiating laser beam radius provided partial 

irradiation of the exposed crystal facet. The beam 

wavelength was 800 nm, whereas its power was increased 

from 50 mW to 950 mW and was adjusted by a graded 

filter. The pulses were 90 fs long and had repetition rate of 

76 MHz. The samples were irradiated by each beam power 

for 3 s. The beam power was measured with the Ophir 

power meter with the thermal and photometric heads. In 

order to enable comparison of the irradiation effects on the 

single crystal samples of different purity, i.e., on yellow 

and black Bi12GeO20 samples, the irradiation conditions 

were intentionally chosen to be identical to those applied 

to the lower purity black crystals in [26]. 

The sample colour was calculated from the 

transmission spectra measured by the Beckman Coulter 

DU 720 General Purpose UV/VIS spectrometer. 

The micro-Raman spectra were recorded at room 

temperature in the spectral range between 100 and 

1100 cm
–1

 with 1 cm
–1

 resolution using the backscattering 

configuration and the 532 nm line of Verdi G optically 

pumped semiconductor laser as an excitation source, and 

the Jobin Yvon T64000 spectrometer, which has nitrogen 

cooled charge-coupled-device detector. 

The Faraday rotation and optical activity were 

measured by Δ/Σ method at the wavelength of λ = 632.8 

nm. After the BGO crystal the orthogonal polarizations of 

the light beam were separated by the CaCO3 crystal into 

two parallel beams 3 mm apart. The quadrant photodiode 

connected into transimpedance stages was used for 

optoelectronic conversion. This method is described in 

more details in [26]. 

 

 

3. Results and discussion 
 

The irradiation pattern applied here to the higher 

purity yellow crystals is identical to the one utilized in [26] 

to irradiate black crystals grown from the components of 

lesser purity. Consequently, the obtained results can be 

compared and the differences  can be attributed solely to 

different sample purity. With the increase of irradiating 

laser power, the transmittance of irradiated sample 

undergoes initial growth followed by a decrease, as can be 

seen in Fig. 1. Comparison with the dependence 

corresponding to the black crystal given in [26] reveals 

that the transmittance curves for the black as well as for 

the yellow crystal has the same shape and that the slopes 

of the two curves appear to be approximately equal. The 

curve corresponding to the yellow crystal is shifted to the 

larger values by approximately 18.8% compared to the 

curve corresponding to the black crystal. For the yellow 

crystal, the maximal transmittance of 44.0% occurs at the 

irradiating laser power of 451 mW, whereas the lower 

purity black crystal was reported in [26] to have the 

smaller maximal transmittance value of 25.1% 

corresponding to 455 mW. It seems that both curves 

exhibit local irregularities which occur at 197.4–

249.7 mW, 552–605 mW and 800–857 mW for the black 

crystal and at 593–641 mW for the yellow crystal. It is 

possible that the irregularity in the yellow sample curve 

for large values of incident power P0 is not visible because 

it is outside the considered range of irradiating laser 

power, or due to insufficient measurement accuracy 

achieved for yellow crystal data points above 700 mW. 

 

 

 
Fig. 1. Change of crystal transmittance with increase of 
irradiating laser power. For each value of the incident 

power P0, a sample is irradiated by the femtosecond 

laser beam for 3 s. The transmittance is given as P1/P0, 

where P1 is the transmitted power. The error bars were 

calculated from the uncertainties of measured values of  
      the incident and transmitted power, ΔP0 and ΔP1. 
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The sample colours before and after irradiation were 

calculated using the CIE chromaticity coordinates  and are 

given in Fig. 2. Comparison with the results corresponding 

to the black crystal given in [26] revealed that the change 

of black crystal colour was more pronounced than that of 

the yellow crystal presented here.  

The Raman spectra of unirradiated and irradiated 

samples are recorded at room temperature in the spectral 

range from 150 to 800 cm
–1

 and are shown in Fig. 3. The 

results obtained for unirradiated crystals are in agreement 

with those given in [8, 17]. After irradiation the intensity 

of the F(TO) peak at 203 cm
–1

 decreased, whereas all other 

peaks became more pronounced. Despite the difference in 

purity between the yellow samples studied here and the 

black crystals considered in [26] the Raman spectra of 

unirradiated crystals do not differ significantly. As 

reported in [26], irradiation of the black crystal caused all 

the peaks of symmetry type E, i.e., the peaks at 234, 454, 

and 619.6 cm
–1

, to disappear and intensity increase of all 

other peaks. The change in the same Raman spectrum 

peaks of Bi12GeO20 was reported in [16]; however, the 

most, medium, and least intense peaks correspond to the 

annealed, doped, and untreated samples, respectively. 

 

 

 
 

Fig. 2. Colours of irradiated and unirradiated samples 

 in CIE chromaticity diagram. 

 

 

 
 

Fig. 3. Raman spectra. Irradiation caused a small 
upward shift of the crystal spectrum except for the F(TO) 

type peak at 203 cm-1. 

 

 

The Verdet constant is calculated from 
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where 0AC  is the amplitude of the AC signal, 0B  is the 

amplitude of the magnetic induction, whereas  U1 and U2, 

are the output signal voltages obtained after 

transimpedance stages from the vertically and horizontally 

polarized components , respectively. The FFT was used to 

separate spectral components of U1 and U2. The Faraday 

rotation was determined from the magnitude of the 50 Hz 

component. 

The absorption coefficients were obtained by 

measuring the difference in beam intensities at the 

quadrant photodiode [26] with and without BGO crystal in 

the beam path. The reflection on the BGO crystal was 

calculated using the normal incidence and BGO refraction 

index of nBGO = 2.55.  

The absorption coefficient, , was calculated from the 

beam intensities with and without the crystal present in the 

beam path, I(x) and I(0), and the known crystal length l = 

9.8 mm as 
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The magneto-optical quality is calculated by dividing the 

Verdet constant by the absorption coefficient. The 

obtained results are given in Table 1. 
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Table 1. Magneto-optical properties of irradiated and 
unirradiated high purity crystal samples. 

 

Property 
Unirradiated 

sample 

Irradiated 

sample 

Verdet constant 

(rad T
–1

m
–1

) 
72 72 

Absorption 

coefficient (cm
–1

) 
0.58 0.34 

Magneto-optical 

quality (rad T
–1

) 
1.24 2.1 

 

 

The data given in Table 1 show the effects of 

femtosecond laser irradiation on the magneto-optical 

properties of the high purity BGO crystal. The irradiation 

caused 41.4% decrease in the absorption coefficient and 

did not influence the Faraday constant. Consequently, the 

increase in crystal transparency resulted in a significant 

70% increase in the magneto-optical quality. As explained 

earlier, increase in crystal transparency is an important 

gain from the point of view of a sensor system since the 

system-level signal-to-noise ratio is directly proportional 

to the magneto-optical quality of a crystal. Therefore, it is 

expected that the signal-to-noise ratio of a sensor system 

would be improved by the same amount as the 

improvement in the magneto-optical quality induced by 

the irradiation. Consequently, it can be concluded that the 

femtosecond pulsed laser irradiation affects the crystal in a 

positive manner.  

 

 

4. Conclusions 

 

Femtosecond pulsed laser irradiation of increasing 

power caused significant changes in optical properties of 

Bi12GeO20 single crystals grown from the components of 

high purity, as was the case in [26] when the component 

purity was not so high. The transmittance dependence on 

the applied irradiation power had the same shape 

regardless of the purity of the components the crystals 

were grown from. The curve corresponding to the higher 

purity crystal, i.e., the yellow crystal, is shifted to the 

larger values by approximately 18.8%. For the black and 

yellow crystal, the maximal transmittance of 25.1% and 

44.0% occurred at 455 mW and 451 mW, respectively. 

The Raman spectra peaks became somewhat stronger, 

except for the E type peaks at 234, 454, and 619.6 cm
–1

 in 

the lower purity black crystal, which disappeared and the 

yellow crystal peak at 203 cm
–1

 whose intensity decreased. 

Irradiation also caused slight colour change of the yellow 

crystal and significant change of the black crystal colour. 

The Verdet constant did not change; however, the 

absorption coefficient significantly decreased leading to 

equally significant increase of the magneto-optical quality 

of the sample. Consequently, it can be concluded that 

optical properties of high quality Bi12GeO20 single crystals 

can be improved by irradiation with the femtosecond 

pulsed laser beam. 
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Abstract We present here the experimental, theoretical, and numerical investigations of

Kerr solitons generated by self-organization in black and yellow high quality bismuth

germanium oxide (Bi12GeO20) single crystals. A picosecond laser beam of increasing

power induces competing cubic and quintic nonlinearities. The numerical evolution of two-

dimensional complex cubic-quintic nonlinear Schrödinger equation with measured values

of nonlinearities shows the compensation of diffraction by competing cubic and quintic

nonlinearities of opposite sign, i.e., the self-generation and stable propagation of solitons.

Experiments as well as numerical simulations show higher nonlinearity in the black

Bi12GeO20 than in the more transparent yellow one.
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1 Introduction

Dissipative structures far from the thermodynamic equilibrium, need external energy and/

or matter supply in order to be self-organized (Nicolis and Prigogine 1977). The self-

trapping of robust localized structures, i.e., solitons is based on the balance of antagonistic

effects, with e.g. nonlinearity-induced self-contraction arresting diffraction and/or dis-

persion (Kivshar and Agrawal 2003; Crasovan et al. 2000; Mihalache et al. 2006). The

complex nonlinear Schrödinger equation (NLS) adequately models the solitons generation

and propagation in plenty of systems including nonlinear optics, nanophotonics, and

nanoplasmonics (Aranson and Kramer 2002). The focusing cubic nonlinearity (e.g. Kerr

nonlinearity) conpensates either difraction or dispersion generating stable spatial or tem-

poral solitons in conservative (1 ? 1)-dimensional systems (one standing for the transverse

coordinate x or t, while the remaining one for the propagation coordinate z). However, the

same focusing cubic nonlinearity dominates the diffraction and/or dispersion leading to the

catastrophic collapse in (2 ? 1)- and (3 ? 1)-dimensional systems (two and three standing

for the transverse coordinates). The collapse can be prevented in media having, for

instance, negative quintic nonlinearity in addition to the positive cubic one, as it was

established using synergy of variational method and numerical simulations (Skarka and

Aleksić 2006; Skarka et al. 2010, 2014, 2017). Such Kerr solitons are hard to obtain

experimentally especially in solid state systems.

The experimental generation of two-dimensionnal (2D) spatial optical solitons in a

cubic-quintic medium has been recently directly demonstrated only in liquid carbon

disulfide (CS2) (Falcao-Filho et al. 2013). The excitation beam at 920 nm was obtained

from an optical prametric amplifier pumped by a Ti:sapphire laser (100 fs, 1 kHz).

We present here the theoretical, experimental, and numerical investigations of Kerr

solitons generated by self-organization in black and yellow high quality bismuth germa-

nium oxide (Bi12GeO20) single crystals. A laser beam of increasing power induces com-

peting cubic and quintic nonlinearities. The numerical evolution of (2 ? 1)D complex

cubic-quintic nonlinear Schrödinger equation (CQNLS) with measured values of nonlin-

earities shows the compensation of diffraction by competing cubic and quintic nonlin-

earities of opposite sign, i.e., the self-generation and propagation of stable solitons.

2 Theoretical model

Self-organization, propagation, and stability of solitons can be adequately modelled by the

(2 ? 1)D CQNLS that governs the evolution of normalized slowly-varying complex

envelope E of electic waves in nanophotonic or nanoplasmonic media (Skarka et al.

1997, 1999):

i
oE

oz
þ c

o2E

ox2
þ o2E

oy2

� �
þ jE þ r Ej j2E � m Ej j4E ¼ 0 ð1Þ

where c, r, and m are respectively the parameters characterizing the diffraction, cubic Kerr

nonlinearity, and quintic nonlinearity. Barring rare exceptions, the (2 ? 1)D CQNLS, due

to it complexity, do not admit exact solutions. Nevertheless, an analytical approximation

for solitons has been developed using the variational method adapted to dissipative systems

(Skarka et al. 1997, 1999; Skarka and Aleksić 2006). The variational method makes use of
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the following Gaussian trial function representing the electric field of an axisymmetric

Gaussian laser beam:

E ¼ A exp½�r2=R2 þ iCr2 þ iW� ð2Þ

where amplitude A, radius R, wave-front curvature C, and phase W have to be optimized.

Skipping straightforward details, the following system of evolution equations is pro-

duced by the variational method:

dA=dz ¼ �c4CA; ð3Þ

dR=dz ¼ c4CR; ð4Þ

dC=dz ¼ �4cC2 þ c=R4 � rA2 � ð8=9ÞmA4
� �

=ð4R2Þ; ð5Þ

dW=dz ¼ �2c=R2 þ 3rA2=4 � 5mA4=9 þ j; ð6Þ

with Eq. (6) decoupled from (3) to (5). Fixed points of these equations correspond to

steady-state solutions with a zero wave-front curvature. Setting dA=dz ¼ dR=dz ¼ 0 leads

to the expression for radius

R ¼ 2
ffiffiffi
c

p
rA2 � 8mA4=9
� ��1=2 ð7Þ

and the limitation of amplitude

0\A\

ffiffiffiffiffiffi
9r
8m

r
: ð8Þ

3 Experimental results

We present here not only theoretical but also experimental investigations of Kerr solitons

generated by self-organization in black and yellow high quality bismuth germanium oxide

(Bi12GeO20) single crystals. Although yellow and black crystals have the same chemical

formula, their properties may be quite different (Lazarević et al. 2012; Kovačević et al.

2016; Abudagel et al. 2017). At 1064 nm a Neodymium Yag (17 ps, 10 Hz). laser of

increasing power induces competing cubic and quintic nonlinearities into samples. Taking

into account that intensity I� Ej j2 the corresponding output beam intensity can be deduced

from Eq. (1)

Iout ¼ jI þ rI2 � mI3 ð9Þ

(Skarka et al. 2017).

Increasing incoming beam intensity Iin the outgoing beam intensity Iout for yellow and

black crystals are charted respectively in Figs. 1 and 2. Fitting these experimental curves

by cubic polynomial we obtain the values of parameters in Eqs. (1) and (9). The fit for

yellow semi transparent crystal yields

Iout ¼ 1:003 þ 0:6492I þ 0:4636I2 � 0:0242I3: ð10Þ

Due to the opacity of the black crystal the values of nonlinear parameters are increased

Iout ¼ 1:6201 þ 1:4731I þ 0:7186I2 � 0:0709I3: ð11Þ
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Notice that the positive sign of quadratic intensity in both equations means the self-

focusing of the laser beam induced due to the Kerr effect. In contrast, the negative sign of

cubic intensity corresponds to the self-defocusing effect of negative quintic nonlinearity in

CQNLS in agreement with our theoretical modeling.

Fig. 1 Increasing of output beam intensity out of yellow crystal as a function of the increase of input laser
intensity

Fig. 2 Increasing of output beam intensity out of black crystal as a function of the increase of input laser
intensity
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Therefore, experimental results demonstrate that the propagation of laser beam across

both yellow and black samples induces positive cubic and negative quintic nonlinearity. In

turn, the light beam is modified due to this crossing as can be seen on the output intensity in

Figs. 1 and 2. Such a behavior is the example of the control and structuring of light by light

due to its crossing of nonlinear medium. The corresponding light-mater interaction leads to

the self-organized structuring of laser beam. Following the pioneering work of Prigogine

and his team, the self-organization far from thermodynamic equilibrium causes the

appearance of dissipative structures (Nicolis and Prigogine 1977). In the case of the

structuring of light by light, such a dissipative structure is a soliton. Solitons are completely

localized in space and in time. They propagate long distance without altering.

In an experiment long distance propagation cannot be achieved in some solid sample, in

particular if it is a crystal. Long crystals are simply not available. However we can resort to

a numerical propagation that, under same conditions, may mimic real experiment.

The nonlinear effects are enhanced in black crystal due to its opacity with respect to

yellow one, as can be concluded comparing curves in Figs. 1 and 2, as well as the results of

their fits [see Eqs. (10) and (11)].

4 Confirmation of experimental results by numerical simulations
of the Schrödinger model

In order to identify a pattern as a soliton, this structure has to be self-maintained during a

long distance propagation. Obviously, such a drastically restrictive condition cannot be

satisfied in an experiment. Both crystals we used for experiment are only 1 cm long.

However, even such short samples allow the determination of linear and nonlinear

parameters that enter in CQNLS [see Eqs. (1) and (9)–(11)]. Therefore, it is enough to

perform numerical simulation of Eq. (1) with experimentally obtained parameters in order

to investigate long distance propagation. If during such a evolution the beam profile

presents the same form without the alteration, it can be concluded that it is a soliton. In

Figs. 3, 4, 5 and 6 are charted results of the numerical propagation in black sample with the

parameters from Eq. (11). Following the condition in Eq. (8) imposed by the variational

method, the input amplitude is chosen to be three (A = 3) in dimensionless units. The

input laser beam is initially always Gaussian and it is given by the trial function Eq. (2). In

Fig. 3 The Gaussian output
beam for z = 0

Solitons generated by self-organization in bismuth… Page 5 of 8 37

123



the beginning of propagation, e.i. for propagation step z = 0 this Gausian beam profile is

given in Fig. 3.

The initial Gaussian laser beam is modified evolving through the nonlinear medium that

itself alteres. This is precisely the effect of self-organization (Skarka and Aleksić 2006;

Skarka et al. 2010). Already after z = 40 propagation steps, such a laser beam becomes

soliton.

Fig. 4 The output beam
becomes a soliton after z = 40

Fig. 5 The beam is still soliton
after z = 10,000 steps

Fig. 6 Even after z = 20,000
steps the soliton remains stable
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The laser beam is still soliton after 10,000 propagation steps, as in Fig. 5.

No changes even after 20,000 propagation steps (see Fig. 6).

Such an extraordinary stability of laser beam during numerical propagation without any

alteration is the confirmation of its solitonic nature. Taking into account that the numerical

propagation is performed with parameters obtained from an experiment, this confirms that

in black Bi12GeO20 crystal a stable soliton is self-trapped. The numerical propagation of

the laser beam in yellow sample gives sensibly the same results, so that on the figures no

difference can be notified.

5 Conclusions

In order to study theoretically the propagation of the laser beam through yellow and black

Bi12GeO20 single crystals the Schrödinger model is used. The variational method gives the

conditions for stable propagation of spatial solitons. Indeed, a balance between the

diffraction and the competing cubic and quintic nonlinearity insures the self-organization

of a soliton. Experimental investigations using propagation of Neodymium Yag laser beam

through crystals allow charting of input output-power curves. Fitting these experimental

curves, parameters in Schrödinger equation are determined showing cubic-quintic non-

linearity. Very long numerical propagations of beams through crystals are performed

demonstrating self-trapping of robust spatial solitons. Consequently, in turn in the

experiments, the self-generation of solitons is confirmed. Self-organization of solitons in

solid samples open many possibilities for applications.
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