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The a-BaGeOs crystal is a potential stimulated Raman scattering (SRS) medium for use in generating
lasers at wavelengths in the range of 2.1-2.4 pm. However, the growth of a large-sized and high-quality
a-BaGeOs crystal is still challenging. Here, we turn the attention to its analogue, a-SrGeOs. The
a-SrGeOs crystal was grown by the high-temperature solution method under conditions similar to those
for growth of a-BaGeOs. The grown a-SrGeOs single crystals have larger sizes (approximately 8 x 12 x
10 mm?3) and higher quality than «-BaGeOs. A strong Raman peak at 813 cm™* and a wide transparent
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window from 0.22 to 5.78 um indicate that the a-SrGeOs crystal is a promising SRS crystal working in
the 2.1-2.4 um wavelength range. From density functional theory (DFT) computations, the strongest
Raman peak, the ultraviolet cut-off edge and the infrared cut-off edge of a-SrGeOs are all related to the
[GesOol®~ ring, the basic building unit in both «-SrGeOs and a-BaGeOs, which suggests that the
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Introduction

Lasers at wavelengths in the range of 2.1-2.4 um have excellent
atmospheric penetrability and eye safety, and also overlap with
the characteristic absorption bands of many air pollutants," ™
making them suitable for various applications, including
laser ranging, remote sensing, environmental monitoring and
free-space communication.’” A simple and effective method to
generate the 2.1-2.4 pum lasers is by use of the stimulated
Raman scattering (SRS) effect in crystal.*'" Our previous work
has revealed that the low-temperature phase BaGeO; (o-BaGeOs)
crystal is a promising SRS crystal for use in the range of 2.1-2.4 um
due to its strong Raman response and wide infrared transparent
window."” In order to circumvent the phase transition,” the
a-BaGeO; crystal has to be grown by the high-temperature
solution method.”? Although considerable effort has been
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[GesOol®~ ring is a valuable structural group for developing new mid-IR SRS crystals.

devoted, the growth of large-sized, high-quality a-BaGeOj; crys-
tals remains difficult. A problem frequently encountered is that
small a-BaGeOj; crystal plates are apt to form and float on the
solution surface, which influences the crystal growth and
ultimately deteriorates the crystal quality.

Crystal growth in a high-temperature solution begins with
the desolvation of crystal growth units (also the building units
of the crystal in most cases'*'®) achieved by slowly cooling the
solution or evaporating the solvent. Then, the growth units are
transported to the crystal-solution interface by diffusion, natural
and forced convection (usually, the forced convection is the main
contribution), and eventually integrated into the crystal by an
interface kinetic process.'® Only when the integrated rate of the
growth unit into the crystal exceeds the transport rate and the
transport rate exceeds the desolvation rate is the crystal growth
stable. In our experiments for growth of the o-BaGeO; crystal, the
desolvation rates are rather low (the cooling rates are less than
1.0 °C per day) and the forced convection is sufficient to transport
the growth units (the maximal crystal rotational rates are 20
rotations per minute), therefore, we deem that the interface kinetic
process is the key step to influence the o-BaGeO; crystal growth.

The interface kinetic process of the a-BaGeO; crystal growth
is depicted in Fig. 1. The o-BaGeO; crystal is a pseudo-
wollastonite-type structure alternately stacked by the layer of
the Ba®" cation and the layer of the [Ge;0o]°™ ring."> During the
crystal growth, the [Ge;0,]°” ring in the solution (the growth
unit) is absorbed onto the crystal-solution interface by the Ba**

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Illustration of the kinetic process occurring near the cx—BaGeO3 (or
a-SrGeOs) crystal-solution interface (M = Ba or Sr).

cation at the interface, and vice versa. The absorbed strength
determines the rate of the growth unit integrated into the
crystal.'” Owing to the large size, the Ba** cation weakly bonds
to the [Ge;0,]°” ring, which brings about a low crystal growth
rate. As a result, numerous growth units that fail to precipitate
on the interface organize them into new crystal nuclei and
finally destroy the single crystal growth.

The low-temperature phase SrGeOj; (a-SrGeOj) crystal has a
structure very similar to that of the a-BaGeO; crystal. It is also
the pseudo-wollastonite-type structure and crystallizes in the
monoclinic C2/c space group with the unit cell parameters
(a =12.533(3) A, b = 7.262(1) A, ¢ = 11.259(3) A, § = 111.30(2)°
and Z = 12) close to those of the a-BaGeOj, crystal (a = 13.178(10) A,
b =7.626(6) A, ¢ = 11.670(9) A, = 111.638(8)° and Z = 12). The
0-SrGeOQ; crystal is built up of Sr** cations and [Ge;0o°~ rings.*®
compared with Ba®", Sr** has a smaller size and thus a stronger
interaction with the [Ge;0,]°” ring. On the base of the foregoing
analysis regarding the interface kinetics of the o-BaGeOj; crystal
growth, we believe that, under similar conditions, the integrated
rate of the growth units into the o-SrGeO; crystal is larger than that
into the a-BaGeOj; crystal, and thus the spontaneous nucleation
likely to occur in the a-SrGeOj; crystal growth can be suppressed.
Due to the structural similarity, the a-SrGeO; crystal is expected to
exhibit similar spectral performances to those of the a-BaGeO;
crystal, that is, the o-SrGeO; crystal also has good spectral char-
acteristics as an SRS crystal for use in the range of 2.1-2.4 pm.
Furthermore, like o-BaGeO, which is stable below 1100 °C," the
0-SrGeO; crystal remains stable below 1020 °C.>°

In this study, we use the high-temperature solution method
to grow the a-SrGeO; crystal under conditions similar to those
for growth of the a-BaGeO; crystal to verify that the a-SrGeO;
crystal has a growth performance superior to the o-BaGeOj;
crystal. Raman and transmission spectra of the a-SrGeOj; crystal
are studied by experimental and theoretical approaches to
evaluate its potential as an SRS crystal.

Experimental and
computational methods
Single crystal growth

Owing to the phase transition, the o-SrGeO; crystal has to be grown
by the high-temperature solution method.'® For comparison, the
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conditions for growth of the a-BaGeOj; crystal were applied to grow
the a-SrGeO; crystal. The crystal growth raw materials, polycrystal-
line o-SrGeO; and NaBO, (the flux), were synthesized through solid-
state reactions (see the ESIt for more details). The raw materials
were mixed with a molar ratio of n(x-SrGeOs): n(NaBO,) = 1:1.25,
loaded into a platinum crucible, and then placed in a crystal growth
furnace. After the raw materials were completely melted, an
a-SrGeO; seed crystal was immersed in the solution to determine
the saturation temperature. Once the temperature was determined,
another seed crystal with the direction perpendicular to the (001)
plane was employed to grow the a-SrGeO; crystal, with a cooling
rate of 0.5-1.0 °C per day and a crystal rotational rate of 5-20
rotations per minute. One month later, the growth was ended. The
grown o-SrGeO; crystal was cut. One part was crushed into powder
for X-ray diffraction (XRD) measurement; another part was polished
into a crystal plate for collecting Raman and transmission spectra.

Powder X-ray diffraction

The XRD pattern of the powder was recorded at room tempera-
ture on a Rigaku TTRAX-III X-ray powder diffractometer
equipped with the Cu Ko radiation (1 = 1.54056 A). Diffraction
data were collected in the 20 range from 10 to 70° with a step
width of 0.02°.

Raman spectroscopy

Raman spectra of the o-SrGeO; and «-BaGeO; crystals were
recorded on a Renishaw inVia-Reflex Raman spectrometer with
a backscattering configuration. A Q-switched SHG Nd:YAG
laser, with a wavelength at 532 nm and a power of 10 mW,
was utilized as the excitation resource. The spectral data were
collected in the frequency range from 100 to 4000 cm™* with a
resolution less than 1.5 cm™'. Before each experiment, the
frequency was calibrated by a single-crystal silicon wafer.

Transmission spectroscopy

A 3-mm-thick a-SrGeOj; crystal plate was employed to collect
transmission spectra. The UV-Vis-NIR transmission spectrum
was recorded on a PerkinElmer Lambda-900 UV-Vis-NIR spec-
trophotometer in the wavelength range from 0.19 to 2.5 um,
and the IR spectrum was recorded by using a Gangdong FTIR-
650G spectrophotometer in the wavelength range from 2.5 to
25 pm.

Computational methods

The Raman spectrum and electronic structure of the a-SrGeO;
crystal were studied by the density functional theory (DFT)
method,?! which were implemented in the Cambridge serial
total energy package (CASTEP).>* The crystal structure of
a-SrGeO; reported by Nishi was adopted as the structural
model."® The local density approximation (LDA) in the Perdew
and Zunger parameterization of the numerical results of Ceper-
ley and Alder (CA-PZ) was selected to treat the exchange-
correlation energy.>> The norm-conserving pseudo-potential
was used to describe the interaction between ionic cores and
valence electrons.>® The valence electron configurations of
strontium, germanium and oxygen were 4s>4p°®5s®, 4s%4p> and
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2s”2p*, respectively. The convergence criteria of the total energy
change, displacement, force and stress for the structural
optimization were 10™° eV per atom, 0.001 A, 0.03 eV A™* and
0.05 GPa, respectively. According to convergence tests, a k-point
grid of 1 x 2 x 1 and an energy cutoff of 1000 eV were sufficient
to ensure the total energy convergence to within 1 meV per
atom (Table S1 and Fig. S3, ESIt). The computational Raman
peak intensities were corrected using the Bose-Einstein factors
calculated with the wavelength of the excitation resource
(532 nm) and the room temperature of 300 K.>> All of the
Raman lines were broadened by the Lorentzian line-shape
function with a fixed full width at half maximum (FWHM) of
10 cm ™ ".>® The Heyd-Scuseria-Ernzerhof 06 (HSE06) screened
hybrid functional was employed to compute the electronic
structure of the o-SrGeO; crystal.>’*® The optimized struc-
tural model and parameters for computation of the crystal
Raman spectrum were adopted in the electronic structure
computation.

Results and discussion
Single crystal growth

A typical a-SrGeO; crystal is present in Fig. 2a. The crystal is
made up of two single crystals (twin crystals), with regular
shapes and characterized by the hexagonal (001) end faces. The
two single crystal sizes are about 8 x 12 x 10 mm?®. Fig. 2¢
shows the powder XRD of the crystal. All the diffraction peaks
are consistent with those in the standard pattern of a-SrGeO;
(JCPDS no. 87-469), indicating that the crystal is a-SrGeO;. For
comparison, an o-BaGeO; crystal grown under similar condi-
tions [the same flux (NaBO,), flux concentration, seed crystal
direction, cooling rate and crystal rotational rate] is shown in
Fig. 2b. The crystal is made up of five single crystals, and thus

Experimental

Intensity (a.u.)

JCPDS No.87-469

| - -l A A AN A A A -
10 20 30 40 50 60 70
2 Theta (degree)
Fig. 2 (a) a-SrGeOs single crystals grown by the high-temperature
solution method, (b) a-BaGeOs single crystals grown under similar con-

ditions and (c) the powder XRD pattern of the a-SrGeOs crystal, with the
standard XRD pattern.
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exhibits a more complex external shape. Each of the single
crystals is also characterized by the hexagonal (001) end faces;
yet their sizes are smaller than that of the o-SrGeO; single
crystals. Suffering from the multiple twinning effect and the
resulting crystal boundaries and inclusions, the o-BaGeO;
crystal quality is inferior to the o-SrGeO; crystal. As we
expected, the growth performance of the a-SrGeO; crystals is
superior to that of the a-BaGeO; crystal.

Raman spectral characteristics

The experimental Raman spectrum of the a-SrGeO; crystal is
shown in Fig. 3. At least 13 Raman peaks are observable, but
only one significantly strong and narrow peak, located at
813 cm™’, is present in the spectrum. This spectral character-
istic is beneficial for generating SRS lasers. For comparison, the
Raman spectrum of the a-BaGeO; crystal was recorded under
the same conditions. The two spectra are very similar (Fig. 3).
The intensity and FWHM of the strongest 813 cm™"' peak of
0-SrGeOQ; are comparable to those of the strongest 808 cm™*
peak of a-BaGeOj;. Therefore, the o-SrGeO; crystal also has a
strong Raman response, as with the o-BaGeO; crystal.”

The DFT computation reveals that the a-SrGeO; crystal has
90 vibrational modes (20A; + 23A, + 22B, + 25By), including
three acoustic modes (A, + 2B,), 42 Raman active modes (20A; +
22B,), and 45 IR active modes (22A, + 23B,) (Table S2 in the
ESIt). The computational Raman spectrum is shown in Fig. 4a,
which is in good agreement with the experimental one both in
frequency and in intensity. On the base of the computational
result, two important crystal characteristic peaks, located at
476 and 813 cm ' (experimental values), are assigned. The
476 cm™ ! peak originates from the breathing vibration of the
three bridge oxygen atoms in the [Ge;O,]°” ring; the 813 cm™*
peak arises from the symmetrical stretching vibration of the six
extra-ring Ge-O bonds (Fig. 4b). Benefiting from the synergistic
vibrational effect, the 813 cm™' peak has a strong Raman
response. The other characteristic Raman peaks of the
a-SrGeOj; crystal are also attributed to the vibrations of the

% a-BaGeOs Rk
[y
(0]
£ Aok A
g
© -1
© a-SrGe0s 4.8 el
i} I
J W\J UM// k ST
200 400 600 800 1000

Raman shift (cm™)

Fig. 3 Experimental Raman spectra of the a-SrGeOz and the a-BaGeOs3
crystal. The FWHMs of the a-SrGeOsz 813 cm ™ peak and the a-BaGeOs
808 cm ™! peak are 4.8 cm~t and 5.0 cm™%, respectively.
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Fig. 4 (a) Experimental and computational Raman spectra of the
a-SrGeOs crystal and (b) two characteristic vibrational modes of the
crystal.

[Ge;00]° ring (Fig. S4 in the ESIT). These results are consistent
with the computational results of o-BaGeOj3,'> and manifest
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Fig. 5 (a) A UV-Vis-IR transmission spectrum of the a-SrGeOs crystal [the inset is the a-SrGeOs crystal plate (16 x 9 x 3 mm?3) for the spectrum

measurement], (b) a plot of (zhv)*/?
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that the Raman spectral similarity between o-SrGeO; and
a-BaGeO; is due to their structural similarity.

UV-Vis-NIR transmission spectral characteristics

The UV-Vis-NIR transmission spectrum of the a-SrGeO; crystal
is shown in Fig. 5a. The UV cut-off edge is located at 0.22 pm;
the transmittance is greater than 70% from 1.2 to 2.5 um.
Therefore, the crystal is suitable for application in the range of
2.1-2.4 um. Moreover, we employed the Tauc plot method to
evaluate the crystal bandgap.?*° The absorption plot of (/)
versus photon energy (hv), derived from the UV-Vis-NIR trans-
mission spectrum, is displayed in Fig. 5b, which results in an
experimental bandgap at 5.20 eV.

The UV absorption is related to the electronic transition
from the valence band (VB) top to the conduction band (CB)
bottom.*! The computational band structure of the 0-SrGeO;
crystal is presented in Fig. 5c. The VB top and CB bottom have
different k-points, revealing its indirect bandgap nature. The
computational bandgap (5.126 eV) is very close to the experi-
mental value (5.20 eV). Fig. 5d shows the total and partial
densities of states (TDOS and PDOSs) of the a-SrGeO; crystal.
The VB top and CB bottom are mainly composed of the O-2p
state and Ge-4s state, respectively, indicating that the UV
absorption of the a-SrGeO; crystal is ascribed to the electronic
transition from the O-2p to the Ge-4s state.

(b)

Experimental Eg

T T T T L

1 2 3 4 5 6
Energy (eV)

f\_TOtalﬂ\A}\ AA/MA\ A\

1 ——Sr-4s
—— Sr-4p
] A ——Sr-5s
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Energy (eV)
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versus hv for the crystal, (c) the band structure of the crystal and (d) TDOS and PDOSs of the crystal.
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Fig. 6 (a) A mid-IR transmission spectrum of the a-SrGeOs crystal and (b)
the highest-frequency A, and By modes.

IR transmission spectral characteristics

As shown in Fig. 6a, the a-SrGeO; crystal is highly transparent
from 2.5 to 5 pm, which allows the crystal to extend its
application to the mid-IR range. It is worth noting that a few
weak absorption peaks are present from 2.7 to 4.5 um. These
peaks can be assigned to the vibrations of hydroxyl,>* which
implies that the crystal is weakly hygroscopic. As a result, the
surface was hydrolysed when the crystal was placed in air for a
long time or cut/polished in a watery environment. However,
the hydrolysis can be avoided if the crystal is stored in a dryer
and processed under a water-free condition.

The IR cut-off edge of the a-SrGeO; crystal is at 5.78 pm
(Fig. 6a), close to that of a-BaGeOs (5.9 um)."> In general, the IR
cut-off edge corresponds to the highest-frequency second-order
IR-active modes.*® The a-SrGeOQ; crystal has the C, point group
symmetry. Its second-order IR-active mode is the coupled mode
that combines an A, mode with a B, mode (A, ® By).*
According to the DFT computation, the highest frequencies
of the A, and the B, modes of a-SrGeO; are 853 cm ' and
884 cm~ ' (Table S2 in the ESIf), respectively. Therefore, the
highest frequency of the A, ® B, mode is 1737 cm™ ', which
corresponds to an IR absorption wavelength of 5.76 pm. The
computational wavelength is very close to the experimental IR
cut-off edge, which manifests that the IR cut-off edge arises from
the combination of the 853 cm™" and 884 cm™" modes (Fig. 6b).

Conclusions

The o-SrGeO; crystal growth is dominated by an interface
kinetic process. The stronger bonding between the Sr** cation
and the [Ge;0,]°” ring can improve the single-crystal size and
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the crystal quality. Under the conditions that were adopted to
grow the a-BaGeO; crystal, a-SrGeO; single crystals with sizes of
about 8 x 12 x 10 mm?® were obtained. The multiple-twinning
effect was suppressed. The a-SrGeOj crystal has a strong Raman
response, comparable to that of the a-BaGeOj; crystal, and a
wide transparent window ranging from 0.22 to 5.78 pm. These
experimental results confirm that the o-SrGeO; crystal is a
promising SRS medium for use in the mid-IR range, including
the 2.1-2.4 pm range. According to the DFT computations, the
primary spectral characteristics of the o-SrGeO; crystal are
determined by the [Ge;0,]°” ring. The strongest Raman peak
originates from the symmetric stretching vibration of the six
extra-ring Ge-O bonds; the UV cut-off edge is ascribed to the
electronic transition from the O-2p to the Ge-4s state, within
the ring; the IR cut-off edge corresponds to the highest-
frequency A, ® B, mode, arising from the vibrations of the
ring. The computational results reveal that the [Ge;0,]°” ring is
a good structural group for exploring new IR SRS crystals.
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