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There is currently an emerging drive towards computational materials design and fabrication of predicted
novel materials. One of the keys to developing appropriate fabrication methods is determination of the
composition and phase. Here we explore the FeGe system and establish reference Raman signatures for
the distinction between FeGe hexagonal and cubic structures, as well as FeGe, and Fe,Ges phases. The
experimental results are substantiated by first principles lattice dynamics calculations as well as by
complementary structural characterization such as transmission electron microscopy and X-ray diffraction,
along with magnetic measurements.
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1 Introduction

Fe-Ge compounds have been attracting interest due to their
enticing magnetic and thermoelectric properties. Thanks to
the particular crystal symmetry of the cubic B20 phase, FeGe
can host topologically protected spin structures such as
skyrmions. As a consequence, B20 FeGe structures exhibit
great potential as building blocks for logic or data storage
devices."” On the one hand, the hexagonal (B35) FeGe phase
is a uniaxial antiferromagnet along the ¢ axis.® On the other
hand, the monoclinic FeGe phase possesses a complex
magnetic structure with an overall antiferromagnetic
behaviour.” Most of the iron-rich compounds with a
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hexagonal (B8,) B or n-Fe,Ge (1.32 < x < 1.67) structure
exhibit a ferromagnetic nature.'®"> Apart from its interesting
magnetic properties,"*'* Fe,Ge; has been studied for its high
thermoelectric ~ performance.” In  addition,  FeGe
nanoparticles confined in an iron oxide matrix have shown
storage potential in Li-ion batteries."®

The fabrication methods for FeGe thin films reported in
the literature are molecular beam epitaxy (MBE), sputter
beam epitaxy and magnetron sputtering on Si, Ge and MgO
substrates. The growth on Si(111) led to the formation of
epitaxial B20 thin films exhibiting a 0.05% lattice mismatch
when grown by MBE'” and a compressive strain of 0.32%
along the (111) direction (out-of-plane) and a tensile strain of
0.8% in the plane when co-sputtered under ultrahigh vacuum
(UHV)."® The sputtering on Si(111) was shown to lead to
phase-pure epitaxial B20 films>'® with less than 0.5%
impurity phases. The magnetron sputtering of FeGe on
MgO(001) substrates led to B20 thin films with a compressive
strain of 1.1%.2° Phase-pure epitaxial B20 FeGe films grown
on a Ge(111) substrate through sputter beam epitaxy
exhibited ~4% tensile strain.”’ Single crystal growth on
Ge(001) with various Fe compositions using an electron beam
evaporator in a UHV chamber revealed the coexistence of
monoclinic and hexagonal phases of Fe,Ge for 1 < x < 1.2
due to the small lattice mismatch with the substrate
regardless of the growth temperature or time."?

While X-ray diffraction (XRD) patterns have been
established for the majority of Fe-Ge phases, their vibrational
characterization has been limited. Raman spectroscopy,
besides being a widely used tool for structural
characterization, may also serve as a powerful technique for

This journal is © The Royal Society of Chemistry 2021
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phase identification at the micro-scale, with shorter
acquisition times when compared to other techniques.*® This
is a major advantage over XRD characterization, especially in
cases where probed phases have similar structures, leading
to the overlap of XRD peaks and rendering phase
identification difficult.*’

The phonon structure of Fe-Ge compounds has not been
widely explored. Vibrational modes have been theoretically
studied for an FeGe (B20) monolayer by Bhuyan et al.,*
where lattice dynamics calculations have identified phonon
modes at 102, 127, 147, 240 and 280 cm '. Theoretical and
experimental studies on other cubic B20 structures such as
MnSi (also a chiral magnet®®), FeSi, CoSi, and RuSi have
reported similar phonon modes with the most prominent
Raman peaks at 190 and 310 cm™.****> However, detailed
studies on the vibrational properties of many FeGe phases
are still missing.

In this work we perform detailed structural and
vibrational characterization of cubic, hexagonal and
tetragonal FeGe, phases (x = 1, 1.5, 2). Lattice dynamics
calculations based on density functional theory (DFT) in
correlation with Raman measurements have been performed
in order to provide reference Raman mode positions of these
phases and enable their easier identification. Fe-Ge thin
films with [Fe]/([Fe] + [Ge]) compositions in the range from
0.35 to 0.50 have been prepared. Structural characterization
and initial phase identification have been done using XRD in
various geometries, such as grazing incidence X-ray
diffraction (GIXRD), wide angle grazing incidence X-ray
scattering (GIWAXS) and Bragg-Brentano geometry (6-20)
measurements. This has enabled differentiation of phases
present in the surface and bulk of the films. These results
were supported by morphological and compositional
assessment performed by transmission electron microscopy
(TEM) and energy dispersive X-ray (EDX) analysis. Finally, the
magnetization of thin films has been measured and
discussed in terms of the phases present.

2 Phase diagram of Fe-Ge

Fe-Ge exhibits a rich phase diagram. The region for x (Ge
composition) = 0.2-0.8 is shown in Fig. 1. Many binary
compounds between Fe and Ge have been reported,
especially in the region from 35 to 50 at% Ge. These include
Fe;Ge (P6;/mmc (194) and Fm3m (225)),>° Fe,Ge (P6s/mmc
(194)),%° Fe,Ge; (P63/mmc (194)),%° Fe, 6,Ge (P6s/mme (194)),>
Fes;Ge; (P63/mmc (194)),>® Fey;Geg (P6s/mmc (194)),°° Fe;,Ge,
(P63/mmc  (194)),>” Feye15Gepass (P6s/mme (194)),>” FesGe,
(P63/mmc (194)),%° Fe,,Ge (P6s/mmc (194)),>” FesGes (C2/m
(12)),>° FeGe (hexagonal B35) (P6/mmm (191)),>° FeGe (cubic
B20) (P23 (198)),>° FeGe, (I4/mcm (140)),>° Fe,Ge; (Pic2
(116)),% and FeqoGey,o (Im3m (229)).'°

FeGe at a 1:1 composition ratio crystallizes in three
polymorphs with monoclinic, hexagonal and cubic structures.
The cubic B20 structure is stable at temperatures below 580
°C. Above this temperature the hexagonal and monoclinic
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Fig. 1 Fe-Ge temperature-composition phase diagram. Adapted from
ref. 37.

phases have been identified.’® On the Fe-rich side of the
phase diagram one finds FesGes. On the Ge-rich side,
tetragonal Fe,Ge; is stable below 600 °C and FeGe, is stable
above this temperature. These iron-containing phases exhibit
different critical temperatures 7. for magnetic phase
transitions. It was shown in the literature that hexagonal
FeGe enters an antiferromagnetic (AFM) phase below a
temperature of T, hex = 410 K.® Two magnetic anomalies were
observed in hexagonal FeGe single crystals at 30 K and 60
K.*' For cubic FeGe, the critical temperature is Tecu, = 271
K." These values should be compared to critical
temperatures known for Fe-containing oxides. For magnetite
Fe;0,, a T, of 830 K was reported.’>*® Further oxides have
smaller T, such as 743 K in the case of y-Fe,0;,** 585 K in the
case of &-Fe,O; (ref. 35) and 264 K in the case of hematite
o-Fe,0,.%°

3 Methods

3.1 Sample preparation

Fe and Ge multilayer thin films were deposited by magnetron
sputtering (Alliance Concept DP-650) at room temperature
with a background pressure of 1 x 10 mbar from 99.999%
purity targets. 30 sccm of Ar working gas was introduced
prior to sputtering (measured using a mass flow controller)
increasing the pressure in the chamber to 5 x 107> mbar for
Fe deposition and 5 x 10~ mbar for Ge deposition. We used
an RF source of 300 W and a DC source of 200 W for Fe and
Ge, respectively.

The samples were subsequently crystallized by ultra-fast
flash-lamp annealing (FLA). We used an FLA Rovak semi-line
system delivering the energy density (pulse length) between
0.3 J em™ (0.3 ms) and 48 ] cm™ (10 ms). We varied the
multilayer sequences and individual layer thicknesses (as
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Fig. 2 Layer sequences of the annealed samples and schematics of
the experiment.

schematically indicated in Fig. 2) as well as the annealing
cycles. Two different nominal total thicknesses of 30 and 90
nm were explored. To vary the heat sink during the FLA
process, two different substrates were used: germanium and
graphene on oxidized silicon. Table 1 summarizes the sample
characteristics and annealing cycles presented here. Prior to
the flash annealing, the samples were heated to a pre-heating
temperature Tpreheae Of 200 or 340 °C, as indicated in
Table 1, to facilitate the crystallization process.

3.2 Lattice dynamics calculations

First principles lattice dynamics calculations based on DFT
of FeGe, phases with x = 1, 1.5, and 2 were performed within
the generalized gradient approximation using the modified
Perdew-Burke-Ernzerhof local functional PBESol,*” as
implemented in the CASTEP code.”® Norm-conserving
pseudopotentials were used. The cut-off energy for the plane
wave basis set was set to 800 eV. A self-consistent-field (SCF)
tolerance better than 1077 eV per atom and a phonon SCF
threshold of 10™'* eV per atom were imposed. Prior to
performing calculations, the structures were relaxed so that
forces on atoms in the equilibrium position did not exceed 3
meV A™' and the residual stress was below 5 x 10~ GPa.

3.3 Characterization

TEM and EDX data were obtained using an FEI Tecnai Osiris
TEM. We prepared cross-sections with a focused ion beam
(FIB) using Ga ions. The sample deposited on graphene was
peeled off and directly transferred to a TEM grid (Fig. S1 in
the ESIt).

GIXRD patterns were recorded with a Malvern PANalytical
Empyrean XRD diffractometer with a monochromatic Cu source
at an incidence angle of 5° with a 1D detector. GIWAXS
measurements were performed on a D8 Discover Plus TXS
(Bruker) with a monochromatic Cu source at incidence angles
of 1.0, 2.5 and 4.0°. Bragg-Brentano measurements were
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performed on a D8 Discover Vario (Bruker) instrument
equipped with a Johansson Ko,; monochromator.

The Raman spectra were acquired with a confocal Raman
spectroscope (Renishaw inVia) using 488 nm excitation. An
excitation power density of about 50 W cm™> was utilized to
inhibit thermal effects or the damage of the investigated
materials.

The magnetization of the films was measured via vibrating
sample magnetometry (VSM). We recorded the magnetic
hysteresis loops M(H) and the temperature scans using a
physical property measurement system (PPMS) from
Quantum Design. The samples were cleaved into chips of
approximately 4 x 1.5 mm?® area. The external field H was
applied in the plane of the films along the long edge of the
chips, ie., along the easy axis direction attributed to their
shape. The hysteresis data were taken in the range of -150
and +150 mT during the zero-field warming (ZFW) at 5, 50,
100, 150, 200, 250, 300 and 400 K. The temperature warming
rate was set to 50 K min~'. We used a field sweep rate of 0.5
mT s (3 mT min™") and the magnetization was averaged
during 10 s per measurement. We acquired the temperature
scans applying the field cooling (FC) protocol from 400 K to 5
K using different in-plane field values between +90 and -90
mT. The sample was saturated at +200 mT at 400 K before
every scan. The temperature sweep rate was 5 K min .

4 Crystal structures and lattice
dynamics calculation of the Fe-Ge
system

Lattice dynamics calculations of FeGe, phases with x = 1, 1.5,
and 2 (cubic FeGe, hexagonal FeGe, tetragonal FeGe, and
tetragonal Fe,Ge;) were performed.

The optimized crystal lattice parameters were found to be
in agreement with the experimentally determined ones.">***
The vibrational properties of these structures were further
evaluated by the finite displacement method, using an
appropriate supercell. Fig. 3 shows the crystal structure
representations of cubic FeGe (B20), hexagonal FeGe,
tetragonal FeGe, and tetragonal Fe,Ges, along with the Fe and
Ge coordination in each compound.

Cubic FeGe (B20) crystallizes in the space group 198 or
P2,3 symmetry. The Fe atom is bonded in a 7-coordinate
geometry to 7 Ge atoms. There is a variation in the Fe-Ge
bond lengths ranging from 2.38-2.62 A. Ge is bonded in a
7-coordinate geometry to 7 Fe atoms. Hexagonal FeGe
crystallizes in the space group 191 or P6/mmm. The Fe atom

Table 1 Parameters of the FeGe samples: substrate (g - graphene), number of layers niyers, total nominal thickness d, Fe (Ge) layer thickness dfe (dce).
nominal atomic ratio Fe/Ge, FLA energy density E, pulse length t and pre-heating temperature Tpyre-heat

Sample Substrate Njayers d (nm) dye (Nm) dge (nm) At. ratio E(Jem™) t (ms) Tpre-heat
#186 Ge(100) 2 31.2 11.8 19.4 1.2 20 2 340
#192 Ge(100) 6 94.1 10.5 20.9 1 20 2 340
#240 2/Si0,/Si(100) 2 31.4 10.5 20.9 1 29 5 200

6508 | CrystEngComm, 2021, 23, 6506-6517
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Fig. 3 Crystal structure representations of cubic FeGe, hexagonal FeGe, tetragonal Fe,Gez and tetragonal FeGe,. Visualized with Vesta®® with the

crystallographic files from ref. 15 and 41-43.

is bonded in a 10-coordinate geometry to 4 equivalent Fe and
6 Ge atoms. All Fe-Fe bond lengths are 2.49 A. There are four
shorter (2.48 A) and two longer (2.49 A) Fe-Ge bond lengths
since there are two inequivalent Ge sites. In the first Ge site,
Ge is bonded in a 6-coordinate geometry to 6 Fe atoms. In
the second Ge site, Ge is bonded in a hexagonal planar
geometry to 6 Fe atoms. Tetragonal Fe,Ge; has a Nowotny
chimney ladder (NCL) phase with the space group 116 or
Pi4c2. In the first Fe site, Fe is bonded in an 8-coordinate
geometry to eight Ge atoms. There are 4 shorter (2.41 A) and
4 longer (2.63 A) Fe-Ge bond lengths. In the second Fe site,
Fe is bonded in a 6-coordinate geometry to 6 Ge atoms. The
Fe-Ge bond distances are between 2.33 and 2.51 A. In the
third Fe site, Fe is bonded in a 6-coordinate geometry to 6 Ge
atoms. There are four shorter (2.31 A) and two longer (2.55 A)
Fe-Ge bond lengths. There are two inequivalent Ge sites. In
the first Ge site, Ge is bonded in a 5-coordinate geometry to
5 Fe atoms. In the second Ge site, Ge is bonded in a
4-coordinate geometry to four Fe atoms. Tetragonal FeGe,
crystallizes in the space group 140 or I4/mcm, the prototypical
Al,Cu structure. Fe is bonded in a 10-coordinate geometry to
2 Fe and 8 Ge atoms. Both Fe-Fe bonds are 2.47 A long. The
Fe-Ge bond lengths are 2.55 A. Ge is bonded in a
5-coordinate geometry to 4 Fe atoms and one Ge atom. The
Ge-Ge bond is 2.63 A long.

Group theory analysis predicts the following set of Raman
active modes based on the irreducible representations of the
four Fe-Ge structures at the /" point of the Brillouin zone:

This journal is © The Royal Society of Chemistry 2021

FeGe (B20, P2,3): I = 2A + 2E + 5T,

FeGe (hex, P6/mmm): I" = Eag,

FezGeg, (PL]:CZ): = 5A1 + 5B1 + 7B2 + 16E,

FeGe, (I4/mcm): I' = Ajg + Byg + Byg + 2E,,

It should be noted that A and B modes are non-degenerate, E
modes are doubly degenerate, and T modes are triply degenerate.

Table 2 presents the theoretically calculated frequencies and
symmetry of the Raman active modes expected in these four
phases. Atomic displacements of the Raman modes were
additionally calculated to provide the visualization of the
corresponding atom motions. Fig. 4 shows the representative
vibrational patterns of several modes within each Fe-Ge
structure. In the case of the cubic FeGe (B20) structure, a total
of 9 Raman active modes are expected in the region from 130 to
300 cm™. In most cases the vibrational patterns correspond to
the motion of both Ge and Fe, as presented in Fig. 4a. In
contrast to this, the hexagonal structure is characterized by only
1 Raman active mode, which corresponds to purely Ge-
vibrations expected at 190 cm™" (Fig. 4b). This motion consists
of two Ge atoms positioned on the top of two tetrahedra with
an Fe base, which symmetrically stretch along the diagonal.

CrystEngComm, 2021, 23, 6506-6517 | 6509
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Table 2 DFT calculated Raman modes (symmetry and wavenumber) for cubic FeGe, hexagonal FeGe, tetragonal Fe,Ges and tetragonal FeGe,

Hex. FeGe
Cubic FeGe (P2,3) (P6/mmm) Fe,Ge; (Pic2) Fe,Ge; (I4/mcm)
E 133, 242 Eog 190 E 57, 89, 114, 126, 167, 168, 182, 186, Big 102
210, 232, 253, 270, 281, 288, 327, 338
T 142, 191, 227, 252, 291 A 311, 206, 196, 149, 82 Bog 122
A 187, 221 B, 279, 218, 198, 171, 152 Eg 153, 167
B, 287, 213, 194, 171, 149, 132, 129 Asg 170

a)

T4

-

T:291cm™ A:221cm? A: 187 cm?

b)

E, : 190 cm?
8

E: 338 cm™

A,:319 cm? A:311 cm? A :206 cm?

Fig. 4 Representative atomic displacements of the calculated vibrational modes corresponding to a) cubic FeGe phonons at 291, 221 and 187
cm™, b) hexagonal FeGe phonon at 190 cm™, ¢) FeGe, phonons at 170, 153 and 102 cm™ and d) Fe,Ges phonons at 338, 319, 311 and 206 cm™.
The arrows indicate the direction of displacement, and their sizes show the relative amplitudes of the atomic motions.

The tetragonal FeGe, structure exhibits 5 Raman-active
modes expected in the range between 102 and 170 cm .
Fig. 4c shows 3 modes: the B;; mode at 102 cm’?, the A
mode at 170 cm ™" and the E; mode at153 cm . The By, and
E, modes are characterized by combined vibrations of Fe and
Ge atoms. The A, mode at 170 cm ' is purely Ge atom
vibrations in the xz and xy planes.

The tetragonal Fe,Ge; phase is characterized with 33
Raman active modes, covering the region from 50 to 340
ecm™', whose representative vibrational patterns are given in
Fig. 4d. We visualize the E mode at 338 cm™*, A, mode at 319
cm ', A, mode at 311 cm ™' and A; mode at 206 cm ™. These
modes come from a combined vibrational motion of Fe and
Ge atoms. The atomic displacements are more pronounced
for low frequency modes when compared to those for high
frequency ones. The lower frequency modes are characterized
by in-plane 2D motions, while the high frequency modes are
more complex and represented by vibrations in 3D.

5 Experimental results and discussion
5.1 Film morphology and composition maps

We start by presenting the analysis of the crystal structure
and composition of the annealed films performed by TEM.

6510 | CrystEngComm, 2021, 23, 6506-6517

Fig. 5 presents the representative TEM micrographs and EDX
composition maps as well as the corresponding compositions
as line scans.

The data on sample #192 are shown in Fig. 5a-c. Fig. 5a
corresponds to the bright field (BF) TEM image of the layer.
We observe a slight horizontal contrast, showing the original
layered configuration before annealing. The EDX map in
Fig. 5b confirms the compositional variation across the
sample thickness. The line scan in Fig. 5c provides
quantitative information on the variation. The Ge (Fe)
content varies between 41 (59) and 64 (36)%. This indicates
that the elements mixed during the annealing process. The
mixing was not completely homogeneous. The layered nature
of the sample was still apparent in the contrast and
composition (line scan), as some layers exhibited a higher Ge
content than others. The elemental mapping indicated that
the surface was oxidized. We did not detect a significant
oxygen content in the core of the sample. The average atomic
Fe composition in the central region is 47 + 2%. This was
quantified using the Cliff-Lorimer method assuming a
thickness of 50 nm and an atomic density of 8 g cm™.

Fig. 5d-f present the data obtained on sample #186.
Fig. 5d shows the bright field (BF) TEM image. Similar to the
previous sample, we distinguish a slight contrast variation in

This journal is © The Royal Society of Chemistry 2021
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the growth direction. The EDX map in Fig. 5e shows the Fe-
Ge intermixing and oxygen layer. The line scan in Fig. 5f
reveals that the Ge (Fe) atomic composition lies between 45
(55) and 78 (22)%. The average atomic Fe composition in the
centre is 39 + 2% which is lower than in the case of the
thicker #192 sample with several interfaces.

The data for sample #240 are shown in Fig. 5g-i. The BF
TEM image in Fig. 5¢ shows a clear contrast variation in the
growth direction suggesting a lower level of intermixing
compared to the two previous samples. The EDX map in
Fig. 5h confirms the Fe- and Ge-rich regions. The line scan in
Fig. 5i reveals that the layers are intermixed only in a 10 nm
thick region. The Ge (Fe) content varies from 0 (90) to 98
(0)%. The average Fe atomic composition in this film is 37 +
2%. All the average compositions are listed in Table 3. A
HRTEM micrograph indicates that the Ge is amorphous and
the Fe is nanocrystalline (Fig. S27), supported by the electron
diffraction result (Fig. S1b¥).

Table 3 Average atomic composition measured by STEM-EDX in the
areas depicted by black rectangles in Fig. 5¢, f, and i

Sample #192 #186 #240

Avg. at. Fe content (%) 47 +2 39+2 37+2

This journal is © The Royal Society of Chemistry 2021

It should be mentioned that the observed limited
intermixing of layers at the back of the samples is due to the
short penetration depth of the light during the FLA
treatment, resulting in mostly superficial heating.

5.2 Phase identification by X-ray diffraction and Raman
spectroscopy

Phase identification of the synthesised thin films was
performed using Raman  spectroscopy and XRD
measurements in various configurations, including GIXRD,
GIWAXS and the Bragg-Brentano geometry (6-26). By varying
the incidence angles during the XRD measurements, we were
able to perform in-depth characterization of the films. Lower
values of incidence angles allow investigating the surface
region of the thin films, while higher angles correspond more
to characterization of the bulk. Finally, the Bragg-Brentano
geometry (6-26) allows characterization of the complete
sample, including the thin film and substrate layers. The
experimental XRD data were compared with the calculated
XRD patterns obtained from the Crystallography Open
Database.™

Fig. 6 presents the XRD patterns from the three
investigated samples which were measured in various
configurations, along with the phase identification.

CrystEngComm, 2021, 23, 6506-6517 | 6511
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Fig. 6 XRD patterns of (a) #186, (b) #192 and (c) #240 samples measured in GIWAXS (incidence angles ¢; = 1.0, 2.5 and 4°), GIXRD (incidence
angle ¢; = 5.0°) and Bragg-Brentano (/-20) configurations, along with the identification of peaks corresponding to different phases. Note that the
patterns corresponding to the Bragg-Brentano configuration are presented on the logarithmic scale (pointed with the arrow).

Sample #186 exhibits a relatively simple XRD pattern with
the appearance of 2-3 peaks depending on the measuring
configuration. According to the GIWAXS measurements with
o; = 1.0 and 4°, the surface and subsurface regions of the
sample are characterized by the presence of Fe-rich phases,
Fe;Ges and FeqgsGeg15/FesGe, phases. Note that the XRD
patterns of Fe,g5Gey 15 and Fe;Ge, are very similar, making it
difficult to differentiate at the level of our measurements.

6512 | CrystEngComm, 2021, 23, 6506-6517

Besides these phases, contributions from Fe;O, and
unreacted Ge and Fe have also been observed. GIXRD
measurements with ¢ = 5.0° and Bragg-Brentano
measurements reveal mostly the presence of FeggsGeg s/
Fe;Ge, in the bulk of the film, along with the unreacted Fe
and Ge contributions from the substrate.

Sample #192 presents a more complex pattern with a
higher number of contributions. The surface of the sample

This journal is © The Royal Society of Chemistry 2021
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corresponding to GIWAXS measurements with ¢; = 1.0 and
2.5° is mostly dominated by unreacted Ge and Fe;O,. Iron
rich Fe,gsGey 15/Fe;Ge, is the major phase present in this
region, with smaller contributions of cubic FeGe (B20) and
hexagonal FeGe. These last two phases become dominant in
the bulk of the sample as observed with higher intensity
peaks corresponding to FeGe (B20) and hexagonal FeGe
phases in patterns obtained from GIWAXS and GIXRD
measurements with ¢; = 4.0 and 5.0°, respectively. A small
contribution of unreacted Fe to the reflection at 26 = 45° is
expected for all grazing incidence measurements. The Bragg-
Brentano measurements are mostly characterized with Ge
peaks belonging to the substrate.

GIWAXS measurements with o = 1.0° show that the
surface region of sample #240 is characterized by the
presence of Fe, gsGe, 15/Fe;Ge, along with contributions from
unreacted Fe and Ge, along with GeO, and graphene from
the substrate. Fe;Ge5 is the dominant phase in the
subsurface region corresponding to GIWAXS measurements
with o; = 4.0°, while the presence of the hexagonal FeGe
phase is observed in the bulk of the film (GIXRD
measurements with ¢ = 5.0°). The Bragg-Brentano
measurements reveal mostly contributions from Si belonging
to the substrate. The GIXRD measurements of the substrate
can be found in the ESI} (Fig. S4).

The Raman spectra of the three samples are shown in
Fig. 7, along with phase identification of peaks (enlarged
features of the low-intensity peaks are presented in Fig. S5 in
the ESIT). Sample #186 exhibits 9 features in the measured
region of 100-600 cm'. The most prominent peaks are
located at 200 and 300 cm™', while the other low-intensity
peaks are at 139, 163, 221, 244, 290, 467 and 560 cm ' The
peak at 300 cm™' is typical of Ge-vibrations®* and can be

Phase
identification:

A Sj

A Ge

@ FeGe (B20)
© FeGe (hex)
® Fe,4:Geg 5

B Fe,0,

Intensity (arb. units)

T T T ' T !
200 400 600 800
Raman shift (cm™')

Fig. 7 Raman spectra of #186, #192 and #240 thin films and the
comparison with the reference values.
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assigned to unreacted Ge that is observed in the surface
region by XRD and EDX measurements or from the substrate.
The other dominant peak at 200 cm™" is probably due to the
Fe-rich Fe, gsGe, 15 phase according to Wang et al.’® who have
observed a similar Raman contribution in their Fe-Ge
nanoparticles. This peak can be also assigned to hexagonal
FeGe and cubic FeGe (B20) phases. Hexagonal FeGe and FeGe
(B20) have not been observed in the XRD measurements for
this sample, in contrast to the Fe,gsGeo 15 phase. However,
this does not exclude their presence, as Raman spectroscopy
is a microscopic technique which can detect nanometric
traces of materials, in contrast to XRD which is macroscopic
and requires a significant amount of material in order to
show the presence in the patterns. Furthermore, the lower
intensity peaks at 139, 163, 221, 244 and 290 cm ™" agree quite
well with the expected Raman peaks for the cubic FeGe (B20)
phase based on the calculations, as shown in Table 2. The
contribution from the Fe;O, phase is seen in the presence of
the Raman peaks at 467 and 560 cm™', as well as minor
contributions at 163, 200 and 221 cm*, all of which agree
with the XRD results.

The Raman spectrum of sample #192 also contains 9
features. Similar to sample #186, the most prominent
features are located at 201 and 299 cm™', while lower
intensity peaks are located at 141, 162, 222, 244, 288, 467 and
560 cm ', As discussed previously, the peak at 300 cm™ is
assigned to unreacted Ge observed in the surface of the
sample from XRD and EDX measurements or from the
substrate. The peak at 201 cm ™ is due to FepgsGeoas,
hexagonal FeGe and FeGe (B20), all of which have been
observed in the XRD patterns. Lower intensity peaks at 141,
162, 222, 244 and 288 cm ' are typical of the cubic FeGe
(B20) phase. The peaks at 467 and 560 cm™, as well as minor
contributions at 162, 201, and 222 cm ', are attributed to
Fe;0,, whose presence is additionally confirmed by XRD
measurements.

The Raman spectrum of sample #240 exhibits 3 peaks at
138, 201 and 519 cm . The peak at 519 cm™" is assigned to
the Si substrate, while the contribution at 201 cm™ is due to
the presence of Fe,gsGey s and hexagonal FeGe, both of
which have been observed in XRD measurements. The peak
at 138 ¢cm', along with a small contribution at 201 cm™,
indicates the presence of the nanometric FeGe (B20) phase,
which was not detected in the XRD measurements. It should
be noted that while GeO, has been observed in the XRD
measurements, no clear contributions are seen in the Raman
spectrum of this sample.

Table 4 summarises the peak positions observed in the
Raman spectra of the three samples, as well as their
assignment to different phases.

5.3 Magnetic properties

Magnetization data are shown in Fig. 8. The top graphs in
Fig. 8a-c show the hysteresis loops M(H) obtained at different
temperatures 7 and the bottom graphs in Fig. 8d-f show the

CrystEngComm, 2021, 23, 6506-6517 | 6513
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Table 4 Summary of observed peaks in the Raman spectra of #186, #240, and #192 samples and the phase assignment according to DFT calculations
(cubic and hexagonal FeGe) in this work and the literature (Ge,** Si, Fes04 (ref. 45) and GeO5,,*® Feg gsGeg 15 (ref. 16))

Experimental Calculated (this work)
(wavenumber) (wavenumber, symmetry) Literature (wavenumber)
#186 #240 #192 Identified phases Cubic FeGe Hex. FeGe Ge Si Fe;04 GeO, Fey 55Gep 15
139 138 141 Cubic FeGe 142 T 124
163 162 Cubic FeGe, Fe;0, 187 A 160 168, 181
200 201 201 Cubic FeGe, hex. FeGe, 191 T 190 Eyg 193 200
Fey g5Geo.15, Fe304
221 222 Cubic FeGe, Fe;0, 221,227 AT 226
244 244 Cubic FeGe 242,252  E, T
290 288 Cubic FeGe 291 T
300 299 Ge 300 302
467 467 Fe;0, 470 444
519 Si 519
560 560 Fe;0, 560
a) r b) T c)
1000 #240 200} #192 5K
50K
= 5001 b — 100 g oy 100 K
£ j E 14 g
g ot .’/é % 0 / S 150 K
£ / = 1 g 200K
L 500} / < 100 = 250K
2 ] 2 = 300 K
-1000 -200 400 K
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d) f) 350 - - —~ 50mT
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5mT
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Fig. 8 Magnetic hysteresis curves (a-c) and field-cooling temperature scans (d-f) of samples #240 (left), #192 (center), and #186 (right) in in-

plane magnetic fields.

temperature-dependent magnetization M measured at
different fixed field values. The values are expressed in emu
em units, where for the volume, we considered the area of
the film multiplied by the thickness from the EDX line scans
containing Fe.

It is instructive to first discuss the magnetic properties of
sample #240 for which Fe and Ge intermixed in a narrow
transition region only (Fig. 5i). Fig. 8a shows the hysteresis
loops of the sample. The saturation magnetization My does
not vary significantly with the temperature. We extract a value
of 995 emu em™ at 300 K and 998 emu cm™® at 5 K. The
coercive field H/(T) varies slightly with the temperature. yyH,
increases from 11.2 mT (300 K) to 20.6 mT (5 K). The nearly
temperature-independent hysteresis loops in Fig. 8a are
consistent with a ferromagnet exhibiting a critical
temperature above room temperature such as Fe. We

6514 | CrystEngComm, 2021, 23, 6506-6517

attribute the detected magnetic behavior hence mainly to Fe
which did not intermix with Ge. Fig. 8b shows the hysteresis
loops of sample #192. We observe that M, increases with
decreasing temperature from 93 (300 K) to 200 emu cm™ (5
K). The low-temperature value is smaller by a factor of 5
compared to that in Fig. 8a, consistent with Dbetter
intermixing of Fe with Ge. For H.(T) we obtain g,H. = 10.1
mT at 300 K and 62.2 mT at 5 K. Below 200 K, the recorded
hysteresis loops show a change in the slope below (after) the
coercive fields. For 150 K the change in the slope occurs at
40 mT. For higher 7, this feature is not observed.

The hysteresis loops of sample #186 are shown in Fig. 8c.
M, increases from the 190 emu cm™ (300 K) to 260 emu cm >
(5 K). We attribute the slight paramagnetic (PM) behaviour to
the used sample holder. We observe an increase of y,H. with
decreasing temperature from 9.7 mT (300 K) to 46.8 mT (5

This journal is © The Royal Society of Chemistry 2021
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Table 5 Magnetic properties of FeGe films of samples #192, #186 and #240 extracted from the hysteresis and temperature scans in Fig. 8. Saturation
magnetization measured at 300 K and 5 K, and coercive field at 300 K and 5 K after applying the in-plane field

Miat He

(emu cm™) (mT) (mT)
Sample T=300K T=5K T=300K T=5K T=300K T=5K
#192 93 +4 200 +9 117 +5 246 + 11 10.1 + 0.5 62 +3
#186 190 + 9 260 + 12 239 +11 325+ 15 9.7+0.4 47 + 2
#240 995 + 45 998 + 45 125+ 6 125+ 6 11.2 + 0.5 20.6 £ 0.9

K). The hysteresis loops obtained below 200 K exhibit
changes in the slope slightly above (before) the relevant
coercive field. These features occur at around 10 mT for loops
taken at T =5, 50 and 100 K, i.e., at smaller fields compared
to sample #192.

The temperature dependence of the absolute value of
magnetization M(7) measured at 5 mT on sample #240 is
shown in Fig. 8d. The absolute value of M changes slightly
from 840 to 770 emu ¢cm ™ in the temperature region from 5
to 400 K.

The absolute values of magnetization M(7T) of sample #192
are shown in Fig. 8e. The graph contains the curves
measured during the field-cooled (FC) protocol at 90, 50, 30,
0, =30, =50 and -90 mT. Depending on the field value, the
curves are shifted to different absolute values. For +90 and
-90 mT, M(7T) decreases by a factor of about two between 5 K
and 400 K, i.e., the magnetization varies with 7 much more
significantly than that of sample #240 (Fig. 8d) for which Fe
and Ge layers were well separated. We measure a non-zero
magnetization at 400 K suggesting that the T, of the film is
above this temperature. We identify two kinks in the M(T)
curves (marked with upward arrows), one near 230 K and one
at 70 K. We note here that a low temperature kink is seen
also in Fig. 8d.

Fig. 8f shows the M(T) curves of sample #186 obtained by
means of the FC protocol at different fields. Their
temperature dependencies and the appearance of kinks are
similar to those in Fig. 8e. Still at low temperature the values
of M are larger by a factor of up to two compared to those of
sample #192. The T. of the film is also above the measured
region of 400 K. The obtained values are summarized in
Table 5.

In Fig. 9 we compare the hysteresis loops obtained on the
three samples #240, #192, and #186 at one and the same
temperature of 100 K with that of a sample containing an Fe
and a Ge layer which was not annealed. The non-annealed
sample exhibits an Mg, value of 1040 emu cm™® (after
subtraction of the paramagnetic background). The coercive
field poH. amounts to 4 mT. Given that the non-annealed
sample is composed of sputtered Fe and Ge on a Ge
substrate, we would expect the magnetic behaviour of the
sample to be similar to that of pure Fe. Considering that the
difference in Mg, re = 1630 emu cm ™ in comparison to 1040
emu cm ° measured here, we conclude that the non-
annealed sample contains both Fe and F;O0,. We observe
similar saturation magnetization values of the non-annealed

This journal is © The Royal Society of Chemistry 2021

and #240 samples. This indicates a similarity between the
samples’ morphology and the lack of pronounced
intermixing of Fe and Ge.

Samples #186 and #192 exhibit a change in the slope in
their hysteresis loops at low temperatures. We attribute this
behaviour to the appearance of a second low-temperature
magnetic phase which coexists with the high-temperature
magnetic phase detected at around room temperature. This
hypothesis is in agreement with the presence of three Fe-Ge
crystal phases, the Fe,gsGeg 15 and the hexagonal and cubic
FeGe. If we compare the coercive field values yoH, of the non-
annealed sample and of sample #240 with that of sample
#186, we suggest that the high-temperature phase can be
attributed to the phase present in the non-annealed sample,
i.e., oxidized Fe.

For the two other samples, we observe two kinks in M(7)
near 230 K and 60 K. These values are close to the critical
temperature of cubic FeGe and a magnetic anomaly in
hexagonal FeGe, respectively. These observations support the
mixture of hexagonal and cubic FeGe phases in annealed
samples consistent with the structural and Raman
spectroscopy investigations. The low-temperature kink in
sample #240 might reflect the intermixing of Fe and Ge in
the 10 nm wide transition region identified in Fig. 5. The
non-zero magnetization at 400 K can be attributed to the
presence of an Fe-rich compound or Fe-containing oxides.
The compound Fe;3,Ge, exhibits eg a high critical
temperature T, of 470 K.*” The measured differences between

2000 T T r
non-annealed
1654 = #240
—— #186 777 4
—— #192
O L u

M (emu/cm?3)

4
-1000 FwwwmevVV"v 1

-2000 : . :
-100 -50 0 50 100

In-plane field (mT)

Fig. 9 Comparison of the hysteresis loops for samples #240, #186
and #192 with a non-annealed sample at T = 100 K. The non-annealed
sample contain a nanocrystalline Fe (11.8 nm) layer and an amorphous
Ge (19.4 nm) layer.
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the magnetic characteristics of samples #192 and #186 on the
one hand and #240 and a non-annealed sample on the other
hand indicate the successful application of FLA leading to
Fe-Ge intermixing and crystallization of FeGe phases.

6 Conclusions

A series of layered FeGe, thin films, subjected to flash-lamp
annealing, which was wused to intentionally induce
intermixing and crystallization of FeGe phases, were studied
experimentally by Raman spectroscopy and X-ray diffraction,
and the results were substantiated by magnetic
measurements. First principles lattice dynamics calculations
of Raman modes for cubic and hexagonal FeGe, as well as
tetragonal Fe,Ge; and FeGe,, have been performed and
compared with the experimental data. It is shown that
depending on the layer design the films contain primary
cubic and hexagonal FeGe polymorphs along with Fe-rich
phases and pure Ge and Fe. One way to improve the
formation of high-quality crystal phases might be by co-
sputtering of Fe and Ge, leading to a better intermixing of
materials before the FLA treatment. The performed
vibrational mode assignments for four distinct FeGe,
compounds open up a way for fast and local phase
determination in thin FeGe films by means of Raman
spectroscopy measurements.

Author contributions

A. F. M. and D. G. conceived the research. A. K. prepared the
samples. S. P. R, H. M. and M. B. did the flash-lamp
annealing. A. K. did the Raman, GIXRD, TEM, STEM-EDX
and magnetization measurements and data analysis with
inputs from M. D., A. F. M, and D. G. M. D. did the GIWAXS
experiments and data analysis. A. P. L. did the DFT
calculations. N. T. did the FLA temperature profile
simulation. M. D. and A. K. performed the data
interpretation, coordinated the simulations, and connected
all results. A. K, M. D.,, A. F. M. and D. G. wrote the
manuscript with inputs from all the authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank Dr. Wonjong Kim, Manuel Piot, Tzu-Chin
Chang Chien, Gabriel Iseli, Florent Prongué, Robin Athle and
Alexander Den Ouden for their help with sample growth and
characterization. This research is supported by SNSF Sinergia
project number 171003, SNSF Spark project number CRSK-2
190289, and H2020 through the Marie Curie Project
SMARTCELL (project number 101022257).

6516 | CrystEngComm, 2021, 23, 6506-6517

View Article Online

CrystEngComm
Notes and references

1 X.Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S.
Ishiwata, Y. Matsui and Y. Tokura, Nat. Mater., 2011, 10,
106-109.

2 A. Dussaux, P. Schoenherr, K. Koumpouras, J. Chico, K.
Chang, L. Lorenzelli, N. Kanazawa, Y. Tokura, M. Garst, A.
Bergman, C. L. Degen and D. Meier, Nat. Commun., 2016, 7,
12430.

3 J. C. Gallagher, K. Y. Meng, J. T. Brangham, H. L. Wang,
B. D. Esser, D. W. McComb and F. Y. Yang, Phys. Rev. Lett.,
2017, 118, 027201.

4 N. A. Porter, C. S. Spencer, R. C. Temple, C. J. Kinane, T. R.
Charlton, S. Langridge and C. H. Marrows, Phys. Rev. B,
2015, 92, 144402.

5 S. Phapale, R. Mishra, D. Chattaraj, P. Samui, P. Sengupta
and P. K. Mishra, J. Alloys Compd., 2014, 591, 170-173.

6 J. J. Pulikkotil, S. Auluck, P. K. Rout and R. C. Budhani,
J. Phys.: Condens. Matter, 2012, 24, 5.

7 X. Wan, Y. Hu and B. Wang, J. Phys.: Condens. Matter,
2018, 30, 245001.

8 J. B. Forsyth, C. Wilkinson and P. Gardner, J. Phys. F: Met.
Phys., 1978, 8, 2195-2202.

9 G. P. Felcher and J. D. Jorgensen, J. Phys. C: Solid State Phys.,
1983, 16, 6281-6290.

10 D. Oleszak, E. Jartych, A. Antolak, M. Peskar, M. Szymaska
and M. Budzyaski, J. Alloys Compd., 2005, 400, 23-28.

11 K. Kanematsu and T. Ohoyama, J. Phys. Soc. Jpn., 1965, 20,
236-242.

12 W.-Y. Wu, W. W. Tjiu, W. Wan, H. R. Tan, S. L. Teo, S. Guo,
S. T. Lim and M. Lin, CrystEngComm, 2018, 20, 2916.

13 Y. C. Lin, Y. Chen, R. Chen, K. Ghosh, Q. Xiong and Y.
Huang, Nano Lett., 2012, 12, 4341-4348.

14 H. Yoon, A. T. Lee, E. A. Choi, K. Seo, N. Bagkar, J. Cho, Y.
Jo, K. J. Chang and B. Kim, J. Am. Chem. Soc., 2010, 132,
17447-17451.

15 V. Y. Verchenko, Z. Wei, A. A. Tsirlin, C. Callaert, A. Jesche, J.
Hadermann, E. V. Dikarev and A. V. Shevelkov, Chem. Mater.,
2017, 29, 9954-9963.

16 X. Wang, C. Dong, M. Lou, W. Dong, X. Yuan, Y. Tang and F.
Huang, J. Power Sources, 2017, 360, 124-128.

17 A. S. Ahmed, B. D. Esser, J. Rowland, D. W. McComb and
R. K. Kawakami, J. Cryst. Growth, 2017, 467, 38-46.

18 E. Turgut, A. Park, K. Nguyen, A. Moehle, D. A. Muller and
G. D. Fuchs, Phys. Rev. B, 2017, 95, 134416.

19 S.X. Huang and C. L. Chien, Phys. Rev. Lett., 2012, 267201.

20 S. L. Zhang, I. Stasinopoulos, T. Lancaster, F. Xiao, A. Bauer,
F. Rucker, A. A. Baker, A. 1. Figueroa, Z. Salman, F. L. Pratt,
S. J. Blundell, T. Prokscha, A. Suter, J. WaiZner, M. Garst, D.
Grundler, G. V. D. Laan, C. Pfleiderer and T. Hesjedal, Sci.
Rep., 2017, 7, 123.

21 S. Budhathoki, A. Sapkota, K. M. Law, S. Ranjit, B. Nepal,
B. D. Hoskins, A. S. Thind, A. Y. Borisevich, M. E. Jamer, T. ].
Anderson, A. D. Koehler, K. D. Hobart, G. M. Stephen, D.
Heiman, T. Mewes, R. Mishra, J. C. Gallagher and A. J.
Hauser, Phys. Rev. B, 2020, 101, 220405.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ce00970b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 2021. Downloaded on 22/01/2026 01:05:06.

(cc)

CrystEngComm

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

P. D. Bhuyan, D. Singh, Y. Sonvane, P. N. Gajjar and S. K.
Gupta, Superlattices Microstruct., 2019, 129, 62-68.

T. Tite, G. J. Shu, F. C. Chou and Y. M. Chang, Appl. Phys.
Lett., 2010, 97, 031909.

A. M. Racu, D. Menzel, J. Schoenes and K. Doll, Phys. Rev. B,
2007, 76, 115103.
A. Damascelli,
1999.

P. Villars, Pearson's handbook: Crystallographic data for
intermetallic phases, Materials Park, OH: ASM International,
1997, vol. 1, pp. 1727-1729.

Powder Diffraction File, The International Centre for
Diffraction Data - ICDD, 2002, https://www.icdd.com/.

D. G. Merkel, A. Lengyel, G. Hegedus, C. Bogdan, Z. E.
Horvath and E. Szildgyi, Mater. Res. Express, 2019, 6,
086413.

X. Yu, D. Morikawa, Y. Tokunaga, M. Kubota, T. Kurumaji,
H. Oike, M. Nakamura, F. Kagawa, Y. Taguchi, T. H.
Arima, M. Kawasaki and Y. Tokura, Adv. Mater., 2017, 29,
1606178.

M. J. Stolt, X. Sigelko, N. Mathur and S. Jin, Chem. Mater.,
2018, 30, 1146-1154.

U. Géfvert, L. Lundgren, B. Westerstrandh and O. Beckman,
J. Phys. Chem. Solids, 1977, 38, 1333-1339.

L. Blaney, Lehigh Review, 2007, vol. 15, pp. 33-81.

A. Demortiere, P. Panissod, B. P. Pichon, G. Pourroy, D.
Guillon, B. Donnio and S. Bagin-Colin, Nanoscale, 2011, 3,
225-232.

H. Takei and S. Chiba, J. Phys. Soc. Jpn., 1966, 21,
1255-1263.

E. Tronc, C. Chaac, J. P. Jolivet and J. M. Greche, J. Appl
Phys., 2005, 98, 053901.

D. Kubaniova, P. Brazda, K. Zavata, T. Kmet, M. Klementova
and J. Kohout, J. Magn. Magn. Mater., 2019, 472, 96-103.

Ph.D. thesis, University of Groningen,

This journal is © The Royal Society of Chemistry 2021

37

38

39

40

41

42

43

44

45

46

47

48

49

View Article Online

Paper

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E.
Scuseria, L. A. Constantin, X. Zhou and K. Burke, Phys. Rev.
Lett., 2008, 100, 136406.

S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. L
Probert, K. Refson and M. C. Payne, Z Kristallogr. Cryst.
Mater., 2005, 220, 567-570.

K. Momma and F. Izumi, J. Appl. Crystallogr., 2011, 44,
1272-1276.

B. Lebech, ]J. Bernhard and T. Freltoft, J. Phys.: Condens.
Matter, 1989, 1, 6105-6122.

S. P. Ong, W. D. Richards, A. Jain, G. Hautier, M. Kocher, S.
Cholia, D. Gunter, V. L. Chevrier, K. A. Persson and G.
Ceder, Comput. Mater. Sci., 2013, 68, 314-319.

A. Meetsma, J. L. D. Boer and S. V. Smaalen, J. Solid State
Chem., 1989, 83, 370-372.

Crystallography Open Database, http://www.crystallography.
net/cod/.

A. Ghosh, M. B. Clavel, P. D. Nguyen, M. A. Meeker, G. A.
Khodaparast, R. J. Bodnar and M. K. Hudait, AIP Adv.,
2017, 7, 095214.

O. N. Shebanova and P. Lazor, J. Solid State Chem.,
2003, 174, 424-430.

A. Chiasera, C. Macchi, S. Mariazzi, S. Valligatla, L. Lunelli,
C. Pederzolli, D. Rao, A. Somoza, R. Brusa and M. Ferrari,
Opt. Mater. Express, 2013, 3, 1561.

F. Albertini, L. Pareti, A. Deriu, D. Negri, G. Calestani, O.
Moze, S. J. Kennedy and R. Sonntag, J. Appl. Phys., 1998, 84,
401-410.

M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-
Rodriguez and V. Izquierdo-Roca, Sol. Energy Mater. Sol.
Cells, 2016, 149, 304-309.

M. Dimitrievska, F. Boero, A. P. Litvinchuk, S. Delsante, G.
Borzone, A. Perez-Rodriguez and V. Izquierdo-Roca, Inorg.
Chem., 2017, 56(6), 3467-3474.

CrystEngComm, 2021, 23, 6506-6517 | 6517


https://www.icdd.com/
http://www.crystallography.net/cod/
http://www.crystallography.net/cod/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ce00970b

	crossmark: 


