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1 | INTRODUCTION

Cameliu Himcinschi' |

Oliver Preuf3’ | Xufei Fang® |

Abstract

In recent years, dislocation-tuned functionalized ceramics have become one of
the focal points of modern materials research due to their outstanding properties.
These range from improved electrical conductivity and ferroelectric properties to
dislocation-enhanced toughening and superconductivity, caused by local strain
fields. The aim of this work is to investigate the dislocation-induced structural
changes in single-crystal KNbO; by micro-Raman spectroscopy. Dislocation-rich
regions with tailored densities have been generated using the Brinell indenter
scratching method. The influence of the dislocations on the single-crystal struc-
ture can be observed in the Raman spectra. The activation of additional Raman
modes is observed, which does not occur in regions of low dislocation density.
This observation is confirmed by DFT calculations of vibrational modes and is
attributed to areduction in the crystal symmetry due to increased defect densities
in plastically deformed KNbOs. In addition, an increase in compressive stress at
higher dislocation densities can be demonstrated by a blueshift in Raman mode
positions.
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industrial application.*® The use of higher dimensional
defects such as dislocations is not yet well established as

Ceramic ferroelectric materials are essential to modern
microelectronics. They offer a wide range of applications,
such as in sensors, in capacitors, in data storage or for
energy harvesting.! For these applications, it is important
to control the electronic properties of such materials. To
achieve this, crystal defects have been shown to be a power-
ful tool. The introduction of point defects by doping is one
of the most studied area of defect engineering and has wide

ceramics have long been considered dislocation-free and
dislocation generation by plastic deformation at room tem-
perature (RT), as is known from metallic materials, was
considered impossible due to their brittle behavior.
However, recent studies have shown that some ceram-
ics exhibit a high degree of plastic deformability even
at RT, which was an unexpected result.”!! This opened
up the new and promising field of dislocation-tuned
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ceramic materials. Various techniques have been devel-
oped to generate dislocations in ceramics, for example by
mechanical imprinting with a Brinell indenter.!>'* This
approach is not only easy to apply, but is also able to gen-
erate tailored dislocation densities.'”'>!> These advances
are driving the development of dislocation-functionalised
ceramics. There is great interest in these materials as
recent studies have shown their potential for applications
and their outstanding mechanical and physical properties:
dislocation-tuned ferroelectric ceramics show a reduction
in thermal conductivity,'® improvements in local elec-
trical conductivity” and fracture toughness,”'® and an
increase in coercivity due to domain wall pinning.'”?!
Even though the plastic deformation of ceramics has
already been successfully demonstrated experimentally,
the fundamental mechanisms behind it have not yet been
sufficiently clarified. It is not yet possible to control the
dislocation plasticity of ceramics, and it is still unclear
why some ceramics exhibit good plastic deformation and
others do not although they have the identical crystal
structure.'* One piece of the puzzle is the structural elu-
cidation of the dislocations. Raman spectroscopy could
be a suitable method to clarify these aspects. This tech-
nique is very sensitive to the lattice dynamics and can
detect slight changes in the crystal structure and the crys-
tal symmetry. It is already used successfully as a method
for the study of phase transitions,”” > crystal strain,?*
and domain structures.””>? Therefore, it has great poten-
tial for the structural investigation of dislocations. This has
already been demonstrated for various materials such as
semiconductors® > or different oxides.’**> Despite that
dislocations in perovskite ceramics is a topic that has
gained more and more importance in recent years, there
are limited Raman investigations.>>*” However, Raman
spectroscopy can contribute to the understanding of dis-
location dynamics, which is our intention in this work to
conduct a comprehensive Raman study on dislocations in
KNbO;.

In this work, we investigate perovskite single-crystal
potassium niobate (KNbO3) with mechanically imprinted
dislocation-rich regions by Raman spectroscopy. We are
concerned with the question of which structural changes
in the crystal lattice are caused by dislocations and have
therefore divided our investigations into two parts. First,
we focused on the pristine, dislocation-scarce areas of the
single-crystal sample, which serve as a reference. Second,
the dislocation-rich areas of different dislocation density
were analyzed and compared with the pristine single crys-
tal to determine changes in the Raman spectra and thus in
the crystalline structure. This interpretation is further sup-
ported by the density functional theory (DFT) calculations
of Raman modes.

2 | MATERIAL AND METHODS

2.1 | Single-crystal material and
dislocation imprinting

Undoped bulk single-crystal KNbO3 with stripe-like fer-
roelastic domains (see Figure S4a) prepared by top-
seeded solution growth (FEE GmbH, a division of EOT,
Idar-Oberstein, Germany) with orthorhombic structure
Amm2 at RT was used for our investigations. The sam-
ple material was cut in (4 X 4 X 1.5) mm dimensions
with ( 110 ) pseudo-cubic directions parallel to the edges.
For dislocation imprinting, the cyclic Brinell indenter
scratching method!'? was applied at RT using a univer-
sal hardness testing machine (Finotest, Karl-Frank GmbH,
Weinheim-Birkenau, Germany) mounted with a hardened
steel Brinell indenter of 2.5 mm diameter. The Brinell
indenter scratched on the (100) surface alonga (110 ) direc-
tion with a load of 7.85 N (0.8 kgf) and a velocity of
0.5 mm s~!, controlled by a moving single-axis piezo stage
(PI Instruments, Karlsruhe, Germany). Silicone oil was
used as a lubricant during the scratch tests. The plastically
deformed scratch tracks have a width of 150 um and extend
over a length of several millimetres.

2.2 | Dislocation and Brinell zone
imaging

The plastically deformed scratch tracks were visualized
by the polarized optical microscopy. These light micro-
scopic investigations were performed on a Zeiss Axio
Imager Al m (Oberkochen, Germany) with a 10x EC
Epiplan-Neofluar objective and switched-on prism for
Nomarski Differential Interference Contrast (Nomarski
DIC) microscopy.*®

Further characterization was done by electron channel-
ing contrast imaging (ECCI)** within a Tescan MIRA3-XM
(Tescan, Brno, Czech Republic) equipped with a four-
quadrant solid-state BSE detector (DEBEN, Woolpit, UK)
was used. The acceleration voltage was 15 kV, the work-
ing distance 8 mm. As KNbOs is an isolator, a carbon layer
of approximately 10 nm thickness was sputtered on top of
the ECCI sample (EmiTech K950X sputter coater, Emitech,
Saint-Quentin-en-Yvelines, France).

2.3 | Raman scattering measurements

Micro-Raman scattering measurements were performed
on Horiba LabRam System-HR-800 spectrometer (Vil-
leneuve d’Ascq, France) (1800 lines mm™! grating, charge-
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before cooling (at RT) after cooling (at 150 K)
surface cracks
FIGURE 1 Optical microscope image of the KNbO; sample at RT before cooling and at 150 K after cooling. The high cooling rate of

2 K min™ resulted in thermal stresses which led to the formation of surface cracks. These did not penetrate through the entire thickness of

the material as the bulk sample did not break into pieces. RT, Room temperature.

coupled device camera) in the backscattering geometry
using the 442 nm excitation line of a He-Cd laser. The laser
power was set to 1.3 mW, which gave sufficiently high mea-
surement intensities and did not induce sample heating.
The laser beam was focused on the sample surface by a 50X
magnification objective (N. A. 0.55) and had a spot size of
~1 um. Due to the optical transparency of KNbO5,*" the
excitation volume is not limited by the penetration depth,
but by the depth of focus, which is ~8 um.

Raman measurements of the dislocation-rich plastic
zones were carried out at RT. Additionally, we performed
temperature-dependent Raman measurements from 150 to
525 K, which were carried out in a Linkham THMS-600
temperature control stage (Salfords Redhill, UK) placed
under the Raman microscope. The sample was fixed with
a temperature resistant silver paste, which also improves
heat transfer. The cooling and heating rates were set at
2 K min~!. It should be mentioned that the Raman inves-
tigations of the Brinell zones were performed before the
cooling/heating process. After cooling the sample to 150 K,
surface cracks could be observed under an optical micro-
scope, as shown in Figure 1. Therefore, the regions of
interest for the temperature-dependent Raman measure-
ments in the pristine sample areas were carefully chosen
to be away from the cracks to avoid any potential influence
on the Raman spectra.

We used the Python-based open-source graphical user
interface PyRamanGUI* for spectra evaluation.

2.4 | Raman spectrum calculation

All DFT calculations*>** were performed using the Quan-
tum Espresso code**~*® version 6.8 together with projector
augmented-wave (PAW) pseudopotentials*’ taken from the
PSlibrary, version 1.0.0.*® The PAW pseudopotentials were
combined with the Perdew-Burke-Ernzerhof generalized-

gradient exchange—correlation functional.*’ The calcula-

tions have been carried out with a kinetic energy cutoff
of 80 Rydberg, whereas the density cutoff has been 8
times larger. In case of the Brillouin zone integration, a
14 x 10 X 10 mesh in reciprocal space has been employed.
The calculation focuses on the orthorhombic structure
which is observed at RT in experiment. Starting from
the experimental orthorhombic crystal structure obtained
from ICSD (database code #37219) the nuclear positions
and the cell parameters have been relaxed until the nuclear
forces were <0.1 mRy Bohr—1 and cell pressure <0.1 kbar.
The Raman spectra have been calculated using the phonon
code, which is part of Quantum Espresso using only the
Gamma point. The method is based on the linear response
theory and makes use of symmetry if available.

3 | RESULTS AND DISCUSSIONS

3.1 | Temperature-dependent Raman
measurements in pristine regions

We have performed temperature-dependent Raman mea-
surements within a pristine region of the investigated
KNbO; single-crystal sample to determine crystallo-
graphic phase transitions (see Figure 2). The sample was
first cooled to 150 K and then gradually heated to 525 K.
Atlow temperatures, the Raman spectra can be assigned
to the rhombohedral phase R3 m of KNbO;.2>°%5! After
a gradual increase in temperature, at 250 K new peaks
appear at 273, 283, and 608 cm~!, while the Raman mode
at 220 cm™! disappears, as shown in Figure 2. This change
is related to a structural phase transition and results from
the sensitivity of Raman spectroscopy to lattice dynamics.
These Raman spectra can be assigned to the orthorhom-
bic Amm2 phase.?***>! A broadening and shifting of the
Raman modes occurs at elevated temperatures, which is
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FIGURE 2 Temperature-dependence of the Raman spectra in

the range of 150-525 K. Structural phase transitions can be identified
at 250 and 500 K due to the changes in Raman spectra. New Raman
modes appear, which are indicated with arrows, while disappearing
modes are marked with *.

due to the thermal behavior of the phonons. Starting with
500 K, the appearance of broad Raman bands around
300 cm~! and vanishing of a mode around 520 cm™! can
be observed. These changes indicate another phase tran-
sition whereby the new Raman spectra can be assigned to
the tetragonal P4 mm phase of KNbOj; as expected from
the literature.”>*"! The transition to the non-ferroelectric
cubic phase at 700 K*>°°! could not be observed due to the
temperature limitation of the heating stage used.

We observed a thermal hysteresis during the low-
temperature phase transition from rhombohedral to
orthorhombic KNbOj;. This can be followed from the tem-
perature evolution of the Raman peak at around 295 cm™,
as shown in Figure 3, which can be observed in both
Raman spectra of each phase. The different peak positions
in the rhombohedral and orthorhombic phases can be used
to determine the phase transition temperature. There are
differences in transitions temperatures during heating and
cooling process which can be attributed to a hysteresis
and a first-order phase transition, which has already been
discussed in the literature.?*>%>3

3.2 | Dislocation-rich plastic zones

3.21 | Plastic zones and dislocation imaging

The dislocation-imprinted scratch tracks by the Brinell
indenter scratching method can be seen in the polarized
optical microscope image of Figure 4A for one (1x) and
five (5x) Brinell passes. One pass (1x) is defined as a sin-
gle gliding of the indenter on the sample surface in one

rhombohedral <———— orthorhombic |

300 e B

299 - T T T T T T 298.0m T T o @ ]
orthorhombic R -p

208 | 1=K / -

m
N
©
~
1
Raman Intensity

o

g

5

- 1 T=150K j
7] 295 ‘ N\ / \291 om?
o A

o

x

(]

(9]

o

rhombohedral j H

29 | ,,,/;k/, \L

180 200 220 240 260 280 300 320 340

293 Wavenumber / cm’! jf i p
292 + ]
291 + ]

v 9 vy

290 T T T T T T T T T T 1

150 160 170 180 190 200 210 220 230 240 250
Temperature / K
FIGURE 3 The peak position of the Raman mode located at

around 295 cm™! as a function of temperature during the
rhombohedral-orthorhombic phase transition. The peak position
was determined by fitting the Raman mode with Lorentz line
shapes, as depicted in the inset. Thus, an abrupt shift in the peak
position at a certain temperature acts as an indicator for the phase
transition. The hysteresis can be seen by the different transition
temperatures during heating (1 and 3) and cooling (2) which are
marked in the figure (it should be noted that the measured
temperatures in steps 1 to 3 are not the same).

direction from one end to the other end. These areas will
be referred to as ‘Brinell zones’ in the following, in contrast
to the reference pristine region. The plastically deformed
Brinell zones can be distinguished from the pristine areas
in the microscopic image (Figure 4A) by the presence of
vertical and diagonal lines within them. These slip traces
are caused by the interaction of the activated glide planes
of the (110 ) {110} slip system with the tested (100) surface
of the sample, as illustrated in Figure 4B. The number of
the slip traces increases with the number of Brinell passes,
indicating higher dislocation densities."

For visualizing dislocations, ECCI is a suitable
technique.”™>! Figure 5 demonstrates two images of
the Brinell zones with one (1x) and ten (10x) Brinell
passes, respectively. The bright dots are intersection points
of dislocation lines with the (100) surface. Some of them
are marked with arrows for better visibility.

3.2.2 | Raman measurements in the Brinell
zone with one scratch pass

We performed a Raman line scan across the boundary
between the 1x Brinell zone and the pristine region out-
side at RT (see inset image in Figure 6A). This Brinell
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FIGURE 4 (A) Polarized optical microscope image of deformed Brinell zones with one (1x) and five (5x) scratching repetitions. The
intersection lines of the slip planes with the surface are indicated by dashed lines. (B) Schematic of the sample geometry and the activated slip
planes during the deformation of the (100) surface by the Brinell indenter. All crystallographic directions correspond to the pseudo-cubic
representation of the orthorhombic cell.

1x , 10x

: dislocations
X Wy

FIGURE 5 ECCI of Brinell zones with 1x and 10x scratch passes. Selected dislocations are highlighted by arrows. The domain walls
exhibit a striking zig-zag pattern, which was confirmed by piezo-response force microscopy measurements (see Figure S4b) and also been
described by Preuf et al.'> This is related to a dislocation-induced domain wall pinning effect.!” The laser spot dimension (blue circle) is also
marked to scale to illustrate the proportions of the investigated sample area. ECCI, Electron channelling contrast imaging.
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FIGURE 6 (A)The Raman spectra correspond to the line scan across the boundary between the 1x Brinell zone and pristine region.
(B,C Averaged Raman spectrum of the region outside and inside the Brinell zone, respectively, obtained from the statistical average of 10
randomly selected Raman spectra from the corresponding regions. The range of the standard deviation is also shown. New Raman modes are
observed in (C), which are highlighted with arrows.
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zone will serve as a reference for our Raman studies in
dislocation-rich regions. The Raman line scan in Figure 6A
reveals changes in the Raman spectra during mapping.
Using the positional information from the line scan and
the optical microscope image, it is possible to assign the
spectra to the respective sample region. Please note that
the absolute measured intensities of the Raman signal
in the deformed zone strongly depend on the position
of the laser spot on the sample. This could be due to
slip traces causing a step-like roughening of the surface.
Such a surface in deformed KNbO; was observed by
Hofling et al.” using the atomic force microscopy (AFM).
They obtained height differences in the range of sev-
eral hundred nanometres. This affects the intensity of the
measured Raman spectra, as the laser focus changes. To
counteract this influence, an averaged spectrum was cal-
culated from the mean value of the Raman intensities
of 10 randomly selected spectra from this zone, which
is presented in Figure 6C. This spectrum represents the
entire Brinell zone and averages the intensity fluctuations
of the individual spectra. For the sake of completeness,
the same procedure was carried out for the area out-
side the Brinell zone (see Figure 6B). This spectrum can
be assigned to the orthorhombic phase of the KNbO;,
which is consistent with the expected crystal structure at
RT based on the temperature-dependent Raman measure-
ments before (Figure 2) and results of DFT-calculations.
According to space group Amm2 there will be 12 vibra-
tional modes for KNbO; with irreducible representations
4A,+A,+4B,+3B,.* All modes are allowed to be Raman
active due to the symmetry. The calculated phonon fre-
quencies are listed in Table 1.

In contrast, in the plastically deformed Brinell zone,
changes in the Raman spectrum can be observed
(Figure 6C). Surprisingly, this Raman spectrum can-
not be assigned to any known phase of KNbO3 (compare
to Section 3.1) and is not described in the literature with
such an appearance.’>?**>> To determine the posi-
tions of the phonon modes, this new Raman spectrum
was fitted with Lorentz oscillators, whose positions are
represented in Table 1. Figure 7 displays the fit to the
Raman signals. It can be seen that some Raman modes
of the orthorhombic phase still appear in this spectrum
when compared to the spectrum of the pristine region.
Further, there are new Raman modes at 263, 418, 435,
522, and 581 cm™~!, which only appear in the Brinell zone.
In addition, there is a strong spectral background at low
wavenumbers < 200 cm™! (see Figure 6C). This could
be related to an increase in elastic scattering due to the
changes in surface morphology.

In order to account for high dislocation densities, we
assume that high defect concentrations may locally lower
the crystal symmetry. For this reason, in the DFT calcula-
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FIGURE 7 The averaged and baseline-corrected Raman
spectrum of the 1x Brinell zone is fitted with Lorentz oscillators. A
distinction is made between Raman signals that can also be found
in the pristine, orthorhombic areas (blue) of the sample and those
that only occur in the plastically deformed Brinell zone (orange).
The arrows mark the peak positions of very weak signals at 418, 435,
and 522 cm~!, which also only occur in the Brinell zone.

tions, we set up a supercell using a simple orthorhombic
cell containing two formular units KNbOs, not using
the fractional translation (0, 1/2, 1/2) available in space
group Amm2, but treating the atoms as independent. This
increases the number of atoms to 10 in that orthorhom-
bic structure. Similar to the previous calculations, we relax
the cell volume and atomic positions before calculating
the vibrational frequencies. In that model structure due to
the 10 independent atoms, we will get now 27 vibrational
modes as shown in Table S1. The surprising observation
is that this lowering of symmetry and small deviations
of the atoms from ideal positions is enough to produce
modes deviating in frequency from the full symmetric
structure in space group Amm2. In particular, there are
now new modes between 303 and 472 cm~!. We performed
azimuthal angle-dependent Raman measurements in the
pristine region (see Figure SI) and in the 1x Brinell zone
(see Figure S2), as described in Supporting information.
In contrast to the measurements in pristine KNbO;, the
Raman spectra recorded in the Brinell zone show a ran-
dom angular dependence, which could be an indication
of a symmetry loss in the crystal lattice caused by disloca-
tions. This could confirm the previously discussed results
of DFT calculations.

Surprisingly, such dislocation-induced activation of
Raman modes is not observed in the low-temperature
rhombohedral phase of KNbO;. The Raman spectra
recorded in the pristine and 1x Brinell zone do not show
any differences, as presented in Figure S3. Both can be
assigned to the rhombohedral phase (see Section 3.1).
Despite the similarities, we suppose that the dislocations
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TABLE 1
KNbO; (DFT-calculated and Ref. [53]).

Wavenumber (cm1) Wavenumber (cm!)

eramic Society

The observed Raman mode frequencies of plastically deformed KNbO; (Brinell zone 1x) in comparison with orthorhombic

Wavenumber (cm™!)

Brinell zone 1x orthorhombic (Amm2) Assignment orth. KNbO; (Ref. [53]) Assignment
(experiment) (DFT-calculated) (DFT-calculated) (experiment) (Ref. [53])
46.2 B,
169.1 A,
172.2 B,
173.1 B,
192 B, (TO)
193 A, (TO)
195 194.5 A, (LO)
249 246.3 B, 249 B, (TO)
263*
274 270 B, (TO)
2815 A, (TO)
283 2712 A, 282 A,
283.7 B,
285.1 A 295 A, (LO)
298 297 A, (TO)
418*
435+ 303.6 A, 4345 A, (LO)
472.7 B, 513 B, (TO)
522%
535 527.7 B, 534 B, (TO)
581*
607 601.5 A, 606.5 A, (TO)

Note: The Raman signals marked with * only occur in the Brinell zones, not in the pristine region (resp. orthorhombic KNbOj;).

are still preserved in the plastic region at low tempera-
tures, since the above-mentioned differences in the Raman
spectra reappear after reheating and transition back to
the orthorhombic phase (see Figure S3). However, these
Raman signals could have a symmetry-caused lower exci-
tation probability, resulting in smaller signal intensities
which are superimposed by more intense Raman sig-
nals from pristine rhombohedral regions between the
dislocations.

3.2.3 | Raman measurements in Brinell zones
with multiple scratch passes

The number of Brinell passes correlates with the imprinted
dislocation density in single-crystal KNbOs, as has been
experimental visualized by Preuf et al."> The dislocation
density increases with increasing number of passes, from
~2 % 10" m~2 in the pristine region to ~4 x 10> m~2 after
ten scratch passes where saturation occurs.”

Here, we further analyze and compare the Raman spec-
tra in the Brinell zones with five (5x) and ten (10x)

scratch passes with the previously described 1x zone.
Raman line scans were performed within the plastically
deformed regions. As explained in Section 3.2.2, an aver-
aged spectrum was calculated for each Brinell zone from 10
randomly selected Raman spectra. Figure 8A illustrates the
averaged Raman spectra of the 5x and 10X Brinell zones
together with the averaged spectrum of the 1x zone from
Section 3.2.2. The number of observed Raman modes is the
same in all three cases. Changes in the number of passes
did not lead to new Raman signals. However, a change
in peak positions can be observed in Figure 8B for three
selected modes. These shift to higher peak positions as
the number of passes increases (hence higher dislocation
densities). Such a blueshift of the Raman peak position
is present in strained crystals with compressive stresses.?’
Due to the spatial resolution limit of micro-Raman spec-
troscopy, the observed stress field does not originate from
individual dislocations. Rather, it is an accumulated stress
field resulting from the collective behavior of the dislo-
cations after indentation. They form a geometric order
that results in a residual compressive stress field. Sim-
ilar Raman spectroscopic observations can be found in
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Number of Brinell passes

(A) Averaged and normalized Raman spectra of the Brinell zones with different scratch passes. The scaling factors are given

in the legend. (B) Peak positions of three selected Raman modes as a function of the number of scratch passes, determined by fitting them to

Lorentzian line shapes. The blueshift indicates an increase in compressive strain with increasing Brinell passes.

the literature for various materials.*>*> It would be very
interesting to understand the relation between dislocation-
induced stresses and Raman spectroscopy in more detail in
future studies.

4 | CONCLUSION

We use Raman spectroscopy to provide in-depth
information on dislocation induced changes of local
crystal order in single-crystal KNbOs. charge-coupled
deviceTemperature-dependent Raman measurements
between 150 and 525 K in pristine KNbOj; reveal tran-
sitions among three phases, namely, at 250 K from the
rhombohedral to the orthorhombic phase and at 500 K
from the orthorhombic to the tetragonal phase. A thermal
hysteresis is observed at the rhombohedral-orthorhombic
phase transition, confirming the first-order phase transi-
tion behavior. Dislocation-rich regions were introduced
by plastic deformation using the cyclic Brinell indenter
scratching method. Contrasting the pristine regions, room-
temperature Raman spectra reveal new Raman modes in
dislocation-rich regions, which is likely caused by the high
defect density that can lead to a reduction in the crystal
symmetry (hence increased disorder), as confirmed by the
azimuthal angle-dependent Raman measurements. The
experimental results are supported by DFT calculations
that yield 27 Raman-active modes in the dislocation-rich
KNbO;. This is a significant increase in the number of
vibrational modes compared to the pristine orthorhombic
structure, where 12 Raman active modes are expected due

to the symmetry. Furthermore, the increase in dislocation
densities by increasing the number of scratch passes
from 1 to 10 do not alter the Raman modes but lead to an
increase in local compressive stresses, as evidenced by
the blueshift of peak positions in the Raman spectra of
regions with different dislocation densities. This is related
to the collective behavior of the dislocations, resulting in
an accumulated stress field due to a geometrically ordered
dislocation structure. Our work contributes to the develop-
ment of dislocation-tuned ceramics by understanding the
changes in the crystal structure and associated dislocation
dynamics. The relationship between Raman spectroscopy
and dislocation-induced stresses and crystal symmetry
lowering requires further investigation.
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