
Appl. Phys. Lett. 117, 021902 (2020); https://doi.org/10.1063/5.0010234 117, 021902

© 2020 Author(s).

Influence of dislocations on thermal
conductivity of strontium titanate
Cite as: Appl. Phys. Lett. 117, 021902 (2020); https://doi.org/10.1063/5.0010234
Submitted: 08 April 2020 • Accepted: 24 June 2020 • Published Online: 13 July 2020

 Melanie Johanning,  Lukas Porz,  Jinfeng Dong, et al.

ARTICLES YOU MAY BE INTERESTED IN

Role of thermal gradients on the depolarization and conductivity in quenched
Na1/2Bi1/2TiO3-BaTiO3
Applied Physics Letters 116, 262902 (2020); https://doi.org/10.1063/5.0013379

BaTiO3-based piezoelectrics: Fundamentals, current status, and perspectives

Applied Physics Reviews 4, 041305 (2017); https://doi.org/10.1063/1.4990046

Oxygen vacancies: The (in)visible friend of oxide electronics
Applied Physics Letters 116, 120505 (2020); https://doi.org/10.1063/1.5143309

https://images.scitation.org/redirect.spark?MID=176720&plid=1992743&setID=378288&channelID=0&CID=730412&banID=520904760&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=516b9ec65262408b545a9cfc9ca6c566e4ba63b3&location=
https://doi.org/10.1063/5.0010234
https://doi.org/10.1063/5.0010234
https://orcid.org/0000-0002-6731-4448
https://aip.scitation.org/author/Johanning%2C+Melanie
https://orcid.org/0000-0003-3163-085X
https://aip.scitation.org/author/Porz%2C+Lukas
https://orcid.org/0000-0002-3026-8054
https://aip.scitation.org/author/Dong%2C+Jinfeng
https://doi.org/10.1063/5.0010234
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0010234
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0010234&domain=aip.scitation.org&date_stamp=2020-07-13
https://aip.scitation.org/doi/10.1063/5.0013379
https://aip.scitation.org/doi/10.1063/5.0013379
https://doi.org/10.1063/5.0013379
https://aip.scitation.org/doi/10.1063/1.4990046
https://doi.org/10.1063/1.4990046
https://aip.scitation.org/doi/10.1063/1.5143309
https://doi.org/10.1063/1.5143309


Influence of dislocations on thermal conductivity
of strontium titanate

Cite as: Appl. Phys. Lett. 117, 021902 (2020); doi: 10.1063/5.0010234
Submitted: 8 April 2020 . Accepted: 24 June 2020 .
Published Online: 13 July 2020

Melanie Johanning,1,a) Lukas Porz,1,a) Jinfeng Dong,2 Atsutomo Nakamura,3,4 Jing-Feng Li,2

and J€urgen R€odel1

AFFILIATIONS
1Division of Nonmetallic-Inorganic Materials, Department of Materials and Earth Sciences, Technical University of Darmstadt,
64287 Darmstadt, Germany

2State Key Laboratory of New Ceramics and Fine Processing, Department of Materials Science and Engineering,
Tsinghua University Beijing, Beijing 100084, People’s Republic of China

3Department of Materials Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
4PRESTO, Japan Science and Technology Agency (JST), 7, Gobancho, Chiyoda-ku, Tokyo 102-0076, Japan

a)Authors to whom correspondence should be addressed: melanievictoria.johanning@stud.tu-darmstadt.de
and porz@ceramics.tu-darmstadt.de

ABSTRACT

Recently, several creative processing techniques yielded thermoelectrics with reduced thermal conductivity and, thereby, an enhanced figure
or merit. These were based on engineered complex microstructures with attendant dislocation structures. In this study, we implement highly
controlled mesoscopic dislocation structures into the model thermoelectric SrTiO3 in order to quantify phonon scattering at dislocations.
Both single crystals and polycrystalline material have been furnished with enhanced dislocation densities increased by a factor of 150–300 by
plastic deformation. Thermal conductivity was measured using laser flash analysis between room temperature and 325 �C. Etch pit
techniques and ultra-high voltage electron microscopy afford quantification of dislocation density. Experimental results were compared to
predictions by the Debye-Callaway model. The latter revealed that dislocation densities of 1015 m�2 would be necessary for the reduction of
thermal conductivity of SrTiO3 in the investigated temperature range, which could not be realized using the plastic deformation mechanism
applied.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010234

Tuning of thermal properties is considered a key avenue to
train thermoelectrics for the marketplace.1,2 To this end, point
defects have been considered extensively in the past.3 Dislocations
are similarly suggested to have great potential in tailoring the
thermal conductivity.1,2 In particular, several creative processing
techniques have been developed recently, like liquid phase com-
paction4 or melt centrifugation.5 These materials reveal a very
complex microstructure. For melt-centrifuged (Bi,Sb)2Te3, disloca-
tion networks at the grain boundary with a dislocation density of
2� 1014 m�2, estimated from the mean dislocation distance of
5 nm in the grain boundary,5 are produced. This average volume
density does, however, not reflect the highly non-uniform distribu-
tion of dislocations. While the new microstructures appear to be
promising to enhance the figure of merit of thermoelectrics by dis-
locations,2,6,7 their convoluted microstructure does not allow us to
extract the impact of dislocations on properties unequivocally.

The influence of dislocations on phonon transport has been stud-
ied in theory since the 1950s.8,9 The strain field and dislocation core8

are suggested to reduce the phonon mean free path (MFP) and, thus,
reduce thermal conductivity, depending on phonon frequency and
dislocation density.8 Experimental evidence of phonon scattering by
dislocations was attained in plastically deformed single crystals at cryo-
genic temperatures,10 where the intrinsic MFP is large and can, thus,
be reduced with lower dislocation densities compared to room temper-
ature. A recent study suggests that above a critical dislocation density,
dislocations can reduce thermal conductivity even at room tempera-
ture,11 where intrinsic scattering gets more dominant.

In this study, we fundamentally address the impact of the meso-
scopic dislocation structure with a well-defined density on thermal
conductivity. Evaluation is facilitated using single crystal reference
material and is contrasted with/compared to polycrystalline specimen.
As an experimental tool, we apply plastic deformation as a means with
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high control to introduce dislocations. Many ceramics, among them
potential thermoelectrics, can be deformed plastically at room temper-
ature or elevated temperatures.

Strontium titanate (SrTiO3) serves as well-studied model mate-
rial. The defect chemistry,12 plastic behavior,13,14 slip systems,15 and
thermal properties16,17 are well known. Furthermore, functional prop-
erties of SrTiO3 are important for its applications, e.g., as a potential
thermoelectric,18,19 particularly at high temperatures.20 However, high
thermal conductivity still limits its competitiveness.19

We were able to produce well-oriented dislocation structures of
h100i{100} dislocations in [110]-oriented SrTiO3 single crystals by
deformation at 1050 �C. Beyond that, we were able to plastically
deform polycrystals to introduce dislocations. Laser flash analysis
(LFA) between room temperature and 325 �C was utilized to probe
the thermal conductivity of plastically deformed samples and unde-
formed reference samples. Dislocation densities were quantified using
etch pit techniques as well as ultra-high voltage electron microscopy.

Ordered dislocation structures were introduced by plastic
deformation under uniaxial compression (Z010, Zwick GmbH &
Co. KG, Ulm, Germany). Reference samples of identical crystal
orientation, temperature profile, polishing procedure, and sample
thickness were utilized to quantify the impact of dislocations on
thermal conductivity. Undoped SrTiO3 single crystals with a nomi-
nal purity of 99.99% and a size of 4mm � 4mm � 8mm, commer-
cially available from Alineason Materials Technology GmbH
(Frankfurt am Main, Germany), were probed.

Deformation of a [110]-oriented single crystal at 1050 �C results
in a network of h100i{100} dislocations. The experimental steps are
illustrated in Figs. 1(a)–1(c). A notch with a depth of �1mm was cut
into the (1-10)-surface using a wire saw with a wire diameter of
170lm. This results in a stress concentration that enhances the dislo-
cation density. A suitable choice of crystal orientation and temperature
allows us to only activate one slip system with the highest Schmid
factor at a time.14 A total displacement of 17lm was attained for the
8mm high crystal.

In order to quantify the local dislocation density, sample surfaces
were etched with a solution of 16 drops of 50% HF (H2O) in 15ml of
50% HNO3 (H2O). While distributed in the whole sample, dislocations
arrange preferably in glide planes at an angle of 45� to the notch.
Therefore, slices at an angle of 45� were extracted and thermal conduc-
tivity was determined perpendicular to the sample surface in order to
maximize the potential scattering influence. Slices were shaped by
careful grinding in order to avoid damage during cutting. The samples
were prepared by standard polishing (Phoenix 4000, Buehler, ITW
Test & Measurement GmbH, Esslingen am Neckar, Germany) fol-
lowed by vibrational polishing (Jean Wirtz DBP Nr. 1 118 045). Etch
pit density on the surface after HF-etching was taken as proof that pol-
ishing damage could be avoided. The final sample thickness of both
deformed and reference samples was 1030lm. Dislocation density
was examined using an ultra-high voltage electron microscope
(UHVEM; JEOL JEM-1000k RS) operated at 1000 kV for samples
from the same type of crystals deformed by 2% without a notch.

Thermal conductivity was determined between room tempera-
ture and 325 �C by the calculation from thermal diffusivity measured
by laser flash analysis or LFA (LFA 457, Erich NETZSCH GmbH
& Co. Holding KG, Selb, Germany). Samples were sputtered with a
reflective Pt-coating to prevent direct transmission of the laser. A

density of 5.03 g cm�3, obtained by the Archimedes method, heat
capacity, assumed as the Dulong–Petit limit of 3R, equivalent to
670 J kg�1 K�1 for SrTiO3, and the sample thickness were taken as
constant. Additional quantification of samples with h110i{110} dislo-
cation bands, experimentation with Fe- and Nb-doped samples,
and model calculations were conducted for verification of the results
(see the supplementary material).

Undoped SrTiO3 polycrystals were produced by sintering for 1 h
at 1425 �C in a pure oxygen atmosphere. After cooling down to room
temperature, samples were reheated and held at 1350 �C for 15 h in a
pure oxygen atmosphere before final cooling to room temperature.
The diameter of the sintered sample was reduced from 6mm to 4mm
with a turning lathe before deformation by 1.7% at 1150 �C. A con-
stant load was maintained during cooling to avoid recovery of disloca-
tions. Samples were cut into slices perpendicular to the deformation
axis [see Fig. 1(d)]. After final polishing, deviations in the sample
thickness could be limited to about 20lm. The grain size was deter-
mined using SEM images of undeformed reference samples. Thermal
conductivity and dislocation density were investigated in the same
manner as that for the single crystalline samples.

Bright-field scanning transmission electron microscopy (BF-STEM)
from UHVEM [see Fig. 2(a)] captures the h100i{100} dislocation
structure. Enabling the visualization of a highly resolved large area,
ultra-high voltage electron microscopy is superior to conventional
TEM for this purpose. Laser microscope images of etched sample
surfaces [Fig. 1(b), for details, see supplementary material (Fig. S1)]

FIG. 1. Processing steps for samples with an ordered h100i{100} mesoscopic
structure of dislocations (a)–(c). Deformation of single crystals leads to emission of
dislocations from the notch, and dislocation fields are formed (a). Etched samples
reveal the dislocation network shown in the background. Slices were extracted at
an angle of 45� to the notch (b). LFA measurements were performed perpendicular
to the glide planes (c). Polycrystalline cylinders were deformed, and slices were cut
from the cylinder for LFA measurements (d).
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also attest the successful introduction of well-ordered h100i{100}
dislocations. The dislocation density increased from the natural dis-
location density of 7� 109m�2 to 1012 m�2 after deformation.
Hence, the mean distance of dislocations is �1 lm after deforma-
tion. As samples for electron microscopy were cut from crystals
deformed without a notch, the attained values represent a lower
limit of dislocation density for the samples measured with LFA.

The microstructure of polycrystalline samples is visualized by
UHVEM [see Fig. 2(b)]. The average grain size of the polycrystal
was quantified to be 2.66 1.5 lm from SEM images. While the dis-
location density after deformation strongly varies between the
grains, it is estimated to be 2� 1012 m�2 on average. This is to be

compared with a dislocation density of 6� 109 m�2 in the unde-
formed material.

Measurements of thermal conductivity (see Fig. 3) reveal that
there is no significant influence of plastic deformation on thermal con-
ductivity of SrTiO3 between room temperature and 325 �C. Values
are displayed in conjunction with model calculations for different
dislocation densities using the Debye–Callaway model (see the
supplementary material). Calculations were performed for lattice ther-
mal conductivity only as the electronic contribution to the total thermal
conductivity is negligible for SrTiO3 in the considered temperature
range.17 The measured magnitude of thermal conductivity of �12W
m�1K�1 at room temperature is consistent with the literature,16,17,21

and qualitative behavior agrees well with the calculated dependence.
Differences in thermal conductivity are within the error of mea-

surements for single crystals and polycrystals, corroborated also for
Fe- and Nb-doped crystals as well as h110i{110} dislocation bands (see
the supplementary material). The error of measurement, mostly stem-
ming from the sample thickness [see the supplementary material

FIG. 2. Image from ultra-high voltage electron microscopy of a single crystal,
deformed at 1050 �C by �2% (a), and a polycrystal, deformed at 1150 �C by 1.7%
(b), visualizing the mesoscopic dislocation network.

FIG. 3. Thermal conductivity of deformed single crystal (a) and polycrystal (b)
compared to that of the corresponding reference sample along with calculated
values for different dislocation densities. Curves for dislocation densities of 0 m�2

and 1012 m�2 are coincident.
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(Fig. S3)], was estimated to be 5% with a tendency to decrease with
increasing temperature. The influence of the sample thickness on LFA
results is a known phenomenon that could be corrected.22

Nevertheless, samples of equal thickness were quantified in this study
to ensure direct comparability with each other.

As the MFP in SrTiO3 is only several nm according to our model
calculations and literature,23,24 intrinsic scattering lengths are short.
Therefore, the mean dislocation distance of around 1lm in deformed
single crystals is not sufficient to achieve extrinsic scattering with a sig-
nificant influence on the total MFP. According to the calculation, dif-
ferences in thermal conductivity can be expected above a dislocation
density of 1015 m�2.

Dislocation density in the polycrystalline sample varies between
different grains. The average dislocation density of 2� 1012m�2 is
comparable to the single crystal and, hence, does not suffice to reduce
thermal conductivity.

The reduction of thermal conductivity at room temperature due to
phonon scattering by dislocations was reported for dislocations in grain
boundaries25 and above a critical dislocation density of 1011 m�2 in
GaN.11 Comparison of thermal properties of GaN and SrTiO3 indicates
that thermal conductivity of GaN with a value around 230Wm�1 K�111

is much higher. Furthermore, phonons with a MFP greater than 1lm
have their main contribution to heat transfer at 309K.26 Hence, extrinsic
scattering is expected to be achievable at lower dislocation densities in
GaN than in SrTiO3.

Simulations for thermoelectrics demonstrated that a significant
reduction of thermal conductivity could be reached with dislocation
densities of 1015 m�2 in PbTe.27 Additionally, a significant reduction
of thermal conductivity was obtained experimentally for dislocation
densities of 1016 m�2 for PbTe.6 The MFP of PbTe at 300K is calcu-
lated to be around 1nm.28 Compared to SrTiO3, the MFP of PbTe is
shorter by a factor of around three.23,24 Hence, the critical dislocation
density for SrTiO3 is expected to lie in-between the values for PbTe
and GaN.

The approach of plastic deformation appears to be not a feasible
tool for phonon engineering of thermoelectrics, which already have a
low thermal conductivity due to high intrinsic scattering. Our model
calculations predict a potential influence on thermal conductivity of
SrTiO3 for dislocation densities of 1015 m�2 and higher. Nevertheless,
these higher dislocation densities on the order of 1015 m�2 may be
achievable in oxides by severe plastic deformation using high pressure
torsion.29 However, note that a dislocation density of 3� 1016 m�2

means that h110i{110} type dislocations are only spaced 10 unit cells
apart. They typically dissociate into two partials approximately four
unit cells apart.15,30 A higher density is, hence, not to be expected.

Ordered h100i{100} dislocation networks with a dislocation den-
sity of 1012 m�2 in SrTiO3 single crystals and of 2� 1012 m�2 in
SrTiO3 polycrystals were obtained by plastic deformation. The resul-
tant thermal conductivity between room temperature and 325 �C was
comparable to that of undeformed reference samples. The results were
affirmed for h110i{110} dislocation bands as well as Fe- and Nb-doped
SrTiO3 [see the supplementary material (Fig. S3)] and calculations
using the Debye–Callaway model. As phonons in SrTiO3 and other
thermoelectrics have a low intrinsic mean free path in the range of
nanometers, alternative processing methods are required to reach
higher dislocation densities of about 1015 m�2 to significantly suppress
thermal conductivity.

See the supplementary material for images of etch pits, a descrip-
tion of the used Debye–Callaway model, and results of additional
measurements.
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