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Local ferroelectric polarization
switching driven by nanoscale
distortions in thermoelectric
Sng.7Gep 3Te
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A remarkable decrease in the lattice thermal conductivity and enhancement of thermoelectric figure
of merit were recently observed in rock-salt cubic SnTe, when doped with germanium (Ge). Primarily,
based on theoretical analysis, the decrease in lattice thermal conductivity was attributed to local
ferroelectric fluctuations induced softening of the optical phonons which may strongly scatter the
heat carrying acoustic phonons. Although the previous structural analysis indicated that the local
ferroelectric transition temperature would be near room temperature in Sng 7Geg 3Te, a direct
evidence of local ferroelectricity remained elusive. Here we report a direct evidence of local nanoscale
ferroelectric domains and their switching in Sng 7Geg 3 Te using piezoeresponse force microscopy(PFM)
and switching spectroscopy over a range of temperatures near the room temperature. From
temperature dependent (250-300 K) synchrotron X-ray pair distribution function (PDF) analysis,

we show the presence of local off-centering distortion of Ge along the rhombohedral direction in
global cubic Sng 7Geg 3 Te. The length scale of the Ge2t off-centering is 0.25-0.10 A near the room
temperatures (250-300 K). This local emphatic behaviour of cation is the cause for the observed local
ferroelectric instability, thereby low lattice thermal conductivity in Sng 7Geg 3Te.

It is known that almost two-thirds of all energy-intensive processes release heat as a waste product. Therefore,
the ability to convert heat into an useful form of energy is crucial. Thermoelectric materials are able to convert
waste heat into electricity and thus find applicability in future energy management strategies' . The efficiency
of heat to electricity conversion is given by the thermoelectric figure of merit (zT) which is:

2

zT = o

K
where, S, o and k denotes Seebeck co-efficient of a material, electrical conductivity and thermal conductivity
respectively. The k in crystalline solids is mainly propagated via charge carriers («,;) and lattice vibrations («j4;).
An ideal thermoelectric material should have high power factor (§°c) and low «j,; and in this regard several
routes have been found to be successful which can optimise these parameters’. Strategies like band convergence®,
resonance level’~, charge carrier optimization'® has been found to be effective to improve the power factor of a
material while point defect scattering!!, nano-structuring'?, all-scale hierarchical architectures'? and compounds
with intrinsically low kj,'* are found to be effective to lower the phonon transport. All these strategies led to
development of some of the highest performing thermoelectric materials in the last decade’>.

SnTe has been on the forefront in the thermoelectric research for the last decade due to its safer alternative to
the toxic PbTe compounds, mainly due to its similar crystal and electronic structure'®. Several SnTe based high
performance thermoelectric materials has been developed primarily from the aforementioned strategies®!-2*.
However, the major disadvantage has been the simultaneous optimization of both of these phonon properties.
Recently, it has been observed that engineering ferroelectric instability in SnTe reduces its lattice (phonon)
thermal conductivity enormously (0.67 W/mK at 300 K) while simultaneously retaining its high carrier mobility
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through the dielectric charge carrier screening'®. SnTe has a non-centrosymmetric rhombohedral (R3m) phase
below 100 K which transforms to global rock-salt cubic phase (Fm-3m) above 100 K>, Therefore, global fer-
roelectric ordering is not expected above 100 K in SnTe. Later, weak local ferroelectric instability was reported in
SnTe near room temperature, which was attributed to condensation of triply degenerate unstable optical phonon
modes in the cubic rock-salt phase®. 30 mol% Ge alloying in SnTe provides strong ferroelectric instability near
room temperature (T, ~ 290 K), which is accompanied via local chain-like off-centering of Ge?* in the global
cubic SnTe'. This ferroelectric instability softens the polar transverse optical (TO) phonons, which couples with
the heat carrying acoustic phonons, and in the process reduces the acoustic phonon lifetime?.

Previous structural studies have shown that Sn remains in a distorted octahedra inside the globally rocksalt
cubic structure at high temperatures beyond its ferroelectric transition temperature??”. This local off-centering
of Sn is found to increase with increase in temperature, a rare occurrence termed as “emphanisis”®. GeTe in its
ferroelectric phase is also found to be locally distorted along the [111] direction by a larger magnitude of ~ 0.30 A
and the local distortion remains unchanged beyond its ferroelectric transition temperature (~ 705 K)*>*. Thus,
it is imperative to investigate the structural identity of the 30 mol% GeTe-SnTe alloy before and beyond the fer-
roelectric instability temperature.

The presence of such local off-centering has benefited the thermoelectric performance of many compounds
by lowering their «,/*°~2. In Sng7Geg 3 Te particularly, the local off-centering of cations are found to exist till
the measured temperature of ~ 2T, (600 K). This explains the flat «j,; of Sng 7Ge 3 Te throughout the measured
temperature'®. However, the direct evidence of this local off-centering and its effect on the ferroelectric instability
near the transition temperature has been lacking and this work unambiguously proves it.

Results and discussion

Here, using temperature dependent piezoresponse force microscopy, we have observed local polarization switch-
ing in Sng 7Gep 3 Te near the room temperatures, indicating local ferroelectric instability—although global fer-
roelectric ordering has not been observed. We also observe clear butterfly loops in local strain vs applied electric
field which is a tell-tale signature of piezoelectricity. The absence of global ferroelectric ordering indicates that
the local ferroelectric switching might arise from local distortion in Sng;Geg 3Te, rather than a global struc-
tural change. To investigate the local structural evolution of Sng 7Geg 3 Te, we have also performed temperature
dependent (250-300 K) synchrotron X-ray Pair Distribution Function (PDF) analysis. PDF analysis yielded a
local off-centering of cations throughout the measured temperature range although the global structure of SnTe
remains rock-salt. Local off-centering of Ge in the rhombohedral direction of SnTe gives rise to ferroelectric
instability, thereby resulting in ultra-low lattice thermal conductivity and high thermoelectric performance.

In our PFM setup shown in Fig. Sla, we have a conductive cantilever in contact with the sample. A laser
is directed on the cantilever and is reflected back to a quadrupole photo diode. A sinusoidal AC voltage V. is
applied to a piezo-chip attached to the cantilever to drive the cantilever into oscillation.The cantilever is then
tuned at the contact-mode resonance frequency. All the measurements are then carried out at this resonance fre-
quency in order to achieve maximum sensitivity**~**. In contact mode, the deflection of the cantilever is tracked
while scanning it over the surface. PEFM measures the mechanical response to the electric field applied between
the tip and sample. The sample deforms i.e. locally expands or contracts in response to applied voltage, which in
turn changes the deflection of cantilever. This deflection is interpreted in terms of a piezo-response signal. For
PFM spectroscopy, a combination of AC and DC voltage of the form V;, = Vg, + V¢ sin(wt) is applied to the tip.
A piezoelectric sample deforms below the tip in presence of applied voltage. The response signal is interpreted in
terms of phase, the first harmonic component of the tip deflection. If the polarization direction below the tip is
in the same direction as the applied DC voltage, the sample would locally expand and vice versa. So, a sweeping
DC voltage would show a switching behaviour in phase. This can be observed as hysteric phase switching in ¢
vs V4. curve. The amplitude of deformation can also be interpreted in the form A = Ag+ A, cos(wt + ¢). This is
observed as butterfly loop in A, vs V4. curve. It should be noted that the hysteretic behaviour can be observed
for reasons other than piezoelectricity such as electrostatic and electrochemical effects. In order to mitigate the
electrostatic effects, we supply a sequence of DC voltages with AC modulation in triangular saw tooth pattern®-".
This switching spectroscopy protocol allows us to measure the response signal in “off” state of pulses. The growth
of nanoscale topographic features, if any, indicate electrochemical reaction over the surface®.

For PFM spectroscopic measurements, we took a 4 mm x 4 mm x 1 mm Sng 7Geg 3Te sample and placed it
over a metallic plate connected to a heating Peltier cooling and heating stage. This stage, in turn, is connected
to a common ground of a high voltage amplifier. The temperature of the metallic plate can be varied from 278
to 400 K. A conductive AFM tip, made of silicon coated with platinum, was brought in contact with the sample.
The free air resonant frequency was 73 kHz. The resonant frequency in contact with the sample was found to
vary between 260 and 300 kHz. The spring constant of the cantilever was found to be 2.1 N/m.

In Fig. 1, we show the temperature dependence of phase vs V 4. curve. The corresponding butterfly loop like
amplitude vs field curve is shown in Fig. S2. The hysteretic switching by 180° is clearly seen in Fig. la. At this
temperature, the switching behaviour is very robust and does not depend upon the maximum voltage applied
during the measurement. We clarify this by showing two representative curves captured with two maximum
applied voltages. For the red curve, the maximum applied voltage was 10 V and for the black curve, the maximum
applied voltage was 14 V. Similarly, as shown in Fig. 1b, at 283 K the difference of the respective hysteresis loops
obtained by applying two different voltages (15 V and 20 V), was not significant in terms of the coercive fields,
despite their slightly larger difference in overall shape. These two measurements were done at the temperatures
lower than the predicted ferroelectric transition temperature (~ 290 K). At 300 K, which is above the estimated
transition temperature, the hysteresis loops appear only at certain points on the sample surface. But, they appear
with a much smaller coercive voltage (Fig. 1c). Furthermore, at this temperature, the shape of the loop and the
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Figure 1. Phase vs V. switching curve at temperature (a) 278 K (b) 283 K (c) 300 K and (d) 323 K.

coercive field change dramatically when the maximum applied voltage is varied during the measurement. This
deviation is even clearer in Fig. 1d where we present the data at 323 K, far above the estimated transition tempera-
ture. These observations indicate that while the hysteresis loops appear over a large temperature range, they are
less dependent on the maximum applied voltages at lower temperatures. This dependence is more prominent at
temperatures above 290 K, the estimated transition temperature. This help us conclude that the hysteresis loops
appear dominantly from ferroelectricity at lower temperatures (T = 278 K and T = 283 K). This is consistent
with the fact that the ferroelectric response is insensitive to the maximum voltage applied as long as the applied
voltage is greater than the saturation voltage.

It should be noted that at higher temperatures, spurious factors like local electrochemical reaction might give
rise to hysteresis loops which is expected to depend strongly on the maximum applied voltage. To re-emphasize
on this point, as it is known, hysteretic polarization switching might arise due to electrochemical reaction
between the tip and sample. To verify this, the area under the tip is scanned before and after the spectroscopic
measurements. Growth of nanostructure would indicate local electrochemical reaction. Such nanostructure
growth were not visible in topographic images after spectroscopic measurements at lower temperatures. However,
at higher temperatures, signature of local ferroelectric instability arises probably due to the local cation (Ge?*)
off-centering in global cubic rock-salt SnTe lattice.

It is understood that hysteretic phase switching alone does not always confirm ferroelectricity. Therefore, we
have also performed temperature dependent ferroelectric domain imaging on the surface of Sng ;Geg 3Te. In
Fig. 2 we present the topographic images and the corresponding PFM phase images. The phase image in Fig. 2b
corresponds to the topographic image in Fig. 2a, both captured at 278 K. As it can be seen, the phase image dis-
plays features that are completely different from the topographic features. The dark-bright contrast in the phase
image represents the local domains with differently oriented electric polarization vectors. At 300 K, the phase
image (Fig. 2d) doesn’t show prominent ferroelectric domains and the contrast is due to topographic cross-talk
alone (see Fig. 2¢). Therefore, it is clear that the ferroelectric properties of the system are dramatically suppressed
at elevated temperatures (room temperature in this case). This further confirms that Sng7Geg 3 Te hosts local
ferroelectricity with a Curie temperature comparable to the room temperature.

To investigate the origin of this temperature dependent ferroelectric behavior, we have performed Pair Dis-
tribution Function (PDF) analysis in the temperature range of 250-300 K. Finely ground power samples of
Sng.7Gep3Te were used to perform PDF analysis. The powder was poured into a capillary with diameter of
~ 0.6 mm and the ends were sealed using adhesive. Perkin Elmer detector was used to obtain scattering data.
Prior to every data set, dark measurement was performed. To obtain background data, scattering from empty
capillary was recorded. Lanthanum Hexaboride (LaBg) standard was used for calibration of Qg and other
instrumental parameters. The beam spot size of 0.5 x 0.5 mm? with a constant energy of 59.83 keV was taken.
Processing data using fit2D and PdfgetX3®® provided G, which corresponds to probability of finding atoms at
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Figure 2. Topography and the corresponding phase image at (a, b) 278 K (c, d) 300 K.

certain dlstances r in the material. G is obtained using Fourier transforming the scattering structure function
F(Q*,G = — fQ F(Q)sin(Qr)dQ where Q stands for momentum transfer of the scattering particle. F(Q) is
b

givenasF (Q) = Q [S(Q) — 1], with S(Q) being the structure function. Fitting of the PDF data is done using
PDFgui software. All the datasets were initially simulated using a rock-salt cubic model. The refinement param-
eters were the scale, linear r dependence, lattice parameter, and the Atomic Displacement Parameter (Ujs,) values.
The first peak of G vs r plot represents the nearest atom-atom correlations, similarly the second peak corresponds
to second neighboring atom correlations (i.e., cation-cation or anion-anion distance) and so on. To investigate
the local distortion in the structure, U, lattice parameter obtained from cubic fit were fixed. The r range was
taken 2.5-3.5 A. The temperature evolution (250-300 K) of PDF over a range of 2.5-20 A at 10 K intervals is
shown in Fig. S3a. As the temperature increases, the thermal vibrations of atoms inside the lattice increases,
which is observed in the decrease of peak intensities and increase in the peak width. The lattice parameter of
Sng7Geg 3 Te also increases from ~ 6.165 A at 250 K to ~ 6.171 A at 300 K (Fig. S3b). The atomic displacement
parameter (Uiso) ranges from 0.030 to 0.033 A? for cations (Sn/Ge) whereas for Te it ranges from 0.019 to
0.022 A2 for 250-300 K region (Fig. S3c). The Ui, provides a quantitative description of the vibrations of the
atoms inside the lattice and its increase with temperature concords with the increase (decrease) in peak width
(intensities) with temperature (Fig. S3a).

Being a total diffraction technique PDF analysis can parallelly provide information regarding any structural
evolution on both global and atomic length scales*'. PDF analysis revealed that Sng yGeg 3 Te resides globally in
rock-salt cubic lattice throughout the measured temperature range. When fitted with Fm3m model with partial
occupancy of Sn/Ge in the cation site and Te in the anion site, the total PDF (2.5-20 A) near the room tempera—
ture ( ~ 290 K) agrees reasonably well with the simulated curve (Fig. 3a). An excellent R, value of ~ 6.6% at
250 K obtained for the whole range fitting indicates that the global structure remains unperturbed with Ge alloy-
ing in SnTe (Fig. 3b). With increase in temperature, the R, value further decreases to ~ 6.4% at 300 K (Fig. 3¢).

To unravel the nearest nelghbor correlation in Sng7Geg 3Te, that is the local bonding between cations
(Sn** /Ge?t) and anion (Te?”), we have examined the bonding characteristics of the first peak (2.5 A<r<35A4).
When fitted using cubic model with parameters obtained from the total PDF fitting, the simulated fit does not
correctly describe the local structural features (Fig. 4a). As shown in Fig. 3c, the Ry, value for the first peak
(2.5-3.5 A) of Sng7Geg 3 Te, using an undistorted cubic model is as high as ~ 14.2% at 250 K and decreases
gradually to 13.5% at 300 K. Such poor description of the first peak is most likely attributed to local distortion in
Sng.7Geg3Te. On off-centering Sn and Ge from their parent position, the fit for the nearest neighbor drastically
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Figure 3. (a) X-ray pair distribution function (PDF) plot of Sng 7Geo 3 Te measured at 290 K and is fitted using
cubic Fm3m model. (b) Cubic Fm3m structure of Sny7Geg3Te (c) Temperauture dependent Goodness of fit _
(Ryy%) value for the total structure (2.5-20 A) and local structure (2.5-3.5 A) of Sng7Geg 3 Te fitted with Fm3m

model.

improves (Fig. 4b). The R,, for first peak fitting at 250 K drops to ~ 6.2% (from 14.2%), when Sn and Ge are
allowed to off-center from their mean position.

Interestingly, we observed that while Sn remains slightly off-centered (~ 0.07 A) from its mean position at
250 K, Ge is found to be off-centered by a much greater extent (~0.24 A) along the rhombohedral [111] direction
in the global cubic SnTe. Such off-centering of Ge is a resultant of strong stereochemical activity of 4s> lone pair
on Ge?* which exerts a significant repulsion on the neighboring bond-pairs. Mention must be made that the lone
pair of Ge?* in pure GeTe resides in a global rhombohedral structure (ferroelectric phase) up to 623 K*>%3, Hence,
in a symmetrical rock-salt type octahedral environment (in SnTe present case), the Ge will tend to off-center
along the rhombohedral direction by expressing its 4s> lone pair which we observe in present PDF experiments
and predicted by previous DFT calculation'. Such locally off-centered Ge cations will induce charge polarization
that can give rise to local ferroelectric instability as seen from PFM measurements.

Temperature evolution of the local structure shows dynamic off-centering of cations. Ge remains off-cen-
tered by ~ 0.25 A at 270 K and then starts to decrease the off-centering near the ferroelectric T, (Fig. 4c) in
Sng 7Geg 3 Te, whereas, Sn distorts only by ~ 0.07 A along rhombohedral direction at 250 K. At 300 K Ge and Sn
shows local displacement of about 0.11 A and 0.02 A respectively. Low R,, values for locally off-centered Sn/Ge
(Fig. 4d) compared to undistorted Sn/Ge (Fig. 3¢) indicates that the structure does reside as a low symmetric
entity locally, although globally it averages out as a symmetrical rock-salt lattice. Such temperature dependent
local distortion corroborates the PFM observations of local polarization and subsequent ferroelectric instability.
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Figure 4. 300 K PDF first peak fitted using (a) cubic Fm3m model and (b) Distorted model. (c) Magnitude of
local distortion for Sn and Ge atoms. (d) Temperature dependent Goodness of fit Ry, % value for local structure
(2.5-3.5 A) of Sng 7Geg 3 Te fitted with distorted model.

Conclusion

In conclusion, we have demonstrated local ferroelectric polarization in Sng7Geg 3Te near room temperature by
piezoresponse force microscopy and switching spectroscopy. We ascribe the presence of such local ferroelectric
instability to the local off-centering of Ge?* along the rhombohedral direction (< 111 >) in the global rock-salt
SnTe lattice, which is confirmed by synchrotron X—raZ PDF investigations near room temperature. The off-
centering of Ge** is due to its stereochemically active 4s® lone pair of electron which distorts the local octahedral
coordination and forms local chain type off-centered region in global cubic lattice. We observe that below room
temperature this local off-centering is significant and decreases near room temperature, thus corroborating
with our PFM measurements. Local off-centering of cation induces ferroelectric instability, thereby softens the
optical phonon modes which is prime reason to exhibit ultra-low lattice thermal conductivity in Sng ;Geg 3 Te.

Received: 13 May 2021; Accepted: 3 August 2021
Published online: 25 August 2021

References

1. Zhao, L.-D., Dravid, V. P. & Kanatzidis, M. G. The panoscopic approach to high performance thermoelectrics. Energy Environ. Sci.
7,251-268 (2014).

2. Tan, G., Zhao, L.-D. & Kanatzidis, M. G. Rationally designing high-performance bulk thermoelectric materials. Chem. Rev. 116,
12123-12149 (2016).

3. Xiao, Y. & Zhao, L.-D. Seeking new, highly effective thermoelectrics. Science 367, 1196 (2020).

4. He, ., Kanatzidis, M. G. & Dravid, V. P. High performance bulk thermoelectrics via a panoscopic approach. Mater. Today 16,
166-176 (2013).

5. Dutta, M., Ghosh, T. & Biswas, K. Electronic structure modulation strategies in high-performance thermoelectrics. APL Mater.
8, 040910 (2020).

6. Pathak, R., Sarkar, D. & Biswas, K. Enhanced band convergence and ultra-low thermal conductivity lead to high thermoelectric
performance in SnTe. Angew. Chem. Int. Ed. 60, 17686 (2021).

7. Lee, S. et al. Resonant bonding leads to low lattice thermal conductivity. Nat. Commun. 5, 3525 (2014).

8. Heremans, J. P. et al. Enhancement of thermoelectric efficiency in PbTe by distortion of the electronic density of states. Science
321, 554 (2008).

Scientific Reports |

(2021) 11:17190 | https://doi.org/10.1038/s41598-021-96299-3 nature portfolio



www.nature.com/scientificreports/

9. Zhang, Q. et al. High thermoelectric performance by resonant dopant indium in nanostructured SnTe. Proc. Natl. Acad. Sci. USA
110, 13261 (2013).

10. Qin, C. et al. Substitutions and dislocations enabled extraordinary n-type thermoelectric PbTe. Mater. Today Phys. 17, 100355
(2021).

11. Roychowdhury, S., Biswas, R. K., Dutta, M., Pati, S. K. & Biswas, K. Phonon localization and entropy-driven point defects lead
to ultralow thermal conductivity and enhanced thermoelectric performance in (SnTe) |_,, (SnSe).(SnS)x. ACS Energy Lett. 4,
1658-1662 (2019).

12. He, ], Girard, S. N., Kanatzidis, M. G. & Dravid, V. P. Microstructure-lattice thermal conductivity correlation in nanostructured
extPbTeq ;S .3 thermoelectric materials. Adv. Funct. Mater. 20, 764-772 (2010).

13. Biswas, K. et al. High-performance bulk thermoelectrics with all-scale hierarchical architectures. Nature 489, 414 (2012).

14. Dutta, M., Sarkar, D. & Biswas, K. Intrinsically ultralow thermal conductive inorganic solids for high thermoelectric performance.
Chem. Commun. 57, 4751-4767 (2021).

15. Roychowdhury, S. et al. Enhanced atomic ordering leads to high thermoelectric performance in AgSbTe,. Science 371, 722 (2021).

16. Jiang, B. et al. High-entropy-stabilized chalcogenides with high thermoelectric performance. Science 371, 830 (2021).

17. Qin, B. et al. Momentum and energy multiband alignment enable power generation and thermoelectric cooling. Science 373,
556-561 (2021).

18. Banik, A., Roychowdhury, S. & Biswas, K. The journey of tin chalcogenides towards high-performance thermoelectrics and topo-
logical materials. Chem. Commun. 54, 6573-6590 (2018).

19. Banik, A. et al. Engineering ferroelectric instability to achieve ultralow thermal conductivity and high thermoelectric performance
in Sny_xGey Te. Energy Environ. Sci. 12, 589-595 (2019).

20. Sarkar, D. et al. Highly converged valence bands and ultralow lattice thermal conductivity for high-performance SnTe thermo-
electrics. Angew. Chem. Int. Ed. 59, 11115-11122 (2020).

21. Hu, L. et al. Entropy engineering of SnTe: Multi-principal-element alloying leading to ultralow lattice thermal conductivity and
state-of-the-art thermoelectric performance. Adv. Energy Mater. 8, 1802116 (2018).

22. Li, W. et al. Promoting SnTe as an eco-friendly solution for p-PbTe thermoelectric via band convergence and interstitial defects.
Adv. Mater. 29, 1605887 (2017).

23. Tan, G. et al. Codoping in SnTe: Enhancement of thermoelectric performance through synergy of resonance levels and band
convergence. J. Am. Chem. Soc. 137, 5100-5112 (2015).

24. Mitrofanov, K. V. et al. Local structure of the SnTe topological crystalline insulator: Rhombohedral distortions emerging from the
rocksalt phase. Phys. Rev. B 90, 134101 (2014).

25. Knox, K. R., Bozin, E. S., Malliakas, C. D., Kanatzidis, M. G. & Billinge, S. J. L. Local off-centering symmetry breaking in the high-
temperature regime of SnTe. Phys. Rev. B 89, 014102 (2014).

26. Aggarwal, L. et al. Local ferroelectricity in thermoelectric SnTe above room temperature driven by competing phonon instabilities
and soft resonant bonding. J. Materiomics 2, 196-202 (2016).

27. Fornasini, P, Grisenti, R., Dapiaggi, M. & Agostini, G. Local structural distortions in SnTe investigated by EXAFS. J. Phys. Condens.
Matter. 33, 295404 (2021).

28. Fons, P. et al. Phase transition in crystalline GeTe: Pitfalls of averaging effects. Phys. Rev. B 82, 155209 (2010).

29. Dutta, M., Biswas, R. K,, Pati, S. K. & Biswas, K. Discordant Gd and electronic band flattening synergistically induce high ther-
moelectric performance in n-type PbTe. ACS Energy Lett. 6, 1625-1632 (2021).

30. Hodges, J. M. et al. Chemical insights into PbSe-x%HgSe: High power factor and improved thermoelectric performance by alloying
with discordant atoms. J. Am. Chem. Soc. 140, 18115-18123 (2018).

31. Luo, Z.-Z. et al. Soft phonon modes from off-center Ge atoms lead to ultralow thermal conductivity and superior thermoelectric
performance in n-type PbSe-GeSe. Energy Environ. Sci. 11, 3220-3230 (2018).

32. Xie, H. et al. All-inorganic halide perovskites as potential thermoelectric materials: Dynamic cation off-centering induces ultralow
thermal conductivity. J. Am. Chem. Soc. 142, 9553-9563 (2020).

33. Aggarwal, L. et al. Direct evidence of strong local ferroelectric ordering in a thermoelectric semiconductor. Appl. Phys. Lett. 105,
113903 (2014).

34. Sekhon, J. S., Aggarwal, L. & Sheet, G. Voltage induced local hysteretic phase switching in silicon. Appl. Phys. Lett. 104, 162908
(2014).

35. Jyotsna, S., Arora, A., Sekhon, J. S. & Sheet, G. Ferroelectric-like response from the surface of SrTiOj3 crystals at high temperatures.
J. Appl. Phys. 116, 104903 (2014).

36. Jesse, S., Baddorf, A. P. & Kalinin, S. V. Switching spectroscopy piezoresponse force microscopy of ferroelectric materials. Appl.
Phys. Lett. 88, 062908 (2006).

37. Jesse, S., Mirman, B. & Kalinin, S. V. Resonance enhancement in piezoresponse force microscopy: Mapping electromechanical
activity, contact stiffness, and Q factor. Appl. Phys. Lett. 89, 022906 (2006).

38. Juhas, P, Davis, T., Farrow, C. L. & Billinge, S. J. L. PDFgetX3. PDFgetX3: A rapid and highly automatable program for processing
powder diffraction data into total scattering pair distribution functions. J. Appl. Crystallogr. 46(2), 560-566 (2013).

39. Proffen, T., Billinge, S. J. L., Egami, T. & Louca, D. Structural analysis of complex materials using the atomic pair distribution
function—A practical guide. Zeitschrift fiir Kristallographie Crystal. Mater. 218, 132 (2003).

40. Farrow, C. L. et al. PDFt2 and PDFgui: Computer programs for studying nanostructure in crystals. J. Phys. Condensed Matter
19(33), 335219 (2007).

41. Egami, T. & Billinge, S. J. Underneath the Bragg Peaks: Structural Analysis of Complex Materials (Elsevier, 2003).

42. Roychowdhury, S., Samanta, M., Perumal, S. & Biswas, K. Germanium chalcogenide thermoelectrics: Electronic structure modula-
tion and low lattice thermal conductivity. Chem. Mater. 30, 5799 (2018).

43. Samanta, M., Ghosh, T., Arora, R., Waghmare, U. V. & Biswas, K. Realization of both n- and p-type GeTe thermoelectrics: Electronic
structure modulation by AgBiSe, alloying. J. Am. Chem. Soc. 141, 19505 (2019).

Acknowledgements

A.V. thanks UGC for Senior research fellowship (SRF). K.B. acknowledges support from Swarnajayanti fellow-
ship Grant, Science and Engineering Research Board (SERB) (SB/ SJF/2019-20/06), Department of Science &
Technology (DST) (DST/SJF/CSA-02/2018-19), India. M.D. wants to thank the University Grants Commission
(UGC) for the research fellowship. Synchrotron X-ray measurements were carried out at the light source PETRA
III of DESY, a member of the Helmholtz Association (HGF). We would like to thank Dr. J.C. Bednarcik for
assistance at beamline P02.1, PETRA III. Financial support by the DST provided within the framework of the
India @ DESY collaboration is gratefully acknowledged. G.S. acknowledges financial support from Swarnajayanti
fellowship awarded by the Department of Science and Technology (DST), Govt. of India (Grant number DST/
SJF/PSA-01/2015-16).

Scientific Reports |

(2021) 11:17190 | https://doi.org/10.1038/s41598-021-96299-3 nature portfolio



www.nature.com/scientificreports/

Author contributions

Piezoresponse force microscopy and spectroscopy experiments were done by A.V.,, S.M., VK. and H.K. The data
analysis was done by A.V. and M.D. The crystal synthesis and synchrotron measurements were done by M.D.
and K.B. G.S. conceived the problem. G.S. and K.B. designed the experiments and wrote the manuscript with
the help from all other authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-96299-3.

Correspondence and requests for materials should be addressed to G.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17190 | https://doi.org/10.1038/s41598-021-96299-3 nature portfolio


https://doi.org/10.1038/s41598-021-96299-3
https://doi.org/10.1038/s41598-021-96299-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Local ferroelectric polarization switching driven by nanoscale distortions in thermoelectric 
	Results and discussion
	Conclusion
	References
	Acknowledgements


