ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Local Sn Dipolar-Character Displacements behind the Low
Thermal Conductivity in SnSe Thermoelectric
E.S. Bozin, H. Xie, A. M. M. Abeykoon, S. M. Everett, M. G. Tucker, M. G. Kanatzidis, and
S.J. L. Billinge
Phys. Rev. Lett. 131, 036101 — Published 17 July 2023
DOI: 10.1103/PhysRevLett.131.036101


https://dx.doi.org/10.1103/PhysRevLett.131.036101

Local Sn dipolar-character displacements behind the low thermal conductivity in SnSe

thermoelectric

E. S. Bozin,»» * H. Xie,? A. M. M. Abeykoon,? S. M. Everett,* M. G. Tucker,* M. G. Kanatzidis,? and S. J. L. Billinge®

L Condensed Matter Physics and Materials Science Division,
Brookhaven National Laboratory, Upton, NY 11973, USA
2Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA
3 Photon Sciences Division, Brookhaven National Laboratory, Upton, New York 11973, USA
4 Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
5 Department of Applied Physics and Applied Mathematics,
Columbia University, New York, NY 10027, USA
(Dated: June 16, 2023)

The local atomic structure of SnSe was characterized across its orthorhmbic-to-orthorhombic
structural phase transition using x-ray pair distribution function analysis. Substantial Sn displace-
ments with a dipolar character persist in the high symmetry high temperature phase, albeit with
a symmetry different from that of the ordered displacements below the transition. The analysis
implies that the transition is neither order-disorder nor displacive, but rather a complex crossover.
Robust ferro-coupled SnSe intra-layer distortions suggest a ferroelectric-like instability as the driving
force. These local symmetry-lowering Sn displacements are likely integral to the ultra-low lattice

thermal conductivity mechanism in SnSe.

Suppression of heat transport is critical [1] to high per-
formance thermoelectricity [2], requiring the ability to
effectively scatter heat-bearing phonons [3-9]. This can
be accomplished either via crystal engineering [10-14],
or by utilization of materials with intrinsically low lat-
tice thermal conductivity [15, 16]. In the latter case,
particularly intriguing are systems exhibiting nanoscale
symmetry-broken states that are intrinsic and driven by
electronic instabilities. For example, in thermoelectric
PbTe such a state emerges on warming and involves fluc-
tuating Pb dipolar-like displacements [17] and associated
giant anharmonic phonon scattering [18, 19]. The actual
situation in that material is complex and has required de-
tailed followup studies [20-25] with complementary tech-
niques and theory, offering explanations in terms of the
stereochemistal activity of 6s? electron lone pairs [26]
and related resonant/metavalent bonding ideas[27]. A
somewhat similar emergent state was found in AgGaTe,,
where local displacements of Ag were driven by a weak
sd® orbital hybridization, resulting in strong acoustic-
optical phonon scattering and an ultralow lattice thermal
conductivity [28], highlighting the diversity of electronic
instabilities that can lead to hidden nanostructural re-
sponses.

Here we address the binary semiconductor SnSe,
Fig. 1(a) [29], a novel high efficiency high temperature
thermoelectric exhibiting ultralow thermal conductivity
and high thermoelectric figure of merit ZT [30, 31]. Due
to its remarkable optoelectronic properties, SnSe has
also been extensively explored for photovoltaic applica-
tions [32-36], whereas its monolayer variants feature ro-
bust and tunable ferroelectricity [37-40]. The material
has a simple structure featuring two-dimensional (2D)
bilayers. At low temperature it forms an orthorhom-
bic structure in the Pnma space group. It has a struc-

tural phase transition to a higher symmetry but also
orthorhombic (Cmcm) structure, Fig. 1(b), at T, =~
800 K [41-43]. As with the above examples, a com-
plex interplay of lattice and electronic degrees of free-
dom are at play, in this case involving 5s® Sn electron
lone pairs [44], multiple band edges [45, 46], and highly
anisotropic bonding [47]. A large lattice anharmonicity
exhibited by the high-energy optical phonons and driven
by a ferroelectric-like instability [48, 49] has been ob-
served. Recent first-principles calculations [50] suggested
that a Jahn-Teller-like instability of the band structure
causes a lattice distortion in the vicinity of the structural
transition whose coupling to lattice dynamics results in
the observed strong anharmonicity and the ultralow ther-
mal conductivity. We investigate this further using the
atomic pair distribution function (PDF) technique [51] a
probe of local structure.

We find that, in the high symmetry Cmcm phase, the
local structure displays a complex evolution of Sn dis-
placements away from the position implied by the average
structure obtained from Bragg scattering, likely fluctuat-
ing in time, which persists on a nanometer length scale
up to at least 1070 K. The phase transition cannot be
regarded as order-disorder, since the local distortions at
high T are of different symmetry and magnitude than
those observed below T.

A polycrystalline SnSe sample was synthesized using
the approach reported in Ref. 47. It behaves canonically
as determined by an average structure analysis of the
sample through Rietveld refinements [52] of neutron pow-
der diffraction data collected at beamline BL-1B at the
Spallation Neutron Source (SNS) over 300 < T < 975 K
range in steps of AT = 25 K. The Bragg analysis con-
firmed the Pnma and Cmcm structures below and above
T, respectively, Fig. 1(c), (d).
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FIG. 1. Crystal structure of SnSe and temperature induced
phase transition. The structure features two SnSe bilayers
which are related by inversion symmetry. (a) Low temper-
ature Pnma phase. Sn is displaced from the center of the
plaquette of Se ions forming strongly bonded SnSes pyra-
mids. The associated atomic dipolar displacements exhibit
intra-bilayer ”ferro” and inter-bilayer ”antiferro” ordering, as
indicated by the red arrows. (b) High temperature Cmcm
phase. Sn is centered in the plaquette on average, resulting
in a Sn-Se dumbbell motif when viewed down the c-axis, the
apical Sn-Se being the shortest bond in the structure. To
enable comparison in (a) and (b), an arbitrary stack of unit
cells, depicted in the middle for Pnma, along the bilayer di-
rections is shown. Rietveld fits of neutron powder diffraction
data confirm the average sample structure across the transi-
tion: Pnma at 300 K (¢) and Cmcm at 975 K (d). Evolution
of the in-plane lattice parameters and the Cmcm (200)/(002)
reflection across the transition (75 ~ 840 K) are shown in the
insets to (¢) and (d).

The Pnma crystal structure contains two SnSe bilay-
ers in the unit cell, featuring intra-bilayer ferro-ordered
Sn displacements and exhibiting inter-bilayer antiferro-
coupling, as shown in Fig. 1(a). The primary component
of the distortion is a displacement of Sn from the cen-
ter of the square formed by its almost coplanar Se ions
(Fig. 2(1)). In the Cmcm average structure by Bragg
scattering, Fig. 1(b), the Sn is centered in the plaque-
tte with four equal bond-lengths to its coplanar Se ions
(Fig. 2(3)).

In the Rietveld refinements of the Cmcm phase, we
found substantially enlarged and nearly isotropic pla-
nar components of Sn’s atomic displacement parame-
ters (ADPs). At 975 K, Uy, = 0.075(2) A? and Usz =
0.078(3) A2, whereas Uy = 0.040(3) A2 in the direction
perpendicular to the bilayers. This is consistent with a

high resolution powder diffraction report [43] and indica-
tive of intra-bilayer structural disorder at high T, sug-
gestive of an order-disorder character of the structural
transition that should be evident in the local structure.

For the local structural studies we carried out x-ray
total scattering experiments in the range 300 < T <
1070 K in steps of AT = 5 K at the 28-ID-1 (PDF)
beamline at the National Synchrotron Light Source IT
(NSLS-IT) using a 74.5 keV energy beam (A = 0.1665 A,
Qmaz = 25 A=1) in rapid acquisition mode [53] using a
2D PerkinElmer area detector. For further details please
see the SI. Finely pulverized SnSe powder was loaded
in an evacuated and flame-sealed quartz capillary with
inner diameter of 1 mm. Sample temperature control
on warming was achieved using a FMB Oxford Hot Air
Blower model GSB1300. The PDFs, G(r), were obtained
using standard protocols [54, 55] with the help of the
xPDFsuite program [56] and modelled over different r-
ranges using the PDFgui program [57].

To see how the PDFs would behave based on the av-
erage crystal structure through the phase transition, in
Fig. 2(b) we show PDFs computed from the Rietveld
models at selected temperatures below and above T [43].
The actual measured PDF's are shown in Fig. 2(c). The
observed changes in the PDFs with temperature are sim-
ilar in the two cases. However, the changes are different
in detail in the region of the PDF, 2.8 < r < 3.3 A, that
describes the Sn-Se planar bonds. In the average struc-
ture from Bragg scattering, this peak shifts in position
to higher-r as the sample goes through the phase transi-
tion. This is because the average Sn off-centering reduces
in amplitude with increasing temperature, disappearing
completely for T' > T,. The solid red arrow at ~ 3.1 A
in Fig. 2(b) highlights this. Simultaneously, the peaks at
r ~ 2.8 A and at ~ 3.4 A reduce strongly in intensity.
This is also reflected in the loss of the sinusoidal dif-
fuse scattering in F(Q) on warming (Figs. 3 and S5, and
discussion around this figure in the SI). This response
in the PDF computed from the average structure from
Bragg scattering comes from Sn-Se planar bonds going
from 2-short, 2-long in the Pnma structure to 4-medium
(~ 3.1 A) bonds in Cmcm. This is shown schematically
in Figs. 2(i) and 2(j).

On the other hand, this is not seen in the measured
total scattering PDFs. The peaks at r ~ 2.8 and 3.3 A
broaden with increasing temperature, but they do not
shift and no additional intensity grows up at the average
r ~ 3.1 A position. The local environment of the Sn
does not change significantly with temperature from the
Pnma phase all the way up to 1070 K (dashed dark red
trace in Figs. 2(c)) and S4. We next turn to modeling to
quantify and characterize this behavior.

The effect observed in the qualitative analysis is clear
also in the modeling. At low temperature, the Pnma
model fits well over the entire range of the PDF, as evi-
denced by the small agreement factor (7.1 %) and the lack
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FIG. 2. Assessment of the structure of SnSe over different length scales. (a) Measured reduced x-ray total scattering function,
F(Q), at 300 K (blue) and 1070 K (red). (b) and (c). Representative PDFs from different temperatures are shown (b)
calculated from the average structure by Bragg scattering fits [43] (see SI for more information), and (c) from total scattering
measurements. The PDFs from the extremal temperatures are plotted in red (hot) and blue (cool) colors. Intermediate
temperatures are shown in gray. Solid/dotted red arrows indicate presence/absence of features discussed in the text. (d)
Temperature evolution of atomic displacement parameters (ADPs) obtained from Pnma and Cmcm PDF models fit over the
r-range 10 < 7 < 60 A. The abscissa is the reduced temperature, 7 = (T'—1T,)/Ts, where T is the phase transition temperature.
Different colored curves are from anisotropic Sn ADPs with components parallel and perpendicular to the layers, and isotropic
Se ADPs, as indicated. A sizeable enhancement of the in-plane ADP component is seen at T' > T, marked by a black arrow,
indicative of planar disordering of the Sn in the high temperature phase. The inset shows the fit residual, r,,(T), for the two
models. Fits of average structure models over the entire r-range for 300 K and 1070 K are shown in (e) in (f), respectively.
Difference traces between the calculated and measured PDF, AG, in green are offset for clarity. In panels (g) and (h) the same
fits are shown expanded on the low-r region. An observable discrepancy is seen between the Cmcm model and 1070 K data
on a sub-nanometer length scale, resulting in an increase of r,,. The Sn environments expected from the average structure by
Bragg scattering are depicted in (i) and (j). In the Pnma structure the Sn is displaced sideways from being directly below Se,
whereas in the Cmcm average structure the Sn is directly below it. Labels A and P refer to apical and in-plane Se, respectively.
The arrow in (h) marks a feature expected in the Cmcm symmetry model, associated with the Sn being centered in the Se
plaquette, which is clearly absent in the data.

of structure in the residual plotted in green and labeled in Fig. 2(b). X-ray PDF derived ADPs from mixed sys-
AG in Fig. 2(e). On the other hand, at high temperature tems may not be accurate on an absolute scale due to the
in the Cmcm phase, fitting the Cmem model to the mea- Morningstar-Warren approximation [51] but their tem-
sured PDF results in a very good fit in the high-r region perature dependence can be a reliable indicator of non-
(> 10 A), but the fit becomes poor in the region below  harmonic effects [17, 58]. Nonetheless, the result is sup-
10 A. The average Cmem structure is not describing the ported by Rietveld refinements of the ADPs shown in
local structure well in the Cmcm phase. The nature of  Fig. S3. The ADP of Se does not behave anomalously
the failure is highlighted in Fig. 2(h) and indeed, there and is almost linear all the way into the Cmcm phase.
is a lack of intensity at the average Sn-Se square-planar The component of the Sn ADP perpendicular to the lay-
distance of 3.07 A. In the local structure the total scat- ers is also well-behaved. However, the in-plane compo-
tering results indicate that the Sn makes large dipolar nent of the Sn ADP is higher than the other two and in-
deviations away from the center of the square of Se ions creases as the sample passes into the Cmem phase, again
even in the Cmem phase. supporting the idea that the Sn resides predominantly in

The temperature dependence of the offsets can be seen ~ positions away from the center of the Se plaquette. This
reflected in fits to the PDF of Sn ADPs of Pnma and is consistent with a previously reported gradual devia-
Cmem models over the 10 < < 60 A range, shown tion of ADPs from these predicted by the Debye model
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FIG. 3. Local symmetry breaking Sn displacements in SnSe at
T > Ts. (a) The fit to 1070 K data of the local distorted model
(shown in the inset to (b) and (c)) featuring split Sn sites. The
corresponding difference trace, AG (black), is offset for clar-
ity. The gray difference trace is that of the Cmcm model from
Fig. 2, which is shown as a reference. (b) The distorted model,
labelled here as “local”, results in ADP magnitudes substan-
tially reduced as compared to these observed by undistorted
models. The ADPs obtained from Pnma and Cmcm shown
in Fig. 2(d), are reproduced as solid lines. (¢) The magnitude
of the Sn displacements away from the center of the plaquette
vs. reduced temperature, and absolute temperature, as seen
by high resolution powder diffraction [43], and 10 < r < 60 A
range PDF Pnma model fits. The Ses plaquette is nearly a
square in Cmem and, to preserve the average symmetry, the
local model allows for displacements in 4 directions indicated
by block-arrows in the inset. (d) The estimated correlation
length of local distortions, as described in the text. Insets to
the left: the displacement coupling, shown in a 2 x 1 x 2
Cmcm supercell, of the best model where the couplings are
explicitly tested. Inset to the right: temperature dependent
lattice parameter along the bilayer stacking direction (b axis
of Cmcm model in red, a axis of Pnma model in blue). Note
the change in slope at temperature T'.

as the transition is approached on warming [43].

The simplest explanation for the observed behavior is
that the phase transition has an order-disorder character
and the Pnma distortions survive to high-7T" but become
disordered among the different variants. More detailed
modeling can establish if this is indeed the case. Different
distorted local models were initially fit to the 1070 K
data over the narrow r-range (1.5 < r < 10 A) where the
misfits in the Cmcm model are seen.

The model featuring Pnma symmetry with ferro-
coupled displacements along the b-axis and within the
bilayer, Fig. 1(a), resulted in an improved fit residual
compared to Cmem (7.5 % vs. 11.8%). However, this
model did not fully account for the observed misfit seen
in Figs. 2(f) and (h) and returned a dramatically en-
larged intra-layer ADP in the direction perpendicular to

the Sn displacement. This is inconsistent with isotropic
intra-layer ADPs observed in broad range fits described
above, implying that there is a distortion component in
the Cmcm phase also along the c-axis, which is not ac-
counted for by the Pnma symmetry. Constraining the
intra-layer ADPs to be isotropic resulted in similar is-
sues. This is not a purely order-disorder transition.

A split site model, depicted in the inset to Fig. 3(b),
was introduced next, in which isotropy of intra-layer
ADPs was maintained. In this, each of the crystallo-
graphic Sn and Se sites within the Cmcm symmetry was
split into four equally populated sites (25 % occupancy
each). Each site of the same type (Sn or Se) in the
model was allocated the same displacement parameter
away from the centered Cmcm configuration and along
both a and ¢ crystallographic directions. This model re-
sulted in a fit with appreciably improved residual (5.8 %),
Fig. 3(a), and significantly reduced ADPs, Fig. 3(b). No-
tably, the temperature dependence of the observed values
of ADPs at high temperature agree well with the Debye
model prediction [43]. The model yielded Sn displace-
ments, §, of ~ 0.25 A, and an order of magnitude smaller
Se displacements (~ 0.02 A). This suggests dynamic mo-
tions of displaced Sn ions in something reminiscent of
a Mexican hat potential occurring in the Cmcm phase,
similar to the high temperature phase of hexagonal man-
ganites [59]. This model was then applied to all high
temperature data. Nearly temperature-independent Sn
displacements ensued, as shown in Fig. 3(c). On the
other hand, the fit of the split site model significantly
deteriorated below T, (Fig. S7) implying that the local
distortion symmetry starts changing at the transition.

The temperature dependence of the spatial correla-
tions of the local distortions, &, was estimated from the
r-dependent (cumulative) integrals of the absolute value
of the difference between the data and the Cmcm model,
|AG(r)|, over the full range of data up to 60 A. The
process of estimating £ is illustrated in Fig. S6. The
characteristic length scale of short-range correlations is
defined as the value of r at which the integral departs
from a linear trend associated with statistical noise in
the PDF data [60]. In Fig. 3(d), £(T) increases slowly on
decreasing temperature for T' > T, but exhibits a rapid
increase at T' < Ts. This behavior is highly unusual. If
the local distortions were related to critical fluctuations
of the Pnma phase, it would be expected that their cor-
relation length diverges at T as this is approached from
above. This is clearly not the case, as £(T') exhibits a
rapid upturn at and below T. The distortions associated
with disorder at T' > T are therefore likely not directly
related to the instability driving the Pnma ordering, fur-
ther corroborating the conclusion that the transition is
not of conventional order-disorder type.

Models incorporating different combinations of dis-
placement patterns involving two bilayers have also been
tested against the high temperature data. In these mod-



els, displacements were allowed to be ferro- or antiferro-
coupled within individual layers of the bilayers, with
inter-bilayer ferro- or antiferro-coupling. These short
range models resulted in fits of similar quality (See SI
for details). The model involving a pattern with ferro-
coupled distortions within individual sub-layers within
the bilayer, and antiferro-coupling between the sub-layers
in the bilayer, sketched in the inset to Fig. 3(d), resulted
in the lowest r,,, with fit residual and ADPs comparable
to those observed by the split site model (5.5 %). The
data suggest that on a nanometer length scale at high
temperature, the 2D ferro-coupling within the bilayers
survives but the 3D ordering is lost, in contrast to the
robust 3D-like ferro intra-bilayer coupling observed in the
Pnma phase. It is tempting to speculate that the origin of
the phase transition is a 2D-3D crossover, where some-
what robust fluctuating 2D locally-ferro-coupled intra-
bilayer dipoles persist at all temperatures but only order
into a static structure when a much weaker perpendicular
coupling is able to drive the ordering. This dimensional-
ity crossover might be supported by the observation of a
sharp change in the temperature dependence of the lat-
tice parameter in the stacking direction at the transition
(upper right inset to Fig. 3(d) and Fig. S2 in the SI).
The behavior is seen whether the data are modeled with
the Pnma or the Cmcm models and it shows a rapid ex-
pansion along the stacking direction in the ordered Pnma
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phase but a much slower expansion above the transition.
Understanding this will require more studies such as 3D-
APDF measurements.

Another notable observation is that the anomalous up-
turn in ADPs on warming starts at ~ 600 K [43], well
below the phase transition (-0.25 in reduced temperature
units), suggesting that the dynamic disorder is setting in
even while there remains a net long-range ordered off
centered Sn displacement with the Pnma character.

In summary, we have shown that, in the vicinity of
and above the phase transition where the thermoelec-
tricity is very good, SnSe is nanostructured with elec-
tronically driven intrinsic fluctuating Sn dipolar charac-
ter displacements. These are short-range correlated with
ferro-ordering preferred within a single layer within the
bilayers but with an apparent loss of coherence of the
dipole ordering along the stacking direction even within
the bilayer.
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