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Phonon dispersions and linewidths of layered thermoelectric SnSe in the high temperature Cmcm phase
have been mapped by inelastic neutron scattering measurements. Downturns in the phonon dispersion
reveal soft phonon energies at larger wave vectors for phonon modes propagating in the crystallographic
basal a-c plane. The downturns can be described by a g>-dependency, indicative of the appearance of
strong electron-phonon scattering in the Cmcm phase. A g°-dependency is also needed for a satisfactory
description of the dispersions, revealing the existence of a huge lattice anharmonicity. Group velocities of
the transverse acoustic phonons are reduced by as much as 37% through the structural phase transition
at 798 K. The scattering of phonons is so strong that they propagation only over a few unit cells in length,
with the lifetime as short as ~0.3 ps. The very short phonon lifetimes and very limited phonon propa-
gation length, together with negative phonon group velocity at large wavevectors restricts heat transport
at high temperatures. Our results reveal the origin of the extremely low thermal conductivity of SnSe in

the Cmcm phase.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Materials that facilitate a direct conversion of thermal energy
into electrical energy are valuable for the development of new re-
sources for power generation. The key factors for effective ther-
moelectric performance are a low thermal conductivity together
with a high electron mobility. The dimensionless quantity ZT
(where Z is the thermoelectric figure-of-merit and T the absolute
temperature) is used to mark the efficiency in heat-to-electricity
conversion. The key physical parameters affecting Z include the
Seebeck coefficient S, electrical conductivity o, and thermal con-
ductivity k, defining Z = §%c/k [1—5]. The discovery of surprisingly
low thermal conductivity that gives a record-high ZT in SnSe and in
hole/electron-doped SnSe [6—13] has attracted a great deal of
attention both to use these materials in applications and to un-
derstand its origin and further improve performance. SnSe is a p-
type semiconductor, with an energy gap of 0.86 eV and a high
optical absorption coefficient. It crystallizes into a two-atom-thick

* Corresponding author.
E-mail address: whli@phy.ncuedu.tw (W.-H. Li).

https://doi.org/10.1016/j.mtphys.2019.100171
2542-5293/@ 2019 Elsevier Ltd. All rights reserved.

layered orthorhombic Pnma structure at room temperature,
where each Sn ion is surrounded by 7 coordination Se ions with
three short and four very long Sn—Se bonds arranged in a highly
distorted interconnected SnSe; polyhedral configuration [6,14—18].
We mark the two-atom-thick layer as the crystallographic basal a-c
plane that is stacked along the axial b-axis direction. Thermal
displacement of the Sn ions drives SnSe to undergo a structural
relaxation to a higher-symmetry orthorhombic Cmcm phase above
~800 K (Fig. 1(a)).

In the Pnma phase, the ZT of SnSe increases with increasing
temperature, reaching a record-high maximum of 2.6 at 923 K in
the Cmcm phase [6]. The high ZT of SnSe links directly to the ultra-
low thermal conductivity [6,19,20]. It has been demonstrated that
the giant phonon anharmonicity from the lattice instability gen-
erates temperature-dependent force constants, which give rise to
the ultra-low values and thermally decreasing thermal conductiv-
ity in the Pnma phase [21—23]. All three key parameters of S, o and
k become nearly temperature independent in the high temperature
Cmcm phase [6,24]. The large decrease in the thermal reduction
rate of S helps to preserve the high figure-of-merit in the Cmcm
phase, where the thermally activated electrons for conduction have
been saturated. First-principles lattice dynamics calculations have
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Fig. 1. Crystal structure and the single crystal sample. (a) Crystal structure of SnSe in
the high temperature Cmcm phase. (b) Photo image of the SnSe single crystal used in
this study. The crystal weighed 27.4 g, where the flat surface indicates the basal a-c
plane.

suggested that the low lattice thermal conductivity of SnSe in the
Cmcm phase is due to anharmonic damping of the low-frequency
phonon modes arising from enhanced three-phonon scattering
[22,23,25]. Polarized Raman scattering suggested that anharmo-
nicity is driven by soft optical modes [26]. To address this question
we have carried out detailed high temperature inelastic neutron
scattering (INS) measurements on a large single crystal (weighted
274 g, Fig. 1(b)) to provide direct information about the phonon
dispersion relations and lifetime, focusing on the Cmcm phase. We
find large departures of phonon dispersions from the harmonic
frequencies, strong lattice anharmonicity, strong electron-phonon
scattering of high-frequency phonons, phonon softening, and life-
time shortening that are all clearly revealed. The anharmonic
phonon dispersions can be described using a wavevector cubed (g>)
dependency, which can be linked to a strong three-phonon scat-
tering interaction. The interaction resulting downturns in the
phonon dispersion at large wave vectors can be described using a
wavevector square (q”) dependency, with an electron effective
mass that is about 625 times that of the free electron, reflecting the
appearance of enhanced electron-lattice couplings in the Cmcm
phase. Reductions in the group velocity can reach as large as 37%
and the phonon lifetimes fall into the range of 0.3 ps upon thermal
evolution from the Pnma into the Cmcm phase.

2. Results
2.1. Structural transition

The signature of the displacive phase transition from the Pnma
to the Cmcm phase of the crystal is marked by a sharp peak at 798 K
in the temperature dependence of the specific heat Cp (Fig. 2). This
Cp(T) was measured on a small piece of crystal (~0.7 mm thick)
cleaved from the edge of the same crystal shown in Fig. 1(b). Spe-
cific heat was recorded in a warming process, in steps of 5 K and a
3 min wait after the temperature was stabilized. Cp departs from
the Dulong-Petit limit but increases substantially with increasing
temperature from well below the transition temperature, signifying
the existence of a huge lattice anharmonicity in the Pnma phase. No
thermal hysteresis of the specific heat was observed under tem-
perature cycles in the transition regime, indicative of a second-
order phase transition for the structural change. Similar thermal
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Fig. 2. Structural transition. Temperature dependence of heat capacity of the SnSe
crystal, revealing a structural phase transition at 798 K for the crystal, where specific
heat reaches 1.6 times of the Dulong-Petit limit indicated by the dashed line.

behavior of Cp has been observed in several separate studies
[27-30].

2.2. Phono dispersion

Neutron diffraction measurements reveal lattice constants of
a=4.319 (1) A (Fig. 3(a)), b = 11.721 (3) A (Fig. 3(b)) and ¢ = 4.305
(1) A (Fig. 3(c)) at 808 K, revealing an orthorhombic structure for
the present crystal. The crystal remains in the orthorhombic phase
evenat 823 Kwitha=4.321(1)A, b=11.731(3)Aand c = 4309 (2)
A. To avoid melting of the crystal when is maintained at a high
temperature for a long period of time for INS measurements, the
phonon dispersions were measured at 808 K in the orthorhombic
phase of the crystal [31]. At 808 K the value of Cp has dropped 95%
from its peak value associated with the transition, but is still below
the transition is fully through to a tetragonal phase (Fig. 2). INS
measurements allow extraction of the phonon lifetime 7, where 7 is
related to the full-width-at-half-maximum W of the intrinsic
excitation profile as v = (t-W)~! with 7 in units of ps and W in THz
[32]. We denote the neutron wavevector transfer Q (QsQxQ1) = G
(hkl) + q (HKL), where G is a reciprocal lattice vector and q the
phonon wavevector. Note that the allowed reflections in the
orthorhombic Cmcm space group (space group No. 63) are
restricted so that h + k is an even integer for general (hkl) re-
flections and [ is an even integer for (h0l) reflections.

Fig. 4 shows several phonon groups observed in constant-Q
scans. Fig. 4(a) for Q = (002) + (0OL) reveals a phonon excitation
at E = 3.32 meV for L = 0.1, with a peak width that is about twice
the instrumental resolution reflecting a short lifetime for this lon-
gitudinal acoustic (LA) phonon propagating along the c-axis di-
rection (filled triangles). This LA branch shifts to a higher energy at
a higher q with a much shorter lifetime (Fig. 4(a)), with the peak
width becoming ten times as large as the instrumental resolution at
L = 0.8, corresponding to a very short lifetime of 0.32 ps (open
circles in Fig. 4(a)). These very short phonon lifetimes directly link
to the low thermal conductivity observed in the Cmcm phase. On
the other hand, the phonon energy and lifetime depend less on q in
approaching the zone boundary, as can be seen in the constant-Q
longitudinal scans at Q = (040) + (0KO) (Fig. 4(b)). This branch of
LA phonon exhibits less dispersion, with the phonon energy
reaching only 7.3 meV with a lifetime of 0.82 ps at the zone
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Fig. 3. Lattice constants at 808 K. Diffraction scans of the SnSe crystal at 808 K
through (a) (200), (b) (040), and (c) (002) reflections, revealing a single Gaussian
profile (solid line) for each reflection and an orthorhombic structure of a — 4.319 (1) A,
b = 11.721 (3) A, and ¢ — 4.305 (1) A for the crystal at 808 K.

boundary (open circles in Fig. 4(b)). Significant reductions of the
phonon energy on approaching the zone boundary are also found.
The constant-Q transverse scans at Q = (002) + (HOOQ) reveal a
phonon energy of 4.34 meV at H = 0.3, which increases to 6.28 meV
at H = 0.5, then decreases to 3.88 meV at H = 0.9 (Fig. 4(c)),
revealing the appearance of giant phonon directional anharmo-
nicty in the Cmcm phase.

Fig. 5 displays six phonon dispersion maps measured at 808 K,
covering the entire Brillouin zone. For a direct comparison, the
calculated phonon modes reported in Ref. 25 associated with the
measured branches are reproduced as dashed curves. The LA
phonons in the [00L] direction are much lower in energy than the
calculated ones (20% smaller at the zone boundary, for example)
(Fig. 5(a)). The most distinct feature seen is the appearance of a
downturn in the energy dispersion along specific directions, when
the phonon wavevector reaches about half way to the zone
boundary (Fig. 5(c) and (d)). This downturn in phonon energy has
been suggested in the calculations [25] for the phonons propa-
gating in the [20L] direction (dashed curves in Fig. 5(c)). The
observed dramatic softening of the phonon energy at the zone
boundary is 45%, while the calculations only predict 11%. It is thus
likely that a mechanism other than the three-phonon scattering
suggested in Ref. 25 plays a dominant role in the anharmonic
phonon dispersions in the Cmcm phase. We note that either
negligible or much less softening (downturn) in the phonon

dispersion is visible for the TA mode in the [04L] and LA mode in
the [OKO] directions (Fig. 5(e) and (f)).

Departures of the phonon vibrations from the harmonic fre-
quency become larger at larger wavevectors upon shifting from the
zone center toward the boundary (Fig. 6(a)-(c)). The large re-
ductions in phonon energy from the expected harmonic disper-
sions at large wavevectors reveal the existence of an interaction
that scatters and absorbs phonon. Taking a g"-dependency for this
interaction, with the exponent n a fitting parameter, gives n ranging
from 1.94 to 1.98 for the six dispersions observed. It appears that
the energy associated with the interaction can be described by a ¢*-
dependency. In addition, the energy softening rate with increasing
wavevector becomes smaller on approaching the zone boundary. A
component of interaction that compensates the reduction of
phonon energy is needed in describing the observed energy dis-
persions near the zone boundary. This component introduces an
anharmonic term to the lattice vibrations. Apparently, a ¢"-de-
pendency with m > 2 is needed for this anharmonic term. We find
that including an additional g*-dependency gave a negligible co-
efficient for this ¢* term, showing the lattice anharmonicity can be
described by a g°>-dependency. The solid curves in Fig. 6(a)-(c) show
fits of the data to E(q) = [Epsin (2q/m)+Eaq’] — Ee_pqz, where q is the
wavevector in dimensionless reciprocal lattice units (r.L.u.), while
Ep, Eq and E,, are the harmonic, anharmonic and scattering en-
ergies at the zone boundary, respectively. All six phonon disper-
sions observed can be satisfactorily described throughout the entire
Brillouin zone by including this additional term (solid curves in
Fig. 6(a)-(c)). In particular, note that the phonon energies at large
wavevectors cannot be satisfactorily described when assuming
E(q) = Epsin (2g/m) — Eepq", with n = 1 or 3 (Supplementary data,
Figs. ST and S2). The energy parameters obtained from the fits are
listed in Table 1.
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Fig. 4. Phonon excitation spectra. Phonon Inelastic neutron scattering constant-Q
spectra at the representative wavevectors for the single crystal SnSe at 808 K,
measured in (a) longitudinal scans along [00L], (b) longitudinal scans along [0KO], and
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Fig. 5. Phonon dispersion maps in the Cmcm phase. Phonon excitation maps of SnSe at 808 K, measured in (a) longitudinal scans along [00Q], (b) longitudinal scans along [Q400],
(c) transverse scans along [20Q], (d) transverse scans along [Q402], (e) transverse scans along [04Q;], and (f) longitudinal scans along [0Q,0]. The dashed curves are reproductions of

the data reported in Ref. 25.

2.3. Phonon lifetime and propagation length

The widths of the phonon energy profiles in the INS spectra are
much broader than the instrumental resolution, revealing short
propagation lifetimes for the phonons in all six branches observed.
Phonons with lifetimes on the order of ~0.5 ps were found, with
much shorter lifetimes for phonons at larger wave vectors seen in
four of the six high-symmetry branches measured (Fig. 6(d)-(f)), in
particular for the LA phonons propagating along the in-plane a- and
c-axis directions. The lifetimes of the LA; phonons (open squares in
Fig. 6(d)) and LA, phonons (open triangles in Fig. 6(f)) were shorter
by as much as ~70% upon increasing q from the zone center to the
boundary. On the other hand, the lifetime of the in-plane TA pho-
nons remained at ~0.5 ps throughout the Brillouin zone (open tri-
angles in Fig. 6(d) and open squares in Fig. 6(f)). Less phonon
anharmonicity and scattering was observed for the phonons
propagating along the interlayer axial direction, but the phonons in

these branches (LA, and TAp) displayed large reductions in the
lifetimes, as large as 80%, upon increasing q from the zone center to
the boundary (open circles in Fig. 6(e) and (f)). Generally speaking,
the observed phonon lifetimes at 808 K are on the order of 0.5 ps,
which is a factor of ~4 shorter than the calculated ones [25] for the
Cmcm phase at 800 K, and two orders-of-magnitude shorter than
the calculated ones for the Pnma phase at 300 K.

Given these large linewidths, the propagation of phonons in the
Cmcm phase only extends over several unit cells even for acoustic
phonons propagating near the zone center where the group ve-
locities are the highest (Fig. 7(a)-(c)). The phonon propagation
lengths along the axial b-axis direction (open circles in Fig. 7(b) and
(c)), on the other hand, are significantly longer than those in the
basal a-c plane (open squares and triangles in Fig. 7(a) and (c)).
Short phonon propagation lengths limit heat transport, which gives
rise to the desired poor thermal conductivity. For the axial direc-
tion, the longer phonon propagation lengths compensate for the
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Table 1

Energy parameters in phonon dispersions. Energy parameters obtained from fits of the observed phonon energy dispersion at 808 K.

SnSe, T = 808 K, E(q) = |Ep sin (t/29)+ Eq ¢°] — Eep ¢°

Direction Ep (meV) E, (meV) Eep (meV) EqfEn Eep/(En + Eq) m*(me)
[HOO] LA, 204 (7) 46 (3) 129 (6) 23% 52% 623
TA, 125 (7) 35 (4) 12.8 (6) 28% 80% 628
[0KO] LA 6.9 (1) 04 (1) 0.03 (2) 6% 0.4% 7097
[ooL] TAq 12.8 (6) 38 (3) 12.8 (5) 30% 77% 623
TAp 5.1 (4) 04 (1) 0.06 (2) 7% 1% 33717
LA: 19.9 (6) 49 (4) 12.9 (5) 25% 52% 627
m*: effective mass of electron-phonon coupling.
m,: free electron mass.
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very low electrical conductivity, yielding a comparable thermal
conductivity [6]. Large reductions in the phonon group velocities
upon transitioning from the Pnma to Cmcm phase are seen for the
TA modes (Fig. 7(d)-(f)). The reduction can be as high as 40% for the
TA,; mode and 20% for the TAp and TA. modes, while the reductions
for the LA modes are much smaller.

3. Discussion

Four of the six phonon branches reveal huge lattice anharmo-
nicity and large contributions from scattering. Huge lattice anhar-
monicity and scattering appear primarily in the vibrations along
the basal a- and c-axis directions, and much smaller in magnitude
for those along the axial b-axis. The scattering energy E.._p of the in-
plane transverse modes (TA: mode in [HOO] and TA; mode in [00L])
reach as large as 80% of the phonon energy Ep+ Eq; a smaller Eep,
can be seen for the longitudinal modes, but it still reaches ~50% of
Ep+ Eg. Phonon softening from the scattering covers the entire
Brillouin zone, with values that are much larger than the anhar-
monicity from enhanced three-phonon scattering reported in
Ref. 25. Clearly, mechanisms stronger than phonon-phonon inter-
action play a crucial role. It is known that a g>-dependency is a
characteristic of the conduction-electron energy, and hence we
conclude that this demonstrates there is a strong electron-phonon
interaction in the Cmcm phase. The much stronger in-plane (a-c
plane) scattering than in the axial (b-axis) direction can be readily
understood because the in-plane electric conductivity is an order-
of-magnitude higher [6].

The electron-phonon coupling strength can be expressed in
term of the effective mass m* of the electron by E., = h2q%2 m*,
with the m* expressed in unit of free electron mass m, for the six
phonon branches measured listed in Table 1. The effective masses of
the electron-phonon coupling are ~625 times that of the free
electron mass for the coupling in the basal a-c plane, while those
along the axial b-axis direction are ~50 times higher because of the
poor electrical conductivity between layers. The dimensionless
electron-phonon coupling constant « for quasi-two-dimensional
SnSe [33] may then be calculated [34] by m*/m, = 0.73x* to give
o = 5.41 for m* = 625 m,. Increases in carrier concentration from
the creation of additional Sn vacancies during the transition from
the Pnma to the Cmcm phase has been reported [35]. Band gap Eg
narrowing from the Pnma phase (Eg ~ 0.61 eV) to the Cmcm phase
(Eg ~ 0.39 eV) has also been reported [17]. The appearance of strong
electron-phonon coupling links directly to the feasibility of effec-
tively creates electron-hole pairs from the much narrower band gap
in the Cmcm phase. The electron-phonon interaction can be a
source for the higher carrier concentration in the Cmcm phase than
in the Pnma phase.

Orbitally driven phonon anharmonicity arises from bond
instability which has been reported to generate giant anharmo-
nicity in the Pnma phase [21]. Lattice anharmonicity in the Cmcm
phase from enhanced three-phonon scattering has also been re-
ported [25]. The calculated dispersions from enhanced three-
phonon scattering can be described by a harmonic frequency plus
a q°>-dependency (Supplementary data, Fig. $3). Likely, the g>-term
deduced from the measured dispersions is directly related to the
lattice anharmonicity, which modifies by ~25% of phonon energy
compared to the harmonic terms at the zone boundary along the
basal a- and c-axis directions, but considerably less in magnitude
for those along the axial b-axis (Table 1). Downturns in phonon
dispersions at large wave vectors, but with a smaller energy
reduction rate, have also been observed in the Pnma phase at 300 K,
which have been attributed to be from the low-lying optical
phonon [21]. No sign for the appearance of optical branches that
can be identified in the Cmcm phase at 808 K with energy up to

20 meV (Fig. 5). The large differences between the phonon dis-
persions at 300 and 808 K reflect the large difference in the thermal
behavior of lattice thermal conductivity in the Pnma and Cmcm
phases of SnSe [6].

4. Conclusions

Inelastic neutron scattering measurements performed on a large
SnSe single crystal in the Cmem phase at 808 K reveal a huge lattice
anharmonicity as well as a strong electron-phonon scattering. The
strong electron-phonon scattering causes a strong softening of the
phonon energies, short lifetimes, and gives rise to negative group
velocities for large wavevectors for phonons propagating in the
crystallographic basal planes. The very short phonon lifetimes are
the origin of the low thermal conductivity observed at high tem-
peratures. The very limited phonon propagation length together
with negative phonon group velocity at large wavevectors restricts
heat transport, which explains the origin of the poor thermal
transport as a result of a strong electron-phonon scattering in the
high temperature Cmcm phase of SnSe.

5. Materials and methods
5.1. Preparation of SnSe single crystals

Single crystals of SnSe were grown using the vertical Bridgman
method, employing a growth temperature of 1223 K and a growth
rate of 1.5 mm/h. High purity Sn chunks and Se shots (both
99.999% pure) were weighed in the stoichiometric ratio of SnSe,
sealed in evacuated silica tubes, heated at 1223 K for 48 h, followed
by furnace-cooling to room temperature. The cylindrical single
crystal (12.6 mm in diameter and 35.9 mm in length) used in the
present measurements weighted 27.4 g (Fig. 1(b)), and was cleaved
along the basal a-c plane to yield flat surfaces that exhibited a
metallic luster. A mass density of 6.14 g/cm’® was obtained for the
crystal at room temperature, which agrees well with the theoret-
ical value.

5.2. Inelastic neutron scattering

Single crystal neutron scattering measurements were conduct-
ed at the NIST Center for Neutron Research, using the BT-7 triple-
axis spectrometer with energy of neutrons defined by pyrolytic
graphite (PG) (002) crystals at both the monochromator and
analyzer positions, using a fixed final energy of 14.7 meV with PG
filter to suppress higher order contaminations [36]. The sample
temperature was controlled using the F-BNL furnace system,
allowing the sample to be in a helium gas atmosphere (SnSe melts
at a considerably lower temperature in a vacuum). A slow heating
rate of 5 K/min below 700 K and 2 K/min above was employed to
avoid possible sample breakage from different thermal expansion
rates in the three crystal axis directions. The single crystal was
mounted to allow access to the a-c or b-c crystallographic planes for
an overview of the h-k-l reciprocal space scattering intensity
survey.
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