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Ultrafast Photoinduced Phase Change in SnSe
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Time-resolved multiterahertz (THz) spectroscopy is used to observe an ultrafast, nonthermal electronic
phase change in SnSe driven by interband photoexcitation with 1.55 eV pump photons. The transient THz
photoconductivity spectrum is found to be Lorentzian-like, indicating charge localization and phase
segregation. The rise of photoconductivity is bimodal in nature, with both a fast and slow component due to
excitation into multiple bands and subsequent intervalley scattering. The THz conductivity magnitude,
dynamics, and spectra show a drastic change in character at a critical excitation fluence of approximately
6 mJ/cm? due to a photoinduced phase segregation and a macroscopic collapse of the band gap.
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Tin selenide (SnSe) is a quasi—two dimensional semi-
conductor exhibiting record-setting thermoelectric proper-
ties, with a figure of merit ZT = 2.62 along the in-plane b
axis [1-5]. A polar analogue of black phosphorous, at room
temperature SnSe has a layered, orthorhombic Pnma phase
with zigzag and armchair ordering shown in Figs. 1(a) and
1(b), respectively. In the Pnma phase, it possesses an
indirect band gap of 0.9 eV [6] and a direct gap of 1.21 eV
[7], shown in Fig. 1(c). At T, = 807 K, a Pnma — Cmcm
structural phase transition occurs, reducing thermal con-
ductivity due to phonon-phonon scattering arising from
strong anharmonicity. The origin of this transition has been
intensely studied in the past several years, being attributed
to either a displacive transition typically seen in ferro-
electrics or a dynamic order-disorder transition [8—16]. The
displacive transition is primarily driven by atomic motion
along the ¢ axis [17], accompanied by phonon softening
and an eventual collapse of terahertz (THz) frequency zone
center optical phonons [17-19]. Very recent neutron
scattering measurements, however, support a disordered
high temperature phase with local contributions from the
Pnma phase on length scales of a few unit cells [16].
Phonon anharmonicities in SnSe are driven by electronic
bonding instabilities involving Se 4p orbitals and Sn Ss
orbitals containing lone pair electrons [13,19-24], whose
states comprise the photoaccessible I'-valley valence band.
Optical excitation can selectively perturb these deeper lying
bands and reveal novel, thermally inaccessible phases.

Ultrafast scattering and spectroscopy can disentangle the
complexity underlying these dynamic lattice instabilities
[25-28], leading to a better understanding of the micro-
scopic interactions underlying thermoelectric properties.
Recently, structural probes such as ultrafast electron dif-
fraction (UED) [29,30], time-resolved x-ray diffraction
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(TRXRD) [31,32], and transient reflectivity measurements
[33] have revealed novel, nonthermal structural dynamics
following femtosecond excitation at photon energies of
1.55 eV (4, = 800 nm). These have indicated subpico-
second transitions toward the Cmcm phase driven by
displacive excitation of A, phonons [33], domain formation
mediated by photoinduced interlayer strain fields [29],
bimodal polaron formation [30], and transient atomic
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FIG. 1. (a),(b) SnSe layered atomic structure along the in-plane
zigzag b axis and armchair c¢ axis in the room temperature Pnma
phase. (c) Pnma-phase SnSe electronic band structure from
ab initio calculations using data provided from Ref. [5] with
permission from the authors. Red arrows show carrier excitation
from the 1.55 eV pump, blue arrows show postexcitation
relaxation pathways to band extrema.
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motions toward a thermally inaccessible Immm phase
[31,32]. Given the diversity of structural phenomena indi-
cated by these prior works, a complementary survey of the
electronic behavior under these excitation conditions is
needed.

In this Letter, we use ultrabroadband time-resolved THz
spectroscopy to probe the electronic response of SnSe
under identical excitation conditions as these previous
ultrafast structural probe measurements (4, = 800 nm,
F = 0.1-13.2 mJ/cm?). We observe non-Drude THz con-
ductivity spectra exhibiting bimodal formation dynamics
consistent with previous UED work reporting polaron
formation after ultrafast excitation [30]. Moreover, we
find evidence for an electronic phase transition occurring
at a critical pump excitation fluence F.~ 6 mJ/cm?,
where THz conductivity magnitude, dynamics, and
spectra change sharply. This excitation density is consi-
stent with the proposed Pnma — Immm destabilization
threshold [31].

Time-resolved THz spectroscopy (TRTS) was performed
using single-cycle, multiterahertz pulses shown in
Supplemental Material, Fig. 1(a) [34]. These pulses were
generated by a two-color laser plasma in dry air, formed by
cofocusing 35 fs—duration fundamental (800 nm) and
second harmonic (400 nm) pulses from a 1 kHz amplified
Ti:sapphire femtosecond laser system [35-39]. These
multiterahertz pulses contain Fourier components contin-
uously covering a 1-20 THz spectral range (4-85 meV), as
shown in Supplemental Material, Fig. 1(b) [34]. A sche-
matic of the spectrometer is shown in Supplemental
Material, Fig. 2 [34] and further details on the setup
are provided in Ref. [25]. The SnSe sample was a
3 mm x 5 mm x 3.6 mm, high quality single crystal of
SnSe grown using methods as described in Ref. [1], and
from the same parent crystal as in Ref. [30]. The crystal was
measured via reflection at normal incidence with the THz
and pump pulses linearly polarized along the b axis. Other
crystal orientations were measured, with results shown in
Supplemental Material, Fig. 3 [34], however, no significant
change in response was observed.

The reflected THz field was directly sampled in time ¢
using air-biased coherent detection at various pump-probe
delay times 7 [35,40]. Both the reflected field in the
presence of a pump pulse, E,(z,7), and the differential
AE(t,7) = E,(t,7) — E,(t) are measured simultaneously
in a double-modulation scheme [41], where E,(t) is the
reference THz field reflected from the unexcited sample.
The pulse delays are implemented such that all points in the
measured THz fields have experienced a constant 7z, so a
Fourier transformation along the real time axis ¢ is devoid
of any convolution artifacts and directly provides a tem-
poral snapshot of the frequency-dependent response [42].
Intrinsic artifacts that can appear in TRTS, as mentioned in
Ref. [43], are not present (see Supplemental Material,
Fig. 4 [34]) as carrier momentum relaxation times are

extremely short [44]. The pump-induced differential re-
flectivity A7 (w,7)/7y(w) = AE(w,7)/E,(w) — 1, where
7o(w) is the static reflectivity, was subsequently extracted
by Fourier analysis. The static 7y(w) is dominated by a
single reststrahlen band for THz polarization parallel to the
b axis [45], shown in Supplemental Material, Fig. 1 [34],
which prohibits the extraction of the optical conductivity
below ~5 THz. The THz reflectivity is finally related to the
pump-induced differential optical conductivity Aé(w,7) =
Aoy (w,7) + iAoy(w,7) by modeling the photoexcited
layer as a slab by [46]

1 (AF/F) (7% = 1)

As(@.7) = a1 —7) + 2 ()

where d = 60 nm is the pump penetration depth at 1 =
800 nm [47], Z, = 377 Q is the impedance of free space,
and 7i(w) is the static complex THz refractive index [45].
Despite reports of saturable absorption in SnSe nanosheets
at much lower peak powers [48], the pump absorption was
found to be independent of excitation fluence and average
heating of the sample surface was estimated by infrared
imaging to be < 15°C, shown in Supplemental Material,
Figs. 5 and 6, respectively [34].

Two-dimensional Ac(w, r) maps for frequencies above
all phonon branches (w/27 > 5.5 THz), where the elec-
tronic intraband response dominates, are shown in Fig. 2
for pump fluences of (a) 1.8 mJ/cm? and (b) 12.0 mJ/cm?.
Additional 2D maps for varying fluences are presented in
Supplemental Material, Fig. 7 [34]. In both low and high
fluence regimes, the conductivity has Lorentzian character
despite all assumptions of SnSe being a band semicon-
ductor where the expectation is a simple Drude response.
Such a broadened Lorentzian response can arise from phase
heterogeneity and the formation of domains that favor
conduction over smaller length scales (higher frequencies),
which has been observed in SnSe at these fluences [29].
The optical conductivity of a heterogeneous phase system
is usually described by effective medium theories (e.g.,
Bruggeman), and typically displays a monotonically
increasing o (@) from zero frequency [49]. However, here
o1 (w) exhibits a clear onset at the LO phonon energy of
~20 meV (~5 THz). This could indicate that photoexcited
carriers are polarons [50], as suggested by calculations
showing strong electron-phonon coupling near I' [51] and
previous UED measurements indicating the formation of a
3D polaron with radius ~4.2 A after photoexcitation [30].

To quantify the evolution of spectral shape, we fit the
data to a Lorentzian response given by

Ne? 10}

2

A6 —_————————,
5(w) m* i(w} — w*) + wy

(2)

with Ne?/m* as the oscillator strength, @, the resonance
frequency, and y the scattering rate. This simple
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FIG. 2. (a),(b) Two-dimensional real conductivity Ac;(w,7)

maps for 1.8 and 12.0 mJ/cm?. (¢) Complex THz differential
photoconductivity spectra A&(w,7) = Ac(w,7) + iAoy (@, 7)
for various fluences. Ac;(w,7 =1 ps) shown in dark colors,
Acy(w,7 =1 ps) shown in light colors, and Lorentzian fits
shown in black solid and dashed lines. Note the significant
difference in vertical axis scales. Fluence dependence of the
(d) Lorentzian oscillator strength Ne?/m*, (e) center frequency
), and (f) linewidth y. @, is fitted with a scaled V/F function,
shown in red and discussed in the text.

phenomenological model fits both ¢4 and o, reasonably well
over the entire fluence regime for all times, as shown in
Fig. 2(c) and in Supplemental Material, Fig. 8 [34]. The fit
parameters Ne?/m*, w, and y for all fluences are shown
in Figs. 2(d)-2(f), respectively. Two fluence regimes
are identified: a low (F < 6.6 mJ/cm?) and a high
(F > 6.6 mJ/cm?) fluence regime. In the low fluence
regime, Ne?/m* increases linearly and monotonically with
fluence, as expected for unsaturated interband excitation of
charge carriers. The scattering rate y remains relatively
constant in this fluence range, reflecting consistency of the
absorption pathways shown in Fig. 1(c) for these fluences.
The fitted w, scales with an approximately v/F dependence
just above the LO phonon energy. Localization of charges is
implied in a Lorentzian response, however, the increase
of w, with fluence is inconsistent with models of weak
localization [52] or backscattering [53]. Instead, this implies
a plasmonic origin where such a w, « +/F dependence is
expected for a heterogeneous medium, provided there
is isolation of neighboring conducting domains such

that depolarization fields contribute [49,54]. The long
time relaxation of the system, shown in Supplemental
Material, Fig. 9 [34], occurs on a ~150 ps timescale,
consistent with previous measurements reporting interband
recombination [55]. This relaxation is also seen in the
redshifting of the spectral peak at long times shown in
Supplemental Material, Fig. 10 [34], again consistent with a
system of heterogeneous conductive media. At a critical
fluence F. = 6.6 mJ/cm?, a discontinuous increase in @
and y occurs while Ne?/m* saturates. This sudden change
suggests a charge density-driven electronic phase transition
occurring on ultrafast timescales.

Further evidence for an electronic phase transition is seen
in the dynamics of ¢ (w, 7), monitored at /27 = 10 THz,
far above all phonon branches and where Ac is dominated
by electronic excitations. Figures 3(a)-3(e) show the clear
bimodal dynamics in the subpicosecond manifestation of
photoconductivity. In the low fluence regime, there are two
distinct components: a 40 fs instrument response-limited
rise after photoexcitation and a slower ~200 fs rise.
Examining the Pnma band structure shown in Fig. 1(c),
we can classify pump absorption into two main channels:
(1) excitation into the high effective mass, nondispersive
bands about the I' point which subsequently undergo
interband scattering to the lower-mass band extrema; and
(2) excitation of hot, mobile charge carriers distributed
throughout the Brillouin zone that cool via intraband
relaxation. The I' valley carriers have an effective mass of
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FIG. 3. (a)-(e) Ao (w,r) dynamics at w/2z = 10 THz for
indicated pump fluences F. Rate equation model fits [Eq. (3)] are
shown as black lines. Note the differences in vertical axis scaling.
(f) Aoy (10 THz, 1 ps) as a function of pump fluence, showing
approximately linear scaling below F . and a sharp drop with little
scaling above F.. (g) Fitted proportion of carriers deposited in
band extrema 7 [Eq. (3)] as a function of fluence showing sharp
drop near F..
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1.20m, [2], eight times that of band extrema along I'-Y and
I'-Z at 0.15m,, [56]. Therefore, the measured THz conduc-
tivity is dominated by 7y, with the slow rise representing
the scattering of heavier nr- carriers to the extrema, enabled
through the high electron-phonon coupling near the I
point [51]. The conductivity dynamics can therefore be
well fit by a two-component rate equation model:

dn;t(t) - neXp[_(t/\/Erp)z] - nr(t>yinter7
dnfrTC:(I) - (1 - ’7> exp[_(t/\/éfﬂ)q + nF(t)Yintera
Ao =A ﬁn Tee ﬁ n . 3
1) (m} ree() + my F(t)> (3)

Here, nr, ng.. are the populations in the I" and mobile bands,
respectively, # is the fraction of charge carriers excited into
the I" valley, 7, is the pump pulse duration, e is the electron
charge, A is an amplitude scaling factor, and m* are the
effective masses. As a simplifying assumption, the mo-
mentum scattering time 7 is assumed to be 20 fs for
both populations [44]. The intervalley scattering rate,
Yinter & 1—2 THz, is typical of polar semiconductors at room
temperature [57]. When F > 6.6 mJ/cm?, the same fluence
where the spectra sharply blueshifted, the magnitude of the
response A drops sharply as shown in Fig. 3(f). At the same
fluence, the slow scattering process and associated rise in
conductivity, represented by # and shown in Fig. 3(g),
vanishes and only recovers slightly at the higher fluences.
This indicates the sudden elimination of intervalley scatter-
ing from the I' valley. Such a drastic change in the
magnitude, spectra, and dynamics of intraband conductivity
at F. is a strong indication of a photoinduced, ultrafast
change of macroscopic phase over THz wavelength length
scales.

A photoinduced Pnma-Immm structural phase transition
was recently observed in SnSe accompanied by a fluence-
dependent softening of A, phonon modes [31]. This Peierls-
like structural instability is driven by the removal of
electrons in nondispersive electronic bands derived from
both Se 4p, orbitals and Sn 5s orbitals [32], which form the
nondispersive bands at I [13]. The authors estimated the
Pnma phase is fully destabilized in favor of the /mmm phase
at a photoexcited carrier density of 0.2 holes per formula
unit, corresponding to 9 x 10?° cm™3. The corresponding
critical density from these measurements is estimated as
n.=F.(1=R)yA/hcd~2 x 10>! cm™, in fair agree-
ment. The transition to the /mmm phase is expected to
cause band structure renormalization and a closure of the
electronic band gap, leading to semimetallic electronic
dispersion [31]. A transition to a semimetallic band structure
could explain the fixed finite-frequency spectral peak above
F. as a new interband THz absorption would appear in the
mid-IR. Additional support for this idea is the relatively

fluence-independent conductivity above F, shown in
Fig. 2(d), which would be expected for a system whose
gap is collapsed as excitation only serves to heat the charge
distribution. While a recent time-resolved angle-resolved
photoemission spectroscopy (TRARPES) study of SnSe
observed some evidence of spectral weight within the
gap as early as 40 fs following photoexcitation, the
800 nm excitation fluence was significantly below F,. at
0.95 mJ/cm [58]. Our observations and critical fluence are
in excellent agreement with very recent calculations on SnSe
accounting for quantum anharmonicities arising from the
photoexcited electron-hole plasma [59].

In conclusion, time-resolved THz spectroscopy was used
to probe the ultrafast electronic response of SnSe under
femtosecond optical excitation. The transient THz optical
conductivity was Lorentzian in character whose resonant
frequency is carrier density dependent. This suggests
photocarrier localization into heterogeneous conducting
domains and phase coexistence on the nanoscale, driven
by optical excitation and the removal of bonding electrons.
Bimodal photoconductivity dynamics were observed and
could be explained by multi-valley excitation into both free
and localized states related to the nondispersive bands
derived from the Sn 5s—Se 4p hybridization. At a critical
fluence of F.~ 6 mlJ/cm?, the spectra, dynamics, and
magnitude of the THz conductivity change drastically
indicating a macroscopic change of phase. The vanishing
of intervalley scattering and the near constant conductivity
magnitude with a further increase of pump fluence suggests
a collapse of the band gap, which is consistent with a recent
study suggesting SnSe moves toward a thermally inacces-
sible Immm phase. This motivates further high fluence
TRARPES measurements and time-resolved spatial probes
of nanoscale conductivity to potentially resolve this novel,
transient phase of SnSe.
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