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Abstract
We report a study of ultrafast dynamics of photoexcited electrons and phonons in Sr3Ir4Sn13 using
dual-color transient reflectivity change (DR R)measurements. Time resolved optical spectroscopy of
collective excitations reveal themarked features near its structural phase transition temperature
*T 147 K. Twodistinctive oscillatory timescales inDR R have been clearly resolved. The rapid

THz-range oscillations are attributed to the dynamics of the optical phononswhich strongly correlate
to the structural phase transition. The slowGHz-range oscillatory phenomenonwhich only occurs
below about 150K is associatedwith the dynamic response of the longitudinal-acoustic phonons.
These low-energy phonons show a softening feature on approaching the transition temperature, also
indicating a strong relevance to the structural phase transition. The information that we demonstrated
would provide a deeper understanding of the structural phase transition in Sr3Ir4Sn13.

1. Introduction

Thephase transition at *T 147 KinSr3Ir4Sn13has attracted attentiondue to indications of strong interplayswith
its superconductivity [1–6]. Single crystal x-raydiffraction (XRD) analysis for thismaterial has confirmed thepresence
of a structural phase transitionwhichhas been identified as a lattice distortion fromahigh-T cubic phase to a
low-T phasewith lower crystallographic symmetry [1]. Further studies revealed that thephase transition at *T is
associatedwith a substantial reduction in theFermi-level density of states (DOS) andhasno involvement in any
magnetic ordering. It has thusbeen speculated that the lattice distortion in Sr3Ir4Sn13 could arise from the charge-
density-wave (CDW) instability [1–4].Moreover, a systematic suppression in *T alongwith an enhancement in the
superconducting transition temperatureTchasbeen establishedby introducing thehydrostatic and chemical pressure
in Sr3Ir4Sn13 [1]. This phenomenonbears a resemblance to those observed in the iron-pnictide superconducting
systems suchas La( -O x1 Fx)FeAs,BaFe2As2, andFeSe [7–10].Unlike the cases of the iron-pnictide superconductors
where the existenceof the spin-densitywave (SDW) state below *T hasbecomeunambiguous [10–14], the scenario
for the formationof theCDWstate in Sr3Ir4Sn13hasnot been supportedbydirect experimental evidence.

In this work, we have carried out time-resolved ultrafast spectroscopymeasurements on Sr3Ir4Sn13 to obtain
additional insight into the role of phonons in thismaterial, essentially in connectionwith the observed
anomalies at *T . The ultrafast dynamics of Sr3Ir4Sn13 was studied bymeasuring the photoinduced transient
reflectivity changes (DR R) of the probe beam.Due to different time response for the photoinduced charge and
lattice dynamics, it allows us to distinguish the role of the observed collective excitations in real time and to
provide important information towards a deeper realization of the phase transition in Sr3Ir4Sn13.

2. Experimental results and discussion

Single crystals of Sr3Ir4Sn13 were grown by the tin self-fluxmethod as described elsewhere [1, 3, 15]. A
photograph of the growing crystal with dimensions of severalmillimeters is shown in the inset offigure 1(b). The
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femtosecond (fs) spectroscopymeasurements were performed using a dual-color pump-probe system (for the
light source, the repetition rate: 5.2MHz, thewavelength: 800 nm, the pulse duration: 100 fs) and an avalanche
photo-detector with the standard lock-in technique. The pumpbeam is focused on the sample with a spot of
about 92μmin diameter;meanwhile, the spot of probe beam is 62μm in diameter. The typicalfluences of the
pumpbeam and the probe beamare 61 (whichwas kept in the linear response region of pump-probe
measurements) and 4.6μJ cm−2, respectively. The pumppulses have the corresponding photon energy of 3.1 eV
where the higher absorption occurs in Sr3Ir4Sn13 and hence can generate electronic excitations. Here, the
ultrafast dynamics of Sr3Ir4Sn13 has been established by analyzing the data ofDR R of the probe beamwith the
photon energy of 1.55 eV.

Temperature and delay time variations ofDR R for Sr3Ir4Sn13 are shown infigure 1(a). Two distinctive
domains divided by *T has been discerned. The dramatic change inDR R across *T is consistent with the
hump feature in the electrical resistivity in the vicinity of *T , as displayed infigure 1(b). To have a clear view for
the entire response, we provide two typically temporal evolutions ofDR R measured at 40K and 290K in
figure 2(a). It is noticeable that a slow oscillatory feature inDR R was found at 40Kbut no such phenomenon
was observed at 290K. An illustrative example demonstrating the oscillatory behavior at 40K is given in the inset
offigure 2(a). Detailed discussions about this observationwill be described later.

Figure 2(b) shows two temporal evolutions ofDR R measured at 40K and 290Kwithin several picoseconds
(ps). For each temperature, a rapid and positive response together with a THz-range oscillation has been
resolved. In the inset offigure 2(b), we provide a representative plot showing a fast oscillation at 40K. The
frequency of the oscillation corresponds to the energy of the emitted optical phonons. Unlike the slow
oscillations, the phenomenon of the fast oscillation inDR R appears in the entire temperature rangewe
measured. To gainmore insight on the evolution ofDR R across *T , a three dimensional (3D) plot ofDR R as
functions of temperature and delay time is displayed infigure 3.

In general, electronic excitations induced by a pumppulse would result in a swift rise inDR R at zero delay
time as observed. Since 5d electrons of Ir are dominant around the Fermi-level of Sr3Ir4Sn13 [2], the observed
excitation ismainly triggered by transferring the electrons from d valence band to the conduction band as
schematically illustrated in the inset offigure 3. At zero delay time, the number of the photoexcited electrons
generated by this non-thermal process is related to the amplitude ofDR R. These high-energy electrons

Figure 1. (a)Temperature and delay time variations ofDR R for Sr3Ir4Sn13. (b)Temperature dependence of the electrical resistivity
between 40 and 290K. The arrow indicates the structural phase transition at *T . Inset: photograph of the Sr3Ir4Sn13 single crystal used
in this study.
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accumulated in the d conduction bands quickly release their energy through the emission of optical phonons
within several picoseconds. The optical phonons further decay via transferring energy to other phononmodes.
In accordancewith these processes, the decay background inDR R can be phenomenologically described by

( ) ( )D
= + - +t t t- - -R

R
A e A e e A1 1e

t t t
p 0

e r p

Thefirst term at the right-hand side of equation (1) is due to the decay of the excited electrons. Their initial
population is related to the amplitudeAe and their relaxation process is characterized by the decay time te. The
second termdescribes the dynamics of the phonons related by an initial numberAp, a corresponding rise time tr ,
and a decay time tp . The last termAo arises from the energy loss from the hot spot to the ambient environment
within the timescale ofmicroseconds, which is far longer than the period of ourmeasurements (∼575 ps) and
hence is taken as a constant.With the employment of equation (1), the parameters inDR R can be extracted for
each temperature.

The extracted -T dependentAe and te for Sr3Ir4Sn13 are displayed infigure 4. For *>T T , bothAe and te

exhibit weak temperature dependences, typical responses for an ordinarymetal.With lowering temperature,Ae

shows a rapid increase accompanied by amarked peak in the vicinity of *T . The temperature variation of te also
exhibits a large enhancement across *T . Since themagnitude ofAe is proportional to the initial population of
photoexcited electrons, the dramatic change inAe implies that a substantial reconstruction of electronic
structures takes place undergoing the structural phase transition. This is consistent with the nuclearmagnetic
resonance (NMR)measurement which revealed sizeable reductions in both Sn and Ir electronic states in
Sr3Ir4Sn13 below *T [3]. It is worthwhilementioning that a broadmaximum inAehas been found at around 100
K. Such an observation is very likely due to intriguing electronic correlations, e.g., change of effectivemass

Figure 2. (a)The plots ofDR R versus decay time for 40K and 290K, respectively. Each solid curve represents thefitting result by
employing equation (1). Inset: the slowoscillation signal obtained by subtracting the decay background at 40K. The associated solid
curve is the damped sinusoidalfitting. (b)An enlarged timescale ofDR R at 40K and 290K, respectively. The dotted and dashed lines
represent thefirst and second terms of equation (1), as described in the text. The inset shows a fast oscillatory phenomenonwith a
damped sinusoidalfitting taken at 40K.
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arising fromboson-mediatedmany-body interactions. Indeed, the enhancement of the effectivemass in
Sr3Ir4Sn13 had been confirmed from themeasurement of the optical conductivity at low temperatures [4].
Anomalous features previously noticed in theHall and Seebeck coefficients near 100Kmay be ascribed to the

Figure 3.A3Dplot ofDR R with an enlarged timescale for Sr3Ir4Sn13. The inset illustrates the schematically electronic band
structure of Sr3Ir4Sn13 and the pump-probe processes for 3.1-eV-pump (solid arrow) and 1.55-eV-probe (dashed arrow).

Figure 4.Temperature variations of the amplitudeAe and the decay time te for the photoexcited electrons of Sr3Ir4Sn13. (b)
Temperature variations of the amplitudeAop and the decay time top for the optical phonons of Sr3Ir4Sn13.
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similar effects [3, 6], whichmay also cause the broadmaximaAop infigure 4(b) via the electron-phonon
coupling.

Asmentioned, the photoexcited electrons accumulated in the d conduction bands of Sr3Ir4Sn13 quickly
release their energy through the emission of optical phononswithin several picoseconds. For each temperature,
the dynamical behavior of the optical phonons associatedwith a fast oscillatory feature inDR R can be
described by a damped oscillatory function as t-A e t

op
op sin ( p f+f t2 op op). HereAop is related to the population

of the optical phonons; top is the corresponding damping time; fop is the time-dependent oscillatory frequency;
fop is the initial phase of the oscillation. The temperature variations of the resolvedAop and top are given in
figure 4(b). As one can see, the temperature dependences ofAop and top are quite similar to the correspondingAe

and te, exhibitingmarked features near *T . The strong similarity between photoexcited electrons and optical
phonons gives evidence for their intimate correlation.

To explore the significant role of the probed phonons associatedwith the structural phase transition of
Sr3Ir4Sn13, we analyze the optical phonon energy, i.e, the oscillatory frequency fop and illustrate its temperature
variation infigure 5 through Fourier transform. There are two distinguishablemodes in low-temperature
region.However, only low-frequencymode of 1.25 THz (∼5.2meV) can be observed at *>T T , which also
shows aweak temperature dependence. It is noticeable that our data fail to indicate a characteristic of the
phonon softening at around *T as reported in the isostructural analogue of Ca3Ir4Sn13 [16]. Indeed, a recent
inelastic neutron scattering study of Ca3Ir4Sn13 revealed a phonon softening feature at the excitation spectra
where a phononmode of 1.05meV (∼0.25THz)has been found to shift towards lower energy on approaching
its *T of 38K fromhigh temperatures [16]. The observed soft phononmode inCa3Ir4Sn13 has been assigned to
the propagationwave-vector at q=(1/2, 1/2, 0)predicated by the density functional theory (DFT) calculations
as collaboratingwith its crystal structure [2, 16]. The indiscernible phonon softening behavior around the phase
transition region of Sr3Ir4Sn13 is likely due to the dominantly vibrational density of states at around 1.25THz
that overwhelms the contribution from the soft phononswith different energy.

In the low-T phase, an additional oscillatorymode of about 1.62 THz (∼7.2meV) has been identified. This
phononmode should arise from the larger phonon density of states associatedwith the corresponding phonon
dispersion relations. In this regard, our observation provides a clear identification for a substantial change in the
phonon dispersion undergoing the structural phase transition. It is remarkable that thismode exhibits softening
behavior on approaching *T from low temperatures, especially within 2 ps as shown infigure 5(c). This

Figure 5. (a)The Fourier transform spectra obtained from the inset offigure 2(b). (b)The temperature-dependent Fourier transform
spectra obtained fromfigure 1(a). (c)The temperature-dependent Fourier transform spectra obtained fromfigure 1(a) before 2 ps.
(d)The temperature-dependent Fourier transform spectra obtained fromfigure 1(a) after 2 ps.
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indicates that the high-frequencymode of 1.62 THz appears first after excitation by a pumppulse. After 2 ps, the
high-frequencymode disappear and then the low-frequencymode of 1.25 THz come out due to the change of
coupling constants for bothmodes or the energy transfer from1.62-THzmode to 1.25-THzmode. The phonon
softening feature bears a resemblance to the characters in the conventional CDWsystems such as K0.3 MoO3,
1T-TaS2, andRTe3 (R=Ho,Dy, Tb) revealed by time-resolved spectroscopy [17–20]. In those studies, the
softening phenomena have been connected to the responses of the amplitudemode (AM) of theCDW. For
example, the oscillation frequency of 1.7 THz in K0.3 MoO3 shows clear softening as the critical temperature of
183K is approached frombelow [17]. Since Sr3Ir4Sn13was proposed to be a new 3D superconductor with an
unconventional CDWphase transition near 147K, it is realistic that themodes observed at 1.62THz and 1.25
THz in Sr3Ir4Sn13 have a similar character as the amplitudemodes seen in those low-dimensional CDWsystems
[17–20]. In other words, the 1.25-THz phonon in Sr3Ir4Sn13 by symmetry would be coupled to the charge
excitations of the charge-density wave. In the low-temperature ¢I phase structure [1], themovement of Sn
coordinates in response to the phonon instabilities that dominates the low-energymode. Consequently, the
appearance of the 1.62-THz phonon can then be understood to arise from symmetry breaking below *T .

In addition to the THz-range oscillatory behavior, we observed slowGHz-range oscillations inDR R below
150K, attributed to the dynamic response of the longitudinal-acoustic (LA) phonons caused by the interference
between the probe beams reflected from the crystal surface and the rear interface of the propagating strain pulse
with themodulated dielectric constant [21]. As in the case of high-frequency oscillations, each slow oscillation
can be described by a damped oscillatory function as t-A eLA

t LA sin(2p f+f tLA LA). Here all parameters for the
low-frequency phonons correspond to the same physical quantities as those for the optical phonons. In the inset
offigure 6(b), we illustrate several representative oscillations with fitting curves.We thus extracted the -T
dependentALA and tLA for Sr3Ir4Sn13with results displayed infigure 6(a). It is apparent that both parameters
exhibit dramatic changes in the vicinity of *T , implying that the slow oscillatory phenomenon is also related to
the structural phase transition. The -T dependent fLA is shown infigure 6(b), indicating a very pronounced
softening feature around *T . It is worthwhilementioning that the LAphonon energy of about 0.087meV (∼21
GHz) in FeSe has been found to drop by 60%across its structural phase transition temperature around 90K
[22, 23].With this respect, it seems reasonable to ascribe the slow oscillations in Sr3Ir4Sn13 to the similar
dynamics of the LAphonons. Additionally, the disappearance of LA phonons at high temperatures is possibly
caused by the smaller penetration depth and larger refractive index [4] in the simple cubic parent structure
(I phase) above *T .

Figure 6. (a)Temperature variations of the amplitudeALA and the decay time tLA for theGHz-range phonons of Sr3Ir4Sn13.
(b)Temperature dependence of the slowoscillatory frequency fLA. The inset displays four representative oscillations taken at different
temperature. Each associated solid curve is the damped sinusoidal fitting.

6

New J. Phys. 18 (2016) 073045 CWLuo et al



Recently, theGHz-range phonons have been detected fromDR R of SrTiO 3 and the softening across its
phase transition at 105Khas been interpreted by the coupling of the phonons to the domainwalls [24].More
specifically, the additional softening at 70 GHz has been argued to occur only when the strainwave amplitude is
large enough for enhancing the coupling to the domainwalls. It has been suggested that the domainsmay be
formed alongwith the elongated axis in a particular directionwithin a crystal structure with low crystallographic
symmetry [25]. For the present case of Sr3Ir4Sn13, the single crystal XRD analysis has revealed a unit cell doubling
below *T driven by a subtle lattice distortion accompanied by lowering crystallographic symmetry [1]. Based on
this, it would be qualitatively realistic to connect the observed softening of theGHz-range phonons to such
a scenario.

3. Concluding remarks

Wehave investigated the ultrafast dynamics of the collective excitations in Sr3Ir4Sn13 single crystals by dual-
color femtosecond spectroscopy. Prominent features have been revealed near *T , providing qualitatively new
information about its structural phase transition. Two temporal oscillations inDR R have been
unambiguously resolved. TheTHz-range optical phonons exhibit amarked change across *T , giving evidence
for themodification of the phonon dispersion undergoing the structural phase transition. TheGHz-range
phononswhich only appear below 150K are thought to be the dynamic response of the longitudinal-acoustic
phonons. It has been reported that the isostructural compoundsCa3Ir4Sn 13, Sr3Rh4Sn13, La3Co4Sn13, and
Ce3Co4Sn13 exhibit similar structural phase transitions [6, 16, 26–37]. Hence, it would be an interesting subject
to clarify the possible uniformity of their structural phase transitions by utilizing the same ultrafast optical
probe.
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