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Abstract
We report on the observation of coherent terahertz (THz) emission from the quasi-one-dimensional
charge-density wave (CDW) system, blue bronze (K0.3MoO3), upon photo-excitationwith ultrashort
near-infrared optical pulses. The emission contains a broadband, low-frequency component due to
the photo-Dember effect, which is present over thewhole temperature range studied (30–300 K), as
well as a narrow-band doublet centered at 1.5 THz, which is only observed in theCDWstate and
results from the generation of coherent transverse-optical phonons polarized perpendicular to the
incommensurate CDW b-axis. AsK0.3MoO3 is centrosymmetric, the lowest-order generation
mechanismwhich can account for the polarization dependence of the phonon emission involves
either a static surfacefield or quadrupolar terms due to the optical field gradients at the surface. This
phonon signature is also present in the ground-state conductivity, and decays in strengthwith
increasing temperature to vanish above ~T 100 K, i.e. significantly below theCDWtransition
temperature. The temporal behavior of the phonon emission can bewell described by a simplemodel
with two coupledmodes, which initially oscillate with opposite polarity.

1. Introduction

The non-equilibriumdynamics of complex solids, following ultrafast excitation, continues to be an important
avenue to elucidate the coupling between the various degrees of freedom (electron, spin and lattice) and their
resultant ordered phases, as it allows one to track the evolution following selective excitation, and capture
signatures of transient non-thermalized states and quasi-particle populations [1–3]. Here low-dimensional
electronic systemswhich possess charge-density-wave (CDW) phases [4–6] are important examples, as their
broken-symmetry ground-states (GSs) often involve a coupled periodic lattice distortionwhich is driven by
strong electron–phonon coupling.While the basic theories to describe CDWstates are quitemature [5, 7], the
roles of specific interactions inmanymaterials remain open questions, especially for complex crystals, which are
still highly challenging for ab initio theory.Moreover, the discovery of competing CDWphases, e.g. in high-Tc

superconductors [8] has led to renewed interest in the context ofmaterials with strong electronic correlations.
The low-energy excitations (i.e. in themeV-range) are particularly important probes of the CDWphysics, as
their quanta can involve a strongmixing of charge and lattice coordinates.

Here we focus on awell-established, quasi-one-dimensional CDWmaterial, blue bronze (K0.3MoO3), which
undergoes a transition to an incommensurate CDWphase below =T 183 Kc [7], with an associatedmodulation
imposed on the centrosymmetric, monoclinic structure (space groupC2/m) [9]. This systemhas been studied
intensively with both equilibrium [10, 11] and time-domain [5, 6, 12, 13] spectroscopies,mostly focusing on
electromagnetic excitation and probing of the incommensurate CDWalong the b-axis, where the amplitude
[12, 14] and phase [13]modes can be resolved.We recently applied coherent terahertz (THz) spectroscopy to the
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excited-state (ES) evolution and temperature dependence of the phasemodes [13], which indicated that
electronic impurities (which lead to nonlinear CDWtransport) and screening by photo-excited carriers play an
important role.

In this paper, we apply a complementary time-resolved THz study, in experiments where the coherent THz
emission following ultrafast electronic excitation (i.e. in the absence of a THz probe pulse) ismeasured. The
generation of coherent phonons (typically with frequencies in the THz range) by sub-picosecond optical
excitation is a well-established technique [15–19], especially for Raman-activemodes (probed by coherent
oscillations in the inter-band permittivity), mostly in conventional semiconductors and semimetals [20], but
also formore complex inorganic crystals [21, 22]. In comparison, studies of phonon emission from IR-active
modes are significantly fewer [23–26], and only recently have such studies been extended tomore complex solids
[27–29]. As discussed in detail below, different physicalmechanisms have been invoked to account for the
generation of both transverse and longitudinal optical (TO, LO) phonons in different scenarios. Thefirst
mechanism involves transient stimulated Raman scattering (TSRS) [17, 27, 30–33], which comprises both the
impulsive and displacive limits for the phonon oscillations (the latter historically referred to as ‘displacive
excitation of coherent phonons’), depending on the nature of the electronic excitation [30, 31]. A second
mechanism, often responsible for excitation of IR-active LOphonons, is due to coupling to longitudinal surface
fields which are either generated, or screened [34], by the excited carriers—the generation case corresponding to
the photo-Dember (PD) effect [24–26, 29, 35] (see section 3), as introduced in [23] to account for the THz
emission.However, in this report, we observe emission from IR-active TOphonons, whose excitation
mechanismdiffers from the cases above.

Themain findings of the paper are summarized in the scheme infigure 1(a), i.e. we observe both a low-
frequency broadband emission (polarized in the plane of incidence) due to the PD effect (blue curves), as well as
a long-lived coherent phonon emission (red curves), which is composed of the temporal interference of two
near-degeneratemodes (with opposite initial polarity), whose field polarization remains perpendicular to the b-
axis (i.e. lies in the a–c plane).While only very few studies focused on electrodynamics in the a–c plane [36]
(mostly to characterize the highly anisotropicDC transport [37]), these directions in the lattice are still relevant
for theCDWphysics, as 3D order plays an important role [7, 38]. As shown infigure 1(b), in theCDWphase
there is also a commensuratemodulation along the c* directionwith *=q c0.5c , which is favored in order to

Figure 1. (a) Scheme of photo-induced THz emission contributions versus crystal orientation formoderate excitation fluence (blue:
photo-Dember, p-polarized for both orientations; red: coherent phonon interference, perpendicular to b-axis). (b)Crystal structure
of K0.3MoO3 in themodulatedCDWphase (at = <T T100 K c, based on the approximate 1 × 4 × 2 commensurate supercell [9])
looking at the a–c-plane perpendicular to the ( )201 -surface and the incommensurate CDW b-axis. The commensuratemodulation
along the c-direction corresponds to cell doubling along this direction for the approximate commensurate supercell, as indicated. The
lattice distortion is amplified by a factor 20 to aid visual inspection. The drawing also includes the definition of the laboratory reference
frame used for themodel based on third-order nonlinear THz emissionwith a surface field. (c)Ground-state THz conductivity
spectra from far-infrared FTIR reflection experiments in [36] forfield polarized along the z-direction (i.e. perpendicular to [010] and
[102], as indicated in (b)), in the spectral range of the coherent phonon emission for three selected temperatures. (d) Schematic of
coherent THz emission experiment (also indicating THz probe beam input via Si beam-splitter, as used for pre-alignment via the
optical-pumpTHz-probe signal [13]).
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minimize the inter-layer Coulomb energy [39, 40]. As shown below, the spectral characteristics of this near-
degenerate phonon doublet (centered about 1.5 THz) are close to those observed in theGS conductivity
spectrum,whichwasmeasured in a previous FTIR reflection study by other authors [36] for polarization along
the z-direction (labeled ‘FTIR pol.’ infigure 1(a)). However, in [36] themain emphasis was on the behavior of
modes further into themid-IR, and these features in the THz spectral regionwere not visible in the presentation
of the data. For theGS conductivity spectrum, one can readily assign the bands to TO (and not LO) phonons.
The relevant range of their extracted conductivity spectra is shown infigure 1(c), where the phonon doublet is
clearly observed at =T 50 K, and collapses and vanishes in going above 100 K (whichwe address later in the
paper). Preliminary THz time-domain spectroscopy reflectionmeasurements performed polarized along the
[102] direction (in the ( ¯)201 surface) also indicate a phonon signature in this frequency rangewith the sameT-
dependence, i.e. the phonon dipole is in the a–c plane at an angle to both the [102] and z axes.We note that this
phononmode is distinct from the phase-modes whichwe previously identified polarized along the b-axis (the
nearest of which lies at 1.75 THz [13]).

In the following, we first demonstrate the atypical polarization behavior of the phonon emission and discuss
the symmetry properties for a displacive excitation in terms of a phenomenological nonlinear optical
framework.We then analyze the time-resolved coherent emission at =T 50 K including a coupled-oscillator
model to account for the beating of two near-degeneratemodes, and finally discuss the temperature dependence
of the coupled phonon emission, which also vanishes well below theCDW transition temperature.

2. Experimental details

The single crystals of K0.3MoO3 investigated in this studywere grown by the temperature gradient fluxmethod
[41], with lateral dimensions of~3 mm, and the as-grown ( ¯)201 surface was sufficiently smooth to usewithout
further polishing. The setup used for the THz emission experiments is similar to that used for optical-pump
THz-probemeasurements in [13], based on a femtosecondTi:Al2O3 amplifier laser (l = 775 nm0 ), as shown in
figure 1(d). The optical pumpbeamwas brought down to a beamdiameter of~2 mm on the sample, whichwas
mounted in a liquid-helium cryostat (OxfordMicrostat, equippedwith a 50 μmthick polypropylenewindow to
avoid losses for the emitted THz radiation). The divergent THz emission from the sample is then collimated by
an off-axis paraboloidalmirror (OAPM, effective focal length =f 101.6 mmeff ).We used a geometry where the
optical pumpbeam is incident on the sample at a small angle (~ 8 ), and the sample is tilted so that theOAPM
axis is alignedwith the axis of the reflected pumpbeam (and hence, the phase-matching angle for THz emission),
which also allows one to discard the optical pumpbeam via a small hole bored in theOAPM. The emitted THz
radiation is then guided to the detector via a Si wafer reflector, wire-grid polarizer, Aumirror and indium-tin-
oxide dichroic beam-splitter, and is focusedwith the optical detection pulse by a secondOAPM
( =f 50.8 mmeff ) into a 0.5mm thick ZnTe crystal to allow electro-optic time-domain sampling of the temporal
THzfield [42, 43]. In order to switch between detection of p- and s-polarized THz field components, we rotated
both thewire-grid polarizer and the ZnTe crystal together. For theseweak signals, we typically averaged over
50–100 temporal scans (with a 50 ms lock-in time constant), with intensity spectra then calculated via numerical
Fourier transformation. From themulti-scan data, we can determine the standard error s ( )t of each point in the
THzfield signal ( )t , which can then be carried over to confidence intervals for each point in the calculated
intensity spectra  n =( ) ∣ { ( )}∣I t 2 using a numericalmethod described previously [44]. In the spectra here, we
show the 95%-confidence intervals, i.e. a non-zero value of the lower confidence bound implies finite signal with
95% statistical certainty.

3. Polarization dependence and origin of emission contributions

Wefirst discuss the dependence of the THz emission on the orientation of the sample and the polarization of the
signal, at =T 50 K andwith amoderate excitationfluence of m= -F 400 J cmex

2, as summarized infigure 2. As
shown infigure 2(a), the p-polarized emission (parallel to the b-axis) corresponds to a low-frequency
(0.5 THz) broadband emission, whose temporalfield performs~1.5 damped oscillations in the timewindow
measured herewith continuously decreasing frequency. Such emission for this geometry is typical formaterials
with short optical absorption lengths ( a <1 100 nmex at n =h 1.6 eVex for K0.3MoO3 [12]) and photon
energies well above the band-gap (such that the excited carriers have significant excess energy), i.e. arising from
the PD effect. The PD emission is due to charge separation perpendicular to the surface from the ambipolar
diffusion of electrons and holes (whosemobility, and hence diffusion coefficients are usually different) driven by
the steep excitation gradient, which possesses afinite component along the p-polarized direction for oblique
incidence of the pumpbeam.
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Upon rotating the sample about its normal, such that the b-axis is nowperpendicular to the plane of
incidence (figure 2(b)), one still observes the PD signature at low frequencies. However, an additional narrow-
band emission band at 1.5 THz is clearly resolved. That this emission component is locked to the
crystallographic axes is confirmed by rotating both sample and detected THz polarization (figures 2(c) and (d)),
whereby the phonon is again only detected for ^E b, and the PD component vanishes as expected for the s-
polarization direction. In the insets offigures 2(b) and (d), one observes that the temporal envelope of the
phonon contribution appears to rise to amaximum some ps after t=0. As shown in the next sectionwith
higher spectral resolution, this phonon signature is indeed a near-degenerate doublet, which correlates strongly
with theGS conductivity spectrum along the z-direction shown in figure 1(c).

Asmentioned in the introduction, coherent phonon emission fromultrafast photo-excited surfaces has
been previously observed in a broad range ofmaterials, with twomainmechanisms invoked to account for the
pump-induced phonon generation. Thefirst involves the excitation of LOphonons perpendicular to the
surface, which are driven by their coupling to the rapid field gradients built up by the PD effect [23–26, 29]—
referred to hereon as the PD–LOmechanism. The transverse-longitudinal incompatibility which prevents
coupling between LOphonons and a THz electromagnetic field in the bulk is relaxed due to the sub-THz-
wavelength excitation depth. Besides relatively simple crystals such as InSb [24] andTe [23], the PD–LO
mechanismhas been established formore complex solids such as hybrid perovskites [29].While the bands in the
GS conductivity spectrum (figure 1(c))must be due toTOphonons, one could consider whether the phonon
emission here is due to the corresponding LOphonons (with a small LO–TO splitting due to theweak oscillator
strength of the bands).

However, two key features of the data in figure 2 deviate from the expected PD–LObehavior. Firstly, the PD
and phonon contributions do notmaintain a parallel polarization, with the phonon emission instead following
the crystal azimuthal orientation.While quasi-LOphonons can indeed possess a polarization component
perpendicular to their wavevector (especially inmediawith complex unit cells [45, 46]), one still expects at least a
finite longitudinal componentwhich should remain p-polarized as per the PD emission. Secondly, in previous
studies, the bandwidth of the PD emission extended out to that of the driven phonon, whereas here it falls away
(at least, below the noisefloor of themeasurements)well below 1.5THz. The spectral overlap requirement is
equivalent to the PDfields forming sufficiently rapidly to trigger the phononmotion coherently.

A second possiblemechanism involves TSRSwhich can couple to coincident IR-active phononmodes
[27, 32, 33]—however, this is only allowed in non-centrosymmetricmedia and hence is not expected in
K0.3MoO3.While surfacefields could indeed relax the selection rules for Raman/IR exclusion [47], we note that
noRaman band at 1.5THz ( -50 cm 1)was detected (probing either parallel or perpendicular to the b-axis) in
back-scattered spontaneous Raman [11] and optical-pumpRaman-reflection-probe studies [14].

To account for the excitation of the coherent phonon emission and its polarization dependence, we proceed
here in terms of a general nonlinear optical framework.While such an approach is only strictly valid in the
transparency region (i.e. for belowband-gap excitation), it is also a reasonable approximation if one neglects
dispersion [48, 49].Wefirstly note that bulk c( )2 processes cannot be responsible for the emission, as the

Figure 2.Dependence of THz emission (for =T 50 K and excitationfluence m= -F 400 J cmex
2) on the relative directions of the

crystal axes and detected THz polarization, as indicated in the schemes (sample viewed from above).Main plots show the intensity
spectra (common scale, including 95%-confidence intervals), calculated from the detected time-domain fields (shown in insets, as±σ
error regions). Labels denote contributions fromphoto-Dember (‘PD’, in (a), (b)) and coherent phonon emission (‘Phonon’, in (b),
(d)).
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corresponding tensor vanishes in centrosymmetricmedia, such as K0.3MoO3.Moreover, and regardless of the
symmetry class, an inspection of the selection rules for the surface-c( )2 nonlinear susceptibility [50, 51] indicates
that surface-induced difference-frequency generation cannot account for the polarization dependence of the
phonon emission.

Instead, we propose an effective c( )2 mechanism involving the third-order nonlinear susceptibility, which
results either due to the presence of a static surfacefield [52, 53], or quadrupolar terms arising from the spatial
gradient of the optical fields [50, 51]. Surfacefields due to Fermi-pinning by surface states are fairly common in
doped semiconductors, and in other contexts can give rise to broadbandTHz emission [53] or narrow-band LO-
phonon emission [34]. Pinning of the surface electric field inK0.3MoO3 could arise due to the termination of the
alternatingMoO3 andK

+ layers parallel to the ( ¯)201 -surface (as well as the CDWmodulation along the c*

direction).
In the case of a surface field, the resulting THz polarization can bewritten as [48],

* e c w w w wW = ¢ - ¢( ) ( ) ˆ ( ) ( ) ( )( ) ( ) E E E3 0, , , 1i ijkl j k l
3

0
3

where Ek,El are the components of the complex optical-pump field amplitude, Êj the components of the
constant surfacefield, { }i j k l, , , are indices of the crystal axis system (summations over {j, k, l} are left implicit),

w wW = ¢ - is the THz frequency (whereω and w¢ correspond to frequency pairs within the spectral width of
the optical pumppulse) andwe already apply permutation symmetry towrite the product in frequency-ordered
form. The detailed physical response to photo-excitation is contained in the spectral (or equivalently, temporal)
dependence and tensorial structure of c( )3 . For the quadrupolar excitationmechanism, one replaces Ê Ej k with
∂jEk in equation (1) [51]. One can show that bothmechanisms yield the same qualitative results in the following,
as their tensors have identical symmetry properties.

Considering themonoclinic C m2 space group of K0.3MoO3, there are 41 independent non-zero c( )
ijkl
3

elements, such that the analysis appears somewhat daunting. Fortunately the field geometry and the
experimentally based assumption of optical isotropy for the near-IR pump field [54] reduce this to simple
expressions for the components of the THz polarization. As derived in the appendix, this results in a THz
polarizationwhere  º 0b for all relative orientations of the crystal/pumpfield, with a constant value of  in
the a–c plane (whose orientation relative to the ( ¯)201 -surface depends on the relative values of the unknown
tensor components c c c( ) ( ) ( ), ,xxxx xzyy zzzz

3 3 3 and c( )
zxyy
3 ), consistent with the observations in figure 2. Essentially, this

result can be traced back to themirror plane perpendicular to b for the C m2 space group (in combinationwith
the optical isotropy), which forbids any THz emission polarized parallel to the b-axis.We note here that for
higher excitation fluence ( m= -F 1400 J cmex

2), the 1.5 THz phonon signal was observed alsowith a component
in the plane of incidence alongwith the b-axis (the geometry infigure 1(a)), as shown later infigure 4(b).We
attribute this still to polarization in the a–c plane, i.e. due to a component along the z-axis (normal to the
surface), which in the foregoing c( )3 -treatment could be due to the emergence of higher-order nonlinear terms
(e.g. involving two-photon excitation).

4. Temporal dynamics and phonon line splitting

As can already be seen in the insets offigures 2(b) and (d), the envelope of the phonon emission appears not to
decay fromamaximumat t= 0, as typically observed for coherent phonon emission, but exhibits a beating
signature indicative of interference between near-degeneratemodes. In order to study this in detail, we
performedmeasurements with superior spectral resolution (i.e. longer timewindow) facilitated by using a
higher excitation fluence ( m= -F 1400 J cmex

2) to improve the signal-to-noise ratio. The temporal THz field
and corresponding intensity spectrum from such ameasurement at =T 50 K are shown infigures 3(a) and (b),
respectively. Here the interference envelope is extremely clear, and the improved spectral resolution reveals two
peaks in the intensity spectrumwith a separation of nD = 100 GHz, which closely resembles theGS
conductivity along the z-directionmeasured previously [36] (figure 1(c)).We also show infigure 3(c) the
corresponding spectrogram intensity, i.e. n n=( ) ∣ ( )∣I t E t, ,s s

2 where n = ¢ - ¢( ) { ( ) ( )}E t E t w t t,s is a
sliding-windowFourier transformofE(t), using a 4 pswidewindow functionw(t) to achieve a reasonable
compromise between the temporal and spectral resolution (250 GHz). Here the interference is evenmore
clearly discernible, and demonstrates amodulation depth close to unity.We also include the instantaneous
mean frequency òn n n n=¯ ( ) · · ( ) ( )t I t M td ,s (where ò n n=( ) ( )M t I td ,s is the temporalmarginal of Is),
which reveals a small but significantmodulation in themean frequencywith time. Spectrogram analysis of the
data for the lowerfluence ( m= -F 400 J cmex

2, time signal shown infigure 2) also exhibit similar growth froma
near-zero signal about t=0.

Different possible causes for this near-degenerate phonon doublet could be considered. One possibility is
that one observes both TOand LOmode frequencies simultaneously, which can arise e.g. due to the lateral
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excitation profile [35] resulting in regionswith low excitation density (where the intrinsic LOphonon frequency
of a longitudinal phonon results) and regionswith high density (where photo-excited carriers can screen the
Coulomb forces associatedwith the LOphonon, resulting in the TOphonon frequency)—these two
contributions can interfere if the excitation beamdiameter is sub-THz-wavelength in dimension.However, that
both peaks appear in theGS spectrum supports the assignment as twoTOphonons.

In general, the periodic lattice distortion in theCDWstate should lead to phonon zone-folding, and the
appearance of newmodes in the optical spectra. One scenario, whereby such an IR-active doublet would arise,
involves the folding of two near-degenerate, transverse acoustic branches. In the case ofmolecular solids, one
can ascribe the presence of such a doublet toDavydov (or ‘correlation-field’) coupling betweenmolecular sub-
units [11, 55–58]. For dimers in centrosymmetricmedia, this typically leads to a splitting with onemode IR-
active and the other Raman-active [55, 57], although this exclusion rule does not hold if the phonon dipole
moments of the two units are not identical [58]. Indeed, the notion ofDavydov splitting inK0.3MoO3 has been
considered previously for Ramanmodes polarized along the incommensurate b-axis direction [11]. For the
present case, such an interaction between non-identical sub-units could result from the commensurate
modulation along c*, which implies that neighboring sub-units in two adjacent layers are distorted relative to
one another (see figure 1(b)). Formally, this is closely related to phonon zone-folding in theCDWphase [59]. In
any case, as shown below, we need to invoke a coupling of these twomodes in order to account for the precise
temporal interference envelope of the THz emission, which can be readily built into a classical Davydov-like
coupled oscillator treatment.

As the detailed phononmode structure is presumably highly complex inK0.3MoO3 (and has not been
analyzed theoretically), to develop a quantitativemodel for the results infigures 3(a)–(c), we consider amodel of

Figure 3.Coherent phonon emissionwith improved temporal range/spectral resolution (for =T 50 K and excitation fluence
m= -F 1400 J cmex

2), with a horizontal b-axis and detecting the perpendicular s-polarized emission (as perfigure 2(d)). (a)Temporal
electric field and (b) corresponding intensity spectrum. (c) Spectrogram intensity Is(ν, t) calculated from the temporal field in (a),
including the time-dependent center frequency n̄ ( )t calculated from the spectral first-moment of Is. Also included in (a) is the
temporal envelope extracted from Is (i.e. the rms signal in the range n = -1.4 1.6 THz, dashed curve), and vertical arrows to indicate
the approximate positions of t=0 and thefirstmaximumandminimumof the temporal interference. In (b), the dashed red curve is
the spectralmarginal ò n( )tI td ,s ), while the horizontal dashed lines indicate the peak positions of theGS phonon bands infigure 1(c)
[36]. (d)–(f)Corresponding theoretical results from the coupled-oscillatormodel (seemain text for details), assuming a constant
coupling constantK. (g)–(i)As per (d)–(f), only assuming a time-dependent coupling constant. Note that vertical reference arrows in
(d) and (g) are at the same positions as the experimental envelope in (a). (j)Time-dependent coupling parameterK1/2(t)/(2π) used in
(g)–(i) and corresponding time-dependent coupled-oscillator eigenfrequencies na b, .
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a single unit cell containing a representative dimer of two interactingmolecular sub-units, whichwe assume to
be distorted relative to each other due themodulation along the c* direction. The time-dependent dipole
moment induced in each unit is taken as dm =( ) · ( )t q Q tn n n whereQn (n= 1,2) represents the conformational
coordinates of the nth sub-unit and m= ¶ ¶q Qn n n the effective charges, andwe allow ¹q q1 2 to account for
any asymmetry between the two units and the simplified scalar treatment. In general, the sub-units will be
coupledwith an interaction k= -( )U Q Qc

1

2 2 1
2, which could arise fromdipole–dipole interaction and/or

steric interactions, and results in new eigenfrequencies να,β for the coupled system (see below). Upon electronic
excitation, we assume that orbital contributions to the ES bands lead to a change in bonding/anti-bonding
contributions and hence the equilibrium conformations and dipolemoments (which could involve a partial
suppression of the electronic CDWamplitude [5, 6]). Note that in previous reports on coherent phonon
generation, it is assumed that due to ultrafast electron scattering (i.e.much faster than the phonon period), the
symmetry of electronic orbital displacement can only excite totally symmetric ( )A g1 Raman-activemodes [17], as
othermodes are considered energetically unfavorable on group-theoretical grounds [18, 20]. Nevertheless,
caveats to this rule have been asserted in the literature, i.e. either when the electronic scattering rate is sufficiently
slow (i.e. at least some fraction of the THz phonon period) such that anisotropic orbital contributions can drive
non-symmetric lattice displacements [31, 60], or due to the possible presence of a nearby structural phase
transition [18].While strong optical excitation of K0.3MoO3 can indeed drive structural changes, i.e. due to
melting of theCDW lattice order [61], this is only significant for  -F 1mJ cmex

2.Moreover the averageC2/m
structure ismaintained (and its unit cell parameters do not change abruptly) at the CDWphase transition
Tc [62].

In the previous section, however, we found that a surface electricfield (or quadrupole term) in combination
with the low,monoclinic symmetry allows for a net THz polarization in the a–c plane even for optically isotropic
excitation (at least within a nonlinear polarization ansatz). This is consistent with photo-excited dipole
displacements of the two sub-units, which cancel precisely in the centrosymmetric bulk, but become
asymmetric under the influence of the surface field. Ultimately, while the notion of displacive excitation of non-
symmetric (IR-active)modes has not been reported to our knowledge for any system, we proceedwith such a
model due to its ability to quantitatively reproduce several features of the THz emission, as demonstrated in the
following.

The predictions of the coupled-phononmodel are yielded via integration of the equations ofmotion:

w+ G + - = --˙ ( ˆ ( )) ( ) ( )Q Q Q Q t K Q Q¨ 2 , 2n n n n n n0
2

3

where ˆ ( )Q tn are the instantaneous equilibrium coordinates for each sub-unit,K=κ/m, and assuming
degenerate uncoupled frequenciesω0= 2πν0 and dampingΓ. The coupled systemhas the steady-state
eigenfrequencies w w= ¢a 0 and w w= ¢ +b ( )K20

2 1 2, where w w¢ = - G( )0 0
2 2 1 2. In the simulation, we take

*= Qt-ˆ ( ) [ · · ( )] ( ) ( )Q t Q t G te , 3n n
tex ex

where Qn
ex are the ES displaced equilibria, tex the ES lifetime (Q( )t is theHeaviside function), andwe convolve

withG(t)which represents theGaussian temporal intensity profile of the pumppulse (herewith 150 fs duration).
The far-field THz emission is then calculated as per   dmµ ¶ µ ¶ åt t n n

2 2 . Note that by taking ¶ µˆ ∣ ∣Q Et n
2 and

µ ˆq Q En n
ex , the solution to equation (3) is equivalent to theχ(3) polarization introduced in the last section.
The simulation results are shown infigures 3(d)–(f), based on the parameters n = 1.46 THz0 ,

p = = - =· ·K Q Q q q2 0.41 THz, 1.5 , 1.31 2
2
ex

1
ex

1 2 and pG =2 50 GHz. This reproduces certain aspects
of the experimental data, i.e. temporal interference, spectral splitting and the small curvature in n̄ ( )t due to the
somewhat higher amplitude of the na-mode.However, a closer inspection offigures 3(a) and (d) shows that the
simulated interference envelope is not consistent with experiment. This is evident from comparison of the
vertical arrows infigures 3(a) and (d), which correspond to the time-zero, and first subsequentmaximumand
minimumof the interference envelope (i.e. based on the experimental data in all plots). Indeed, this emphasizes
that the envelope does not have a simple sine-dependence, but that thefirst half-cycle is initially retarded, with
thefirstmaximum shifted by 2 ps. Such an effect cannot be achieved by slowing the onset of the displacement
functions ˆ ( )Q tn , as then the excitation of the phonons is no longer coherent and the interference is destroyed.

However, a time dependence for the coupling  ( )K K t can indeed reproduce this effect. Infigures 3(g)–(i)
we show the results with the same parameters, only with a transient suppression of the coupling directly after
excitation, i.e. = - Qt-( ) ( · ( ))K t K t1 e t K with t = 2 psK (K(t) and the resultant eigenvalues na b ( )t, are
shown infigure 3(j)). Here one sees that the correspondence with experiment is greatly improved. Such a
transient suppression of the coupling indeed seems reasonable, due to screening of the dipole interactions by the
initially excited carriers. Hence the combination of aDavydov-type coupled-phonon interactionwithin the unit
cell and photo-induced coordinate displacement can account for the spectro-temporal phonon emission
characteristics well.Moreover, the agreement with experiment is essentially unchanged if one takes amuch
shorter lifetime tex for the photo-induced displacements Q̂n in equation (3) (even down to 1 ps). Hence, the
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model also holds if one assumes that the system returns to a hot electronicGS on such a short time scale, as found
in pump–probe experiments [12, 13, 63].

Some final comments considering the foregoing results should be noted. Firstly, for the case of photo-
excited Raman-active phonons, the distinction between the impulsive and displacive limits (whichmanifest in
the initial absolute phase F0 of the oscillations)was discussed in detail [17, 30, 31] as it reveals aspects of the
excitationmechanism.While themodel above assumed an anti-parallel displacive excitation of two sub-units (
i.e. withΦ0=0,π), similar results could be obtainedwith an impulsive excitation (with pF =  20 ).
However, due to the distorted temporal envelope and initial destructive interference (figure 3(a))we cannot
distinguish these two cases fromour results.Moreover, we also considered other possiblemechanismswhich
could give rise to the split phonon doublet. It is compelling that the impurity-pinned phasonmode inK0.3MoO3

wasmeasuredwith a peak at 100 GHz [10], close to the splitting of the observed doublet. Hencewe cannot rule
out that thismixes with the observed phonon to produce the observed lineshape. Finally, the near-
commensuratemodulation along the b-axis could, in principle, lead to phonon broadening/splitting, due to a
slowmodulation of local lattice bond strengths (and hence, phonon frequencies) [64, 65]. Here a splitting can
result due to the sinusoidal spatial dependence of the distortion, which yields a distributionwith peaks at the
extrema of themodulation, as observed inNMR studies of incommensuratelymodulated crystals (e.g. in
Rb2ZnCl4 [66]).

5. Temperature dependence

Wenow turn to the temperature dependence of the PD and phonon emission contributions. Infigure 4we show
the temporal electric field and corresponding intensity spectra for two different excitation fluences and crystal
axis orientations. As can be seen infigure 4(a), the strength of the coherent phonon band at 1.5THz
continuously decays with increasingT and can no longer be resolved at =T 130 K, still well below theCDW
transition temperature =T 183 Kc . The low-frequency broadband PD emission ismore easily discernible in
figure 4(b)where one has both a higherfluence and themore conducting b-axis is in the plane of incidence, and
one observes that the PD emission is essentially temperature-independent, and persists even at =T 300 K, well
aboveTc. Indeed, the near-IR optical properties are almostT-independent (e.g. comparingmeasurements at
T= 100 and 300 K [54]), such that the generation of excited PD carriers should remain unchanged aboveTc—

nevertheless, this attests that the changes due to lattice distortion and zone-folding in the bands associatedwith
theCDWdonot significantly affect themobilities of the excited carriers.

Themore intriguing issue is why the coherent phonon emission vanisheswell belowTc. A comparison of the
emission spectra infigure 4with theGS conductivity spectra in figure 1(c) shows a consistentT-dependence—
hence this behavior is not related specifically to details of the excitationmechanism.Wefirst consider theT-
dependence of other low-energy IR- andRaman-active phonons investigated previously. Themodes directly
coupled to the incommensurate CDW, i.e. the Raman-active amplitude-modes [5, 11, 14] and IR-active phase-
modes [13] indeed possess amarkedT-dependence, as they are coupled to the electronic densitymodulation and
hence depend on theCDWgap energyΔ(T). However,Δ(T) (and the bands of thesemodes) only change
significantly above 100 K in approachingTc (whereupon the bands shift and broaden significantly).While some
minor anomalies in the Raman spectra between 80 and 100 Kwere reported [11] (for the xx polarization, where
º [ ]x 102 ), the band strengths of thosemodes did not change significantly, at least between 40 and 120K. The

Figure 4.Temperature dependence of THz emission: (a) for an excitationfluence m= -F 400 J cmex
2 (b-axis vertical, p-polarized

detection), and (b) m= -F 1400 J cmex
2 (b-axis horizontal). Temperatures indicated in each spectral plot. Temporal electric fields in

each set of left panels and corresponding intensity spectra in right panels. Errormargins as per figure 2.Note that themeasured time
window is longer than shown in (b), yielding a superior frequency resolution compared to (a)which allows to resolve the phonon
doublet.
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low-energy IR-active phononmodes polarized along the z-axis above~ -100 cm 1 [36] also showno significant
T-dependence in the relevant range here.

We can consider otherT-dependent properties whichmight specifically affect this low-energy phonon
doublet. For instance, in theDavydov-typemodel above, the relative distortion of neighboring sub-units in
adjacent layers (due to the commensuratemodulation along the c* direction) should play an important role in
yielding the split phonon doublet. However, crystal structure studies show that the *=q cc

1

2
modulation

persists fromTc down to at least 10 K [67]. The incommensuratemodulation qb along the b-axis does indeed
depend onT [37, 40, 68, 69], starting at *· b0.732 for »T Tc and approaching a near-commensurate value just
below *· b0.75 as T 0, but already reaches a plateau at 100K.Moreover, the average lattice parameters do
not show any clear signature to correlate with the coherent phonon emission [62].

Being a narrow-gap semiconductor in theCDWphase, one property of K0.3MoO3which shows a very strong
T-dependence for <T Tc is theDC conductivity s0 [70–73], due to the thermal excitation of carriers across the
CDWgap. Indeed, in going from =T 20–100 K,σ0 changes by over 5 orders ofmagnitude [37], along all three
crystal directions b:[102]:z, where the conductivity ratio of 2000:100:1 remains approximately constant. Hence
these carriers could affect the low-energy phononmodes considered here, via screening or an increase in the
electron–phonon scattering rate. The latter effect seems unlikely, as one can see from the spectra infigures 1(c)
and 4 that there is no significant band shift or broadening, rather the bands coalesce and their combined strength
decays to zero. A screening effect could be considered though, which only affects this low-energy phonon
doublet significantly, although this raises the question as towhy the phasemodes (polarized along the b-axis),
with a similar low energy,maintain their band strengthwell above =T 100 K [13]. However, a comparison of
the peak conductivity of the respective bands show that the phasemodes [10, 13] havemore than an order of
magnitude higher band strength than for the phonon doublet here (based on the component along the z-
direction infigure 1(c)), and hencewould be less susceptible to such screening.

One other possibility is that there is aweak, secondary structural order parameter which decays to zerowell
belowTc, whichwas not resolved in previous crystal structure studies [62], such that the phononmodes are no
longer zone-folded above ~T 100 K. Similarly, we cannot rule out the emergence of the second-harmonic of
theCDWwavevector in the periodic lattice distortion at lowT, as observed forNbSe3 [74, 75], whichwould
result in a different irreducible representation for the phonon spectrum.Here, further dedicated studies of the
T-dependence of the superstructure, especially in the a–c plane, could provide a test of such hypotheses.

6. Conclusion

Wehave demonstrated photo-induced coherent THz phonon emission from anear-degenerate doublet at
1.5 THz in K0.3MoO3, polarized in the a–c plane perpendicular to the incommensurate CDW b-axis. The
atypical polarization dependence of the phonon emission, and the assignment as TOphonons from their
presence in ground-state spectra, rules out the ultrafast build-up of photo-Dember fields as the driving
mechanism,while the absence of coincident Raman-allowedmodes discounts the possibility that the observed
doublet arises from excitation via transient stimulated Raman scattering. Hencewe proposed an excitation
mechanismwhere the bulk centrosymmetry is broken by either a surface electricfield or due to quadrupolar
termsWhile the assumption of displacive excitation for non-symmetricmodes is usually ruled out, given that in
previous studies only theA1(g)Ramanmodes were observed, we note thatmost studies concentrate onRaman-
activemodes and in crystals with higher symmetry thanmonoclinic. Indeed, a displaced coupled-oscillator
model can account for the temporal and spectral characteristics of the phonon emission, with the inclusion of a
transient suppression of the coupling to obtain quantitative agreementwith the temporal interference envelope
of the emission.We strongly advocate further studies of coherent phonon emission from such complex
inorganic solids (includingmolecular crystals), as well as ab initio theoretical treatments of the phonon spectrum
inK0.3MoO3. Also, ultrafast x-ray diffraction studies [61] could provide direct information on the lattice
response to optical excitation. A compelling open issue is the role of theCDWon such phonon emission, which
also is relevant for probing theCDWorder in high-Tc superconductors [76]. Indeed, the use of THz phonon
emissionmaywell offer useful complementary experiments for photo-induced phase transition experiments
close toTc [61, 77].
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Appendix

Wepresent here a short derivation of the results for THz emission in a third-order nonlinear frameworkwith a
surfacefield at the ( ¯)201 -surface of amonoclinicC2/m crystal, as referred to in section 3 to account for the
polarization dependence of the phonon emission, i.e. confined to the a–c plane.We emphasize that the selection
rules for quadrupolar excitation and thefield-induced nonlinearity are identical.

Starting with the general definition of the third-order nonlinear polarization [48], with a broadband optical
field (with complex amplitude vector w( )E ) and static surfacefield Ê, we can invokemathematical permutation
symmetry towrite the nonlinear polarization W( ) at the difference frequency w wW = - ¢ in frequency-
ordered form (i.e. equation (1)), where ijkl are the axial coordinates, and sums over jkl and integration of w¢ over
the optical bandwidth is implied. The nonlinear tensor c( )

ijkl
3 in general possesses 41 independent non-zero

elements [48]. The transformation between the laboratory and crystal axes is as shown infigure 1(b), i.e.
=E M Ei iI I (and likewise for Êi and i), where capital indices refer to the laboratory frame I=X,Y,Z. The

surfacefield is given by =ˆ ˆ ·EE uZ Z .While the orientation of the principal axes of the linear optical properties in
monoclinic crystals in the a–c plane is non-trivial [78] (and depends on frequency), this does not affect themain
results here andwe take the crystallographic x-axis along a. HereM is a rotationmatrix about theY-axis by an
angle,

b
b

Q =
+

-
⎛
⎝⎜

⎞
⎠⎟

c

a c
tan

2 sin

2 cos
,1

which denotes the angle between the a-axis and the ( ¯)201 -surface, in terms of the unit cell dimensions a, c and
monoclinic angleβ= 117.65° [9]. As the dispersion in the optical range is negligible over a range of at least some
THz, one can drop the distinction between the opticalfields atω and w¢, which allows one to take the optical
fields as real and implies that c c=( ) ( )

ijkl ijlk
3 3 (reducing the number of non-zero independent tensor elements to 28).

Hence the THz polarization along the Ith laboratory axis can bewritten as:

 e c - ˆ ( )( ) ( )M M M M E E E3 . 4I ijkl iI kP lQ jR P Q R
3

0
3 1

The opticalfield can bewritten as

q j q j q= [ ]EE cos cos , cos sin , sin ,

where θ is the angle of incidence andj the polarization angle to theX-axis.While the explicit expressions for
equation (4) are rather unwieldy, calculations show that for normal incidence (θ=0) onemay have afinite THz
polarization in theXY-plane (i.e. the surface field ÊZ also breaks the symmetry for orthogonal components),
although  =( ) ( )

Y b
3 3 can still be non-zero forj ¹ 0, contrary to the data infigures 2(a) and (c). However,

inspection of the optical spectra for K0.3MoO3 showno significant polarization dependence for the optical
properties in the near-infrared (at least for themeasured [010] and [102] polarizations [54]). Hencewemake a
major step in assuming that the THz response is independent of the optical polarization, which assumes that
both the electronic excitation and its net displacement effect on the THz phonon displacement are isotropic (the
latter consistent with rapid electronic scattering). This translates to a diagonal, invariant form for the two optical
indices of the tensor, i.e. c c d=( ) ( )

ijkl ijmm kl
3 3 (wherem can be chosen freely from the non-zero elements). This

reduces the tensor to 15 non-zero elements with 5 independent values (xxxx=xxyy=xxzz,
= =yyyy yyxx yyzz , zzzz=zzxx=zzyy, xzyy=xzxx=xzzz, zxyy=zxxx=zxzz), although the terms yymm

do not contribute in equation (4) as the surfacefield component =Ê 0y . The THz polarization (equation (4)) is
then independent of the optical field orientation and its components are given by:

c c c c= - + -· ( ) ( )( ) ( ) ( ) ( ) ( )p C S C S a5
X xzyy zxyy zzzz xxxx
3 2 3 2 3 3 3

º = ( )( ) ( )p p b0 5
Y b

3 3

c c c c= - + + +· ( ) ( )( ) ( ) ( ) ( ) ( )p S C C S c, 5
Z xzyy zxyy zzzz xxxx
3 3 3 2 3 2 3

where  e= = Qˆ ∣ ∣( ) ( )p E E C3 , cosI I Z
3 3

0
2 and = QS sin .We note that the low,monoclinic symmetry plays an

important role in this result, e.g. for a cubic symmetry, the transverse polarization vanishes under the same
assumptions, leaving only  ( )

Z
3 parallel to the surface field.
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