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The high thermodynamic transition temperature (1080 K) of niobium dioxide (NbO,) makes it advanta-
geous in differentiating the effects of electronic excitation and heat accumulation in the photoinduced phase
transition. Recently, a photoinduced nonthermal metallization of NbO, film has been claimed [R. Rana,
J. M. Klopf, J. Grenzer, H. Schneider, M. Helm, and A. Pashkin, Phys. Rev. B 99, 041102(R) (2019)], but
the simultaneous lattice evolution still remains blank. In this paper, photoinduced evolution in lattice vibrations
of a crystalline NbO, film has been investigated using broadband coherent phonon spectroscopy. Signatures of
two optical phonons at 155 and 185cm™" are identified, and the corresponding lattice vibrations are found to
be associated with the motions of Nb-Nb dimers. Pump fluence-dependent measurements reveal an electronic
phase transition at a threshold fluence of ~10mJ/cm?, while the lattice structure is preserved. A transient
disordering in the lattice vibration is simultaneously observed, but lattice transformation is prevented probably
by the large enthalpy barrier of the strong Peierls insulation. The accompanied drastic modulation in optical
properties without atomic rearrangement also suggests the potential of NbO, in improving the operation speed

of related devices.
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I. INTRODUCTION

Understanding and manipulating the complex phase tran-
sition phenomena in strongly correlated oxides are among the
most important issues in condensed matter physics, with both
fundamental and technological implications. Vanadium diox-
ide (VO,), as one of the most studied materials, undergoes an
insulator-metal transition (IMT) and a crystallographic phase
transition (CPT) at ~340 K [1,2]. The simultaneous trans-
formations in electronic and lattice structures complicate the
nature of the IMT, which has been attributed to the collabora-
tive efforts of electron-electron correlation (Mott mechanism)
[3] and electron-lattice interaction (Peierls mechanism) [4,5].
By probing the temporal evolution of the charge and lattice de-
grees of freedom, time-resolved studies on the photoinduced
phase transition of VO, promise opportunities to disentangle
these two coupled mechanisms. However, owing to its low
thermodynamic transition temperature, it is rather challenging
to discriminate the effects of photoexcitation and heating,
making it still controversial on whether a metallic state with
a monoclinic lattice can be obtained within a certain range
of excitation fluences, i.e., whether the electronic correlation
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(Mott insulation) can be melted alone without breaking the
V-V dimerization [6].

Niobium dioxide (NbO,) is a 4d' isovalent of VO, and
exhibits similar phase transition at a much higher temper-
ature (1080 K), between a body-centered tetragonal (bct,
space group /4, /a ) semiconducting phase and a regular rutile
(space group P4,/mnm) metallic one [7,8]. Both NbO, and
VO, have one d electron not engaged in the metal-oxygen
bonding, and their local lattice distortion at the CPT is essen-
tially the same: pairing of the metal ions along the rutile ¢
(cg) axis and tilting with respect to the cg axis [5,9]. As the
4d electrons of NbO, are more dispersed (in both space and
energy) than the 3d ones of VO,, the electronic correlation
is expected to be weaker than that of VO,. Meanwhile, the
larger overlap of 4d orbitals within the Nb-Nb dimers could
strengthen the intradimer bonds and consequently lead to
stronger Peierls insulation [10,11]. The high transition tem-
perature of NbO, makes it less susceptible to the thermally
driven phase transition, thus suitable to be studied to disentan-
gle the evolution of electronic and lattice subsystems during
the photoinduced phase transition. Recently, photoinduced
metallization of NbO, has been demonstrated by terahertz
spectroscopy [12,13], and claimed to be nonthermal based on
the estimated photoinduced heating [12]. Meanwhile, a better
understanding on its phase transition physics would still need
information on the evolution of the lattice degree of freedom,
which has been barely studied.
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FIG. 1. Coherent phonons of NbO, films. (a) Raman spectrum under 514-nm excitation (top) and x-ray 20 scan of the NbO, film grown
on a sapphire (0001) substrate (bottom). (b) Broadband TA spectrum of the NbO, film under a 1.55-eV (800-nm) pump with a fluence of
~1.6mJ/cm?>. (c) Probe energy-dependent cuts of the spectrum in panel (b) at probe energy 3.5 eV (350 nm), ~2.5 eV (500 nm), and
~1.5 eV (830 nm). Colored circles represent experimental data and black lines show the fitted population dynamics. Colored solid lines show
the oscillatory components due to the modulation by coherent phonons. (d) FT spectra of the oscillatory components in panel (c), exhibiting
coherent phonons peaks at 2155 and ~185cm™' (at probe energy ~3.5 eV).

Among various time-resolved spectroscopy techniques,
coherent phonon spectroscopy using a broadband optical
probe is capable of simultaneously sensing the temporal
evolution of lattice and electronic changes, maintaining the
consistency when comparing the pump fluence dependence
of these two subsystems [14,15]. In the present paper, we
adopt this method to investigate coherent lattice vibrations
in a crystalline NbO, film and their evolution under intense
photoexcitation. Two optical coherent phonon modes are ob-
served at ~155 and ~185cm™!, which are related to the Nb
atoms’ motions within the dimers and couple with the dj-¢;
and d-d|} orbital splittings. When the pump fluence exceeds
a threshold value at ~10mlJ/ cm?, a transition in electronic
structure is induced without initiating the lattice rearrange-
ment, which also coincides with a transient disordering in the
lattice vibration. NbQ; is thus proved to be an ideal choice for
understanding the role played by the lattice degree of freedom
in the phase transitions of strongly correlated oxides.

II. SAMPLE CHARACTERIZATION

The NbO, film was deposited on a c-plane sapphire
substrate by reactive bias target ion beam deposition.

Detailed growth procedures and conditions have been re-
ported elsewhere [16]. The film thickness was determined
by x-ray reflectivity to be ~115 nm. Phase composition and
microstructure of the film were characterized by Raman spec-
troscopy and x-ray diffraction 26 scan, as shown in Fig. 1(a).
The Raman spectrum demonstrates a good match with pre-
viously reported Raman spectra of bct-NbO, films [10,17—
19]. In the x-ray diffraction 26 scan, only two peaks from the
film are observed at 260 = 37° and 79°, which correspond to
the (440) and (880) diffractions of bct-NbO,. No Raman or
x-ray diffraction peaks of other niobium oxide phases (NbO
or Nb,Os) are observed. Hence it can be assumed that the
studied film contains predominantly the semiconducting bct
phase of NbO, with the (110)pc/(100).y4e Orientation along
the out-of-plane direction.

III. RESULTS

A. Coherent phonon modes in the NbO, film

The broadband transient absorption (TA) spectroscopy was
conducted at room temperature with an 800-nm pump and
a white light probe. A femtosecond amplified Ti:sapphire
laser source (Solstice Ace) was employed to provide 100-fs
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1-kHz pulses with central wavelength at 800 nm (1.55 eV).
One part of the laser power was focused using a lens with
~750-mm focal length onto the sample surface, modulated by
a mechanical chopper at 500 Hz. The rest of the laser was used
to generate white light through a CaF, crystal plate, and the
generated light was then focused onto the sample surface by
an off-axis parabolic mirror. The spot sizes of the pump and
probe beams were measured by a standard beam profiler, be-
ing ~400 and ~350 pm, respectively. The time delay between
pump and probe beams was controlled by a motorized stage.
The transient probe transmission was measured directly by
a commercial spectrometer equipped with a silicon detector,
so that the entire spectrum could be collected at each time
delay. The chirp induced by the nonlinear process during the
white light generation process has been corrected for all the
experimental data. It should be noted that although there is
a thin overoxidized Nb,Os layer (=1 nm) at the surface of
the film [16], it should have negligible contribution to the
measured TA signal due to its large band gap (above 3 eV,
much larger than the pump energy 1.55 eV) [20].

Figure 1(b) shows the broadband TA spectrum of the NbO,
film, measured under a pump fluence 3.6 mJ/cm? at room
temperature. The blank regime near 1.5 eV is due to the
saturation of the detector caused by the intense 800-nm laser
used for the white light generation. The TA spectrum exhibits
a negative peak for probe energy above 2.5 eV, and a strong
positive peak just below probe energy 1.5 eV, which can be
attributed to the photoinduced band gap shrinkage and band-
filling effects [21]. More interestingly, a periodic modulation
on the TA signal can be clearly found during the first several
picoseconds, which is a typical feature of coherent lattice
vibrations, known as coherent phonons [22]. The oscillatory
feature of the TA spectrum is noticeable across the whole
probed energy range, indicating the broadband modulation by
the coherent phonons on the electric susceptibility.

To identify the observed coherent phonon modes, the os-
cillatory components of the TA signal have been obtained
by subtracting the incoherent background. Fittings to the
nonoscillatory population dynamics of three exemplary TA
curves at probe energy *1.5 eV (830 nm), ~2.5 eV (500 nm),
and ~3.5 eV (350 nm) are displayed in Fig. 1(c), together with
the extracted oscillatory components. By taking Fourier trans-
formation (FT) of the residual oscillating signals, frequency
spectra at different probe wavelengths can be obtained. As
shown in Fig. 1(d), a prominent peak at ~155cm™! and an-
other weaker peak at 2185 cm™! (for the signal probed at 3.5
eV) are present, matching well with the measured Raman
peaks in Fig. 1(a). Such good agreement confirms that the
oscillation in the TA spectrum arises from the Raman-active
phonons of the NbO, film. The independence of phonon fre-
quencies on the probe energy also indicates that these phonons
are optical phonons instead of acoustic ones [23].

Before using the coherent phonons behaviors’ evolution
as indicators of photoinduced lattice changes, specific vibra-
tional modes corresponding to these two phonons, as well
as their coupling with different electronic orbital splittings,
need to be clarified. For this purpose, the phonon modes
and electronic band structure of bct-NbO, have been calcu-
lated (calculation details in Note I of Supplemental Material
[24]). The calculation yields several vibrational modes at

the I point with frequencies close to those of the observed
phonons, as listed in Table SI of Supplemental Material [24].
Since only Raman-active coherent phonons can be resolved
by pump-probe spectroscopy [22], the observed coherent
phonons should correspond to two or more modes with Ag,
B,, or E, symmetry, as marked in Table SI of Supplemental
Material [24]. Two peaks with similar frequencies are exhib-
ited in the calculated Raman spectrum [Fig. 2(c)]. Further
assignment to specific modes through phonon symmetry by
polarization dependent measurements cannot be made, as the
sample is polycrystalline.

Next, atomic motions of these Raman-active modes have
been investigated. It was found that these modes mainly as-
sociate with the motion of Nb atoms, which is in line with
the large difference in Nb and O atomic masses [25]. As is
shown by Fig. S2 of Supplemental Material [24], the vibration
of these modes can be seen as the relative motions of Nb
atoms within the dimers, either stretching or tilting the Nb-
Nb dimers with respect to the cg direction. Comparing Figs.
S2(a) and S2(b) of Supplemental Material [24], it is noticed
that the Nb atoms’ motions of the high-frequency modes
exhibit much larger amplitudes. More importantly, while for
the low-frequency modes (near 155 cm™') the displacements
of Nb atoms are mostly perpendicular to the chains of Nb-Nb
dimers, the high-frequency modes (near 185 cm™") all demon-
strate large components along this direction. Figures 2(d) and
2(e) show detailed analysis on one example of each kind of
mode, and it can be seen that the Nb-Nb distance along the cg
axis can be effectively modulated by the high-frequency one
(by ~6%).

To clarify the interaction of these two phonons with the
electronic bands, dependence of the coherent phonon ampli-
tude on the probe energy has been analyzed. As shown in
Fig. 3(a), the 155-cm™' mode shows a ~50% amplitude vari-
ation across the probed energy range and a maximum value
at probe energy ~1.6eV, while the 185-cm™' mode can only
be distinguished from the background noise at a probe energy
above 3 eV. Such dependence on the probe energy, as well as
a 7 phase shift of the oscillatory TA signal corresponding to
the 155-cm™' phonon near probe energy 21.6 eV [Fig. 3(b)],
indicate that the 155- and 185-cm™' modes couple with two
interband electronic transition resonances near ~1.6 eV and
above 3 eV. As is illustrated by the calculated projections of
the density of states (DOS) to different orbitals in Fig. 3(c),
these two orbital splittings correspond to the dj-e; and d)|-d}|
resonances, respectively. More detailed analysis can be found
in Note II of Supplemental Material [24]. Similar sizes of
these two orbital splittings have also been determined exper-
imentally by optical conductivity measurements on similar
crystalline NbO; film samples [10]. Hence these two coher-
ent phonons, which relate to the vibrations of Nb-Nb dimers
and couple with d-ey and d-d|} orbital splittings, should be
useful in resolving the photoinduced evolution in the lattice
structure and deciphering its relation with potential changes
in electronic structures.

B. Nonthermal phase transition without lattice transformation

To explore possible occurrence of photoinduced transitions
in lattice and/or electronic subsystems, broadband TA spectra
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FIG. 2. Theoretical calculation on the lattice vibrations of bct-NbO,. (a, b) Crystal structure of the primitive cell (a) and the Brillouin
zone (b) of bet-NbO; used in the calculation. (¢) Calculated Raman spectrum of the bct-NbO,. Diagrammatic representations of the calculated
vibrational modes corresponding to the observed coherent phonons with frequencies close to the (d) 155- and (e) 185-cm™ coherent phonons.
The insets show the modulation of Nb-Nb distance within the dimers caused by the respective lattice vibrations.

under gradually increased pump fluences have been mea-
sured. The static transmission was checked after each scan,
to make sure that the sample had fully recovered. Irreversible
changes were observed after scanning with pump fluence
~14.4 mJ /cm?>.

Analysis on the pump fluence dependence of coherent
phonon behaviors has been conducted mainly using the TA
signals at probe energy ~3.5 eV (350 nm). First, the oscil-
lation in TA signals have remained observable in all scans
up to the damage threshold [Fig. 4(a)]. Next, the frequen-
cies and amplitudes of corresponding peaks in FT spectra
have been extracted and plotted as functions of pump fluence
[Figs. 4(b) and 4(c)]. Frequencies of both phonon modes
remain relatively constant against the variation of pump flu-
ence, suggesting that the lattice transformation has not been
initiated. Under relatively weak photoexcitation, the ampli-
tudes of both phonons increase almost linearly with the
pump fluence. When the pump fluence exceeds a threshold
(F) of ~10mJ/cm?, the phonon amplitudes start to deviate
from the linear dependence. The 155-cm™' mode demon-
strates a saturation of the amplitude. For the 185-cm™' mode,
despite the enhanced uncertainty of the phonon amplitude
extraction, it can still be seen that the corresponding lat-
tice vibration experiences a suppression above the threshold
fluence Fy,.

Within the perturbation regime, the amplitude of coherent
phonons in absorbing media should depend on the photoin-
jected carrier density [26-28]. To exclude possible effects
from nonlinear absorption (e.g., saturable absorption and two-
photon absorption), the fluence-dependent absorption of the
NbO, film at pump wavelength 800 nm has been measured
(Fig. S5 of Supplemental Material [24]), which could be
deemed to be nearly constant within the measured fluence
range. Although there is a slight reduction of absorption near
the damage threshold, such variation of absorption cannot
account for the observed nonlinearity of phonon amplitudes at
Fin. In addition, we also extracted the maxima of TA signals at
probe energy ~3.5 eV (350 nm) and ~1.5 eV (830 nm), which
exhibit nearly linear dependence on the pump fluence up to
the damage threshold (Fig. S6 of Supplemental Material [24]).
Hence the nonlinear absorption can be excluded as the origin
of the nonlinearity at Fy,. On the other hand, assuming that the
absorbed photon energy can fully convert to lattice heating,
the upper limit of the photoinduced lattice temperature rise
is estimated to be ~26.4 K for 1-mJ/cm? optical excitation
(details in Note III of Supplemental Material [24]). As the
heat capacity of NbO, only experiences a steady and limited
increase within the largest possible range of photoinduced
temperature rise [29], no abrupt changes in lattice temperature
with the increase of pump intensity are expected. With the
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nonlinear optical absorption and lattice temperature rise being
excluded, the changes in coherent phonon behaviors beyond
Fn, should arise from certain qualitative transitions of the
sample. More importantly, it should be noted that the absorbed
energy at Fy, is far from enough to trigger the phase transition
of NbO, thermally (i.e., bring the sample to ~1080 K), thus
this transition should be a nonthermal one.

Besides the coherent lattice vibration, nonlinear features
near Fy, have also been observed in the nonoscillating tran-
sient signals over a wide range of wavelengths. In Fig. 4(d)
and Fig. S7 of Supplemental Material [24], the pump fluence
dependence of the TA signal probed at 1.5 eV (830 nm) and
~3.5 eV (350 nm) at the delay time of 1.5 ps has been ana-
lyzed, and inflection points can be found near Fy,, suggesting
abrupt changes of electronic band structure. More prominent
switching can be observed at longer wavelengths. Figure S8 of
Supplemental Material [24] shows the measured TA spectra in
the mid-IR range (at 6 um), the energy (=0.2 eV) of which
is much smaller than the band gap of the semiconducting
NbO, (above 0.7 eV) [30-32]. By extracting transient peak
amplitude at various fluences [shown in Fig. 4(e)], it is found
that the transient signal at 0.2 eV starts to surge at a fluence
quite close to Fy,, implying a sudden shrinkage or collapse of
the band gap.

It has been demonstrated by theoretical calculation that
although not as strong as in the VO, case, charge carriers in
NbO, also experience electronic correlation and are close to
the Mott transition [33]. The photocarrier density at Fy, is es-
timated to be ~3 x 10?°/cm?, corresponding to ~0.1 carrier
per NbO, formula unit (calculation details can be found in
Note IV of Supplemental Material [24]), which is beyond the

critical carrier density needed to trigger the Mott transition
of NbO; (1/32 per NbO, formula unit) predicted by a recent
density functional theory simulation study [34]. Hence what
occurs at Fy, here should be a certain transition in electronic
structure driven by high-density electronic excitation. This ob-
servation agrees with the recent optical pump terahertz probe
study claiming a subpicosecond formation of the metastable
metallic state at the same pump fluence ~10mJ/cm? [12],
and the preserved coherent phonon features further confirm
that lattice transformation (Peierls transition) is not involved.

C. Temporal evolution of the coherent lattice vibration

It should be noted that the FT analysis is conducted by
averaging over a certain time window. To further understand
the anomalies in coherent phonon behaviors at Fy,, the contin-
uous wavelet transform (CWT) analysis has been performed
to resolve the temporal evolution of the coherent lattice vi-
brations [35]. Figure 5(a) shows the CWT chronogram under
a relatively low pump fluence (4.8 mJ/cm?), where the
155-cm™ phonon mode exhibits a longer lifetime than the
185-cm™! one does. Moreover, the two phonons’ frequencies
have been extracted from a series of temporal cuts, and the
temporal evolution is given in Fig. 5(b). The frequency of
the 155-cm™! mode is nearly independent of the delay time.
In contrast, strongly anharmonic behaviors are found in the
185-cm™! mode, where its frequency drops abruptly upon
photoexcitation and then gradually recovers within ~1.5 ps.

The transient softening of the coherent phonon indicates
changes in the curvature of the lattice potential, caused by
photoexcitation [14]. As is shown before, the atomic motion
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probed at 6 um (~0.2 eV) as a function of pump fluence.

represented by the 185-cm™' mode has a large projection
along the lattice distortion between the two phases of NbO,.
Considering the Peierls distortion between the two phases
with rutile and bct lattices, a phenomenological double-well
potential V (x, t) based on Ginzburg-Landau theory, with pho-
toinduced modulation, has been employed to understand the
transient behaviors of the 185-cm™' mode [36]:

) - 1]x2 + gx“ )

Vet)=Vo+ = [gexp(—
2 Tdisp

where x represents the atomic coordinate along the lattice dis-

tortion between the rutile and bct-NbO, lattices and the term

gexp(—#) represents the photoexcitation influence (g and
isp

Tgisp are related to pump fluence and photocarrier carrier de-
cay). As is shown in Fig. S9(b) of Supplemental Material [24],
the transient softening and recovery process of the 185-cm™'
mode after photoexcitation can be qualitatively reproduced
(detailed calculation process and discussion can be found in
Note V of Supplemental Material [24]).

Such photoinduced modulation on the lattice potential
could originate from electronic softening, or phonon-phonon

interaction (lattice anharmonicity) [37]. It is noticed that the
timescale of the recovery process of the 185-cm™! mode’s fre-
quency is close to a many-body, Auger-like decay component
in the nonoscillating TA spectra (see Fig. S11 of Supplemental
Material [24] and [38,39]), suggesting that the photoexcita-
tion of charge carriers may have a major contribution to this
modulation effect. As the valence band maximum states are
primarily involved in the Nb-Nb bonding along the cg axis
[see Fig. 3(c)], removing electrons from these states can ef-
fectively weaken the bonds and change the lattice potential
along this direction. Hence the oscillation of the 185-cm™
modes is expected to be influenced more severely than that
of the 155-cm™! mode, as its atomic motion has a much larger
projection along the cg axis.

When the pump fluence approaches and exceeds Fy,, the
lifetime of the 185-cm™ mode decreases further, and a broad
continuum signal starts to emerge near the 185-cm™' mode
[Figs. 5(c) and 5(d)], indicating that the lattice vibration is
allowed over a wide range of frequencies instead of a well-
defined one. Such phenomenon implies a greatly enhanced
dephasing/damping of coherent lattice vibration, where the
energy is quickly distributed within the system due to efficient
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interaction with high-density carriers or other phonon modes
[40].

The disordering of lattice vibration implied by the well-
spread CWT signal resembles the recently reported photoin-
duced atomic disordering of VO, [41]. The resulting gain in
phonon entropy has been shown to play an important role
in stabilizing the rutile lattice of VO, [41,42]. Interestingly,
unlike the case of VO,, the rapid increase of phonon en-
tropy in NbO, did not result in transformation to the rutile
lattice. As the relative stability of two phases is determined
by the difference between their Gibbs free energies, includ-
ing the contributions from both entropy and enthalpy, the
absence of CPT in NbO, thus implies that the photoinduced
entropy increase cannot compensate for the large enthalpy
difference between the two lattice structures, agreeing with
the strong Peierls-type insulation of NbO,. Compared with
phase transitions that involve lattice transformation, the ca-
pability to obtain the drastic modulation in optical responses
without the assistance of the CPT indicates the potential
of NbO, in the application of all-optical modulations with
higher speed, as slower recovery processes after heat dis-
sipation are not needed. Moreover, the electronic nature of
transition, and the large gap between this transition and
the structural one, could also help to explain the respective
role of electrical doping and Joule heating upon electrical

stimulation, which is beneficial to the actively researched re-
sistive random-access memory and neuromorphic networking
applications [43,44].

IV. CONCLUSION

In summary, coherent lattice vibrations in NbO, thin film
have been studied. The broadband TA spectra within the
visible/near-IR range were found to be modulated by the co-
herent lattice vibrations of two Raman-active optical phonons
at ~155 and ~185cm™', which associate with the motions
of Nb-Nb dimers and couple with the dj-¢; and d)-d}] or-
bital splittings across the Fermi level. Upon photoexcitation
beyond a critical fluence at ~10 mJ/cm?, a metastable state
with qualitatively altered electronic structure and preserved
atomic arrangement has been generated, exhibiting abrupt
changes in optical properties and an ultrafast disordering in
the lattice vibration. The opportunity to selectively trigger a
pure electronic transition also implies the potential of NbO, in
improving the speed of optical/electrical modulation devices,
by avoiding slower lattice transformation processes.
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