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SUPPLEMENTARY NOTE 1: EXPERIMENTAL SETUP

Laser system. The output from a Yb:KGW amplified laser (Pharos, Light Conversion, 1030

nm,∼1 MHz, 7 µJ) is split with∼6.5 µJ pumping an optical parametric amplifier (Orpheus, Light

Conversion), which generates signal and idler outputs that are then collinearly focused in a GaSe

crystal to generate a mid-infrared pulse via difference frequency generation, tunable from 5–10

µm with an average pulse energy of ∼40 nJ. That mid-infrared pulse is attenuated to <200 pJ and

is used as a probe pulse. 0.5 µJ of the amplifier output is used either at its fundamental wavelength

λpump = 1030 nm or at λpump = 515 nm, which is generated by second-harmonic generation in

a 2 mm-thick BBO crystal (CASTECH). The pulse duration of the λpump = 1030 nm pump is

characterized to 185 fs (fwhm intensity) by SHG auto-correlation (FROG) in a 0.1 mm-thick BBO

crystal (Figure S1A). The mid-infrared pulse duration of 170 fs is determined by third-order SHG-

DFG cross-correlation (XFROG) between the pump and probe pulses in a 0.3 mm-thick GaSe

crystal (Figure S1B).

Pump-probe implementation. The pump-probe delay is controlled by a 20-cm-long preci-

sion translation stage (SLLA42, SmarACT) with a broadband hollow retroreflector (UBBR2.5-1S,

Newport) in the pump beam. After attenuation with a variable neutral density filter, the pump

pulse is modulated by either a mechanical chopper (MC2000B, Thorlabs) operating at ΩM ∼ 3

kHz (λpump = 1030 nm), or is sinusoidally modulated by an acousto-optic modulator (AOMO
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FIG. S1. Ultrafast pulse characterization. A. SHG intensity auto-correlation (FROG) of the 1030 nm

pump pulse. B. Third-order SHG-DFG cross-correlation (XFROG) between the 1030 nm pump pulse and

the 6000 nm probe pulse. Insets, left - nonlinear optical pathway for each signal. Insets, right - frequency-

resolved optical gating (FROG) trace.
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3110-120 442-633 NM, Gooch & Housego) operating at ΩM ∼ 50 kHz (λpump = 515 nm). The

modulated pump pulse is collinearly combined with the mid-infrared probe pulse and steered into

an asymmetric Michelson interferometer. In the sample arm, the p-polarized pump and probe

pulses are focused onto the apex of a PtIr-coated metallic tip (ARROW-NCPt, NanoAndMore

USA) by an off-axis parabolic mirror (NA = 0.45). The atomic force microscope (Innova AFM,

Bruker) is operated in tapping mode with a tip tapping frequency ωt ∼ 250 kHz and a tapping

amplitude zA = 60− 70 nm. The tip-scattered near-field signal is combined with a local oscillator

from the reference arm and detected by a HgCdTe detector (KLD-0.1-J1, Kolmar Technologies).

The pump pulse scattered from the tip sample region is filtered by a long-pass filter. The timing

of the reference pulse is controlled by a precision translation stage (ANT95-50-L-MP, Aerotech;

or SLC1760, SmarACT), which is either positioned at a certain position or continuously scanned

at ∼20 µm/s. The stage is programmed to generate TTL pulses every 300 nm of motion to trigger

sampling by a lock-in amplifier.

Electronic signal detection. The electronic signal from the HgCdTe detector is received by a

high-frequency lock-in amplifier (HF2LI, Zurich Instruments). As is established in conventional

IR s-SNOM, the signal demodulated at nωt corresponds to the tip-scattered near-field signal INF

dominated by the ground-state response. In contrast, the signals demodulated at nωt + ΩM and

nωt−ΩM correspond to the near-field pump-probe excited-state signal ∆INF discriminated against

the otherwise obfuscating ground-state response. This work uses the second-harmonic of the tip

tapping frequency (2ωt) and its sideband modulation (2ωt±ΩM) to collect both the unpumped and

the pump modulated responses.

Two-phase measurement for evaluating spectrally-averaged heterodyned near-field signal

amplitude. As delineated in the main text, the spectrally-averaged amplitude relaxation RHPP(T )

is given by the difference of recorded signals at two reference phase values φ = 0 and φ = π

for a Drude response in for, e.g., germanium or VO2. In general, while the timing for φ = 0

(constructive interference near the zero-path difference) is independent of frequency, the timing

for φ = π (destructive interference) is technically frequency-dependent. However, the∼100 cm−1

fwhm bandwidth of the IR probe is effectively in the narrowband limit compared to the broad

Drude response. The error in the φ = π delay is only ∼6% (0.6 fs out of 10 fs half-cycle), which

is negligible. Therefore, the two-phase method is sufficient for extracting the near-field amplitude.
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FIG. S2. Modeling parameters. A. Parameters defined for modeling the near-field scattering coefficient

σNF, in the ground and excited states, based on the finite dipole and four-layer model. B, C. Parametrization

for computing the ground-state (B, σ(0)NF ) and excited-state (C, σ(e)
NF) near-field scattering coefficients.

SUPPLEMENTARY NOTE 2: THEORETICAL MODELING

Finite dipole model with four layer model. The tip-scattered near-field signal is modeled by

an established finite dipole model [1] together with a four-layer model developed for this work

(Figure S2A). The configuration consists of four layers with different frequency-dependent com-

plex valued dielectric functions εi(ν) (i = 0, 1, 2, 3). The top layer is air (ε0 = 1), and the bottom

layer is a dielectric substrate (ε3 = εsub). The middle two layers correspond to the sample film of

interest with the thickness d. In the absence of the pump pulse (Figure S2B), the middle layers

(layer 1 and 2) are identical and in the ground state (ε1 = ε2 = ε̃(0)). With the pump excitation

(Figure S2C), the dielectric function of the top sample layer 1 is modified to ε1 = ε̃(0) + ∆ε̃NF

with a thickness d1 determined by the penetration depth of the pump pulse, while the dielectric

response of the bottom sample layer 2 (d2 = d − d1) remains unmodified (ε2 = ε̃(0)). For the

samples studied in this work, the penetration depth of the pump pulse exceeds the tip near-field

localization of ∼40 nm and therefore the dielectric response in the top sample layer 1 dominates

the tip-sample optical interaction. In contrast, the unperturbed sample region and the substrate

only contribute to the reflection of the incident probe and of the radiated tip-scattered near-field

signal.

In this configuration (Figure S2A), the near-field scattering coefficient σNF from the tip at a

distance z from the sample surface is given by

σNF(ν, z) = αeff{ε̃1(ν), z} · [1 + rp(ν)]2, (1)
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with the effective polarizability αeff{ε̃1(ν), z} described by the finite dipole model [1] and rp(ν)

the reflection coefficient for the four-layer system. The effective polarizability αeff{ε̃1(ν), z} is

computed with established formulas and tip parameters [1]. In contrast, the reflection coefficient

for the p-polarized incident probe is derived from the transfer matrix method [2] and is given by

rp =
r01e

−iδ1 [e−iδ2 + r12r23e
iδ2 ] + eiδ1 [r12e

−iδ2 + r23e
iδ2 ]

e−iδ1 [e−iδ2 + r12r23eiδ2 ] + r01eiδ1 [r12e−iδ2 + r23eiδ2 ]
, (2)

where

ki =
2π

λ

√
εi − sin2 θ0

δi = kidi

rij =
kiεj/εi − kj
kiεj/εi + kj

.

(3)

Specific to the modeling performed here, the incident angle for the probe pulse is θ0 = 60◦.

σNF(ν, z) is calculated for a series of sinusoidally modulated tip-sample distances z with a tapping

amplitude of 60 nm. The second harmonic σNF, 2H(ν) is computed as the near-field scattering

coefficient.

σNF, 2H(ν) is calculated at the ground state σ(0)
NF, 2H(ν) and at the excited state σ(e)

NF, 2H(ν), yield-

ing the ground-state near-field signal ENF(ν) = σ
(0)
NF, 2H(ν)Eprobe(ν) and the excited state near-field

signal ENF(ν) + ∆ENF(ν) = σ(e)
NF, 2H(ν)Eprobe(ν), respectively. The difference of these two corre-

sponds to the sideband signal detected in HPP IR s-SNOM.

Transient vibrational resonance and Fano-type interference. The simulated HPP IR s-

SNOM response in Figure 2c,d (main text) is based on the sample dielectric function ε̃(0) and its

photoinduced change ∆ε̃NF (Figure 2b). As discussed in the main text, the narrow-band resonance

in ∆ENF(ν) consists of the transient vibrational resonance and a Fano-type interference. The

input dielectric function given in Figure S3A is used to assess the effect of a pure Fano-type

interference. In this response, while the ground-state ε̃(0)(ν) exhibits a narrow-band resonance,

the photoinduced ∆ε̃NF, car(ν) only shows the broad Drude response. In the resulting tip-scattered

near-field signals (Figure S3B), the resonance feature in ∆ENF, car(ν) is evident in the spectral

vicinity of the ground-state resonance νgs. The excited state carriers drive and alter the vibrational

response.

The vibrational near-field pump-probe signal Im[∆ENF, vib(ν)] (Figure S3C) is obtained by sub-

tracting Im[∆ENF, car(ν)] from the total pump-probe near-field signal Im[∆ENF(ν)] (Figure 2d).
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FIG. S3. Fano-type interference induced by carrier background. A. Model input dielectric functions

identical to Figure 2b but without the transient vibrational response. B. ENF(ν) and ∆ENF, car(ν) calculated

based on the input dielectric functions, with ∆ENF, car(ν) exhibiting Fano-type interference between the vi-

brational resonance and carrier background. C. The separated carrier and transient vibrational contributions

to Im[∆ENF(ν)] in Figure 2d, main text.

The spectral profile of Im[∆ENF, vib(ν)] agrees well with the transient dielectric function Im[∆ε̃NF]

(Figure 2b), demonstrating that the transient vibrational response and Fano-type interference are

approximately additive in ∆ENF. In general, the separation of these two contributions can be

achieved by fitting ∆ENF with ∆ε̃NF. This procedure is experimetally demonstrated in Figure 5d

in the main text and is further discussed below for transient vibrational nano-spectroscopy on a

lead halide perovskite.

SUPPLEMENTARY NOTE 3: ULTRAFAST NANO-IMAGING OF VANADIUM DIOXIDE

Micro-Raman spectroscopy of a VO2 nanobeam. VO2 nanobeams are prepared by an es-

tablished vapor transport method [3]. A high density of nanobeams is first prepared on a glass

substrate. Then, a silicon substrate is gently pressed against the VO2-filled surface, which results

in the transfer of sparse VO2 nanobeams to the silicon substrate. Figure S4A (solid line) shows

a micro-Raman spectrum of a representative transferred nanobeam, with 532 nm excitation (∼2

×103 W/cm2). The observed peaks are consistent with established VO2 phonon resonances [4] and

the blue-shifted peak position of the V-O mode at ∼650 cm−1 indicates that the VO2 nanobeams

are in the monoclinic insulating M2 phase [4].

Ultrafast pump-probe IR s-SNOM. HPP IR s-SNOM is performed on a VO2 nanowire with
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FIG. S4. Characterization of VO2 nanobeam. A. Micro-Raman spectrum of a VO2 nanobeam with

optical image inset. ∗ - a remnant of subtracted substrate silicon Raman band. B. ∆INF(z, T = 0) approach

curve demonstrating nano-localization of the pump-probe signal. C. The pump fluence dependence of the

VO2 near-field pump-probe response.

a chopper modulated (3 kHz) pump (1030 nm) of varying fluence and a probe (6000 nm; ∼0.1

mJ/cm2 fluence). The tip-sample distance dependence of the near-field pump-probe signal (Fig-

ure S4B) demonstrates the high degree of spatial localization (∼40 nm). Figure S4C shows the

power dependence of the self-homodyne near-field pump-probe signal ∆ISHPP(T ), indicating the

photoinduced IMT. At ∼1 mJ/cm2, the photoinduced signal rapidly decays with only minor off-

set. The offset level grows as the fluence is increased and, at ∼3 mJ/cm2, the slow rise in the

signal level is evident, indicating the nucleation and growth of the photoinduced metallic domain,

consistent with previous measurements [5–7].

Ultrafast nano-imaging of the photoinduced IMT. Ultrafast nano-imaging (40 ms pixel av-

eraging) of the photoinduced (∼2 mJ/cm2) IMT shown in Figure 3 (main text) exhibits a clear

heterogeneity along the cR axis associated with local strain [8, 9], as well as a less pronounced

heterogeneity across the cR axis, previously attributed to non-uniform stoichiometric zoning [6].

Figure S5 shows HPP IR s-SNOM imaging performed on a VO2 microbeam, which was previ-

ously studied in a self-homodyne pump-probe measurement [6]. The dynamical evolution of the

pump-probe signal RHPP(T ) exhibits more pronounced heterogeneity across the cR axis. Thus, the

two mechanisms, inducing transient heterogeneity along and across the cR axis, appear to generally

co-exist in VO2, depending on the morphology of each nanobeam.

On the potential optical origin of the observed heterogeneity. The low conductivity of

photoinduced carriers in an only partially metallic VO2 nanobeam excludes a potential transient
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FIG. S5. Photoinduced IMT in a VO2 microbeam. In contrast to the data shown in Figure 3, this

microbeam exhibits the photoinduced heterogeneity transverse with respect to the cR axis.

optical antenna effect, where a nanobeam acts as a mid-infrared resonator and exhibits an enhanced

response at its terminals.

The spatial non-uniformity in the pump excitation could also lead to the observed heterogeneity

in the near-field pump-probe signal RHPP(T ). However, the excitation of the nanobeam is likely

homogeneous since the pump beam size at the focus (∼10 µm) is much larger than the dimensions

of the nanobeam. Figures S6A-B show the topography of two similarly oriented nanobeams to

the rod shown in Figure 3d in the main text, where the cR axis is nearly parallel to the propaga-

tion direction of the incident pump. The nanobeams are also comparable in their heights (∼300

nm), leading to similar excitation profiles among the three nanobeams and yet exhibit distinct

spatial profiles in the near-field pump-probe signals. This demonstrates that the observed spatial

heterogeneity in the near-field pump-probe signals is an inherent property of each nanobeam and

cannot be attributed to the excitation profile of the pump beam. Further, Figure S6C shows a

nanobeam oriented perpendicular to the incident beam direction and shows a strong enhancement

at the edges. The key bulk behavior of the heterogeneity both along and across the cR axis is

evident.

These data sets together demonstrate that purely optical effects, such as the antenna effect and

non-uniform excitation profile, do not account for the observed heterogeneity in the near-field

pump-probe signals.

Retrieval of the dielectric function. For the retrieval of ∆ε̃NF through model fitting, the VO2

ground-state dielectric constant ε̃(0) = 6.6 at the probe wavelength of 6 µm is taken from a previous

far-field study [10]. The corresponding substrate (silicon) dielectric constant is εsub = 11.7. Since

the absorption in VO2 is weak, the visible pump penetrates the entire thickness of the nanobeam

(d1 = 300 nm and d2 = 0 nm in Figure S2). To find ∆ε̃NF, its value is varied until it simultaneously

fits the ground- (ENF) and excited-state (∆ENF) responses, yielding ∆ε̃NF ∼ 0.25+1.0i in our case.
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FIG. S6. Assessment of optical effects in photoinduced heterogeneity. A, B. Topography (left) and het-

erodyned near-field pump-probe signal profiles (right) of two nanobeams which are oriented similarly to the

rod in Figure 3. Yellow arrows in the topography images show the direction of the incident pump beam. De-

spite similar orientations, the three rods exhibit distinct spatial profiles in the near-field pump-probe signals.

C. Top: topography of a nanobeam that is oriented perpendicular to the other rods. Middle: corresponding

near-field pump-probe image. Bottom: cubic splined image of the middle image with enhanced contrast,

demonstrating the transient domains both parallel and perpendicular to cR axis, as also observed in other

rods.

SUPPLEMENTARY NOTE 4: ULTRAFAST VIBRATIONAL NANO-SPECTROSCOPY ON A

LEAD HALIDE PEROVSKITE

Triple cation perovskite FAMACs. The triple cation perovskite sample studied in this work is

a mixture of three different A-site cations of formamidinium (FA+), methylammonium (MA+)

and cesium (Cs+). The perovskite has an overall composition of [(FA0.83MA0.17)0.95Cs0.05]Pb

(I0.83Br0.17)3 and is prepared by a solution-processed spin-coating method [11]. A ∼600 nm thick

film is coated on a glass substrate for nano-spectroscopy and on a CaF2 window for conventional

far-field pump-probe spectroscopy.

Far-field transmission vibrational spectroscopy. For conventional far-field pump-probe
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FIG. S7. Transient vibrational nano-spectroscopy of a lead halide perovskite. A. Single INF interfero-

grams demodulated at 2ωt at the beginning and end of 10 minutes of data collection, acquired under constant

illumination of the visible pump pulse with pump-probe timing delay T = 2 ps. Both interferograms are not

normalized or offset, indicating no sign of sample photo-degradation. B. Retrieved nano-localized ground

(black) and pump-induced (blue) complex dielectric functions from ENF(ν) and ∆ENF(ν) in Figure 5c

based on model fitting.

spectroscopy (Figure 4c), the collinearly propagating pump (515 nm) and probe (5830 nm) beams

are focused with a f = 10 cm silver-coated off-axis parabolic (OAP) mirror onto the sample

surface. The transmitted IR probe is collected and collimated by an identical OAP mirror and is

directed into a symmetric Michelson interferometer for spectral characterization. The probe in-

terferogram is detected with a HgCdTe detector and lock-in amplified. The photoinduced change

∆T is demodulated at the pump modulation frequency ΩM ∼ 10 kHz. With the pump fluence of

∼50 µJ/cm2 and pump-probe time delay of 0.5 ps, the acquired signal level is ∆T/T ∼ 0.5%.

Transient vibrational nano-spectroscopy: experiment. The pump (515 nm) and probe (5830

nm) beams are collinearly focused to the s-SNOM tip apex with identical fluence (∼250 µJ/cm2).

The AFM and sample compartment are purged with nitrogen gas (<1% O2) to suppress pho-

toinduced degradation. A 15 µm × 10 µm domain is selected to characterize the heterogeneity of

polaron-cation coupling. Measurement locations are separated from each other by> 5 µm beyond

the pump focus size so that prolonged illumination at one location does not influence subsequent

measurements. At each location, conventional heterodyne (at 2ωt) and sideband nanoscale pump-

probe heterodyne (at 2ωt ± ΩM) interferograms are collected at the pump-probe time delay of

T = 2 ps by scanning the interferometer stage at 20 µm/s (spectral resolution ∼ 15 cm−1). Over

30 interferograms are collected in∼10 min for averaging. Figure S7A demonstrates measurement

stability by comparing an interferogram at the beginning and end of a scan at the same location.
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Transient vibrational nano-spectroscopy: analysis. The sideband interferogram ∆INF is

subtracted from the conventional interferogram INF, yielding the pure ground-state response. The

ground-state and the pump-probe interferograms are averaged, Fourier transformed, referenced to

a non-resonant response (germanium), and deconvolved with the ELO(ν) to yield the ground-state

and pump-probe spectraENF(ν) and ∆ENF(ν). The ground-state spectral phase is baselined so that

ENF(ν) is purely real aside from the resonance arising from the CN anti-symmetric stretch mode

of the FA cation [12]. Identical phase baselining parameters are applied to ∆ENF(ν), allowing for

the phase-locked comparison of ∆ENF(ν) to ENF(ν), which is critical for fitting.

Retrieval of the transient dielectric function. The non-resonant ground-state dielectric re-

sponse of the perovskite (ε̃(0)∞ = 5), pump penetration depth (100 nm; based on the absorption

coefficient of the perovskite film characterized by UV-Vis absorption spectroscopy), and sub-

strate dielectric constant (εsub ∼ 1.69) are assumed. ∆εNF(ν) is varied with a broadband response

(quadratic) and narrowband resonances (Lorentzians for each vibration) to fit ∆ENF. Figure S7B

shows the retrieved dielectric function ∆εNF(ν) from fitting the data in Figure 5c.

Polaron-cation coupling constant. We attribute the observed blue shift in the molecular vi-

brational peak position to its coupling to the polaron absorption, which is reported to be observed

around 1200 cm−1 [13]. We describe the coupling between the polaron absorption and molecular

vibration with a simple Hamiltonian of

Ĥ =

ν̃pol. J

J ν̃vib.

 , (4)

where ν̃pol. ∼ 1200 cm−1 and ν̃vib. = 1715 cm−1 are the uncoupled polaron absorption and the

molecular vibrational energies, respectively, and J is the coupling constant. Diagonalizing the

Hamiltonian gives

ν̃± =
ν̃pol. + ν̃vib. ±

√
4J2 + (ν̃pol. − ν̃vib.)2

2
. (5)

ν̃+ corresponds to the transient vibrational frequency. Figure S8 plots the transient peak shift

∆ = ν̃+ − ν̃vib. with respect to the varying coupling constant J . The observed peak shift of 5

– 8 cm−1 in the near-field pump-probe measurement corresponds to a polaron-cation coupling

constant of 50 – 70 cm−1.
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FIG. S8. Relationship between polaron-cation coupling constant and transient vibrational peak shift.

The shift in the vibrational peak position observed in the excited state, induced by the coupling between the

polaron absorption and molecular vibration as described in Eq. (5) for various coupling constant J .

SUPPLEMENTARY NOTE 5: COMPARISON OF PUMP-MODULATED AND PUMP-UNMODULATED

DETECTION

Figure S9A compares data acquired by conventional pump-unmodulated detection and our

pump-modulated detection, showing the T -dependent near-field pump-probe amplitude ∆INF(T )

of a VO2 nanobeam. The pump-probe relaxation acquired in a conventional manner (demodulated

at 2ωt) exhibits low-frequency noise which obscures the plateau level reached after an initial fast

relaxation. However, the sideband demodulated signal (2ωt ± ΩM) filters out the slow noise and

the plateau level is quantitatively resolved.

Figure S9B shows the spectrally resolved near-field pump-probe signal Im[∆ENF] of a lead

halide perovskite at T = 2 ps. The unmodulated pump-probe spectrum, collected at 2ωt, is dom-

inated by noise, while the pump-modulated spectrum, collected at 2ωt ± ΩM, clearly shows the

excited-state transient vibrational response.

As demonstrated in these two examples, particularly with low duty cycle excitation, excitation

modulation and sideband lock-in detection are critical for the sensitive and quantitative evaluation

of near-field pump-probe signals. In the main text, we provide the signal-to-noise enhancement

factor of >4 for the sideband demodulated signal at 2ωt ± ΩM in comparison to the pump-probe
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FIG. S9. Comparison of the excitation modulated and unmodulated detection. A. The T -dependent

near-field pump-probe signal ∆INF demodulated at 2ωt (pump unmodulated) and 2ωt ± ΩM (pump-

modulated) channels. B. The spectrally resolved near-field pump-probe signal observed at T = 2 ps.

While the 2ωt channel is dominated by noise, in 2ωt ± ΩM channel the peak associated with the transient

vibrational resonance is evident.

signal observed at 2ωt. This is estimated by comparing the standard deviations of the data points

for the two data sets in Fig. S9A after T = 4 ps, where the signal variation is dominated by the

noise. Each data point in Fig. S9A is acquired in 110 ms, yielding a full pump-probe profile in 30

seconds.
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