aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Purcell-Enhanced Spontaneous Emission of Molecular
Vibrations
Bernd Metzger, Eric Muller, Jun Nishida, Benjamin Pollard, Mario Hentschel, and Markus B.
Raschke
Phys. Rev. Lett. 123, 153001 — Published 10 October 2019
DOI: 10.1103/PhysRevLett.123.153001


http://dx.doi.org/10.1103/PhysRevLett.123.153001

Purcell-enhanced spontaneous emission of molecular vibrations

Bernd Metzger,' Eric Muller,! Jun Nishida,! Benjamin Pollard,' Mario Hentschel,” and Markus B. Raschke'" *

"Department of Physics, Department of Chemistry, and JILA,
University of Colorado at Boulder, 2000 Colorado Ave, Boulder, CO 80309, USA

24th

Physics Institute and Research Center SCoPE, University of Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany

(Dated: August 30, 2019)

Infrared (IR) spectroscopy of molecular vibrations provides insight into molecular structure, coupling and
dynamics. However, picosecond scale inter- and intra-molecular many-body interactions, non-radiative relax-
ation, absorption and thermalization typically dominate over IR spontaneous emission. We demonstrate how
coupling to a resonant IR antenna can enhance spontaneous emission of molecular vibrations. Using time-
domain nano-probe spectroscopy we observe an up to 50 % decrease in vibrational dephasing time 7% i, based
on the coupling-induced population decay with T}, ~ 550 fs and an associated Purcell factor of >10°. This rate
enhancement of the spontaneous emission of antenna-coupled molecular vibrations opens new avenues for IR
coherent control, quantum information processing, and quantum chemistry.

IR spectroscopy plays a key role for chemical analysis
because of its high sensitivity to molecular structure, intra-
and inter-molecular coupling and molecular dynamics. How-
ever, the mode mismatch between atomic scale dimensions of
chemical bonds and the long wavelength of IR radiation limits
the coupling rate between IR field and molecular vibrational
quantum states [1, 2]. In addition, non-radiative picosecond
scale intra-molecular relaxation generally restricts IR spec-
troscopy to absorption with negligible photoluminescence.

However, spontaneous emission is not an intrinsic prop-
erty of an emitter. Modification of the local density of states
(LDOS) through coupling to, e.g., a resonant cavity allows
for control of the spontaneous emission rate, as routinely ap-
plied in photoluminescence at visible to near-IR frequencies
[3-11]. In the mid-IR, plasmonic antennas have been utilized
for increasing spectroscopic sensitivity in surface enhanced IR
absorption (SEIRA) [12—-14]. Yet, only coherent time-domain
and multidimensional spectroscopies so far provided prelimi-
nary evidence of a faster antenna-coupled vibrational dephas-
ing. However, the multiple optical interactions in nonlinear
spectroscopies make the deconvolution into elementary signal
contributions difficult [15-17].

IR scattering scanning near-field optical microscopy (s-
SNOM) offers a new route for spectroscopic and time-
resolved measurements of small molecular ensembles coupled
to a single IR dipole antenna. Conventionally, most near-field
measurements have focused on a frequency domain analysis
that is largely insensitive to variations in vibrational lifetime
caused by a modification in the LDOS, because of convoluted
spectra arising from Fano interference [18].

Here we show rate enhancement of spontaneous emission
of molecular vibrations when resonantly coupled to IR an-
tennas using time-domain IR s-SNOM nano-imaging. With
the s-SNOM tip in weak near-field interaction with the an-
tenna, we locally probe the antenna-coupled molecular vibra-
tions [19, 20]. Similar to time domain nuclear magnetic res-
onance (NMR) we measure and analyze the vibrational free
induction decay (FID), which allows us to extract the trans-
verse dephasing time 7% i, and its modification. When tuning
the antenna across a molecular resonance, we observe an up

to 50% decrease in vibrational dephasing time 75 yip. As the
transverse and longitudinal relaxation times are related via the
relation 1/T5 vi, = 1/2T% vib + 1/T5 ;1. and pure dephas-
ing of the molecular vibrations described by T3 ;;, are not af-
fected by antenna resonance tuning, we attribute the measured
modification in dephasing time 7% i, to an enhancement in the
LDOS that causes an increased population decay of the molec-
ular vibrations governed by the longitudinal relaxation time
T viv. Fitting a coupled oscillator model quantifies the under-
lying ultrafast coupling-induced decay time of T,, ~ 550fs,
which corresponds to a Purcell factor of > 10°.

Fig. l1a illustrates the relevant relaxation pathways of IR
antenna-coupled molecular vibrations. IR antennas couple ef-
ficiently to the far-field with a radiative lifetime T{f‘;‘m of typ-
ically a few to up to several tens of femtoseconds, competing
against the Drude damping (7: é‘r:r‘ft) of typically ~ 10 — 30 fs
for Au or Ag [21-25]. In contrast, the vibrational lifetime
of condensed phase molecular vibrations is dominated by
non-radiative relaxation on timescales T3¢ of hundreds of
femtoseconds caused by intramolecular vibrational redistribu-
tion (IVR), which strongly dominates over the micro- to mil-
lisecond IR spontaneous emission Tff‘vdib [26-29]. Yet, when
molecular vibrations are coupled to the enhanced electromag-
netic LDOS of a resonant IR antenna, an increased population
decay of the molecular vibrations should be observed as soon
as the antenna-molecule coupling time 7}, becomes compara-
ble to the intrinsic vibrational non-radiative relaxation T;ryaj%
(see Fig.1a). This would manifest itself in a decrease in the
coupled vibrational dephasing time controllable through an-
tenna resonance tuning.

For direct time domain IR s-SNOM measurements as
shown in Fig. 1b, femtosecond IR radiation is focused onto the
molecule-covered antenna, with asymmetric interferometric
heterodyne detection and amplification of the nano-localized
tip-scattered near-field F,¢ with the time-delayed reference
field Eer(7). The resulting asymmetric free induction decay
(FID) Irp(7) of the near-field response then contains the vi-
brational dynamic information, and the Fourier transforma-
tion analogue of the nanoscale dispersion and absorption A
[30-35]. As established previously [20], the tip does not sig-
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FIG. 1. (a) Timescales of radiative (rad) and non-radiative (nrad)
relaxation pathways of IR antenna coupled molecular vibrations that
are measured by nano-localized time-domain free-induction decay
IR s-SNOM imaging.(b) Experimental setup for IR pulse generation
using optical parametric oscillator (OPO) and difference frequency
generation (DFG), shown with interferometric heterodyne detection
scheme (BS, beam splitter; CP, compensation plate; MCT, mercury
cadmium telluride detector; Ei,, incident field; E., reference field;
E, tip-scattered near-field; w., tapping frequency).

nificantly influence the antenna-molecule coupled dynamics
itself for a bright mode of an antenna as is the case here.
It merely provides for sub-diffraction-limited nano-localized
excitation and detection at the antenna terminals to probe the
resonant antenna-molecule coupling.

Fig. 2a shows ensemble reflectance spectra of gold IR an-
tenna arrays on a CaFs-substrate after spin-coating a 10 nm
thin-film of poly(methylmethacrylate) (PMMA). The spectra
are dominated by a Lorentzian antenna response, while the
resonant coupling to the carbonyl stretch mode in PMMA at
1732 cm ™! manifests itself as a detuning-dependent asymmet-
ric Fano-lineshape [36, 37]. We then perform spatio-spectral
nano imaging of individual PMMA-covered antennas. FID
signals of the molecular vibrational response are measured in
a spatial grid over the antenna, and are Fourier transformed
and normalized with respect to a gold reference substrate.
A resulting spatio-spectral image of the nanoscale absorption
A = Jn{Ipp ant (V) /Irp.au(v) } is shown in Fig. 2b. We find
spatially and spectrally localized molecular resonant enhance-
ment at the antenna terminals at ~ 1732cm ™! as expected
[38]. For comparison Fig.2c and 2d show a spectrally in-
tegrated IR s-SNOM image and an atomic force microscopy
(AFM) image, respectively.

To investigate the underlying ultrafast dynamics, we ana-
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FIG. 2. (a) Measured reflectance spectra of PMMA-covered IR an-
tenna arrays, with increasing antenna length from 1.3 to 2.1 um from
bottom to top, with a nominal step size of 100 nm (stacked by 5 %
increments). (b) Spatio-spectral nano imaging of the nanoscale ab-
sorption A for the spectral range indicated in (a), revealing enhanced
molecular absorption centered at the antenna terminals, (c) near-field
intensity, and (d) AFM height of a single PMMA-covered IR an-
tenna.

lyze the FID traces in the time domain measured with the
tip positioned in the near-field region above one of the two
antenna terminals, so that the IR antenna mode is most ef-
ficiently coupled into the far-field. Fig.3a and 3b show s-
SNOM FID signals of a resonant (red, a) and an off-resonant
(blue, b) IR antenna (correspondingly colored far-field spec-
tra, see Fig.2a). The symmetric signal between -0.3 ps and
+0.3 ps is dominated by an off-resonant background and the
IR antenna response of few-femtosecond dynamics. For
delays 7 > 0.5ps, only the longer-lived molecular vibra-
tions contribute to the asymmetric FID tail. The correspond-
ing Fourier transform shows the real and imaginary spectra
(Fig.3c) with a typical dispersive and absorptive lineshape
at the carbonyl stretching mode (Ui, ~ 1732 cm_l). The
broad linewidth of ~ 50cm™! already indicates an acceler-
ated dephasing of the antenna-coupled molecular vibrations.
Therefore, the temporally separated resonant molecular re-
sponse allows us to directly analyze the modification in vi-
brational dephasing. Fig.3d, with a zoom-in of the FID tail
of the vibrational resonant signal from Fig. 3a, already qual-
itatively shows the faster dephasing, and an about five times
higher signal as compared to the off-resonant case in Fig. 3e.

For a detailed analysis we describe the heterodyne term of
the FID signal Igp(7) by

+oo
IF[D(T) X / Enf(t)E:;f(t — T)dt, (1)
where Fy¢ and E.¢ are the tip-scattered near-field and the ref-

erence field, respectively.
While Ff(7) corresponds to the incident laser field Ei,
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FIG. 3. Measured FID signals of small molecular ensembles coupled
to a resonant (a) and an off-resonant (b) IR antenna, together with
time domain fits using equation (1). (c) Normalized real and imagi-
nary s-SNOM spectra from Fourier transform of (a). (d,e) Close ups
of the vibrational tails of the FID signals from (a,b), together with the
amplitude envelope of the fit. The vibrational signal from the reso-
nant antenna is roughly 5 times larger than that from the off-resonant
antenna.

(with delay 7), the tip-scattered near-field E,s is modified by
the antenna response gun(t), as well as by the coupled re-
sponse function g, (¢) of the molecular vibrations, with the
overbar indicating the coupling-induced modification of the
molecular dynamics. Without the a priori knowledge of cou-
pling, we express Ey¢(t) in the time domain as a sum of these
two contributions as

+o0
Eﬂf(t) Ocaantei(bam / gant(t - t/)Ein(t/)dtl
+oo
+ayipe' / Gyin(t — ') E(t')dt’, )

—00

where we accounted for the different amplitudes aane and Gyip
and phases ¢an and é,;, of the antenna and the molecular re-
sponse, respectively.

The antenna response function g,n(t) is treated as almost

instantaneous (see supplement), since in the spectral domain
it varies little over the bandwidth of our laser spectrum (see
Fig.2a). The response of the molecular vibrations G, () is
modeled as a harmonic oscillator with resonance frequency
@, and dephasing time T’ yip:

1

Guin(t) cet/Tawi =t (1), 3)

20,
with 6(t) being the Heaviside distribution.

We now use w'vib, Tz,vib, the amplitudes a,y and @y, the
phases ¢,y and ¢, and the antenna response with free pa-
rameters to fit the measured FID signals with eq. (1). The re-
sult of two examples is shown in Fig. 3, where we find the
experimental FID traces in good agreement with this model
fit for values of Thyip = (0.30 £ 0.02)ps and Thy, =
(0.52 £ 0.05) ps for the resonant (d) and the off-resonant (e)
case, respectively.

In order to further analyze the variation of vibrational de-
phasing as a function of antenna resonance we perform a se-
ries of measurements, with five measurements each, for dif-
ferent antennas of nominally identical resonance frequency.
The extracted vibrational dephasing times Tz,vib, the nor-
malized vibrational amplitudes @yi, = Gyib/@ant, and phases
A¢ = ¢y, — Gan are shown in Fig. 4a-c as a function of the
antenna resonance v,y. Already from qualitative inspection
we find a pronounced minimum in the dephasing time Tz,vib
when the antenna is on resonance with the molecular vibration
(a). Associated is a peak in the vibrational signal amplitude
ayip (b), and the phase of the molecular oscillators A¢ changes
monotonically by almost 27 across the tuning range of the IR
antennas (c).

We model the combined dynamics of antenna and
molecules as coupled harmonic oscillators, where the effec-
tive amplitude of the IR antenna ., (t) and the molecular os-
cillators i, (t) is coupled by a phenomenological coupling
constant x.

jant + 2/T2,am . -(bant + wzmwam — RTyjp = qun (t) (4)

. . 2
Zyib + 2/Tovib * Evib + WiipTyib — KTant = 0, )

T ant and T3 yip, and wyye and wyj, are the uncoupled de-
phasing times and resonance frequencies, respectively, and ¢
describes the excitation strength of the IR antenna. As ap-
parent from eq. (4,5) we assume that only the IR antenna is
excited by the incident field Ej,, and the molecular vibrations
are only excited through the IR antenna, i.e., we neglect direct
tip-induced vibrational excitation [20]. The phenomenologi-
cal coupling constant s accounts for the combined effects of
near-field and radiative coupling [39].

Solving the coupled differential equations (4,5), in the case
of weak coupling, leads to eigenmodes with new eigenfre-
quencies Wy and Wyip, and modified dephasing times TZ,am
and Tz,vib, and yields the vibrational amplitude a,;, and phase
A¢. For the coupled vibrational dephasing time Tz,\,ib we find
to a good approximation (for results of the vib. amplitude @
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(6)

with wj? = w7 —1/T3 ; (i = ant,vib) the red-shifted near-field
resonance frequencies of the IR antenna and the molecular
oscillators [40-42], AT = 1/T}yit, — 1/T5 ant the difference in
the dephasing rate, and the detuning Aw’ = w/;, — wiy.

Eq. (6) shows the effect of the coupling-induced population
decay time 7T);, which accounts for damping of the molecular
vibration through the IR antenna. In the bad cavity regime,
i.e., Toane < Thyib, as is the case for our experiments, 7 is
positive, and polarization transfer from the molecules toward
the antenna dominates over the reverse process [43].

We then use the model to simultaneously fit the antenna
resonance dependence of the measured vibrational dephasing
time Tz,vib, the vibrational amplitude d.;,, and phase Ag, as
shown in Fig. 4a-c. The model not only captures the dip and
spectral asymmetry in the dephasing time T i, and the am-
plitude a.;p, but also describes the phase variation A¢ cor-
rectly. The reason for the 27 phase change, rather than 7 as
in case of a normal resonance, is that the molecular vibrations
not only emit to but are also excited through the IR antenna.
Notably, as the IR s-SNOM tip is not taken into account in our
model, the good agreement between measurement and model
supports the off-resonant coupling of the tip does not affect
the vibrational dynamics itself.

In Fig.4d we show the deconvolution, i.e., the individual
contributions to the relaxation pathways of the molecular exci-
tations as extracted from the oscillator model. For the uncou-
pled intrinsic vibrational dephasing time 75 i, we find a value
of ~ 620fs, mostly originating from IVR dephasing, con-
tributing to net absorption dissipated as heat. Yet, the antenna
coupled vibrational dephasing time T'5yj, varies between the

1600 1400
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off-resonant limit given by 75 i, ~ 620fs and a minimum
of ~ 300fs for resonant coupling. This is a manifestation
of the coupling-induced modification of the vibrational relax-
ation time 7}, through the IR antenna, which over the tuning
range of the experiment varies between ~ 1.5 ps and ~ 550 fs.
This variation of the ratio of inherent non-radiative decay vs.
coupling-induced population decay through the IR antenna
between 1:3 and 1:1 is consistent with the corresponding nor-
malized vibrational amplitude increase by a factor of ~ 2 (see
Fig.4b). Note that the amplitude enhancement factor does
not represent the Purcell factor, as observed s-SNOM sig-
nals are already enhanced through the AFM tip and convolved
with different phase-sensitive contributions in addition to the
antenna-coupled rate enhancement of the molecular sponta-
neous emission.

The spectral variation of the vibrational dephasing time is a
clear signature for a new relaxation pathway for the molecu-
lar vibrations, with sub-ps unidirectional coherent vibrational
near-field energy transfer to the IR antenna. Subsequently,
the ratio of radiative and non-radiative relaxation pathways of
the antenna determines the fraction of vibrational energy dis-
sipated as heat by Drude damping or radiated to the far-field
[24, 44]. As the intrinsic lifetime for spontaneous emission of
molecular vibrations is as long as micro- to milliseconds [26—
29], the rate enhancement of the spontaneous emission into
the IR antenna corresponds to a Purcell factor of > 106.

In summary, our results contribute to a deeper understand-
ing of molecule-antenna coupling and associated dynamics of
competing relaxation pathways with immediate implications
for analytical SEIRA and ultrafast vibrational spectroscopy
studies. They further suggest that strong coupling using
molecularly functionalized engineered IR antennas or meta
surfaces is feasible which would allow for new hybrid IR vi-
brational light-matter states. This would enable a range of
applications, from molecular quantum optics with single IR



photon emitters, to IR coherent control for novel forms of vi-
brational photochemistry.
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