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2 Abstract

3 Although photothermal imaging was originally designed to detect individual molecules
4 that do not emit or small nanoparticles that do not scatter, the technique is now be-

5 ing applied to image and spectroscopically characterize larger and more sophisticated

6 nanoparticle structures that scatter light strongly. Extending photothermal measure-

7 ments into this regime, however, requires revisiting fundamental assumptions made

8 in the interpretation of the signal. Herein, we present a theoretical analysis of the

9 wavelength-resolved photothermal image and its extension to the large particle scat-
10 tering regime where we find the photothermal signal to inherit a nonlinear dependence
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upon pump intensity together with a contraction of the full width at half maximum
of its point spread function. We further analyze theoretically the extent to which
photothermal spectra can be interpreted as an absorption spectrum measure, with de-
viations between the two becoming more prominent with increasing pump intensities.
Companion experiments on individual 10, 20, and 100 nm radius gold nanoparticles
evidence the predicted nonlinear pump power dependence and image contraction, ver-
ifying the theory and demonstrating new aspects of photothermal imaging relevant to

a broader class of targets.

Introduction

The challenge of optically detecting individual nano-objects that do not scatter or emit
light has inspired the development of a variety of detection techniques capable of distin-
guishing absorption independently from scattering and emission.*? One such approach that
has been applied to measure small, non-scattering dielectric and metallic nanoparticles is
photothermal imaging.® This technique relies on the nanoparticle’s resonant absorption of
light and associated heat power dissipated into a locally modified temperature and refractive
index gradient in the surrounding medium—a so-called “thermal lens”—through which the
nanoparticle can be detected. The thermal lens is large, so that its scattering of a second,
ideally non-resonant, (probe) beam of light produces the photothermal signal when inter-
fered against itself. Lock-in detection to the modulated amplitude of the pump provides a
further means to isolate this interference component from the total signal that reaches the
detector.

More recently, however, photothermal techniques have been used to detect individual
plasmonic metal nanoparticles and nanoparticle assemblies that are large enough to both
absorb and scatter light.®° By varying the pump wavelength, photothermal absorption
spectra have also been measured from the same nanostructures, independent from scatter-

ing. 114 In this size regime, fundamental assumptions made in the original photothermal
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models are not always valid and interpreting the photothermal signal has been found to
require careful reconsideration.®! In parallel, other interferometric techniques similar to
photothermal imaging have been pioneered to study larger, scattering nanoparticle systems.
Two such approaches, coherent brightfield microscopy (COBRI) and interferometric scat-
tering microscopy (iISCAT) are closely related to photothermal imaging, but do not involve
optically heating the target specimen.!%'7 In both cases, the signal originates from the in-
terference between the field scattered by the (room temperature) target and a reference
field without need for lock-in detection. Often, the reference field is either the transmitted
(COBRI) or reflected (iSCAT) probe beam.

While the interferometric nature of COBRI and iSCAT allows for small, weakly scattering
particles to be detected, they are fundamentally measures of extinction and therefore do
not separate absorption from scattering in particles large enough to appreciably scatter.
In contrast, photothermal measurements isolate the pure absorption response. However,
interpretation of the photothermal signal produced by nano-objects large enough to scatter
requires careful consideration of the additional effects of target scattering beyond those
induced by the thermal lens.®!¥2° Here we incorporate these effects within a dipole model
that includes effects of the heat diffusion dynamics, co-focusing of pump and probe beams,
pump modulation, and lock-in detection. Importantly, for large nanoparticles we find that a
new scattering-induced component influences the absorption character of the photothermal
signal, and this scattering contribution grows nonlinearly with pump power at fixed pump
and probe wavelengths.

As a companion to the presented photothermal scattering model, we acquire experimental
data from individual spherical gold nanoparticles ranging in size from 10 to 100 nm in radius.
Despite the small thermo-optic responses of the target and medium, we observe a nonlinearity
in the photothermal signal with increasing pump power for the larger nanoparticles. Based
on the model presented, we trace the origins of this nonlinearity to a scattering contribution

to the photothermal signal that has been disregarded in the small particle limit but that
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becomes important for larger scatterers at higher pump power or smaller pump beam waist.

Below, we present the generalized photothermal model and analyze the signal in the
limit of both small and large nanoparticle targets. Further analysis and exploration is
made through a numerical investigation of the pump-wavelength-resolved photothermal
spectra and pump-power-dependent photothermal images of plasmonic nanoparticle ab-
sorbers/scatterers of varying size. Finally, we present experimental measurements of the
photothermal signal acquired from individual gold nanoparticles as a function of pump power

and interpret these data from the perspective of the model presented.

Generalized Photothermal Signal

In photothermal imaging, the signal that reaches the detector is produced from the superpo-
sition of a transmitted/reflected probe beam (or reference field) E,, and a scattered probe
beam Eg.,. The pump field that heats the system E,, is removed by spectral filtering before

reaching the detector, resulting in the signal

Cny

o || Bor(0)” + 2Re[Epu () - BL, (6)] + [Eeea (1) (1)

[det <t> =

at the probe wavelength A\, where ¢ is the speed of light in vacuum, and n; is the room
temperature refractive index of the background medium. Due to the scattering inefficiency
of small nano-objects, the |Eg.|? term can be safely neglected relative to the term linear
in Ey., for the vast majority of targets that have been investigated in the literature using
photothermal techniques.! However, for larger targets, such as for plasmonic nanoparticle
antennas, the |Eg|? term can become important and should be retained. In this section we
expose the effects of Eg., upon the photothermal signal.

Lock-in detection is implemented in photothermal measurements to retrieve the inter-
ference signal at the modulation frequency. Here we will consider amplitude modulation

of the pump beam at frequency 2, a rate that is typically on the order of kHz to MHz.
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The outcome of the measurement depends on the order of magnitude of ,?! and this work
specializes to the low modulation regime where 2 = 100 kHz. The detector locks in only
to those signals which vary in-phase and in quadrature with this oscillation frequency, thus
projecting out the contribution from the transmitted (and unmodulated) probe producing

the following magnitude |®| and phase ¥

(I)sin
O = /02, + 9% W= tant [ @)

of the complex signal ® = |®|e’? | which are determined from

Q [r/9 Taes (1) sin Q¢
(p sin —_ dt
cos ™ cny /8T . CoS
Gt "o fy o (o /8m) Bl Lcos ot

Q [/ 2Re[Ep(t) - Bl ()] + [Eseal(t)]? {sith} "

T or 0 |Ep|? cos Qt

Lock-in detection, therefore, isolates a part of ® that stems from the interference between
transmitted/reflected and scattered probe (®iy o< Re[Ep, - EZ. ]), but also selects a contribu-
tion originating from the photothermally-induced probe scattering (®gca o< [Egeal?). o, s
is well understood to result in a photothermal signal that is a measure of absorption. ! How-
ever, the additional effects that ®__ s} imparts upon the signal are less well understood as
they would only arise for targets large enough to scatter the probe.

The heating and probe lasers used in our analysis are modeled as focused Gaussian beams.

The electric field of a Gaussian beam, which propagates in the +z direction, is polarized in

the z direction, and is focused at the position z; is well approximated by

Eg(X, t) — Bk U(JO>6(w2+y2)/w(z)2€ik(zzf)eik(:r2+y2)/2R(Z)eiz/}(z)eiwt’ (4)
wilz

where wy is the beam waist at the focus, w(z) = woy/1+ (2 — 2z)?/2% is the beam ra-
dius, R(z) = (2 — 24)[1 + 28%/(2 — 2;)?] is the radius of curvature of the beam, 9(z) =

tan~'[(z — zy)/zg] is the Gouy phase, and zzr = Twin,/\ is the Rayleigh length at frequency
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w = 2mnye/ .

The reference field is determined by the transmitted field of the incident probe beam
evaluated at the detector position x4, which is assumed to be located on the optical axis in
the far field. The detected transmitted /reflected probe field is related to the incident probe
field via scaling by the Fresnel transmission /reflection coefficients specific to the system and
collection geometry. In the following, we set the transmission coefficient to unity. Eg.(x,t) =
G (X, Xpp) - apt(t)Eg(Xnp, t) represents the scattered field of a dipole, where G(x,Xyp,) =
(%1 + VV] exp(ik|x — Xup|)/|x — Xyp| is the dipole relay tensor, x,, is the position of the
nanoparticle target, assumed to be at the origin (x,, = 0), and a(t) is the time-dependent
photothermal polarizability of the nanoparticle’s induced dipole. When evaluated at the

detector and nanoparticle, the Gaussian beam is well approximated by

Eo(xa, 1) ~ el oot
2>z ZZ/ZR (5)
EoX o A
EG(an = O,t) 0X e—zsze—ztan 1(—Zf/zR)€—zwt’

\/1+ Zf/ZR

where w(z) ~ wo(z/zr) and e~ &~ —i at the detector (2 — +oc). Using these limiting

forms, the probe and scattered fields become

Eyx . .
Epr(Xd7 t) ~ - 0X ezk(zfzpr)efuut
2>z 12)2R o
ESC&(Xd7t) ~ kZ( n) " FoX e*ikzpreiitan_l(*Zpr/ZR)efiwt
e " \/1 + Zpr/ZR

at the detector position xq4 = rn, where G(x,x’) takes on its far-field form and where
k = 2mny /X and 2z, denote the wavenumber and focal point of the probe.

As a result, the interference and scattering contributions to the lock-in integral in Eq. 3
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evaluated on the optical axis (§ = ¢ = 0°) with z ~ r at the detector. Already, a superficial
analogy between these expressions and the extinction (oey(w) = 4w (w/c)Im|a(w)] = Taps(w)
in the small particle limit) and scattering (o4 (w) = (87/3)(w/c)*|a(w)]?) cross sections of a
dipole of polarizability a are evident. However, there are important differences that will be
discussed below, most notably the fact that Eq. 7 involves the photothermal polarizability
ap explicitly and not the dipole Mie polarizability a. oy is a function of the absorption cross
section o, and pump intensity Iy, both of which are functions of the pump wavelength Ap,
and not the probe wavelength A\. Up to this point, we have made no assumptions about the
type of material giving rise to ay. Therefore Eq. (7) is the generalized expression within
the dipole limit for the interference and scattering contributions to the lock-in integral in

Eq. 3.

Polarizability Model

From these primitive functions, lock-in detection extracts the measured signal, but first a
model of the photothermal polarizabilty «,; must be adopted. We choose oy, to describe the
time- and temperature-dependent response of a spherical target embedded in a background
medium of constant refractive index. Note that while a substrate is not included in this
model, it may be accounted for by using a more sophisticated polarizability model or through
numerical simulation. Specifically, we focus on two extreme cases: (1) the photothermal
signal in the thermal lens limit where the polarizability accounts only for the scattering from
the heated medium surrounding a point absorber, and (2) a generalized core-shell model

where the core now includes the radiation-damped response of a nanoparticle scatterer in
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addition to the scattering induced by its thermal lens shell.
In either case, since the thermo-optic coefficients of the target and medium are small
(dn/dT ~ 107* K1), the temperature dependence of the target may be approximated at

first order by
do dn

dn dT'\1,

api(t) = api(To) + (T'(x,1) = To), (8)

where ot (7o) = a(Tp) is the room temperature Mie polarizability. See the Supporting In-
formation for a discussion on the appropriateness of this approximation. We calculate the
temperature T'(x,t) from the time-dependent heat diffusion equation assuming the modu-
lated heat power Puns(t) = Tabs(Apu)lpu(1 4+ cos ) /2 absorbed by a point absorber in the
small particle limit or a spherical absorber in the large particle limit. Given that 7T'(x,t) is
a function of I,,, the photothermal polarizability ayt = apt(Ipu) is therefore a nonlinear re-
sponse function, as it depends upon the pump intensity I, (or pump power P, = puﬂwfm /2,
where wp, is the pump waist evaluated at the nanoparticle) through its temperature depen-
dence. It also encodes the geometry-specific resonant responses of the target through the
absorption cross section Gps(Apu), Which itself is a function of the linear Mie polarizability

a(Apy) of the target’s induced dipole moment at room temperature 7.

Small Particle Limit

Small (ka < 1) metal nanoparticles do not scatter. Instead they absorb light and dissipate
optical heat power into a temperature rise of the surrounding medium. In this limit, it is
appropriate to model the optical response as a thermal lens, or a large sphere of heated
background with volume V4, with Clausius-Mossotti polarizability

. 3‘/;}1 €(T) — &

an(t) =7 VAT) + 25 ©)

where £(7T'(t)) is the temperature-dependant dielectric function of the background medium

shell and &, is the room-temperature dielectric function of the remaining bulk. Since € = n?
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and (T = Ty) = e, = ni, da/dn|r—r, = (Vin/27)np, and ap(Tp) = 0. Thus,

Vin  dny -
ape(t) = oty T(1) (10)

to lowest order, where the average temperature T (¢) is defined by integrating the temperature
rise T'(x,t) — Ty over the volume Vi, = (4/3)7rd,, where ry, = /2k/c,€) is the thermal radius

with background medium thermal conductivity x and specific heat capacity c,. Specifically,

B E 8k

_ Tabs(Apu) Ipurth . B : o
= JenVo [e cos(1 — Qt) + esin(2t) + 2sin(1 Qt)]

_ 1 Tth [
T(t) / —UabS(Apu) Pu [1 + e "/ cog (Qt — r/rth)] Arr2dr
0 (11)

Note that since T' depends upon the pump intensity I,, and absorption cross section oy,
the photothermal polarizability op = apt(abs, [pu) is a nonlinear response function that
also, in principle, encodes the resonant excitations of the absorbing target through .

Using Eq. 7, and neglecting ®.,, the lock-in integral in Eq. 3 becomes

4k . QO [ dar, in Ot
Dy sy = T et o) 22 / Ot T(t){sm }dt] (12)
cos w(z) al —+ (Zpr/ZR)2 27T 0 dT To COS Qt

:_40abs(/\pu)‘ Bou  odny T Zor/ZR {L} (13)

KA Tw?, war w2 1+ (2pr/2R)? | I

when evaluated along the optical axis, where sin(tan~'(x)) = z/v/1 + 22, Z; = (e—2cos(1) —
sin(1))/4e, Zy = (2sin(1) —cos(1))/4e, and A = 27n,,/k is the probe wavelength. This result,
which is limited to the thermal lens approximation, is consistent with other photothermal
models from the literature, such as, e.g., Ref.,'® and is identical to what was derived in
Ref.?? after inserting the explicit Gaussian beam form in Eq. 4 into the equations presented

therein.
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Large Particle Limit

Outside of the small particle limit, larger nanoparticle targets scatter electromagnetic radi-
ation when ka 2 1. Thus it is to be expected that their photothermally-induced scattered
field may contribute appreciably to the total signal as described by Eqs. 3 and 7. To in-
vestigate this size-dependent effect, we adopt an approximate core-shell polarizability model

with a large nanoparticle core and a thermal lens of radius ry, representing the shell.?

Physical System Core-Shell Model ———
Oa(itxt) MeTa(xt) Eea(Ti(t) ea(T2t) e

t=0 t=r1/4 t=1/2 t=23r/4 t=r1

|

0 10 10 10 10 1
7/Tth

AT/T,

Figure 1: Schematic of a heated metal nanoparticle surrounded by a thermal lens (left)
compared to the approximate core-shell polarizabilty model employed herein (right). The
lower panels display a time series of the thermal profiles associated with each over one
modulation period 7 = 27/Q.

Specifically, the core-shell photothermal polarizability?* is

ap(t) = lrs c (g2 —&p)[e1qn — e2(q1 — 1)]7‘5’}1 — (61 —e2)[e2(qe — 1) — €bQ2]613
. 3 e le1qn — ea(qn — D)][eage — ep(ga — D)]rd, — (61 — €2)(e2 — €b)q2(q2 — 1)a®’
(14)

where g, = &1(T}(t)) is the dielectric function of the core at T}(t), o = 2(T5(t)) is the dielec-
tric function of the background at Ty(t), and ¢; = 1/3 — (1/3)x? —i(2/9)a? (x; = 277/ Apu,
r1 = a,ry = ry,) are the depolarization factors introduced to account for retardation ef-
fects.?»?® In the small core radius limit (z; = ka < 1), Eq. 14 reduces to the Clausius-
Mossotti polarizability in Eq. 9. Figure 1 displays a schematic of the core-shell polarizability

model and compares it to the true physical system in space (upper) and time (lower). A more

10
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complete description of the latter would entail dividing the core and shell into multiple layers
to better characterize the full gradient profile of the thermal lens. Such an approach, how-
ever, while more accurate, would necessarily involve complicated numerical simulations and
would obscure the qualitative physical interpretation of the photothermal signal provided by
the core-shell model adopted.

Using the chain rule to calculate the derivatives of ay with respect to temperature, Eq.

8 now becomes

T;(t), (15)

Oagy Onj
f) 7 e (To) + Z on, T In,
j= J

where the average core and shell temperatures T (t) = T(|x| = a, t) and Tx(t) = (47/ Vi) [/ T(x, t)r?dr

are calculated according to a spherical absorber of radius a where

P, e~ (r=a)/ran a + T r—a a r—a
T(x,t) = =~ [1+ { ! cos (Qt— >+— sin (Qt— )}]
(,7) 8mKr ((a4rwm)/rm)? + (a/rm)? U 1y T'th Tth Tth
(16)

for » > a. By substituting these average core-shell temperatures into Eq. 15, the lock-in

integration of Eq. 3 results in the generalized photothermal signal components

B (i = 4k Im[ez‘tan1(—zpr/zR)&/2W/Q< aapt% ’_Z_"(t)>* sin {2 dt}
e {35 w2\/1+ (2pr/2R)? 27 g on; OT I, ”’ cos (2t
_ 4k . Oabs()\pu) . i . 2Ppu
1+ (2p/2R)? Vink wg  Tw?,
R oass, On,; S;
B [ ftanH (—epe/2p) NN ZPUTT | ) ] 17
e £, 9n; T I\ ¢ 1"

11
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Koo e Oag On; | = 2 (sin 2t
@ sin — s p J t dt
sea{if} T 22+ 22 27r/0 pr(T1 Z on; OT Im L) {cos Qt}
K 0abs(Apn)T3, 2P oy Ong | [ S;
abs u . ) |: T o pt YT J i|
2%+ zgr< Vink w2, Re ot (To) Z on; 0T 1y | C;

N <aabs(/\pu)rt2h . 2Ppu>2 <‘8apt ony

Vink Tw, ony OT It

0n1 oT (9712 oT

dagy Ong| 12 [Spe )
Ony 0T |1y Cq2
(18)
evaluated along the optical axis with total signal ¢ ) = o, {5y +o_ . iy and
a? e1(w) — &
ap(Th) = —¢
w(T0) 3 "er(w)q — evlq — 1)
aﬁpt . 20/362 51((«0)
ony 11, 3°° [e1(w)qr — ep(qn — 1)]? (19)
Dyt _ 2\/gy [Tfh(Eb(Ch —1) — 1)’ + a1 — 5)* (@ — Do
ons |1y 3 reles(qn — 1) — e1q]?

n a®ri et (1 — 2¢2) + €3 (g1 + 2¢2 — 2q1q2 — 1) + 216,212 — 1 — o))

roles(q — 1) — e1q1)?

Y

where the §, C terms are defined in the Supporting Information.

Thus we find that introduction of a large nanoparticle core to the polarizability model
enhances the photothermally-induced scattering contribution ®__ {5 to the signal that
carries a nonlinear dependence upon the pump power F,,. Certainly this term is suppressed
by a factor proportional to the square of the thermo-optic coefficients of the core and shell,
but it is also enhanced by the resonant responses of the nanoparticle core encoded in the
absorption cross section o, as well as through the resonances of day,/0ny and day /Ong at
the pump wavelength in Eq. 19. These resonances of o, and day/d1T’ provide additional
enhancements of this scattering-like photothermal signal contribution beyond its quadratic
pump power dependence. Said differently, the importance of ®_ ca{sn} depends critically upon

the properties of the core polarizability, which can be influenced by nanoparticle size and

composition as well as through resonance effects that are all well understood for plasmonic

12
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systems. In the small particle limit (ka < 1), @i,y in Eq. 17 reduces to that of Eq. 12
and Pg., in Eq. 18 becomes negligible at low pump powers. Note that the small particle
limit can be achieved equivalently by either decreasing the nanoparticle size at fixed probe
wavelength or by increasing the probe wavelength at fixed nanoparticle size. Also, note that
resonant scattering of the probe would be filtered out by lock-in detection and thus would

not contribute to the photothermal signal ®.

Photothermal Spectra

As reported in the literature! and shown explicitly in Eq. 12 above, the photothermal sig-
nal is a measure of absorption in the thermal lensing limit appropriate for small absorbing
nano-objects. However, for larger particles, such as for plasmonic nanoparticle antennas,
non-negligible scattering contributions arise and call into question some of the approxima-
tions made in the thermal lensing limit. Those approximations can change the resulting
interpretation.

Through numerical solution of Eqgs. 17-18, we now investigate the evolution of the
photothermal signal when these consequences begin to take effect for gold nanospheres of
varying radius (a = 10, 20, 100 nm) embedded in a glycerol medium. Fig. 2 shows pump
wavelength-dependent photothermal spectra calculated with a fixed probe wavelength of 785
nm as a function of pump power. In each panel, the black trace is the photothermal signal
|®| post lock-in detection together with the sine and cosine parts of its interference (blue
trace) and scattering (red trace) components, while the underlying gray and purple shaded
spectra correspond to Mie absorption and scattering cross sections (Gaps sca), including terms
up to ¢ = 10. The scattering cross section for a = 100 nm is reduced by a factor of two to
display all traces within the same viewing window. In addition, the photothermal signal and
its components are scaled by the area ngu /2 of the pump beam waist, as was done in our
prior experiment. !

The upper, middle, and lower rows of Fig. 2a correspond to pump powers of 100, 200, and

13
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Figure 2: Photothermal spectra of the core-shell model with retardation of gold nanospheres
of radius 10 nm, 20 nm, and 100 nm. The photothermal signal |®| is evaluated in the far-field
on the optical axis (# = 0°, ¢ = 0°) and is scaled by the pump beam waist area. (A) The
gray and purple shaded regions are the ¢ = 10 Mie absorption and scattering cross sections,
respectively. The Mie scattering cross section for ¢ = 100 nm has been reduced by a factor
of two to fit within each panel. The black trace is the total photothermal signal, while the
blue and red traces are the sum of the sine and cosine parts of |®y,| and |y, |, respectively.
In all panels, the heating beam wavelength is varied while the probe beam wavelength is
fixed at 785 nm. The beam waists at the focus of the pump and probe lasers are taken
to be diffraction limited at each wavelength. Specific pump and probe wavelengths, beam
waists, and focal positions z,, (0 —1 pm) and z,, (0.9 pm) are chosen to be consistent with
experiment (see below). (B) Replot of data from (A) with normalized Mie absorption (shaded
gray) overlaid against the normalized total photothermal signals at the three different powers
chosen to model the experimental conditions described below.
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300 uW, respectively, using a pump beam waist ranging from 216 nm to 456 nm depending on
the pump wavelength. For the a = 10 and 20 nm nanoparticles the interference contribution
(blue) dominates the signal and ® closely tracks the absorption cross section (black lineshape
compared to shaded gray lineshape) as can be seen most clearly in Fig. 2b. These numerical
results indicate that photothermal imaging may be used as a proxy for an absorption cross
section measurement for small particles at these pump powers, an understanding that has
been well established in the literature for lower pump powers.% For the a = 100 nm nanopar-
ticle, both interference (blue) and scattering (red) contributions contribute nearly equally to
the signal, and the photothermal spectrum only approximately tracks the absorption cross
section lineshape, with deviations occurring at longer wavelengths. However, as the pump
power decreases, the photothermal spectrum of the 100 nm radius particles approaches the

lineshape of the absorption cross section.
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Figure 3: Photothermal signal as a function of pump laser power at a fixed pump (532 nm)
and probe (785 nm) wavelength for 10 nm (green), 20 nm (red), and 100 nm (blue) radius
gold nanospheres. The relationship between the pump laser power and the photothermal
signal is approximately linear for the 10 nm and 20 nm radius nanospheres. However, for
larger particles, the dependency of the signal on the pump power becomes nonlinear. The
inset shows the photothermal signals normalized to the highest pump power.

To further investigate the pump power dependence demonstrated in Fig. 2, Fig. 3
displays the evolution of the photothermal signal with varying pump power for the a = 10,

20, and 100 nm gold nanoparticles described previously. The pump laser wavelength is fixed
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at 532 nm and the probe laser wavelength is 785 nm. For 10 nm (green trace) and 20 nm
(red trace) particles, the photothermal signal depends approximately linearly upon pump
power. However, for the 100 nm particles (blue trace) a pronounced nonlinearity in pump
power dependence is clearly evident. This nonlinear behavior exhibited in the second term
of the scattering-like contribution ®__ s in Eq. 18 and calculated in Fig. 3 for realistic
experimental parameters (see below) is surprising, given the quadratic dependence upon the
small (~ 107* K™') thermo-optic coefficients of the nanoparticle and surrounding medium.

However, this quadratic dependence clearly becomes relevant in the photothermal response

of large particles at higher pump powers.

Experiment

To test the predictions of our theoretical model of photothermal imaging and spectroscopy,
we imaged samples of gold nanoparticles with nominal radii of 10, 20, and 100 nm with our
confocal, photothermal microscope. Fig. 4 summarizes their optical extinction and size dis-
tribution. The nanoparticle samples were spincast onto separate glass coverslips. Adhesive
rubber spacers were used to make wells, which were filled with glycerol and sealed by placing
an additional glass coverslip on top forming a glass-gold nanoparticle-glycerol-glass sandwich.
The samples were imaged on our photothermal microscope described previously. 1! Briefly,
the intensity modulated 532 nm pump and unmodulated 785 nm probe lasers (Coherent,
Obis) were colinearly focused onto the sample using a 63 x /1.4 numerical aperture (NA)
objective (Zeiss, Plan-Apochromat). The pump and probe beam diameters are 260 and
650 nm at full width at half maximum (FWHM), respectively, measured via a knife edge
method. The transmitted probe beam was collected with a 40 x /0.6 NA objective (Zeiss,
Plan-Neofluoar) and focused onto a Si photodiode (FEMTO, HCA-S 200M-Si) and the pho-
tothermally modulated signal was detected with a lock-in amplifier (SRS, SR844) at the

pump beam modulation frequency of 100 kHz.
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Figure 4: Ensemble extinction spectra of (A) 10, (B) 20, and (C) 100 nm radius gold
nanoparticles in water. Solid lines indicate experimental spectra and dashed lines indicate the
corresponding theoretical Mie theory extinction spectra in a 1.33 refractive index medium.
Dashed green and red lines correspond to the pump and probe wavelengths of 532 and
785 nm, respectively. Particle size distributions of (D) 10, (E) 20, and (F) 100 nm radius
gold nanoparticles. Insets: representative transmission electron microscopy images. The
distributions are presented in panels D-F with the numbers of particles, and particle size
means and standard deviations indicated.
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Photothermal images of the 10, 20, and 100 nm radius gold nanoparticles were obtained
by using a nanopositioning piezo stage (Physik Instrumente, PI-517.2CL) to scan the sample
through the focus of the pump and probe laser beams generating a photothermal image of the
gold nanoparticles as demonstrated in Fig. 5A—C. The photothermal intensity is measured
as the ratio of the maximum lock-in amplitude of each particle to the probe power measured
before the microscope with units of mV/mW. We use this definition of photothermal intensity
for the experiments, normalizing to the probe power, because the probe power had to be
changed between the different particle sizes to keep the modulated signal within the operating
limits of the lock-in amplifier. To ensure that these different probe powers did not introduce
any unexpected behavior, we confirmed that the probe power dependence is linear for all
probe powers tested (Fig. S1), as is expected from previous literature® and theory. Fig.
5D shows that the photothermal intensity is clearly size dependent with the 20 nm radius
gold nanoparticles having a maximum signal that is approximately 8x that of the 10 nm
radius gold nanoparticles at the same pump power. This change in photothermal intensity

is consistent with previous experimental results®*

as well as the theory of the generalized
photothermal signal presented above where photothermal signal scales with the cube of the
nanoparticle radius in the small particle limit, Eq. 12. However, the photothermal intensity
increases by only 3.6x (Fig. 5D) when increasing the size from 20 nm to 100 nm radius
for a similar pump power due to additional resonance effects of the 100 nm radius gold
nanoparticle at the probe wavelength of 785 nm (Fig. 4C), similar to the effect seen in Fig.
2 when comparing the photothermal signal of different gold nanoparticle sizes at a constant
pump power and wavelength.

We further investigated the size and pump power dependence of the photothermal signal
by recording photothermal images of the 10, 20, and 100 nm radius gold nanoparticles under
various pump powers between 20 and 310 W measured at the sample plane (50 — 750 kW -

cm™?). To ensure that the observed trends were robust and that there was no photothermal

damage to our nanoparticles under the highest pump powers, we varied the pump powers
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Figure 5: Single particle photothermal images of (A) 10, (B) 20, and (C) 100 nm radius
gold nanoparticles under similar pump powers. Scale bars are 2 um. Note the differences
in photothermal intensities and PSF spot sizes. (D) Intensity distributions for the particles

shown in A—C. The green, red, and blue histograms are the 10, 20, and 100 nm radius gold
nanoparticles, respectively.
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in random order and repeated each measurement three times. We further verified that no
damage occurred by comparing correlated SEM images of 100 nm radius gold nanoparticles
that were either exposed or unexposed to our highest pump power of 310 uW. The size
distributions are shown in Fig. S2 and a one-way analysis of variance revealed that there
was not a statistically significant difference between the exposed and unexposed particle sizes
(F(1, 266) = 0.25, p = 0.62).

We first compare the effect of the pump power on the size of the image point spread
function (PSF), Fig. 6. We fit the photothermal PSFs with 2D Gaussians to determine the
FWHM of the gold nanoparticles as a function of pump power. Example linesections and
single particle images are presented in Fig. 6A-F for low power (60 uW, 150 kW -cm™2) and
high power (210 uW, 525 kW - cm™2) excitations. The entire power range is summarized
in Fig. 6G. At low power, as the particle increases in size, the FWHM increases due to a
convolution of the gold nanoparticle size and the pump beam width (260 nm FWHM). This
effect accounts for a broadening of ~3 and 70 nm for the 20 and 100 nm radius nanoparticles,
respectively. Additional broadening of the PSF could be due to changes in the probe beam
focus position, which was changed commensurately with the pump beam to maximize the
intensity of the photothermal signal for each particle size. For the 10 and 20 nm radius gold
nanoparticles, we observe a power independent photothermal PSF FWHM (Fig. 6A-D, G),
consistent with theoretical analysis in the small particle limit, Eqs. 12 and S8. However, in
the large particle limit, the photothermal PSF has contributions from both the ®;,; and ®g,
terms leading to a narrowing of the photothermal PSF at higher pump powers (Fig. 6F, G)
as described by Eqgs. 17 and S2. Note, the intensity spike in the PSF in Fig. 6F is random;
some particles exhibit a spike, while some do not.

We next compare the effect of the pump power on the photothermal intensities for the
gold nanoparticles extracted from the photothermal images, Fig. 7. The photothermal
intensity is defined the same way as in Fig. 5. For the small 10 and 20 nm radius gold

nanoparticles we observe the expected linear pump power relationship as described in the
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Figure 6: (A-F) Single particle photothermal linesections for individual 10, 20, and 100
nm gold nanoparticles under low (150 kW - cm™2) and high (525 kW - cm™2) pump powers.
Dashed lines are Gaussian fits. Insets: PSFs of single particles correspond to the linesections.
Scale bars are 500 nm. (G) Mean FWHM as a function of pump power for each of the
nanoparticle size distributions. Error bars are standard deviation from multiple particles
within each image and with three repeat measurements.
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small particle limit where ®;,, is linearly-dependent on F,, and Py, < &2 ° However,
for the large 100 nm radius gold nanoparticles, we observe a linear plus quadratic pump
power dependence due to the Pgu term in ®g.,. While the magnitudes of the pump power
dependencies are different between theory and experiment, possibly due to the influence of
the substrate in the experiment which is not modeled in the analytical theory, the qualitative
trends remain. We note that this nonlinear trend could also be observed by locking into 2€2
modulation to directly measure the quadratic term in ®g.,, though that is not done in this
work. Thus, the major trends expected from the generalized photothermal theory presented

above are experimentally supported.
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Figure 7: Pump power dependence of the 10 (green), 20 (red), and 100 (blue) nm radius gold
nanoparticles. The solid lines are fits to the data. Inset: normalized to the highest pump
power.

Conclusion

In this article, we assess the scattering effects of large nanoparticles upon the confocal pho-
tothermal experiment using an effective dipole model and companion photothermal spec-
troscopy and imaging experiments of individual plasmonic gold nanoparticles. For small
nanoparticles (ka < 1), the pump wavelength-resolved photothermal signal is directly pro-

portional to the absorption cross section, as is well understood in the literature. However for
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larger nanoparticles (ka ~ 1), we find the photothermal spectrum to deviate from the absorp-
tion spectrum through the addition of a new scattering term ®., that depends nonlinearly
upon the pump intensity. While ®., resembles the scattering cross section o4, of a dipole,
i.e., both carry the same k* and |a|? dependence, the two signals are distinctly different
in their underlying polarizabilities: @, is proportional to the photothermal polarizability
ape(t) = a(Ty) + (dopt/dn)(dn/dT) TOT(t), while 0., depends upon the Mie polarizability
a(Tp). As aresult of this photothermal scattering term, the photothermal spectrum of larger
nanoparticles at higher pump intensities is no longer directly proportional to the absorption
cross section. These predictions, which distinguish small and large nanoparticle limits, are
evaluated by companion experiments of pump laser power-dependent photothermal images
of spherical gold nanoparticles from ~ 10 — 100 nm in radius and ~ 20 — 300 W in pump
power (50 — 750 kW - cm™~2), where the nonlinearity begins to dominate at pump intensities
in excess of 500 kW - cm~2 for the ~ 100 nm radius particles. Excellent agreement between
experiment and prediction is shown, highlighting the importance of photothermally induced
scattering upon the interpretation of the photothermal signal from larger nanoparticles at

higher pump intensities.
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