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S1 Heat equation in cylindrical coordinates

We consider the laser energy is initially absorbed by absorber according to absorption co-

efficient. Therefore, heat is generated internally throughout the solid absorber at a rate of

g(r, z, t) per unit volume (W/m3).

The time dependent heating source term can be expressed as

g(r, z, t) = gV (r, z) ∗
∏(

t

tp

)
(S1)

where
∏(

t
tp

)
is the rectangular box function of length tp. gV (r, z) is the product of the

optical absorption coefficient and the optical fluence

gV (r, z) = µa · P/Af (S2)

where µa is the optical absorption coefficient, P is the excitation laser power and Af is the

optical fluence area. The sample is coated on a semi-infinite thick substrate, and covered by

dry air.

The whole system can be treated as either a semi-infinite body over the domain 0 < r <∞

or a finite body with a radius of Rmat, provided that Rmat is sufficiently large enough to

contains all possible mode solutions. The system is described by Fourier’s law with the fol-

lowing initial conditions (IC) and boundary conditions (BC):

∂2T (r, z, t)

∂r2
+

1

r

∂T (r, z, t)

∂r
+
∂2T (r, z, t)

∂z2
+
g(r, z, t)

κ
=

1

α

∂T (r, z, t)

∂t
in t ≥ 0 (S3)
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With boundary conditions

BC1 :
∂T (r, z, t)

∂r
= 0 at r = 0 (symmetry)

BC2 : T (r = Rmat, z, t) = 0

BC3 : T (r, z = 0, t) = 0 (substrate is perfect heat sink)

BC4 :
∂T (r, z, t)

∂z
= 0 at z = hmat (air is insulating)

IC : T (r, z, t = 0) = F (r, z)

(S4)

t is time, r is the radial distance, κ is the thermal conductivity. In the following, we take

room temperature as zero, T is variant above room temperature. α is the thermal diffusivity

defined as:

α =
κ

ρCp
(S5)

where ρ is the density and Cp is the specific heat capacity. Note: BC1 is the symmetry

condition, BC2 implies that the sample is a finite cylinder with a constant temperature at

the sides. This BC was chosen over the alternative option of a semi-infinite sample because

it allows for a solution that is easier to handle analytically. If Rmat is large enough the

solutions are almost identical. BC3 and BC4 indicate that the sample is finite in z direction

with a constant temperature at sample/substrate interface and insulation condition at top

sample/air interface.

To determine the desired Green’s function, we consider the homogeneous version of the

problem defined above, which we will denote as Ψ(r, z, t), for the same region:

∂2Ψ(r, z, t)

∂r2
+

1

r

∂Ψ(r, z, t)

∂r
+
∂2Ψ(r, z, t)

∂z2
=

1

α

∂Ψ(r, z, t)

∂t
in 0 ≤ r ≤ Rmat, 0 ≤ z ≤ hmat

(S6)

Now, with all homogeneous boundary conditions, we split our solution into three independent

functions

Ψ(r, z, t) = R(r)Z(z)Γ(t) (S7)
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which after substitution into equation S6 yields,

1

R

(
d2R

dr2
+

1

r

dR

dr

)
+

1

Z

d2Z

dz2
=

1

αΓ

dΓ

dt
= −λ2 (S8)

Solution of separated ODE in the t dimension yields the expected form

Γ(t) = C1e
−αλ2t (S9)

with the remaining terms of equation S8 yielding

1

R

(
d2R

dr2
+

1

r

dR

dr

)
+ λ2 = − 1

Z

d2Z

dz2
= η2 (S10)

Solution of the z-dimension ODE yields the desired solution form

Z(z) = C2 cos ηz + C3 sin ηz (S11)

Applying BC3 yields constant C2 = 0, while applying BC4 yields the eigenvalues for integer

values of n

η =
π

2hmat

(2n+ 1), n = 0, 1, 2, ... (S12)

We now consider the remaining r terms of equation S10, where we first let β2 = λ2−η2, and

then multiply both sides by function R, yielding

d2R

dr2
+

1

r

dR

dr
+ β2R = 0 (S13)

This is the Bessel equation of order zero, and the elementary solutions areS1

R(r) = C4J0(βr) + C5Y0(βr) (S14)
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where J0(βr) and Y0(βr) are Bessel functions of order zero. The requirement of symmetry

condition stated by BC1 eliminates the Y0(βr) term, while BC2 then yields

C4J0(βmRmat) = 0 for m = 0, 1, 2, 3, .. (S15)

Now λnm is,

λ2nm = β2
m + η2n (S16)

having defined the eigenvalues and eigenfunctions for both spatial dimensions, we form a

product solution of the separated functions and sum over all possible solutions, yielding

Ψ(r, z, t) =
∞∑
n=0

∞∑
m=0

CnmJ0(βmr)sin(ηnz)e
−αλ2

nmt (S17)

The initial condition applied yielding

Ψ(t = 0) = F (r, z) =
∞∑
n=0

∞∑
m=0

CnmJ0(βmr)sin(ηnz) (S18)

To find the Fourier coefficients, we use the property of orthogonality of our two enigenfunc-

tions over their respective intervals by applying successively the following operators to both

sides of Eq. S18:S2

∗
∫ hmat

z=0

sin(ηiz)dz and ∗
∫ Rmat

r=0

rJ0(βjr)dr (S19)

which yields,

Cnm =

∫ hmat

z=0

∫ Rmat

r=0
F (r, z)rJ0(βmr)sin(ηnz)drdz∫ hmat

z=0

∫ Rmat

r=0
rJ2

0 (βmr)sin
2(ηnz)drdz

(S20)

The solution of the integrals in the denominator areS1

∫ Rmat

r=0

rJ0(βmr)dr =
Rmat

βm
J1(βmRmat) (S21)

∫ Rmat

r=0

rJ2
0 (βmr)dr =

R2
mat

2
J2
1 (βmRmat) (S22)
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∫ hmat

z=0

sin2(ηnz)dz =
hmat

2
(S23)

The solution in our general form, introducing the Fourier constants, namely,

Ψ(r, z, t) =
∞∑
n=0

∞∑
m=0

4J0(βmr)sin(ηnz)e
−αλ2

nmt

hmatR2
matJ

2
1 (βmRmat)

×
∫ hmat

z′=0

∫ Rmat

r′=0

F (r′, z′)r′J0(βmr
′)sin(ηnz

′)dr′dz′

(S24)

We now reformulate the above solution into

Ψ(r, z, t) =

∫ hmat

z′=0

∫ Rmat

r′=0

[
∞∑
n=0

∞∑
m=0

4J0(βmr)sin(ηnz)e
−αλ2

nmt

hmatR2
matJ

2
1 (βmRmat)

J0(βmr
′)sin(ηnz

′)

]

× F (r′, z′)r′dr′dz′

(S25)

The solution of the homogeneous problem S6 in terms of Green’s function is given as

Ψ(r, z, t) =

∫ L

z′=0

∫ b

r′=0

G(r, z, t|r′, z′, t′)|t′=0F (r
′, z′)r′dr′dz′ (S26)

By comparing this solution with equation S24, we readily conclude that G(r, z, t|r′, z′, t′)|t′=0

is given by

G(r, z, t|r′, z′, t′)|t′=0 =
∞∑
n=0

∞∑
m=0

4J0(βmr)sin(ηnz)

hmatR2
matJ

2
1 (βmRmat)

J0(βmr
′)sin(ηnz

′)e−αλ2
nmt (S27)

Green’s function G(r, z, t|r′, z′, t′) is now determined by replacing t with t− t′, yielding the

resultS2

G(r, z, t|r′, z′, t′) =
∞∑
n=0

∞∑
n=0

∞∑
m=0

4J0(βmr)sin(ηnz)

hmatR2
matJ

2
1 (βmRmat)

J0(βmr
′)sin(ηnz

′)e−αλ2
nm(t−t′) (S28)

Then the solution of the non-homogeneous problem of equation (S3) in terms of the above

Greens’s function is given, according to equation (S28) asS2
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T (r, z, t) =

∫ hmat

z′=0

∫ Rmat

r′=0

G(r, z, t|r′, z′, t′)|t′=0F (r
′, z′)r′dr′dz′

+
α

κ

∫ t

t′>0

∫ hmat

z′=0

∫ Rmat

r′=0

G(r, z, t|r′, z′, t′)g(r′, z′, t′)r′dr′dz′

− α

∫ t

t′=0

∫ hmat

z′=0

[
r′
∂′G(r, z, t|r′, z′, t′)

∂r′

]
r′=b

f(t′)dt′

+ α

∫ t

t′=0

∫ Rmat

r′=0

[
r′
∂′G(r, z, t|r′, z′, t′)

∂z′

]
z′=0

f(t′)dt′

− α

∫ t

t′=0

∫ Rmat

r′=0

[
r′
∂′G(r, z, t|r′, z′, t′)

∂z′

]
z′=hmat

f(t′)dt′

(S29)

where f(t) is a prescribed temperature maintained at the boundaries. In our case, the

medium is initially at room temperature with zero temperature variation, and temperature

at boundary is not maintained. So F (r, z) = 0, f(t) = 0, then the solution of the non-

homogeneous problem defined by equation (S3) is given in terms of the Green’s function

becomes in variable form:

T (r, z, t) =
α

κ

∫ t

t′>0

∫ hmat

z′=0

∫ Rmat

r′=0

G(r, z, t|r′, z′, t′)g(r′, z′, t′)r′dr′dz′ (S30)

Introducing the Green’s function of equation (S28) into equation (S30). We define the heat

source as

g(r′, z′, t′) = gV (r
′, z′) ∗

∏
(
t′

tp
), in 0 ≤ r′ ≤ a, z0 −Rabs ≤ z′ ≤ z0 +Rabs, t ≥ 0 (S31)
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Substitution of the above equation and Green’s function S28 into equation S30 yielding the

overall temperature solution

T (r, z, t) =
α

κ

∫ tp

t′=0

∫ z0+Rabs

z′=z0−Rabs

∫ Rabs

r′=0

∞∑
n=0

∞∑
m=0

4J0(βmr)sin(ηnz)

hmatR2
matJ

2
1 (βmRmat)

× r′J0(βmr
′)sin(ηnz

′)e−αλ2
nm(t−t′)gV (r

′, z′)
∏

(
t′

tp
)dr′dz′dt′

=
∞∑
n=0

∞∑
m=0

A(βm, ηn)J0(βmr)sin(ηnz)


1− e−αλ2

nmt in 0 ≤ t ≤ tp

(eαλ
2
nmtp − 1)e−αλ2

nmt for t > tp

(S32)

where A(βm, ηn) = 8RabsgV
κhmatR2

mat

J1(βmRabs)sin(ηnz0)sin(ηnRabs)

J2
1 (βmRmat)λ2

nmβmηn
. While until now, we only consider

a single pulse, to model the pulse chain, we set parameter of laser repetition rate as frep,

therefore, a single pulse period is 1/frep. Eq. S32 can be modified as

T (r, z, t) =
∞∑

N=1

∞∑
n=0

∞∑
m=0

A(βm, ηn)J0(βmr)sin(ηnz)

×


1− e

−αλ2
nm(t− 1

frep
(N−1))

in 1
frep

(N − 1) ≤ t ≤ tp +
1

frep
(N − 1)

(eαλ
2
nmtp − 1)e

−αλ2
nm(t− 1

frep
(N−1))

in tp +
1

frep
(N − 1) < t < 1

frep
N

(S33)

S2 Thermo-elastic equation

Following Noda et al,S3 the Navier’s equations for axisymmetric thermoelastic problems

without the body forces can be expressed as

▽2uz +
1

1− 2v

∂e

∂z
− 2αz(

1 + v

1− 2v
)
∂T

∂z
= 0 (S34)
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where

▽2 =
∂2

∂r2
+

1

r

∂

∂r
+

∂2

∂z2
(S35)

where E Young’s modulus, αz coefficient of linear thermal expansion, v Poisson ratio. e is

the dilatation defined by the sum of strain components

e = ϵxx + ϵyy + ϵzz (S36)

The solution of Naviers equations without body forces can be expressed by Goodiers

thermoelastic displacement potential Φ and Boussinesq harmonic functions φ and ψ under

the axisymmetric conditions.

uz =
∂Φ

∂z
+
∂φ

∂z
+ z

∂ψ

∂z
− (3− 4v)ψ (S37)

in which the Goodiers thermoelastic displacement potential Φ must satisfy the governing

equations

▽2Φ = KT, (S38)

where K is Restraint coefficient defined asS3

K =
β

λ+ 2µ
= (

1 + v

1− v
)αz (S39)

where β is the thermoelastic constant, λ and µ are Lames elastic constants, αz coefficient

of the linear thermal expansion. Boussinesq harmonic functions φ and ψ must satisfy the

governing equations

▽2φ =
∂2φ

∂r2
+

1

r

∂φ

∂r
+
∂2φ

∂z2
= 0 (S40)
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▽2ψ =
∂2ψ

∂r2
+

1

r

∂ψ

∂r
+
∂2ψ

∂z2
= 0 (S41)

The components of the stress are represented by the Goodier thermoelastic displacement

potential Φ and Boussinesq harmonic functions φ, ψ are:

σrr = 2G

(
∂2Φ

∂r2
−KT +

∂2φ

∂r2
+ z

∂2ψ

∂r2
− 2v

∂ψ

∂z

)
(S42)

σθθ = 2G

(
1

r

∂Φ

∂r
−KT +

1

r

∂φ

∂r
+
z

r

∂ψ

∂r
− 2v

∂ψ

∂z

)
(S43)

σzz = 2G

[
∂2Φ

∂z2
−KT +

∂2φ

∂z2
+ z

∂2ψ

∂z2
− 2(1− v)

∂ψ

∂z

]
(S44)

σzr = 2G

[
∂2Φ

∂r∂z
+

∂2φ

∂r∂z
+ z

∂2ψ

∂r∂z
− (1− 2v)

∂ψ

∂r

]
(S45)

Referring to Eq.S41 and S40, the functions φ and ψ can be expressed by use of integrals

satisfying the solution form as shown onS3 under the axial symmetric condition,

φ =
∞∑
n=0

∞∑
m=0

BJ0(βmr)e
−βmz (S46)

ψ =
∞∑
n=0

∞∑
m=0

CJ0(βmr)e
−βmz (S47)
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The Goodier thermoelastic displacement potential Φ can be expressed as,

Φ(r, z, t) =
∞∑
n=0

∞∑
m=0

−A(βm, ηn)K
β2
m + η2n

J0(βmr)sin(ηnz)T (t) (S48)

Substituting Eq.S46, S47 and S48 into S37, the displacement is

uz(r, z, t)) =
∞∑
n=0

∞∑
m=0

[
−A(βm, ηn)Kηn

β2
m + η2n

J0(βmr)cos(ηnz)T (t)

+ ((B + zC)βm − (3− 4v)C)J0(βmr)e
−βmz

] (S49)

The boundary conditions on the traction free surface are

σzz = 0, σzr = 0 on z = hmat (S50)

The unknown functions B and C can be determined from the boundary conditions S50

C =
A(βm, ηn)K

βme−βmL
(

η2n
β2
m + η2n

+ 1)T (t) (S51)

B = −1− 2v + Lβm
βm

C (S52)

Substituting Eq.S52 and S51 into Eq. S49, the displacements at surface can be simplified

as,

uz(r, hmat, t) =
∞∑
n=0

∞∑
m=0

2(v − 1)A(βm, ηn)K

βm
(

η2n
β2
m + η2n

+ 1)J0(βmr)T (t) (S53)
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S3 Material Properties

Table 1: Parameters used in finite-difference time domain model and PSF model of AFM-IR
simulations. The thermal, mechanical and thermo-mechanical properties listed below.

Property* PMMA PE air silicon
absorption coefficient (1/cm) 960S4 - - -

coefficient of thermal expansion (1/k) 193.6× 10−6 S5 150× 10−6 S6 - 2.6× 10−6 S7

thermal conductivity (W/(m· k)) 0.192S8 0.25S9 0.025S10 130S7

density (kg/m3) 1190S11 930S12 1.2S10 2329S7

heat capacity (J/(kg·k)) 1420S13 1900S14 1015S10 700S7

Young’s modulus (GPa) 2.4S15 1S12 - 170S16

Poisson’s ratio 0.37S15 0.46S12 - 0.28S16

*These values are treated as exact numbers for the purpose of simulations.

Figure S1: Surface temperature for three different laser pulse widths and depth
positions of the obsorber. (a) Temperature profile is examined for three different pulse
widths at a laser repetition rate of 500 kHz. The absorber is positioned at a depth of z0
= 0.9 µm. (b) Temperature profile is examined for three different depth positions of the
obsorber. At a laser repetition rate of 500 kHz and a pulse width of 100 ns.
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Figure S2: Thermo-elastic surface displacement profile are examined for three different depth
positions of the obsorber. At a laser repetition rate of 500 kHz and a pulse width of 100 ns.
When z0 = 0.95 µm, the PMMA bead is 20 nm outside of the surface .

Figure S3: Mean percentage difference analysis of integrated temperature and displacement
between PSF model of AFM-IR and FEM simulations at tested pulse widths and depth
positions of the absorber.
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Figure S4: Surface displacement profiles for different geometries and material
properties. (a) displacement profile are examined for three different sizes of the obsorber;
(b) normalized displacement profile for absorbers in three different sizes; (c) displacement
profile are examined for three different specific heat capacities of the matrix; (b) normalized
displacement profile at three different specific heat capacity of the matrix; . (e) displacement
profile are examined for three different thermal conductivity coefficients of the matrix; (f)
normalized displacement profile at three different thermal conductivity coefficients of the
matrix .
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Figure S5: The left side exhibits the frequency domain characteristics of a rectangular func-
tion, whereas the right side illustrates the power pulse width function.
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Figure S6: AFM-IR images were obtained for various laser repetition rates of 282 kHz,
508 kHz, 831 kHz, and 1231 kHz at a pulse width of 100 ns.
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Figure S7: FWHM of AFM-IR signal cross section was measured at laser repetition rates
of 282 kHz, 508 kHz, 831 kHz, and 1231 kHz. Simulated line from the PSF model, excluding
the consideration of interfacial thermal resistance.
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Figure S8: Experimental AFM-IR images were obtained using a series of laser pulse widths
ranging from 100 ns to 500 ns at a laser repetition rate of 282 kHz.
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Figure S9: Simulated surface displacement profiles at different pulse widths based on PSF
model of AFM-IR. Considering laser power 4.5mW, beam diameter rlaser = 10 µm, diameter
of 140 nm for the absorber, positioned at a depth of 0.93 µm, tightly under the surface.

Figure S10: Calculated scaling factors for surface displacement and AFM-IR signal at dif-
ferent pulse widths ranging from 100 ns to 500 ns. (a) Peak AFM-IR signal and surface
displacement. (b) Integrated AFM-IR signal and surface displacement.
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Figure S11: Measurement of another PMMA bead, showcasing further examples and in-
sights into the behavior and characteristics of the PMMA beads in the study. PMMA bead
measurement under condition of laser repetition rate 287 kHz, pulse length 100 ns. (a)
AFM topography image of a PMMA nanoparticle. (b) AFM-IR spectra obtained on the
position C and D, respectively. (c) Corresponding AFM-IR chemical map at 1730 cm−1.
The dashed line corresponds to the profile in (d). (d) Cross section profile of the AFM-IR
signal distribution.
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S4 Fluorescence microscopy

Taking advantage of the carboxylated surface modification of the PMMA nano-beads (Exci-

tation wavelengths: 450-565nm; Emission wavelengths: 540-620nm), fluorescence microscopy

is enabled. This not only allows us the registration of the location of interest for the following

AFM-IR measurements, but also enables fluorescence stacking images to get a first idea of

the sample composition (see Fig. S12). These measurements were carried out using a WiTec

alpha300 R Confocal Microscope (WiTec GmbH).
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Figure S12: Comparison of simulated confocal imaging with AFM-IR chemical mapping. (a)
Simulated PSF of confocal imaging at N.A. 0.9 and 540 nm emission wavelength. (b) Mea-
sured confocal fluorescence imaging of single PMMA bead. (c) Simulated 140 nm diameter
size absorber in the center of the sample based on PSF of AFM-IR with 100 ns laser pulse
width and 287 kHz repetition rate. (d) Measured AFM-IR chemical imaging at wavenumber
1730 cm−1 with 100 ns laser pulse width and 287 kHz repetition rate.
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