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1. Modeling absorption cross-sections 

     The underlying idea behind Equation 1 in the main text involves Maxwell Garnett effective 

medium theory1,2, which models the effective (complex) dielectric constant (휀�̃�𝑓𝑓 = 휀1
′ + 𝑖휀2

′ ) of 

a medium as that of a matrix with foreign inclusions embedded within it.  For spherical inclusions 

with a volume fraction, p, Maxwell-Garnett shows that 

휀�̃�𝑓𝑓 = 휀𝑚 [1 +
3𝑝(

�̃�𝑠(𝜔)−𝜀𝑚
�̃�𝑠(𝜔)+2𝜀𝑚

)

1−𝑝(
�̃�𝑠(𝜔)−𝜀𝑚

�̃�𝑠(𝜔)+2𝜀𝑚
)
]                                                     (S1) 

where 휀𝑚 is the dielectric constant of the matrix, assumed to be real, and 휀�̃�(𝜔) = 휀1 + 𝑖휀2 is the 

complex dielectric constant of the semiconductor.  In the limit p<<1, the imaginary part of the 

effective medium’s dielectric constant is 

휀2
′ = 9𝑝휀𝑚

2 2

( 1+2 𝑚)2+ 2
2.                                                           (S2) 

Equation S2 is, in turn, linked to the medium’s extinction coefficient, 𝜅′, via 𝜅′ = 2
′

2𝑛′ where 𝑛′ is 

the real part of the medium’s complex refractive index.  What results is 

𝜅′ =
𝑝

2𝑛′
|𝑓(𝜔)|2휀2                                                             (S3) 

with 𝑓(𝜔) =
3 𝑚

̃𝑠(𝜔)+2 𝑚
 being the local field factor for the spherical inclusion.  By relating 𝜅′ to 

the medium’s absorption coefficient via 𝛼′ =
2𝜔𝑘′

𝑐
 and by using the relationship 휀2 = 2𝑛𝑠𝑘𝑠 as 

well as by assuming that 𝑛′ ≈ 𝑛𝑚, with 𝑛𝑚the refractive index of the matrix, we find 

𝛼′ =
𝜔

𝑛𝑚𝑐
𝑝|𝑓(𝜔)|22𝑛𝑠𝑘𝑠.                                                       (S4) 

Equation S4 can be expressed in terms of the cross section () as 𝛼′ = 𝐶𝜎(𝜔) where 𝐶 =
𝑁

𝑉𝑡𝑜𝑡
 is 

the number density of inclusions in the matrix, expressed in terms of N, the absolute number of 
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inclusions and Vtot, the total volume of the matrix.  Since 𝑝 =
𝑁𝑉

𝑉𝑡𝑜𝑡
, where V is the volume of an 

individual inclusion, the desired absorption cross section of the spherical particle is 

𝜎(𝜔) =
𝜔

𝑛𝑚𝑐
𝑉 |

3 𝑚

̃𝑠(𝜔)+2 𝑚
|

2
(2𝑛𝑠𝑘𝑠)                                              (S5) 

with 𝑉 =
4

3
𝜋𝑎3 and a the particle’s radius.  This is Equation 2 of the main text. 

 

2. Tables of QD, NR, and NW absorption cross-sections 

Table S1.  Compilation of semiconductor QD absorption cross sections. 

System Band edge 

molar 

extinction 

coefficient  (M-1 

cm-1) 

Band edge 

absorption cross 

section (cm2) 

Molar extinction 

coefficient at 

other 

wavelengths (M-

1 cm-1) 

Absorption 

cross section at 

other 

wavelengths 

(cm2) 

Reference 

ZnS (a=1.0-1.8 nm) 

2.9x106-6.3x106 

(a=1.0-1.8 nm) 

1.1x10-14-2.4x10-

14 

  3 

ZnSe (a=1.4-2.4 nm) 

8.6x104-2.4x105 

(a=1.4-2.4 nm)  

3.3x10-16-9.3x10-

16 

  4 

CdS (a=0.65-4.8 

nm) 

8.0x103-7.4x102 

(a=0.65-4.8 nm) 

3.0x10-17-2.8x10-

18 

  5 

 (a=0.75-2.7 

nm) 

7.4x104-9.9x105 

(a=0.75-2.7 nm) 

2.8x10-16-3.8x10-

15 

  6 

 (a=2.3-2.7 nm) 

6.8x105-1.1x106 

(a=2.3-2.7 nm) 

2.6x10-15-4.1x10-

15 

  7 

 (a=1.1-2.9 nm) 

3.1x105-1.2x106 

(a=1.1-2.9 nm) 

1.2x10-15-4.7x10-

15 

  8 

CsPbBr3 (a=3.8-5.5 nm) 

9.2x105-3.4x106 

(a=3.8-5.5 nm) 

3.5x10-15-1.3x10-

14 

  9 

CdSe (a=1.4-2.8 nm) 

3.8x105-9.2x105 

(a=1.4-2.8 nm) 

1.5x10-15-3.5x10-

15 

  4 
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 (a=0.65-2.6 

nm) 

1.4x104-2.1x105 

(a=0.65-2.6 nm) 

5.5x10-17-8.0x10-

16 

  10 

 (a=1.2-3.1 nm) 

2.8x105-1.2x106 

(a=1.2-3.1 nm) 

1.0x10-15-4.7x10-

15 

  11 

 (a=1.1-3.1 nm) 

1.5x104-7.6x105 

(a=1.1-3.1 nm) 

5.8x10-17-2.9x10-

15 

  6 

 (a=1.2-3.4 nm) 

1.7x105-9.7x105 

(a=1.2-3.4 nm) 

6.4x10-16-3.7x10-

15 

(a=1.5-3.0 nm) 

4.6x105-4.0x106 

@350 nm 

(a=1.5-3.0 nm) 

1.8x10-15-

1.5x10-14 

@350 nm 

12 

 (a=1.0-2.8 nm) 

1.6x105-5.3x105 

(a=1.0-2.8 nm) 

5.9x10-16-2.0x10-

15 

  13 

 (a=1.0-3.0 nm) 

2.2x104-4.7x104 

(a=1.0-3.0 nm) 

8.5x10-17-1.8x10-

16 

(a=1.0-3.0 nm) 

1.1x105-2.9x106 

@400 nm 

(a=1.0-3.0 nm) 

4.2x10-16-

1.1x10-14 

@400 nm 

14 

CuInS2 (a=1.3-2.9 nm) 

8.9x104-5.0x105 

(a=1.3-2.9 nm) 

3.4x10-16-1.9x10-

15 

  3 

CdTe (a=1.0-2.0 nm) 

4.5x103-1.1x103 

(a=1.0-2.0 nm) 

1.7x10-17-4.2x10-

18 

  15 

 (a=1.7-3.5 nm) 

6.4x104-6.0x105 

(a=1.7-3.5 nm) 

2.4x10-16-2.3x10-

15 

  6 

 (a=1.0-4.0 nm) 

8.2x102-1.4x106 

(a=1.0-4.0 nm) 

3.1x10-18-5.5x10-

15 

(a=1.0-4.0 nm) 

8.9x104-5.7x106 

@400 nm 

(a=1.0-4.0 nm) 

3.4x10-16-

2.2x10-14 

@400 nm 

14 

InAs (a=1.6-3.5 nm) 

1.7x105-4.0x105 

(a=1.6-3.5 nm) 

6.4x10-16-1.5x10-

15 

(a=1.6-3.5 nm) 

4.7x105-6.0x106 

@450 nm 

(a=1.6-3.5 nm) 

1.8x10-15-

2.3x10-14 

@450 nm 

16 

PbS (a=2.1-3.2 nm) 

1.0x105-3.0x105 

(a=2.1-3.2 nm) 

4.0x10-16-1.1x10-

15 

  17 

PbSe (a=1.6-2.7 nm) 

6.6x104-2.4x105 

(a=1.6-2.7 nm) 

2.5x10-16-9.2x10-

16 

  18 
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Table S2.  Compilation of semiconductor NR and NW absorption cross sections. 

System Band edge absorption cross 

section (cm2mm-1) 

Absorption cross section at other 

wavelengths (cm2mm-1) 

Reference 

CdSe 

NR 

(a=1.7 nm, l=18 nm )-

(a=3.5 nm, l=34 nm) 

5.3x10-15-1.4x10-14 

(a=1.7 nm, l=18 nm )-(a=3.5 nm, 

l=34 nm) 

4.0x10-15-3.0x10-14   

@532 nm 

19 

 (a=1.8 nm, l=24 nm)-(a=2.5 

nm, l=25 nm) 

7.6x10-15-4.6x10-15 

 20 

CdSe 

NW 
(a=3.0 nm, l=1 m)-(a=21 

nm, l=1m) 

6.9x10-13-3.9x10-11 

(a=3.0 nm, l=1 m)-(a=21 nm, 

l=1m) 

6.9x10-13-3.9x10-11 @488 nm 

21 

CdTe 

NW 
(a=3.8 nm, l=1 m)-(a=6.0 

nm, l=1 m) 

4.3x10-13-5.1x10-12 

(a=3.8 nm, l=1 m)-(a=6.0 nm, l=1 

m) 

1.8x10-12-2.0x10-11 @488 nm 

21 

 

 

3. Modeling the PHI signal 

 

Figure S1. Illustration of the observation point M relative to the analyte (center dot).  𝒆𝒓, 𝒆𝜽, and 

𝒆𝝓 (not shown) [𝒆𝒙, 𝒆𝒚, 𝒆𝒛] are the orthonormal basis vectors associated with the spherical 

[Cartesian] coordinate system.  The local heating of the surrounding medium is depicted through 
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grey shaded region.  The incident probe beam approaches the particle from below in the cartoon.  

Reprinted figure with permission from Reference 22. Copyright 2006 by the American Physical 

Society. 

 

     To model the PHI signal, we follow the analysis first presented by Lounis and co-workers.22  

Figure S1 provides a schematic of the coordinate system used in the subsequent modeling.  In the 

analysis, the analyte first absorbs the intensity of a heating laser, which is modulated at a 

frequency, Ω.  The corresponding (modulated) absorbed power, Pabs, is linked to the analyte’s 

absorption cross section via 𝑃𝑎𝑏𝑠 = 𝜎𝐼𝑒𝑥𝑐.  Following relaxation/heat dissipation into the 

surrounding medium, its induced, time-modulated, thermal profile is23 

Δ𝑇(𝑡) =
𝑃𝑎𝑏𝑠

4𝜋𝑘𝜌
[1 + 𝑒

−
𝜌

𝑟𝑡ℎ cos (Ω𝑡 −
𝜌

𝑟𝑡ℎ
)]                                        (S6) 

where 𝑟𝑡ℎ = √
2𝐷

Ω
 is a characteristic heat diffusion length with 𝐷 =

𝜅

𝐶𝑝
 the thermal diffusivity of the 

surrounding medium and  (Cp) the medium’s thermal conductivity (heat capacity per unit 

volume).  What results is a change to the medium’s susceptibility of the form Δχ = 2𝑛𝑚 (
𝜕𝑛𝑚

𝜕𝑇
) Δ𝑇 

where nm is the medium’s refractive index and with (
𝜕𝑛𝑚

𝜕𝑇
) reflecting how sensitive nm is to 

temperature changes. 

     Next, an incident, circularly polarized, probe field is assumed to be incident on the analyte and 

its immediate surroundings.  The probe field is expressed as 𝑬𝑝𝑟𝑜𝑏𝑒(𝝆, 𝑡) = 𝐸𝑜𝑒𝑖(𝒌𝒊⋅𝝆−𝜔𝑡)𝒆+ where 

𝒆+ =
1

√2
(𝒆𝑥 + 𝑖𝒆𝑦).  Its interaction with the medium’s time-modulated susceptibility then yields 

an induced polarization22,24 

𝑷(𝝆, 𝑡) = 𝑜

𝑛𝑚
2 Δ𝜒𝑬𝑝𝑟𝑜𝑏𝑒.                                                      (S7) 
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     At this point, what is ultimately desired is an expression for the scattered field, 𝑬Ω, due to the 

time-modulated susceptibility exhibited by the local medium.  This is done using the Hertz 

potential, 𝚷, via22,24,25 

𝚷 =
1

4𝜋 𝑜
∫ 𝑑3𝝆 ∫ 𝑑𝑡′ 𝑷(𝝆,𝑡)𝛿(𝑡′−𝑡+|𝑹−𝝆|/𝑐𝑚)

|𝑹−𝝆|
.                                       (S8) 

Only time-dependent terms are kept during the evaluation of Equation S8 since this is what is 

eventually monitored in the measurement as the heterodyned signal at Ω.  Furthermore, |𝑹 − 𝝆| ≈

𝑅 is assumed in Equation S8 since the detection in the far field is assumed to be a good distance 

away from the analyte.  What results is  

𝚷 =
1

4𝜋 𝑜
( 𝑜

𝑛𝑚
2 ) [2𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)] [

𝑃𝑎𝑏𝑠

4𝜋𝑘𝑅
] (

𝐸𝑜𝒆+

2
) [𝑒𝑖[𝑘𝒔𝑅−(𝜔−Ω)𝑡] ∫

𝑑3𝝆

𝜌
𝑒

−
𝜌

𝑟𝑡ℎ
+𝑖(𝒌𝒊∙𝝆−

𝜌

𝑟𝑡ℎ
)

+

𝑒𝑖[𝑘𝑠𝑅−(𝜔+Ω)𝑡] ∫
𝑑3𝝆

𝜌
𝑒

−
𝜌

𝑟𝑡ℎ
+𝑖(𝒌𝒊∙𝝆+

𝜌

𝑟𝑡ℎ
)
]. 

Letting 𝒌𝒊 → Δ𝒌 = (𝒌𝑖 − 𝒌𝑠) =
2𝑛𝑚𝜋

𝜆
(𝒆𝒛 − 𝒆𝑹) and defining 

𝐼− = ∫
𝑑3𝝆

𝜌
𝑒

−
𝜌

𝑟𝑡ℎ
+𝑖(𝚫𝒌∙𝝆−

𝜌

𝑟𝑡ℎ
)
                                                  (S9) 

𝐼+ = ∫
𝑑3𝝆

𝜌
𝑒

−
𝜌

𝑟𝑡ℎ
+𝑖(𝚫𝒌∙𝝆+

𝜌

𝑟𝑡ℎ
)
                                                   (S10) 

gives 

𝚷 =
1

𝑜
[2𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)] [

𝑃𝑎𝑏𝑠

(4𝜋)2𝑘𝑅
] ( 𝑜

𝑛𝑚
2 ) [𝐼+𝑒𝑖[𝑘𝑠𝑅−(𝜔+Ω)𝑡] + 𝐼−𝑒𝑖[𝑘𝑠𝑅−(𝜔−Ω)𝑡]] (

𝐸𝑜𝒆+

2
). (S11) 

     I+ and I- are subsequently integrated with 𝑑3𝝆 = 𝜌2 sin 𝜃𝑑𝜃𝑑𝜙𝑑𝜌, Δ𝒌 ∙ 𝝆 = |Δ𝒌|𝜌 cos 𝜃 and 

by ultimately making the substitution 𝑢 = |Δ𝒌|𝑟𝑡ℎ.  What results are the following explicit 

expressions 

𝐼± = 2𝜋𝑟𝑡ℎ
2 [𝑓(𝜃, Ω) ∓ 𝑖𝑔(𝜃, Ω)]                                                 (S12) 

where 
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𝑓(𝜃, Ω) =
1

𝑢
(

𝑢+1

(𝑢+1)2+1
+

𝑢−1

(𝑢−1)2+1
)                                                (S13) 

𝑔(𝜃, Ω) =
1

𝑢
(

1

(𝑢+1)2+1
−

1

(𝑢−1)2+1
).                                              (S14) 

and where 𝑢 = |Δ𝑘|𝑟𝑡ℎ =
4𝑛𝑚𝜋

𝜆
√

2𝐷

Ω
sin (

𝜃

2
). 

The scattered probe field 

     The desired scattered probe electric field is found from22,24 

𝑬Ω = ∇𝑅 × (∇𝑅 × 𝚷)                                                       (S15) 

=
1

2휀𝑜

(𝑬+ + 𝑬−) 

where 

𝑬+ = [2𝑛𝑚 (
𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

(4𝜋)2𝑘𝑅

𝑜

𝑛𝑚
2 ] ∇𝑅 × [∇𝑅 × 𝒆+𝐼+𝐸𝑜𝑒𝑖[𝑘𝑠𝑅−(𝜔+Ω)𝑡]]                 (S16) 

𝑬− = [2𝑛𝑚 (
𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

(4𝜋)2𝑘𝑅

𝑜

𝑛𝑚
2 ] ∇𝑅 × [∇𝑅 × 𝒆+𝐼−𝐸𝑜𝑒𝑖[𝑘𝑠𝑅−(𝜔−Ω)𝑡]].                (S17) 

Subsequent simplification with 𝑟𝑡ℎ
2 =

2𝐷

Ω
 and 𝐷 =

𝑘

𝐶𝑝
 gives 

𝑬Ω =
2𝜋

𝐶𝑝
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

(2𝑛𝑚𝜋)2

𝐸𝑜

𝑅
(

1

2Ω
)] [∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] + ∇𝑅 × ∇𝑅 × 𝒃𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]] (S18) 

with 𝒂 = 𝒆+𝐼+′𝑒−𝑖Ω𝑡, 𝒃 = 𝒆+𝐼−′𝑒−𝑖Ω𝑡, 𝐼+′ = [𝑓(𝜃, Ω) − 𝑖𝑔(𝜃, Ω)], and 𝐼−′ = [𝑓(𝜃, Ω) +

𝑖𝑔(𝜃, Ω)]. 

     The double curl terms in Equation S18 simplify using the identity [∇ × (𝑓𝑨)] = 𝑓(∇ × 𝑨) +

(∇𝑓) × 𝑨 where f is a generic scalar function.  Consequently, the first double curl evaluates as 

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = ∇𝑅 × [∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]] 

                                                                           = ∇𝑅 × [𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡](∇ × 𝒂) + (∇𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]) × 𝒂] 

where (∇ × 𝒂) = 0.  Evaluating the gradient (∇𝑅=
𝜕

𝜕𝑟
𝒆𝑹) then gives  

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = ∇𝑅 × [(∇𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]) × 𝒂] 
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= ∇𝑅 × [𝑖𝑘𝑠𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡](𝒆𝑹 × 𝒂)]. 

A second application of the identity yields 

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = 𝑖𝑘𝑠𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡](∇𝑅 × (𝒆𝑹 × 𝒂)) + ∇𝑅(𝑖𝑘𝑠𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]) × (𝒆𝑹 × 𝒂) 

with (∇𝑅 × (𝒆𝑹 × 𝒂))=0.  What remains is 

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = ∇𝑅(𝑖𝑘𝑠𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]) × (𝒆𝑹 × 𝒂) 

= (𝑖𝑘𝑠)2𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡][𝒆𝑹 × (𝒆𝑹 × 𝒂)]. 

Since 𝑘𝑠 =
2𝑛𝑚𝜋

𝜆
, one obtains 

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = − (
2𝑛𝑚𝜋

𝜆
)

2

𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡][𝒆𝑹 × (𝒆𝑹 × 𝒂)]. 

Subsequent simplification gives 

∇𝑅 × ∇𝑅 × 𝒂𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = − (
2𝑛𝑚𝜋

𝜆
)

2

𝐼+′𝑒−𝑖Ω𝑡𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡][𝒆𝑹 × (𝒆𝑹 × 𝒆+)].         (S19) 

The second double curl in Equation S18 similarly becomes 

∇𝑅 × ∇𝑅 × 𝒃𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡] = − (
2𝑛𝑚𝜋

𝜆
)

2

𝐼−′𝑒𝑖Ω𝑡𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡][𝒆𝑹 × (𝒆𝑹 × 𝒆+)].           (S20) 

With this, one obtains an expression for the scattered probe field, arising from the time-modulated 

susceptibility of the surrounding medium 

𝑬Ω = −2𝜋 [𝑛𝑚 (
𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2] (
𝐸𝑜𝑒𝑖[𝑘𝑠𝑅−𝜔𝑡]

𝑅
) [

𝑓(𝜃,Ω) cos Ω𝑡−𝑔(𝜃,Ω) sin Ω𝑡

Ω
] [𝒆𝑹 × (𝒆𝑹 × 𝒆+)].   (S21) 

Heterodyned signal 

     To obtain the heterodyned signal, Eo in Equation S21 is expressed in terms of the electric field 

amplitude at the beam waist, w.  Specifically, since the power at the beam waist is 𝑃𝑝𝑟𝑜𝑏𝑒 =

|𝐸𝑜|2(𝜋𝑤2), 𝐸𝑜 =
1

𝑤
√

𝑃𝑝𝑟𝑜𝑏𝑒

𝜋
 such that 

𝑬Ω = −2𝜋 [𝑛𝑚 (
𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝑤𝐶𝑝𝜆2] [
𝑓(𝜃,Ω) cos Ω𝑡−𝑔(𝜃,Ω) sin Ω𝑡

Ω
] [√

𝑃𝑝𝑟𝑜𝑏𝑒

𝜋

𝑒𝑖(𝑘𝑠𝑅−𝜔𝑡)

𝑅
] [𝒆𝑹 × (𝒆𝑹 × 𝒆+)].            (S22) 
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     Next, the local oscillator, which stems from the reflected (or transmitted) probe beam, is 

assumed to take the form of a spherical wave in the far field.22  Its specific form is 

𝑬𝑙𝑜𝑐𝑎𝑙 = −𝐸𝑅𝑒𝑖(𝑘𝑠𝑅−𝜔𝑡)[𝒆𝑹 × (𝒆𝑹 × 𝝁)] = −
𝛽

𝑅
𝑒𝑖(𝑘𝑠𝑅−𝜔𝑡)[𝒆𝑹 × (𝒆𝑹 × 𝝁)].             (S23) 

where  is a constant to be determined and with a dipole origin for the local oscillator implicitly 

assumed.26  This explains [𝒆𝑹 × (𝒆𝑹 × 𝝁)] where 𝝁 is the dipole moment and where 𝝁 = 𝒆+. 

     Since the power from the beam waist is the same as that projected onto the surface area of a 

hemisphere of radius R in either the forward and back-scattered geometries, 

|𝐸𝑜|2(𝜋𝑤2)=|𝐸𝑅|2(2𝜋𝑅2) so that 𝐸𝑅 =
𝛽

𝑅
=

𝑤

√2𝑅
𝐸𝑜.  Using 𝐸𝑜 =

1

𝑤
√

𝑃𝑝𝑟𝑜𝑏𝑒

𝜋
 one then finds the 

following expression for the local oscillator in the far field 

𝑬𝑙𝑜𝑐𝑎𝑙 = −√
𝑃𝑝𝑟𝑜𝑏𝑒

2𝜋

𝑒𝑖(𝑘𝑠𝑅−𝜔𝑡)

𝑅
[𝒆𝑹 × (𝒆𝑹 × 𝒆+)].                                     (S24) 

The heterodyned signal, Ihetero, is obtained through the interference term of 

𝐼 = |𝑬Ω + 𝑬𝑙𝑜𝑐𝑎𝑙|
2 = |𝑬Ω|2 + |𝑬𝑙𝑜𝑐𝑎𝑙|

2 + 2𝑅𝑒(𝑬𝑙𝑜𝑐𝑎𝑙
∗𝑬Ω)                          (S25) 

and is 

𝐼ℎ𝑒𝑡𝑒𝑟𝑜 = 2𝑅𝑒(𝑬𝑙𝑜𝑐𝑎𝑙
∗𝑬Ω) 

=
2√2√𝑃𝑝𝑟𝑜𝑏𝑒𝑃𝑝𝑟𝑜𝑏𝑒

𝑤𝑅2
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2
] [

𝑓(𝜃, Ω) cos Ω𝑡 − 𝑔(𝜃, Ω) sin Ω𝑡

Ω
] |𝒆𝑹

× (𝒆𝑹 × 𝒆+)|2. 

Since the differential solid angle and corresponding surface area are linked via 𝑑Ω =
𝑑𝐴

𝑅2
, the 

differential power of the heterodyned signal is 
𝑑𝑃ℎ𝑒𝑡𝑒𝑟𝑜

𝑑Ω
= 𝐼ℎ𝑒𝑡𝑒𝑟𝑜𝑅2.  What results is 

𝑑𝑃ℎ𝑒𝑡𝑒𝑟𝑜

𝑑Ω
 = 

2√2√𝑃𝑝𝑟𝑜𝑏𝑒𝑃𝑝𝑟𝑜𝑏𝑒

𝑤
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2
] [

𝑓(𝜃,Ω) cos Ω𝑡−𝑔(𝜃,Ω) sin Ω𝑡

Ω
] |𝒆𝑹 × (𝒆𝑹 × 𝒆+)|2      (S26) 
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where |𝒆𝑹 × (𝒆𝑹 × 𝒆+)|2 = |𝒆𝑹 × 𝒆+|2 =
1

2
[1 + cos2 𝜃].  The resulting differential power per 

solid angle is 

𝑑𝑃ℎ𝑒𝑡𝑒𝑟𝑜

𝑑Ω
 = 

√2√𝑃𝑝𝑟𝑜𝑏𝑒𝑃𝑝𝑟𝑜𝑏𝑒

𝑤
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2] [
𝑓(𝜃,Ω) cos Ω𝑡−𝑔(𝜃,Ω) sin Ω𝑡

Ω
] [1 + cos2 𝜃].       (S27) 

Equation S27 is integrated, i.e. 𝑃ℎ𝑒𝑡𝑒𝑟𝑜 = ∫ ∫
𝑑𝑃ℎ𝑒𝑡𝑒𝑟𝑜

𝑑Ω
sin 𝜃𝑑𝜃𝑑𝜙, to obtain 

𝑃ℎ𝑒𝑡𝑒𝑟𝑜 =
2𝜋√2√𝑃𝑝𝑟𝑜𝑏𝑒𝑃𝑝𝑟𝑜𝑏𝑒

𝑤
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2
] [𝐹(Ω) cos Ω𝑡 − 𝐺(Ω) sin Ω𝑡]                (S28) 

where 

𝐹(Ω) =
1

Ω
∫ 𝑓(𝜃, Ω)[1 + cos2 𝜃] sin 𝜃𝑑𝜃

𝜃𝑚𝑎𝑥

𝜃𝑚𝑖𝑛
                                  (S29) 

𝐺(Ω) =
1

Ω
∫ 𝑔(𝜃, Ω)[1 + cos2 𝜃] sin 𝜃𝑑𝜃

𝜃𝑚𝑎𝑥

𝜃𝑚𝑖𝑛
.                                 (S30) 

In the forward-transmission geometry, 𝜃𝑚𝑖𝑛 = 0 and 𝜃𝑚𝑎𝑥 =
𝜋

2
 while in the back-reflection 

geometry 𝜃𝑚𝑖𝑛 =
𝜋

2
 and 𝜃𝑚𝑎𝑥 = 𝜋.22 

     If transmission or reflection efficiency factors are included in Equation S24 for Elocal, i.e. 

𝑃𝑝𝑟𝑜𝑏𝑒 → 𝛼𝑃𝑝𝑟𝑜𝑏𝑒 where  is either the reflectivity or transmissivity of the sample/substrate and 

which depends on the experimental geometry, one obtains 

𝑃ℎ𝑒𝑡𝑒𝑟𝑜 =
2𝜋√2𝛼𝑃𝑝𝑟𝑜𝑏𝑒

𝑤
[𝑛𝑚 (

𝜕𝑛𝑚

𝜕𝑇
)

𝑃𝑎𝑏𝑠

𝐶𝑝𝜆2] [𝐹(Ω) cos Ω𝑡 − 𝐺(Ω) sin Ω𝑡].             (S31) 

If desired, the transmissivity () of the optical path in either forward or backscattered geometries 

can also be accounted for by multiplying Phetero with .22  However, for convenience,  will be 

assumed to equal 1.  This is Equation 5 of the main text. 
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4. Size-dependent Au NP extinction cross sections and Mie theory predictions 

 

Figure S2. Mie theory Au NP extinction -values for surrounding medium refractive indices of 

nm = 1.55 and 1.00 (dotted green and black dashed lines, respectively).  Literature -values for 

different-sized Au NPs: ○ (nm=1.00 [Reference 27]),  (nm=1.15 [Reference 28]),  (nm=1.26 

[References 29, 30 and 31]), □ (nm=1.33 [Reference 32]),  ◊ (nm=1.40 [References 30, 33, and 34]), 

☆ (nm=1.50 [References 30, 35, and 36]). 
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5. Conceptual illustration of SMS microscopy 

 

 

Figure S3. Cartoon representation of the laser focus and spatial modulation of the sample in the 

SMS experiment. Reprinted from Reference 27 with permission from AIP Publishing. 

 

6. Modeling the SMS signal through a Taylor series expansion 

     𝐼𝑒𝑥𝑐(𝑥, 𝑦) in Equation 11 of the main text is expanded as a Taylor series29,37  

𝐼𝑒𝑥𝑐(𝑥, 𝑦) ≈ 𝐼𝑜 [𝑔 + (
𝜕𝑔

𝜕𝑥
) (Δ𝑥) +

1

2
(

𝜕2𝑔

𝜕𝑥2) (Δ𝑥)2 + ⋯ ]                       (S32) 

where 𝑔 = 𝑒
−

2[(𝑥−𝑥𝑜)2−(𝑦−𝑦𝑜)2]

𝑤2 .  Simplification yields 

𝐼(𝑥, 𝑦, 𝑡) ≈ (
2𝑃𝑜

𝜋𝑤2
) [(𝑓 +

𝛿2

4
(

𝜕2𝑔

𝜕𝑥2
)) + 𝛿 (

𝜕𝑔

𝜕𝑥
) (sin Ω𝑡) −

𝛿2

4
(

𝜕2𝑔

𝜕𝑥2
) (cos 2Ω𝑡) + ⋯ ] 

where the specific terms of interest are the 1f and 2f contributions of the expansion since they are 

ultimately sampled by the lock-in amplifier.  Corresponding 1f and 2f intensities are 
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𝐼1𝑓(𝑥, 𝑦) = − (
8𝑃𝑜𝛿

𝜋𝑤4
) 𝑥𝑒

−
2[(𝑥−𝑥𝑜)2−(𝑦−𝑦𝑜)2]

𝑤2                                                  (S33) 

𝐼2𝑓(𝑥, 𝑦) = − (
2𝑃𝑜𝛿2

𝜋𝑤4
) [

4𝑥2

𝑤2
− 1] 𝑒

−
2[(𝑥−𝑥𝑜)2−(𝑦−𝑦𝑜)2]

𝑤2 .                                 (S34) 

with associated changes in transmitted power of Δ𝑃1𝑓/2𝑓 = (𝑃𝑜 − 𝑃1𝑓/2𝑓) = 𝜎𝐼1𝑓/2𝑓. Lock-in-

reported AC voltages are found from 

𝑉𝐴𝐶,1𝑓/2𝑓 = 𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡Δ𝑃1𝑓/2𝑓                                                    (S35) 

where Rdet is the photodetector responsivity and Gdet is its transimpedance gain.  Experimental 1f 

and 2f AC outputs are therefore  

𝑉𝐴𝐶,1𝑓(𝑥, 𝑦) = −𝜎 (
8𝑃𝑜𝛿

𝜋𝑤4 ) 𝑥𝑒
−

2(𝑥2+𝑦2)

𝑤2                                              (S36a) 

𝑉𝐴𝐶,2𝑓(𝑥, 𝑦) = −𝜎 (
2𝑃𝑜𝛿2

𝜋𝑤4 ) [
4𝑥2

𝑤2 − 1] 𝑒
−

2(𝑥2+𝑦2)

𝑤2  .                              (S36b) 

This is Equation 14 of the main text.  Simulated SMS images for Equation 14 are shown in 

Figure S4 below. 

 

Figure S4. Simulated SMS images of a particle using (a) 1f and (b) 2f detection.  Taylor series 

expressions used to generate the images. 

 



S15 

 

7. Modeling the SMS signal through a Fourier series expansion 

     Iexc (Equation 12 of the main text) is expanded using a Fourier series.  To this end, the intensity 

profile is first expressed as 

𝐼𝑒𝑥𝑐(𝑥, 𝑦) = 𝐼𝑜𝑓(𝑥𝑝)𝑒
−

2(𝑦−𝑦𝑜)2

𝑤2  

where 𝑓(𝑥𝑝) = 𝑒
−

2(𝑥𝑝)2

𝑤2 with 𝑥𝑝 = (𝑥 + 𝛿 sin Ω𝑡) − 𝑥𝑜.  Next, the Fourier series expansion of 

𝑓(𝑥𝑝) is given by 

𝑓𝐹(𝑥𝑝) = [
𝑎0

2
+ ∑ [𝑎𝑛 cos(𝑛Ω𝑡) + 𝑏𝑛 sin(𝑛Ω𝑡)]∞

𝑛=1 ]                                (S37) 

where 

𝑎0 =
Ω

𝜋
∫ 𝑓(𝑥𝑝)𝑑𝑡

𝜋

Ω

−
𝜋

Ω

                                                        (S38) 

𝑎𝑛 =
Ω

𝜋
∫ 𝑓(𝑥𝑝) cos(𝑛Ω𝑡) 𝑑𝑡

𝜋

Ω

−
𝜋

Ω

                                       (S39) 

𝑏𝑛 =
Ω

𝜋
∫ 𝑓(𝑥𝑝) sin(𝑛Ω𝑡) 𝑑𝑡

𝜋

Ω

−
𝜋

Ω

.                                       (S40) 

In Equation S37, odd values of n result in 𝑎𝑛 = 0 while even values give 𝑏𝑛 = 0.   

     The resulting transmitted intensity is therefore 

𝐼𝑒𝑥𝑐(𝑥, 𝑦, 𝑡) = 𝐼𝑜 (
𝑎0

2
+ 𝑏1 sin(Ω𝑡) + 𝑎2 cos(2Ω𝑡) + ⋯) 𝑒

−
2(𝑦−𝑦𝑜)2

𝑤2 .             (S41) 

An associated transmitted power is 𝑃𝑡𝑟𝑎𝑛𝑠 = 𝑃𝑜 − 𝜎𝐼𝑒𝑥𝑐 with a corresponding detector output 

voltage (𝑉𝑑𝑒𝑡 = 𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃𝑡𝑟𝑎𝑛𝑠) of 

𝑉𝑑𝑒𝑡(𝑥, 𝑦, 𝑡) = 𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0 [1 − 𝜎
2

𝜋𝑤2 (
𝑎0

2
+ 𝑏1 sin(Ω𝑡) + 𝑎2 cos(2Ω𝑡) + ⋯)] 𝑒

−
2(𝑦−𝑦𝑜)2

𝑤2 .   (S42) 

Vdet contains the following DC term (where 𝜎 ≪ 𝜋𝑤2; This is Equation 15 of the main text) 

𝑉𝐷𝐶(𝑥, 𝑦) = (𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0 − 𝜎
𝑎0

𝜋𝑤2) 𝑒
−

2(𝑦−𝑦𝑜)2

𝑤2 ≅ 𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0𝑒
−

2(𝑦−𝑦𝑜)2

𝑤2                   (S43) 
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and AC components 

𝑉𝐴𝐶(𝑥, 𝑦, 𝑡) = [𝜎
2𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0

𝜋𝑤2
(𝑏1 sin(Ω𝑡) + 𝑎2 cos(2Ω𝑡) + ⋯)] 𝑒

−
2(𝑦−𝑦𝑜)2

𝑤2 .              (S44) 

Resulting 1f and 2f AC voltages outputted by the lock-in are 

𝑉𝐴𝐶,1𝑓(𝑥, 𝑦) = (𝜎
2𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0

𝜋𝑤2
𝑏1) 𝑒

−
2(𝑦−𝑦𝑜)2

𝑤2                                      (S45a) 

𝑉𝐴𝐶,2𝑓(𝑥, 𝑦) = (𝜎
2𝑅𝑑𝑒𝑡𝐺𝑑𝑒𝑡𝑃0

𝜋𝑤2
𝑎2) 𝑒

−
2(𝑦−𝑦𝑜)2

𝑤2 .                                    (S45b) 

This is Equation 16 of the main text.  Simulated SMS images for Equation 16 are shown in 

Figure S5 below. 

 

Figure S5. Simulated SMS images of a particle using (a) 1f and (b) 2f detection.  Fourier series 

expressions used to generate the images. 

 

8. SMS extinction spectra 

     The Fourier series approach readily produces expressions amenable to acquiring SMS spectra.  

Namely, to obtain extinction spectra, the analyte is brought to the origin and its position is 

modulated in x about xo while keeping y constant at y=yo.  Since the 1f component [𝑏1 sin(Ω𝑡)] in 

Equation S44 is sinusoidal, its 1f RMS amplitude is 𝑏1 √2⁄ .  Consequently, 
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𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
1𝑓

𝑉𝐷𝐶
=

√2𝑏1

𝜋𝑤2
𝜎 

where 𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
1𝑓

∝ 𝑉𝐴𝐶,1𝑓.  Likewise, for the 2f component [𝑎2 cos(2Ω𝑡)] 

𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
2𝑓

𝑉𝐷𝐶
=

√2𝑎2

𝜋𝑤2
𝜎 

with 𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
2𝑓

∝ 𝑉𝐴𝐶,2𝑓. 

     By using the lock-in to read only the 1f signal, specifically its maximum RMS reading, 

𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
1𝑓 (𝑥𝑚𝑎𝑥), one finds that the analyte’s absorption cross section at a given excitation 

frequency/wavelength is 

𝜎(𝜔) =
𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆

1𝑓 (𝑥𝑚𝑎𝑥)𝜋𝑤2

√2𝑉𝐷𝐶𝑏1
.                                                     (S46) 

This is Equation 18 of the main text.  In practice, xmax is determined empirically by stepping the 

particle through the laser focus.  A corresponding excitation frequency/wavelength-dependent 

cross section, using the 2f RMS signal [𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆
2𝑓 (𝑥𝑚𝑎𝑥)], is 

𝜎(𝜔) = 
𝑉𝑙𝑜𝑐𝑘𝑖𝑛,𝑅𝑀𝑆

2𝑓 (𝑥𝑚𝑎𝑥)𝜋𝑤2

√2𝑉𝐷𝐶𝑎2
.                                                     (S47) 
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9. Custom autobalanced photodetector 

 

Figure S6.  Circuit diagram of a custom autobalanced photodiode. 
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Table S3.  Parts list for custom autobalanced photodetector. 

Part Value Device Package 

C1 1 F 10% 50V X7R capacitor 1206 

C2 1 F 10% 50V X7R capacitor 1206 

C3 1 F 10% 50V X7R capacitor 1206 

C4 1 F 10% 50V X7R capacitor 1206 

C5 1 F 10% 50V X7R capacitor 1206 

C6 1 F 10% 50V X7R capacitor 1206 

C7 1 F 10% 50V X7R capacitor 1206 

C8 10 F 10 % 35 V tantalum capacitor D/7343-31R 

C9 10 F 10 % 35 V tantalum capacitor D/7343-31R 

C10 10 F 10 % 35 V tantalum capacitor D/7343-31R 

C11 8.2 pF 5 % 50V NP0 capacitor 0805 

C12 150 pF 5 % 50V NP0 capacitor 0805 

C13 150 pF 5 % 50V NP0 capacitor 0805 

C14 1 F 10% 50V X7R capacitor 1206 

C15 1 F 10% 50V X7R capacitor 1206 

D1 - 1N5819HW-7-F SOD123 

D2 - 1N5819HW-7-F SOD123 

H1 1 k BLM21AG102SN1D 0805 

H2 1 k BLM21AG102SN1D 0805 

H3 120  BLM21PG121SN1D 0805 

H4 120  BLM21PG121SN1D 0805 

H5 120  BLM21PG121SN1D 0805 

H6 120  BLM21PG121SN1D 0805 

H7 120  BLM21PG121SN1D 0805 

J1 - Connector 22-27-2041-04 

PD1 - SFH206 - 

PD2 - SFH206 - 

Q1 - HFA3096 SO16 

Q2 - HFA3134 SOT-23-6 

Q3 - BF862 SOT-23 

Q4 - BF862 SOT-23 

Q5 - PZTA14 SO223 

Q6 - PZTA64 SO223 

Q7 - ZVP2106GTA SOT223 

Q8 - 2N7002BK SOT23-BEC 

R1 100  1% 0805 

R2 10 k 1% 0805 

R3 10 k 1% 0805 

R4 10 k 1% 0805 

R5 10 k 1% 0805 

R6 100  1% 0805 
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R7 3 k 1% 0805 

R8 1.21 k 1% 0805 

R9 24.9  1% 0805 

R10 1 k 1% 0805 

R11 1.21 k 1% 0805 

R12 3 k 1% 0805 

R13 499  1% 0805 

R14 1 k 1% 0805 

R15 2.49 k 1% 0805 

R16 49.9 k 1% 0805 

R17 10 k 1% 0805 

R18 100 k 1% 0805 

R19 2 M 1% 0805 

R20 100 k 1% 0805 

R21 100 k 1% 0805 

R22 24.9 k 1% 0805 

R23 11 k 1% 0805 

R24 1 k 1% 0805 

S1 - SLB1470 - 

S2 - SLB1280R5 - 

U1 - LT1793 SO8 

U2 - LT1124-1 SO8 

X1 - 1-227161-6 - 

X2 - 1-227161-6 - 
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Noise comparison to Nirvana 2007 

 

Figure S7. Experimental noise performance of (a) custom and (b) commercial autobalanced 

photodiodes.  In either case, the calculated shot noise floor27 is shown.  Shaded red Iexc regions 

indicate where experiments have been conducted. 
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