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Single-Particle Light Scattering: Imaging and Dynamical Fluctuations in the
Polarization and Spectral Response
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A theoretical framework for light scattering from individual nanoscale particles or structures is developed.
The main considerations distinguishing the present treatment from the theories developed for conventional
light-scattering experiments are the experimental requirements for the detection of the limited light from a
single scatterer. These requirements include use of a high numerical aperture microscope objective, annular
illumination, and the reduced linear dichroism instead of depolarization ratio. It is shown how these issues
are considered in relating the microscopic polarizability tensor to the far-field experimental observables. The
approach is further extended to include the dynamical response in the scattering polarization and spectrum
and discussed in the context of the particle’s rotational diffusion. For dynamic light scattering, analytical
expressions are derived to elucidate the interrelationship between the experimental configuration, the observable,
the polarizability tensor, and the diffusion tensor. Specific examples including static imaging and dynamic
correlation for rodlike and spheroidal scatterers are discussed to illustrate the application of the theory.

1. Introduction tions are used to extract rotational dynamics whereas in single-
particle light scattering, the reduced linear dichroism is typically
used to extract rotational dynamics. Further, to relate the
geterodyne-detected interferometric correlation to intensity
depolarization correlation in bulk dynamic light scattering, it is

The use of light scattering to investigate individually isolated
particles and structures is a relatively new development that
provides a direct means to image and probe nanoscale object

well beyond the diffraction-limited optical resolutiénlt is t that th ttered liaht originates f
particularly advantageous for far-field studies of nanostructures necessary o assume that thé scattered Ight originates from a
arge number of independent light scatter€rEhis assumption

that do not luminesce intensely. Recent examples include carborL S . g .
nanotubeg;ziron oxides? gold nanoparticlés® and nanorod$ reaks down in single-particle dynamic light scattering where
' ' ' there is only one light scatterer. The second distinct feature of

silver nanoparticle$®!! nanocube$, and nanoprism&13 to . X . . . .
d single-particle light scattering has to do with the way experi-

name a few (for brevity, particle and nanoparticle are use A ducted. Due to th I tteri "
interchangeably hereafter to represent nanoscale objects that argl€Nts are conaucted. Due 1o the small scatlering cross section
f a single nanoparticle, a microscope objective of high

amenable to such light scattering studies). Because the particle§’ ; . . .
are investigated one at a time, the distribution of a certain numenca}I aperture |s.typ|cally used to .COHECt the Scattergd light.
particle property in a population can also be studied in dé&tail. Under _th's conflguratlon, the Ia_rge solid angle (.)f gollec_non has
This is especially important for the basic research of nanoscale'© be |_ncluded In the analysis for both static imaging and

structures, which usually exhibit a variety of shapes and sizes dynar_nlc corrc_alatlons. Indeed, for qu_or_es_cence smgle-mo_lt_ecule
in a sample due to difficulties in the precise control of these experiments, it has bgen shown t.hat Itis important to spec]flcally
parameters. Further, because the spectroscopic characteristic@CIUOIe the effect of light-collecting lens in imaging the dipole

o 21 . ) )
of the scattered light also depend on the dielectric response ofSMmission patteﬁ‘?_ and the d'PO'e onentaﬂoﬁ.l_t has al_so bgen .
the scatterer's mediud%16 single-particle light scattering in shown that the time correlation of reduced linear dichroism is

principle can be used to probe changes in its local environment. non-exponentiat® 241t is thergfore expected_ that is_sues of th_is
Although most of the studies to date have focused on the hature shoulq also play an important role in the Interpretation
frequency component of the scattering light, the inclusion of of single-particle scattering experiments and need to be clarified.
other spectroscopic observables such as polarization should b n the other hand, with th? r_apld advancement Of new
valuable in providing such additional information as rotational experimental §c_hemes, quantitative analyses of gxperlmental
motion'” as well as the shape of the scattérThe goal of results are anticipated to help make new observations.
this work is to outline a theoretical framework allowing one to ~ This paper presents for the scattering problem a consistent
quantitatively relate experimental observations both to the static theoretical framework that includes the aforementioned con-
orientation and to the dynamical rotation of a single scatterer. Siderations in both the static and the dynamic cases. The
The treatment of single-particle light scattering differs from discussion focuses on the polarization and spectral response of
the more extensively studied bulk dynamic light scattering the scattered light, as well as on their time dependence in the
measurementin the way in which experimental observables context of rotational diffusion. The derivation is restricted to
are defined and averaged_ In conventional dynamic ||ght classical linear OptiCS with homogeneous materials in which the

scattering, heterodyne-detected depolarization correlation func-experimental signal is recorded using a homodyne-detected
square-law detector such as avalanche photodiodes and photo-

T E-mail: hawyang@berkeley.edu. multiplier tubes. The theoretical structure nonetheless should
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be extensible to include illumination by a focused laser &am 7
or by evanescent field$;26and also to experiments that detects
nanoparticles interferometricalfy.It is hoped that the current
analysis may contribute to the fundamental understanding of
nanoscale structures as well as to encourage further developmer
of more advanced spectroscopic schemes.

The outline of the article is as follows: Section Il describes
the theoretical framework that is suitable for single-particle light
scattering experiments. It emphasizes the transformation betweer
the microscopic, polarizability frame, and the laboratory frame
because these transformations give rise to the experimental
observables. This procedure is general and allows a unified
treatment of different experimental schemes that may result in
different time-dependent observations. In section lll, the case
of scattering from an immobilized particle is discussed. Here,
it is assumed that the particle moves very slowly such that the
experimental time resolution is sufficient to resolve its move-
ments. This way, the particle can be viewed as “static” on the
experimental time scale. The results can be directly extended
to time-dependent imaging. To illustrate the use of the theory
described in section Il, the discussion begins with a simple case
where a rodlike scatterer (only one appreciable polarizability
component) is illuminated at a fixed angle. It then develops to
include the case where the rodlike scatterer is illuminated
annularly (dark-field illumination). As an application of these
results, a method to rapidly image the orientation of individual
rodlike scatterer is also presented, providing a theoretical basis
for studying the time-dependent orientation changes of a
nanoscale scatterer. To illustrate the use of the theory for more
complicated cases, this section concludes with the discussion
of another frequently encountered case, scattering by a single
spheroid with annular illumination. In general, though single-
particle or the single-molecule dynamics are most revealing,
they are also the most challenging both theoretically and Iy
experimentally. Section IV extends the treatment to dynamic _. . . . . L
light scattering focusing on the treatment of rotational diffusion Figure 1. Relative orientation of various reference frames in single-

g - g . g . ) . particle scattering experiments. The laboratory frame is defined by the
of the particle. This section is motivated by a recent experimental ynit vectorsX, ¥, andZ. The nanoparticle is assumed to reside at the
development that in principle will enable spectroscopic mea- origin, O, which is also the focus of the microscope objective lens.

surements on a nanoprobe freely moving in the three- The E-field frame is defined by the propagation direction (aléng
dimensional spac¥:?8 and polarization (along; ) of the electric magnetic field (Eiy = Ei,
x Eix, wherex denotes an outer product). Field components parallel

; ; _ ; ; and perpendicular to th x — Z incident plane is denoted &, and
2. Theoretical Framework for Single-Particle Light Ein, respectively Eix not shown for clarity). The field polarization

Scattering assumes an angje relative to the incident plane. The incident filed
A. Coordinate Systems and the Transformations between  impinges on the particle with zenith; and azimuthd; with respect to
Them. There are three frames of reference involved in the the laboratory frame. The scattered field propagates alongfdhe

. . . direction with azimuthbs at an angle 0Bs relative to the—Z direction.
process. They are (1) the body-fixed frame associated with the o ¢ andY-polarized scattered fields after the microscope objective

polarizability tensor of the target particle, (2) the laboratory are denoted,x andEsy, respectively. The inset shows the transforma-
frame, and (3) the frame associated with the electric field of tion from the body-fixed polarizability tensor frame (defined by unit
the incident or scattered radiation. The transformation betweenvectors 12, and 3 to the laboratory frame through the Euler angles,
these coordinate systems connects experimental observationd: ¥, and¢. TheY' vector denotes the intersection of te'Y and the

to the microscopic properties of the particle under study. When g;rﬁ‘igﬁ?gt%ﬁ f-lc-)rr]?hgzsnr;?)?sits)%); :Seﬁfaﬁfﬁtf:?ﬂ&?;n S‘I“ eggg;rgental
P P i i S XR
appropriate, vectors or transformations associated with theserespectively the detected intensities for the blue and the red spectral

frames are denoted by a subscript P, L, and E, respectively. ¢omponents in thé-polarized scattering light.
The polarizability frame is defined by the principal axes of
the electric polarizability tensor for the particle,

Y
~

A

X

.

reference. As shown in Figure 1, with the target particle at the
origin O, the Z-axis is defined as the direction away from the

ay(€n(@)) O 0 microscope objective; therefore, the scattered field is collected
aplen(w)] = (0 oy(€n(@)) 0 (1) at the —Z direction. TheX- and Y-axes are defined by the
0 0 og(€m(w)) specific experimental configuration, for example, by the polar-
o . ization analyzer or by the direction of the incident light.
corresponding to the,12, and 3 directions (cf. inset in The E-field frame is defined by the propagation direction and

Figure 1), wherey(w) is the complex permittivity of the particle  polarization of the electric magnetic fiel&, For the incident
relative to its medium. The laboratory frame is based on the field (denoted by subscript i), its propagation direction is
experimental setup and serves as the primary coordinate ofconsidered to be along thg x direction with its polarization
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along thek; , direction € is defined throughtiy = Ei, x Eix,
where x denotes an outer product),

A . 0
Ee=E,=|0 (2)

1
The incident field impinges on the particle with zenh and
a2|muth<l>. with respect to the laboratory frame. TEeX and
theZ vectors define the incident plane. Field components parallel
and perpendicular to the incident plane are denotef aand
Ei.0, respectively E;  not shown for clarity}:® Such a separation
of incident polarizations allows a relatively straightforward
treatment for polarized and unpolarized illumination. In general,

the polarization assumes an angleelative to the incident plane.
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The scattered field (denoted by subscript s) propagates along

the s direction with azimuthds at an angle o relative to
the —Z direction, expressed in the laboratory-frame coordinate
as

t, = cos@@,) sin(z—O)X + sin(@) sin(z—O)Y +
cos@—0O)Z (3)

Similar to the incident field, thés and Z vectors define the
scattering plane. The scattered field is collected by a collimating
lens, usually by a microscope objective of high numerical
aperture (NA). After coming out the collimating lens, the
scattered field is directed through a polarization analyzer or

Figure 2. Scheme for a fixed-angle illumination configuration. Note
how the polarization of a scattered light is rotated by the collimating
lens.

The propagation of the scattered field is redirected by the
collimating lens that also changes the direction of the

polarization?-22 In contrast to the above-discussed coordinate

transformations for a vector fixed in space, the collimating lens
physically rotates the polarization (cf. Figure 2). The rotation

imparted by the collimating lens can be related to the scattering
angles®s and ®.. Following Axelrod® and Fourka® this is

spectral analyzer, and detected by a square-law detector througtaccomplished by first rotating the scattering veétdicf. eq 3)

lobs [ |Eobsl2 wherelgpsis the detected photon intensity for the
polarization or spectral observables.

about theZ-axis clockwise by®s so that the scattering plane
coincide with theX—2Z plane, followed by rotating about the

These different reference frames can be related to each othei-axis counterclockwise by — ©s (note that wher®s = 0,
using the Euler angles. The Euler angles used here follow thethe scattering light propagates along the direction), and

Z—Y—Z convention with counterclockwise rotatiéh.These
frame transformations are achieved by the following Cartesian
rotation matrices,

10 0
0 cosf sinf
0 —sin6@ cos6

R[6] =

cosf 0 —siné
0 10
sin6 0 cosoO

cosf® sinf O
—sinf cosf 0
0 0 1

R,[6] =

R[0] = (4)

Therefore, the transformation of a vecfar from the polariz-
ability frame to the laboratory frame is given by

RipPp

PL= )]

where

Rip=Re) "= RIVIRIOIRISD " ()
For brevity, the Euler angleg( 6, ¢) are denoted? in section
IV when discussing the rotational dynamics. The transformation
of a vectorEg from the E-field frame to the laboratory frame is
given by
E, )

where

Rie = Rl7—®] R[—(7/2-0)] R,[f] (8)

finally rotating again about th&-axis counterclockwise bgps.
These rotation operations redirect the scattering field to
propagate along theZ direction and correspond to the rotation
matrix,
Rzr = Rz[_q)s.l Ry[_(ﬂ_®s)] Rz[q)S] (9)
Finally, only the scattering rays that propagate within the solid
angle, 0< @g < 27 andwr — A < Os < a, will be collected by
the collimating lens. Here\ is related to the numerical aperture
of the collimating lens by
A = sin {(NA/n,) (10)

whereng is the index of refraction of the medium.

B. Experimental Observables.The task at hand is to relate
the experimental observabldsyx andlsy, to the orientation of
the induced dipolg.. In general, this dipole approximation is
valid when the particle size is much less than a characteristic
linear dimensionA/(2z|em — 1|). In practice, the theoretical
framework should be directly applicable so long as the dipole
approximation can be verified experimentally, e.g., via a separate
control experiment. With these in mind, one begins by consider-
ing a particle that is immobilized at the origin and is illuminated
by a monochromatic field at an optical frequeneyFollowing
Bohren and HuffmaA? the incident field induces a dipole
moment,

—

P = eno B (11)
a, is the particle’s polarizability tensor in the laboratory frame

and can be related to the particle’s principal axes of polarizability



4990 J. Phys. Chem. A, Vol. 111, No. 23, 2007 Yang

by a. = R papRp.. For clarity, the frequency dependence of appreciable polarizability only along the 3 axis. For all practical
em anda. is not explicitly expressed. The scattered radiation at purposes, such a scatterer may be considered a “rod.” The results

the far field is therefore proportional fa x (fs x p.).1° for this simple case will be compared with results from more
The scattering field that goes through the collimating lens complicated scenarios dealing with spheroidal scatterers. The

and reaches the detectors is polarization property of the scattering light from a rodlike
- ~ scatterer is analogous to, and can be compared with, a well-

Edetector— WoRaf's X (Fs X L) (12) defined emission dipole from a single fluorescent molecule.

Experimentally, one may select a certain frequency such that

only one of the three principal polarizability components is
S _ L E o responsive to the incident light. Examples include the scattering

=o B = (RpapRp)(REE; 13 . .

P = By = RipoeRe)(RicE ) (13) of a single gold nanordd and single carbon nanotubes.
is the dipole moment induced by an incident field with unit ~ TWO experimental configurations will be discussed for the
amplitude, andW, O ik3E/(4en) is a constant where the rodlike scatterer. In one configuration, the incident beam
proportionality takes into account such experimental factors as MPinges on the target particle with a fixed direction with respect
the transmission coefficients in optics and detector efficiency. © the labgratoryzfrBame, typically at an oblique angle with respect
At this point, Egetectoris a function of the incident light frequency 10 theX—Y plane=?In the other configuration, the incident light
() and its direction §, ©;, ®;), the orientation of the particle ~ constitutes an annular cone as in a dark-field microscope. Itis
(0, ¢, v), the scattering direction®s, @), and the numerical ~ assumed the particle is immobilized, such that its surrounding
aperture of the collimating lens (a functionay. The intensities ~ medium can be considered to exhibit a homogeneous electric
as registered by the square-law detectors after the polarizationP€'Mittivity. Additional symmetry axes will need to be taken

where

analyzer are into account if there is a mismatch in the index of refraction in
the immediate vicinity of the partic.Nevertheless, the same
1 por e 2. theoretical framework should be applicable to relating any
I t)d— do E t)|“sin®,dO - .
sxorv{l) 4n=f0 SL,A [Egetectorcor (D)l sTs polarizability tensor to experimental observables.

1 por - . A. lllumination at a Fixed Incident Direction. Without loss
= |0(Ej; dd oa Rafs X of generality, the incident plane is assumed in this case to
o~ 5 coincide with theX—Z plane @; = 0, cf. Figure 2). The
(Fs > PLO)getectoncor vl * SN O dgs) 14) polarization of the incident light can be either paralfgi 0,
corresponding tdg; ) or perpendicularf = 7/2, E; ) to the
plane of incidence. Using eqgs 2, 6, 8, and 13, the unit electric
field-induced dipole moments expressed in the laboratory frame

where theX andY components can be easily extracted from
the CartesianEgetector VeCtor in the laboratory frame using
Edetectorx = (1,0,0) EgetectoraNd Egetectory = (0,1,0) Edetector The
intensitiesls and lp here can have any unit that represents
experimental observables. For example, if the scattering field
is detected by a photon-counting detector, the intensity is then
defined as number of detected photons per unit time. Clearly,
the polarization state OEgetectoriS dependent on the incident
light, as is expected for scattering experiments. For example, —sir’ 6 cos¢ sin ¢

eq 14 is directly applicable to experiments that utilize polarized BL’D: 0| sir? 6 sirf ¢ (16)
incident light such as a laser. For an unpolarized illumination
light source, such as a lamp, the scattering intensity can be
calculated by combining the scattering intensities resulting from _
Ei,; andE; o illuminations}® Is unpolarized™ 1s(Ei)) + Is(Ein). In As expectedp, o does not depend on the incident zenith angle,
single-molecule or single-particle experiments, the polarization ®;. The magnitudes of these induced dipoles depend on the
state of the emission or scattered light is typically expressed in orientation of the particle relative to the direction and the

sin @ cos¢(—cos¢ sin 6 cos®, + cosh sin B,)
BL | =0 sin 6 sin ¢(—cos¢ sin O cos®; + cosl sin ©;)
cos6O(—cos¢ sin O cosO; + cosl sin ©))

cosf sinf sing

terms of the reduced linear dichroism, defined as polarization of the incident light, given by
= =y (15) Ip.||* = a’(sin 6 cos¢ cos®, — cosh sin ©,)°
T+ ~ 5 2 .
IpL ol = ag’ i’ 0 sirf ¢ (17)

Equation 14 signifies an important difference between the
observables from the conventional dynamic light scattering The experimental observablésc andlsy are calculated using
experiment and a single-particle scattering experiment. In theeqgs 9, 14, 16, and 17. It turns out that both parallel and
latter, there is no ensemble averaging in the experimental perpendicular illumination result in the same expression for the
observable. Instead, the experimental observable is averagedcattering intensity. Th&X and theY polarization components
over time to attain appropriate signal-to-noise ratio. The explicit are
time parameter in the equation illustrates this point. In practice,
the experimental observable is recorded by integrating the lsyyox = IolBL,H/Dlz(A +Bsif 6+ Ccos 2sinf6)  (18)
intensity over a period of, I{t)0 = [Lo214t) dt'. In the
following section for static scattering, the explicit dependence and
in time is omitted for clarity.

—1 A 2 2 .

3. Light Scattering From an Immobilized Single Particle sy = Tol Pl (A + B SiT6 = C cos 29 sire o 19

To illustrate the application of the theoretical treatment, one respectively. In the above equatiods= /s — 1/4 cosA + /12
may begin with a case in which the target particle exhibits an cos A, B = g cos A — Y3 co$ A, andC = "l4g — Y15
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Figure 3. Scheme for an annular illumination configuration.

cosA— Y16 cog A — Y4gcod A are coefficients as defined by
Fourkas??> Because these coefficients only depend on the
numerical aperture of the collimating lens (cf. eq 10), they are
therefore constants for a given experimental setup.

In the limit of |BL,\|/D|2 — 1, egs 18 and 19 become identical

to equations derived for single-molecule fluorescence polar-

izations under circularly polarized excitation (eqs 4a and
4¢ of Fourkag? respectively). Therefore, the polarization of

this scattering problem can be decomposed into two independ-

ent contributions. One is due to the relative orientation of the
incident beam and thes3 polarizability of the particle, the
IpL,ycl? term, whereas the other is due to the relative orienta-
tion of the induced dipole (along)3and the polarization
analyzer, theA + B sir? § £ C cos 2 sir? ) term. Compared
with the analysis of fluorescence from a single chromophore,
the former is analogous to the excitation and the latter to
the emission. Indeed, for a fluorescent singe molecule, if

the absorption and emission dipoles overlap, eqs 18 and 19 will

be the appropriate equations to use for linearly polarized
excitation.

For cases in which the illumination light is unpolarized, the
X- andY-polarized scattering intensities are simply

= lgux + lsox = lo(IPLy > + IPLA)(A + B i’ 6 +
Ccos 2 sin’ 0) (20)

lsx

and

loy = lsyiy T lsoy = loIPL 1>+ [PLAI)(A + Bsin’ 6 —
Ccos 2 si’ 6) (21)

respectively. Thus the basic forms of the experimental
observables for both the polarized and unpolarized light

source are the same for the case of fixed-angle illumination.

One next considers a case in which the illumination light
forms an annular cone. This configuration is commonly
seen when using a commercially available dark-field micro-
scope.

B. Annular Illumination with Unpolarized Light. The
treatments of this problem follow those in the previous

J. Phys. Chem. A, Vol. 111, No. 23, 2004991
magnitudes of the induced dipole moments under annular
illumination are

2
c [3 +cosd —
cos D,(1+ 3 cos )] (22)

Lol 2nf pL*epL AP =

and

sir? 6 (23)

[PLool

2
1 por~ |~ O3
Zzztfo PLo 'pL,Dd(biz?

where the ©” symbol in the subscript denotes annular illumina-
tion. Note that, compared with eq 17, the magnitude of the

induced dipole moment no longer depend on the azimuthal angle

¢. The scattering intensity is calculated using

Is,O,X orY(t) =
1 27 21 T R " —~ 2
lO(Q‘/(‘) d(I)ij(; dq)s L/:[_A |Rzrrs X (rs X pL(t))detectorXorY| x

sin @, d@s) (24)

After some algebraic manipulations, the and Y-polarized

intensities in this annularly illuminated configuration are found

to be identical to those derived for fixed-angle illumination in

eqgs 20 and 21, except the induced dipole moments resulting

from an incident field polarization parallel or perpendicular to
the incident plane are now replaced by eqs 22 and 23,

respectively.

The preceding discussions show that, except for the magnitude
of the induced dipole moment due to different illumination
geometry, the basic formulation for relating the polarization of
the scattering light to the orientation of a rodlike scatterer are
the same for fixed-angle and for annular illuminations. This
further suggests the feasibility of using single-particle light
scattering to extract the absolute orientation of a scatterer with
unpolarized, annularly illumination. This idea is explored below.

C. Rapid Imaging of the Absolute Orientation of an
Immobilized Rodlike Scatterer. A corollary of the previous
discussion is tha? and¢, and therefore the absolute orientation
of the particle’s polarizability along,&an be quickly determined
by scattering experiments using a method analogous to that
described by Fourkas for single fluorophofésn essenced
and¢ can be determined if the scattering fields polarized along
the @5 = 0 (coincide with theX-axis, lsx ), ®s = /4 (45), Ps
= 712 (9C, coincide with theY-axis, Isy ), and®s = 37/4 (135)
directions are measured. The electric fields that pass through
the polarization analyzer and detected by the detector in
these cases arEdetector@ = (1,0 O)Edetector Edetector,as = (1/
“/_)(1 1 O)Edetector Edetector 9 = (0,1 O)Edetector and Edetec
tor,135 = (1/\/_ 2)(1-1 O)-EdetectOr The scattering light intensity
analyzed at these angles can be calculated as before:

60 = lsj00 T lspoe = oL jol* + [PL ol )(A + B'sin’ 6 +
C cos 2 sir 0)

lgyoas T lsoas = lo(IPL 0l + [PLool)(A + Bsi 6 —
C sin 2¢ sir? 6)

lsa5 =

case. The experimental observables are first calculated separatell, o5 =I5 090 + lspo .90 = ! P P HO| + |pL DA+ Bsi’ 6 —

for the E; iI- and E; --polarized light, then combined at the end
to represent the results for illumination from unpolarized
light. Instead of having a fixed azimuthal angle for the incident
beam, ®; is integrated over 0 to s2 (cf. Figure 3). The

C cos 2 sin’ §)

Is 135 = lsjj0135 T lspo1ss = |0(|p|_ |\o| + |p|_ ol A+
B sin 6 + C sin 2 sir? 6)
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The orientation of the scatterérand¢, can be calculated using  and
a combination of the above equations. There are several ways

of achieving this goal; here, only one example is given, |y = 1_18[(7A+ 3B — 3AH + BH)o, o2 — 6(A + 3B + 3AH +

1
b= 1. tan1('s,135’ - ls,45’) 0= sinl( AXd ) BH)aaniS(p'iso +9(4A+ 3B+ BH)aisoz] + 1_2 [(A+ 3AH+
B lso = lsa0 Ccos 2 — Byy 8BH) 0Ly o2 + B6(A + 3B + 3AH + BH) Ly o ftied SIN% 6 —
(25) 1 .
5 [(9C + 3CH)Lypieftisy — 4CHGL50] COS 2 SirT 0 —
where 2 (C+ 3CH)2 005 B sinf 0+ (B + 3BH) 0ty sir 0

29
_|s,0_|s,90_Ccos2j)sin26 (29)
Xd_l

= 26
s0 Tlsoo A+ Bsinf 6 (26) respectively, wherél = cos 29; is also a constant for a given
experimental configuration. Notice the sign change in terms that
is the reduced linear dichroism (cf. eq 15). Equation 25 allows contain cos @. For a perfectly spherical scatterer, one has
for a rapid determination of a single rodlike scatterer's lim,, -o(lsox — lsoy) = 0, verifying that the reduced linear
absolute orientation. The formulas appear very simple becausedichroism for a perfectly spherical scatterer is zero. On the other
only one principal polarizability component along a particular hand, it can also be easily verified that the linear dichroigm,
direction is involved in this scattering problem. For problems = (I5ox — Isov)/(Isox + Isoy), for a spheroidal scatterer reduce
involving more than one scattering tensorial component, to that of a rodlike scatterer in eq 26. This is also verified.
such as the spheroid scattering problem discussed in the The analytical expressions presented in this section in
next section, imaging the absolute orientation is expected to principle can also be used for dynamic imaging to follow the
become more complicated and is likely to require numerical polarization changes of individual nanostructures in real time.
solutions. It ought to be noted, however, that the intensities include
D. Light Scattering from an Immobilized Spheroidal measurement uncertainties as well as background scattering.
Nanoparticle with Annular lllumination. Another commonly These factors are likely to be dependent on the experimental
encountered example is light scattering from individual, nearly setup and have to be explicitly included in discussing experi-
spherical nanoparticles. For such a nanoparticle with a diametermental results. For instance, the noise statistics are expected to
much less than the wavelength of the interrogating tight  be different for different detectors; e.g., the data from single-
therefore, the surface “roughness” is on a length scale that isphoton-counting avalanche photodiodes should be treated dif-
even much smaller than the size of the partits interaction ferently than that from a charge coupled device (CCD) camera.
with an electric field can usually be described by the dipole The formulas derived here nevertheless provide a convenient
approximation. Consequently, although a nanoscale scatterer invenue to analytically incorporate different noise (and back-
general may appear irregular and nonspherical under a high-ground) characteristics. For example, ideas in many of the
resolution electron microscope, these features are usually notadvanced statistical methods to quantitatively extract the time-
identifiable by far-field optical methods. With this in mind, this  dependent behavior developed for single-mole@dfeor single-
section outlines the application of the theoretical framework to particle®> experiments should be directly applicable with no or
symmetric spheroid particles. minor modifications. For faster orientational or structural
The polarizability tensor is assumed to be symmetric; that changes, time correlation function is used to recover the
is, 04 = a2 # ag in eq 1. For nearly spherical particles, one underlying dynamics. The correlation approach has the ad-
may further use the isotropic and anisotropic polarizabilities to ditional advantage that the uncorrelated background and noise

describe the scattering intensity: does not contribute to the correlation trace. For both the imaging
and the correlation applications, it is important for an experi-
1 ; S ; )
gy = = (0 + 20,) and  agpe= (0 —ay)  (27) mentallst_to ensure tha_lt the compllcatlng_multlple scattering does
3 not contribute appreciably to the experiment.
For perfectly spherical particles{ = oz = o), one hasxaniso 4. Rotation-Coupled Fluctuations in Light Scattering

= 0 andajso = az. The other limiting case, a rodlike scatterer

(a1 = ap = 0), gives i = Ya0 and — 3. The Experimentally, dynamic light scattering from a single particle
1 — - s iso — aniso — iso-

. o b Jwas been obtained by suspending the particle in a me#fidm.
experimentally measured scattering intensities can be calculate : ) .
recent example is the study of a single optically trapped

as befpre (using eq 24), but now the |||um|_nat|on and the. 500 nm silica bead, where the translational Brownian motion
scattering parts can no longer be separated like those seen in

egs 18 and 19. After some algebraic manipulations Xthend and the thr.ee-dlmensllongl trapping force.can be deducgzd from
. : . the dynamical scattering intensity fluctuatiotisAn alternative
Y-polarized intensities are found to be

approach is to let the nanoparticle to be studied freely moving
inside the host medium in three dimensions. One then moves

lsox = 1_18 [(TA+ 3B — 3AH + BH)(XaniSOZ — 6(A+ 3B+ 3AH + the sample container to counteract the translational Brownian
T movements such that the particle is always at the focus of a
BH)Canisfiso + 9(4A + 3B + BH)ayes ] + 5 [(A+ 3AH + microscopé428 With these possible experimental realizations
8BH) 0,2 + 6(A+ 3B + 3AH + BH)ot, ogtied SN 6 + in mind, the_ theoretical framework outlined below assumes that
1 X _ the tran_slaﬂongl degree of freedom can be neglected, e_lther by
5 (9C + 3CH)aLajsdtiso — 4CH 45 ] €OS 2 Sin’ 6 + separation of time scale (e.g., particle in a viscous medium) or

by actively canceling the translational motion. Such experiments
therefore extract the dynamics related to the rotational degree
(28) of freedom and potentially can shed light on the manner in which

aniso aniso

%(c + 3CH)a,,. 2 COS 25 sir 0 + %1 (B + 3BH)a,. 2 sin' 0
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internal structural fluctuations are coupled to the diffusion tensor. where D and D), are diffusion coefficients associated with
Because the capability to perform this kind of experiment was rotational motions about the axes that are perpendicular and
only recently made possiblé28theoretical treatments appropri-  parallel to the symmetry axis of the particle, respectively. Notice
ate for relating experimental observations to the microscopic that this equation is expressed in terms of the relative orienta-
dynamics have not yet been developed. It is therefore the goaltions between the diffusion and the laboratory franf@gp,
of this section to put forth such a framework. The discussion whereas the reduced linear dichroism calculated using eqgs 28
will remain in the context of scattering from a single particle and 29 are based on the relative orientation between the
exhibiting cylindrical symmetry both in the polarizability tensor polarizability frame and the laboratory frame, denotedy.
and in its diffusion tensor. Equation 31 can be further reduced following the treatments of
A. Basic Formulation. In such experiments, the dynamics Szabd? for fluorescence depolarization, and those of Hinze
are generally contained in the time correlation function of the et al23 for rotational correlation of reduced linear dichroism

reduced linear dichroism, from single-molecule fluorescence. Briefly, one makes use of
1 the orthogonal properties of the Wigner rotation matrix ele-
) 2dOF = 7 f] 2lt+7) 24(0) dr (30) ~ mentsi®
2
where T is the length of the single-particle scattering time fdQ DY (@) DY (Q) =2|i+16,'m,6mm6nyny (33)

trajectory. As discussed earliefg is a function of6 and ¢,
which change as functions of time as the particle rotates in threetg expand the reduced linear dichroism in terms of the matrix
dimensions. In the preceding discussiofisand ¢ have been  glements and obtains

used for the development of the theoretical framework because

they deliver a relatively more transparent physical picture, for 140 = Z KimDDo[Qp(D)] (34)
example, in imaging the orientations of single nanoparticles. o

In the context of discussing rotational motions, however, it is

more convenient to use the Wigner rotation matrix elements WhereK,» = [(2I + 1)/877] /dQ DYL(Q) xa. Que(t) in eq 34
OV [Q()]; Q's are Euler angles introduced earlier) to carry andQuo(t) in eq 32 are related bip(f) = Quio(t) + Qop,
out the various coordinate transformations as well as to describeVhere€2or is the relative orientation between the polarizability
the dynamical behavior. IF is much greater than any time scale frame and the diffusion frame and is assumed to be time
that is relevant to rotational relaxation, then the rotational states'”dependem- Using the transformation property of the Wigner
as given byQ will have been sufficiently sampled by the Matrix elements,

particle. Under these conditions, eq 30 can be approximated as 0 o 0
Dmd Q0] = z Dm,/,t[QLD(t)] Du,O(QDP) (3%)
L_;td(t) Xd(o)g ~ B}:d(t) Xd(O)D u

= [ dQ@ [ d(0) x[QM] GIRMILO0)] X
1 Q(0)] PIR(0)] (31)

whereP[Q(0)] = (87?)~1is the equilibrium distribution of the
rotational states an@[Q(t)|2(0)] is Green’s function describing
the conditional probability of finding the particle &4(t) at time

t given that it is at2(0) at time 0. Thus, the rotational dynamics
of the particle is contained in Green’s function. Here, the
discussion will focus on diffusion-type motions following the
Stokes-Einstein-Debye relationshig® In accordance with the
previous discussion for particles exhibiting a polarizability tensor

and eqgs 3234, eq 31 becomes

1 | |
20 7400= 3 2 (5 Kl Y IR0l
=

1 m= ==
e*|(|+l)Dy—\t +n2(DH7Dr|)t] (36)

It is clear from eq 36 that, in general, the correlation function
will exhibit a multiexponential decay, even for the case of
symmetric-top diffusers. In general, one may use numerical
methods to assess the relative weights of the diffetent
component exponential decays for single-particle light-scattering
with cylindrical symmetry, the following discussion will further expe_rlmenFs,4as has.been3done .for fluorescence slngle-molecule
h - . otations witl#* and without® considering the numerical aperture
be restricted to the cases where the tensor for three-dimensional o . . -
Dy - S of the collimating lens. Multiple exponential decays in the
diffusion also exhibits cylindrical symmetry. . . . ; - )
; . o correlation function from single-particle dynamic light scattering
It is necessary to introduce an additional reference frame experiments is in contrast to the cases in conventional hetero-
associated with the diffusion tensor (denoted by a subscript D per . . .
. N ) dyne light scattering experimerisand to those in fluorescence
wherever appropriate). The diffusion frame, as defined by the 0 )
L e .~ depolarizatiorf® In both experimental schemes, the observables
principal components of the diffusion tensor, may not necessarily

. L - transform a$ = 2 spherical harmonics (b= 2 Wigner rotation
overlap with the polarizability frame. The transformation matrices) such that only tHe= 2 components in the rotational
between them can also be achieved via the Euler angles as,... . , y P .

X ! ) . . : diffusion Green’s function are selected. Hence, the maximum
before. It is assumed the relative orientation of the diffusion ; . - .

. o - - number of exponentials in the polarization correlation for
frame with respect to the polarizability frame is also independent

of time. This assumption is easily met when the particie under cYERST R (TR 2 R SR CO T TC
investigation can be viewed as a rigid rotor within the time scale P y

of investigation depends on how the ex_perimental observables are mgasured and
By Favro® Green’s function for symmetric-top rigid rotor defined. For example, in eq 36 the observable is definegyby
' = (Ix — Iy)/(Ix + ly), where the homodyne detected intensities
Ix andly are measured. The correlation function is further shaped
2l + 1 by the experimental configuration such as the illumination and
G[Qp(1)ILp(0)] = z (—2) DOIQ o] DO 5(0)]* x collimation numerical aperture (contained in #g, parameter
rmn \ 87 in eq 36), as well as by the polarizability tensofalso contained
exp[-1(1 + 1)Dyt + n’(D, — D)t] (32) in K| ), the diffusion tensob (appearing in the exponent), and

is
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the coupling between them (contained DYy(Qor)). There-
fore, these analytical expressions allow one to evaluate different
contributions separately affording a quantitative interpretation
of the experimental results. For example, a metallic nanoparticle
can be considered as a rigid rotor with its polarizability related
to its shape by electrostatic approximation (cf. eq 45). This, in
turn, allows one to investigate the dynamical interactions
between the scatterer (now can be viewed as a nanoprobe) and NA = 0.6
its microscopic environment, contained in the diffusion coef-

ficients Dp and D).

In practice, considering the strongly stochastic nature of
single-molecule or single-particle time trajectories and the
experimental noise contained within them, the experimental data NA =1.0
may not be able support multiexponential models with sufficient
statistical confidence. For example, law 2 decay relaxes with

NA=02

» _ ; Figure 4. Three-dimensional shape for the reduced linear dichroism,
a rate of~6Dp whereas am = 4 decay relaxes with a rate that xd (eq 26), for a single rodlike scatterer as observed through a

is 3 tllmes greater 20Dr). The two rgqUIrements for an collimating lens of numerical apertures (NA) 0.2, 0.6, and 1.0. The

experimental data set to support a multiexponential model are particle is assumed to be illuminated annularly with an NA.2 dark-

(1) high time resolution to observe greatetomponents and  field condenser. The shape at NA 1.0 resembles that of an atomic

(2) long-term observation to improve the signal-to-background de-y orbital but appears to deform along the Z direction (seeXhe

ratio. The second requirement is an important characteristic of i“de_rOJeCé'?”S) a(stheSNé 2; the;]colllmanr:g Ie:;gecre_asesd fC0|Um”S
H H H H H are viewed trom (2, 1.5, 2.4), wnereas colum re viewed rrom

single-particle or single-molecule experiments where averaging X, 1Y, and-+Z directions, respectively.

is carried out in the time domain (cf. eq 30). These requirements

may not always be attainable in an experiment. Therefore, it C. Nearly Spherical Scatter Diffusers.For nearly spherical
would be helpful to obtain analytical expressions under certain scatter-diffusers that exhibit cylindrical symmetry both in the
approximations to allow the determination of the dominating  diffusion and in the polarizability tensors, the reduced linear
Components. ThiS, in turn, will allow one to construct appropri- dichroism (eq 15) as calculated using eqgs 28 and 29' can be

ate models that provide physical insights about the microscopic expanded in powers ofanisdtiss). To the first-order ap-
dynamics. For instance, if an analysis of experimental results proximation, this gives

indicates the dominating term belongs tolasomponent other
than 2, then one has to consider models more complicated than Oaniso 3C+ CH 8
a nearly spherical scatterer with cylindrical symmetry. 20 o 4A+3B+BHV 15 (Y240.0) + ¥2.-20.0))
The next three sections illustrate how the general ideas
discussed above are applied to different examples. One seeks ani 3C+CH 2
o g = \/%(D(E%O[QLP(U] + DEYLL0D

to obtain analytical expressions using a perturbative approach O, 4A+ 3B+ BH
for nearly spherical scatterers under the widely used annular (38)
illumination.

B. Rodlike Scatter Diffusers.The reduced linear dichroism
for a single rodlike scatter-diffuser has been derived in eq 26.
This expression is identical to the one obtained for single
fluorescent molecule by Wei et & therefore, their results are
directly applicable. Generally, these authors found the rotational
relaxation should exhibit multiexponential decay includirg
2, 4, ... components with the = 2 component being the
dominant one. Furthermore, the weight of the 2 component
increases from 0.84 for NA= O for the collimating objective
to 0.99 for NA = 1.22324 These results can be understood
graphically by plotting eq 26 in three dimensions, shown in
Figure 4. In general, it is clear the shape of the reduced linear 2 foned? 3c+cH |2 2
dichroism resembles an atomic d-orbital (edp—?), described — G4(t) x4(0)0= — ( ) ( ) [ z (D&(Qpp)* x
by thel = 2 spherical harmonics. It is therefore not surprising Qs | \4A+3B+BH
the decay is dominated by the= 2 component. This graphical g 60 F0IPY (39)

interpretation can be understood with the help of the connection ) ] ]
formula?2? The above equation reduces to a single-exponential decay when

(Dyj—Dp) — 0. This procedure can be used to obtain higher-
Dﬂ}O(Q) = \4nl(2l + 1) Y (0.9) (37) order terms indanisd®iso) Should the experimental data indicate
' ’ anl dependence that is higher thas 2. When the NA of the
By virtue of the orthogonal property of the Wigner matrices in collimating lens approaches zero (experiment without high-NA
eq 33, the dominant component in Green’s function for collimating lens), the magnitude of this correlation function
rotational diffusion (eq 36) is selected out by the “shape” of approaches 2/15 0.13, i.e., lim\—o[(3C + CH)/(4A + 3B +
the observable. If the shape of the observable resemblds the BH)]2 — 1. In general, just as the three-dimensional shape of
= 2 spherical harmonics function, the decay will be dominated the reduced linear dichroism depends on the NA of the
by thel = 2 components. As the numerical aperture decreases,collimating lens (cf. Figure 5), the magnitude of the correlation
the deviation of eq 26 from a d-like orbital becomes more function depends on the NA for the incident illumination as
significant, hence the reduced weight in the 2 component. well as on the NA for the collimating lens. The prefactor is

where the connection formula in eq 37 has been used to arrive
at the second line. It is immediately clear that the signal vanishes
for scatterers exhibiting isotropic scattering polarizability, or
Qaniss— 0. This is true regardless of the shape or size of the
particle. Furthermore, one would expect the decay of the
correlation function to be dominated by the= 2 components

(cf. Figure 5). Experimental parameters such as NA of the
collimating lens (affectingA, B, and C) and NA of the
illumination optic (affectingH) only modifies the magnitude

of the observableyq, but not its three-dimensional shape. More
specifically, for the reduced linear dichroism, one has

n==2
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filter is placedafter the polarization analyzer (cf. Figure 1).
The spectral filter may reflect light with frequencies greater than
its cutoff frequency @) to give thelg signal, and transmit light
with frequencies lower thamg to give thelg signal. Analogous

to the reduced linear dichroism, the quantity of interest is the
reduced spectral contrast, defined by

Iy r(t) — Ix (1) = lyr(® — Iyt
I T Ixs(® TR + TR

NA =06 Ixs(t) =

-« &

) X
NA=02 1 m
' where the subscript indicates that the spectral contrast is
measured after th& or Y polarization analyzer. Using the
X-polarized scattering light as an example, the origin of the
spectral fluctuation can be made more apparent by re-expressing
Figure 5. Three-dimensional shape for the reduced linear dichroism, eq 28 in terms ofx;(w) and as(w) to arrive at

xqa (eq 38), for a nearly spherical scatterer as observed through a

collimating lens of numerical apertures (NA) 0.2, 0.6, and 1.0. The — 2 2

particle isgassumed to be iIIumingted annlglarlg/ with anNA.2 dark- lsox = Wii0y(w)” + W0y () og(w) + Wagag(w)”  (41)
field condenser. The shapes are seen to be independent of the NA of
the collimating lens. Columns 1 are viewed from (2, 1.3, 2.4), whereas where
columns 2-4 are viewed fromt-X, +Y, and+Z directions, respectively.

NA=1.0

W11=%(A+ B)(3+ H) —%(A+4B+3AH+4BH) sin’ 6 —

-
ra

014

§ oo (C + CH) cos 2 sir 6 + = (B + 3BH) sirl 0 +
8 1w o1 d 0.13 14
Euflien = (C+ 3CH) cos % sin' 0 (42)
= 0.8loa 4
8 0.12
B W, = X (B + 3BH) sirf 0 + = (C + 3CH i’ o —
1 0138 0.1 13_5( )Sl E( )COSZbSI
4 ) )
io %(B+ 3BH) sin® 6 —%(C+3CH) cos 2 sin* 6 (43)
9 0.134
g 02 01
E 0.133 _ 1 1 )
z W33—§(A—AH)+Z(A+ZB—ZBH+3AH)S|r126+

02 04 06 08 1 1.2

Mumerical Aperture (illumination condenser) 1_ (C — CH) cos 2 sir? o +1_ (B + 3BH) sint o+
Figure 6. Amplitude of the time-correlation function in the fluctuation 2 4
of reduced linear dichroism (eq 39) as a function of the numerical 1 (C+ 3CH) cos 2 sin* 6 (44)
apertures for the collimation lens and illumination condenser. The inset 4
displays the amplitude along the diagonal line as a function of the
numerical aperture, with the dashed line indicating 2/#50.33. A Therefore, as the particle rotates theand ¢ angles change.
maximum is seen to occur when the numerical apertures for both the This in turn alters the magnitudes @11, Wi3, andWs3 such

collimating and illuminating lenses are at0.675. The index of  that the relative contributions from tha(w)?2, ai(w) as(w), and
refraction for the medium is assumed to be 1.33 for these calculations. os(w)? terms will also change as a function of time. If the

plotted as a function of the numerical apertures and is displayeddifferences in the spectral densities @f(w) and as(w) are
in Figure 6. Because all the setup-dependent coefficients are€xperimentally detectable, one is expected to observe spectral
constant for a given experiment, eq 39 provides a way to directly flugtuatlons that are correlated with the rotational dynamics.
measure the relative anisotropy of a particlg,sdaiso), as well Using eq 41, the “red” and the “blue” components of the
as its distribution among an ensemble of particles. scattering spectrum can now be defined as

Up to this point, the discussions have focused on the general . .
aspects of the theoretical framework, in which the explicit form Ixr =Wy, j;} . 0y(@)* do + Wi ‘/; . ay(w) ag(w) do +
of the polarizability tensorg, has not been specified. New 0 )
experimental observations, on the other hand, combined with WBSLO 0g(w)” dov
certain theoretical models are likely shed new light on the
manner by which the various microscopic parametghe and
polarizability tensor, the diffusion tensor, and the particle
shape-are com_JpIed_ together to give rise to the observations. lyg = Wy, Ji“:’ al(w)z do + Wy, /: “:’ o, () og(w) do +
The next section discusses one such example. o )

D. Spectral Fluctuations. As indicated in eq 1, the polar- Was ﬁm ag(w)” dw
izability tensor is a function of the frequency of the incident
light. Therefore, in addition to fluctuations in the polarizations respectively. In an experiment, the upper and lower bounds in
of the scattered light as the particle undergoes rotational the above expressions may be defined by the dichromatic filters
diffusion, one would expect to observe fluctuations in the used. The choice of the optical filter does not affect the results.
scattering spectrum as wéfl.For this kind of experiment, a  The goal here then is to apply the theoretical framework to
multichromatic or white light is used as an illumination source. determine the dominartcomponents in the time correlation
To separate the intensity contributions due to polarization function, Qixs(t) xxs(0)0J and to relate such a theoretical under-
fluctuations from those due to spectral fluctuations, a spectral standing to experimental observations.
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Figure 8. Numerical aperture-dependent amplitude of the time-

Figure 7. Three-dimensional shape for the reduced color contrast along correlation function in the fluctuation of reduced spectral contrast (eq
X-polarized light,yxs (eq 47), for a nearly spherical scatterer as observed 48) as a function of the numerical apertures for the collimation lens
through a collimating lens of numerical aperture (NA) 0.2, 0.6, and and illumination condenser. The inset displays the amplitude along the

1.0. The particle is assumed to be illuminated annularly with arFNA

diagonal line as a function of the numerical aperture. The index of

1.2 dark-field condenser. The three-dimensional shape can be seen taefraction for the medium is assumed to be 1.33.

change significantly as the NA of the collimating lens changes. Yet,
as eq 47 indicates, they all belong to the 2 spherical harmonics.
Therefore, the overall rotational dynamics under this approximation
still follows the | = 2 pattern. Columns 1 are viewed from (2, 1.3,
2.4), whereas columns-2 are viewed from thetX, +Y, and+Z
directions, respectively.

The problem at hand requires the use of a model for the
polarizability tensor that explicitly incorporates the frequency

in Figure 7. Therefore, the spectral fluctuations at this level of

approximation can be visualized as three-dimensional rotational
diffusion of these objects. More specifically, the time correlation

in the fluctuations of the reduced spectral contrast decays as

= 2, regardless of the shape of the particle (outlined in the
Supporting Information):

response. For example, one may use the electrostatic ap{yy, (1) oy (0)O~ EF(wpe,)? X
Xs Xs

proximation for spheroids (RayleigtGans model}&4+43

4J[ 6,((())
O = 3388y Le (@) (45)
where g is the semimajor (semiminor) axis along tligh
polarizability principal component with; < a; < ag, ¢(w) =
em(w) — 1 is the reduced relative permittivity, and is the
shape factor defined by

A8 e
L=—,

dq
° (&’ + g)f(q)

(46)

with f(q) = \/ (9+a,9)(g+a,”)(g+as7). In accordance with the
previous sections, here one focuses on cases that exhibit
cylindrical symmetry under annular illumination. This model
has been shown to work reasonably well even with metallic
nanorods (within linear scaling when compared with experi-
ments)?445

Equation 41 indicates that, in general, the correlation function,
Dy xs(t) xxs(0)LI will show complicated multiexponential behav-
ior. However, for nearly spherical symmetric scatter-diffusers,
analytical expressions can be obtained to afford physical
insights. It can be shown that to the lowest order approximation
in &, the angle-dependent part of the reduced spectral cofitrast
giving rise to spectral fluctuations as the particle undergoes
rotational Brownian motiofrhas the following form

2A+ 6AH + 6B + 2BH
12A + 9B + 3BH

\ﬁ 3C+CH
34A+ 3B+ BH

where & = amajor/ @minor —1 With amajor and aminor being the

Oy, (1) O EF(wo.€,) DEy +

D)+ D% )| (47)

a

(602(3 + H)2+ 4(A+ 3AH+ 3B + BH)2)
X

45(4A + 3B + BH)?
2

> (D%?%(QDP))Ze‘e"D””Z(D_DED‘] (48)

n==2

where Fy(wo,€r), defined in the Supporting Information, is a
function of the cutoff frequency of the reduced relative
permittivity of the particle-medium systema, and the dichro-
matic mirror for discriminating the blue and the red portion of
the scattering spectrunm). Analogous to the case in reduced
linear dichroism, the magnitude of the correlation function
depends on the deviation from a perfect sphefy the
experimental configurationF&(wo,e;) and the term contained

in the parenthesis), and the relative orientation of the polariz-
ability tensor and the diffusion tensaRpp. The formulation
presented above also predicts that the spectral fluctuation
vanishes for a perfect spheies= 0. Furthermore, although the
model explicitly incorporates the particle size in the polariz-
ability, the spectral fluctuation is independent of the particle
size at this level of approximation. The experimental configu-
ration-dependent prefactor is found to approach=2/0.22 as

the NA of the collimating lens approaches 0, independent of
the NA of the illumination condenser. Figure 8 shows how the
magnitude of the correlation depends on the NA of the
illumination condenser as well as on the NA of the collimation
lens. Because the prefactor is fixed for a given experiment,
eq 48 in principle can be used to characterize the extent to which
a particle deviate from being a perfect sphere, as well as the
distribution of this parameter in an ensemble of particles.

5. Summary
A formal connection between the microscopic polarizability

semimajor and semiminor axes of the particle, respectively. A tensor of a light scattering nanoparticle (or nanostructure) and
series of graphical representations for eq 47 as calculated usinghe far-field detected signal has been established. The use of
a collimating lens of different numerical aperture is displayed this procedure was illustrated using two typical experimental
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