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Abstract: Nonlocal optical response is one of the emerging effects
on the nanoscale for particles made of metals or doped semiconductors.
Here we classify and compare both scalar and tensorial nonlocal response
models. In the latter case the nonlocality can stem from either the longi-
tudinal response, the transverse response, or both. In phenomenological
scalar models the nonlocal response is described as a smearing out of
the commonly assumed infinitely localized response, as characterized by
a distribution with a finite width. Here we calculate explicitly whether
and how tensorial models, such as the hydrodynamic Drude model and
generalized nonlocal optical response theory, follow this phenomenological
description. We find considerable differences, for example that nonlocal
response functions, in contrast to simple distributions, assume negative and
complex values. Moreover, nonlocal response regularizes some but not all
diverging optical near fields. We identify the scalar model that comes closest
to the hydrodynamic model. Interestingly, for the hydrodynamic Drude
model we find that actually only one third (1/3) of the free-electron response
is smeared out nonlocally. In that sense, nonlocal response is stronger for
transverse and scalar nonlocal response models, where the smeared-out
fractions are 2/3 and 3/3, respectively. The latter two models seem to predict
novel plasmonic resonances also below the plasma frequency, in contrast to
the hydrodynamic model that predicts standing pressure waves only above
the plasma frequency.

© 2015 Optical Society of America

OCIS codes: (260.3910) Metal optics; (260.2030) Dispersion; (120.6710) Susceptibility;
(240.6680) Surface plasmons; (000.6800) Theoretical physics.
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1. Introduction

In plasmonics research, conducting materials are described on many levels, from classically all
the way to atomistically [1, 2]. Here we focus on effects of nonlocal response (also known as
‘spatial dispersion’) that for metals emerge on the few-nanometer scale, which is the intermedi-
ate regime where deviations from classical electrodynamics occur while atomistic descriptions
are not needed yet. Nonlocal response means that the polarization field at a certain point de-
pends not just on the electric field in that point, but rather on the electric field in its neighbor-
hood. In Fourier space it is characterized by a wavevector-dependent dielectric response.

In microscopic descriptions of light-matter interactions, nonlocal optical response may ulti-
mately occur due to the quantum mechanical position uncertainty of the particles or material
excitations that the light interacts with. The optical properties of conductors is typically dom-
inated by the free-carrier response, which is a collective effect (except for semiconductors at
very low doping [3]) that allows semi-classical descriptions of nonlocal response, both for met-
als [4-6], for doped semiconductors [3, 7-9], and recently also for graphene [10, 11]. Indeed
various nonlocal-response models for conductors have been proposed, predicting different phe-
nomena. This article is not an attempt to review all of these models but rather to classify some
of them, after introducing a few developments in this active subfield of plasmonics.

Probably the best known semiclassical model to describe nonlocal collective response is the
hydrodynamic Drude model (HDM) that goes back to Bloch [4,12] who included the dynamics
of the electron gas in the Thomas-Fermi approximation. Although the HDM has been around
for a while, it is relevant for current research both because new experiments become possible
and because new effects are predicted with the HDM. Three nonclassical phenomena that are
well known to be explained by the HDM are (i) size-dependent blueshifts of the dipolar reso-
nance of noble metal nanoparticles as their sizes get smaller than typically 10 nanometers, see
for example Ref. [13], (ii) standing bulk-plasmon wave resonances above the plasma frequency,
first observed as anomalous absorption in Ag thin films [14], and (iii) somewhat reduced plas-
monic field enhancements [15, 16].

A natural extension of the HDM to include nonlocality due to surface diffusion is the Gen-
eralized Nonlocal Optical Response (GNOR) model [6, 17]. Recently it was recognized that
the HDM predicts that surface-plasmon resonances of higher multipolar order are blueshifted
more [18,19], and in the GNOR model also broadened more [6]. The latter nonlocal broad-
ening was used very recently to explain experimental electron-loss spectra of embedded silver
spheres, in particular the disappearance of higher-order plasmon resonances for spheres of radii
smaller than 4 nanometers [20].

Very actively studied nowadays are the optical properties of plasmonic dimer systems with
(sub-)nanometer-size gaps. Again an important role is played by semi-classical models. Even
though they cannot explain all phenomena, to get insight it is important to find out which phe-
nomena can and which cannot be explained by these relatively simple models. In Ref. [16] the
HDM was used to show that large dimers with small gaps respond non-classically even though
classical electrodynamics suffices to describe the response of the individual monomers. An in-
termediate nonlocal regime of gap sizes was anticipated to be well described by semiclassical
models, with gaps too small for classical electrodynamics to be accurate, yet too large to allow
short-circuiting due to electronic spill-out at both interfaces [16]. In some experiments this in-
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termediate nonlocal regime was not identified [21], while ineos it was [22]. The observed
broadening of optical spectra for smaller-gap dimers [21] is typically interpreted as due to quan-
tum tunneling [23], so it is rather interesting that the semiclassical GNOR theory systematically
neglects tunneling but still predicts an analogous spectral broadening of smaller-gap dimers as
due to diffusive nonlocal response [6, 17, 24]. What is more, without further ingredients the
GNOR theory also explains the observed spectral broadening for smaller monomers, which of
course cannot be explained as due to quantum tunneling. Here we have the interesting situa-
tion that a semiclassical nonlocal-response theory suggests to reinterpret microscopic quantum
calculations, because besides quantum tunneling there must be at least one other broadening
mechanism at work in small-gap dimers. This is confirmed in Ref. [25] where it is shown that
besides damping due to electron-hole pair creation in forward-scattering processes across the
gap (i.e. tunneling) also backward scattering processes at metal-air interfaces are important, the
latter processes both for monomers and dimers.

Another very recent generalization of the standard hydrodynamic Drude model is the self-
consistent hydrodynamic model (with electron gas dynamics beyond the Thomas-Fermi ap-
proximation) that can describe electronic spill-out semiclassically [26]. It predicts nonlocal
blueshifts for noble metals while for simple metals redshifts are predicted for smaller nanoparti-
cles [26], both in agreement with experiments. By contrast, the usual (hard-wall) hydrodynamic
model systematically excludes spill-out at the interfaces and consequently always predicts non-
local blueshifts. Furthermore, the self-consistent hydrodynamic model is the first semiclassical
theory to describe so-called multipole surface plasmons, also known as Bennett resonances,
and which have been experimentally observed, as reviewed in [4].

As a final research trend, it deserves mentioning that effects of nonlocal response are being
investigated for metamaterials [27—29], metasurfaces [11] and other periodic structures [30,31].

In this article we will classify several types of nonlocal-response models, both scalar and
dyadic, as summarized in Table 1. We will derive their nonlocal response functions in real space,

Table 1.0verview of Response Models, and Where in the Text they are Discussed.
Name Defined by Where?
Scalar local response eL(w) =¢er(w) Sec.3.1
Nonlocal with local trace w) # er(w) Sec. 3.2
Longitudinal nonlocal response k,w) ander(w) | Sec. 4

e (

& (

& (

g (k
Non-scalar L- and T-nonlocal response (k, w) # er(k,

Transverse nonlocal response w) ander(k,w) | Sec.5
Scalar nonlocal response ,w) =¢er(k,w) | Sec.6.1
w) | Sec.6.2

and compare the results with phenomenological scalar moadlefsohlocal response [32, 33].
Aim is to obtain a sharper intuition about the models considered and the phenomena that they
describe, especially the analogies and differences between scalar and dyadic models.

2. Preliminaries: nonlocal response in real space and in wavevector space

2.1. Fromreal space to wavevector space: Fourier relations

In general, nonlocal response means that the response of a medium at a certainlepértds

on the exciting field in a neighborhood of that point, rather than on the exciting fieldray.

Here for simplicity we only consider dielectric (nonmagnetic) response of a medium to light,
and assume the response to be linear. Then the dielectric function (or rathex: 3aidectric
tensorg) depends on two positions rather than one, so that the displacement field at a certain
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point depends on the electric field in a neighborhood of thattpoi
D(ri,w) =& /drze(rl,rz,w) -E(ra, w), (1)

where the dielectric function has become a nonlocal response fuggtiom,, w) that depends

on two positions. One can also study its Fourier representation ko, w) but for arbitrarily
shaped media this does not necessarily simplify the analysis. Although nonlocal response in
finite geometries will be discussed in this article, we only calculate response functions for
translationally invariant systems, where the nonlocal response can only depend on the spatial
difference between the two position argumeg(s,,r2, w) = €(r1 —ro, w) = €(r, w), where

we defined the position difference vectoe r; — r,. Due to this translational invariance, the
response assumes a simple fornkispace (K1, ko, ) = (2m)363(k1 — k) €&(ky, w), where

the tensor functiorg(ky, w) is the Fourier transform of(r, w). For translationally invariant
systems, it is usually simpler to first find the dielectric functiorkigpace rather than in real
space. By subsequent inverse Fourier transformation (see below in Sec. 2.3) one then finds the
sought real-space form of the nonlocal response that features in the constitutive relation (1).
The nonlocal response function of infinite systems so obtained is also useful for the analysis
of finite systems, as an approximation for example [32], or as input for a phenomenological
specular reflection model for conduction electrons at the metal surface [4].

2.2. Transverse and longitudinal response

The dielectric function is written as a tensor, and indeed in a few important models that we
consider below, the response function is tensorial (or dyadic, meaning t&énsorial) rather

than scalar. For isotropic bulk media there are only two fundamentally different directions in
wavevector space, namely the longitudinal direction parallel to a given wavevector, and the
transverse directions orthogonal to it. More specifically, given a waveveablengthk = |Kk|

in Fourier spacek = k/k is the corresponding longitudinal unit vector, where ‘longitudinal’
means that it points in the direction &f In addition, we can find two mutually orthogonal
transverse unit vectorse; (k) that by definition are also orthogonalkoThese three unit vec-

tors together thus form an orthonormal basiski@pace. An arbitrary vectarhas a projection

of lengthv - k in the longitudinal directiork. The longitudinal projection of the vector is thus
given by(v-R)R, which is the same as the inner productofith the dyadic produck @ k.
Sometimes the symbal that signifies dyadic product is omitted, but here we keep it. Th& 3

unit tensot in k-space can then be expanded as

1 00
I=k@k+(-kok =kok+tewe+eee=| 0 1 0 |, (2)
0 01
where on the right-hand side we wrote the matrix representatiomnathe {R,el(k),ez(k)}
basis. For convenience we also introduce the longitudinal and transverse projectors

Ly=kok and Ti=1-kak. (3)

They are indeed projectors and together they project on the entire Fourier space because of their
properties

Lk - Lk = L, Tk - Tk = Tk, Lk - Tk =Tk -Lx =0, Lk +Tk =1. 4)

In general the dyadic dielectric responséiapace will be different in the longitudinal and in
the transverse directions. Even in isotropic media the dielectric response function need not be
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a scalar. The most general response of an isotropic bulk maditather of the form

&L (k,w) 0 0
ek, w)=¢€L(k,w)+e1(k,w) = ¢ (k, )Lk +er (K, )Tk = 0 er(k,w) 0 ,
0 0 er(k, w)
()

where the scalar functiorss (k, w) ander(k, w) describe the response in the longitudinal and
transverse directions, respectively. Because of the assumed isotropy of the medium, the scalar
functionse_ 1(k, w) depend only on the magnitude but not on the direction of the wavevector.

2.3. Real-space nonlocal response: from k-space back to real space

For a given dielectric tensor ik-space, we can find the corresponding dielectric function in
real space by inverse Fourier transformation:

£(r,w) = (2m)3 g (ky, w). (6)

We can do this inverse transformation for the longitudinal and transverse response separately.
Let us first transform the longitudinal resporgse= € (k, w) back to real space, making use of
its property that the scalar functien(k, w) depends only on the magnitude of the wavevector:

EL(r,w) = e

T g (K, W)Ly = (2—711)3 /0 dke ke, (K, ) /dzlzlékl* Ry @ k.
(1)

So, because of the isotropic response, we can evaluate the three-dimensional integral in two
steps: first do the #-angular integral over wave vector directioks and then the integral
over the wave vector magnituéte. (Doing the magnitude integral first may also work in some
cases.) The angular integral can be evaluated as follows (see the Appendix of Ref. [34]):
[tk = 5000 [Phier = TT0e .
kl kl klr

(8)

By working out the spatial derivatives, one can show that this angular integral can be written in

terms of spherical Bessel functions, see Appendix A and Ref. [34], but here we prefer instead

to take the derivatives also out of tkgintegral and withe, (—kj, w) = &_(ki, w) obtain
1 sin(kyr)

4 4T klr ’

Following analogous steps, the transverse response function in real space becomes

£L(r,w) = D®D/ dkr & (K, @) (9a)

sin(kar)

£T(r,0l)) = ST(raw) ker )

1 D®D/ dky er (K1, @) (9b)

AT A2

whereer(r, w) is the Fourier transform of the scalar functier(k, w).
We are interested in fully explicit forms of the real-space response fun@jons, w). The

procedure to arrive at that in subsequent sections will be to assume specific model functions for

e 1(ki, w), to perform theks-integrals in Egs. (9a) and (9b), and then to evaluate the double

spatial derivatives. Here we make the general point that the result of doikg-thieegral will

be a radial function, i.e. depending on the lengtiather than on the full position difference

vectorr. That makes doing the spatial derivatives easier, since they follow immediately from

the dyadic identity

Do Of(r) = f/f” (1—P@P)+ ' (NFef  (for r#£0), (10)

#250232 Received 18 Sep 2015; revised 13 Nov 2015; accepted 16 Nov 2015; published 23 Nov 2015
© 2015 OSA 30 Nov 2015 | Vol. 23, No. 24 | DOI:10.1364/0E.23.031296 | OPTICS EXPRESS 31301



which is derived and related to spherical harmonics in AppeAdiThere is a sum rule for the
real-space response functions that we will derive, namely that their integrals over all of space
should give

l/.dr £ T(r,w) = l/'d3k1 [# '/dr ékrf} eLrkyw) = 1(k=0,0), (11)

where in the first equality we used Eg. (6) and in the second one we idediffiedlin between

the square brackets. The sum rule (11) will be a convenient consistency test of our results.
On the right-hand side we see tkespace response in the linkit— 0. This limit typically
coincides with the local-response limit, and then the sum rule describes that the integral over
the nonlocal response function equals that of the corresponding local-response model. In this
sense, nonlocal-response models ‘smear out’ the response of the corresponding local model.
There are infinitely many different functions that have the skme0 limit, and equally many

ways to smear out the delta-function response of local models. Below we focus on specific
response functions that in most cases are physically motivated.

2.4. Relation between dyadic nonlocal response function and dyadic Green function

The dyadic Green function can conveniently be determined using the longitudinal and trans-
verse projectors of Eq. (3). The retarded (dyadic) Green function for an infinite medium with
nonlocal response is defined by the equation

—Ox OxG(r,w) + (w/c)? /drle(r —r1,w)-G(ri,w) =10(r), (12)

plus the boundary condition thai(r, w) — 0 forr — co. The translation invariance means that
it is best solved irk-space. Using the vector identityx k x A = (k- A)k — (K- K)A = =Ty - A,
the defining equation becomes

—k2Ty - G(k, w) + (w/c)%e(k, w) - G(k, w) = 1. (13)

Now analogous to Eq. (5) fog, the Green functio (k, w) for isotropic translationally in-
variant media can be written as the sum of a transverse and a longitudinal partGylere)
equalsG (k, w)Lx andGt (k, w) equalss, 1(k, w) Tk, and where th€&, 1(k, w) are scalar func-

tions depending only on the magnitude of the wave vector. Inserting this expansion into Eq. (13)
and using the properties of the projectbgsand Ty of Eq. (4), we obtain two scalar identities

for the transverse and the longitudinal parts of the resulting equation separately, whereby the
scalar Green functions can be expressed in terms of the dielectric response functions as

1 -1
otk TR e wjoze kW)

The poles of these Green functions give the dispersion relations for the excitations in the
medium. Thus the longitudinal modes correspondttk, w) = 0 and the transverse modes
to k? = (w/c)%er (K, w).

The corresponding real-space representations of the Green functions (14) are found by in-
verse Fourier transformation, where we can use the isotropy of the medium, analogous to
Egs. (9a) and (9b) for the longitudinal and transverse response functions. The result is therefore

GL(k,w) = (14)

1 s sin(kyr)
GL(r,w) = —-—0x0 dk; G (k1, w 15a
L) 2000 [ daGi(a.0) X, (15a)
1 o sin(kyr)
Gr(r,w) = Gr(r,w)l+-—0x0 dk; Gt (kg, w 15b
7(r, w) T(r, ) +420® ./700 1Gr(ke, W) r (15b)
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where Gr(r,w) is the three-dimensional inverse Fourier transform of the scalar function
Gr(k, w). The total Green function in real spaGér, w) is given by the sum o6, (r,w) and

Gt (r,w). This shows how the total Green function can be computed once the scalar functions
e 1(k, w) are given.

3. k-independent responseq (w) and er(w) ]
3.1. Local response[ & (w) = e1(w) ]

When the scalar functiorgs 1(k, w) actually have n&-dependence, it may be expected that the
corresponding response in real space will be local. In general this is incorrect, as shown below,
but let us first consider the simplest case for which it is true: if the longitudinal and transverse
responses are equal and independeit af (k, w) = er(k, ) = £(w), theng(k1, w) = (w)!.

In this simple situation we do not need to consider longitudinal and transverse response sepa-
rately since from Egs. (2) and (6) it follows immediately that

ekw)=¢w)l =  &r,w) =¢cwdr), (16)

where the first denotes the 3 3 unit matrix in three-dimensionkispace, while the secomis
the 3x 3 unit matrix in real space. Because of the delta funcfidfm), we see that the response
in this simple case is indeed local.

Local response models are employed in most of plasmonics research, and different metals
are described by different permittivitie$cw). No need to elaborate much on this here. For later
reference we mention the widely used Drude-like models, with scalar local response functions
of the form
2

%
w(w+iy)

Here the free-carrier susceptibility (w) features the plasma frequengyand Drude damping
yo. While &ore(w) (not further specified here) models the response from the bound ions and
electrons, and includes effects of interband transitions.

&p(w) = &corel(W) + Xp(w), with  xp(w) = @a7)

3.2.  Nonlocal response model with local trace[ &_(w) and er(w) ]

A slightly more complex situation occurs if the scalar transverse and longitudinal response
functions are different, but still are independent of the wavevector, that is if we assume

€(ky,w) = & (w)Lk + &r(w)Tk, (18)

which hask-independent matrix elements in the basis of Eq. (2). The real-space response for
this model will nevertheless be nonlocal, because the basis of Eq. (2) itself does depend on the
wavevector, on its direction to be precise. We now calculate the spatial dispersion explicitly,
starting with& (r, w):

YR

1
3 - _ A A
o°(r)l+ 4nr3(| IFer)|,
(19)
in terms of the so-called longitudinal delta functi6ﬁ(r) = —-0O®0(1/(4mr)), which is a
dyadic, see the derivation in the Appendix and in Refs. [35,36]. Hence the longitudinal response

does not solely give rise to a delta-function, but also to a “dipolar” nonlocal term scalingas 1
Similarly, for the transverse part we find

1
eLlr @) = ;

£1(r,w) = ZET“)’; /d3k1e”‘1"Tk — er(w) 8 (r) = er(w) [%(53(r)| - %(I —3Fef)|,
(20)
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in terms of the dyadic transverse delta funct&njr(r) [35,36]. Again, besides the delta-function
term that describes the local part of the response, there is a dipolar nonlocal term scaling with
distance as Ar3. From the above two expressions it is clear that the adjectives “longitudinal”
and “transverse” refer to being parallel or perpendicular to the waveviedtoFourier space,
rather than parallel or perpendicular to the position vectarreal space. The total response of

this model is the sum of its longitudinal and transverse parts, and is given by

3 &L (w) — er(w)
£(r,w) = 3 o°(r)l+ e

Notice that in the special case of scalar response, igg(@) = £_(w), the nonlocal 1r3 terms
of the transverse and longitudinal responses cancel exactly. Then Eq. (21) reduces as it should
to the scalar local response found earlier in Eq. (16). On the other hand spftehande; (w)
differ, then the dyadic tensa@(r, w) is a non-scalar dyadic tensor. What does this mean in a
bulk system? It means that the response in the direction definedifigrs from the response in
directions perpendicular ta In particular, along and perpendicular to it we find the diagonal
tensor components

 2e7(w) + & (w) (1—-3F&F). (21)

et - EO RO A© a0,
alr) £, 0) @) = 2N LAD g BID D) o

so the three-dimensional space is subdivided into a one-dimensional subspace parallel to
and a two-dimensional subspace perpendicular to it. All off-diagonal tensor components are
identically zero. We can partly characterize this dyadic response by a scalar, namely its average
over all directions, in other words by taking one third of the trace of Eq. (21). The result is
[2er(w) + & (w)]83(r)/3, which is a local quantity. In other words, the nonlocality of the
dyadic response of this model does not show up in its trace. Related to this vanishing angle
average, the nonlocal term also disappears when taking the volume ayeragfethe dielectric
response in Eq. (21), because thresblid-angle integral ovell — 3f ® ') vanishes. In general

one could hope that dyadic nonlocal response functions allow an approximately correct scalar
description by taking the angle-averaged response, but the present model shows a qualitative
change where taking the average turns a nonlocal model into a local one.

To summarize, in a model in which neither tkdongitudinal nor thek-transverse dielectric
functions depend on the wavevector, we find that in real space there is nevertheless a concomi-
tant spatial dispersion that scales g@s>L.unless the two dielectric functioms(w) ander(w)
are identical. This result also puts the commonly employed local response models in another
perspective: in local-response models, neither the longitudinal nor the transverse responses are
local; rather, the overall local response is the result of an exact cancellation between the longi-
tudinal and the transverse nonlocal response functions.

3.3. Examples of nonlocal response modelswith local trace?

We have not come across situations in which diffe@ritv) ander(w) are employed, so in

that sense the nonlocal response model with local trace can be considered a toy model that at
least gave some insight. It is a rather special model in the sense that the nonlocality does not
involve a new length scale. Below we will see instead examples where ejttegrer has an

explicit k-dependence, and where in the snialimit the two become equal. It is actually an
interesting open question whether nonlocal response models with local trace may describe a
physical state of affairs in some limit of other dyadic nonlocal response models. Toy models or
not, below we will make use of the results obtained for this model in order to understand other
nonlocal-response models that do have a clear physical motivation.
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4. Longitudinal nonlocal response [g (k, w) and e1(w) ]

Although we have just seen that even without explietependence in the longitudinal and
transverse scalar functions the real-space response is typically still nonlocal, we now look at
models where theris a k-dependence in the scalar longitudinal response response function.
Let’s call such models longitudinal nonlocal response models.

4.1. Hydrodynamic Drude model

The hydrodynamic Drude model (HDM) in the Thomas-Fermi approximation in general de-
scribes a response of metals to light that is nonlinear [6,12], but here we will only consider the
linear-response limit. The linearized dynamics of the HDM can be described by two coupled
equations of motion, in which the electric field is driven by the free-carrier current density and
vice versa,

—Ox OxE(r,0) + (w/c)€core(WE(r, @) = —ipowd(r,w) (23a)
2
mDGQD-J(r,w)JrJ(r,w) = —igwxp(w)E(r,w), (23b)

wheref is proportional to the Fermi velocity of the conductor. Our results will also apply to the
mentioned generalized nonlocal optical response (GNOR) theory, a recent generalization of the
HDM where due to diffusion the paramei@mbecomes complex-valued [17]. Mathematically,
by taking the limit|3| — O the equation (23b) reduces to Ohm’s law= oE. By inserting
this into the first equation, we would obtain the Maxwell wave equation in a medium with
local response as described &y(w) of Eq. (17). From the non-classical term proportional
to B°0® O-J in Eq. (23b) one can identify the nonlocal response in the HDM as due to
non-classical pressure waves in the electron density; the observation of corresponding standing
pressure waves in finite structures as in [14] is an important example of the predictive power of
the HDM [19].

The above coupled equations indeed also describe finite systems when combined with the
right boundary conditions. For infinite systems on the other hand, we can find the longitudinal
and transverse response functionk-ispace, where the above coupled equations turn into

B2k2

— KTk -E+ (w/C)%€core(W)E = —ippod and — ———
k (w/c)“Ecore( W) Ho (@)

Lk-J+J=—igwxpE, (24)
where the variablegk, w) were dropped for readability. Now both the electric field and the
current density have longitudinal and transverse parts. By Eg. (4) we can decoR{goss
uniquely into the sum oE, = Lk - E andEt = Tk - E. This is essentially the Helmholtz decom-
position carried out in k-space. Projection properties suchyas; = E. andTx-E. =0
etcetera follow immediately. An analogous decomposition existslfkrw). By multiply-

ing both equations in (24) from the left withy, one obtains two coupled equations involv-
ing only the transverse fieldst andJt, the solution of which gives the dispersion relation
k? = er(k, w)(w/c)?. Multiplying Eq. (24) from the left instead with, gives the longitudinal
dispersion relatiom_ (k,w) = 0. This way one obtains these response functions in the HDM as

er(w) = o)+ Xp(W) = &p (W), (259)
2

N
w(w+iy)—Bk2

In other words, the transverse response is the familiar Drude-like response well-known from
local response models, while the longitudinal response is modified by a k-dependent term in

a(kw) = Eorlw) (25b)
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the denominator of the free-electron response. The paraifieseproportional to the Fermi
velocity of the material. Since.ore(w) shows up both in the longitudinal and in the transverse
response, the total response of the bound electrons is local in this model, whereas the response
due to the free carriers is nonlocal, as we shall see. From Eq. (25) one can appreciate that the
response in the HDM is both a generalization of the Drude-like local response of Eq. (17) and

a special case of the general nonlocal response model (5). We note in passing that the self-
consistent hydrodynamic model [26] that can describe electronic spill-out also belongs to the
class of longitudinal nonlocal response models.

4.2. Transverseresponsein real spacein hydrodynamic model

From Eg. (25) it can be seen that the transverse dielectric function has no dependénce on
exactly as in the result Eq. (20) for the “nonlocal model with local trace” considered in Sec. 3.2.
In fact, the integral is identical, and so is the result, namely that in the hydrodynamic Drude
model the spatial dependence of the transverse response function is given by

e1(r,w) = er(w)&(r) = ep(w) [6(r)l+ OO (%)} = &p(w) Eé%)l - % ,

featuring the well-known Drude-like dielectric function of Eq. (17). Thus in the HDM we find
terms in the spatial dependencegsf, w) that fall off as /r3, originating from the transverse
hydrodynamic response. Similar rather singular terms appeared in the total response of “non-
local model with local trace”, and in the local-response limit they cancelled exactly against
similar terms originating from the longitudinal response. It is thus interesting to see whether
such cancellation also exists in the HDM, so let us now also consider the real-space version of
the longitudinal response in the HDM.

4.3. Longitudinal responsein real space in hydrodynamic model

In order to obtairg (r,w) for the HDM, we insert into the integral Eq. (9a) the specific hydro-
dynamic form ofe. (k, w) as givenin Eq. (25b), which has a bound-carrier part and a free-carrier
part. For the first part we need the integral

o sin(kyr TTE w
Score(w)/7 dkl k(lrl ) _ COFE( )’ (27)

r

while the integral over the hydrodynamic Drude part becomes

/' dky

whereg? = w(w+iy)/B?. Itis interesting to see the familiar local Drude susceptibility emerg-
ing here, but modified by the spatially dependent fa¢for €"). We can combine these two
results and write the spatially dependent longitudinal response in the HDM as

2
Wp

w(w+iy)

1€ 1— €
—— = Mp(w)———, (28)

w(w—+iy)— B2 | kar

—w,% ] sin(kyr)

eL(r,a))_—SD(w)D®D(%) +XD(w)D®D(j—anr>, (29)

with ep(w) andxp(w) as defined in Eq. (17).
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4.4. Total responsein real space in hydrodynamic model

By adding up Egs. (26) and (29), the same two terms cancel that cancel in local-response
models, and we obtain the total real-space response of the HDM in the compact form

qr

£(r,w)=¢e(w)o(r)l+ xp(w)O® O <j—nr) (30)
Here the first term on the right-hand side is the usual scalar local Drude-like response of
Eq. (17). All effects of spatial dispersion are therefore described by the other term in Eq. (30).
Sometimes nonlocal response is said to “smear out” the local delta-function response over a
finite volume. We can now determine whether that is indeed what happens for the HDM, the
archetypical model with nonlocal response. “Smearing out” would only occur if the second
term of Eq. (30) besides smooth functiong @ontains a delta-function against which some of
the local free-carrier response of the first term cancels. Shortly we can and will work out the
spatial derivatives of the second term using Eq. (10), but that identity is valid everywhere except
inr =0, and thus is blind for any delta-function contribution. But if for the moment it is only the
delta-function contribution that we are interested in, then we can zoomlihsofl[é¥ /(41mr)]
so close to the origin thag|r < 1 and find that the sought delta-function contribution indeed
exists and equals that of the longitudinal delta function of Eq. (19). Thus we find that the sec-
ond term in Eq. (30) was hiding a delta-function terxp(w)d(r)1/3, which partly cancels
the local response described by the first term of Eq. (30). It is interesting that the HDM thereby
apparently “smears out” only one third of the local free-electron response over a finite spatial
region, while leaving two thirds of the free-carrier local response and (of course) the entire local
core response unaffected. We arrive at one of our main results, the explicit spatial response of
the HDM as

Xp(w)er

E(r,w) = £core(w)+§XD(w) S(r)1+ 413

[(igr—1)(1-3f@F) - gr¥ @f]. (31)

We have not yet shown that the “one third nonlocal smearing out” story indeed holds, because
we have only shown that one third of the local free-carrier response was removed, but we
have not checked whether exactly this part was smeared out elsewhere. This balance can be
tested by taking the volume integral of Eq. (31). Now the solid-angle intgggdl ® '/ (4m)
equalsl/3, so that the integral over terms proportionallte- 3f ® f) vanishes. The last term

in Eq. (31), the one proportional fo f, does contribute to the volume integral, and it does

S0 in a neat way since it ensures that indé¢eld £(r, w) equalsep (w)l, the same outcome as

for the local-response Drude-like model. This agrees with the sum rule (11) and it also implies
that the nonlocal term in Eq. (30) had a vanishing volume integral. But most importantly, it
entails that indeed in the HDM one third (no more and no less) of the free-carrier response is
smeared out nonlocally. This interesting result is a direct consequence of the dyadic nature of
the HDM. Ink-space the response is ofydependent in the longitudinal direction, not in the

two other directions, which makes the HDM only one third non-local. This is a rather general
argument to explain the factor 1/3 and we did not use any specifics of the hydrodynamic model
other than that it belongs to the longitudinal nonlocal class. We therefore anticipate that the
argument holds for the entire class, which for example includes models with a fourth-order
polynomial ofk in the denominator of; (k, w) instead of the parabolicdependence for the

HDM in Eq. (25b).

Intuitively one might have expected that nonlocal response gives rise to a smooth real-space
response function, but for the HDM the expression Eq. (31) shows several diverging near-field
terms. In the near field (i.e. far < 1), the nonlocal terms are proportional to the longitudi-
nal delta function, thus scaling as3, both in directions parallel and perpendicular tdBy
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contrast, in the far fieldgf > 1) the dyadic response alomgscales with distance & /r,
while perpendicular to the response falls off faster, namely&® /r2. So in that sense, the
k-dependence of thie-longitudinal response_(k, w) gives rise to a nonlocal response in real
space that is also predominantiongitudinal, stronger alongthan perpendicular to it.

The response functioa(r, w) in Eq. (31) is an integration kernel in Maxwell’s equations,
in particular in the constitutive relation Eq. (1). Because of the diverging terms in the kernel,
evaluating the integral may be numerically much more costly than in case of a Gaussian kernel,
say. Instead of solving nonlocal-response problems as an integro-differential equation, it is
therefore often simpler to solve coupled differential equations such as in Eq. (23). But one could
try to approximate the kernel to make the integro-differential approach more manageable. A
first approximation could be to neglect the dipole term out of the kernel (31)), since its volume
integral vanishes. A further approximation would be to map the dyadic HDM response onto the
scalar response function that captures it best. We propose to use the angle-averaged response,
obtained by taking one third of the trace of Eq. (31) and multiplying; Byhe result is

1 Pxp(w)e”

3 a4 (32)

eav_(r,w) = lsTr[E(r,CA))] = €core(w) + gXD(w) 5(I’)I
The first thing to appreciate is that tracing out the HDM response does give a nonlocal response,
unlike for the nonlocal model in Sec. 3.2 that had a local trace. The advantages of this scalar
model in capturing the HDM response would be that by construction its spatial average is the
same as for the HDM, and secondly that here also only one third of the usual local free-electron
response is smeared out, and in the third place ttéependence is more similar to the HDM
response than a Gaussian function would be. The numerical accuracy of this tailor-made scalar
function in capturing hydrodynamic nonlocal response in phenomenological approaches such
as in Ref. [32] would be interesting for further study. For more scalar models see Sec. 6.1 and
for a warning about using them we refer to the Discussion in Sec. 7.

5. Transverse nonlocal responsed (w) and er(k, w) ]

While in the previous section we considered models Wgtthependent longitudinal ankt
independent transverse scalar response functions, here we consider just the opposite: models
defined by & (w) in combination with a functiomr (k, w) that has an explicit dependence on
the wavevector. We discuss some physical predictions of such models in Sec. 7 below, but first
let us specify one such a model and study its response in real space. A main question is whether
the real-space response function is qualitatively different from the one of the HDM.

We study the model from the recent work of Ref. [8], which in our notation becomes

2

(W) = Eore(W)+ Xree(w), Wwith Xfree(w):—ma (339)

2

W

erlow) = gcore(w)_w(eriyb)—Az—BTzkz’

(33b)

and which was proposed as a physical model of the nonlocal response in semiconductor spheres
with very low doping. The parametéris a resonance frequency and in the lidhit» 0, the
free-electron susceptibilitysee(w) reduces to the Drude respongg(w) that we considered

above. The corresponding real-space longitudinal response is simple and follows the longitu-
dinal part of the “toy model”, with a spatial dependence of the longitudinal delta function, see
Eq. (19). The real-space transverse response requires a bit more work, and after adding up the
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longitudinal and transverse contributions one finds the tegdonse function

g(r,w) = 10(r) fcore(w)‘f'%)(free(w)
xfrejf;gé@ [(iQr—1)(1-3F @) + Qr2(1—F & )], (34)

where the paramet€) = /w(w+ i) — A2/ Br. So for vanishing and by replacingr by 3

this Q coincides withq as introduced earlier. As follows from the first line of this expression,

in the transverse nonlocal model, two-thirds of the free-electron response is smeared out due to
the nonlocality, whereas one third remains a delta-function response. So again we find that the
nonlocal spreading is only partial, but this time twice as much as in the hydrodynamic model.
This is directly related to the dyadic nature of this transverse nonlocal-response model, and
since ink-space the response is nonlocal in two out of three independent directions, namely the
two transverse directions perpendiculaktat starts to become intuitive that only two-thirds of

the free-electron response becomes nonlocal. It can be shown that the integral over all of space
of Eq. (34) indeed gives the local-response reldadbre(w) + Xiree( )], in @accordance with the

sum rule of Eq. (11).

6. Both longitudinal and transverse nonlocal response §_(k, w) and &r(k, w) ]
6.1. Scalar models| € (k,w) = er(k,w) ]

Scalar models for nonlocal response have also been proposed in the literature [7, 37], and most
phenomenological models are also scalar [32, 33]. In the light of the previous models, the spe-
cialty about scalar models is that their longitudinal and scalar response functions are identical,

e (k,w) =er(k,w) =¢e(k,w), sothat &k,w)= ek w)l. (35)

In the absence of an expli¢itdependence, such scalar models reduce to simple local-response
models. Ref. [7] assumegk, w) to have the functional form afr (k, w) in Eq. (33b). Here we

focus instead on the interesting scalar model of Ref. [37] whétgv) is assumed to be of the
same hydrodynamic form as (k, w) in Eq. (25b). The crucial difference with the real HDM

is that in the scalar model also an explicitiependence of the transverse response is assumed.
The model can be derived from two coupled equations analogous to the two equations for the
HDM, the only difference being that in the second equation, that is in Eq. (23b)] ¢hel is
replaced by a Laplaciaf?l:

B2Kk?I

2
P o] o) = —ieowxo(wEM) = {— w(w+iv)

RS +I] J(k) = —igwxpE(K),

(36)
The interpretation of nonlocal response as due to pressure waves in the electron density is lost
after this replacement. Doing the same longitudinal and transverse projections as for the HDM
in Sec. 4, we obtain that now indead k, w) ander (k, w) are equal so tha(k, w) is scalar and
given by the right-hand side of Eq. (25b). This leads to the scalar real-space nonlocal response
function ,

qr
e(r,w) =1 [ecore(w)cS(r) + %f—m] , (37)

whereq = /w(w+iyp)/B as before. This scalar model does not have the same strongly di-
vergent terms scaling as3 for smallr as we found for the HDM, but a/t divergence still
remains, and on top of tha&((r,w) is again complex-valued. Unlike in the HDM, hea#
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free-carrier response is smeared out over a finite volume useaaonlocal response was as-
sumed for all three independent directionkispace. The volume integral of Eq. (37) indeed
equalsep (w)l, in accordance with the general sum rule (11). The scalar model (37) that we
just obtained can be contrasted with the traced-out HDM model of Eq. (32). Only the latter has
the correct amount of smearing out of the local response, whereas Eq. (37) overestimates the
amount of nonlocality by a factor of three, at least when assuming that the HDM is accurate.

6.2. Non-scalar modelswith L- and T-nonlocal response[ & (k, w) # er(k, w) ]

In the general case that both the transverse and the longitudinal scalar response functions
e 1(k, w) are explicitlyk-dependent but different, the total real-space response functions can
be calculated by adding Egs. (9a) and (9b). In this case all of the local free-space response
will be smeared out, one third as determined by the typical length sca&$knw), and two

thirds on the length scales ef (k, w). When assuming a hydrodynamic form of the response
functions, this would correspond to differghparameters for the longitudinal and for the trans-
verse scalar responses. Then again the total integ&dt o) will give the local Drudesp (w)l,
because the sum rule (11) holds for longitudinal and transverse parts separately.

The microscopic RPA calculations for a free-electron gas by Lindhard [38] also lead to re-
sponse functiong_ 7(k, w) that are both nonlocal (and different). The main difference with the
hydrodynamic Drude model is obviously that the latter has a local transverse response. But also
the wavevector dependence of the longitudinal response is different, with more pronounced
differences for largek. In the long-wavelength approximation on the other hand, Lindhard’s
& 7(k, w) both tend to the same classical Drude form, so we do not obtain a nonlocal model
with local trace (see Sec. 3.2) by taking the> O limit. For applications of the Lindhard re-
sponse functions also for finite systems, see Ref. [4].

7. Discussion

We have compared scalar, longitudinal, and transverse models for nonlocal response and al-
ready for translationally invariant systems found qualitatively different predictions, for exam-
ple whether all local free-carrier response gets nonlocally distributed or not. If we suppose that
longitudinal nonlocal models describe metal nanospheres accurately and transverse nonlocal
models apply to low-doped semiconductors, can one then still call scalar nonlocal response
models phenomenological? It all depends how well they describe physical phenomena.

For finite structures the HDM predicts novel resonances (standing pressure waves of the
electron density) due to nonlocal response only above the plasma frequency, and indeed these
have been observed experimentally [14]. It was found for metals that scalar nonlocal mod-
els with hard-wall boundary conditions exhibit novel nonlocal standing-wave resonances also
below the plasma frequency, for example in Ref. [37] (and follow-up papers) where a scalar
hydrodynamic-like response function was assumed that in real space becomes Eq. (37). Like-
wise in Ref. [32] with assumed Gaussian scalar nonlocal response functions, near the dipole
resonance new standing-wave patterns were predicted on a scale determined by the strength of
the nonlocality. Since experimental observations of such resonances in metallic nanoparticles
to date have not been reported, the longitudinal hydrodynamic model seems to be the better
simple model of nonlocal response in metals. Further discussion and graphical comparisons
of the resonances in scalar models as compared to the HDM are given in Ref. [39]. It should
be mentioned that non-classical plasmonic resonances of anothdrakimtdeen observed be-
low the plasma frequency for some metals, namely the so-called multipole surface plasmons
(reviewed in [4]), but they are related to electronic spill-out at interfaces which classical elec-
trodynamics and the standard HDM both neglect; the first semiclassical model to describe these
non-classical resonances is the self-consistent hydrodynamic model [26].
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In Eq. (32) we constructed the scalar nonlocal response fumttiat comes closest to the
standard HDM. It is an interesting question for future studies how well it captures the predic-
tions of the HDM. However, one concern should be that ‘scalarizing’ the HDM response may
again lead to unphysical predictions of novel nonlocal standing-wave resonances in nanostruc-
tures. If so, then one should perhaps give up attempts to model nonlocal response phenomenain
metals by scalar functions. This would still not rule out transverse nonlocal response in metals,
but only the assumption that the transverse response function equals the longitudinal one.

The for metals not-so-physical novel nonlocal resonances below the plasma frequency cal-
culated in Refs. [32,37] are related to the fact that also the transverse response was assumed
to be nonlocal [39]. Let us assume that Ref. [8] is right in modeling the nonlocal response of
ultra-low doped semiconductor particles with a transverse nonlocal model. (But here the issue
is not settled either, Ref. [8] should be compared with the scalar nonlocal model for doped
semiconductors in Ref. [7] and with the longitudinal nonlocal model in Ref. [9]). Then the very
interesting question arises whether this transverse model gives rise to hew resonances below
the plasma frequency, just like in the scalar models of Refs. [32, 37]. If so, then it is to be
expected that new nonlocal resonances will show up below the plasma frequency when minia-
turizing doped semiconductor nanoparticles. That would constitute a qualitative difference in
the nonlocal response of doped semiconductors as compared to metals. Indeed, Ref. [8] features
spectral asymmetries and oscillatory behavior on the high-energy side that could very well be
due to such novel nonlocal resonances below the plasma frequency.

8. Conclusions

We considered different classes of scalar and dyadic nonlocal response models, and in particu-
lar their real-space behavior. We were inspired by the intuitive scalar models of Refs. [32, 33]
that stressed the smearing out of the local response onto a finite region of space. That is what
we also found here, both for scalar and for dyadic models. The simple sum rule Eq. (11) de-
scribes exactly this: the spatial integral of the nonlocal response functions equals that of the
corresponding local-response model. So whatever delta-function response gets ‘missing’ due
to nonlocality is balanced by the sum of the response elsewhere. This equality holds for longi-
tudinal and transverse response functions separately.

What the sum rule does not describehimv much of the local response is smeared out in
this way. The phenomenological models Refs. [32, 33] assumed implicitly that all free-carrier
response is redistributed. That is indeed what we find for scalar models, but for longitudinal
nonlocal models including the hydrodynamic Drude model we found to our initial surprise that
only one third of the free-electron response is redistributed nonlocally, while for the class of
transverse nonlocal models we find two thirds. In this sense scalar models are more nonlocal
than transverse ones, which in turn are more nonlocal than longitudinal ones. We explained
these properties of real-space response functions baeckpace, where longitudinal nonlocal
response modified only one out of three directions (i.e. only akjngnd transverse nonlocal
response changed only the two other directions (only normi).td hese general arguments
apply to the whole classes of models.

Another clear difference with phenomenological models is that the nonlocal response func-
tions g(ry —ry) that we found for some important dyadic models are interesting and rather
non-Gaussian: no simple non-negative distributions but instead complex-valued functions that
diverge ag 2 for r — 0. Even for the scalar version of the hydrodynamic mode) adi-
vergence remains. Although these divergencies are integrable, as guaranteed by the sum rule
Eq. (11), it does explain that solving these nonlocal response problems as integro-differential
equations can be slow, and slower for dyadic models such as the HDM than for scalar ones.

We finally suggested that novel resonances below the plasma frequency may arise in trans-
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verse nonlocal models. If so, and if the transverse nonlocdkinaf Ref. [8] indeed applies to
doped semiconductors, then effects of novel collective nonlocal resonances may be observed in
semiconductor nanoparticles that have no counterpart in metal nanoparticles.

A. Derivation of Eq. (10) and connection with spherical harmonics

By the chain rule, one obtains the identity for radial functiéhigr) = f’(r)0r, and by re-
peating this chain rule once more one obtding [Of(r)] = O® [f'(r)0r] = f”(r)0Or @ Or +
f’(r)0® Or. By writing out in Cartesian coordinates it is easy to show firat&r /r = f, and
after only a little more work thal ® Or = (1—F @ f)/r. From the previous identities it then
follows that

Ox0Of(r) = f/fr) (I—faf)+f"(rfef, (38)

which is the sought Eg. (10) of the main text. Applying this formuld o) = —1/(4mr) gives
1 1= Fef } Al
_D®D<H) = (747_”3 >+36(r)l_6 (r), (39)

which gives the longitudinal delta function. Actually only the dipole terms proportionaito
follow from Eg. (38) that was derived far # 0, thereby missing that a delta-function term
must be added, as shown in a few lines in Ref. [35]. To make the connection with spherical
harmonics, notice that Eq. (38) can be rewritten as
1d)\?
2
— -— f(r). 40
(1) (rdr)] M. @

In the special case thé{r) = sin(kir)/(kyr) this leads to the identity presented in Ref. [34],

D@Dum_,4k_m(%§)]wm+f®f

1 sin(kyr)  ja(kar)
e g T e

I—jo(ker)F &7, (41)

in terms of the spherical Bessel functiopghat are defined by

oo a(1d1d\"sinx
in(¥) = (=x) <;&;&> B (42)
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