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In this work we examine how the atomistic morphologies of plasmonic dimers control the near-field
response by using an atomistic electrodynamics model. At large separations, the field enhance-
ment in the junction follows a simple inverse power law as a function of the gap separation, which
agrees with classical antenna theory. However, when the separations are smaller than 0.8 nm,
the so-called quantum size regime, the field enhancement is screened and thus deviates from the
simple power law. Our results show that the threshold distance for the deviation depends on the
specific morphology of the junction. The near field in the junction can be localized to an area of
less than 1 nm2 in the presence of an atomically sharp tip, but the separation distances leading
to large confinement of near field depend strongly on the specific atomistic configuration. More
importantly, the highly confined fields lead to large field gradients particularly in a tip-to-surface
junction, which indicates that such plasmonic structure favors observing strong field gradient ef-
fects in a near-field spectroscopy. We find that for atomically sharp tips the field gradient becomes
significant and depends strongly on the local morphology of a tip. We expect our findings to be
crucial for understanding the origin of high-resolution near-field spectroscopy and for manipulating
optical cavities through atomic structures in the strongly coupled plasmonic systems.

1 Introduction
One of the defining characteristics of plasmonic systems is the
ability to localize light below the diffraction limit. The local-
ized electromagnetic fields in plasmonic junctions at the sub-
wavelength scale have many applications in the fields of en-
hanced molecular spectroscopy,1–3 molecular vibrational map-
ping,4 and optoelectronics.5,6 Recent experimental works have
demonstrated that the highly confined fields in the junctions can
act as sub-nanometric optical cavities enabling single-molecule
strong coupling.7,8 The highly-confined fields lead to sub-
nanometric spatial resolution in tip-enhanced Raman scatter-
ing,4,9,10 such that an individual molecule can be imaged4 and
subtle differences between the neighboring molecules can be re-
solved.9,10 The extreme confinement of the near field modifies
the optical selection rules typically found in far-field spectro-
scopies.11

The prototypical system for understanding the near-field con-
finement is a plasmonic dimer consisting of two metallic nanopar-
ticles placed nano- or subnano-scale apart.12–19 Light interacting
with strongly coupled nanoparticles localizes the valence elec-
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trons across the junction and generates the so-called gap plas-
mons, which can be drastically modified by the interparticle
spacing, curvature, composition, and environment.20–26 Numer-
ous efforts have been devoted to understanding the gap plas-
mon behaviors,13,14,27–29 and the experimental progress has en-
abled the fabrication of plamonic dimers with subnano-scale sep-
arations,30–32 where the quantum effects are prominent.33–35

It is known that the bonding dipolar plasmon monotonically
redshifts with decreasing plasmonic nanogap.21,36 The charge-
transfer plasmons gradually emerge before physical contact when
the induced conductance allows electrons to tunnel across the
junction.21,37 At short distances, the near-field enhancement is
suppressed due to tunneling coupling between the two parti-
cles.38–41 It is noted that the far- and near-field properties are
sensitive to the morphology of a nanogap.42–47 Furthermore, the
atomic-scale resolution in the plasmonic response is crucial for
a deep understanding of the vibrational spectroscopy of single
molecule trapped in the nanocavities.8,48–50

In this work, we will explore how the near-field localization
in plasmonic dimers depends on the atomistic morphology of the
junction. To that end, we will use a recently developed atom-
istic electrodynamics model, namely coordination-dependent dis-
crete interaction model (cd-DIM), which has been shown to pro-
vide an efficient description of plasmonics in the quantum-size
regime.50–52 This method represents a nanoparticle as a collec-
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tion of interacting atoms characterized by atomic polarizabil-
ities which are dependent on the local environment with in-
duced dipoles having Gaussian charge distributions. Thus, cd-
DIM allows efficient simulations of the near-field localization in
nanogaps with dimensions below 1 nm, which otherwise would
require a fully quantum mechanical treatment. We find that for
large separations (> 0.8 nm) the field enhancement in the gap
follows a simple power law. However, for small separations the
near field gap dependence deviates from a power law due to the
nonlocal screening. Finally, we show that when atomic-like sharp
tips are present in the junction near field can be confined to di-
mensions of few Ångstroms. These extremely confined fields give
rise to the large field gradients responsible for the modified selec-
tion rules in near-field spectroscopies.11,50 The quantification of
the scaling behavior of near field with sub-nanometric dimensions
demonstrated in this work is essential for understanding the high
resolutions recently demonstrated in near-field spectroscopies.4

2 Methods

cd-DIM represents a nanoparticle as a collection of interacting
atoms in terms of dielectric properties that depend on the local
chemical environment. Accordingly, surface and bulk atoms can
be differentiated. Using a Clausius-Mossotti relation, the atomic
polarizability can be written as,

αI =
6
π

R3
I (X)

ε(X)− ε0

ε(X)+2ε0
. (1)

Atoms are represented by Gaussian charge distributions. RI(X) is
the coordination dependent radius of an atom, ε(X) is the coor-
dination dependent dielectric constant of the material and ε0 is
the dielectric constant of the environment. The parameterization
of RI(X) and ε(X) is taken from our previous work.51 The total
polarizability is obtained by minimizing the total energy with re-
spect to the induced atomic dipoles as,

µ
ind
I,α = αI,αβ

(
Eext

α +
N

∑
J 6=I

T (2)
IJ,αβ

µ
ind
J,β

)
, (2)

where T (2)
IJ is the second order interaction tensor to describe the

interactions between dipole I and J, Eα is the external field and
µ ind

I is the induced atomic dipole of atom I. The Einstein sum-
mation convention is employed for Greek indexes, which cor-
responds to the cartesian directions. In cd-DIM, the interaction
tensor is renormalized in order to screen the dipole-dipole inter-
actions at short distances.51,53,54 In the discrete-dipole approxi-
mation (DDA) model, the bare unscreened interaction tensor is
adopted because the atoms are treated as point charges. Here we
ignore retardation effects due to the small size of the nanoparti-
cles, however, the collective response from the interacting dipoles
describes locally the higher-order response that are important
at short distances. Once these equations have been solved self-
consistently the total polarizability is obtained as

α
NP
αβ

=
N

∑
I

∂ µ ind
I,α

∂Eext
β

. (3)

The near fields around the nanoparticles were obtained directly
from the atomic dipoles by using either the renormalized inter-
action tensor for cd-DIM or the bare interaction tensor for DDA.
The near field at a grid point is given by,

Eα =
N

∑
I

T (2)
αβ

(RI)µ
ind
I,β +δind,α , (4)

where RI is a vector from grid point to atomic dipole I. The near-
field gradients were calculated by numerical differentiation be-
tween the fields at two adjacent grids along each axis. The mag-
nitude of field gradient is given by,

|∇Ez |=

√∣∣∣∣ Ez(x+∆x)−Ez(x−∆x)
2∆x

∣∣∣∣2 +

∣∣∣∣ Ez(y+∆y)−Ez(y−∆y)
2∆y

∣∣∣∣2 +

∣∣∣∣ Ez(z+∆z)−Ez(z−∆z)
2∆z

∣∣∣∣2 . (5)

For silver nanostructure, the nano-icosahedron and nanocube
were built assuming perfect shapes, where the Ag-Ag bond dis-
tance is set to 0.2889 nm based on the experimental bond
length. Using idealized structures is reasonable as recent work
have shown that only small changes to the optical properties
arises when optimizing the geometry of the nanoparticles.43 The
monomer structures were fixed when separated in the dimers.
Any overlapping atoms were removed as the dimers merge, as
shown in Figure 1S.†

3 Results and Discussion

Fig. 1 Atomistic representation of plasmonic dimers in different mor-
phologies. Two nanoparticles are placed to form vertex-to-vertex (a,d),
vertex-to-face (b,e), and face-to-face (c,f) configurations. In the plas-
monic gap, atoms on the tips are shown in yellow and atoms on the faces
in cyan.

To understand how the nanoparticle shape affects the plas-
mon coupling in the junction we examine two prototypical dimer
systems consisting of two interacting icosahedral or two cubic
nanoparticles. The length of the nanoparticles was chosen so that
they have an equivalent plasmon length of 5.8 nm, which cor-
responds to 3871 and 4631 silver atoms in the icosahedron and
cube, respectively. The plasmon length is defined as the distance
between the regions of opposite charge oscillations created by the
plasmon.55 Previously we have shown that for small nanoparti-
cles with identical plasmon lengths the optical response is dom-
inated by the dipolar plasmon so that the far field is essentially
shape-independent.52 In order to explore the effects of symmet-
ric shape and atomic structure of a nanogap, the two nanopar-
ticles are aligned with their geometric centers. The separation
(dgap) between two nanoparticles is defined as the shortest dis-
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tance between two atoms in the gap. Within physical contact
distances between the two nanoparticles (dgap ≤ 0), we remove
some of the overlap atoms as illustrated in supporting information
Figure S1.† Three different configurations are considered, vertex-
to-vertex, vertex-to-face, and face-to-face. An illustration of the
different configurations are shown in Figure 1, where the contact
area between the two nanoparticles is highlighted.
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Fig. 2 Average near-field enhancement (|Ē|2/|E0|) as a function of plas-
monic separation distance (dgap) on a logarithm scale. The selected vol-
ume in the junction schematically shown in (a,b). The blue, green, and
red dots represent the results of the vertex-to-vertex, vertex-to-face, and
face-to-face configurations of icosahedral (c,e) and cubic dimers (d,f), re-
spectively. Fitting linear functions in dashed lines and quartic polynomial
functions in solid lines.

The far-field responses of the nanoparticle dimers are strongly
morphology-dependent, compared to the optical properties of the
individual nanoparticles, as shown in Figure S2 of the support-
ing information. We find that the low-energy charge-transfer
plasmon prominently blue shifts as the contact area increases.
Overall, we find good agreement with previous results as dis-
cussed in the supporting information. The main plasmon mode
varies with separation distance as illustrated in Figure S3 of the
supporting information. The difference in the optical properties
is likely ascribed to the morphology-dependent interactions be-
tween nanoparticles, which may also impact the near-field re-
sponse in strongly coupled nanoparticles. Previous work has

demonstrated that the near-field enhancement as a function of
gap separation follows a simple power law as |E|2

|E0|2 ∝ d−k
gap.56 In

this work it was shown that the exponent for nanostructure was
less than two predicted from classical antenna theory.56 To ex-
plore how this scaling behavior is modified by the morphology of
the junction in the quantum size regime, we plot the distance-
dependent average near field in Figure 2. To enable a direct com-
parison between cubic and icosahedral nanoparticles, we define
the average near field in the junction as,

|Ē|= ∑
N
i=1 |Ei(x,y,z)|
NgridNatom

, (6)

where |E(x,y,z)| is the modulus of the induced near field in a vol-
ume centered at the junction. The number of grids points, Ngrid,
is 8405 evenly distributed in a volume of 8 × 8 × 0.16 nm, which
is schematically represented in Figure 2a and b. Natom reflects the
size of the contact area in the junction and depends on the spe-
cific morphology of the gap. For the icosahedral dimers, Natom is 2,
55, 112 for the vertex-to-vertex, vertex-to-face, and face-to-face
configurations, respectively, whereas for the cubic dimers, Natom

is 2, 222, 442, respectively. Accordingly, the average near field
represents the contribution per atom within the contact area. In
all simulations the incident field is polarized along the dimer axis
assuming an incident frequency that leads to the maximal field
in the center of a gap. For large separations, this frequency is
roughly equivalent to the bonding dipolar plasmon. However, at
short separations, the frequency redshifts as shown in Figure S2.†

We show the comparison of the near-field enhancement between
cd-DIM (in Figure 2 c and d) and the DDA variant, which assumes
point dipoles rather than the Gaussian charge distributions (in
Figure 2 e and f). Both cd-DIM and DDA use the same atomic
structures of the nanoparticle dimers, and thus, the comparison
between these two models allows us to understand how the scal-
ing law is impacted by the screening of near field in the junction.

For the gap distances larger than 0.8 nm, we see the average
field enhancement follows a simple power law. The exponents
for the different dimers are collected in Table 1. In general, the
exponents are larger in the icosahedral dimers than in the cubic
dimers. Also, larger exponents are found in DDA than in cd-DIM
except for the cubic dimer in the vertex-to-vertex configuration.
The screened dipoles used in the cd-DIM model lead to a reduc-
tion in the near-field coupling between the two nanoparticles and
thus lowers the exponents. Using DDA we find for the icosahe-
dral dimers that the exponents are larger than those found pre-
viously for large nanostructures and that expected from classical
antenna theory.56 One possible reason is that previous work had
considered significantly larger nanostructures, where retardation
effects are important. Thus, to examine if the size of nanoparti-
cles influences the near-field scaling we simulated the gap depen-
dence of two interacting spherical nanoparticles using the gener-
alized nonlocal optical response model (GNOR).57 The results are
shown in Figure S5† for nanoparticles with radii ranging from 1 to
60 nm, and illustrate that the scaling exponent depends strongly
on the size. The simulations show that the scaling exponent be-
comes larger for smaller particles which is in agreement with the
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DDA simulations. This may be caused by the additional radia-
tive losses for large particles thus hindering the localization of
near fields. In the quantum size regime the smeared-out charge-
distributions also lead to a reduction in the scaling exponent.

Table 1 Parameters, threshold distance, dthd(in nm) and slope k, deter-
mining the distance dependence of the near-field enhancement.

Nanoparticle Vertex-to-Vertex Vertex-to-Face Face-to-Face
Icosahedron
dthd 0.54 0.53 0.55
kcd−DIM 1.36 1.32 1.77
kDDA 2.78 3.08 3.67
Cube
dthd 0.58 0.60 0.68
kcd−DIM 1.20 1.16 1.27
kDDA 1.07 1.23 1.65

In general, when the separation becomes less than 0.8 nm the
near-field enhancements begin to deviate from the simple power
law due to the screening effects. However, DDA predicts a sig-
nificant increase in the near-field enhancement even at short gap
distances as a result of the well-known shortcomings of classi-
cal electrodynamics.35,42,43,46 In contrast, cd-DIM captures the
decrease of the near-field enhancement at short distances as the
model considers the smeared-out charge distribution in the junc-
tion.51 The deviation from a simple power law at short distances
allows us to identify a threshold distance, denoted by dthd, which
is a turnover point indicating the onset of the near-field screen-
ing. Importantly, it provides a quantitative description on how the
atomistic morphology impacts the near-field screening in order to
make a comparison between the different morphologies. In Ta-
ble 1 the threshold distances for the different configurations are
listed. We find that dthd is stable at 0.54 ± 0.01 nm for the icosa-
hedral dimers, but dthd changes from 0.58 to 0.73 nm in the cubic
dimers and thus, depends strongly on the junction morphology.
The face-to-face cubic dimer can be considered as two parallel
nano-plates similar to a flat capacitor junction with a smeared
charge distribution across the gap even at relatively longer dis-
tances. The presence of a vertex in the junction mainly reduces
the contact area. As a result, the electron screening occurs at
relatively shorter distances, as shown in the vertex-to-vertex and
vertex-to-face configurations. The threshold distances found in
this work are consistent with ∼0.5 nm reported in a previous
work.35

The nanometer resolution recently demonstrated in a TERS ex-
periment4 indicates the importance of the highly confined near
field. Theoretical simulations have demonstrated that the high
localization of near field arises from atomic-scale structure of a
junction.11,43,50,58 Here we quantify the near-field localization as
a function of gap distance for the different morphologies. The
localization area of near field in a junction is calculated as,

Sfield =
1
h

N

∑
i=1

|Ei(x,y,z)|2

|Emax|2
V

Ngrid
, (7)

where V is the volume with dimensions of 8 × 8 × 0.16 nm3 in
the junction center and h is the thickness. |Emax| is the maximal
field in the gap region. A comparison of the near-field localiza-

(a) (b)

(c) (d)

cd-DIM cd-DIM

DDA DDA

Fig. 3 The near-field localization (Sfield) as a function of gap distance
(dgap). The blue, green, and red curves are results of the vertex-to-
vertex, vertex-to-face, and face-to-face configurations of icosahedral (a,c)
and cubic dimers (b,d), respectively. For the face-to-face configuration of
the cubic dimer, the plot is multiplied by 0.2 so that it can be plotted to-
gether with the other configurations.The incident field is polarized along
the dimer axis with the near fields aligned with the dimer-axis.

tion obtained from DDA and cd-DIM is shown in Figure 3. Over-
all, cd-DIM predicts that the near fields become more localized
as the gap distance decreases until the charge-transfer plasmon is
established. A three-dimensional representation of the near-field
localization is shown in the supporting information (Figure S6
and S7). As the separation reaches the threshold distance we see
that the near fields are slowly expelled from the junction with
increasing delocalization as the distance decreases further. As ex-
pected the localization depends on the size of the contact area,
the near fields are less localized in the face-to-face configuration
and highly confined in the vertex-to-vertex configuration. Over-
all, we see that the near fields can be confined to an area less than
1 nm2 for junctions with atomically sharp tips. Not surprisingly,
the DDA results show that the fields can effectively be localized to
a single point irrespective of the atomic configuration (Figure 3e
and f.) The field delocalization at short distances are absent since
DDA neglects the smearing of the charge distribution, which be-
comes more critical at small gap separations. These results are
consistent with results obtained from TDDFT and shows that be-
low ∼ 1 nm the classical result cannot predict the field localiza-
tion.58 The results obtained here are also in good agreement with
the recent results using finite element methods using an atomic
protrusion model.59

The fact that the near field can be localized to sub-nanometric
dimensions implies that the fields vary over of the length of typi-
cal molecules and thus field-gradient effects should be important
and observable in the high-resolution TERS experiments. Indeed
recent simulations and experiments have demonstrated that field
gradients play a prominent role in high-resolution TERS and par-
ticularly determine the observed Raman spectra.11,50 The field-
gradient effects modify the traditional dipole surface selection
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(a)

(b) (c) (d)

(e) (f) (g)

Fig. 4 The FG-volume of the ratio of field and field gradient less than
0.6 nm for vertex-to-vertex and vertex-to-face icosahedral dimers as a
function of plasmonic gap distance (dgap) (a). The blue and green curves
correspond to the results for the vertex-to-vertex and vertex-to-face con-
figurations, respectively. The FG-volume distributions in vertex-to-vertex
(top panel) and vertex-to-face (bottom panel) junctions with an isovalue
of 0.6 nm at the selected separation distances of 1.1 (b,e), 0.5 (c,f), and
0.2889 nm (d,g), respectively.

rules known from far-field spectroscopy.4,11 The importance of
field-gradient effects is largely determined by the |E|/|∇E| ratio
(FG Ratio) which gives a measure on the length-scale over which
the near fields vary.60,61 If this ratio is small compared to the di-
mensions of a molecule in the junction and the fields are large
then the field-gradient effects are likely to be important. To un-
derstand how the field-gradient effects depend on the junction
morphology we compare the ratio for the vertex-to-vertex and
vertex-to-face configurations of the icosahedral dimer. In Fig-
ure 4a we plot the field-gradient volume (FG-volume) where the
FG ratio is smaller than 0.6 nm as a function of gap separation
for the two configurations. The larger FG-volume indicates more
prominent field-gradient effects, and thus it is more likely that
a molecule can be found within the volume. We see that the
FG-volume grows as the distance decreases until around 0.6 nm
for the vertex-to-vertex configuration and 0.5 nm for the face-to-
vertex configuration. The decrease of the FG-volume at shorter
distances is likely due to the screening of near field in the junc-
tion, which reduces both fields and field gradients. We also see
that for small separations the FG-volume becomes larger in the
vertex-to-face configuration even though the near field is more lo-
calized in the vertex-to-vertex dimer. To visualize the FG-volume
changes as the gap distance decreases, we plot the FG-volume
distributions at selected separations of 1.0, 0.5, and 0.2889 nm in
Figure 4 b-g, respectively. The near field, field gradient, and ratio
distributions at different gap distances are presented in Figure S8

(a) (b)

(c) (d)

-

Fig. 5 Distance dependence of the near-field, field gradient, and ratio of
field and field gradient in tip-to-surface plasmonic structures. The aver-
age field (a) and field gradient (in nm−1)(b) enhancement as a function
of gap distance (in nm) on a logarithm scale. The near-field localization
(in nm2) (c) and average ratio (in nm) (d) as a function of gap distance.
The average field and field gradient calculated in a junction where the
volume in the shape of cylinder with the radius of 1.5 nm and the thick-
ness of 0.12 nm centered at 0.3 nm above a substrate. The incident field
polarized along the z-axis (tip direction).

and S9.† Although the vertex-to-vertex and vertex-to-face config-
urations has the same FG-volume, the field gradients are localized
on the atomically sharp tips and thus shows different distribu-
tions. For the vertex-to-face configuration at a distance of 0.6 nm,
the contact area between the tip and the face leads to a larger FG-
volume. Therefore, one can expect that the field-gradient effects
are more prominent in tip-to-surface junction. This structure used
in high-resolution TERS or the nanoparticle-on-a-film configura-
tions might be more favorable for observing strong field-gradient
effects in near-field spectroscopy.

Therefore, to further explore how the local morphology affects
the near field and field gradient we examine two typical atomistic
tips, icosahedron and tetrahedron, as placed on a flat substrate.
The substrate surface is orientated on the xy-plane and the tip
is perpendicular to the flat surface in dimensions of 7.5 × 7.5
nm. Assuming a typical distance (∼ 0.3 nm) between adsorbed
molecules and metal surface, we chose to quantify the average
near field and field gradient in a cylinder with a radius of 1.5 nm
and a thickness of 0.12 nm centered at 0.3 nm above the sub-
strate. The correlation between the average field/ field gradient
and gap distance on a logarithm scale is plotted in Figure 5a and
b. We see that both the average field and field gradient follow a
simple inverse power law at long separation distances, as shown
by the dashed black lines in Figure 5a and b. At short distances
both the field and field gradient deviate from the power law due
to the smearing of field. The turn-over point for both field and
field gradient are similar since the near-field smearing reduces
the local variation of the fields.

We further explored the tip curvature effects on the distance-
dependent near-field localization (Sfield) and the average FG ratio.
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Fig. 6 Near-field, field-gradient, and FG ratio distribution. The near-
field (a,c) and field-gradient (b,d) distributions on the xz-planes through
the atomic tips. The FG ratio distributions on the xy-plane at 0.3 nm
above the substrate with separations of 0.5 (e, h), 0.6 (f, i), and 0.7 (g, j)
nm, respectively. The distributions in the icosahedral junction (top panel)
and tetrahedral junction (bottom panel) junctions. The incident field is
polarized along the tip axis at the frequencies inducing the maximal field
in the scanning plane.

The near-field localization area was calculated according to Equa-
tion 7. The field gradient effects in the effective localization area
can be quantified through the average FG ratio, which is written
as,

RFG =
1

Ngrid

Sfield 6⊃Stip

∑
i

|Ei(x,y,z)|
|∇Ei(x,y,z)|

. (8)

It should be noted that in the effective localization area we ex-
clude the area nearest to the tip, Stip, where the field gradients
are very small (see Figure S10).† Overall, we see that the near
fields are more localized in the tetrahedral junction. The near-
field localizes below 1 nm2 at a distance of ∼ 0.9 nm for the tetra-
hedral junction whereas this occurs at a distance of ∼ 0.7 nm for
the icosahedral junction. Thus, the higher curvature of the tetra-
hedral junction as compared to the icosahedral junction leads to
a more effective localization of the near field. Interestingly, we
find that the average FG ratios are less than 0.5 nm in both tips,
indicating the field-gradient magnitude is significant within the
confined area (see Figure 5d). More importantly, we find that
the average FG ratio increases at short distances even though the
field localization remains constant. The higher curvature of the
tetrahedral junction leads to the smaller average FG ratio at all
distances and not just at short distances. Thus, an atomically ter-
minated tip with a high curvature is more likely to offer highly
confined near fields with prominent field-gradient effects. There-
fore, a break down of the traditional selection rule in near-field
spectroscopy is expected under these conditions.

To visualize the near fields and field gradients in the junctions,
we plot the near-field and field-gradient distributions on the xz-
plane in Figure 6 (a-d) for a gap distance of 0.6 nm. From the

figure we see that the near fields are confined in the junctions
with the most intense fields at 0.3 nm above the substrate. Fur-
thermore, the near fields are more localized by the tetrahedral
tip than by the icosahedral tip due to the larger curvature. We
find that in general the near-field distributions can be reason-
ably described by Gaussian distributions (see Figure S10, S11,
and S12)†, although with very different out-of-plane vs. in-plane
distributions. Gaussian field distribution is often used in simulat-
ing high-resolution images4,8,62,63 and it seems to be reasonable
as long as the in-plane and out-of-plane distributions are treated
differently. Compared to the near fields, the most intense field
gradients appear at the atomically sharp tips and flat substrate.
The field gradients are near to zero in the center of the junction,
where the field is maximal.

The FG ratio distributions on the xy-plane at 0.3 nm above the
substrate are illustrated in Figure 6(e-g and h-j), which provides
information about how the field-gradient effects vary in the scan-
ning plane of a high-resolution TERS experiment. We see as the
separation decreases from 0.7 to 0.5 nm, the central area charac-
terized with large FG ratio increases. At the same time, the near
fields become more localized, which explains why the average FG
ratio increases as the distance decreases(Figure 5 d). For smaller
separation, we also note that the FG ratio distribution reflects the
local morphology of a tip. One can expect that for a molecule in
the vicinity of a tip experiences both strong field and fields gradi-
ents and thus, different tips may lead to different single molecular
images when the tip is close enough to the molecule. As demon-
strated here, the highly confined fields lead to strong field gra-
dient effects that can modify the traditional selection rules. For
example, in traditional SERS the enhancement is determined by
the transition polarizability of the molecule and scales as |Eloc|4.
However, if the field gradients are stronger than the fields as
demonstrated here, the Raman scattered light is dominated by
the electric quadrupole-quadrupole transition polarizability with
an enhancement that scales as |∇Eloc|4.61 Under these conditions,
the surface selection rules drastically change and the Raman spec-
trum might exhibit distinct features compared to the traditional
far-field spectrum. A recent experimental and theoretical study of
the Raman scattering of Co(II)-Tetraphenylporphyrin on Au(111)
supports this.11

4 Conclusions
In this work we have systematically investigated the depen-
dence of the plasmonic response on the atomistic morphology
of nanoparticle dimers. For large separations the field enhance-
ment localized in the junction follows a simple inverse power law
as a function of the gap separation in consistence with classical
antenna theory. However, for gap distance in the quantum size
regime, the field enhancement is suppressed leading to deviation
from the simple power law that depends strongly on the specific
morphology of the junction. We show that the near field can be
highly localized to an area of less than 1 nm2 for junction with
an atomically sharp tip. Furthermore, we demonstrate that for
these highly confined fields the field gradient effects are signifi-
cant. Our simulations shows that the field-gradient distribution
is sensitive to the local morphology of the junction and depends
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strongly on the tip curvature. This work shows that one should
expect different surface-selection rules in high-resolution near-
field spectroscopies due to the highly confined field with large
field gradients. Our findings provide insight into understand-
ing the field and field-gradient effects on high-resolution near-
field spectroscopy which is helpful to the development of optical
cavities created by strongly coupled plasmonic systems and sub-
nanometric probes.
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We show the importance of field-gradient effects in plasmonic nanocavities.
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