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Harnessing Surface Plasmons for Magnetic Resonance Imaging Applications

Carlo Rizza,!?" Marco Fantasia,® Elia Palange,* Marcello Alecci,>>> and Angelo Galante

2,3,5

1Department of Physical and Chemical Sciences, University of L ’Aquila, Via Vetoio 1, 67100 L’Aquila, Italy

’ Institute for Superconductors, Oxides and Other Innovative Materials and Devices (SPIN), National Research
Council (CNR), Via Vetoio 1, 67100 L’Aquila, Italy
3Department of Life, Health and Environmental Sciences (MESVA), University of L’Aquila, Via Vetoio 1, 67100
L’Aquila, Italy
4Department of Industrial and Information Engineering and Economics, University of L ’Aquila, Via G. Gronchi
18, 67100 L’Aquila, Italy
* Laboratori Nazionali del Gran Sasso, Istituto Nazionale di Fisica Nucleare, 67000 Assergi, L’Aquila, Italy

™ (Received 19 March 2019; revised manuscript received 21 June 2019; published 10 October 2019)

Highly localized electromagnetic waves appearing in subwavelength structures, such as surface plas-
mons lying on a metal surface, are fundamental ingredients in nanophotonics since they offer novel
routes for advanced subwavelength light control. Negative-magnetic-permeability metamaterials, already
proposed for nuclear magnetic resonance imaging (MRI) applications, can also support magnetic-surface-
plasmon excitations. Here we propose to exploit this phenomenon to increase MRI efficiency. We show
that a negative-magnetic-permeability metamaterial slab, coupled to a standard radio-frequency surface
coil, supports highly localized magnetic surface plasmons, allowing us to boost and to spatially manipu-
late the radio-frequency electromagnetic field. Our predictions indicate that the configuration considered
holds great potential to enhance the MRI signal-to-noise ratio with respect to standard setups.
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I. INTRODUCTION

Surface plasmons (i.e., light-induced collective
electronic excitations lying at a planar dielectric-metal
interface) are fundamental ingredients in the field of
nanophotonics. These excitations display several signif-
icant characteristics; for example, a resonant nature and
strong enhancement and a high degree of confinement
of the local electromagnetic field [1]. As such, surface
plasmons have been exploited to achieve an enormous
variety of applications, such as subwavelength waveg-
uides [2], plasmonic lenses [3], and ultrasensitive biosen-
sors and chemosensors [4]. In addition, over the
last decade, metamaterials (viz., composite materials
designed to achieve advantageous and/or unusual prop-
erties) provided an extraordinary platform for plasmon
optics since they have large potential to manipulate
the near-field electromagnetic response at will. As a
significant example, metamaterial science allowed the
design of a negative-magnetic-permeability medium [5—7]
and the observation of the unusual magnetic counter-
part of surface plasmons (viz., magnetic surface plas-
mons [8,9]) excited at a dielectric-metamaterial interface.
Indeed, negative magnetic permeability is a fundamental
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ingredient for realizing many fascinating electromagnetic
devices, such as an invisibility cloak [10] and far-field
hyperlensing [11].

In the context of magnetic resonance imaging (MRI),
over the years the quest for signal increase has been
focused on the boost of the static magnetic fields [12],
improved designs for high-performance radio-frequency
(rf) coils [13,14], or the inclusion of high-dielectric-
constant pads [15]. More recently, several research groups
have exploited the metamaterial concept to manipulate
the rf field in MRI. Wiltshire et al. [16] proposed and
experimentally realized microstructured magnetic materi-
als (Swiss-roll arrays) to guide rf flux from an object to
a remote receiver coil. Freire et al. [17] investigated a
Re u,, = —1 metamaterial (i.e., a metamaterial where the
real part of the magnetic permeability is —1) coupled to a
standard surface rf coil. In the latter, the slab behaves as a
subdiffraction lens (Pendry lens) [18,19] able to refocus the
rf magnetic field, such as to extend the field of view beyond
the limits imposed by the standard approach. Recently,
metasurfaces were exploited to locally increase MRI sensi-
tivity [20-25]. The metasurface considered (viz., an array
of metallic inclusions embedded in a dielectric medium)
can support Fabry-Perot resonances, which are responsible
for global redistribution and local enhancement of the rf
electromagnetic field inside the sample.
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In this paper, we go one step further and suggest the
application of magnetic surface plasmons, excited at the
surface of a Re u,, = —1 metamaterial slab, in the con-
text of MRI. For the first time to our knowledge, we show
that the resonant nature of magnetic surface plasmons can
be suitably exploited to increase MRI efficiency. We con-
sider a Re u,, = —1 metamaterial slab embedded in a MRI
setup as depicted in Fig. 1. In this configuration, we show
that the metamaterial supports magnetic surface plasmons
and their excitations can boost the MRI signal-to-noise
ratio (SNR) with respect to the standard setup. It is sur-
prising that a Re ,, = —1 metamaterial is able to support
both a Pendry lens (exploited by Freire et al. [17] for
MRI applications) and surface-plasmon exicitations, even
though they are different phenomena [18]. In the setup con-
sidered by Freire et al., the Re u,, = —1 slab is located
between the coil and the sample and it is able to reproduce
in a plane inside the sample the same electromagnetic field
configuration present on the rf-coil surface (when suitable
conditions pertaining to the metamaterial thickness and
its distance from the coil are satisfied). In contrast, well-
defined surface plasmons can be excited near the boundary
of a semi-infinite Re i, = —1 metamaterial and they yield
a strong resonance enhancement of the local electromag-
netic field. The paper is organized as follows. In Sec. II,
we investigate the MRI setup reported in Fig. 1, where
a Re i, = —1 metamaterial, supporting magnetic surface
plasmons, is considered and we evaluate the rf magnetic
field and SNR enhancement due to excitation of magnetic
surface plasmons. In Sec. I1I, we obtain the conditions for
achieving excitation of surface plasmons . In Sec. IV, we
discuss the enhancement of the rf-coil transmitted signal.
In Sec. V, we draw our conclusions.

FIG. 1. The setup considered. A standard surface rf coil (with
radius po and radial width w) at z = 0 is positioned between the
metamaterial (MM) slab (with thickness /,,, relative permittivity
€m, and permeability w,,) and the sample (with thickness /; and
relative permittivity ). By is the applied static magnetic field
and d,, (d;) is the distance between the metamaterial (the sample)
and the rf coil.

II. EXCITATION OF MAGNETIC SURFACE
PLASMONS AND SNR ENHANCEMENT

In the attempt to exploit the high local fields associ-
ated with surface plasmons by keeping the surface rf coil
as close as possible to the sample, we suggest the con-
figuration depicted in Fig. 1, where the rf coil is located
between the metamaterial slab and the sample. In the situa-
tion where the metamaterial-rf-coil and the rf-coil-sample
distances are small (d,, >~ d; >~ 0 cm) and the metamate-
rial thickness is large (compared with the rf-coil size), we
expect that the Re u,, = —1 metamaterial slab supports
magnetic surface plasmons, which are tightly localized
around its surface and they provide a high resonance
enhancement of the electromagnetic field inside the sam-
ple. Performing suitable full-wave simulations [26], we
investigate the configuration shown in Fig. 1 and hence
we evaluate the spatial distribution of the rf magnetic field
and the MRI SNR. In the numerical examples, we set the
frequency v = vy = 63.866 MHz (where vy is the Larmor
frequency corresponding to a static magnetic field |By| =
1.57T), l, =57 cm as in [19], [y = 20 cm, d,, = 0 mm,
either dy = 0 mm or d; = 4 mm, the sample relative per-
mittivity €, = 90 + 7197 (corresponding to the average of
human-tissue values and conductivity ¢ = 0.69 S/m), and
the metamaterial relative permittivity €,, = 1.

The rf surface coil is modeled with negligible thick-
ness along the z axis and by a surface current den-
sity having only an azimuthal component; that is, J; =
Ky8(z), where Ky(p) = Kop exp[—(p — po)*/w?] (po =
2 cm, w =2 mm, Kj is a constant whose value is fixed
to obtain unitary current) and §(-) is the Dirac § function.
The assumed current-density distribution is an approxima-
tion of the real one, which will be peaked at the edges of
the 1f coil, but is a useful model to catch the main physi-
cal consequences of the surface-plasmon excitations. Since
the circular rf coil is approximated with a given current-
density profile, in the following, we do not consider the
rf-coil losses and focus on losses inside the sample and the
metamaterial slab only (see Supplemental Material [27] for
further details on simulations).

In an MRI setup, the receiving-rf-coil signal is given by
S |B§7) (p,¢,z)|, where Bﬁf) is the complex amplitude of
the counter-rotating transverse rf magnetic field (orthogo-
nal to the static magnetic field By) produced by the coil per
unit current. Considering the geometry displayed in Fig. 1,
where By is along the x axis, we obtain Bif) = (Bi,sin¢g +
iB1;)/2, where the rf magnetic field in cylindrical coordi-
nates is given by By(p,¢,z) = Re[(B1,0 + Bi:2) e '],
where w = 2 v (see Supplemental Material [27]). On the
other hand, the noise is proportional to the square root of
the dissipated power P in the system, so the receiving-rf-
coil SNR is proportional to Bg_) |/+/P [28-30]. If we ignore
the rf-coil losses [19], the dissipated power is approxi-
mated as P = P, + P,,, where P and P,, are the dissipated
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FIG. 2. The rf magnetic field per unit current |B§_) |/ 1o (blue
lines) and the normalized SNR (SNR™) (red lines) as a function
of Re i, [with Im pt,,, = 1072 in (a)] and Im p,, [with Re p,, =
—11n (b)], respectively. Both |B(1_) |/ o and the normalized SNR
are evaluated at the point p =2 cm, ¢ = 7/2, and z = 1 mm,
and we set d; = 0 mm.

power in the sample and the metamaterial, respectively.
To highlight the advantages related to the presence of
the metamaterial slab, in the following we consider the
normalized signal-to-noise ratio SNR™ = SNR,,/SNR,,
where SNR,,, and SNR,, are the values calculated with and
without the metamaterial slab (v stands for “vacuum”),
respectively. In Fig. 2, we report |B§_)| /1o (blue lines)
and the normalized SNR (red lines) for different values of
the metamaterial permeability w,, at the coordinate point
p=2cm, ¢ =x/2,and z = 1 mm. In Fig. 2(a) we have
set Im ,,, = 0.01 and Re p,, spans the range from —1.15 to
—0.85. In Fig. 2(b), we have considered Re i, = —1 and
Im /4, spans the range from 1073 to 10!, As expected,
the magnetic field in Fig. 2 shows a resonant behavior and,
more importantly, the normalized SNR becomes greater
than 1 at the resonance condition (e.g., normalized SNR
of approximately 5 for ,, = —1 +i1073).

III. THE PLASMONIC REGIME

To physically grasp the role played by surface plas-
mons and hence their relevance for the results shown
in Fig. 2, we analytically solve Maxwell’s equations in
the previously considered configuration, where the only
change is that the sample is a semi-infinite slab (i.e.,
Iy — o0) (see Supplemental Material [27]). Exploiting
the system rotational symmetry around the z axis, we
find the complex amplitudes of the electric and mag-
netic fields are Eg = iwAy and By =V x Ay, where Ay
is the azimuthal component of the electromagnetic vec-
tor potential, and we search for solutions of Maxwe}rl;g

equations by using the Hankel transform 44(p,z) = J,

dkykoJy (kpp) Ay (ky,z). In the static limit, one can high-
light two different regimes:

(a) The Pendry regime, where a Re ,, = —1 metama-
terial slab can behave as a Pendry lens in the situation
where the current-density spatial spectrum k,,, (k,) lies in
the region k, < ki,

(b) The plasmonic regime, where a Re 1, = —1 meta-
material slab supports surface-plasmon excitations in the
situation where f(¢ lies in the region k, > ki, where k
is related to the slab geometry and losses; that is, k; =
1, log (2/Im ).

In Pendry regime the complex amplitude of the vector
potential is given by

A¢ ~ _ MoMm

+o00 B
/ dkyJy (ko p) Kye %, (1)
0

whereas in the plasmonic regime we obtain

~

+o0
Ay = 0K / di, i (kop) Kge ™. (2)

- 1+Mm 0

Pendry’s mechanism holds for plane waves whose trans-
verse wave number satisfies the condition k, < k;, and
this corresponds to a minimum lens resolution A =
2l /log(2/Im w,,) [31]. As a consequence, this regime
is obtained with a surface loop with large diameter (e.g.,
like the one in Ref. [19]). On the other hand, if the rf coil
is sufficiently reduced in size, a significant part of spa-
tial spectrum can lie in the region k, > k;, where surface
plasmons can be excited (roughly, the condition k, > k
entails py < 27 /k; [32]). In addition, Eqgs. (1) and (2)
hold only in the region z > 0 (i.e., inside the sample). It
is worth noting that Eq. (1) with w@,, = —1 coincides with
the expression for the potential field in the case where the
metamaterial is absent. As a consequence, in the Pendry
regime and in the setup considered here, the metamaterial
does not affect the spatial distribution of the electromag-
netic field inside the sample. From Eq. (2), it is evident
that one can achieve a very large enhancement of the
field amplitude A, if the condition Re i, = —1 holds
and Im u,, is sufficiently small. This quasi-pole condi-
tion corresponds to the existence of exponentially localized
electromagnetic modes lying around the metamaterial sur-
face at z = 0. If we consider the circular rf coil for MRI
used for signal reception, the received-signal strength, as
stated above, depends on the rf field B(f). As a conse-
quence, we expect the latter to be significantly enhanced
when a low-loss Re u,, = —1 metamaterial is present.
This enhancement is localized close to the metamaterial
surface and its intensity is strongly dependent on the imag-
inary part of the relative permeability, with the smaller
Im p,, providing the larger detected signal. The physical
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mechanism considered here is very different from the one
proposed by Pendry. The lens mechanism is due to the
fact that evanescent waves show a nonintuitive exponential
growth inside the metamaterial, so wave modes (satisfy-
ing the condition k, < k) emitted by the source can be
transmitted without diffraction for a suitable lens thickness.
Surface plasmons lying at the metamaterial surface exist in
the opposite regime (the plasmonic regime). In this regime,
the Re © = —1 metamaterial does not behave as a lens and
it can produce a hyperfocusing of the electromagnetic field
near the metamaterial surface.

To spatially visualize the mechanism, in Fig. 3 we report
the spatial distribution of the normalized SNR with the
same geometrical parameters used in Fig. 2. For Im u,, =
107!, we get a significant spatial modulation of the normal-
ized SNR, and the magnetic loss inside the metamaterial
is responsible for an overall decreased performance of
the receiving system (normalized SNR less than 1). If we
set Im i1, = 1073 (Im p,, = 1072), although the noise is
strongly affected by metamaterial losses, that is, P, /P, >~
1 (P,,/Ps ~ 3), the resonant plasmon excitation entails a
redistribution of the rf electromagnetic field [see Figs. 3(b)
and 3(c)] and a strong local enhancement of the normal-
ized SNR; that is, a normalized SNR of approximately
7.5 (approximately 2.5). From Fig. 3 it is evident that for
the geometry considered if Im u,, < 1073, the attainable
normalized SNR in a MRI experiment with the proposed
inclusion of a metamaterial slab can be increased by a large
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FIG. 3. Maps of the normalized SNR (SNR™) for dy, = 0 mm,
¢ =m/2, and Re u,, = —1 with Imp,, = 10" (a), Im p,, =
1072 (b), and Im ,, = 1073 (c). In (d), the same parameters
as for (c) hold except dy = 4 mm. The dashed black lines are
contour lines for a normalized SNR of 1.

factor within at least a 1-cm sample depth and 7-cm lateral
size. Standard rf surface coils are used to acquire images
from a region of interest (ROI) positioned in front of the
coil center. In our setup, we get a significant SNR enhance-
ment in front of the coil as in the standard setup, although
the penetration depth, along the coil axis, is limited to
approximately 1 mm. However, as shown in Figs. 3(b)
and 3(c), SNR increase is also obtained off-axis (up to
7 cm), and this could be useful in specific MRI applica-
tions, where the ROI is much larger than the coil size along
the radial direction (e.g., cortical brain imaging). More-
over, the rf-coil positioning could be easily shifted so that
the region of higher SNR matches the sample ROI. For
completeness, in Fig. 3(d), we investigate the metamate-
rial setup where the distance between the rf coil and the
sample d, is 4 mm and Im p,, = 1073, In this condition,
a significant enhancement of the normalized SNR persists,
with a spatial distribution similar to the one in Fig. 3(b),
even if its maximum decreases with respect to the d; = 0
mm configuration [Fig. 3(c)].

Loss reduction is the most challenging issue in metama-
terial science. Generally, the desired negative permeability
is achieved by means of a suitable periodic array of metal-
lic inclusions such as split-ring resonators or wires. In
these configurations, losses are given by Ohmic dissipa-
tion in the metallic components, and previous experimental
realizations within the frequency range of interest for MRI
do not satisfy the above requirement [17,33]. However,
metamaterial design is a fast-growing field, and either
superconductors [34] or high-dielectric-constant inclu-
sions [35—37] can be suitable remedies for reducing losses.
As an example, ferroelectric materials can show permittiv-
ity with a very high real part and a low imaginary part in the
radio-frequency range [38], so they can be used as metama-
terial inclusions for realizing the desired magnetic meta-
material structure. In addition, standard magnetic metama-
terials can display strong frequency dispersion, and this
effect can alter to some extent the predicted enhancement
of the rf magnetic field in the setup considered. On the
other hand, strong dispersion effects can be reduced by
careful engineering of the metamaterial structure [39].

IV. TRANSMISSION ENHANCEMENT

To evaluate the impact of surface-plasmon excitations
on the signal transmitted by a rf coil, we consider the
spatial distribution of the transmit field B§+) inside the
sample. The transmission signal depends on the com-
plex amplitude of the corotating magnetic field per unit
current; that is, B(IH = (Bypsin¢ — iBlz)* /2. In Fig. 4
we plot the logarithm of the normalized magnetic field
1B = |BV|/IB{!)| by setting ¢ = 7/2, where |B{!)|
is the maximum of the absolute value of the magne’tic
corotating field per unit current inside the sample in the
setup without the metamaterial slab. In Fig. 4(a), we report
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log, |B§+’”)| inside the sample region in the absence of the
metamaterial (i.e., u, = 1), whereas in Figs. 4(b)-4(d), we
plot log;, |B§+’")| for Re u,, = —1 and different values of
Im w,,.

As expected from the theoretical analysis, the smaller
Im w,,, the greater is k; and hence the excited wave modes
are more tightly confined near the sample-metamaterial
interface, since the f(¢ spectrum fraction in the plasmonic
regime is reduced and the amplification prefactor increases
[see Eq. (2)].

The net effects, as in Fig. 4, are the enhancement and
the focusing of the rf magnetic field close to the current
source. As a consequence, a first possible application of the
setup considered is related to MRI signal transmission. The
large attainable increase of the |B§+)| field can boost the
transmission performances of the system, allowing much
shorter rf pulses for a given flip angle. Such an effect can
eventually be controlled when multiple surface transmit
rf coils are available, allowing parallel transmission MRI
techniques [40,41].

V. CONCLUSIONS

In conclusion, we suggest that a negative-permeability
metamaterial embedded in a MRI setup can improve
the performance of a rf coil in a MRI experiment. The
approach is based on magnetic plasmon resonances present
on the surface of a Re t,, = —1 metamaterial slab, which

is responsible for a large increase of the rf magnetic
field within a sample suitable for MRI. Finally, we stress
that the configuration geometry considered has the addi-
tional advantage of introducing no limitations on the
sample—rf-coil relative position, so the present proposal
has the potential to enhance the MRI signal-to-noise ratio
with respect to standard setups, with minor additional
requirements.
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