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Visualization of Metasurface Eigenmodes with Magnetic Resonance Imaging
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The ability to control the electromagnetic near field with metasurfaces offers potential applications over
the frequency range from radio frequency to optical domains. In this work, we show an essential feature of
metasurfaces, subwavelength field confinement via excitation of a large number of eigenstates in a narrow
frequency range, and demonstrate an innovative way of visualizing profiles of metasurface eigenmodes
with the aid of a magnetic resonance imaging (MRI) system. We show that by tuning different eigenmodes
of the metasurface to the Larmor frequency, we can passively tailor the near-field distribution to adjust
the desired pattern of radio-frequency excitation in a MRI experiment. Our work demonstrates a practical
nonperturbed rapid way of imaging metasurface eigenmodes.
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The developments of artificially designed metamateri-
als [1] and their two-dimensional analogs metasurfaces [2]
with smaller periodicity to the wavelength have resulted in
new degrees of freedom for electromagnetic field manip-
ulation in the near-field zone. Typically composed of
humanmade periodic systems with subwavelength inclu-
sions (meta-atoms), these artificial materials can replace
conventional materials with more limited electromag-
netic properties. Various structures have been proposed to
guide electromagnetic waves in the near-field zone [3],
to design unconventional waveguides with subwavelength
dimensions [4–6] and topological protection [7], and to
implement geometry-invariant resonant structures [8] or
compact cavities that exhibit simultaneously very high
quality factors and ultralow-volume modes [9,10].

In the far-field zone, metamaterials and metasurfaces
can be experimentally characterized by analyzing trans-
mission, absorption, and reflection spectra. In the near
field, special scanning techniques are usually employed to
characterize eigenmodes’ field distribution. The standard
techniques for imaging the near field are based on collect-
ing the signal from various spatial positions via a probe
antenna mounted on a motorized platform. This mecha-
nism was employed to image the near field of different
metasurface eigenmodes in the microwave [11], infrared
[12], and optical [13] frequency ranges. Typically, such
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a procedure is slow, and only two-dimensional near-field
profiles can be measured in one scan. Here we propose
an innovative way of visualizing and studying profiles of
metasurface eigenmodes with the aid of a magnetic res-
onance imaging (MRI) system. We employ a resonant
metasurface supporting a large number of eigenmodes in
a narrow frequency range and demonstrate that by chang-
ing the host material’s permittivity dynamically, we can
tune different metasurface eigenmodes to the Larmor fre-
quency, and, in this way, we can visualize it with a MRI
machine. While the modes of conventional dielectric res-
onators filled with distilled water have been visualized
with the MRI system previously [14–16], the present work
is aimed at demonstrating excitation of different meta-
surface eigenmodes and their visualization with a MRI
system.

MRI is itself a near-field control technique that oper-
ates at subwavelength dimensions; the spatial resolution
is not wavelength dependent but rather is limited by the
encoding strength of the magnetic field gradients. The
signal-to-noise ratio of MR images depends on the spatial
distribution of electric and magnetic fields of the radio-
frequency (rf) transmit and receive coils [17]. MRI systems
work over a frequency range of tens to several hundreds of
megahertz, with a typical clinical 1.5-T system operating
at approximately 64 MHz. It employs a large “body coil”
located in the magnet’s bore for rf transmission, meaning
that the electromagnetic field is deposited in all parts of
the body, not only in the region of interest. Metasurfaces
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have been used in various aspects of MRI, e.g., to improve
element decoupling [18], to boost local transmit efficiency
[19–23], and to enhance receive sensitivity [24–27].

A generic example of metasurfaces for MRI is schemat-
ically depicted in Fig. 1(a). Several identical thin resonant
metasurfaces are placed inside the MRI machine on the
patient table. By varying the permittivity of the host mate-
rial of the metasurfaces, it is possible to tune different
eigenmodes (of both higher and lower order) simultane-
ously to the Larmor frequency. These eigenmodes are char-
acterized by the magnetic field’s various distributions with
the different number of nodes distributed at subwavelength
scale [see, for example, Fig. 1(a)].

In this work, we consider a resonant metasurface real-
ized as an array of 14 × 2 identical resonant metallic wires
embedded in a host material with high permittivity ε. The
length (L) of each wire is chosen to approximately satisfy

the Fabry-Perot condition for the first eigenmode at the
operating frequency of the 1.5-T MRI system. Through
the strong coupling of several identical resonators placed
in the vicinity of each other, the original resonance fre-
quency splits into several bands, which correspond to the
different eigenstates of the metasurface resonators [9,24].
The eigenmode order can be defined as N + 1, where N is
the number of nodes of the magnetic field (By component)
along with the directions orthogonal to the wires [either
z or x for the blue and dark blue metasurfaces shown in
Fig. 1(a), respectively]. Note that since the metasurface
enhances both field components orthogonal to the wire,
the magnetic field amplitude’s absolute value is relatively
uniform for all modes. However, since only Bx and By
components contribute to the circularly polarized rf mag-
netic field B+

1 produced by the body coil, it is possible to
minimize the metasurface contribution to Bx by arranging
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FIG. 1. (a) A schematic of various subwavelength eigenmodes in the region of space close to the specifically designed metasurfaces
within the MRI bore. (b) Numerically calculated spectral dependence of the wire metasurface eigenmode frequencies as a function
of the background permittivity. The numbers correspond to the mode numbers. The metasurface is excited by a plane wave with the
electric field polarized along the wires. The metasurface parameters are: a 14 × 2 array, wire length L = 255 mm, period a = 10 mm,
and radius r = 1 mm. The brass wires are placed in a dielectric material with variable permittivity. (c) The magnetic field amplitude
averaged along the transverse direction at a 10-mm distance from the wires. The first maxima correspond to five eigenmodes of
the metasurface excited at the fixed frequency of 64 MHz, which is the operating frequency of a 1.5-T MRI system for different
values of the background permittivity. (d) Measured frequency dependence of real part of distilled water permittivity. The three curves
correspond to different temperatures of the water. (e) The water permittivity as a function of temperature at f = 64 MHz. (f) The
experimentally measured reflection coefficient of the loop antenna placed above the metasurface inserted in water for two different
values of temperature.

L021002-2



VISUALIZATION OF METASURFACE EIGENMODES... PHYS. REV. APPLIED 16, L021002 (2021)

the wires along the x direction, and in this way only the
By component of the magnetic field contributes to B+

1 . The
modulation in the near field can be observed in Fig. S1
within the Supplemental Material [28].

The numerically calculated dependence of the eigen-
mode frequencies as a function of metasurface host mate-
rial permittivity is shown in Fig. 1(b) [28]. A reduction of
ε shifts the eigenmodes to higher frequencies. It is inter-
esting to note that for a properly optimized metasurface
design, all considered eigenmodes can be tuned precisely
to 63.8 MHz for a certain permittivity of the host mate-
rial [Fig. 1(c)]. To implement such a dynamic tuning of
the host material permittivity in a broad frequency range,
here we rely on the temperature dependence of the per-
mittivity of distilled water [29,30]. Figure 1(d) shows sev-
eral dispersion curves measured at different temperatures
of the water. The permittivity decreases with increasing
temperature at the operational frequency of 63.8 MHz
[Fig. 1(e)].

To confirm the tunability of the metasurface eigen-
modes, we fabricate a prototype and place it in a tank
filled with hot water [28]. We place a small untuned mag-
netic loop under the metasurface in the center and analyze
the source reflection coefficient S11 on a vector network
analyzer: the probe couples to the structure’s eigenmodes,

which results in several minima in S11 [Fig. 1(f)]. The dif-
ference in coupling efficiency to certain eigenmodes can
be explained due to the symmetry of the eigenmode and
the fixed position of the loop. It is interesting to note
that the eigenmodes’ spectral position is strongly depen-
dent on the temperature of the water. While initially, for
the hot water [red curve Fig. 1(f)], the lowest eigenmode
has a frequency just below 70 MHz, it shifts to approxi-
mately 61 MHz as the water cools, and all the eigenmodes
experience a shift to lower frequencies. That confirms the
possibility of tuning metasurface properties by varying the
temperature of the water.

The next step is to visualize the eigenmodes’ profiles
via imaging of a homogeneous water phantom with the
body coil used in transmit-receive mode [31]. An image
representing the entire three-dimensional rf magnetic field
pattern, including magnitude and phase, can be obtained
within 81.6 s with a spatial resolution of 1 mm. The meta-
surface is inserted in the tank with hot distilled water,
which is placed inside the scanner in such a way that the
wires are perpendicular to the static magnetic field (along
x direction). Standard gradient-echo imaging is performed
every 2 min for 2 h. Initially, the water is hot, and the per-
mittivity is relatively low (ε ≈ 62), which allows tuning
the first metasurface eigenmode to the Larmor frequency.

(a) (b)

FIG. 2. Experimental demonstration of subwavelength control of the magnetic field via excitation of metasurface eigenmodes in the
MRI environment. (a) The metasurface is placed in the center of the box filled with hot distilled water with wires oriented along the
x axis (perpendicular to the static magnetic field B0). A curve demonstrates the measured temperature of the water as a function of
time. Three shaded areas correspond to temperatures at which the MR images are acquired. The images are acquired in the plane of
the region of interest at a height of 3 cm from the metasurface for different water tank temperatures, corresponding to 76 − 77 ◦C,
53 − 54 ◦C, and 35 − 36 ◦C, respectively. The distances between two maxima in the image intensities acquired at the second mode
are subwavelength and equal to approximately λ/16, where λ is the wavelength in the water. (b) Numerically calculated magnetic field
profiles (|B+

1 |) excited by the MRI radio-frequency source coil orthogonal to the region-of-interest plane (see the top inset) for three
different eigenmodes supported by the metasurface. The right-hand panels represent the modulation in the excitation field (|B+

1 |) in the
region of interest shown by the purple lines in the left-hand panels.
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Figure 2(a) shows that for a temperature of the water
of approximately 76 − 77 ◦C, only one maximum can be
observed above the metasurface, which corresponds to the
excitation of the first eigenmode. It is characterized by a
cosine shape of the rf magnetic field (|B+

1 |) along the meta-
surface [32] and has an almost homogeneous pattern in
the direction orthogonal to the wires [see Fig. 2(b)]. Sub-
sequently, the water temperature decreases to 53 − 54 ◦C
while the permittivity increases. This fact effectively tunes
the structure to the second eigenmode, characterized by
two maxima. The MR signal is zero in the central region.
Cooling to 35 − 36 ◦C realizes tuning of the third eigen-
mode of the metasurface to the operational frequency of
MRI [Fig. 2(a), bottom panel]. The third mode is char-
acterized by three maxima and two minima of the MR
signal in the region of examination [see also |B+

1 | profile
in Fig. 2(b)]. As was shown previously by several groups,
the first metasurface eigenmode with a homogeneously
enhanced rf magnetic field in the area of examination can
be employed to increase the transmit efficiency by wireless
induction [25,32]. Due to the magnetic field’s modulation,
the higher-order modes are not relevant for conventional
MRI examinations where the rf magnetic field should be as
homogeneous as possible. However, specific examinations
can be required to minimize MR signal for a particular
area, for example, excluding or “cloaking” regions that
generate motion artifacts (e.g., the aorta).

Figure 3(a) shows a three-dimensional “MRI” pattern
made from Styrofoam material placed on top of the meta-
surface and inserted into the tank with the hot water. While
no signal arises from the Styrofoam material due to the
absence of hydrogen nuclei, the presence of water around
the “MRI” word allows us to distinguish the shape of the
letters. We acquire two images for different temperatures
of the water corresponding to two particular regimes of
metasurface operation. For the first regime, the background
material’s permittivity is such that only the first eigenmode
of the metasurface contributes to the rf magnetic field in
the region of interest [see Fig. 3(b)]. Therefore, the rf mag-
netic field is homogeneous in the region of interest, and it
is possible to distinguish the “MRI” word. For the second

regime, the background’s permittivity allows us to tune
the second eigenmode to the Larmor frequency [Fig. 3(b)],
characterized by a minimum of the magnetic field in the
central part. Since the MR signal is proportional to sin(B+

1 )
and the |B+

1 | field is almost zero in this region, a substantial
reduction of rf signal occurs, and the “MRI” word becomes
invisible. This experiment is a good demonstration of the
near-field control capability by a metasurface.

In summary, we have demonstrated an innovative way
of visualizing and studying the spatial profiles of differ-
ent eigenmodes of a metasurface with the aid of a MRI
system. By dynamically changing the host material per-
mittivity, different metasurface eigenmodes can be tuned to
the Larmor frequency. In this way, we can potentially tailor
the pattern of rf excitation in a MRI system, for exam-
ple, to obtain a homogeneous rf magnetic field in a region
of interest or to minimize signal from undesirable spatial
regions that are very important for specific MRI exami-
nations. We note that not all the metasurface eigenmodes
can be used for practical MRI applications since conven-
tional MRI requires a homogeneous distribution of B+

1 .
We suggest using the inhomogeneous pattern of some of
the metasurface eigenmodes to partially image a region of
interest and exclude, for example, image regions that show
motion artifacts. In a conventional case, this application
can be implemented with a “smart” distribution of an array
of surface coils, requiring a proper combination of phases
and amplitudes. However, it can also be realized by a com-
bination of a single coil and a metasurface with the con-
sequent reduction in the number of channels required for
the study. In this case, one could dynamically switch the
metasurface eigenmodes using nonlinear elements (e.g.,
pin diodes) to switch between eigenmodes electronically.
Also, for practical applications, the metasurface can be
realized using printed circuit board technology. The local
increase in transmit efficiency provided by the metasur-
face reduces the required power to produce a given B+

1
field but does indeed introduce a spatially dependent flip
angle and hence image intensity and contrast. Thus, use of
a metasurface is ideal when localized image enhancement
of surface features is desired. Alternatively, one can use

(a) (b) FIG. 3. (a) Photograph of
the experimental setup: three-
dimensional “MRI” word made
from Styrofoam material is placed
on top of the metasurface in
the center. (b) Measured image
intensities acquired with the
metasurface tuned close to the
first (left) and second (right)
eigenmodes.
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adiabatic pulses to overcome the variable B+
1 field or use

detunable metasurfaces that are only active during signal
reception. While we have considered only a flat metallic
metasurface design, all-dielectric structures, e.g., water-
based dielectric metasurfaces supporting anapole states
[33] or metamaterial-based spheres [34], can be studied
within the MRI scanner.
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