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Observation of quantum metric and non-Hermitian Berry curvature in a plasmonic lattice
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We experimentally observe the quantum geometric tensor, namely, the quantum metric and the Berry curva-
ture, for a square lattice of radiatively coupled plasmonic nanoparticles. We observe a nonzero Berry curvature
and show that it arises solely from non-Hermitian effects. The quantum metric is found to originate from a
pseudospin-orbit coupling. The long-range nature of the radiative interaction renders the behavior distinct from
tight-binding systems: Berry curvature and quantum metric are centered around high-symmetry lines of the
Brillouin zone instead of high-symmetry points. Our results inspire pathways in the design of topological systems

by tailoring losses or gain.
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Classification of matter has traditionally relied on the en-
ergy dispersion relation. Increasing attention has been paid
to the structure of the eigenfunctions (Bloch functions in a
crystal), characterized by the Berry curvature and the Chern
number, both in electronic [1-5] and photonic [6—13] systems.
Consequently, the concept of the quantum geometric tensor
(QGT) [14] has gained importance. The real part of the QGT
is the quantum (Fubini-Study) metric and the imaginary part
gives the Berry curvature. While the Berry curvature and the
Chern number have been broadly utilized, the importance of
the quantum metric has only emerged recently. It has been
predicted to be crucial in flat band superconductivity [15-18]
and other phenomena [19,20]. The first measurements of the
full QGT have been achieved recently with superconduct-
ing circuits [21], coupled qubits in diamond [22], an optical
Raman lattice [23], and exciton-polariton modes in a micro-
cavity [24,25].

Studies of topological phenomena have extended to sys-
tems with gain or loss [26—-34]. Non-Hermiticity expands the
classification of topological systems [35,36] and brings new
concepts and applications into play [37-47]. Thus far, the
QGT has been measured mostly in Hermitian systems, and
only very recently the quantum metric of a non-Hermitian
system has been observed [48]. To our knowledge, non-
Hermitian Berry curvature has not yet been experimentally
measured. In this paper, we experimentally measure the
full quantum geometric tensor in a lattice of plasmonic
nanoparticles and show that the quantum metric arises from
(pseudo)spin-orbit coupling while the Berry curvature has a
purely non-Hermitian origin.
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Plasmonic metal and dielectric nanoparticles coupled
radiatively in two-dimensional lattices and combined with ac-
tive emitters have enabled strong light-matter coupling, lasing
action and Bose-Einstein condensation [49-59], and represent
intriguing potential for topological photonics [60—66]. These
so-called plasmonic lattices sustain unique electromagnetic
modes called surface lattice resonances (SLRs) [67—69] that
emerge from the long-range radiative interactions between
the localized surface plasmon resonances (LSPRs) of indi-
vidual nanoparticles. SLRs have highly dispersive bands with
polarization-dependent properties [70,71] since nanoparticles
act like small (dipole or multipole) antenna. The strength of
the coupling to different directions depends on the orientation
of the dipole, i.e., the polarization of the mode, see Fig. 1(a).
The long-range coupling between nanoparticles makes tight
binding approximations non applicable [72]. The high dis-
sipative losses of plasmonic systems, typically considered a
caveat [73,74], here turn out to be the origin of an interesting
feature, namely a nonzero Berry curvature despite a trivial
lattice geometry and absence of magnetic field.

We may understand the band structure of SLR modes in
the two-dimensional k space with an empty lattice approxima-
tion: the diffraction orders (m, n) folded to the first Brillouin
zone give the energy band dispersions of the system (see Sup-
plemental Material, SM [75]). In the square array of Fig. 1(a),
the energy of the empty lattice bands is [70,76]

h
Epn = /(e + mG. P + (ky +1nG, . 8))
np

where m,n =0, 1, £2..., G, = 27 /p, k., define the di-
rection of the in-plane k vector, and p = 570 nm is the lattice
period. Figure 1(b) shows the empty lattice bands along the
pathT" — X — M — T inreciprocal space. Along the trajectory
I'-M (the diagonal of the first Brillouin zone), the empty lat-
tice mode (0, —1) becomes degenerate with (—1, 0); likewise
(0,1) is degenerate with (1,0). For definiteness, we focus on
the two transverse magnetic (TM) and transverse electric (TE)
SLR bands related to empty lattice modes (0,—1) and (-1,0).
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FIG. 1. (a) Schematic illustration of the SLR modes. Long-range
radiative interactions (diffraction) couple the nanoparticles and cre-
ate a collective mode, thus their radiation patterns acquire a phase
that varies in real space depending on the lattice momentum k|| (the
phase profile is only schematic, see Supplemental Material [75] for
realistic simulations). On the other hand, the individual nanoparticles
radiate in a highly directional and polarization-dependent manner,
thus the (typically dipolar) radiation patterns are very different for
TE or TM (as defined with respect to k) incoming light polarization.
At normal incidence (k; = 0), the phase difference of the in-plane
electric field between different unit cells is zero and the dipolar mo-
ments oscillate all with the same phase (here denoted by having the
same color at each nanoparticle). This yields two degenerate modes,
identical by a 7 /2 rotation. (b) Band structure in the empty lattice
approximation. Only the diffraction orders (1, 0) and (0, 1) are
relevant in this paper, and the rest are represented with black lines.
The inset shows the trajectory ' — X — M — I" in reciprocal space,
where the Brillouin zone is delimited with grey lines. (c) Transmis-
sion measurement at the range of energies shown in the magenta
square in (b) with k; pointing along the line '-X. A scanning
electron micrograph of the experimental sample is provided.

The QGT is defined as
T} = (Oittnx|0jun k) — (Ojttn i lttn xc) (Un k| 9jutnxc),  (2)

where 9; = 9, with i =x,y. The quantum metric is g}; =
NRT and the Berry curvature is B}; = —2377. In our case,
|unx) is the periodic part of the total Bloch function ekr [t )

of the band n. The QGT is nontrivial only in systems with
multiple bands, i.e., multiple degrees of freedom (“orbitals”)
associated with each unit cell. In our case, these degrees of
freedom are the two polarization directions of light [giving
for example the TE and TM modes of Fig. 1(a)] and |u, k) is
a vector in the polarization basis. The QGT thus tells about
how the polarization properties of a mode change across the
Brillouin zone.

We extract the QGT from experimentally obtained lattice
dispersions by adapting the methods in Refs. [24,77] to our
system (see the SM [75]). Polarization-resolved transmission
measurements are used to track the intensity maxima of the
SLR bands [see Fig. 1(c)], from these the Stokes vector and
the QGT are calculated. The samples consist of cylindrical
gold nanoparticles (75-nm radius and 50-nm height) arranged
in a square lattice with a periodicity of 570 nm. The QGT
is related to the single-particle band structure, thus all our
theoretical results and the experimental extraction scheme
apply for both quantum and classical light fields. Our exper-
iments are in the classical (many-photon) regime. We note
that transmission in our case, unlike in other non-Hermitian
systems [78], accurately describes the band structure and
the polarization-dependent properties of the eigenmodes
(see the SM [75]).

Our experiments reveal a previously unnoticed band split-
ting at the diagonal of the Brillouin zone, which is not
predicted by the empty lattice approximation in Fig. 1(b).
Figure 2(a) shows the results for k; pointing along the tra-
jectory I'-M (the diagonal), with filtering of right circularly
polarized light. Interestingly, the higher (lower) energy band
is TE (TM) polarized along the diagonal of the Brillouin zone,
see Fig. 2(b). The similar response to left and right circular
polarization filtering indicates that the chiral symmetry is
not lifted in our highly symmetric square lattice. The band
splitting is also observed for diagonal and antidiagonal po-
larizations. These polarization properties are relevant for the
quantum geometric phenomena analyzed below.

The origin of the band splitting of Fig. 2(b) is explained
in Figs. 1(a) and 2(c). The field profile of the lattice modes
is dominated by Bloch waves of the form ®(r) ~ ¢#™ with
a phase ¢(r) =k -r that has contributions from both the
diffraction orders and the in-plane momentum, i.e., k = k| +
G, where G is the lattice vector [70,76]. At the I" point, the
overall phase is zero, hence two degenerate modes with an
in-phase radiation pattern, related by a 7 /2 rotation, appear
[see Fig. 1(a)] and TE-TM band splitting does not take place.
Along the diagonal of the Brillouin zone, the phase is nonzero
giving rise to a fixed phase distribution in real space. The
mode polarization is given by the dipole orientation at the
single-particle level [see Fig. 2(c)], hence a given phase dis-
tribution ¢(r) in combination with two different polarizations
(TE or TM with respect to k)|) creates two fundamentally
different modes and a TE-TM splitting. A thorough analysis
of the band splitting using a T-matrix approach is presented
in Ref. [79]. Below we provide a simplified model that relates
this phenomenon with (pseudo)spin-orbit coupling.

We extract the QGT within an angular region 10° < o <45°
of k space (see Fig. S4 within the SM [75]). Figure 2(d)
shows that nonzero components exist for both the higher and
lower energy modes in Figs. 2(a) and 2(b), with clear features
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FIG. 2. (a) Transmission measurements at the diagonal of the Brillouin zone (« = 45°) for right (R) circular polarization. (b) Measurements
in the red-dashed square of (a) with horizontal (H), vertical (V), diagonal (D), antidiagonal (A), right, and left (L) circular polarization filtering.
(c) Explanation of TE-TM band splitting along one diagonal of the first Brillouin zone (with k), # 0). The same phase distribution is created
in real space for both TE and TM polarizations, but unlike in Fig. 1(a), the radiation patterns are different at the individual nanoparticle
level, giving rise to two nondegenerate bands. The modes that participate in the band splitting are only approximately TE or TM due to the
non-Hermiticity, but we name them TE and TM for practical reasons. (d) Quantum metric and Berry curvature for the higher and lower energy
modes in (a) and (b), for 10° < a < 45°. The magnitude I, of the Berry curvature is 1073 times smaller than the quantum metric components.

The grey-dashed line marks the diagonal of the Brillouin zone.

around the diagonal of the Brillouin zone. We find positive
values for the quantum metric components g, and g,,, with
8xx X gy X —g&x,. Remarkably, we also find a nonzero Berry
curvature, which is not expected in our square lattice geom-
etry. The Berry curvature is much smaller than the quantum
metric components. Using the symmetry of the square lattice
(see Fig. S1 within the SM [75] for the properties of SLR
bands, and further discussion in Ref. [79]), we find that the
quantum metric components are symmetric with respect to
the diagonal of the Brillouin zone, and likewise the Berry
curvature is antisymmetric.

We provide a simple two-band model (derived in the SM
[75]) to intuitively interpret the experimental QGT results.
In our model, the two bands correspond to the two polar-
ization directions of the plasmonic-photonic modes, and the

dispersion of the SLR modes is encoded in a simplified form

H = e(k)hy + 2K) - o, A3)
where
1
e(k) = Z(E_1,0(K) + Eo 1K), )
1 2 2
Q(k) = ﬁ(kx — k) (Eo—1(K) — E_10(k)), (5
8
Q) =3 [k% + &2, (6)

and the energies E_j ¢ and Ey _; are defined in Eq. (1). In
the most general non-Hermitian case, the Hamiltonian (3)-(6)
has two sets of eigenvectors, right |[Ry) and left |[L. ), for each
of the complex-valued eigenenergies E. (k) that define the
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FIG. 3. QGT obtained with the two-band model. Main panels
show the same area of the Brillouin zone as the experiments in
Fig. 2(d), and the insets display neighboring regions to the I" point.
The green dashed line marks the diagonal of the Brillouin zone.
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(a) Quantum metric components. We find that g, = gy, = —g&x, and
8x = &y (b) Berry curvature calculated with the right and left eigen-
vectors of the Hamiltonian. We found that %fy = —‘B;’x. Colorscale

units are m>.

two bands. Complete expressions of these and the QGT are
found in the SM [75]. The term in Eq. (6) models the band
splitting at the diagonal of the Brillouin zone, and g = ¢ + ig’
controls its size, both in the energy band structure and in
the inherent losses of each mode. This minimal model is
introduced to investigate degeneracy removal at the diagonal
of the Brillouin zone, and it is limited to its vicinity. Nev-
ertheless, Ref. [79] shows by detailed T-matrix calculations
that the heuristic two-band model introduced here gives the
same qualitative behavior as a microscopic description of the
system.

The quantum metric obtained with the two-band model
[see Fig. 3(a)] presents an excellent qualitative agreement with
the experimental results. In both cases, the quantum metric
components are nonzero around the diagonal of the Brillouin
zone, and the sign of the components coincides with Fig. 2(d).
The quantum metric depends essentially on the energy band
splitting, and all components are zero for g = 0. For a typical
coupling constant that fulfills g’ ~ 1072¢ (as in the simu-
lations of Ref. [79]), the quantum metric is the same as in
the Hermitian limit (¢” = 0), with negligible non-Hermitian
corrections.

The Berry curvature, in contrast, strongly depends on the
losses, and both the right and left forms of the Berry curvature
(see the SM [75]) become zero for g’ = 0. This, together with
our analysis in Ref. [79], proves that the Berry curvature is
of non-Hermitian nature. Figure 3(b) shows the left and right
Berry curvature that exhibit an excellent qualitative agreement
with the experimental results, with an antisymmetric distri-
bution at each diagonal of the Brillouin zone. The difference

in magnitude between the Berry curvature and the quantum
metric components is 1072 in the two-band model, differing
from the experimental ratio. However, microscopic simula-
tions show good agreement with the experiments [79].

We remark that the Hamiltonian in Eq. (3) has the form of
a k-dependent effective magnetic field € coupled to a pseu-
dospin, or a spin-orbit coupling Hamiltonian in an electronic
system [80]. In our description, the polarization of light takes
the role of a pseudospin, and the effective magnetic field is
given by the TE/TM mode structure of a square plasmonic
lattice and the band splitting at the diagonal of the Brillouin
zone. The origin of the TE/TM splitting in our case is different
from the one in microcavity polariton systems (see the SM
[75]). Polarization-selective phenomena are observed in tight-
binding systems [81], but in our lattice the splitting along the
diagonal arises due to long-range radiative interactions.

The two-band model shows (see the SM [75]) that ex-
actly at the diagonal (€2, = 0) the quantum metric and Berry
curvature always vanish, as we also see in the T-matrix simula-
tions and experiments. Around the diagonal (in a region where
Q ~ Q;, Q;’ ), in the Hermitian case, a k-dependent rotation
of the eigenstates in the horizontal/vertical polarization plane
appears, which leads to a finite quantum metric. With losses,
a net circular polarization may emerge (although not resolved
by our experiments) and contribute to the Berry curvature.
Intriguingly, Berry curvature can arise also due to the interplay
of losses and the spin-orbit coupling, which is likely the main
origin in our case.

The distribution of quantum metric and Berry curvature
found here is unprecedented, following entire high-symmetry
lines instead of accumulating around certain points in k
space. Whereas non-Hermitian quantum metric [48] has been
recently reported, our results yield, to our knowledge, the
pioneering observation of Berry curvature induced by losses
in optical systems.

Splittings of degenerate bands at high-symmetry points are
often found in periodic systems when time-reversal symmetry
is broken by (effective) magnetic field; in such cases the
bandgap opening may give rise to separate bands with nonzero
Chern numbers [82,83]. Here, we do not find a full bandgap
in the whole Brillouin zone. Thus, time-reversal symmetry
breaking by losses in our case causes nontrivial quantum
geometry, but not topology. The simple two-band model we
introduced can be easily adapted to other configurations, e.g.,
different lattice geometries [84], and will be powerful in de-
signing topologically nontrivial structures.

Our paper lays the foundation for fertile paths of future
research in long-range coupled photonic lattice systems. We
anticipate that further intriguing non-Hermitian phenomena
are to be found around other (than I') high-symmetry points
[85,86], or with symmetry breaking, e.g., with multiparticle or
chiral unit cells [64,66,87]. Magnetic nanoparticles may also
break the time-reversal symmetry [88—90]. Finally, the above
non-Hermitian effects were also found when having gain in-
stead of losses: all these research lines may be combined with
lasing or condensation phenomena. In analogy to fermionic
systems [18], we expect the QGT to be relevant for bulk
response in interacting, nonlinear photonic and polaritonic
systems.
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