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Two-dimensional surface polaritons (2DSPs), such as graphene plasmons, exhibit
various unusual properties, including electrical tunability'>, strong spatial
confinement with high Q-factor®”®, which can enable tuneable photonic devices for
deep sub-wavelength light manipulations'®. Reflection of plasmons at the graphene’s
edge plays a critical role in the manipulation of 2DSP and enabled their direct
visualization in near-field infrared microscopy*’. However, a quantitative
understanding of the edge-reflections, including reflection phases and diffraction
effects, has remained elusive. Here, we show theoretically and experimentally that
edge-reflection of 2DSP exhibits unusual behaviours due to the presence of the
evanescent waves, including an anomalous Goos-Hinchen phase shift as in total
internal reflections and an unexpected even-odd peak amplitude oscillation from the
wave diffraction at the edge. Our theory is not only valid for plasmons in graphene,
but also for other 2D polaritons, such as phonon polaritons in ultrathin boron nitride

flakes'!!> and exciton polariton in two-dimensional semiconductors'*!’.



Reflection is a fundamental phenomenon of electromagnetic (EM) waves. Surface
reflection and interference of multiple reflected waves lie at the heart of Fabry-Perot
resonances, and total internal reflection can exhibit an unusual Goos-Hénchen phase shift
due to the existence of evanescent waves!®!°. Reflection is not limited to the three-
dimensional plane waves, but can also be observed in two-dimensional surface
polaritons(2DSPs)?°. Specifically, recent studies on near-field spectroscopy of 2DSPs
bound to the atomically thin crystals such as graphene and boron nitride flakes exhibit
strong reflection at edges*”!!2. Due to the sudden disappearance of surface conductivity
at the edge, no propagation waves exist on the other side of the edge and it is often simply
assumed that the reflection will have a simple 0 or m phase shift. However, detailed
experiments don’t match with this simple assumption, and a strange “even-odd” peak
oscillation in the interference pattern is also observed (refs). To explain these anomalous
phenomena, complex mechanisms like “modified plasmon wavelength” and “edge-
excitation of plasmons” were invoked’!"2>. Here we show that these anomalous
phenomena are intrinsic to edge reflection of 2DSPs due to the presence of near-field
evanescent waves at the edge of 2D crystals. Goos-Hénchen phase shifts associated with
the evanescent waves lead to an apparent plasmon wavelength modification, and the
interference between the propagating and evanescent waves produces the even-odd peak
oscillations. These results are essential for quantitative understanding of reflection of
2DSPs and for their applications in ultra-small polaritonic resonators 227,

Experimentally we investigated plasmon reflection in bare graphene on top of SiO»/Si
substrates and graphene sandwiched between hBN flakes. The bare graphene sample

allows us to determine the edge position from topography image reliably for quantitative



evaluation of the phase shift, while the sandwiched graphene samples have much higher
quality factor and allows for detailed examination of plasmon interference patterns.
Plasmons in graphene were excited and probed using an infrared s-SNOM, as shown in
Fig. 1(a). Infrared light at 10.6 um or ~6 um was focused onto the apex of a gold-coated
atomic force microscope (AFM) tip with a radius of 25 nm, which enabled optical
excitation of 2DSPs in graphene. The excited 2DSPs propagated in graphene and got
reflected at the edge. The back-reflected 2DSPs wave interfered with the excited wave
underneath the tip, which modified the intensity of the tip-scattered infrared radiation
measured by an HgCdTe detector in the far field. Shown in Fig. 1(b) is a near-field optical
image of 2DSPs near the edge of an hBN-sandwiched graphene sample. Due to the edge-
reflection, a standing-wave-like interference pattern is clearly observed. We measured the
edge reflection in a spectral range from 1570cm™ to 1620cm™, and found similar
interference patterns with shorter 2DSP wavelengths at higher frequencies, as shown in Fig.
I(c). In both Fig. 1(b) and (c), we can see that scattered infrared light intensity varies
periodically, with intensity peaks appearing at the positions of constructive interference.
The detailed interference pattern, however, cannot be described by a simple reflection with
0 or zphase shift. First, the separation between the first and second peak is significantly
different from those between other adjacent peaks, which have a nearly constant value as
denoted by the equally spaced dashed lines. Second, the intensity of the peaks does not
have a smooth monotonic decay. Instead, it shows an interesting even-odd oscillation
where the odd peaks tend to have higher intensities compared with adjacent even peaks.
These behaviours are similar to those reported in previous studies of hBN-encapsulated

graphene, but their origin was not well understood, and is often attributed to extrinsic



effects such as edge-induced excitation of 2DSP’. However, a recent work has shown that
the even-odd peak oscillation is not due to the edge excitation because there is no
polarization dependence?®?, but the origin of the even-odd peak oscillation still remains
unknown. Here we show that such behaviours are intrinsic to edge reflection of 2DSPs due
to the existence of near-field evanescent waves.

We investigate the edge reflection theoretically using a combination of analytical
calculations and finite-difference time-domain (FDTD) simulations. We consider a semi-
infinite 2D metal plane located at y=0, as shown in Fig. 2(a). By solving Maxwell’s
equation numerically using the FDTD method, we investigate near-field profiles formed
by the edge-reflection. Figure 2(b) shows the profile of y-component of electric field E,.
The FDTD simulation reproduces main features observed experimentally. It shows that the
separation between the first and second peak is larger than the other peak separations. In
addition, it shows that the near-field pattern can change significantly with the sample-tip
position as shown in Fig. 2(¢): a pronounced asymmetry between the even and odd peak
appears with increased sample-tip separation.

To better understand these anomalous behaviours at the edge, we carried out analytical
calculation by modelling the edge reflection problem as a diffraction of surface-bound EM
waves that occurs at the interface of a discontinuous surface conductivity, like guided wave
experiences a diffraction at an open end of the waveguide?®?’. The edge-reflection then can
be dealt with as a boundary problem of Maxwell’s equations. For strongly confined 2DSP,
direct scattering to the far field is negligible, and a key component in this diffraction
problem is the non-propagating near-field evanescent wave. Including the evanescent wave,

we can write y-component of electrical field for the region with graphene (x>0 in Fig. 2(a))



as E;”t“l = E;’“" + E;e-’ + E;” , where the first and second terms on the right-hand-side stand
for incident and reflected 2DSPs, respectively, and E;” is the near-field evanescent wave.

In the free-space region (x<0), there is only the evanescent wave Ej”. Then we apply

boundary matching at x=0 and obtain every field profile including reflection coefficient.
Figure 2(d) shows analytically calculated E, field profile (See Supplementary Information
for details). Our analytic calculations show excellent agreement with FDTD results
displayed in Fig. 2(b).

The presence of the near-field evanescent wave significantly modifies the edge reflection
of 2DSP, both in the reflection phase and the field distribution profile. First, we provide a
physical picture for the reflection phase shift of 2DSPs based on the analytic result. The
presence of the evanescent wave means that the electromagnetic energy will be stored in
the evanescent wave first, and then get back reflected. As a result, it will experience a phase
delay related to the evanescent wave, which is well known as the Goos-Hénchen phase

1819 To characterize the Goos-Hiinchen phase shift

shift in total internal reflection
quantitatively, we define effective wave impedance Z.; for the evanescent wave. For a
plane wave, the impedance is simply the ratio of the transverse component of the electric

and magnetic fields. Based on our analytical calculation, the effective impedance of

evanescent wave at the edge of 2DSP can be written as

~jd k)
(&)

where A(ky) and Z, =Zk_/k, respectively are amplitude and impedance of a plane-
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where ko is the photon momentum in the free-space (See SI for details). The reflection
coefficient R can be expressed as

Zeff _ZSP

Zeff + Zsp

where Zsp =7,q,./k, is the wave impedance of 2DSPs, and Z, is the effective

impedance of the evanescent wave. Note that the expression is exactly the same as the case
where a plane wave gets reflected at a boundary.

Shown in Fig. 3(a) is the magnitude and phase of R with varying momentum ratio g./ko.
For strongly confined 2DSP, (i.e. g»/ko >>1), the magnitude saturates to 1. This means that
far-field scattering is negligible, and the edge-reflection of 2DSPs is nearly total internal
reflection, of which the phase change can be defined in terms of Goos-Hénchen phase
shift!,

Py = 2arctan(iZSp /Zeff).

When ¢g./ko >>1, this converges to 0.25n (see SI for details). Now we compare our
theoretical prediction to our experimental measurements of gated graphene on SiO»/Si
substrate. Although graphene on Si0»/Si substrates has a lower plasmon quality factor than
that of hBN encapsulated graphene, it allows us to determine the graphene edge reliably
through topography measurements and obtain quantitative information on the reflection
phase shift. Figure 3(b) shows a representative near-field infrared microscopy image
measured with a gate voltage of -100 V at an excitation photon wavelength at 10.6 pum.
From the plasmon line-profiles shown in Fig. 3(c), we can determine the plasmon
wavelength reliably from oscillation peak positons. The reflection phase can then be

obtained by examining the distance between the third reflection peak and the graphene



edge (see Supporting Information). We measured the plasmon reflection phases as a
function of the gate voltage from -100 to -50 V, as shown in Fig. 3(d) and 3(e). Within this
range, graphene remains highly doped and the plasmon features are strong and suitable for
the phase determination. Fig. 3(d) shows that g./ko ratio is much larger than 1, which should
have a constant 0.25 zreflection phase based on our analytic theory. Shown in Fig. 3(e) are
the experimentally extracted phase shifts which are in good agreement with our theoretical
prediction.

Next we examine the effect of evanescent wave on the near-field profile and explain the

even-odd peak oscillations. Fig. 4(a) shows separated electric field profiles of the

evanescent waves |E" | and the propagating 2DSPs waves |E |, of which the total

electrical field |E;0ml | consists. The total field is strongly distorted by the evanescent

waves, and, as we have seen in Fig. 1(d), there is oscillation in peak heights. The origin of
this even-odd peak oscillation can be found from the phase of the evanescent waves shown
in Fig. 4(b). The evanescent wave basically has a constant phase along the x-direction,
whereas the standing wave formed by incident and back-reflected 2DSPs has periodic
phase alternations. The interference between the evanescent wave and the standing wave
of 2DSPs therefore yields constructive (destructive) interference with odd- (even-)
numbered peaks. This behaviour is clearly presented in Fig. 4(c). In addition, the even-odd
peak oscillation exhibits strong height dependence, and it becomes more prominent with
increased tip-sample distance, as shown in Fig. 4(¢c). The 2nd peak can even disappear at a
specific height where pure 2DSPs has decayed sufficiently. This behaviour is in good
agreement with our experimental results on hBN-encapsulated graphene sample (Fig. 4d).

In our experiment, the smallest tip-graphene separation is 12nm due to the existence of the



top hBN layer. This relatively large tip-graphene separation makes the intensity oscillation
between even and odd peaks particularly strong. Because the near-field distribution profile
scales with the wavelength of 2DSP, the effective tip-graphene separation (scaled by the
2DSP wavelength) can be varied by changing 2DSP wavelength for a constant hBN
thickness. This is realized in our experiment by tuning the excitation photon frequencies
around the hBN phonon resonance. Figure 4(d) displays the near-field profiles of the 2DSP
edge-reflection for different excitation frequencies. It was apparent that the strongest even-
odd peak oscillation occurs for the shortest surface polariton wavelength (excitation at
1660 cm™), where the even oscillation peaks are barely distinguishable. This asymmetry
between even and odd peaks becomes weaker for longer 2DSP wavelengths, such as for
excitation at 1580 cm™. The good agreement between theory and experiment in the fine
structure of near-field profile further confirms the validity of our analytic theory for edge-
reflection of 2DSPs.

In summary, we have investigated both experimentally and theoretically the edge-reflection
of 2DSPs in graphene. Experimentally, we have measured a specific phase shift of reflected
graphene plasmon and even-odd peak oscillations in the near-field profile. Theoretically,
we have developed an analytic theory to describe the reflection of 2DSP at an abrupt edge,
which reveals the importance of near-field evanescent wave close to the edge. This
evanescent wave leads to a Goos-Hédnchen phase shift of 0.25 7in 2DSP reflection and the
asymmetry between the even and odd peaks in electric field profile. Our results are not
limited to 2D plasmons, but are important for understanding edge reflection of all 2D
polaritons, including phonon polaritons in ultrathin boron nitride flakes and exciton

polariton in two-dimensional semiconductors.




Methods summary

Sample preparation

For the graphene/SiO»/Si sample, monolayer graphene was first exfoliated on Si0/Si
substrates and then gold electrodes were deposited. To prepare the hBN/graphene/hBN
sandwich structure, the exfoliated graphene was transferred hBN flake using direct pick-
up method (ref), yielding the graphene/hBN heterostructure. Another boron nitride flake
was also transferred onto to the graphene/hBN samples to form hBN/graphene/hBN
sandwich structure. Gold electrodes were deposited afterwards to tune them to high doping
level to achieve strong plasmon response.

Near-field optical measurement

Near-field optical measurement was carried out at Beamline 5.4 in the Advanced Light
Source (ALS) of Lawrence Berkeley National Laboratory and on homebult s-SNOM. A
quantum cascade laser beam with central wavelength ~6.13 um or a CO; laser with
wavelength 10.6 pm was focused onto an Au coated tip of a commercial AFM (Innova,
Bruker). The backscattered light from the AFM tip is collected at the far-field and focused
onto an MCT detector (KLD-0.1-J1, Kolmar). The AFM is operated in tapping mode with
an amplitude ~80 nm, and the tip-scattered signal is demodulated at thrice the tip-
oscillation frequency (typically 250-300 kHz) with a lock-in amplifier (HF2Li-MF, Zurich
Instruments).

FDTD numerical calculations

We used home-made FDTD program to perform numerical calculations. For the excitation



of 2DSPs, we considered 40/20,000 thick metal slab possessing a pure-real permittivity & =
-127.3+0i to simplify the problem by considering lossless propagation of 2DSPs. In this
configuration, the propagating momentum of 2DSPs is approximately calculated as ky,sp =

2/h|e| = 50ko where £ is the thickness of the slab’.
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Figure 1. Near-field measurement of 2DSPs in graphene sandwiched in hBN flakes. a,
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Infrared light is incident onto a sharp AFM tip that allows excitation of surface plasmon in
graphene. When 2DSPs meet the crystal edge, there occurs the edge-reflection. b,
Experimentally measured near-field map of interference pattern between incident and
edge-reflected 2DSPs. White dashed line indicates the edge of the graphene, identified by
the topography (see SI for details). ¢, Frequency-dependent standing wave pattern formed
by the edge-reflection. The maps are taken in the area of green dashed-rectangle in b. d,
Cross-cut profile of interference pattern taken along the blue line in b. Red dotted-lines
denote positions of which the distance from the edge is multiple integer of quarter SP

wavelength. The grey area is outside the graphene region.
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x-axis. We assumed that the edge-reflection results in not only reflected 2DSPs but also
additional evanescent field near the edge. b, FDTD-calculated edge-reflection. Profile of
amplitude of y-component electric field |E,| is given. ¢, Crosscut field profiles of |E)| at two
different height indicated by green horizontal dotted lines in b. d, Edge-reflection from
analytic calculations. Blue dotted lines in b, ¢, and d denote the edge of the metal film.
Yellow doted lines in b and d indicate where the distance from the edge is integer multiple

of quarter 2DSPs wavelength.
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of 2DSPs alternates. Constructive (destructive) interferences therefore occur only at even-
(odd-) numbered antinodes, respectively. ¢, Analytically and numerically calculated field
profiles at selected heights. As height increases, the even-odd peak oscillation gets more
conspicuous. d, Experimental results from hBN/graphene/hBN encapsulated sample with
four different excitation frequencies. Since the 2DSPs have shorter wavelengths at higher
frequencies, the Asp-normalized distance between the tip and the sample surface in a higher
frequency is larger than that in a lower frequency. All plots in ¢ and d are normalized by

their first peak amplitude, respectively.





