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Hexagonal boron nitride (h-BN) is a natural hyperbolic
material’, in which the dielectric constants are the same in
the basal plane (¢'=¢*=¢") but have opposite signs (¢'¢* < 0)
in the normal plane (¢%)-%. Owing to this property, finite-thickness
slabs of h-BN act as multimode waveguides for the propagation
of hyperbolic phonon polaritons’25—collective modes that orig-
inate from the coupling between photons and electric dipoles® in
phonons. However, control of these hyperbolic phonon polari-
tons modes has remained challenging, mostly because their
electrodynamic properties are dictated by the crystal lattice
of h-BN'27, Here we show, by direct nano-infrared imaging,
that these hyperbolic polaritons can be effectively modulated
in a van der Waals heterostructure? composed of monolayer
graphene on h-BN. Tunability originates from the hybridization
of surface plasmon polaritons in graphene®3 with hyperbolic
phonon polaritons in h-BN'?, so that the eigenmodes of the gra-
phene/h-BN heterostructure are hyperbolic plasmon-phonon
polaritons. The hyperbolic plasmon-phonon polaritons in gra-
phene/h-BN suffer little from ohmic losses, making their propa-
gation length 1.5-2.0 times greater than that of hyperbolic
phonon polaritons in h-BN. The hyperbolic plasmon-phonon
polaritons possess the combined virtues of surface plasmon
polaritons in graphene and hyperbolic phonon polaritons in
h-BN. Therefore, graphene/h-BN can be classified as an elec-
tromagnetic metamaterial'* as the resulting properties of
these devices are not present in its constituent elements alone.

Van der Waals (vdW) heterostructures assembled from mono-
layers (one or a few) of graphene, hexagonal boron nitride (h-BN),
MoS, and other atomic crystals in various combinations are emer-
ging as a new paradigm with which to attain desired electronic®'®
and optical'® properties. These heterostructures are also of interest
in the context of polaritons, which are ubiquitous in metals, insula-
tors and semiconductors®!®. At least two different classes of propa-
gating polaritons are firmly established in vdW systems: surface
plasmon polaritons (SP?) in graphene®'* and hyperbolic phonon
polaritons (HP®) in h-BN'2. In graphene/h-BN metastructures,
coherent oscillations of the electron density in graphene and the
atomic vibrations in h-BN produce hybridized plasmon-phonon
modes. Surface plasmon-phonon modes'” and related energy trans-
fer processes'® have been investigated in structures composed of gra-
phene with monolayer h-BN or a BN nanotube. However, neither
monolayers!” nor nanotubes'® of BN support the hyperbolic
response—an exquisite attribute of three-dimensional specimens

of this layered anisotropic material'™*. A remarkable feature of gra-
phene/h-BN heterostructures uncovered in our experiments is that
monolayer graphene impacts the hyperbolic response of h-BN
slabs as thick as 99 nm (exceeding 300 atomic layers). We demon-
strate that both the wavelength and intensity of hyperbolic polari-
tons can be controlled via electrostatic gating of the top
graphene layer.

Direct experimental access to the tunable hyperbolic response in
graphene/h-BN is provided by infrared nano-spectroscopy and
nano-imaging via a scattering-type scanning near-field optical
microscope (s-SNOM), as shown in Fig. la (see Methods). The
same technique was used in a recent study'® of h-BN/graphene/
h-BN vdW heterostructures, but their hyperbolic spectral regions
were not probed. Figure 1b presents broadband nano-infrared
spectra of the normalized (see Methods) scattering amplitude s(w)
as a function of frequency w = 1/Ajg (A1 is the infrared wavelength)
for h-BN, the SiO, substrate and graphene/h-BN metastructures.
The spectra for SiO, (black) and h-BN (red) display resonances
due to their mid-infrared phonons"?. The two hyperbolic regions
(I and II) of h-BN'? are highlighted in Fig. 1b: the type I region, where
£<0, >0, extends over the frequency range w=746-819 cm™’,
and the type II region, where & >0, &'<0, spans the range
w=1,370-1,610 cm™". Both type I and II resonances of h-BN are modi-
fied in metastructures incorporating monolayer graphene (the blue
spectrum in Fig. 1b). The impact of graphene is particularly prominent
in the type I region, where the resonance mode is significantly
enhanced and blueshifted by nearly ~25cm™ compared to the
response of a standalone h-BN slab.

The peculiar electrodynamic response of graphene/h-BN is vividly
illustrated by the calculated frequency (w)/momentum (q) dispersion
relations of its polariton modes (Fig. lc-e; see Supplementary
Section 1 for details). Following ref. 6, we visualize these dispersions
using a false colour map of the imaginary part of the reflectivity r,,. It
is instructive to first consider the polaritons of the two constituent
elements (graghene and h-BN) separately. Figure 1c plots the dis-
persion of SP” for a freestanding graphene layer for three selected
values of the Fermi energy Er. These parabolic curves are described
by the equation? gp(w) = ((hw)*/2e*Eg). The corresponding
plasmon wavelength is given by

2n 4mé’E
A== 5 (1)
Pg,  (hw)

'Department of Physics, University of California, San Diego, La Jolla, California 92093, USA. *Department of Physics, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02215, USA. *Department of Physics, Stony Brook University, Stony Brook, New York 11794-3800, USA.
“National Institute for Materials Science, Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan. *Department of Chemistry and Biochemistry, University of
California, San Diego, La Jolla, California 92093, USA. *Ludwig-Maximilians-Universitit and Center for Nanoscience, 80539 Miinchen, Germany.
’Micro and Nano Engineering Lab, Department of Precision and Microsystems Engineering, TU Delft, Mekelweg 2, 2628 CD Delft, The Netherlands.

*e-mail: dbasov@physics.ucsd.edu

682

NATURE NANOTECHNOLOGY | VOL 10 | AUGUST 2015 | www.nature.com/naturenanotechnology

© 2015 Macmillan Publishers Limited. All rights reserved


mailto:dbasov@physics.ucsd.edu
http://dx.doi.org/10.1038/nnano.2015.131
http://www.nature.com/naturenanotechnology

NATURE NANOTECHNOLOGY Do!: 10.1038/NNANO.2015.131

LETTERS

Wro Yo w10 @0
1.0

——— Graphene/h-BN

0.8

0.6

s(w)

0.4

0.2

0.0 T T
800 1,000 1,200 1,400 1,600
w (cm™)
Graphene e Graphene/h-BN
1,800 1,800 1,800
1
1,400 1,400 1,400
fa = = Imr
£ £ £ g
) ) )
s 3 3 0
1,000 1,000 1,000
600 600 600
0 2 4 6 8 10 0o 2 4 6 8 10 0 2 4 6 8 10

g (10°cm™) g (10°cm™) g (10°cm™)

Figure 1| Overview of the hybridized hyperbolic response in a graphene/h-BN metastructure. a, Experimental schematic showing the infrared beams
(black arrows) incident on and backscattered by an atomic force microscope tip. The incident beam is generated from monochromatic or broadband laser
sources (see Methods). The backscattered light is collected for extraction of the near-field signal. b, Broadband nano-infrared spectra of the metastructure
with a representative thickness of h-BN of 58 nm. The spectra are collected far away from the sample edges where the impact of edge-reflected polaritonic

waves is negligible. ¢, Calculated dispersion of the surface plasmon polaritons (SP?) in freestanding graphene with Fermi energies of Er = 0.37, 0.15 and
0.08 eV. d, Calculated dispersion of the hyperbolic phonon polaritons (HP?) in h-BN of thickness 58 nm. The dispersion is visualized using a false-colour
map of the imaginary part of the reflection coefficient r, (for the case of P-polarization, polarized along the z axis, Supplementary Section 1). The black
dashed line is a rough estimate of the momentum at which the tip-sample coupling is strongest?®. Green dashed rectangles surround the regions of the
hyperbolic response. e, As in d, but for a graphene/h-BN structure with Er = 0.37 eV. The false-colour map reveals the dispersion of the hyperbolic
plasmon-phonon polaritons (HP?) and the surface plasmon-phonon polaritons (SP?). Weak resonances around @ =1,130 cm™ in d and e originate from

the SiO, substrate.

Figure 1d plots the dispersion of HP? in an h-BN slab of thickness
d=58 nm on SiO, (no graphene). In a stark contrast to isotropic
crystals, where longitudinal optical phonons occur at a single degen-
erate frequency wio, in h-BN, multiple distinct branches of HP?
exist'?’, These different branches correspond to quantized HP?
waveguide modes>® with a scalar potential oscillating across the
slab and with a different number of nodes*’. Each waveguide
mode disperses between wro and w;o (Fig. 1b). Our theoretical
results and discussion in the following are relevant for all these
modes. The experimental results mainly concern the principal
mode, the nodeless waveguide mode of the lowest momentum.
Finally, Figure le presents the dispersion of the new collective
modes—hyperbolic plasmon-phonon polaritons (HP?*)—which
arise from mixing of the SP” and HP? in the graphene/h-BN meta-
structure. The graphene Fermi energy Ep=0.37 eV was estimated
from the surface polariton wavelength in Fig. 3d (see also ref. 19).
The modification of the hyperbolic response by graphene is
clearly manifested in the blueshift of the HP® frequencies with
respect to those of HP? (Fig. 1d,e). The shift of momenta (at a
fixed frequency) is opposite in the two hyperbolic bands: negative
in the type II band and positive in the type I band
(Supplementary Sections 1 and 2). This contrasting behaviour
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stems from the fact that the polariton dispersion is negative and
positive in the type I and II regions, respectively.

The change in the polariton wavelength induced by graphene is
described by the equation (Supplementary Section 1)

Mps =M Ay €
AM%) = Atip2 T dl- e

)

In a typical situation where &7 &' are neither too large nor too small,
this formula predicts that AA(%) is on the order of the ratio of the
two length scales: the plasmon wavelength A, of graphene and the
thickness d of h-BN. This clarifies why the influence of graphene
remains substantial in h-BN as thick as d = 300 nm (value obtained
from calculations in Supplementary Section 1). The length scale
over which graphene can exert its influence on the electrodynamics
of surrounding media is set by its plasmon wavelength. Importantly,
the plasmon wavelength can be controlled over a wide range by
means of an applied gate voltage. Thus, HP? inherit the hyperbolic
nature of HP” while gaining an important added virtue: tunability
with applied gate voltage. Outside the two HP" regions, the plasmo-
nic character of the dispersion is largely preserved (Fig. le). The
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Figure 2 | Madification of type Il hyperbolic phonon polaritons in a graphene/h-BN metastructure. a, Near-field amplitude image of the graphene/h-BN at
frequency w =1,495 cm™'. With monolayer graphene, the intensity and wavelength of phonon polaritons in pristine h-BN increase. White and green dashed
lines indicate the edges of the h-BN and graphene, respectively. Scale bar, 300 nm, d =25 nm. b, Line profiles taken along the dashed blue and red lines in a.

Double arrows indicate the polariton wavelength measured on graphene/h-BN (blue) and h-BN (red). ¢, Experimental dispersion relation of type Il HP? in
h-BN (red triangles), HP? (blue circles) and SP® in graphene/h-BN (pink square) with a Fermi energy of Er = 0.37 eV. Corresponding simulation results are

also provided as white lines and a false-colour map.
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Figure 3 | Tuning of the graphene/h-BN polariton wavelength by electrostatic gating and varying the metastructure thickness. ab, Near-field images of
graphene/h-BN and h-BN polaritons at back-gate (BG) voltages relative to the charge neutral (CN) state Vg - Ven =0V (@) and -130 V (b). Scale bars,
300 nm. ¢, Gate voltage dependence of the HP® wavelength in a graphene/h-BN metastructure (blue dashed line in ab) and the apparent lack thereof for
HP? in h-BN (red dashed line in a,b) at @ =1,395 cm™". Thickness of the h-BN in a-¢: d = 4 nm. d, Dependence of HP3 wavelength on h-BN thickness at
®=1,525cm™" (data and simulations are shown as blue symbols and the green line, respectively). For the SP® there is no systematic thickness-dependence
(filled and open pink squares at w = 882 and 1,617 cm™, respectively; corresponding simulations are plotted as solid and dashed lines). Insets: propagation
schematics for HP® (top) and SP? (bottom). Yellow shapes in each inset show the real part of the polariton field as a function of z obtained using

Supplementary equation (S4).

polaritonic mode flattens out in the vicinity of wro of either of the
two hyperbolic bands: a consequence of mode repulsion?. Similar
interactions between plasmons and phonons have been studied in
graphene on other substrates (for example, SiO,, SiC, ion gel and
so on) and monolayer h-BN?1317:202324 " where the hyperbolic
response is not supported. Following the terminology established
there, we refer to the collective modes existing outside the h-BN
hyperbolic bands as surface plasmon-phonon polaritons (SP*)!71°,

Infrared nano-imaging data (Figs 2 and 3) visualizing the propa-
gating polaritons in our metastructures unambiguously support the
above theoretical predictions. The basic principles of polariton
imaging have been described in detail elsewhere®>1%!. In short,
when illuminated by the infrared beam, the s-SNOM tip launches
radially propagating polariton waves (Fig. 1a). The tip then registers
the interference pattern between launched and edge-reflected
polaritons, yielding oscillating fringes in the scattered near-field
signal. The periodicity of the fringes is one-half of the polariton
wavelength (denoted generically by A, with suitable subscripts
when needed).

Figure 2a presents nano-imaging data at a representative fre-
quency @ = 1,495 cm™" for a metastructure that includes a slab of
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h-BN (thickness d =25 nm) partially covered by a heavily doped
monolayer graphene. We observe polariton fringes in both
covered (graphene/h-BN) and uncovered (h-BN) areas. In the
uncovered h-BN region (the bottom half of Fig. 2a), the fringes
originate from the type II hyperbolic polaritons®. In the
graphene/h-BN region (the upper part of the image in the middle
of Fig. 2a) we observe fringes that are stronger and have a longer
oscillation period. Prominent fringes can also be detected along
the graphene edge (the dashed green line). Line profiles obtained
normal to the h-BN edge (Fig. 2b) help to quantify the nearly
50% increase in both amplitude and wavelength of the fringe
oscillations due to the presence of doped graphene. This prominent
modification is attributed to plasmon-phonon coupling and
the formation of the type II HP® band in our metastructure
(Figs 1e and 2c).

We observe a similar enhancement of polaritonic oscillations
(Fig. 2a,b) at all w within the type II band. The blue circles in
Fig. 2c display these data in the dispersion relation: w plotted
versus the polariton momentum g, which can be read off the line
profiles as q=2mn/A. For comparison, we also measured the HP*
dispersion for pristine h-BN (red triangles in Fig. 2c). Both data
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sets match the theoretical calculations (false colour and white lines,
Supplementary Section 1) for the principle branch of hyperbolic
polaritons. In addition to the principal mode, polaritons from
higher-order branches are also enhanced in graphene/h-BN
(Supplementary Section 3). The largest experimentally observed
AM(%) = 90% in this data set is reached at @ = 1,545 cm™". In com-
parison, the approximate equation (2) yields 98%, using d = 25 nm,
Ap =180 nm (equation (1)), €=2.77 and €' = -1.98. The agreement
between the experiment, analytical theory and numerical simu-
lations attests to the validity of the plasmon-phonon coupling
approach to account for the modified spectrum of hyperbolic
modes. We performed measurements for a variety of samples, for
example, graphene on h-BN of different thicknesses, graphene
obtained by exfoliation and chemical vapour deposition (CVD)
techniques, all of which produced consistent results.

The tuning of polaritons in the type II HP? region via electro-
static gating (Methods) is presented in Fig. 3a,b at another represen-
tative frequency @ = 1,395 cm™'. When graphene is close to charge
neutrality (Fig. 3a), the profile of propagating polaritons in gra-
phene/h-BN is nearly indistinguishable from that in uncovered
h-BN. Once graphene is doped by gating (Fig. 3b), both the intensity
and wavelength of the polaritonic features increased significantly.
This systematic study of gate-tunability is summarized in Fig. 3¢
(blue circles), where the wavelength consistently increases with the
absolute value of gate voltage at fixed frequency w = 1,395 cm™".

Here we stress the distinction between the electrodynamics in
HP’ and SP’ spectral regions (Fig. le). The latter are localized on
the sample surface, whereas the former propagate through the
entire graphene/h-BN metastructure (Fig. 3d, inset) in the form of
guided waves. We verified the waveguiding character by examining
the thickness-dependence of the HP® wavelength using multiple
h-BN slabs covered by a large sheet of CVD graphene. The Fermi
energy for all the graphene/h-BN samples was about the same,
Er=0.37 eV. Both in the experiment (blue circles) and simulations
(green line), the dependence of the HP? wavelength Ayps on d is
nearly linear, with a finite intercept (Fig. 3d and Supplementary
Section 1), with AA(%) ranging from 70% (d=25nm) to 18%
(d =99 nm). This law readily follows from two analytical results:
AM(%) ~d ™ (equation (2)) and Ayp> ~d (ref. 1). In contrast, the
localized SP? modes show essentially thickness-independent behav-
iour of the polariton fringes outside the hyperbolic region (for
example, w=2882 and 1,617 cm™'). The fundamental difference
between HP? and SP? is further illustrated by polariton field simu-
lations (yellow traces in Fig. 3d, inset). The field distribution of HP?
in graphene/h-BN is characteristic of a standing wave, whereas that
of the SP* is localized at the graphene/h-BN interface and decays
evanescently in the interior of the h-BN.

We conclude by pointing out that the tunable hyperbolic
response in graphene/h-BN devices does not introduce evident
losses (Fig. 2b). The loss factor of HP?, defined as «/q for the
complex momentum g+ ix (ref. 6), can be as small as 0.06 but
increases up to ~0.10 in the vicinity of the longitudinal phonon
mode. In fact, the propagation length of HP? in graphene/h-BN is
a factor of 1.5-2.0 longer than HP? in h-BN (Fig. 2). The continuous
and reversible in situ tunability of hybrid polaritons in graphene/
h-BN metastructures demonstrated here (Fig. 3) is a significant
advantage over other artificial and natural hyperbolic materials'~*
and is appealing from both the perspective of fundamental
physics as well as potential applications*>?>-°. Thus, our work
uncovers a practical approach for nanophotonic metastructures
with intertwined electronic, plasmonic, phononic and/or exciton
polaritonic properties!®. Specifically, vdW polaritonic heterostruc-
tures with locally tunable properties fulfil the essential prerequisites
for the implementation of transformation two-dimensional plasmo-
nics’®3. The hybridization and graphene-induced tunability
reported here are expected to be generic for other electromagnetic
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metamaterials®? and vdW heterostructures®!. A precondition for
these effects is an overlap between the various polaritonic dispersion
branches. Finally, we remark that it is possible to make an analogy
between altering the polariton dispersion with graphene and the
Goos-Hinchen effect: a lateral shift of an optical beam upon reflec-
tion from an interface®®. The theory of such a polaritonic effect will
be reported elsewhere.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Experimental set-up. The infrared nano-imaging and Fourier transform infrared
nano-spectroscopy (nano-FTIR) experiments introduced in the main text were
performed using a s-SNOM, which was a commercial system (www.neaspec.com)
based on a tapping-mode atomic force microscope (AFM). In the experiments,
we used a commercial AFM tip (tip radius of ~10 nm) with a Ptlrs coating. The
AFM tip was illuminated by monochromatic quantum cascade lasers (QCLs)
(www.daylightsolutions.com), CO, lasers (www.accesslaser.com) and a broadband
laser source via difference frequency generation (DFG) (www.lasnix.com).
Together, these lasers covered a frequency range of 700-2,300 cm™" in the mid-
infrared. The s-SNOM nano-images were recorded by a pseudo-heterodyne
interferometric detection module with an AFM tapping frequency of 280 kHz
and tapping amplitude around 70 nm. With this set-up, the s-SNOM was able to
probe the optical signal from sub-surface objects up to a depth of ~250 nm. To

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

subtract the background signal, the s-SNOM output signal was demodulated at the
third harmonics of the tapping frequency. In this work, the near-field data are
reported in the form of the normalized scattering amplitude using gold as the
reference: (@) = Sample(@)/sau(®).

Sample fabrication. h-BN crystals were mechanically exfoliated from bulk
samples and deposited onto Si wafers capped with 300-nm-thick SiO,. Graphene
was then placed onto the h-BN using a polymethyl methacrylate transfer method.
The graphene used in this work was obtained either via mechanical exfoliation or
CVD synthesis. Similar results were obtained using both techniques. The gold film
used as the reference in the measurements was lithographically fabricated on the
same substrate. Electrostatic back-gating was accomplished by applying the voltage
between the Si wafer and the graphene layer, with SiO, and

h-BN as gate dielectrics.
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1. Response functions and eigenmode dispersion of graphene-boron nitride

heterostructures

In our theoretical model we treat graphene/h-BN/SiO, structure as an infinite
stratified medium consisting of three regions: z > 0 (vacuum, j = 0), —d <z <0
(h-BN, j =1), and z < —d (SiO,, j = 2). We allow for possibility of a uniaxial
anisotropy of each of the regions and denote by ef = ejt(w) and & = &f(w),
respectively, their in-plane and the z-axis dielectric functions. (In reality, only the
middle region is optically anisotropic.) The dielectric functions of h-BN are taken from
Ref. S1 and those of SiO; from Ref. S2. Graphene layer is treated as a two-dimensional

layer with sheet conductivity a(q, w) given by (Ref. S3):

Ah [2,2 — 72 hvq hvq m (hvg)?”’
V2@ — (s1)
1 )
G(a) = —;(a\/l—az—arccosa), (=a)+£.

Here Ej is the graphene Fermi energy, v is the Fermi velocity, and 771 is the
phenomenological relaxation rate. Following the standard procedure, for the case of the
P-polarization, the in-plane electric field in the system is written as E,(x,z) =
e'% e, (z), where the amplitude function e,(z) is the sum of two counter-propagating
waves:

o= e’ ¢ [1+G<hZ+ZEF)_ G(hZ—ZEF>] 2i e?wEp

2
_ —ik? ik? _ q ~
ex(z) = Aje kjz 4 Bjel iz , ka = |&; (F — ¥> , 3Jm ij >0. (SZ)

The coefficients A; and B; can be expressed in terms of the reflection coefficients

r;; at the interfaces, defined by

. =Q1—Q0+5 . =Q0_Q1+5 . =Q2—Q1
N0 +Qo+S VT Q0 +0,+S 20,40,
&f 4m (53)
Qf:ﬁ' S=Za(q,w).

For a particular choice of the overall normalization factor, these expressions are

2ikZd
A = _po1p B — 101 + 112(1 — 191 — 1) e
o= —Tp Do, 0= — 1 ,
To1 (54)
_ — 2ik%d
A =1, By = —rze ’
i1 Z_1,Z
A, = (1 —rp)eltkikdd g =0,
The total complex reflectivity 1 of the structure is given by
2ikZd
Tor + 112(1 — 191 — 1y9)et 1
Tp = 2ikZd (S5)
1 —ryorypet*e
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(The subscript “P” in 1p stands for the P-polarization. The remaining S-polarization

is not important in the near-field limit, ¢ > w/c, we study here.)

In an idealized non-dissipative system, 1p(q, @) can have poles at real w and q.

At such poles the amplitude A, of the incident wave vanishes, so that the field

distribution described by Eq. (S4) is self-sustained, i.e., an eigenmode. As one can see
from Eq. (S5), the equation for the poles is

1 — 11y e2kid = 0. (S6)

If the frequency w belongs to a hyperbolic region, this equation has infinite number of

solutions q; corresponding to different branches of hyperbolic plasmon-phonon

polaritons (HP?). Here [ is an integer that labels the branch. In the near-field limit g >

w/c, which is realized in our experiment, we can use the approximation

ij o gj(“))

— =]
q &(w)

, glw) = \/ejt(a)) \/sjz(a)) , (S7)
to transform the equation q; into the form similar to Eq. (1) of Ref. S4:
 &1(w)

[l - f(q,w)], tan 0(w) = lef(w) .

Note that the quantity tan @ is real. It specifies the slope of the polariton propagation

q(w) = (S8)

T
[-tan 6 (w)] d

direction in h-BN with respect to the z-axis. In the type II hyperbolic band where most
of our experimental data are taken, we have tan 8 < 0 and f(q;, w) < 0 (see below),
and so the dispersion branches with positive momentum q; are obtained choosing
[=0,1, 2,... Conversely, in the type I band tan8 > 0 and negative [ should be
chosen. Function f(q,w) in Eq. (S8) represent the phase shift (normalized to 2m) of
the polariton internal reflections off the h-BN surfaces. Since there two such surfaces

(top and bottom), it is the sum of two terms:

1 igg(w) 2q 1 ie;(w)
f(q,w) =— ;arctan [31 @) (1 - . (“))>l - arctan [81 @ | (S9)

where

iwe, g (hw)?

_ ~ = S10
2no(q, w) e* 2Eg 10

) (w) =
has the physical meaning of the plasmon momentum in free-standing graphene. (More
precisely, it is the plasmon momentum of graphene in a medium with dielectric
constant &;. Note also that the second equality in Eq. (S10) is the same as Eq. (1) of the
main text except therein we replaced &, by unity, to lighten the notations.)

Upon examination of Eqs. (S8) and (S9), we conclude that the HP® wavelength
A, = 2m/q; must fall into the interval between A" and AMet:
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ins _ ., [-tan6(w)] mets ~ _ o [—tand(w)]
A (w) = Zd—l ~ () A (w) = Zd—l — fmet(e) ’ (S11)
where the phase shifts f1"S(w) and f™¢(w) are defined by
ins 1 igg(w)] 1 ie;(w)
™ (w) = — Earctan [81 @) — ;arctan [81 @ |’ (512)
met 11 ie;(w)
fmet(w) = 5~ Earctan [el(a)) . (S13)

(In our system where &, > &, = 1 in the hyperbolic spectral regions both " and
f™met are negative.) The bound A¢'(w) is reached if the graphene sheet is replaced
by a perfect metal with infinite conductivity. The other bound 2i"S(w) is obtained if
the graphene sheet is treated as a perfect insulator with vanishing conductivity.
Obviously, the latter is the same as the wavelength of hyperbolic phonon polaritons
(HP?) modes in an h-BN crystal without graphene®’. In practice, we deal with an
intermediate case, and so to find q; we need to solve the transcendental equation
Eq. (S8). An approximate solution can be derived as follows. We note that most of our
experimental data are taken at frequencies where |&;(w)| given by Eq. (S7) is only
modestly large and also A; is comparable or larger than the plasmon wavelength
Ap = 2m/q, (which is about 190 nm at Er = 0.37 eV, see Fig. 1 of the main text). In
this regime it is permissible to expand function f(q, w) in Eq. (S9) to the first order in
q. After simple algebra, one can find an analytical expression for the fractional change

of the polariton wavelength. Interestingly, it is [-independent and is given by

A, — Alns ) £oEZ A €
l—l~ 4 L _l > mln{ 0 ’2}.
l&1 (w)]

Alns nd €2 —erel Ay (514)

(This is the same as Eq. 2 of the main text except therein we replaced &, by unity and
dropped the subscripts of €7, !, to lighten the notations once again.) Equation (S14)
accounts for the key experimental observations. First, it shows that at a fixed frequency,
addition of graphene decreases the polariton wavelength in the type I spectral band and
increases it in the type II one. This agrees with the experimental results presented in Fig.
2 of the main text and Fig. S2d below and also with the numerical results shown in Figs.
2¢c, S1, and S2c. Next, Eq. (S14) clarifies which material parameters determine the
magnitude of the observed wavelength variation. As expected, the fractional change in
the wavelength decreases with h-BN thickness d. The range of d where it remains
appreciable is proportional to the plasmon wavelength A, of graphene in vacuum and
is approximately inversely proportional to the in-plane dielectric function of
h-BN & (w). This explains why the influence of monolayer graphene on polaritons in

rather thick h-BN crystals is still readily observable. For example, at w = 1525 cm™?!
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where & = —2.9, £ = 2.8, Eq. (14) predicts a AA(%) = 80% wavelength change
for d = 25 nm (Fig. 2c¢) and a AA(%) = 20% change at d = 100 nm (Fig. 3d).

If the thickness is fixed, the fractional change in A; grows as w approaches the top
of the type II band, where &, (w) tends to zero. This is again in agreement with the
numerical results in Fig. S1. Note that in this frequency range one eventually enters the
regime |&;(w)| < & in which the domain of validity of Eq. (S14) is restricted to
A > 24, At 4} <2, (or equivalently, at q > q,,/2) the polariton wavelength 4,
should approach the perfect-metal bound A¢*(w) [Eq. (S11)]. The crossover to this
limiting value is sharp, almost step-like if|&; (w)| K< &;. If |&1(w)]| ~ &g, this crossover
is smooth.

For the absolute change of the wavelength, Eqgs. (S8), (S11), and (S14) yield
2 gy Ap A

. €o
Ay = —— — , — > mi {—,2}. S15
PTTL g2 —eZgl | — fins Ap mn &1 (w)] (515)

This formula is consistent with the observed linear thickness dependence of the HP?

wavelength at constant frequency (Fig. 3d of the main text). Indeed, the first term on the
right-hand side of Eq.(S15) is linear in d, while the second term is
thickness-independent. If [ # 0, at very small d the inequality indicated in Eq. (S15)
can be violated, in which case the dependence on d should become sublinear and
eventually flatten out. For the principal branch [ = 0, a particularly formula for the
polariton wavelength can be obtained for frequencies w =~ wrg near the bottom of the
hyperbolic bands. Using Egs. (S12) and (S15), we find

~

& T &

Ao (mefd + o2y), e (w)] > g, (S16)

This equation predicts the linear in thickness behavior of 1, down to d = 0. Note that
ef does not enter Eq. (S16); hence, the anisotropy of h-BN does not play much role in
this regime. Our experimental data for gated G-h-BN structures shown by the blue
circles in Fig. 3¢ of the main text are in a qualitative agreement with Eq. (S16).

The foregoing discussion neglected dissipation always present in real materials.
Because of such dissipation 15(q, @) never diverges at any real w and q. As long as
the dissipation is weak, we can still define eigenmodes dispersions; however, it is
convenient to get them not from the poles of 15(q, w) but from the locations of
resonances (sharp maxima) of function Im 7p(q, w) at real w. This function, which in
fact is the measure of dissipation, is shown as a false color map in Figs. 1d,e and 2¢ of
the main text and Figs. S1, S2¢ below. The bright lines delineate the dispersions of the
modes and their widths represent the frequency linewidth of the resonances. The maps
in Figs. Sla-d were computed for h-BN thickness of 50, 100, 150, and 300 nm,
respectively. For comparison, the dispersion of HP?s of a bare h-BN substrate are
shown by the white lines. In agreement with Eq. (S14), the momenta of HP’s in

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology 5

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2015.131

SUPPLEMENTARY INFORMATION 0oL 101038/ ANANO 201573

graphene/h-BN meta-structures are shifted to smaller momenta (larger wavelengths)
compared to HP?s. The effect remains strong for h-BN as thick as 300 nm (in general,
as long as d is not much larger than A,). Outside the Type II hyperbolic region,
surface plasmon-phonon polaritons (SP’s) exhibit little dependence on the
meta-structure thickness, as discussed in the main text.

To calculate the electric field profile of the eigenmodes in the presence of damping
(insets of Fig. 3d of the main text), we used Eqs. (S2) and (S4) except we set coefficient
2ik%

A, to zero and set Byto 1 — 1,212 for continuity.

2. Tunable polaritons and plasmon-phonon coupling around the Type I region

Tunable hyperbolic response and plasmon-phonon coupling is also observed in
the Type I hyperbolic region. Single-wavelength nano-imaging experiments in the
Type I region are severely restricted by the current availability of monochromatic IR
lasers necessitating the need for using broadband mid-IR laser for the following
measurements. Spectroscopic data (o =600 to 1000 cm™) were obtained with our
nanoscale Fourier transform infrared spectroscopy (nano-FTIR) setup and provide a
complete experimental picture of the polaritonic response in this region (Fig. S2b). It is
instructive to represent these broadband data in the form of a single spectroscopic line
scan (Figs. S2a-b) following Ref. S4. The line scan is plotted as a false color map of the
scattering amplitude s(w, L) which varies with infrared (IR) frequency (®) and position
(L) along the scanning direction. For bare h-BN (L < 0), the out-of-plane phonon
generates strong signal near ® ~ 770 cm™. We can examine experimental results
obtained as the tip scans across the graphene edge (L = 0) and continues into the interior
of the graphene/h-BN (L > 0). The h-BN phonon resonance is strongly enhanced and
blue shifted as a result of the presence of monolayer graphene for L > 0, consistent with
the spectra displayed in Fig. 1b. These findings point to tunable polaritons similar to

that in the Type Il region (Figs. 2-3 of the main text).

We stress that the phase and group velocity corresponding to the dispersion in the
Type I region are antiparallel. This negative dispersion underlies subtle but important
differences related to graphene-induced modification of phonon polaritons of h-BN.
Specifically, the hybrid HP® modes in the Type I region reveal an increased g or
reduced wavelength A in contrast with the opposite changes observed in the Type 11
region (Fig. 2).

Furthermore, we wish to point out that the hybrid polariton in Type I hyperbolic
region splits the surface plasmon polariton (SP%) (Fig. 1c) of free standing graphene

into two SP’s (w < 746 cm™ and ® > 819 cm™, Fig. S2b) in graphene/h-BN. The SP*
fringes were observed close to the graphene edge (Fig. S2b, L > 0). As discussed in the
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main text, these SP’s are localized to the graphene so their dispersion has effectively no
dependence on the h-BN thickness (Fig. 2d). At lower frequencies (® = 600 to 1000
cm™), both the HP® resonance (Fig. S2b) and SP’s (Fig. S2b) can be tuned via
electrostatic back-gating. The HP® resonance (bright ribbon in Fig. S2b) peaks at 780
cm™ (Fig. 2d) when graphene is close to charge neutrality. As the back-gate voltage
(Vsc — Ven) increases (in either polarity), the HP’® resonance is blueshifted and until
reaching the boundary of Type I region (~ 815 cm™), yet another effect originating from
strong plasmon-phonon coupling. Propagation of the SP® can be imaged with the
nano-imaging technique introduced in the main text. A representative IR image (® =
882 cm™) of a tapered graphene/h-BN is shown as the inset of Fig. S2e. The SP® fringes
run parallel to the graphene edges. The fringes closest to the edges (white dashed lines)
are the strongest and are followed by weaker, increasingly damped fringes. Similar to

S5-S9

graphene on other substrates®™>’, the wavelength of SP* in graphene/h-BN can be tuned

by varying the back-gate voltage (Fig. S2e).

3. Higher order hyperbolic polaritons in graphene/h-BN meta-structures

In this work, we provide theoretical analysis for graphene/h-BN polaritons from
all hyperbolic branches. Yet the majority of experimental results are confined to the
principal / = 0 branch for the following reason. Higher order (/= 1, 2, 3 ...) polaritons
are weaker and occur at much larger momenta. The increased momentum results in
significantly smaller wavelengths A as compared to the principal branch. Therefore,
these polaritons are highly confined and can only be observed in its immediate
vicinity of the sample edge, leading to a small oscillation (Fig. S3b, 0 < L < 150 nm,
overlapped with the green background). In spite of this, hybridization for / # 0
polaritons was also observed in our experiments, where the small oscillation was
enhanced by graphene (Figs. S3a-b). However, due to the resolution limit of our
nano-IR apparatus and the unknown (possibly, complicated) structure of
graphene-covered h-BN edges, quantitative results for / # 0 polaritons may need

future experiments.
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Figure S1 | Frequency (®) - momentum (¢q) dispersion of polaritons in
graphene/h-BN meta-structure with different thicknesses. a, Dispersion of
hyperbolic phonon polaritons (HP’s) in h-BN (white lines), hyperbolic
plasmon-phonon polaritons (HP’s) and surface plasmon-phonon polaritons (SP’s) in
graphene/h-BN (false color). The green dashed line marks the spectral boundaries of
the type II hyperbolic region. h-BN thickness is 50 nm, the graphene Fermi energy Er
=0.37 eV. b—d, Same as (a) for h-BN thickness 100, 150 and 300 nm, respectively.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology 9

© 2015 Macmillan Publishers Limited. All rights reserved


http://dx.doi.org/10.1038/nnano.2015.131

SUPPLEMENTARY INFORMATION 001 101038/ WNAN 201573

a d —
w =600 ~ 1000 cm™’ = -
- 4’ = -
IS Graphene x 810f 1
“ )
st o
> 800f W ]
Grapt g "
raphene < 790} \ / ]
2 .
-g 780 .\i-I E
m 1 1 1 1 1 L
0] 15 10 -5 0 5 10 15
e Vag - Ven (V)
340 — T T T T
_ 882 cm™ _"
g 320¢
£
@ 3001 % Lo
5 E R~ |
£ e
> 280} I
s E Graphene
260 ° . . X )
0 2 4 6 8 10 -20  -10 0 10 20
g (10°cm™) Vig (V)

Figure S2 | Tunable hyperbolic response and hybrid polaritons in the lower
frequency region (® = 600 — 1000 cm™). a, Schematic of the nano-FTIR line scan
experiment. Black arrows indicate incident and back-scattered IR beam. Green arrows
describe the SP’s launched from the AFM tip and reflected by graphene edge at L = 0. b,
The polaritonic overview from 600 to 1000 cm™ mapped by the nano-FTIR line scan.
The scattering amplitude s(L, ®) is mapped with the false color. White dashed line
marks the L = 0 graphene edge. ¢, The polariton dispersion in the Type I region. The
HP? and HP” are plotted as white lines and false color map. Thickness of h-BN: 50nm,
the graphene Fermi energy Er = 0.37 ¢V. d, The HP® resonance peak position (bright
region in Fig. S3b) as a function of the back-gate voltage Vpg referenced to the
graphene charge-neutrality voltage Vcy. e, Back-gate voltage dependence of the SP?
wavelength extracted from the near-field images measured at ® = 882 cm™ using a
monochromatic laser source. Inset: a representative near-field image of the SP’. Scale
bar: 200 nm.
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Figure S3 | Supplementary s-SNOM data for hybridization of / # 0 hyperbolic
polaritons. a, Near-field amplitude image of the graphene/h-BN at frequency o =
1485 cm™. A bright line (higher near-field signal, indicated by the blue arrows)
formed very close to the sample edge for the part covered by graphene. Scale bar: 300
nm, d =25 nm. b, Line profiles taken along the dashed lines in (a). The part with green
background shows enhanced polaritonic features from / # 0 branches in
graphene/h-BN (blue) compared with that in h-BN (red).
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