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nent from —45 nT to 40 nT in the geocentric solar
magnetospheric (GSM) coordinate system. This
coordinate system is defined such that the X axis
points from Earth to the Sun, Y'is perpendicular to
Earth’s magnetic dipole axis so that the XZ plane
contains the dipole axis, and Z is in the same sense
as the northem magnetic pole. For each magneto-
pause crossing, the magnetospheric density adja-
cent to the magnetopause was greater than 10 cm >,
This is close to two orders of magnitude greater than
the nominal value, demonstrating the presence of
a plume. The density was measured through the
spacecraft potential.

During each of the three magnetopause cross-
ings, a strong rotation of the magnetic field (>120°)
and a reconnection jet were observed. These cross-
ings provide several confirmations of magnetic
reconnection and the participation of the dense
plume in the process. The first confirmation is
the jet velocity. The reconnection jet is caused by
the magnetic tension force that accelerates the
exhaust plasma to the Alfvén speed. In the case
of asymmetric reconnection, when the density
and magnetic field strength are not the same on
both sides of the current sheet, the jet velocity is
a hybrid of Alfvén speeds on both sides. In each
boundary crossing, the jet velocity matches to
within 5% of the predicted hybrid Alfvén speed
(Fig. 3) as calculated by a previous model (9, 16).

A second confirmation of the impact of the
cold plume plasma is the location of the recon-
nection jet. Typically the magnetosheath is much
denser than the dayside magnetosphere and the
jet lies primarily on magnetic field lines with
magnetospheric orientation (+By) (17, 18). In
our study, the region of the magnetosphere adja-
cent to the magnetopause has been mass-loaded
and the jets are primarily on field lines with mag-
netosheath orientation (—By) (Fig. 3). The oc-
currence of reconnection jets primarily on field
lines of magnetosheath orientation provides ad-
ditional evidence for the impact of the plume
density on magnetopause reconnection.

The location of THEMIS at the reconnecting
magnetopause also maps to the point in the
ionosphere where the TOI is formed and en-
hancements in TEC stream tailward over the
pole on open field lines (Fig. 1). This confirms
that the formation of the TOI in the ionosphere
is spatially linked to the presence of the plume
and reconnection at the magnetopause. The dense
plasma on newly opened magnetic field lines
convects tailward over the pole, as observed in
the motion of TOI patches in the ionosphere and
in situ at the magnetopause. Future studies using
the high spatial and almost continuous coverage
of the ground-based TEC maps may use this con-
nection to monitor reconnection and identify when
plume material has reached the magnetopause.

In addition to identifying substantial density
enhancements and mass loading at the magne-
topause, these conjugate measurements confirm
the connection between intermittent reconnection
signatures at the magnetopause and in the iono-
sphere. Bursts of reconnection can cause twisted

magnetic flux ropes known as flux transfer events
to form at the magnetopause (19, 20). At the mag-
netopause, a flux transfer event, demonstrating in-
termittent or “bursty” reconnection, was observed
in the THEMIS measurements (Fig. 4). In the iono-
sphere, patches of TEC enhancements known as
polar cap patches were observed convecting over
the pole on open magnetic field lines (Fig. 1). These
patches correspond to variability in reconnection
causing uneven rates of plasma to be transported
over the pole. Previous work (13, 74) used polar
cap patches to infer variability in magnetopause
reconnection; however, this association had not
been validated through in situ measurements at
the magnetopause.

Our results imply an extended plasmaspheric
plume that spanned from a nominal plasmapause
to the dayside magnetopause, where it impacted
magnetic reconnection. Ground-based TEC mea-
surements demonstrate that the extended plume
existed for several hours. During this period, three
THEMIS spacecraft provided magnetically coin-
cident measurements of the plume mass-loading
the magnetopause reconnection site near local
noon. The spacecraft measurements show sig-
natures of intermittent or bursty reconnection at
the magnetopause corresponding to the occur-
rence of patches of enhanced TEC convecting
tailward on open field lines over the pole in the
ionosphere. The simultancous observation of
the conjugate location of the reconnection site
at the magnetopause with the TEC cusp sig-
nature ionosphere (Fig. 1) is important. With this
association validated, studies of the occurrence,
location, and variability of reconnection at the
magnetopause can be conducted with the assist-
ance of ground-based TEC maps that provide
high spatial and almost continuous temporal
coverage.
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Tunable Phonon Polaritons
in Atomically Thin van der Waals
Crystals of Boron Nitride

S. Dai,® Z. Fei,® Q. Ma,? A. S. Rodin,> M. Wagner,* A. S. McLeod,* M. K. Liu,* W. Gannett,*®
W. Regan,** K. Watanabe,® T. Taniguchi,® M. Thiemens,” G. Dominguez,”'® A. H. Castro Neto,*?
A. Zettl,**° F. Keilmann,** P. Jarillo-Herrero,? M. M. Fogler,* D. N. Basov*

van der Waals heterostructures assembled from atomically thin crystalline layers of diverse
two-dimensional solids are emerging as a new paradigm in the physics of materials. We used
infrared nanoimaging to study the properties of surface phonon polaritons in a representative
van der Waals crystal, hexagonal boron nitride. We launched, detected, and imaged the polaritonic
waves in real space and altered their wavelength by varying the number of crystal layers in

our specimens. The measured dispersion of polaritonic waves was shown to be governed by the
crystal thickness according to a scaling law that persists down to a few atomic layers. Our results

are likely to hold true in other polar van der Waals crystals and may lead to new functionalities.

sist of individual atomic planes weakly
coupled by vdW interaction, similar to

Layered van der Waals (vdW) crystals con-

graphene monolayers in bulk graphite (/-3).
These materials can harbor superconductivity
(2) and ferromagnetism (4) with high transition
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temperatures, emit light (5, 6), and exhibit topo-
logically protected surface states (7), among many
other effects (8). An ambitious practical goal (9) is
to exploit atomic planes of vdW crystals as building
blocks of more complex artificially stacked struc-
tures where each such block will deliver layer-
specific attributes for the purpose of their combined
functionality (3). We explored the behavior of pho-
non polaritons in hexagonal boron nitride (hBN), a
representative vdW crystal. The phonon polaritons
are collective modes that originate from coupling of
photons with optical phonons (/0) in polar crystals.
They have been investigated in the context of en-
ergy transfer (11, 12), coherent control of the lat-
tice (/3), ultramicroscopy (/4, 15), “supetlensing”
(16), and metamaterials (17, 18). Tunable phonon
polaritons that we discovered in hBN by direct in-
frared (IR) nanoimaging set the stage for the im-
plementation of these appealing concepts in vdW
heterostructures. Polaritonic effects reported here are
likely generic to other polar vdW solids because
these materials commonly show optical phonons.
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Fig. 1. Real-space imaging of surface phonon polaritons on hBN. (A)
Schematics. Arrows denote the incident and back-scattered IR light. Concen-
tric yellow circles illustrate the phonon polariton waves launched by the AFM
tip and reflected by the two edges of a tapered hBN crystal. (B and D to F)
IR near-field images of the normalized amplitude s(w) defined in the text

hBN stands out in this class of materials thanks to
its light constituent elements, which yield partic-
ularly strong phonon resonances that span a broad
region of the technologically important IR band.

IR nanoimaging and Fourier transform IR
nano-spectroscopy (nano-FTIR) experiments were
performed at UCSD by using a scattering-type
scanning near-field optical microscope (s-SNOM)
(19). The physics of polariton imaging using
s-SNOM s akin to nanoimaging of surface plas-
mons (20, 21) (Fig. 1A). In short, we illuminated
the metalized tip of an atomic force microscope
(AFM) with an IR beam. We used quantum cas-
cade lasers (QCLs) with tunable frequency @ =
1/Mgr, where A is IR beam wavelength and a
broad-band difference frequency generation (DFG)
laser system (22). Our AFM tip with curvature
radius @ ~ 25 nm is polarized by the incident IR
beam. The light momenta imparted by the tip ex-
tend to the typical range of momenta supporting
phonon polaritons in hBN (Fig. 2E). Therefore,
the strong electric field between the tip and the
sample provides the necessary momentum to launch
polariton waves of wavelength A, that propagate
radially outward from the tip along the hBN surface.
AFM tips exploited in our nanospectroscopy in-
strument are commonly referred to as optical an-
tennas (23): an analogy that is particularly relevant
to describe the surface wave launching function of
the tip. Upon reaching the sample edge, polaritonic
waves are reflected back, forming a standing wave
between the tip and hBN edge. As the tip is
scanned toward the edge, the scattering signal
collected from underneath the tip reveals oscil-
lations with the period of A,/2.

Representative nanoimaging data are displayed
in Fig. 1, B and D to E, where we plot the normal-
ized near-field amplitude s(®) = supN(®)/SAu(®) at
several IR frequencies in the 1550- to 1580-cm !
range. Here, sppn(®) and sp (o) are the scatter-
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ing amplitudes for, respectively, the sample and the
reference (Au-coated wafer) (/9). The amplitudes
were demodulated at the third or the fourth har-
monic of the tapping frequency to isolate the gen-
uine near-field signal (23). The images in Fig. 1, B
to F, were taken for a tapered hBN crystal of thick-
ness d =256 nm. They reveal a hatched pattern of
periodic maxima, fringes, of s(®) running parallel
to the edges, with the “hot spots’ located where two
or more fringes intersect. We observed similar fiinge
patterns in other hBN samples, including those that
are only a few atomic layers thick (Fig. 1G). Such
patterns are readily accounted for (Fig. 1C) within
a phenomenological theory that considers reflec-
tions from the tapered edges (/9).

Data in Fig. 1 allow one to obtain the polariton
wavelength A, simply by doubling the fringe
period, and the corresponding momentum can be
calculated as g = 2n/A,,. We used two approaches
to determine the dispersion relation ¢ = g(®) of
the polaritons. One method (75, 20, 21) is to
analyze the periodicity of fringes at discrete fre-
quencies of the IR source (Fig. 1, B and D to G).
We have complemented this procedure with a
technique capable of capturing the entire disper-
sion in the course of one single scan of our nano-
scope. We executed this line scan on an hBN
crystal with a large surface area to ensure that
the L = 0 boundary is the principal reflector for
the tip-launched polaritons (Fig. 2A). Such a
line scan (Fig. 2, A, B, and D) is composed of a
series of broad-band nano-FTIR spectra taken at
every pixel. Starting in the region of unobscured
SiO, substrate (L < 0) and continuing through
the hBN crystal (L > 0), we combined the spec-
tra from all pixels along the line scan and thus
obtained a two-dimensional map s(L, ®), shown
in Fig. 2B. In the plot, we observed a series of
resonances that systematically vary with fre-
quency o and the distance from the sample edge

b, A
7

\
A/

and taken at different IR frequencies [hBN thickness in (B) to (F) d = 256 nm].
(€) Simulation of the phonon polariton interference pattern (19). (G) Phonon
polaritons probed in three-layer (left) and four-layer (right) hBN crystals. White
dashed line tracks the hBN edges according to the AFM topography. Scale bars
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L. The nano-FTIR spectra from three represent-
ative positions are shown in Fig. 2C. Each of
the frames in Fig. 2C and each pixel in Fig. 2B
unveil phonon polaritons in the frequency do-
main. The momentum ¢ corresponding to each
o in this map can be found from the fringe pe-

persion in Fig. 2E are in excellent agreement with
the modeling results. Briefly, the surface polaritons
correspond to the divergences of the reflectivity
7p(g + ix, w) of the system at complex momenta
g +ix (10). For A, « Mg, we derived the analytical
formula for polariton dispersion (/9):

REPORTS I

perpendicular and parallel to the ¢ axis), and SiO,
substrate, respectively. The propagating modes
correspond only to those integer / (if any) for
which the loss factor y = ax/q is positive and less
than unity. Parameter o = + is the sign of the
group velocity dw/dg (19). An instructive way

riodicity along the @ = constant cut. Therefore,
a single line scan is sufficient to extract the com- v
plete dispersion profile of any surface mode.
The two approaches for mapping the surface
wave dispersion produced consistent results (tri-
angles in Fig. 2B were obtained from monochromic
imaging). The broad-band line scan data (dots in
Fig. 2E) allowed us to probe the dispersion in the
o — ¢ parameter space (1430 to 1530 cm ™) that
cannot be investigated through the single-frequency
imaging because of unavailability of proper QCLs.
The experimental data for phonon polariton dis-

bl

i\/€,

A
‘%'m =1350-1600 cm™
SiO, T
B —0.86
b S
£ 3
3 /2]
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Fig. 2. The surface phonon polariton dispersion and nano-FTIR spectra. (A)
Schematics of a nano-FTIR line scan across the hBN crystal. Arrows denote the
incident and back-scattered IR beam spanning 1350 to 1600 cm™. Polaritonic
waves are launched (green) by AFM tip and then reflected (orange) by hBN edge at
L = 0. (B) Polaritonic features detected in a single line scan in (A). The normalized
scattering amplitude spectra s(w) is plotted in the false color scale. White dashed
line at L = 0 marks the edge of the hBN crystal (thickness d = 134 nm). Triangles,
fringe maxima extracted from monochromatic imaging similar to Fig. 1. (C) Nano-
FTIR spectra at three representative locations along the line scan marked in (B). The
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S
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where €,(0), €,(0), g(0), and g(w) are the
dielectric functions of air, hBN (for directions

to visualize both the dispersion and the damping
is via a false-color plot of Im r,(g, ®) (19, 24) at
real ¢ and o (Fig. 2E). Our data line up with the
topmost of these curves, which corresponds to
the principal / = 0 branch (/9) in Eq. 1.
Additional insights into the photonic and
polaritonic properties of hBN were obtained
by analyzing the frequency dependence of the
nano-FTIR spectra. We collected the spectrum
in Fig. 2F far away from the hBN edges, where
the surface waves are damped and the scatter-
ing amplitude signal is solely governed by the

(1)

0.93
)
)
K71
200 400 600 800 200 400 600 800 ©
L (nm) L (nm)
1600 - —17.1
1550
1500
= O
‘g’ 1450 £
3
1400
1350, 1.0 2.0 30 O
q (105%cm™)
1.2 | simulation
g 0.8 3
@ 0.4
0 800 1200 1600 800 1200 1600
o (cm™)

peaks marked by the arrows correspond to the dominant polariton interference
fringe. (D) Phonon polariton features as probed via line scans for ultrathin hBN
crystals with d = 3.8 nm (left) and d = 8.8 nm (right). (E) The dispersion relation of
phonon polaritons in hBN. Triangles indicate data from monochromatic imaging in
Fig. 1; dots, the nano-FTIR results from (B). The data are superimposed on a false-
color plot of calculated Im r, (19); the black dashed lines are from Eq. 1. The
straight line on the left represents the light line. (F) Nano-FTIR spectrum s(w) for
the hBN crystal (Fig. 1, A to F) taken away from the sample edges. The solid (green)
part of the data corresponds to hBN’s hyperbolic region where Ree, - Reg)| <O0.

www.sciencemag.org SCIENCE VOL 343 7 MARCH 2014

8102 ‘TZ AInr uo /610 Bewasuslos aoualos//:dny wolj papeojumod

1127


http://science.sciencemag.org/

I REPORTS

1128

local interaction with the phonon resonances (25).
Two of these resonances centered around 770 and
1370 cm™ " are due to the ¢ axis and the in-plane
phonon modes of hBN, respectively (26, 27).
The hump-dip feature around 1100 cm " origi-
nates from the SiO, substrate (28): a consequence
of a partial transparency of our specimen. The
quantitative relation between this spectrum, the
reflectivity 7,(¢g, ), and the fundamental pho-
non modes can be established by numerical
modeling of the tip-sample interaction (/9). The
right plot of Fig. 2F indicates that our model
captures the gross features of the data. More-
over, the hBN is an example of a natural hy-
perbolic material (29): a crystal possessing the
in-plane and out-of-plane components of the di-
electric tensor having the opposite signs so that
Ree, - Reg|< 0. Hyperbolic regions are marked
in green in Fig. 2F.

The layered nature of vdW materials, includ-
ing hBN, facilitates the control of both the wave-
length and the amplitude of polaritonic waves
by varying the thickness d of the specimens. Rep-
resentative line profiles (Fig. 3A) for specimens
with d in the range of 150 to 250 nm were taken
normal to the crystal edge at L = 0. The thick-
ness was measured simultaneously with the scat-
tering amplitude through the AFM topography.

All fringe profiles share the same line form with
a prominent peak close to the edge followed
by weaker peaks that are gradually suppressed
away from the edge. The oscillation period, equal
to Ap/2 (arrows in Fig. 3A), systematically de-
creases as the samples become thinner. This
scaling extends down to a few atomic layers (Fig.
3, B and C).

The measured polariton wavelength (Fig.
3E) agrees with the theoretical predictions (Fig.
3D). For A, smaller than about one-half of
Mr = 7.1 um, the polariton wavelength scales
linearly with the crystal thickness d, in agree-
ment with Eq. 1; at larger A,, the linear law
shows signs of saturation, also in accord with
our model (Fig. 3E inset). Experimentally, the
phonon polaritons display thickness-tunability
persisting down to three atomic layers (Fig. 3,
B and C). We detected polaritons in even thinner
samples (bilayer and monolayer hBN). How-
ever, the quantitative analysis of these latter
data is complicated because of the increasing
role of the substrate in the polaritonic response
that calls for further experiments on suspended
membranes.

Similar to surface plasmons, the phonon
polaritons allow one to confine and control elec-
tromagnetic energy at the nanoscale (30). In

fact, the line form in Fig. 3A strongly resembles
plasmonic standing waves in graphene (20, 21).
The confinement factor Ar/A, reaches 25 in hBN,
comparable to that of plasmons in graphene
(20, 21). Yet these compact polaritons in hBN
are able to travel at least 5 to 10 um, compared
with less than 0.5 um for graphene plasmons.
The corresponding loss factor y = ax/q is around
0.055, much smaller than a typical ¥ in graphene.
The low damping of polaritons in our insulat-
ing samples is consistent with the absence of the
electronic losses, the dominant damping channel
in plasmonics. The observed losses can likely be
further suppressed by improving the crystallo-
graphic order of the crystals.

Data in Figs. 1 to 3 show that phonon
polaritons of the desired wavelength and con-
finement can be engineered by varying the num-
ber of atomic layers in hBN by, for example,
exfoliation techniques. Thus, hBN and likely
other polar layered materials can be integrated
into vdW hetrostructures (3) to serve not only as
electrically insulating spacers but also as wave-
guides for weakly damped polaritons capable of
traveling over considerable distances. Additionally,
the hyperbolic response of few-layer hBN is ap-
pealing in the context of unique nanophotonics
characteristics of this class of solids (29).

A B, 072 C 18
6 — 5 layer
15 —— 4 layer
5 — 3 layer
. 12
8 S 8o
» 3 o o
2 6
}\256nm
1 7"237nm 3
| Msnm . 1560 cm”’! 0 0 . . ., 1380 cm™!
0 0 500 1000 1500 2000 2500 0 100 200 300 400 500
L (nm) L (nm)
D 1650 E — F 1650
| ___ 9] 2400} 1400 cm”! 5000 1560 cm (@0 ]
1600} = ] . 1600F
400 nm// 2000+ 13000 €
. 1550} 200 nm// } _ 15501
'.-E 100 nm/ ‘S 1600} 11000 5 "_E
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Fig. 3. The evolution of the phonon polariton wavelength and am-
plitude with the thickness of hBN crystals. (A) Line profiles of the scat-
tering amplitude s(w) at 1560 cm™ for hBN crystals with d = 154, 237, and
256 nm. Arrows indicate the polariton wavelength. (B) Near-field image and
(C) phonon polariton line profiles for few-layer hBN crystals. White dashed
line in (B) tracks the sample boundary; scale bar in (B), 400 nm. (D) Cal-

culated dispersion relation of the [ = 0 branch of the phonon polaritons in hBN
for various crystal thicknesses (d). TO and LO frequencies are marked with blue
dashed lines. (E) Dots, wavelengths of phonon polaritons probed at 1560 cm™ for
arystals with different thicknesses (d); red line, calculated thickness-dependence
relation. (Inset) Thickness-dependence relation probed at 1400 cm™ for ultrathin
hBN crystals. See (19) for details. (F) Calculated loss factor for phonon polaritons.
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Rapid Reductions in North Atlantic
Deep Water During the Peak
of the Last Interglacial Period

Eirik Vinje Galaasen,™* Ulysses S. Ninnemann,™? Nil Irvali,® Helga (Kikki) F. Kleiven,?
Yair Rosenthal,® Catherine Kissel,* David A. Hodell’

Deep ocean circulation has been considered relatively stable during interglacial periods, yet little

is known about its behavior on submillennial time scales. Using a subcentennially resolved
epibenthic foraminiferal 5*3C record, we show that the influence of North Atlantic Deep Water
(NADW) was strong at the onset of the last interglacial period and was then interrupted by several
prominent centennial-scale reductions. These NADW transients occurred during periods of
increased ice rafting and southward expansions of polar water influence, suggesting that a
buoyancy threshold for convective instability was triggered by freshwater and circum-Arctic
cryosphere changes. The deep Atlantic chemical changes were similar in magnitude to those
associated with glaciations, implying that the canonical view of a relatively stable interglacial
circulation may not hold for conditions warmer and fresher than at present.

scale if the circulation of North Atlantic

Deep Water NADW), the main water mass
ventilating the deep Atlantic (Fig. 1) (1), is al-
tered. Such changes could have widespread and
long-lasting impacts—including, for example, on
regional sea level (2), the intensity and pacing
of Sahel droughts (3), and the pattern and rate
of ocean acidification and CO, sequestration

Future climate could be affected on a global
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(4). However, the response of NADW to high-
latitude warming and ocean freshening, both of
which would decrease source region density and
potentially inhibit NADW formation, remains
a key uncertainty in future climate projections.
Model estimates range from nearly no change
to ~50% reduction in Atlantic Meridional Over-
tumning Circulation by 2100 CE (). Compounding
the uncertainty, models may inherently underes-
timate the possibility for abrupt and large changes
(6), and there may even be critical stability thresh-
olds in surface ocean buoyancy that, if crossed,
could switch circulation into an equilibrium state
without strong NADW formation (7, §). The
current consensus is that we are far from any
such stability thresholds and that the modern
style of vigorous NADW ventilation is a robust
feature of warm interglacial climates. Only modest
millennial-scale NADW variability has been found
to occur during interglacials (9, 10) relative to

that seen during colder glacial periods (/7). How-
ever, large but shorter-lived transient anomalies
might be possible even in the midst of a general-
ly vigorous interglacial circulation (7, 12, 13).
Hence, reconstructions with appropriate reso-
lution to characterize the short-term instability of
NADW during warmer climates are needed to
assess model fidelity and constrain possible tip-
ping points for ocean circulation. We used deep
sea sediment proxy records from key locations
(Fig. 1) to assess the occurrence and magnitude of
centennial-scale variability in NADW over the
warm interval of the last interglacial period (LIG)
[marine isotope stage (MIS) Se]. The LIG is a use-
ful period for evaluating the sensitivity of NADW
to key features that we may face in the future, in-
cluding a warmer and fresher North Atlantic than
at present (/4, 15) and the retreat of the circum—
North Atlantic cryosphere (15, 16).

We characterized the short-term variability
of NADW over the LIG using sediment core
MD03-2664 (57°26.34'N, 48°36.35'W; 3442 m
water depth) from the Eirik Drift site used to
identify the centennial-scale NADW reduction
associated with the climate anomaly 8.2 thou-
sand years before the present (ky B.P.) (/2).
This site monitors the newly formed, integrated
Nordic Seas overflows (/2) that are the primary
constituents of lower NADW (/). The high sed-
imentation rate (~35 cm ky ') at this location allows
a multidecadal depiction of lower NADW proper-
ties and ventilation across the LIG (~30 years
per 1-cm sample), which is approximately an order
of magnitude greater than the previous reconstruc-
tions used to infer millennial-scale NADW stability
during the LIG (10, 17).

On our age model (/8), the MIS 5e “plateau”
[the interval of relatively constant minimum ice
volume (benthic 8'30)] corresponds to 116.1 to
128.0 ky. We focused our study on this interval,
referring to it as the LIG. We documented NADW
variability using the carbon isotopic composition
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Nanoimaged Polaritons

Engineered heterostructures consisting of thin, weakly bound layers can exhibit many attractive electronic
properties. Dai et al. (p. 1125) used infrared nanoimaging on the surface of hexagonal boron nitride crystals to detect
phonon polaritons, collective modes that originate in the coupling of photons to optical phonons. The findings reveal the

dependence of the polariton wavelength and dispersion on the thickness of the material down to just a few atomic layers.
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Materials and Methods

Preparation and characterization of hBN crystals

Microcrystals of hBN were exfoliated from bulk samples and then transferred to Si wafers
capped with 300 nm-thick SiO, layer. We explored bulk hBN samples from two different
sources including commercially available samples (www.momentive.com) and also specimens
synthesized by means of high pressure techniques as described in Ref. (31). We observed
reproducible polaritonic effects irrespective of the origin of our microcrystals. Raman
spectroscopy was applied to characterize the hBN crystals. (Fig. S1B). These Raman spectra
were in accord with the literature data for high-quality hBN specimens (32). We note that one
can easily distinguish hBN crystals of different thickness by their color under the optical
microscope (Fig. S1A) (33).

Infrared nano-imaging and nano-FTIR

The nano-imaging and Fourier transform infrared nano-spectroscopy (nano-FTIR) data
were obtained using a commercial scattering-type scanning near-field optical microscope (s-
SNOM) (www.neaspec.com) based on a tapping-mode atomic force microscope (AFM). The
tapping frequency and amplitude of the AFM are about 250 kHz and 70 nm, respectively. In Fig.
S2, we show schematics of our infrared (IR) sources and of the s-SNOM system. These IR
sources include tunable quantum cascade lasers (QCLs) (www.daylightsolutions.com) and a
broad-band source based on a difference frequency generation (DFG) system (www.lasnix.com).
In combination, these sources cover a broad frequency range from 700 to 2300 cm™ (Fig. S2).
By focusing the IR beam onto the metalized AFM tip, we were able to probe the polaritonic
effects of hBN. The back-scattered signal by the tip is registered by pseudoheterodyne
interferometric detection and then demodulated at the n-th harmonics of the tapping frequency
yielding background free images. In this work, we chose n = 3 or 4.

Supplementary Text

Modeling near field spectra and images due to phonon polariton waves in hBN

1. Tip-launched surface waves

We start with describing a model that captures the essence of the observed real-space patterns in
Figs. 1-3 on purely phenomenological grounds. This model assumes that the near-field contrast
detected by the s-SNOM is in the linear response regime and is purely local. In other words, the
deviation of the s-SNOM signal from the area average is given by some linear functional E(r) of
the electric potential ¢(r) directly underneath the tip. The qualitative aspects of the results do not
depend on the precise relation between ¢(r) and E(r) as long as this relation is linear. For
definiteness, one can think that E(r) represents the deviation of the z-component of the local
electric field from its average value, so we use the term “field” to refer to it from now on. We
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further assume that tip-launched polaritons are characterized by the radially symmetric field
distribution (r=|r|)

—r?/4r?

E(r) = 6™ x {e PRV (s1)
e (L/r)’c, rzr,

where we take ro = Ap/4 (the diffraction limit), A, is the phonon polariton wavelength. Eq. S1 is

designed to have the property that E(r) goes to a constant underneath the tip (r —0) and

behaves as an outgoing cylindrical wave at large distances. The momentum of this wave is a

complex number

. . 27 .
qp=q+|1(:q(1+|}/)=/1—(1+|7), (S2)
P
where ¥ =« /q is the loss factor defined in the main text.

2. Near-field images of phonon polaritons

The observed polariton interference fringes (Figs. 1-3) originate from the superposition of
tip-launched polariton waves with those reflected back from the edges of the hBN crystals. The
edge-reflected waves can be approximately calculated using the method of images. For a single
edge (Fig. S3A), the total field under the tip (solid red arrow) is given by E;x: = E(0) + E(2L)rsp,
where L is the tip-edge distance, rs, is the complex coefficient of reflection off the edge, and
function E(r) is given by Eqg. S1.

For the tapered hBN crystal (Fig. 1), the polariton waves launched by the tip may
experience multiple reflections. Therefore, we introduce the index m =1, 2, ... to label the waves
that are reflected m times by the edges before arriving back to the tip; we refer to them as the m-
th order waves. The locations of the corresponding image sources are obtained by m consecutive
mirror reflections of the tip across the alternate edges. We refer to them as the m-th order images.
In Fig. S3B we show these multiple tip images (hollow dots) for one representative tip position
(solid green dot). We use the double index “m,n” to label the n-th (n = 1 or 2) possible position
of the m-th order images. Let dn , be the distance between the n-th position of the m-th order
images and the tip. The total polaritonic field underneath the tip can be expressed as:

Etot = ZZ E(dm,n)rsr; ' (83)

Using this formula we computed Eq; for every position within a triangular area representing the
tapered hBN crystal in Fig. 1 of the main text. For this particular sample geometry only m<3
images contribute to the formation of the interference patterns in the field of view.

Our simulation results are shown in Fig. 1C of the main text. We find a good qualitative
agreement with the actual data (Fig. 1B) using the parameters y = 0.055 and rs, = —0.2 + 0.3i,
which are in accord with the phonon polariton line profiles (Fig. 3A). Simulation images for the
different choices of yvalue along with the experimental data are shown in Fig. S4. The fact that
the absolute value of rg, is smaller than unity suggests that either the reflection has a strong
diffuse component or a significant amount of energy is dissipated into degrees of freedom other
than the principal polariton branch (I = 0 in the main text). Among the dominant factors reducing
the reflectivity of polaritons are the roughness as well as canted nature of the edges.

Besides analyzing the two-dimensional interference patterns, we also examined the line
profiles (Fig. 3A). Noticing a marked resemblance between the observed phonon polariton



fringes and the plasmonic interference fringes in graphene (20, 21), we attempted to roughly
estimate the former using the simulation developed previously for the latter. In this way, we
again arrived at the estimated range y~ 0.04—0.07.

3. Optical constants and infrared reflectivity of hBN

The infrared reflectivity of boron nitride (BN) has been investigated by several groups (26,
34-36). A consensus is that both the in-plane and the out-of-plane dielectric function can each be
described by a single Lorentzian:

(@ Lo,/l)z - (a)TO,y)z

(a)To,/l)z ~ o’ —iol

g/l=8w11+g y ,Ll:J_,//, (84)
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H

with nearly the same values of the optical phonon frequencies wro, , and a0, , reported by all the
groups. These values are also in a good agreement with the results of ab initio calculations (37,
38). However, we met some difficulty finding reliable experimental data in the literature for
limiting high-frequency values ¢, and especially the optical phonon broadening I',.. The
aforementioned experiments studied boron nitride samples obtained by pyrolysis (26), chemical-
vapor-deposition (CVD) (34), and magnetron sputtering (35, 36). All of these materials were
composed of misoriented (angle spread &~ +30°) grains of sub-10 nm size. For such small grain
sizes, the linewidth broadening of the phonons can be considerably larger than what is expected
in single-crystals, as was shown by Raman studies (39, 40). On the other hand, I",, as small as a
few cm™ was estimated for the CVD-grown rhombohedral boron nitride. This material has the
same in-plane layer structure and nearly the same phonon frequencies as CVD hBN but a much
higher degree of crystallographic order (34). For all of the above reasons, in our calculations we
used the parameters of Cai et al. (37) with the broadening I’y =4 cm™ and T', =5 cm™ in order

to reproduce the observed loss factor y~ 0.055 at 1550cm™ (see Fig. 3F of the main text).

The dielectric function of Eq. S4 serves as input into the calculation of the complex
reflectivity ry(q, @) and therefore of the phonon polariton dispersion. Although our system
consisted of three layers: hBN, SiO,, and Si, at large g relevant for our experiments, the electric
field of the polaritons is mostly confined in the first two layers. Therefore, it is legitimate to
approximate rp(q, ) by the reflectivity of a simpler hBN/SiO; structure. The rp(q, ®) can be
derived from the Fresnel equations for a three-layer structure shown in Fig. S5:

r+re'2kd
r=-=—_ (S5)
P 14rre?

a's

r = 8J.kaz _‘,E‘akeZ
a z z

e ki+ek

1™a a e (86)

ek —¢g kS ’
o gskez +8l SZ
where the subscripts “a”, L and “s” refer to air, hBN (the component normal to the c-axis),
and SiO,, respectively. Functions r, and rs have the meaning of the reflectivity of the air/hBN
and hBN/SiO, interfaces, d is the thickness of the hBN crystal and k;* represents the z-axis



2
momentum of the photon in layer i. For i =aand s, it is given by k. 24"% a)—z—q2 with & being
C

the dielectric function. The subscript “e” stands for “extraordinary ray”’ of hBN, which has

uniaxial anisotropy. The corresponding momentum is k.’ =\/gL(a)/c)2 —j—iqz (41).
11

4. Derivation of Eg. 1 and the origin of the multiple polariton branches

At large g we can make the approximation k,* ~k.* ~iq and

kez =iq\/g=ﬂ’ (87)
& v

in the preceding formulas, which enables us to further simplify the expression for rp,. Using
straightforward algebraic manipulations, one is led to the analytic solution for the poles of rp,
Eqg. 1 of the main text. Alternatively, a more physical derivation can be offered as follows. If

dissipation is neglected, so that both &, and ¢, are real, the admissible value of momentum k_*
obey the Fabry-Perot quantization condition

2k,"d +2¢, +2¢, =27zm, (S8)
where 2¢, and 24, are the phases of the reflection coefficients r, and —rs, i.e.,. the phase shifts

for (inner) reflection of the extraordinary ray at the hBN-air and hBN-substrate interfaces. From
Eq. S5 and Eg. S6 we find

ey

¢, :arctan( i j , j=a5s. (S9)
Combining Eqg. S7-S9 we arrive at
q=-"(-am+4,+4,). (S10)

It is convenient to define | =—m =0, 1, ... to ensure that Re g > 0. If the losses are now included,
the in-plane momentum would acquire an imaginary part q — g+ ix . After these substitutions
Eqg. S10 becomes the same as the desired result, Eq. 1.

According to Eqg. 1, the 0 < y< 1 condition can be satisfied within the Reststrahlen bands of
hBN confined within the transverse oo and longitudinal .o phonon frequencies (Fig. 3D). Our

imaging data probe mainly the band due to the upper Reststrahlen band, from @, , = 1367 cm™
to @, , =1610 cm™ (26) where £, Isreal and negative, whereas gy is almost real and positive.
The polariton branches all start at @y, , at low g and disperse with the positive slope (o= +)

towards the limiting value of @, , = 1610 cm™ at large g.

Instead of looking for the poles of r, in the complex plane, one can determine the polariton
dispersion from the maxima of Im ry at real momenta. This numerical method gives results that
closely agree with our analytical Eq. 1 at large g where the latter equation is valid, see Fig. 2E.
The positions of high-intensity lines in this plot give q , while their apparent widths characterize
the dissipation x (10).



Let us now briefly discuss the multiple branches of the polariton dispersion. As explained
above, the | > 0 branches have a simple interpretation as the Fabry-Perot resonances confined
between the two interfaces of the hBN crystal. The same phenomenon occurs in planar
waveguides, so these modes can be termed “waveguide modes” (29). In our case the polariton

branches are separated from one another by equal increments Z—W in the momentum space. It is
unusual however that this number is real while g itself is much larger than the photon momentum.
In other words, it is unusual to have propagating modes far outside the light-cone. This fact can
be traced to parameter y (defined in Eq. 1 or Eq. S7) being real, which is unique to hyperbolic

materials such as hBN. Unfortunately, none of the | > 0 modes has shown evident features in the
experiments so far. Observation of these “waveguide” modes may have been inhibited by
imperfections of the sample edges and the current signal/noise ratio limitation.

Finally, it may be worth commenting on applicability of our continuum-medium approach
to hBN crystals with just a few atomic layers N. Experimentally, our Eq. 1 is seen to be in
quantitative agreement with the measurements even in the thinnest samples reported here, N = 3.
On the theory side, the answer can be gleaned from the theoretical calculations of Michel and
Verberck (42). They suggest that a qualitatively new effect caused by decrease in the number of
layers is the character of yet unobserved high-order polariton branches. These authors find that
the total number of all branches is finite and equal to N in each Reststrahlen band. Thus, in
monolayer hBN there should be only one and in bilayer only two polariton branches in each
band. Since we do not see high-order branches even in thick crystals, this distinction cannot yet
be verified.

5. Near field spectra simulation

The near-field scattering amplitude s(w) shown in Fig. 2F (right) of the main text was
computed using the expression for the reflectivity, which accounted for all possible layers (hBN,
SiO;, and Si). It has the same form as Eq. S4 except rs is replaced by rg:

4 r,e’?

I

o i2kd,
1+rre
ek —ek’
q’s s™g
W=—""—"—"> |, S11
Togk ek, (511)
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where ds = 300 nm is the SiO, thickness and g, = 11.7 is the IR dielectric constant of Si. The tip-
sample interaction was treated within the quasi-static approximation in which the AFM tip was
modeled as a perfectly conducting prolate spheroid of total length 600 nm and the curvature
radius 30 nm, as described in our previous work (28). Figure 2F indicates that the modeling
captures all the main features of the observed spectrum. Two features arise due to two effects.
One is the behavior of the ordinary reflectivity r,, at nearly zero momentum, i.e., the photonic
response of our hBN/SiO,/Si system. The other ingredient is the o — dependence of r, at very
large momenta g ~ 10° cm™ set by the curvature radius of the tip and its typical distance from the
sample, i.e., the polaritonic effect. The photonic response causes the deep minima at 820 cm™



and 1625 cm™. These minima occur near the longitudinal optical (LO) phonon frequencies of
hBN, o, , and o, , at which the far-field reflectivity r, is close to -1, see Eq. S11), so that the

electric field at the surface, proportional to 1 + rp, vanishes. (Note that the far-field reflectivity is
a very sharp function of frequency near o, , . It rapidly changes from —1 to 0 as frequency

increases, giving the well-known reflectivity minimum.) The far-field reflectivity is also
responsible for the hump-dip structure near 1100 cm™, which comes from the optical phonon of
the SiO, substrate. On the other hand, the resonances centered around 760 cm™ and 1370 cm™
are to a large extent due to the high near-field reflectivity, the raison d’étre of the polaritons. The
combination of the far- and near-field response functions anchors these peaks at the transverse
optical (TO) frequencies.
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Fig. S1. Optical microscope image and Raman spectrum of hBN.
(A) hBN crystals of different thicknesses under the optical microscope. (B) Raman spectrum of
the hBN crystal displayed in the inset. Scale bar: 30pm.
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Fig. S2. Schematics of the UCSD s-SNOM for broad-band nano-imaging and nano-FTIR
experiments.

Single frequency IR light (black arrows) is generated by 5 QCLs with tunable frequency
indicated, in cm™. A broad-band beam (orange arrow) is generated by the DFG system with
frequency range indicated. The IR beam enters an asymmetric interferometer composed of the
elements: BS=ZnSe Beam Splitter, OM=0scillating Mirror, MCT=Mercury Cadmium Telluride
detector, PM=Parabolic Mirror, T=metallized Tip, S=Sample. Dashed box marks the s-SNOM
part.



Fig. S3. Polaritonic waves in tapered crystals.

(A) Tip (solid red arrow) and its mirror image (dashed red arrow) according to the single hBN
edge (grey dashed line). (B) A representative tip position (solid green dot, noted as “0) and its
images (hollow dots, labeled as “m,n”) for the simulation in Fig. 1C. Orange, red and purple dots
mark the 1-st, 2-nd and 3-rd order images of the tip, respectively. Solid grey lines track the hBN
crystal’s edges; their extensions are shown with dashed lines. Red and blue dashed lines
symmetrically connect the tip images with respect to the hBN edges. (C) The beam path (solid
lines with arrow) of the 1-st order polariton waves. (D) The beam path (solid lines with arrow) of
one representative 2-nd order polariton wave. L, to Lg represent the length of each part in the
solid (or dashed) blue line. Color map of (B-D): simulation results from Fig. 1C.
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Fig. S4. Near-field image and simulation results with different loss factors.
(A) Near-field image of phonon polaritons from Fig. 1B of the main text. (B) Simulation image
with the loss factor y=0.055 (Fig. 1C). (C) Simulation image with the loss factor y= 0.01. (D)
Simulation image with the loss factor = 0.13. Scale bar: 800 nm in all panels.
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Fig. S5. Layered structure for the Air-hBN-SiO, system of the dispersion model.
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