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Figure 1 Main progress of phonon polaritons. (a) Formation of various polaritonsm. (b) Dispersion relation of phonon polaritonsw. The two
horizontal dashed lines represent the longitudinal optical branch (LO) phonons and the transverse optical branch (TO) phonons, respectively, and the
oblique straight dashed line represents the photon dispersion at the high-frequency limit in the medium. The two solid lines represent the bulk phonon
polariton dispersion. (c) Isofrequency surface of hyperbolic phonon polaritons in wave vector space for uniaxial materials. (d) Isofrequency surface of
hyperbolic phonon polaritons in wave vector space for biaxial materials”. (e) Isofrequency surface of hyperbolic shear polaritons in wave vector space
for beta phase Ga,0;. When f=0, there is no off-diagonal part in dielectric tensor, and it degenerates to the case in (d). When f=1, off-diagonal imaginary
part is added in dielectric tensor and the symmetry breaking caused by the shear phenomena can be observed"”
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Figure 2 Excitation and detection of phonon polaritons. (a) Excitation of phonon polaritons in h-BN by scanning near-field optical microscopy
probe[' 1, (b) excitation of phonon polaritons in a-MoO; by high-energy electron beam in electron microscope“é]; (c) scanning transmission electron
microscope with monochromator and aberration corrector showing how to acquire electron energy loss spectroscopy; (d) schematic showing the
comparison between electron energy loss spectroscopy and near-field optic method to characterize phonon polaritons in terms of energy and momentum.
Blue shaded areas on the upper and lower bands of the dotted line are the range where near-field optics can perform energy and momentum matching
while red region is the case for electron energy loss spectroscopy. The solid lines are the typical phonon polariton dispersion curves and the dark blue

dots with error bar represent typical data acquired from SNOM

[RS8 Dk 2k R i et o 4. ok AR E
TARFAIOLRL, Bl AR S 23 () PRs e 0 i a2k
P 5 R PSR S ST T30 )
MR SRR B GS ST R B TR0
AL RS AR A — SRS T — FR B R
B2 th TOETah iR/, Gl LA A A B DN A
B, SNOMEARANEA R sE (RSS2
FRTEHR IR R RS A TR Ao, (E2SERR
b, KRB R AR AT LR, A
AR L, FER DTS BA WS J). 1Ak, SNOMEY
T3 A=A R R RTBR 2 5 1 B/ N LD AN
JOCIRFNERM G, EEEE P22 E B i T HOLR
WRARM LIS T Ao, X BRI T SNOMELAR
TEEE S R, P 2 Ah s TR AR ot I wF
FEENE T AN B UTAER, B T Bk 2
BriEAS . WP EEEORR A RE, T HMEN
F i /5 (scanning transmission electron microscopy,
STEM)IPHELFRE #1551 (electron energy loss spectro-
scopy, EELS)BE /3 HE T ik JLA~ 2 i IRy, [fi75
FRATREME A FH g o 5 SRR IR BE AL A I BE Y
PP RAOCTE 5 (E12(b)), ASCEARLERRRL = A
BB EGIRAE TR R, E2(0)BR N
STEM-EELSH TAF/RTEIE], e 1A Z i 146 AT

20

i, fafl. —RINER. BERIERBERN,
FEU, H A I RE S A 2 R S B OR AR
PSRRI R RE R, BURE AR AR A Al b
By BUsE, S8 TRE RIS, TR
AR, AT DA BRSO A R A
AT T RE RIS A RE R B U K sl RS TT
ISR A A TR S B E2(d)FTR, 5SNOM
FARMIEL, STEM-EELSH ARG 7 55 52 /N
BE, RIS B A I IR T, 28 8] 5
RAGKAK T BTG, T ik B 5 Tk
JUHEE, PE4NE R A STEM-EELSH R BFFE A Tk
BOCHT A I REE M . SoMnsis e S5, was
EAHER, maeR. 2. E A A AR %
P, VAR FAH R U5 AR e M B R

1 E o

L1 H RO CHEE R T

19514F, Huang”'&3& T }“On the interaction
between the radiation field and ionic crystals”#i8 3,
PRIE T WU T2 F b A 5 A F i AR B A FH g ] A
A Z L g7 25 5 AR R SR B i — R Y
PR RV AR BEoT), R (AR Jedi(Var-



P A

ureyWHEAT THISCHRGE™, TFA) T 07 Tk isoThrsY
T, FEASTHIZSZ T, 81 iAot L kgl n) @
T R AR, A H R B AT AR A
(e0—8)0 7
wfp-w?’

o, ¢ SR HEEL, o I L, 0o R
Y6257 (transverse  optical, TO)JHi=. #|FLyddane-
Sachs-Teller(LST)K £ 1] 159\ )2~ 7 (longitudinal  opti-
cal, LO)JiR:

Wi~ , g—iwm’ (2

n_EBJET (oA e R, A

e(w)=¢,+

)

2 2
ewn=ew1+—9!Lfﬁg—} 3)

w3y~ w?r—iwy
B EOR (P R ERG)
2

w0 = (%] )

WA Q) FI4), BIAIEDLSS A IR S5 Y
BT ALBOCHOE R, WE1(b). Aot
A ETWSE, ESRRR G TR THOL T, k
AR K T (8 % 1862 7 7 i @ b i) Ot 7
Wlo=ck/ [e,; T AP RFETERETE, BT

Wavelength (mm)

@ 1816 14 12 10 8 ()
100 —r T T T AT
Transverse Longitudinal {15
optical phonor optical phonon =
80 s
2
5
3 Y {10 3
QC, 60 Reststrahlen =
ke band S
i 8
o] i -
€ 40 =
: P~ T %
20 4 g
1=
O A _.)h O
600 800 1000 1200

Wavenumber, Raman shift (cm™)

Fe! a5, MEARHE TG T-

Huang" 45 4878 T 85 T SRR 20/ B,
W SE MRS T IR AR S LT R R FE55 1 7)m
PR K 2 b, 36 3 4 W 5K Burstein!”
VN T R R W E S5 Y “Huang has changed
our way of thinking about propagating EM modes in
crystallinemedia” (¥ 2 U728 T FAT10C T ML BERE HE i
A B R ) 84 7 =0).

AT I R, s IR 3N 7 AR R B
Zod T TR ] AR R T, BRON A T, Tl
. RS AL B A EAE AT LRV 5
TR EAEN, 6T 7R85 RE R AHVE R,
P R ARG G, PR IR, BRI
o

1.2 R ey Sk 5 TR foT

Tl 4 B 26T (reststrahlen band) &35 TOS5LOM T4
FRZ BRI L, ARAENG) ATHL, 13X B L pR O 52
TR, FTCIELEAN TR LS, AGHEILT-H0E s 5.
K13 (a) T 78 A 4H-SiC i BLIM AR 21 S P R S 15 (41.280)
P2 GELR), FERIA LA N GlE b T sh-K
R 25 0k B B R 100%. IR ASHCTERRI A S 2ty
WAREFE IR NALHE, (DAEEE T REERE . LA
e B ey Sl PR ) e T A AR BEOT. RATER AR

Photon in air
w=kc ;

Reststrahlen
band

B 3 RIS SFRA S THRALBOCER. (a) 4H-SiCHR IR EE AR LT S 5 5 (L048) FIRL2 (TR 6. (b) 4H-SiCIR(CR S48 ) IR i (41
S TFHALBOT E BN, KOV BT B FLORITOR ARSI &, [ it T Y% AE B2 v (1 B 48) B AESIC P T R RHIG AR B
e 2R ()

Figure 3 Illustration of the reststrahlen band and the surface phonon polariton. (a) Fourier-transform infrared reflection (red line) and Raman (blue
line) spectra of 4H-SiC wafer. (b) Phonon polariton dispersion curves of 4H-SiC for bulk (black soild line) and surface (red solid line) phonon
polaritons. The horizontal blue dashed lines correspond to the LO and TO phonon frequencies. The dispersion of light in vacuum (red dashed line) and at
the high and low frequency limits in SiC (green dashed line) is provided for comparison
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Figure 4 EELS detection of high-momentum phonon polaritons. (a) Quasi-elastic-line-removed phonon dispersion diagrams of an h-BN flake along
high-symmetry lines TMI'MI" measured by EELS. Solid gray curves are density functional perturbation theory calculations for bulk h-BN crystals. (b)
Calculated phonon dispersion of bulk BN crystals with AB stacking orders and monolayer h-BN by density functional perturbation theory. Reststrahlen
band vanishes in the center of the Brillouin zone in the monolayer case!*”. (c) EELS spectra acquired along a line normal to the monolayer h-BN edge.
The upper-left inset shows the schematic of waveguide modes in a semi-infinite monolayer h-BN. The black arrow represents the electron beam.
Waveguide modes spread from the incident position of the electron beam with a semicircular wavefront. The upper-right inset shows an atomic HAADF
image of the measured monolayer h-BN sample, in which bright N and dim B atoms are highlighted. Scale bar: 0.5 nm. (d) Dispersion of phonon
polaritons in h-BN flakes with different thicknesses. The dots with error bars represent experimental data while the solid curves correspond to finite
element method simulation results. The red squares of monolayer h-BN are extracted from M0 modes in the unconvoluted simulation spectra. Ultrahigh
confinement in monolayer h-BN can be observed™”’
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Figure 5 EELS detection of far-infrared phonon polaritons. (a) The energy range of phonon polaritons supported in typical materials. The yellow box
is the detection range of SNOM. Data can be obtained from Ref. [21]. (b) Experimental (upper) and simulated (lower) two-dimensional EELS maps
(counts distribution at different energy values) near a ZnO nanowire with ~570 nm diameter, showing interference fringes of propagating surface
phonon polaritons of different wavelengths at different energy. At the energy point of 68.5 meV, localized surface phonon polaritons can be observed”".
(c) Electron energy loss spectrum of a-MoOj;. The loss peak represents the excitation of the characteristic surface phonon polaritons. The gray area is the
detection range of s-SNOM"®
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Figure 6 EELS detection of phonon polaritons in small nanostructures and interfaces. (a) Upper one is the HAADF image of a SiC nanorod. Lower
three are the two-dimensional spatial distribution map of EELS counts associated with different resonance energiesm]. (b) Morphology of a multi-wall
boron nitride nanotubes (BNNT) with high resolution. (c) Measured spectra revealing multiple HPhPs in the BNNT under aloof excitation (red line), in
contrast to a single HPhP band (black line) in an h-BN flake. The shaded area represents the upper reststrahlen band of the h-BNP?, (d) An atomically
resolved HAADF image of a-SiO,/Si interface. (e) Line profile of the SiO, vibrational signal along the direction perpendicular to the interface with
0.78 nm every stack. (f) The energy (upper figure) and intensity (middle figure) of the TO; p and TOx_iyerfacersurface MOdes as a function of position
relative to the interface. The open and the half up-filled squares represent the TO3;yerfucetsurface a0d TO3_pu modes, respectively. The lower figure shows

the change of intensity ratio between TO3jyerfucersurface A TO3 4, Mmodes at different positions cross the interface. The colored data points represent
three sets of data recorded from different samples!*®]
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Figure 7 EELS detection of optically inactive and orientation-dependent phonon polariton modes. (a) Simulation results of optical absorption,
extinction, scattering and EELS spectra in a nanorod of MgO. EELS is sensitive to both optical active and optical inactive confined surface phonon
polaritons. (b) EELS intensity distribution map of the four labeled modes in the nanorods. (c) Electromagnetic local density of the states distribution
map. (d) Corresponding z-integrated eigenpotentials mapW]. (e) 2D phonon mapping of a MgO cube with edge length of 191 nm. Experimental HAADF
images (left) and intensity distribution maps (right) of the main experimental SPhP modes (I, II, and III) for two tilt configurations (0 and 400 mrad).
The face in contact with the substrate is highlighted with a blue squarew}. (f, g) Comparison between the experimental and theoretical vibrational EELS
spectra of B,,P, for two microcrystals with different crystallographic orientations'™”. Crystal orientation-dependent excitation of phonon polaritons: (h)
HAADF image of the a-MoO; sample; (i) EELS line profile along the dashed arrow in (h); (j) schematic of the sample geometry in the finite-difference
time-domain simulation. The long axis is along ¢ direction, while the angle between b direction and the beam trajectory is 6. (k) Polar plot of the total
signal intensity, summed over all spectra and integrated over the whole reststrahlen band"
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Phonon polaritons are the elementary excitations formed by the strong coupling between optical phonons and
electromagnetic waves in polar materials. Dr. Huang Kun first proposed the concept of phonon polaritons when he studied
the interaction between infrared light and lattice optical vibration modes of polar crystals more than 70 years ago. Huang’s
results revealed the infrared dispersion properties of ionic crystals, and also perfectly explained the physical origin of the
so-called restrahlen band in which electromagnetic radiation cannot propagate. Since then, the concept of polariton has
been extended to other fields of physics, including exciton polariton, magnon exciton, plasmon polariton, etc. Phonon
polariton has now become a basic concept for understanding lattice vibrations in crystals, and the research object has also
been expanded from isotropic dielectric materials to anisotropic materials. Various new physical properties of them are
gradually revealed. Due to their unique mid- and far-infrared dielectric response and low loss characteristic, phonon
polaritons show great application potential in waveguides, superlensing, enhanced energy transfer and sensing, and thus
have attracted extensive attention in recent years. Most recent research focuses on material systems with lower symmetry
or more complex structures, in which there are rich and novel phenomena possessing broad application prospects. The
widely used research method to stimulate and probe phonon polaritons is scanning near-field optical microscopy. However,
due to the lack of suitable light sources, the research in the far-infrared is severely limited. In addition, the large momentum
mismatch between photons and phonons also limits the stimulation and detection of large-momentum phonon polaritons by
optical spectroscopy. This paper reviews the recent progress on phonon polaritons using the electron energy loss
spectroscopy in a scanning transmission electron microscope (STEM-EELS). Compared with near-field optical methods,
STEM-EELS has the advantages of large momentum transfer, broadband excitation and detection, high spatial resolution,
high excitation and detection efficiency, flexible operation mode, etc., and can measure freestanding samples without the
influence from substrates. Therefore, a series of important research results have been achieved based on this, which has
become a good supplement to the near-field optical method. At present, the main disadvantage of STEM-EELS is that the
energy resolution is not as high as the optical spectroscopy, but it can be expected that with the further development of the
electron microscope such as monochromator hardware, electron gun and low temperature technology, the energy resolution
of STEM-EELS can be further improved, making it as widely used in the field of phonon polaritons as the near-field optical
method. With the rapid development of technology, it can be foreseen that in the future, STEM-EELS will play an
increasingly important role in finding new polar materials, exciting new modes, detecting polar properties, and deeply
understanding the interaction between light and matter at nanoscale.

phonon polariton, electron energy loss spectroscopy, scanning transmission electron microscopy, scanning near-
field optical microscopy
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