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Thin layers of in-plane anisotropic materials can support ultra-confined 

polaritons, whose wavelengths depend on the propagation direction. They bear 

potential for exploring fundamental material properties and to develop novel 

nanophotonic devices. However, the real-space observation of in-plane anisotropic 

plasmon polaritons (PPs) - which exist in much broader spectral ranges than the 

recently observed in-plane anisotropic phonon polaritons - has been elusive so far. 
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Here, we apply THz nanoscopy to image in-plane anisotropic low-energy PPs in 

monoclinic Ag2Te platelets. Hybridization of the PPs with their mirror image – by 

placing the platelets above a Au layer – increases the direction-dependent relative 

polariton propagation length, additionally to increasing the directional polariton 

confinement (reaching p0 ~ 1/65, where 0 is the free-space photon wavelength). 

This allows for verifying a linear dispersion and elliptical isofrequency contour in 

momentum space, revealing in-plane anisotropic acoustic THz PPs. Our work 

shows high-symmetry (elliptical) polaritons on low-symmetry (monoclinic) 

crystals and also demonstrates the use of THz PPs for local measurements of 

anisotropic charge carrier masses and damping. 

 
 

Polaritons are electromagnetic waves formed by strong coupling between light and 

dipolar matter excitations such as plasmons, phonons or excitons1. They attract wide 

attention due to their ability to confine and guide light at the nanometer scale, promising 

the development of ultra-small resonators and waveguides for sensing, heat transfer and 

optical circuitry applications2-8. The control and manipulation of polaritons can be 

largely expanded with naturally anisotropic materials, as the strong light confinement 

can be accompanied by negative phase velocities, highly directional propagation, or 

exotic wavefront shapes3,7-19.  

 

When a polaritonic material exhibits optical anisotropy along its surface, polaritons can 

propagate with ultrashort and direction-dependent wavelengths, promising 

unprecedented pathways for nanoscale guiding and manipulation of electromagnetic 

energy. Recently, in-plane anisotropic phonon polaritons (PhPs) were observed in 

natural polar materials such as 𝛼-MoO3
12-14, 𝛼-V2O5

16, CaCO3
17 and 𝛽-GaO7. They 

exhibit ultra-long lifetimes of up to several picoseconds, yielding long polariton 

propagation length despite their strongly compressed wavelength as compared to the 

corresponding free-space photon wavelength. On the other hand, the existence of PhPs 

is limited to rather narrow spectral ranges between the transverse and longitudinal 

optical phonon frequencies (Reststrahlen bands)20.  
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Compared to PhPs, plasmon polaritons (PPs) in semiconductors and semimetals offer 

the advantage of being available in much broader spectral ranges and being tunable by 

doping. PPs with in-plane anisotropic properties were predicted for black 

phosphorous21and borophene22,23and observed by far-field spectroscopy of black 

phosphorus carbide24 and tungsten telluride PP resonators25. However, the experimental 

visualization of propagating in-plane anisotropic PPs – particularly over several 

wavelengths and at frequencies of a few THz - has been elusive so far.  

 

Ultra-confined PPs often suffer from larger damping and short propagation length 

compared to PhPs, with PP lifetimes often being below 0.6 ps26-29. In the 

technologically increasingly important THz spectral range, such lifetimes correspond 

to about one temporal oscillation cycle of the THz field. Although such times are large 

enough for the development of ultra-small plasmonic THz resonators25,30, the 

propagation length of ultra-confined PPs in thin layers is in the range of the polariton 

wavelength or less28,29,31,32, challenging their real-space observation and potential on-

chip circuitry applications. 

 

Here, we use scattering-type scanning near-field optical microscopy (s-SNOM26,27) to 

image ultra-confined in-plane anisotropic THz PPs on monoclinic Ag2Te (Hessite) 

platelets. Ag2Te is a narrow bandgap semiconductor with electron concentrations 

around 1018 cm-3 at room temperature, where the effective masses of the charge carriers 

exhibit a strong anisotropy33-35. We enhance the confinement and relative propagation 

length of the PPs by hybridizing them with their mirror image in an adjacent metal 

substrate, yielding acoustic plasmon polaritons (APPs). Most important, the anisotropy 

of the polariton propagation is qualitatively retained and the long APP propagation 

lengths reveal an elliptical APP isofrequency contour in the wavevector space. By 

crystal structure analysis using scanning transmission electron microscopy (STEM) we 

can explain the highly-symmetric (elliptical) polariton propagation on the low-

symmetry crystals. We finally demonstrate how the elliptical APPs can be exploited for 

measuring in-plane anisotropic effective carrier masses. 
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Fig. 1 | Real-space nanoimaging of in-plane anisotropic THz PPs on Ag2Te platelets. a, Illustration 

of the polariton imaging experiment. Einc and Esca indicate the illuminating and tip-scattered field, 

respectively. The sine waves on the platelet indicate the tip-launched and edge-reflected PPs, respectively. 

b, Topography image of an 85 nm thick Ag2Te platelet on Si. c, Left: Near-field image of the whole 

platelet at 2.52 THz. Right: Enlarged views of the platelet corners marked by the dashed white rectangles 

in the left images. d, Same as panel c but for 4.25 THz. e, Directional in-plane electrical transport 

measurements of a Ag2Te platelet on SiO2/Si substrate. Right panel: light microscopy image of a Ag2Te 

platelet, whose lower part was etched to obtain a disk with small rectangular protrusions serving as 

contact pads. Left panel: Black dots show the directional in-plane conductivity that was measured 

between two diametrically opposed electrodes through the four-terminal method. Brown solid curve 

shows fit described in Supplementary Note 3. The black arrow marks the direction perpendicular to the 

edge e1. f, Qualitative dispersion of PPs propagating perpendicular to the platelet edges marked e1 and e2 

in panel d, obtained by plotting the frequency f versus 1/d1 (blue dots) and 1/d2 (red dots). d1 and d2 were 

extracted from near-field line profiles (such as the ones shown in panel g) across the platelet edges e1 

and e2. Solid lines are guides to the eye. g, Near-field line profiles across the platelet edges e1 and e2, 

extracted from the near-field image at 4.25 THz (shown in panel c). The bottom graph shows the 

topography (i.e. height h) profile across the e2 edge. The vertical dashed line marks the platelet edge. d1 

and d2 are the distances between the platelet edge and the respective first near-field signal maximum.  

 
 

Single crystalline Ag2Te platelets were grown on sapphire by chemical vapor 

deposition35 (CVD; Methods) and transferred onto different substrates. As illustrated in 

Fig. 1a, we performed polariton interferometry using s-SNOM (Methods and 

Supplementary Note S1)26,27. A metalized atomic force microscope (AFM) tip is 

illuminated with p-polarized THz radiation of frequency f, concentrating the incident 

field at its very apex to a nanoscale THz hot spot that excites polaritons propagating 

radially away from the tip. When the polaritons are reflected at the platelet edges, 

recording of the tip-scattered THz field as a function of tip position yields images of 
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polariton interference fringes with spacing of typically half the polariton wavelength, 

λp/2. 

 

We first imaged an 85 nm-thick Ag2Te platelet on a Si substrate, whose topography 

images is shown in Fig. 1b. In the THz near-field images (Fig. 1c,d) we observe a bright 

fringe parallel to the platelet edges, which is a typical observation for polaritons of short 

propagation lengths29,36. These fringes can be better appreciated in the THz near-field 

line profiles (Fig. 1g) across the edges e1 and e2 (Fig. 1c,d), where maxima of the near-

field signal (corresponding to the fringes) can be clearly seen at distances d1 and d2 to 

the platelet edges. Plotting the frequency f versus 1/di, the latter representing a 

qualitative proxy for the real part of the polariton wavevector, 𝑘୮,௜
´ = 2π/𝜆୮,௜

36, we 

observe a strong increase of 1/di with increasing f, which is a typical characteristic of a 

polariton dispersion (Fig. 1f). Most interestingly, the fringes parallel to the edge e1 are 

much narrower and closer to the edge than the fringes parallel to the edge e2, indicating 

𝑘୮,ଵ
´ > 𝑘୮,ଶ

´  and thus a strongly anisotropic in-plane PP dispersion. 

 

To gain further insights, we conducted in-plane directional electric transport 

measurements on a Ag2Te disk with multiple contact pads (Methods and 

Supplementary Note S2). We found a strongly anisotropic electrical conductivity with 

the lowest conductivity nearly perpendicular to the platelet edge e1, indicating that the 

polariton anisotropy is related to in-plane anisotropic electronic properties. 

 

 
 



 6

 
Fig. 2 | Real-space nanoimaging of in-plane anisotropic THz APPs in a Ag2Te/SiO2/Au 

heterostructure. a, Topography (grey scale images) and THz near-field images of different parts of one 

Ag2Te. Images were recorded with a Au-coated Team Nanotec tip with 250 nm apex radius. In the center 

of the near-field image at 4.25 THz we show an in-plane wavevector diagram, where the green dots show 

the real part of the APP wavevector perpendicular to the edges e1, e2, and e3. The black solid line 

represents an ellipse. b, Illustration of the s-SNOM experiment (analogue to Fig. 1a) with a sample 

comprising an h = 135 nm thick Ag2Te platelet on top of a t = 52 nm thick SiO2 layer on top of a 50 nm 

thick Au film. c, Line profiles across (perpendicular to) the edges e1, e2, and e3 showing topography, 

near-field amplitude s3 and near-field phase 𝜑ଷ at 4.25 THz. The positions of 0 nm correspond to the 

platelet edges. Grey and white background marks the substrate and platelet area, respectively. Black solid 

lines show fits to the experimental data with a radially propagating damped wave. d, APP dispersion 

perpendicular to the platelet edges e1 (blue), e2. (red), and e3. (violet). Symbols represent experimental 

values obtained from fitting near-field amplitude and line profiles for different frequencies, as illustrated 

in Fig. 2c for 4.25 THz. Solid lines are linear guides to the eye.  

 

The relative propagation length of the polaritons, 𝐿 𝜆୮⁄ , is rather short, challenging the 

measurement of the polariton wavelength 𝜆୮and polariton dispersion. As discussed in 

refs.37,38, one can increase 𝐿 𝜆୮⁄  by placing the layer that supports polaritons onto a 

thin dielectric layer on top of a metal surface (Methods), such that acoustic polaritons 

(also referred as to image polaritons38,39) are formed. The coupling of the polaritons 
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with their mirror image in the metal surface has the further advantages that 𝜆୮  is 

reduced and that an exceptional strong field concentration inside the spacer can be 

achieved5,28,37,38,40. We adopted this idea and placed a Ag2Te platelet onto a thin SiO2 

layer on a Au layer (Fig. 2). The THz near-field images of the Ag2Te/SiO2/Au 

heterostructure reveal up to three narrow polariton fringes parallel to the edges e2 and 

e3 (Fig. 2a), contrary to only one fringe observed on the platelets on Si (Fig. 1c,d). 

Importantly, the polariton wavelength (i.e. fringe spacing and width) still depends on 

the propagation direction (similar to theoretical predictions for other APPs41,42) and is 

smaller for the polaritons propagating perpendicularly to edge e1. 

 

For better understanding the APPs, we recorded amplitude- and phase-resolved THz 

near-field line profiles across the platelet edges e1, e2 and e3 (marked in the 4.25 THz 

image shown in Fig. 2a). Complex-valued fitting of both amplitude s3 and phase 3 line 

profiles (established in Ref.29 and shown in Fig. 2c) with a radially propagating damped 

wave yields the complex-valued polariton wavevectors 𝑘୮.௜ perpendicular to the edges 

ei (Methods and Supplementary Note S3). The real part of the wavevectors, 𝑘୮,௜
´  (green 

dots), is shown in the wavevector diagram plotted in the center of the near-field image 

at 4.25 THz (Fig. 2a), indicating an elliptical isofrequency contour (solid line), which 

could origin from an in-plane anisotropic effective electron mass in Ag2Te, an in-plane 

anisotropic high-frequency permittivity, or both (see further discussion below).  

 

To determine the polariton dispersion, 𝜔൫𝑘୮,௜
´ ൯, we recorded amplitude- and phase-

resolved THz near-field line profiles across the platelet edges e1, e2 and e3 at various 

frequencies f and fitted them analogue to Fig. 2c. We find a nearly linear polariton 

dispersion for the lower frequencies (Fig. 2d), which is a typical characteristic of 

acoustic modes. From the slopes we find large PP wavelength compressions (relative 

to the photon wavelength λ0) of about λp,1/λ0 ~ 1/42, λp,2/λ0 ~ 1/27, and λp,3/λ0 ~ 1/27, 

respectively, providing first experimental evidence of ultra-confined anisotropic APPs. 

 

Surprisingly, the elliptical isofrequency curve indicates a rather high-symmetry APP 

propagation, which cannot be straightforwardly connected to the non-orthogonal 
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platelet edges and the low-symmetry monoclinic crystal structure of Ag2Te. Indeed, a 

recent study of PhPs on monoclinic β-phase Ga2O3 (bGO) reports the emergence of 

shear polaritons featuring tilted wavefronts and asymmetric polariton responses7,8, 

which we did not observe in Fig. 1 and 2. We clarify this observation in the following 

by establishing a geometric connection between the APP propagation and the crystal 

structure of Ag2Te.  

 

We first verified the elliptical isofrequency curve and its main axes. To that end, we 

fabricated (Supplementary Note S4) a disk (Fig. 3b) from one Ag2Te/SiO2/Au 

heterostructure (Fig. 3a), such that all APP directions can be probed. The THz near-

field image at 4.25 THz (Fig. 3d) reveals more than two interference fringes all around 

the disk circumference. Their spacing has a minimum in x-direction (perpendicular to 

edge e1) and increases continuously to reach its maximum in y-direction (which is non-

orthogonal to any of the platelet edges). Fourier transform (FT) of the image 

(Supplementary Note S5) confirms the elliptical isofrequency contour (Fig. 2a). In 

contrast to Fig. 2, we now see more than two interference fringes in all propagation 

directions and that the fringe spacing is reduced. This further compression of the 

polariton wavelength (up to λp/λ0 = 1/65) was achieved by reducing the thickness of the 

SiO2 spacer from 52 nm to 17 nm, i.e., by increasing the coupling between platelet PPs 

and their image in the Au surface.  
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Fig. 3 | Relationship between anisotropic APP propagation, platelet geometry and crystal lattice 

structure. a, Scanning electron microscopy (SEM) image of a 135 nm thick Ag2Te platelet on top of a 

17 nm thick SiO2 layer on top of an Au layer. b, SEM image of a Ag2Te disk, which was obtained by 

focused ion beam (FIB) milling of the Ag2Te platelet shown in panel a. c, FT of the THz near-field 

images shown in panel d. d, Near-field image of the Ag2Te disk shown in panel b, recorded at 4.25 THz. 

Image processing (described in Supplementary Note S5) was applied for better visibility of the polariton 

fringes. e, STEM (grey scale) image of a cross-section of a Ag2Te platelet. The cross-section is oriented 

perpendicular to the Ag2Te platelet´s monoclinic unit cell axis b, which is parallel to the platelet surface. 

The blue and orange dots represent the Ag and Te atoms of the monoclinic Ag2Te (Hessite) crystal 

structure (ID: mp-1592; space group: P21/c (No. 14); Point group: C2h (2/m); DOI: 10.17188/1191458) 

and were matched to the STEM image. The arrows labeled a, b and c represent the unit cell vectors. f, 

Top view of the crystal structure. The arrows labeled a´ and c´ represent the projection of the 

corresponding unit cell vectors onto the x-y plane (surface plane). g, Band structure of Ag2Te in the x-y 

plane, showing the electron energy as a function of the electron momenta in x- and y-direction, qx and qy. 

 

 

To understand the relationship between the main axes of the elliptical isofrequency 

contour and the crystal structure of the Ag2Te platelets, we took a STEM image of a 

platelet cross-section (grey-scale image in Fig. 3e,f) that is oriented perpendicular to 

the platelet edge e1 (Supplementary Note S6). The arrangement of atoms (white dots) 

can be well matched by the crystal structure of monoclinic Ag2Te (blue and orange dots 

represent Ag and Te atoms) when the unit cell vector b (the one being orthogonal to 

both the a and c axes) is oriented parallel to the platelet surface and edge e1. The vector 

b is thus orthogonal to the projections of the unit cell vectors a and c onto the platelet 

surface, a´ and c´, which explains the high-symmetry elliptical isofrequency contour of 
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Fig. 3c and its orientation, and thus the high-symmetry yet anisotropic PP propagation. 

For other crystal orientations, for which the projections of the unit cell vectors onto the 

platelet surface were non-orthogonal, shear polaritons may be observed7,8.  

 

Based on the Ag2Te crystal structure and its orientation, we performed first-principles 

calculations of the two-dimensional electronic band structure parallel to the platelet 

surface (Fig. 3g and Supplementary Note S7). The band structure can be well 

approximated by an elliptical paraboloid with the minimum at the -point, which allows 

for describing the electronic properties and dielectric function of the Ag2Te platelets by 

an anisotropic Drude model. For a quantitative analysis of the experimental polariton 

dispersions and isofrequency contours we thus model the Ag2Te platelet as a layer of 

zero thickness43,44 that is characterized by an anisotropic sheet (2D) conductivity 
 

𝜎ො(𝜔) = i𝜔𝜀଴ℎ(Iመ − 𝜀̂(𝜔)),      (1) 
 

where 𝜀̂(𝜔) is a 2x2 anisotropic permittivity tensor describing the surface plane of the 

Ag2Te platelet, Iመ the identity tensor, 𝜀଴ is the vacuum permittivity and 𝜔 = 2𝜋𝑓. 

Since the projection of the unit cell onto the platelet surface is orthogonal (Fig. 3e), the 

tensors 𝜀̂(𝜔) and 𝜎ො(𝜔) are diagonal in the x-y coordinate system defined in Fig. 3a. 

According to the Drude model, the diagonal permittivity tensor elements can be 

described as 
 

𝜀௫௫(𝜔) =  𝜀୍ୖ,௫ −
ఠ౦,ೣ

మ

ఠమା୧ఊೣఠ
 and  𝜀௬௬(𝜔) =  𝜀୍ୖ,௬ −

ఠ౦,೤
మ

ఠమା୧ఊ೤ఠ
, (2) 

 

where 𝜀୍ୖ,௜  (i = x,y) are the directional high-frequency (infrared) permittivities of 

Ag2Te, 𝛾௜  the directional charge carrier damping (inverse of the carrier scattering 

time), and 

𝜔୮,௜ = 2𝜋𝑓୮,௜ = ൫𝑛𝑒ଶ ൫𝑚ୣ୤୤,௜𝜀଴൯ൗ ൯
ଵ/ଶ

     (3) 

 

the (unscreened) directional plasma frequencies with 𝑚ୣ୤୤,௜  being the directional 

effective carrier masses, n the carrier concentration and e the electron charge. 

Considering further that the conductivity sheet is located on a thin dielectric spacer on 
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a perfect metal conductor (representing the Au surface), we obtain an analytical 

description of the dispersion relation of the in-plane anisotropic APPs (Supplementary 

Note S8), which we can use to fit simultaneously the experimentally measured polariton 

dispersions 𝜔൫𝑘௣,௜൯ using 𝜔୮,௜ , 𝛾௜  and 𝜀୍ୖ,௫  as fit parameters and setting 𝜀୍ୖ,௬ ≈

1.9𝜀୍ୖ,௫  and (𝜀୍ୖ,௫+𝜀୍ୖ,௬)/2 = 11  (derived from s-SNOM imaging of Ag2Te 

platelets at mid-infrared frequencies described in Supplementary Note S9 to S11).  

 

We apply the theoretical description above to analyze in Fig. 4 the experimental 

polariton data shown in Fig. 2d. In Fig. 4a we show the whole Ag2Te platelet and 

indicate by the dashed lines where THz near-field amplitude and line profiles were 

measured, yielding the APP dispersions shown in Fig. 4b (symbols, same data as in Fig. 

2d). We achieved an excellent fitting of the polariton dispersions (solid lines in Fig. 4b) 

for 𝑓୮,௫= 28.9 THz, 𝑓୮,௬= 44.3 THz, 𝛾௫ = 2.4 THz and 𝛾௬ = 0.9 THz, confirming the 

nearly linear dispersion that is characteristic for APPs. We use the fit parameters to 

calculate (Supplementary Note 8) and theoretically compare the electric field (vertical 

component Re(Ez)) distribution and isofrequency curves of the APPs (Fig. 4c,d) and 

PPs in Ag2Te platelets on a semi-infinite SiO2 substrate (Fig. 4e,f). We obtain elliptical 

isofrequency contours for both APPs and PPs, which confirms that that the propagation 

anisotropy is qualitatively preserved after the hybridization of PPs with their mirror 

image in the Au substrate (Fig. 4c,d). The calculated field profiles further confirm the 

increased relative propagation length of the APPs, and that their wavevectors and field 

confinement are significantly enhanced compared to that of the PPs, i.e. that the APP 

wavelength and field decay in the vertical (z-) direction is strongly reduced (Fig. 4c,e). 

A zoom into the field distribution of the APPs (right side of Fig. 4c) also confirms the 

highly concentrated electric field inside the SiO2 spacer, which is formed by the charges 

in the Ag2Te platelet and their mirror image in the Au surface. We note that our theory 

can be also applied when the 2D conductivity tensor of a thin layer above a metal 

surface is non-diagonal. In this case, we expect acoustic shear polaritons, where both 

the in-plane anisotropy and shearing properties are qualitatively retained. 

 



 12 

 

Fig. 4 | PP dispersions and isofrequency curves. a, Light microscope image of the Ag2Te platelet on a 

SiO2 thin layer on Au, which is discussed in Fig. 2. The diagram shows the isofrequency contour of the 

APPs. b, APP dispersion perpendicular to the platelet edges e1 (blue), e2. (red) and e3 (violet), as obtained 

from near-field line profiles recorded along the dashed lines in panel a. Symbols show the experimental 

data of Fig. 2d. Solid lines show the fits described in the text. c, Calculated near-field distribution (real 

part of the vertical electric field, Re(Ez)) of APPs at 4.25 THz, which propagate radially and 

perpendicular to the platelet edges e1 and e2 (upper and lower panel, respectively). The 135 nm thick 

platelet on a 52 nm thick SiO2 layer on Au is described as a 2D sheet with a conductivity obtained from 

the fit of the APP dispersion of panel b. The right side shows a zoom into the spacer region, illustrating 

the charges in the Ag2Te sheet, the image charges in the Au surface and the associated electric field 

distribution. d, Solid lines show the calculated isofrequency contours of APPs. The material parameters 

are the same as in panel c. The symbols show the experimental data of panel b. e, Calculated near-field 

distribution (real part of the vertical electric field, Re(Ez)) of radially propagating PPs at 4.25 THz, which 

propagate perpendicular to the platelet edges e1 and e2 (upper and lower panel, respectively). The 135 

nm thick platelet on top of SiO2 is described and shown as a 2D sheet with a conductivity obtained from 

the fit of the PP dispersion of panel b. f, Calculated isofrequency contours of PPs. The material 

parameters are the same as in panel e. 

 
 

APP interferometry can be applied to measure optically and at room temperature the 

anisotropic effective carrier mass. We find 𝑚ୣ୤୤,௫/𝑚ୣ୤୤,௬ = 𝑓୮,௬ 
ଶ /𝑓୮,௫ 

ଶ ≈ 2.4, which we 

attribute to the in-plane anisotropic band structure of the Ag2Te platelets33,45,46. To 

obtain the effective carrier masses we performed Hall measurements of the carrier 

concentration in one of the Ag2Te platelets, yielding n ≈  1.65·1018 cm-3 
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(Supplementary Note 12). Using Eq. (3), we obtain 𝑚ୣ୤୤,௫ ≈ 0.16𝑚ୣ and 𝑚ୣ୤୤,௬ ≈

0.07𝑚ୣ, where 𝑚ୣ is the electron mass, matching well the values from literature33,35,47 

and our band structure calculations, 𝑚ୣ୤୤,௫ ≈ 0.18𝑚ୣ  and 𝑚ୣ୤୤,௬ ≈ 0.06𝑚ୣ 

(Supplementary Note 7). We note that the carrier damping is anisotropic too (𝛾௫ = 2.4 

THz and 𝛾௬ = 0.9 THz), resulting in anisotropic relative APP propagation length (well 

seen in Fig. 2c) and APP lifetimes of 𝜏୅୔୔,௫  = 0.14 ps and 𝜏୅୔୔,௬  = 0.31 ps. 

Quantitative comparison with transport measurements corroborate our results 

(Methods). We note that Ag2Te is a topological insulator33,35,47, but we could explain 

the THz polariton dispersion exclusively based on massive bulk carriers due to the 

dominance of them at room temperature35. In the future, low-temperature s-SNOM48 

could be employed for exploring potential topological in-plane anisotropic THz APPs. 

 

In summary, we observed in-plane anisotropic PPs in the monoclinic semiconductor 

Ag2Te by real-space THz nanoimaging. We found that their confinement and relative 

propagation length can be increased through the fabrication of Ag2Te/spacer/metal 

heterostructures, whereas the in-plane anisotropic propagation characteristic remains. 

These in-plane anisotropic APPs manifest multiple spatial signal oscillations even for 

polariton lifetimes as short as about 0.2 ps, which – from a general perspective - is 

critically important for exploiting in-plane anisotropic PPs for future on-chip circuitry 

applications or for room temperature measurements of in-plane materials properties 

such as directional effective charge carrier masses and charge carrier damping. The 

strong field concentration of APPs, particularly in the gap between the polaritonic layer 

and the metal surface, may be exploited for field-enhanced molecular sensing or for 

boosting (ultra)strong THz light-matter coupling with molecules49, classical two 

dimensional electron gases50 or quantum materials.  
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Methods  
 

Growth of Ag2Te platelets and transfer onto different substrates 

High-quality Ag2Te platelets were grown by chemical vapor deposition (CVD) using 

polycrystalline powder as the precursor and argon as carrier gas35. The furnace was 

heated up rapidly to the growth temperature (in the range of 950 - 1050 °C) within 20 

min, held constant for 60 min, and then cooled naturally with the flow of argon. The 

precursor was placed in the hot center of the furnace, and c-cut sapphire substrates were 

put downstream.  

 

The CVD-grown Ag2Te platelets were transferred onto various substrates (Si, SiO2 

layer on Si, and thin SiO2 layer on 50 nm Au layer on Si) using the 

polydimethylsiloxane (PDMS)-based dry-transfer method51. For the four-terminal 

electrical transport measurements, we used commercial silicon substrates covered with 

a 285 nm thick SiO2 layer (Bonda Technology Pte Ltd). The SiO2 layer on Au on Si 

substrates was fabricated as follows. First, a Cr layer of about 5 nm thickness was 

deposited by magnetron sputtering as an adhesion layer onto a Si substrate, 

subsequently, a 50 nm thick Au layer was sputtered onto the Cr layer. Finally, SiO2 was 

sputtered onto the Au layer. 

 

THz near-field microscopy setup 

We used a THz scattering-type scanning near-field optical microscope (s-SNOM), 

which is based on a commercial setup from Neaspec (Germany), where a metalized 

atomic force microscope (AFM) tip acts as a THz near-field probe (Supplementary 

Figure S1). The tip is illuminated with monochromatic THz radiation from a gas laser 

(SIFIR-50, Coherent Inc., USA), which is focused with a parabolic mirror. Via the 

lightning rod effect, the tip concentrates the THz radiation into a nanoscale near-field 

spot at the tip apex. The tip-scattered field is recorded as a function of tip position. 

Collection and detection of the tip-scattered field are done with the same parabolic 

mirror and a cryogen-free THz Bolometer System (QMC Instruments Ltd.). To obtain 

background-free near-field signals, the tip is oscillated at the cantilever’s mechanical 

resonance frequency Ω (tapping mode) and the bolometer signal is demodulated at the 
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third harmonic of the oscillation frequency, 3Ω. To increase the signal-to-noise ratio, 

we used commercial gold tips with a large apex radius of about 250 nm (Team Nanotec 

LRCH). They were oscillated at a frequency of about Ω ≈ 70 kHz with an amplitude 

of about 150 nm.  

 

The near-field images shown in Fig. 1c,d, Fig. 2a and Fig. 3d were obtained by 

recording the tip-scattered field with a Michelson interferometer, where the reference 

mirror was fixed at a position where the near-field signal on the Ag2Te platelet was 

maximum.  

 

The near-field amplitude and phase line profiles in Fig. 2c and Supplementary Figure 

3, 𝑠ଷ and 𝜑ଷ, were obtained by synthetic optical holography (SOH) 29,52-54, which is 

based on a Michelson interferometer where the reference mirror (mounted on a delay 

stage) is translated at a constant velocity along the reference beam path. The 

interferometric detection is key to enable a complex-valued analysis of near-field 

profiles, which is critical for a reliable measurement of the wavelength of polaritons 

with short propagation lengths. 

 

Four-terminal electrical transport measurements 

To measure the directional in-plane conductivity of a Ag2Te platelet (Fig. 1e), we first 

fabricated a circle-shaped nanoplatelet with contact pads via electron beam (e-beam) 

lithography and ion beam etching (IBE) with argon for 3-5 minutes. The electrodes 

were fabricated by e-beam lithography, magnetron sputtering of Cr and Au (5 and 100 

nm thickness, respectively) and lift-off. We then performed four-terminal electric 

transport measurement55, which allows to eliminate the contact resistance of the 

interface between the gold layer and nanoplate surface (Supplementary Figure S2).  

 

To that end, we generated an electrical current (marked by a white arrow labeled 𝐼௜ in 

Supplementary Figure S2) through two diametrically opposed contact pads (labeled CI1 

and CI2 in Supplementary Figure S2) and measured the voltage 𝑉௜௜ between the two 

adjacent contact pads CV1 and CV2. The index i stands for the direction defined by the 
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diametrically opposed contact pads through which the current 𝐼௜ flows. We obtained 

the resistance 𝑅௜௜ = 𝑉௜௜ 𝐼௜⁄ , yielding the conductivity 𝜎௜ = (𝑅௜௜ ℎ𝑤 𝑙⁄ )ିଵ , where ℎ 

and 𝑤 are the thickness and the diameter of the Ag2Te disk, respectively. 𝑙 is the 

distance between CV1 and CV2. Using 𝑤 𝑙⁄ = √2 and h = 100 nm for Ag2Te disk, we 

obtained the in-plane directional conductivity in Fig. 1e. 

 

The brown solid curve in Fig. 1e shows a fit by 𝜎୫ୟ୶ cosଶ(𝜃 − 𝛷)+𝜎୫୧୬ sinଶ(𝜃 −

𝛷)56, where 𝜎୫ୟ୶ and 𝜎୫୧୬ are the maximum and minimum values of the sample 

conductivity, 𝜃  presents the directional angle where the sample conductivity is 

measured and 𝛷  is the angle relative to the reference angle (here the horizontal 

direction). 

 

Relative propagation length and lifetime of polaritons 

The relative propagation length of the polaritons is defined as 𝐿 𝜆୮⁄ = 𝑘୮
´ 𝑣௚𝜏/(2𝜋), 

where 𝐿 = 1/𝑘୮
´´  is the polariton propagation length, 𝑣௚ = 𝑑𝜔 𝑑𝑘୮

´⁄  the group 

velocity and 𝑘௣
´´ the imaginary part of the complex-valued polariton wavevector 𝑘୮ =

𝑘୮
´ + 𝑖𝑘୮

´´. We thus find that 𝐿 𝜆୮⁄ ∝  𝑘୮
´ 𝑣୥, where 𝑣௚ = 𝑑𝜔 𝑑𝑘୮

´⁄  is the group velocity, 

showing that 𝐿 𝜆୮⁄  can be increased by increasing 𝑘୮
´  but maintaining a large 𝑣୥ . 

Because of the linear dispersion of acoustic modes, the increase of 𝑘୮
´  comes along 

with a much smaller reduction of 𝑣୥ as compared to increasing 𝑘୮
´  of non-acoustic 

polaritons. Consequently, 𝐿 𝜆୮⁄  is increased by turning polaritons in a thin layer into 

acoustic polaritons by placing the layer on top of a dielectric spacer on top of a metal 

surface. 

 

The lifetime of polaritons can be calculated according to 𝜏 = 𝐿/𝑣௚  once their 

propagation length 𝐿 and dispersion 𝜔൫𝑘௣൯ is known. We obtained both of them by 

fitting the THz near-field line profiles to determine 𝑘୮ = 𝑘୮
´ + 𝑖𝑘୮

´´, as described below. 
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Measurement of complex-valued polariton wavevectors 

To measure the complex-valued polariton wavevector 𝑘୮,௜ = 𝑘୮,௜
´ + i𝑘୮,௜

´´ , where the 

index i indicates the propagation direction, we recorded THz near-field amplitude and 

phase line profiles, 𝑠ଷ(𝜉) and 𝜑ଷ(𝜉), across the edges e1, e2 and e3 of the Ag2Te 

platelet shown in Fig. 2a. 𝜉 is the position relative to the edge of the Ag2Te platelet. 

Each panel in Supplementary Figure 3 shows the topography line profile (top left 

diagram) and near-field amplitude and phase line profiles (symbols in middle and 

bottom left diagrams) across one edge at one THz frequency. The near-field amplitude 

and phase line profiles were normalized to the complex-valued signal C that is 

measured far away from the edge. 

 

We obtained 𝑘୮,௜  by complex-valued fitting of the near-field line profiles, as 

established in ref.29. To that end, we constructed complex-valued line profiles, 𝜎ଷ(𝜉) =

𝑠ଷ(𝜉)𝑒୧ఝయ(క), and fitted them by 

 

 𝐸୮ = 𝐴e୧ଶ௞౦,೔క ඥ2𝜉ൗ + 𝐶, (4) 

 

which describes the electric field of a back-reflected, radially (i.e. tip-launched) 

propagating damped wave (black curves in Supplementary Figure S3). The fitting 

parameters are A, 𝑘୮,௜ and C. The real part of 𝑘୮,௜ is shown by the symbols in Fig. 2d 

and Fig. 4b. 

 

Preparation of sample cross-section and STEM analysis 

The STEM image shown in Fig. 3e was obtained from a TEM lamella prepared by a 

standard FIB lift-out technique (using a Helios 600 Nanolab Dual Beam system) from 

the Ag2Te platelet shown in Supplementary Figure S6. The orientation of the lamella 

(marked by the red line) is perpendicular to the platelet surface and parallel to the x axis 

(perpendicular to the edge e1) as defined in Fig. 3. It was determined from an s-SNOM 

image recorded at 4.25 THz (color scale image in Supplementary Figure S6), where we 

can clearly identify the edge e1, where polariton fringes are more closely spaced. 
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STEM imaging has been performed on a Titan 60-300 (S)TEM equipped with x-FEG 

and a retractable HAADF STEM detector at 300 kV accelerating voltage. The optimal 

beam convergence semi-angle for these conditions was 10 mrad. 

 

Comparison of anisotropic carrier properties from polariton interferometry and 

electrical transport measurements 

To corroborate the anisotropic carrier properties, we use the effective carrier masses 

and carrier damping to calculate the DC conductivity according to σୈେ,୧ =

𝑛eଶ/(𝛾୧𝑚ୣ୤୤,୧). We obtain σୈେ,୶ ≈ 1.3·105 S/m and 𝜎ୈେ,୷ ≈ 5.7·105 S/m, which differ 

by only a factor of two from the transport measurements shown in Fig. 1e. We attribute 

this discrepancy to different charge carrier concentrations n in the different Ag2Te 

platelets that were used for the electrical transport measurements and polariton 

interferometry. On the other hand, most importantly, the ratio between the 

conductivities in the y- and x-direction – which is a consequence of the anisotropy of 

effective mass and damping – is nearly the same in the transport (σୈେ,୶/σୈେ,୷  

σୈେ,୶/σୈେ,୷= 0.75·105/ 3.08·105  0.24) and polariton interferometry (σୈେ,୶/σୈେ,୷  

0.21) measurements.  
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