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Abstract

Polaritons enable subwavelength confinementragldly anisotropic flows of light over a wide spectral
range, holthg thepromise for applicationin modern nanophotonic and optoelectronic devices.
However tofully realize their practical application potentifdcile methods enaiblg nanoscale active
control of polaritongreneededHere,we introduce a hybrid polaritonieoxide heterostructunglatform
consistingof van der Waals crystalsuch asexagonal boron nitride (hBN) afphaphase molybdenum
trioxide (.-Mo0Qs), transferred on nanoscale oxygen vacancy patterns on the surfaogotfpical
correlated perovskite oxide SmNICBNO). Usinga combination of scanning probe microscopy and
infrared nanoimaging technigyese demonstrateanoscale realme reconfigurability of complex
hyperbolic phonon polaritons patterned at the nanoscale with unmagswdation Hydrogenation and
tempeature modulatiomllow spatially localized conductivitgnodulation of SNO nanoscale patterns,
enablingrobust reatime modulationand nanoscaleeconfiguration of hyperbolic polaritons. Our work
paves the way towardmnoscale programmable metasurface engineering as a new paradigm for
reconfigurable nanophotonic applicatidasilitated by a hybrid material platform exploiting extreme

light-matter interactions in polaritonic systems

Introduction

Polaritonsarehybrid lightmatter particleshat offer tremendous promise to manipulabt at
subwavelength scalés. Advances in hybridizingolaritonic materialsvith optically active systemand
correlated oxides havecentlyattracted widespread attention due tarthbility to achievenovel
functionalities that are actively tunable. For examipieable polaritonic metasurfaces have been pursed
for reconfigurable nanoptic functionalities in compact devic&s One strategy is to utilizehase-

change media assabstrateo reconfigurevan der Waa nanomaterials, thus modulatitige supported
phononpolaritons (PhP<) For instance, hyperbolic PhR4PhPs)featuring an extremely anisotropic
dispersiorthat results in hyperbolic isioequency contours associated wagsociatethrge lightmatter

interactionscan be manipulatedith phase change substes*®”. So far, such tunable polaritohave



relied on temperatufé’ modulation, which introduces loss, as the phonon lifetime is reduced when the
temperatureand correspondingly the phonphenon scattering eventacrease. In addition, this route
suffers from inaccessibility of nanoscale manipulation due tondi®lity to design localized thermal

manipulation. As a resulteconfigurability of nanopolariton&tructuregemains limited.

Correlated oxides providexciting opportunitieso reconfigure polaritonic devices at the nanosaile,
to their highly tunable optical and electronic propertfé4 Amongthese, rar@arh nickelates
(RNiOs, R= rare-earth elementjlisplay a rich phase diagram of structural and physical prop®€rtfes
controllable througlvarious approachemcluding doping®2°, temperaturé! , atomic vacancie?,
electric biag®, and moreHence, tey have been investigated fieconfigurable nanoelectronics, fuel
cells, and memristor devicé®*26 As an examplehefunctional properties dmNiO; (SNO)are
extremely sensitive to the orbital occupancy of electuimsarrier doping®228 exhibiting agiant
change -morethan eight orders of magnituden—esistivity, as well asan order of magnitude in optical
bandgapat itshydrogen-doping driveMott transition?®. These properties enable Skreversibly
change its refractive index over a broad frequency range, Whalieen explorefor nanophotonic
applications including electroptic modulators for controllable scatteritigwhile other opportunities

remain unveiled.

Here, wedemonstrateorrelated oxid@olaritonic metastructuresvith onrdemand and multimode
programming of the supported polaritonshegnanoscaleachieved througfield generated oxygen
vacancies, hydrogen dopirags well azemperature modulatiokVe first present the characterizatiand
manipulation ofoptical properties of SNO, then we demonstrate case studies of two prototypical
hyperbolic van der Waals crystatexagonal boron nitride (hBNRY3'and alphghase molybdenum
trioxide (.-M00Qs)%23334 showcag rich dispersiortuningof HPhPsand enabling diverse control and
patterning of PhRLur results revealnique opportunities for resiime nanoscale tunability of

nanophotonic devicethus advancingeconfigurable angorogrammabléanophotonic technologies.



Results and Discussions
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Fig. 1 |Tailoring the local conductivity of SNO. a, Schematics of integrated3INOM and heating setup, in
case of conductive writing tip is biasedFM topography image of pristine SNQ.KPFM surface potential
image of conductive writing patterns on pristine SNO made by applyirgO®\potential athe c-AFM tip,
corresponding IR-SNOM second harmonic nefield amplitude simages at, T=23 °C (no H exposurekg,
T=82 °C (no H exposue)f, T=23 °C afterexposing to 5% kigas at 100 °@, T=82 °C dter exposing to 5%
H2 gas at 100 °CAIll samples were imaged at 10.5 um.h, Normalized amplitude plots with and without H
exposurei, Normalized amplitude plots with and without ekposure at T=25 °C (blue lines) and normalized
potential plot of regions A (green line) as a function of voltage. All data points of plots were taken at regi

with different potential (AF) shown in parlec, and reference to normalize amplitude data is taken at * in pa

ns

nel c.




Scale bars indicate 3 pm.

We consider nanostructured surfaces basesiNtD grownby magnetron ceputteringon a LaAlQ
substrateand subsequegtannealed in high pressure oxygen gas (see Methods for the detailed process).
We first experimentally demonstrate multimodal hyperbolic metasurfacastivelateralmanipulation
of electronic phases of SNO. Thuis end, we combine-&FM and KPFM (Oxford Instruments) to
generate and characterize patterns of variousd@felonductivities on SNO. To write square charge
patterns ora SNO sample (topography shown in Fig. 1b), we applied strong local fieldg\ilsl c
operated in contact mode, detection set point 0.2 V, scan rate 0.5 Hz, and spring obtiststip 2N/m.
Subsequentlywe magpedthe surface potential thewritten areas using KPFM operated in tapping
mode withan amplitude of 500 mY{seeMethods). The positive bias voltage in all writings letda
large apotential compared to pristine SN&scan be appreciated the bright images in Fig. 1A tip
with alarge positive bias reave oxygen from the SNO neamrface regiopproviding a controllable
route to manipulate the surface conductivity of SNO viagdeeration of oxygen vacanci®sThis
charge writing behavior is reversible with a negative Hiasig. 1h shows th@otentialdistributionof the
square writings (Mriing)) NOrmalized tahe potential of pristine SNO (o), showing howthe surface
potential difference of the patterned areas increases witlpthias voltagecommensurate with the

change in local conductivity.

In order to quantitatively assess the local conductivity modulation of the chiatigeg process, we
performed sSNOM imaging of the patterned area of the sampleN®M enables imaginipcal
conductivity changes with higbensitivity and higkspatial resolutioflimited only by the sharpness of
the probeip (seeMethods)**3. The resulting s-SNOM amplitude images shown in Figy Lekre taken
at 10 um laser wavelength and shithevoltagedependent optical contrast. SucBNOM image
contrast directly reflects local conductivity chanéfasf the sample where dark regions,,itee area
written with positive biases, imply lower conductivity compared to théipeigred) region (Fig. 1d-g)

due to theemoval of oxygen from the SNO surface. Increa#iiegpias voltage decreashe local near



field amplitude (local conductivityas shown in the plot in Fig. 1i of the normalized amplitude, defined
as theamplitude of the square writings{&ing) divided by the amplitude of the pristine SNQ{(&)).

The combination of charge writing withkAFM and optical imaging of local electronic changes-by s
SNOM opens an exciting prospect for local conductivity lithographic pattgthat could b ofgreat

interestin nanophotonics.

In addition to voltage control, the local conductivity of SNO can be tunewiperaturenodulation or
spontaneous hydrogenation, which also induaegatinsulator transitionNIIT) *. We first investigate the
temperature dependence of the pristine and chaniggen areas by mapping the ndiid IR local
response of the film. Tihisend, the sampleas heateih situat different temperatures on a custom
built heating stage integrated with th€NOM setup. Aftethermal equilibrium is reached (which is
achieved by keeping the system at the selected temperature for 15 miffigldeéarages of the sample
wereacquired In Fig. 1d and 1e, & show two amplitude images taken at room°@g8and high
temperature (82C), respectively (se€ig. Sl for a series of images at other temperajutdslike most
metals, for correlated oxides like SNO, increasing temperatursanddr does not hasten electron
scattering processeassteadincreasinghetemperature increasconductivity®®. This isshownin Fig. 1h,
which shows a linear normalized ndild amplitude plot as a function of temperature, revealing
increasing amplitude, commensuratehwitcreasing conductivity, deetemperature increases. However,
the charge written areas do not show a similar tresteadthe measured change in normalized
amplitude with temperature igeak 6ee Fig. S2) owing to reduced oxygen content. These desim
changes in conductivity between the pristine and charge written areakablpaesult in making the
invisible charge written at low voltage (eg. 5 V) visible iBOM amplitude image as shown in Fig.
1le.Oxygen vacancies affect tleéectron occupancy (donadtectrons tiNi-site ey orbitals)and electron
electron correlation energy and band gap in SNO, which modtite@sl T behavior SSNOM images

provide a direct and facile way to monitor these modulations.



Hydrogen dopants provide another robust route to dramatically modify the electrasespf SN&',

We manipulate the local nductivity of pristine and charge written patterns of SNO by spontaneous
hydrogen incorporation and then recordituthe nanoscale changes via infraré8NOM imaging The
sample with charge written and pristine areas, is exposed tasthg forming ga which is 5% KHand

95% N for 30 minuteswhile simultaneously heating the sample at 100 °C in a closed chakftber.
hydrogen dopingthe sample was cooled to room temperaturesabdequent SNOM mapping was
conducted as a function of temperaturermaized amplitude-SNOM plots of the pristine area of SNO
as a function of temperature with and without hydrogen expasashown in Fig. 1h.The hydrogenated
samplehad a lower resistance than the pristine aatall temperatures due ttoe modification of the
electron configuration ofyerbital of Ni in SNC?’. A change in temperature also affects the charge

written areasresulting inalarge increasef conductivity at highemperatureéFig. S2).

Fig. 2 |Local conductivity manipulation by controlling hydrogen dopants via applied fidéd, temperature,

and hydrogen incorporation.a, 3D plot showing changes in normalized amplitugigigyS2(snoy (z-axis) as a
function voltage (xaxis) and temperature-gxis) on a pristine and hydrogen doped SNO samples. Dashed lines
represent data on a sample exposed to 2&m# solid lines represent datatbe pristine sampleb, Ratio of

polariton wavevectato free space photon wavevector vs voltage and temperature.




Nanoscale reconfigurdity of the localconductivity in correlated oxides enables manipulation of sub-
diffraction lightmatter interactiomandunique opportunities to control propagating naoofined
polaritonfields. Figure 2a summarizes ttheee independentiobs that enable nanoscale control of the
local conductivity of SNO: oxygen vacancy control via tip voltage changasigx-temperature {sxis)
and hydrogeation of the sample. Dashed lines represent normalized amplitdg)sssnoyon a

sample exposed to 5% Bihd solid lines represent data on pristine sample measured at various
temperatures (shown by the different colors). As a case study to shayptlicability of large tunability
brought by the patterned SNO metasurfaces employirsgkhebs, we consider polaritotrsveling in

the [100] direction in aalpha SKDVH P R O\E G H QMd®:;\glabLsRridwilied between air and
SNO, atthefrequend & cm!  -MoQ; is ananisotropic van der Waals material, which has
recently been explorddr its unique polaritonideatures’?3341-43 |n Fig. 2b we plot iteffective index,
nerr, defined asG/ G, along [100] directionwhere G is the inplane mometum of PhPs and3 =2 & &

is the momentum of light in free space wibeing the free-space wavelength of light. The plot shows
how n canbe modified asemperature, voltage and hydrogen doping of S8, which corroborates
opportunitiesof tunable polaritonicbased orcorrelated oxide mettasictures asfurther demonstrated

below.



Fig. 3 |Tunable polaritonics with SNO-hBN architectures. a,Topograplic image of pristine SNO, a
lithography pattern iperformedby applying 10 V potential dhe c-AFM tip and a flake of 60 nm hBN (~99¢
boron10enriched) is transferred on tdp.IR s SNOM second harmonic near field amplitudensage.c
Measurement of the dispersion relation of HPhPs in 60 nm thick hBN ondI8€condharmonic neafield
amplitude simage of a 60 nm hBN flake transferred on a triangular cavity lithogralphpatterredby
applyinga 10V potential eAFM tip. e Corresponling KPFM surface potential images dndimulation result
(seeMethods)or panel d. Second harmonic near field amplituderaages of a lithograpt pattern on SNO
written by applyinga 10V potential at @AFM tip g, prior transferring a hBN flake artd with a 50 nm thick

hBN flake on top showing polaritons at 6.9 pandi, at 6.45 pm.
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We now demonstrate nanoscale hyperbolic devices based on differerttEBNNDbrid metasurfacdsy
introducing spatially localized dielectric variations of patterned gedesetVe used boron-10
isotopiclly hBN (99% ) #3044 a natural hyperbolic medium that supports logsbulk hyperbolic
phonon polaritons (HPhP¥)exfoliated and then transferred on toghd SNO surface. Various size and
shape patterns were written by applyagV-10V potential athe c-AFM tip. To demonstratdispersion
engineering, we first probe the polariton wavelength as a function of incrdgaéhcy with dielectric
like SNO, and then quantitatively extract modified HPhP dispersion.ithlegriaphy writing pattern
(green dash lines in Fig. 3a) on the surface of SNO was obtayregaplying 10V using-AFM tip with a
rectangular shape (6 pum x12um); a 60 nm thick hBN (%99 enriched) was then teahsfeits top
covering both the writing and SNO pristine regions. We imaged HPhPs in the hBN u&iksgrBmitted
by quantum cascade laser soufmeused on $SNOMtip*>4¢(see Methods) Here,the AFM tip is used to
launch polaritons and collect the polaritons reflected at local domainbesileerinsulating and metal
phases of SNO. The evanescent fields induced at the tip apex launches HRpiepélgate radially
outward from the tip, confined within the volume of the hBN flake. Upon reachingdhe |
pristine/charge written boundary, the HPhP is reflected and interfereshwitlutgoing mode to generate
a pattern imaged by theNOM tip as shown in Fig. 3@ series of images are shoimrFig. S3). To
capture the dispersion of the propagating HPhPs on the SNO surfacd, iseiderat lasefrequencies
are exploited. Accordingly, the dispersion relatbam be retrieved, ahown by red dots in Fig. 3c,
which agree well wittour analytical model (solid black line ig. 3c, seeMethods).

Next, weexplore polaritoit cavity modes induced ireconfigurable SN&BN interfaces. Previous
studies using patterned hBN such as nanoribbgfiand nanocone§ demonstrated resonant polaritons,
but required demanding fabrication of insulating hBN. Here we offer amatitez facile patterning
approach toealize reconfigurablpolariton cavites, using spatially patterned SNO waharge contrast
of conductivities. To this end, we realized a triangular cavity by applying 10VoaA=M tip on SNO.
Figures3d and3e show the nedreld amplitude sand surface potential SKPM images of the cavity,

which agree with our numerical mdutgy (Fig. 3f). We model the modal polariton distribution in a

10



cavity, inthis examplea triangle shape, by the interference of polaritons reflected at the edie
substrate cavity. The detailed modeling technique is provided Métieod sectionOur results also
show a sharp differender polaritons propagating into and aftthetriangle cavity (Fig3d), further
confirming the distinct properties of SNO in different plsaaad hence the largeconfigurability of
polaritons. Moreover, differemtearfield images can be arbitrarily created via our modified SNQUrEgy
3g and 3h show a pattern written on SNO imaged at 6.9 um laser wavelength withremud BN flake
(thickness 50) on top of SNO, demonstratingdesired metasurfaces by imaggtghe polariton
wavelength (Fig. 3h) or outside the range of HPhP wavelength (Fig. 3i). Tteeaples show that a
simple tipbased high-resolution patterning of the oxide surface, instead of coraglfeatication of
vdW materials themselves or substsatanprovide tailorable polariton caidsand other desired

designs, allowing us to tailor on-demamedonfiguration ofnanoscale hyperboljgolaritons.
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Fig. 4 | Tunable polaritonics with SNO- .-MoOs architectures. IR s-SNOM secon¢harmonicnear field
amplitude simages of pristine-MoO3-SNO ata, —hP —aRAdc, —The
lithography pattern (a circle with 5 um diameter) was made by applying 10 V potertiiac-AFM tip and a

flake of 120 nm.-MoQs is transferred on the top at part a, b and c-8N®M second harmonic near field

amplitude simages of pristine-MoO3z-SNO atd, —eP —P —P WKH OLWKRJUDSK\ SD

(a square with 4 um side) was deby applying 10 V potential dhe c-AFM tip and a flake of 120 nm-MoOs
is transferred on the top at part a, b angtic Dispersion of polariton®r 100 nm thick.-MoOs on top of the
correlated oxide metasurface with different permittivity, at theuteegy of 990.09 crh j-I, Dispersion of

hyperbolic polariton$or 100 rm thick .-MoOson top of correlated oxide metasurfacethwdifferent

12



permittivity, at the frequency of 900.9 dm

Tremendous recent interest has been focused @XANDQH DQLVRWURSLF 3K-BWOLPQ PDWHUL
33 V205 % and otherst. The dispersion of #se materials can be engineered by intercalafi®it or
rotation of multiple layer&°4 Here,we pointto another avenum realizetunable dispersion of iptane
anisotropic PhPs via largely tunable correlated oxidesoetaces, a reconfigurable substrate that
provides nanoscale edremand dielectric patterns enabling the active manipulation of hano-confined
fields. The structures were made by c-AFM with 10V bias, allbOs; wasexfoliated and transferred on
top ofthem(an anisotropic propagation of polaritons on hRBNO also were studied as shown in Fig.
S4). Figure4 shows hyperbolic polaritons inMoOs at different wavelengths. In Fig. 4a, we obsehes
elliptical shape with the largest PhP wavelength alon¢0b# (blue plot inFig. 4a) and the smaller
value along the [100] (green plot iflgF4a). More importantlyas wemoveto the L-RB (around 10.76
pm) the interference patterns show an almond shage4€) with the bngest wavelength along the [100]
andalmost no propagation along the orthogonal [001] directitnich agreswith recentfindingsin this
polaritonic platform??. Importantly, in thee imagesnote that HPhPs mostly propagate inside the
dielectricphase SNOwith large confinementwhile thefringe periodiciiesare dramatic differdrinside
and outside the SNO circles. Furthermore, in Figf4hd-hyperbolic modes on square patterns that
aretwisted 45° angle from the sample axis [001], as shown in Fig. 4d for the 10.1, 10.05 and 10 pm lase
wavelength respectively. HPH reflecting from edgespagate with almost the same wavelength-BBL,.
while at thetwisted angle of 45ith respect to the [@L] axis the anisotropy is nfwund, consistentith
recent findings using-MoOs nanocavities! and suggesting highly reconfiguralblenocavities using
shaped dielectric substrateOur correlated oxide metasurfaces unlock bropornitiesfor tunable
polaritonic metedevices. To further demonstrate the great promiseeafapplication in tunable
polaritonics, we plot the analytical isofrequemfariton dispersion for 100 nm thickMoOs on top of
correlated oxide metasurfexceith different values of permittivity, as shown in Fig.l4@he large
changes of momentum in differenefstrahlemand of .-MoOs can beobserved, suggestirigrge

confinement of polaritons and different levels of light-matter intemast Furthermore, topological

13



transitionsmay alsabeavailable, ifwe further extend the permittivity rangé tunability to negative
values, as demonstrated in recent findings-oOs on top of negativgermittivity substrate®->6,

which may be studied in future wor

Conclusion

In summarynanoscale conductive regions were createdorrelated prototypical perovskite SNO, and
useddemonstrate reconfigurlgchyperbolic and anisotropic phonon polariton metasurfaces. A
combination of c-AFM, KPFM and SNOM enabled us to generate and characterize nanoscale patterns
with differentconductivitiesvalueson SNOwhich werefurther tunel via temperature modulation @n
spontaneous hydrogenation. Nanoscale reconfigurable conductivity control inralll@dcemanipulation

of sub-diffraction light matter interaction and dispersion engineeringsifedeHPhPs patterns in a direct
and facile way. Our results demonstratetteenendous potential of tunable correlated oxides

metasurfaces for future configurable and tailorable quantum materials ltegibao
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Methods

Scanning probe microscopy (SPM) is a general term which includes techwitfuég-M which is sharp
metal probe is used in tapping mode and contacted mode. We used the Cypher Airllifiefument)
to acquire c-AFM and SKPM. To make the lithography pattern usigh-(Fig. 1,2,3) a contacted
mode AFM was performed il applying5V-10V through the metal Ti/lr coated tip (AsyelectricR2
from Oxford). In eéAFM the current is passed through the tip and into a transimpedancéiemapl it

converts current to a voltage.

Scanning Kelvin probe microscopy (SKPM) isahnique that detects the potential difference between
the probe tip and the sample. This technique is based on the AC bias apihleetigd@o produce an
electric force on the cantilever which is proportional to the poteriffatehce between the tgnd the
sample. Using an AC biathe probe is driven electrically and the potential difference betweeiptand
the sample causéise probe to oscillate. These oscillati@methen cancelled by a potential feedback loop
and the voltage required to rohtthe probe to the sample is recorded as the surface potential in the

software.

A combination of s-SNOM and nai6FIR is used to acquire topography, néaid images and IR nano-
spectra of SNO sample preparedAD on LaAlOs substrates. The experimental setup (Ely neaspec

co.) is based on a tapping mode AFM with a cantilevered roe&éd tip that oscillates at a resonance
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frequency,: ~280 kHz and tapping amplitude of ~50 rrocused infrared laser dime metalized tip
interacts with the sampland the scattered light from this interacti®demodulated at higher
harmonicsQ of the tapping frequency and detected via phase modulation interferofiter.a
coherent broadband infrared beam in the frequency rangelf@e (for naneFTIR) or a
monochromatic IR laser (forSNOM) is focused by a parabolic mirror to the tip. For nemtR

operation, the backscattered né&ald light from the tipsample junction is detected via mixing with an
asymmetric Fourier transfm Michelson interferometer. This detection method enables regartiboth
the amplitudes( & and phasel & spectra of the backscattered light. To extract background free local
nearfields, the detector signal is demodulated at a high& UPRQLF Q RI WKH WLS PHFKDQLI
IUHTXHQF\ 1 R U P D Gsl(ddth@le B (Pete@hod) XaBd-phasel{samplg- Mreference)) IR
nearfield spectra are acquired by first taking reference spectrum on a referencaliamaig used in
these experiments), followed by taking spectra at desired positions of the s@eplMethods for

details).
Materials synthesis

SNO: SmNiGsthin films were prepared using magnetronspoitering from pure Sm and Ni target at
room temperature. The substrates were cleaned using acetone anghisolpsad dried by blowing N
gas. During deposition, the chamber was maintained at 5 mtorr with flowing 48s@md 10 sccm ©
gas mixture. The sputtering power was set as 170 W (RF) for Sm and 85 Vib(INT}o obtain
stochiometric ratioThe as deposited films were subsequently annealed &50024 h in high pressure

oxygen gas at 1400 ps forming the perovskite phase.

HBN: The hexagonal boron nitride crystal flakes were grown at atmospheric presisigran iron-
chromium solvent, isotopicalgnriched boron-10 (>9998B) and nitrogen. The crystal growth process

was previously described detail®’.
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MoOs: % X ONbO3 crystals were synthesized via physical vapor deposition. Comnida@
powder (SigmaAldrich) was evaporated intaorizontal tube furnace at 785°C and bulk crystals were
deposited at 560 °C. The deposition was carried out in a vacuum environmentgatiasithe carrier
gas for vapor transport (1 Torr). Subsequently, the bulk crystals were metianidiated using

adhesive tape and flakes were transferred on to 300 nm SiO2 on Si sulmtrettasacterization.
Numerical modeling To model the polaritonic distribution at positiddgve take the linear combination
of the polaritons launched by the tip and tledliected by the edge, which should folléw

T(N&E A N& T |4 AR O U (3R

a

Here, the first term is the onsite polariton signals launched bypthent| 4| AV %denote the reflection
characteristic at the edge by its amplituidd X and phase parameter8g). The addition propagation
length accounting for the polariton propagating to and reflected by the adglided in the term

A 6 UPowhere @is the distance between the examination position and the edgebaitty inplane
complex polariton momentum. Here, for simplicity, we assumd #jat 1 and the reflectio phase shift

is 6= 1.5 & which is reasonable and gives a better fitting in main text.
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