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Polarization structure of nanostrip domain intersections in GeTe lms

Ferroelectric germanium telluride is under active consideration for spintronic and thermoelectric applications. The control of the ferroelectric domain walls is a key issue to optimize the electronic and thermal properties of GeTe thin lms. Domain walls properties are usually driven by the mechanical and electrostatic compatibility conditions of twin domains. However in dense ferroelectric domain structures these compatibility conditions are hardly fulllled everywhere. In particular intersection of domains may result in complex lattice relaxations and polarization textures. In this study, we have fabricated GeTe thin lms on silicon substrate and elucidated the intersections of a-type domains using 3D reciprocal space maps, scanning tunneling microscopy and second-harmonic microscopy. We demonstrate the presence of complex structural reorganizations, that manifest by the formation of charged domains walls, large lattice rotations and enhanced stretching of the rhombohedral lattice. I. INTRODUCTION % Ferroelectric thin lms are the object of intense funda-& mental research stimulated by their applications as func-' tional materials. The ability to synthesize ferroelectric thin lms of high crystalline quality based on layer-bylayer growth techniques and strain engineering has made possible to discover novel phenomena based on the inter-! play between the stress induced by the substrate and the " electrostatic boundary conditions. It has been demon-# strated that ux-closure polar domains [13], vortices [4 $ and 5] and even skyrmions [6] could be obtained in fer-% roelectric materials. These novel structures can poten-& tially exhibit enhanced electric conduction as measured ' at vortex cores in BiFeO 3 [2], high thermal resistance [7], or high Seebeck coecient at charged domain walls [8]. Such properties could be used in future devices if the local ferroelectric polarization can be controlled. In ! the quest of enhanced ferroelectric properties, intersec-" tions of domain walls are expected to show highly polar-# ized regions with complex polarization textures resulting $ from a strong relaxation of the lattice. Among ferro-% electrics, GeTe has witnessed a sustained boom [914]. & As a thermoelectrics, it has recently been demonstrated ' a record gure of merit (zT∼2.4) at 330 • C for the ferro-! electric GeTe phase [15]. In the meantime, major results ! II. EXPERIMENTAL METHOD &# Si(111) wafers (Siltronix; 550 µm -thick; ρ=1-10 Ωcm) &$ are rst cleaned by acetone and ethanol rinsing before in-&% troduction in ultra-high vacuum (UHV, 10 -8 Pa). Then && the substrates are degassed at 1000 K during 12 h fol-&' lowed by repeated high temperature annealing (1500 K) ' during a few minutes in order to obtain a clean 7×7 sur-' face reconstruction. First a deposition of 1 monolayer ' of Sb is performed on the Si(111) surface, forming the '! so-called Si(111)-√ 3 × √ 3-Sb reconstruction that greatly '" improves the crystalline quality of the GeTe lm [23]. '# The GeTe thin lms are grown by co-deposition of Ge '$ (1175 • C) and Te (310 • C) in UHV on a sample main-'% tained at 275 • C. In these conditions the ux ratio be-'& tween Ge:Te is xed at 2:5 in order to compensate for the '' high desorption rate of Te [25]. All the deposition sources are eusion cells from MBE-Komponenten Gmbh. After growth, the samples are transferred under UHV conditions thanks to a homemade transfer suitcase and char-!
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  non-reciprocal charge transport [20] or fer-!' roelectric switching of the spin-to-charge conversion [21]. " All these results take advantage of the ferroelectric " property of α-GeTe. This phase has a rhombohedral " structure (space group R3m) and bulk Curie temperature "! well above room temperature (T c ∼ 650 -700 K). The "" spontaneous polarization of α-GeTe is along the pseu-"# docubic ⟨111⟩ c leading to the formation of 4 ferroelastic "$ variants (c stands for pseudo-cubic coordinates, see sup-"% plementary materials [22]). As reported by Wang et al. "& [23] α-GeTe thin lms can be grown with a quasi-single "' crystalline quality on Si(111) by molecular beam epitaxy # using a pre-deposition of 1 monolayer of Sb onto the sub-# strate. Despite a signicant lattice mismatch of ∼8.5% # with the substrate, the GeTe layer is relaxed since the #! very beginning of growth. Croes et al. [24] have shown #" that GeTe thin lms thicker than 30 nm have a multisurface, i.e. in the [111] c direction, and is #& called c-domain. The three other ferroelectric domains #' are called hereafter a-domains and form 71 • -type domain $ walls with the c-domain. These domain walls ensure me-$ chanical compatibility and neutrality of the interface be-$ tween a-and c-domains. In addition to the a/c twin $! domains, the simultaneous existence of dierent variants $" of a-domains generates inevitably a/a 109 • -type intersecwe address the intersection of a-domains $% in GeTe thin lms and explore the formation of non-$& trivial polarization congurations. Since a-domains are $' already constrained by the interaction with the major-% ity c-domain that is in epitaxy with the Si substrate, % the crossing of a-domains generates major problems of % mechanical and electrical compatibilities. We show that %! a huge structural lattice reorganization occurs and new %" domain walls are formed. In particular the rhombohe-%# dron lattice angle decreases by 1 • , the lattice rotates by %$ more than 4 • and a periodic network of charged domain %% walls is formed perpendicular to the surface plane. These %& results, addressed by 3D reciprocal space maps and scan-%' ning tunneling microscopy, point to a complex polariza-acterized by scanning tunneling microscopy (STM) with " a VT-STM (Scienta Omicron Gmbh). STM images were # obtained at room temperature in constant current mode $ with typical imaging conditions (U=-1 V, I= 20 pA, W % tip). The internal structure of thick GeTe lms (>40 nm) & has been studied by x-ray diraction at BM32 beamline ' (ESRF). X-ray diraction data have been measured at 18 keV [λ=0.06888 nm] with a beam size of 200 × 300 µm 2 and collected onto a 2D detector. The data have been converted from the detector coordinates (pixel index) to ! diraction angles and then to reciprocal space coordi-" nates. To protect the GeTe surface from contamination # during sample transfer to the ESRF UHV chamber, a Te $ capping was used. The capping is removed in UHV rst % by a mild Ar ion bombardment at room temperature (1 keV, 10 µA) to remove the top most oxidized layers then ' by annealing at 220 • C to desorb the complete Te layer. Second-harmonic generation (SHG) microscopy and polarimetry measurements are conducted in an inverted optical microscope. The fundamental wave is provided by ! a laser source emitting pulses of 100 fs duration at a rep-" etition rate of 80 MHz, centered at a wavelength λ = # 800 nm. The sample is illuminated at normal incidence $ with a time-averaged power of about 10 mW. The SHG % images are obtained by scanning the sample with respect The output intensity is spectrally ltered and collected ! into a photomultiplier. Polarimetry measurements are ! performed by recording the SHG images at dierent po-!! larizer and analyzer angles (ϕ and α, respectively) [26]. The program allows us to load and pre-!' process the SHG data cube (stack of images recorded " at dierent polarizer and analyzer congurations) and " display the results. The K-means and Non-negative Maindeed four contributions [see gure 1(d)].
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  FIG. 1. (a) STM image of a 800 nm-thick GeTe thin lm grown on Si(111)-√ 3 × √ 3-Sb (U=-1 V, I=20 pA). The arrows show needle-shape a-type domains at the surface. The colors indicates the three variants of a-domains. (b) Close view of three domains crossing showing the staircase morphology (black arrows). (c) Derivative of STM image (b) to highlight the morphological slopes at the surface corresponding to a-domains surface and a/a crossings. (d) 3D reciprocal space map of 222c, 222 c 222c and 222c GeTe Bragg peaks. qx, qy and qz are the reciprocal space coordinates that are aligned respectively along [ 110 ] c , [ 112 ]c and [111] c directions. The main peak at (0, 0, 35.40 nm -1 ) coordinate arises from the major c-domain (rhombohedron axis perpendicular to surface) and the three other Bragg peaks, at higher qz[(0, -0.96, 36.73 nm -1 ),(-0.80, 0.46, 36.72 nm -1 ) and (0.70, 0.50, 36.71 nm -1 )], result from the three a-domains with rhombohedron axis nearly in-plane. The surface planes of the a-domains are tilted by 1.4 • with respect to the Si(111) surface.

  FIG. 3. (a) Cross-section of the 3D reciprocal space map passing through the Bragg peaks of two a-domains. Evidence of two crossing diuse tails are highlighted by dashed lines. (b) Close STM view of the surface reconstruction of intersecting domains (inset: large view of the surface and corresponding imaged area). The dashed lines separate the areas with specic surface reconstructions and thus identify dierent adomain type. The indicated surface angles along [ 011 ] c direction are indicated in blue or green depending on the a-domain [values extracted from the height prole of gure 2(c)]. (c) 3D reciprocal space maps and schematic representation of the corresponding expected x-ray scattered intensity from typical measured surface tilt angles by STM.

  FIG. 6. Local (a)-(f) dierent strip domain intersection types derived from SHG microscopy polarimetry analysis assisted by trained K-means (left columns) and NMF algorithms at a-domains intersections. The domain contribution maps derived with NMF are obtained by taking into account four components (domain variants) with respective fractions Wi corresponding to the polar plots presented in panel (g). The scale bar is common to all images and corresponds to 1 µm.

  FIG. 7. (a) Model of the surface morphology and polarization states of a-domains and c-domain. (b) STM image of the surface topography of an intersecting area of two a-domains. The arrows show the in-plane components of the polarization direction at dierent places. (c) Corresponding schematic representation of the staircase morphology indicating the presence of charged domain walls.
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& second-harmonic generation (SHG), supported by ma-& chine learning methods, reveals dierent crossing types &! and an unchanged symmetry at the intersection regions. &"

&to the focused laser beam (objective ×60, 0.85 numeri-' cal aperture) using computer-controlled stepping motors. !

& claims for a change of domain walls. & To address these changes we have characterized the & surface topography by STM in combination with 3D re-&! ciprocal space map analysis. The height prole of the &"
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