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Polar surface of ferroelectric nanodomains in GeTe thin lms

Ferroelectrics have polar surfaces that can undergo large structural and stoichiometric modications to be neutral. These changes can have major implications on the surface stability and physico-chemical properties. We have studied the growth and structure of ferroelectric GeTe thin lms on Si(111) by a combination of scanning tunneling microscopy, low energy electron microscopy and low energy electron diraction. We show that the GeTe growth occurs with a single epitaxy and proceeds via a step-ow mode hindered by the advance of electrically neutral step edges exhibiting triangular notches. We demonstrate the presence of ferroelectric nanodomains with in-plane component of polarization and a complex restructuring of their polar surface. 2×2 surface reconstruction, missing row reconstruction and extended 2D modulations of the surface structure are demonstrated on these nanodomains. We show that these structures stabilize the surface termination of the low-symmetry polar nanodomains. Ferroelectric thin lms are the object of intense fun-# damental research stimulated by their applications as $ functional materials based on the existence of dierent % polar variants. The main factors that govern the spa-& tial organization of ferroelectric domains are the elastic ' interactions that arise from the electromechanical coupling between domains and the electrostatic interactions due to local exceeding charges. The ability to synthesize ferroelectric thin lms of high crystalline quality based ! on layer-by-layer growth techniques and to engineer the " strain eld via the substrate choice have made possible # to exploit these interactions and discover novel phenom-$ ena. It has been demonstrated that ux-closure polar % domains [13], vortices [4 and 5] and even skyrmions [6] & could be obtained in ferroelectric materials. This has ' led to a renewed interest [79] for prior studies on incommensurate phases in ferroelectrics with the observation of one-dimensional stripe domain patterns or even more complex 2D modulations as observed in the struc-! tural phase transitions of α-β quartz [10]. The experi-" mental studies of the structure of ferroelectric materials # are mainly based on the atomic scale characterization $ of domain boundaries and interfaces by STEM [11] and % X-ray diraction [12 and 13]. The surface structure of & ferroelectrics has been much less explored. However the ' surface is also a place where charge screening and stress ! relaxation occur on atomic scale distances. In particular ! struction and a large scale 2D structure (∼4×5 nm 2 ) that &% stabilizes the surface. We show that these atomic rear-&& rangements involve large Te mass transfers. &' I. EXPERIMENTAL SECTION ' 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 '$ surface reconstruction. A deposition of 1 ML 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 layer. The GeTe thin lms are grown by co-depostion of Ge (1175 • C) and Te (310 • C) in UHV at 275 • C and pre-characterized by in situ RHEED. All the deposition sources are eu-! sion cells from MBE-Komponenten Gmbh. After growth, " the GeTe layers are transferred under UHV conditions # thanks to a homemade transfer suitcase and character-$ ized by low energy electron microscopy (LEEM), low en-% ergy electron diraction (LEED) using a LEEM III mi-& croscope (Elmitec GmbH) and scanning tunneling mi-' croscopy (STM) by a VT-STM (Omicron Gmbh). LEEM images were obtained in bright eld mode at an incident electron energy of 26 eV where a local maximum of reectivity occurs. At this energy the reected electrons ! by the GeTe c-domains and by the tilted ferroelectric " a-nanodomains are clearly separated in the focal plane. # This allows to use the smallest contrast aperture (Ø=10 $ µm) to select only the reected beam from the c-domains % (see Figure 1(a)). STM images were obtained at room & temperature in constant current mode with typical imag-' ing conditions (U=-1 V, I= 20 pA, W tip). In situ STM characterization of the a-nanodomains evolution under thermal annealing were performed at constant temperature in the range 200-250 • C. The internal structure of ! GeTe thin lms has been studied by X-ray diraction " at BM32 beamline (ESRF) and High Resolution TEM. # X-ray diraction data have been measured at 18 keV $ [0.06888 nm] with a beam size of 200 × 300 µm 2 and % collected onto a 2D detector. The data analysis consists #!

tion/segregation of charged species [15]. Moreover since " the polarization and strain gradient can couple together " at the surface through the exoelectric eect, we can ex-" pect that surface modulations or ripples can be favored "! [16 and 17]. Therefore, surface studies may provide new "" insight into the fundamental properties of ferroelectric "# materials and this point is all the more crucial that mass "$ transport processes during thin lm growth occur at sur-"% faces and may be strongly inuenced by these surface "& modications [18 and 19]. GeTe thin lms can be grown on Si(111) by molecular $" beam epitaxy with a quasi-single crystalline order using a $# pre-deposition of 1 ML of Sb onto the substrate. Croes et $$ al. [25] have shown that such α-GeTe thin lm is an ideal $% platform to study and control ferroelectric nanodomains $& as they are no more limited by grain boundaries. The . We can also detect by LEEM typical surface is also covered with elongated a-nanodomains. (respectively 3.4-3.7 and 3.5 eV.nm -2 ). Despite the fact "" that the Te-terminated unreconstructed surface is the "# most stable (surface energy: 1.5-2.1 eV.nm -2 ) and is ob- cell (∼ 4×5 nm 2 ). We can deduce from the height pro-"" le that the surface is Te-terminated with missing rows "" in two directions. To understand the observed changes "" of reconstructions we infer that the 2×2 reconstruction ""! and missing row pattern are metastable surface phases in- GeTe that will help to tune the surface Rashba eect via "' surface reconstructions.

"'

  it has been recognized since a long time that a polar sur-! face, i.e. a surface cut perpendicular to a direction along !! which the unit cell carries a net electric dipole moment,

  a new class of materials with # high potentialities for spintronic applications has been # introduced and known as ferroelectric Rashba semicon-# ductors [20]. Major results have been obtained on α-#! GeTe thin lms. It has been demonstrated the reversal #" of the ferroelectric polarization under an electric eld [21] ## and a consistent change of the spin chirality of the band #$ structure [22 and 23]. The α-GeTe ferroelectric phase has #% a rhombohedral structure (space group R3m) and bulk #& Curie temperature of T c ∼ 650-700 K. The spontaneous #' polarization of α-GeTe is along the pseudocubic < 111 > $ leading to the formation of 4 ferroelastic variants and $ three possible polarization switching between domains at $ 71 • , 109 • or 180 • . As reported by Wang et al. [24] α-$!

  thin lms are made of main domains with a fer-% roelectric polarization perpendicular to the surface, i.e. % in the [111] direction and called c-domains, and ferro-% electric nanodomains with a majority of 71 • -type domain %! walls and called hereafter a-domains. In this article we %" address the surface morphology and structure of α-GeTe %# thin lms grown on Si(111). From low energy electron %$ microscopy (LEEM) and scanning tunneling microscopy %% (STM) studies we show that α-GeTe thin lms grow via %& a step-ow mode of Ge-Te bilayers. The growth velocity %' is limited by the advance of step edges exhibiting tri-sion of the measured data from the detector coordinates ! (pixel index) to diraction angles and thus to reciprocal ! space coordinates [26]. The 3D reciprocal space maps !! have been visualized using the ParaView software. TEM !" investigations were performed along [110] zone axis at !# an accelerating voltage of 300 kV on a JEOL JEM-3010 !$ instrument with a spatial resolution of 0.17 nm. surface of the thin lm (ACB stacking in-# stead of ABC, see gure 1(b)-ii and -iii). These results # indicate a majority epitaxy of α-GeTe (111)∥Si(111) and # [110]∥Si[110][24]

  FIG. 1. (a) LEEM image of a 470 nm-thick GeTe thin lm grown on Si(111)-√ 3 × √ 3-Sb (Bright eld mode, Electron energy: 26 eV). The contrast aperture selects only the reected beam from the c-domains excluding the reected beams from the a-nanodomains appearing as dark needles (green arrows). Row of defects from grain boundaries (see for instance in white dashed rectangles), ferroelectric a-nanodomains (green arrows), atomic steps (white dashed arrows). (b)-(i) LEED pattern of GeTe thin lm (electron energy: 26 eV; incident beam diameter: Ø=20 µm). The threefold symmetry of the pattern arises from the (111) surface structure of GeTe. (ii) LEEM image in dark eld mode (Electron energy: 26 eV) selecting the most intense diracted beam (yellow circle in (i)). (iii) LEEM image in dark eld mode (Electron energy: 26 eV) selecting the less intense diracted beam (purple circle in (i)). Twinned grain (white dotted circles in (ii) and (iii)).(c) TEM cross-section of a 200 nm-thick GeTe thin lm with medium resolution ([110] zone axis). The green arrow show a a -nanodomain crossing the lm. (d) iso-intensity representation (40000 counts) of a 3D reciprocal space map around (00qz) at qz ∼36 nm -1 (lm thickness 800 nm). The green arrows show the diraction peaks from the a -domains. (e) Close view around the (00) reected beam of a LEED pattern (electron energy: 26 eV) at incident electron energy E= 15, 26, 50 and 65 eV. The green arrows show the shift of the reected beam by the a -domains with the incident electron energy.

  FIG. 4. (a) STM image (U= -1V; I= 20 pA) of the GeTe surface morphology (800 nm-thick lm). A ferroelectric a-domain is on the right and the GeTe c-domain on the left. Flatness is imposed on the a-domain surface. Notched step-edge on the main GeTe layer (white dashed rectangle). Straight step-edge inside a 2×2 reconstructed area on the ananodomain (in between white arrows). (b) STM image (U= -1V; I= 20 pA) of the ferroelectric a-domain (from dashed rectangle on image (a)) with row and scale patterns. Black arrow shows a GeTe bilayer vacancy island. (c) STM height proles along the 2×2 reconstruction (red doted line in (a)) and row pattern (black doted line in (b)). The black arrow shows the dip into the prole at the bilayer vacancy island in (b).

  FIG. 6. (a) Large view STM image of the surface of a ananodomain of a 800 nm-thick GeTe thin lm under annealing at 220 • C (a-nanodomain on the right side of the dashed line). (b) High resolution STM image at RT of the scales structure onto a a-nanodomain surface. U= -1V; I= 20 pA.

& angular notches. Atomic details of the polar surface of & α-GeTe indicate that the surface of the GeTe c-domains & is unreconstructed and Te-terminated. On the contrary &! the polar surface of the ferroelectric a-domains exhibits &" complex restructuring of the surface: a 2×2 surface re-&# construction that is Ge-terminated, a missing row recon-&$

&of a eld correction (of the possible non-uniform response ' of the various pixels of the detector) and then a conver-!

& peak is at the lowest q z momentum transfer value (35.41 & nm -1 ) and can be assigned to the GeTe c-domains with & a rhombohedral elongation of the unit cell in the [111] &!

& lm[25]. In addition to the epitaxial stress at the in-&
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