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Ferroelectric nanodomains in epitaxial GeTe thin lms

Keywords: numbers: GeTe, ferroelectrics, domain wall I

In the quest for materials for ferroelectrics-based spintronics with a large spin-orbit coupling, it is essential to carefully control the ferroelectric domains structure, their spatial organization and the domain wall type. Here, we perform the growth of GeTe thin lms on Si by molecular beam epitaxy in a large thickness range. We show that the volume fraction along with the size of the ferroelectric nanodomains can be controlled by nely adjusting the deposition thickness and temperature. We evidence the formation of 71 • -type domain walls and in situ measurements during thermal cycling show the hysteretic appearance and decay of ferroelectric domains. In combination with a detailed analysis of the GeTe/Si interface, we demonstrate that the interfacial mist dislocations formed during the growth plays a key role in the stability of the ferroelectric nanodomains.

high potentialities for spintronic applications has recently !! been introduced as ferroelectric Rashba semiconductors !" (FERSCs) [13 and 14]. Main results, obtained on α-GeTe the substrate. As reported by Wang et al. [23], quasi- $$ single crystalline α-GeTe thin lms can be grown on $% Si(111) by molecular beam epitaxy using a pre-deposition $& of 1 monolayer (ML) of Sb onto the substrate. It is an $' ideal platform to study and control ferroelectric domains % as they are no more limited by grain boundaries. We have (NA)) using computer-controlled stepping motors. The the axis perpendicular to the surface and is centered at '" q z =35.408 nm -1 ± 0.010 nm -1 . This Bragg peak posi-'# tion at low q z can be assigned to a rhombohedral distor- stitute the vast majority of the thin lm. In addition three minor Bragg peaks are slightly angularly oset from this axis and localized at higher q z =36.733 nm -1 ± 0.010 nm -1 . They can be assigned to minor ferroelastic do- sion of the (111) crystallographic planes by 4.37% in " the intersection area (q z =36.954 nm -1 ± 0.010 nm -1 ). (less than 10% for the 60 nm-thick GeTe lm).

#"

In addition to the rhombohedral distortion of the GeTe Assuming in the mean strain approach [4042] that:

 3 ° ( a ) - ( i ) q z ( 1 1 0 ) [ 1 1 - 1 ] [ 1 1 1 ] [ 1 1 0 ] 3 5 . 3 ° 7 1 ° ( i i ) ( i i i ) ( d ) 0 0 0 1 . 3 6 ° [ 1 1 1 ] [ 1 1 2 ] [ 1 1 0 ] [ 1 1 0 ] a - d o m a i n
!! W = √ h 0 h 2ξα (1 -α) (2)
with ξ = 0.27, we have estimated a characteristic and a-domains we can make some preliminary remarks. ization perpendicular to the lm surface. We infer that "" this single domain state during growth is a key parameter "" that favors the high crystalline quality of the GeTe layer.

""

Then the driving force for the formation of the ferroelec-""! tric nanodomains at lower temperature is attributed to """ the thermal stress as the dislocations are frozen and can-""# not accommodate the relative change of lattice parame-""$ ter. We believe that this detailed description of domain 

  and 16]. An eective spin-to-charge conversion !' has also been demonstrated in a ferromagnetic-GeTe het-" erostructure [17 and 18] and a nonreciprocal charge trans-" port up to room temperature has been detected [19]. All " these advances pave the way for an all-electric spintronics "! based on semiconducting materials. However the inu-"" ence of the domain structure on these phenomena still "# remains unclear. Given the rhombohedral structure of "$ GeTe (R3m space group) and the existence of an electric "% dipole in the ⟨111⟩ direction, eight possible polar domain "& orientations are anticipated in this system. This was un-"' ambiguously conrmed by the observation of herringbone # domain congurations in low-temperature α-phase GeTe # crystals[20 and 21]. In the context of epitaxial (111)-# oriented thin lms a dominant self-poled state with a #! polarization perpendicular to the surface has been evi-, the detailed polar domain structure and spatial #' organization has not been studied so far. These studies $ are a prerequisite for the controlled switching of ferroelec-$ tric domains and the understanding of aging properties. $ In this article we address the ferroelectric nanodomains $! organization of α-GeTe thin lms grown on Si(111), the $" domain wall type, and the structure of the interface with $#

  ) microscopy combined to polarimetry anal-%% ysis reveal the local symmetry of these domains. Using %& high resolution transmission electron microscopy (HR-wafers (Siltronix; 550 µm -thick; ρ=1-10 Ωcm) ' are rst cleaned by acetone and ethanol rising before ' introduction in ultra high vacuum (UHV, P<10 -7 Pa). a few minutes in order to achieve a clean 7×7 '$ surface reconstruction. Finally a deposition of 1 ML of Sb '% is performed on the Si(111) surface, forming the soreconstruction [27] that greatly im-'' proves the crystalline quality of the GeTe layer [23]. The GeTe thin lms are grown by co-deposition of Ge (1100 • C) and Te (310 • C) in UHV at 275 • C and characterized by in situ reection high energy electron diraction ! (RHEED). All the deposition sources are eusion cells " energy electron diraction (LEEM III, Elmitec GmbH). LEEM images were obtained in bright eld mode at an incident energy of 26 eV where a local maximum of reectivity occurs. At this energy the ! reected beams by the GeTe main domain and by the " tilted ferroelectric nanodomains are clearly separated in # the focal plane. This allows to use either the medium con-$ trast aperture (Ø=30 µm) to select all reected beams or % the smallest contrast aperture (Ø=10 µm) to select only & the reected beam from the main domain. In situ LEEM ' characterization of the domains evolution under thermal treatments were performed with temperature steps of 10 • C and waiting time of 30 min for stabilization. X-ray diraction and 3D reciprocal space maps ! The internal structure of GeTe thin lms has been " studied by X-ray diraction at DiAbs beamline (Syn-# chrotron SOLEIL

  Figure1a, the iso-intensity surfaces of 3D reciprocal '

  thin lms stretched along the [111] growth '% axis. In the following the real space regions giving rise '& to this Bragg peak are referred as c-domains that con-''

!

  mains with a rhombohedral distortion along[111],[111] " and[111] (labelled a-domains). These distortions in-# duce a rotation of the (111) crystallographic planes by $ 1.36 • ± 0.04 • (see Figure 1a-(iii)) and a slight compres-% sion of the (111) inter-reticular distance of 3.74% with & respect to c-domains. ' To determine the domain boundary type, the X-ray diffuse scattering around Bragg peaks provides some hints. The minor Bragg peaks from the ferroelastic a-domains are clearly elongated along a precise direction in recip-! rocal space (37 • ± 3 • with respect to q z axis) and this " extension is more pronounced for thinner lms (60 nm-# thick GeTe thin lm). This diuse scattering indicates $ the presence of well dened interfaces between a-and c-% domains and can be assigned to 71 • -type domain walls & due to nite size eect along the [110] direction (Figure ' 1c). TEM cross-section views (Figure 1b) show indeed that ferroelastic a-domains are crossing the lm with sharp and straight walls perpendicular to the [110] direction. These sharp interfaces are the only one observed ! between the c-domains and a-domains. For the thinnest " lms (Figure 1a-(i)), no additional X-ray diuse scatter-# ing is measured indicating that ferroelastic a-domains are $ independent and do not intersect each other. For thicker % lms, the volume fraction of ferroelastic a-domains into the major peak (Figure 1d). This gives rise also to a ! more complex diuse scattering pattern originating from ! the intersection area between ferroelastic a-domains of !! dierent variants. Experimental signatures of these in-!" tersections arise from diuse scattering bridge patterns !# [34 and 35] localized between ferroelastic a-nanodomain !$ Bragg peaks (Figure 1a-(iii)). The center of mass of the !% bridges indicates a 60 • in-plane rotation of the strain, !& a tilt angle of 0.79 • ± 0.05 • and an increased compres-!'

  SHG microscopy combined to polarimetry anal-#$ ysis is a highly suited method to investigate the lo-#% cal symmetry and obtain the domain structure of non-#& centrosymmetric ferroic materials. This method is ap-#' plied here to obtain the detailed domain structure of a $ thick GeTe lm. Figure 2a shows a SHG image of a beam and the comparatively zero-size of the % nano-object like in the SHG imaging of domain walls.[32] % This articial broadening allows for the observation of the % nanoscale domains and the spectral analysis of the their %! local emission (see Supplementary Figure S3). The local %" polarization is derived through the precise modeling of %# the local SHG polarimetry (see methods) and the result %$ is displayed in the inset of Figure 2a. The GeTe(111) %% lms show three domain stripes oriented in-plane at 0 • %& and ± 120 • with a polarization oriented along the width %' of the stripes (see more details in Supplementary Figbackground showing out-of-plane polarization. reverse with the focusing conditions ' of the microscope [37] (See supplementary materials S7). ' This is typical feature of a ridge-and-valley morphology

FIG. 1 .

 1 FIG. 1. (a)-(i) iso-intensity surface (2500 counts) of a 3D reciprocal space map around 222c Bragg peak of a 60 nm-thick GeTe thin lm. Bragg peaks of main GeTe c-domains (black arrow) and ferroelastic a-nanodomains (red arrows). Minor ferroelastic Bragg peaks from the a-nanodomains are elongated at ∼37 • ±3 • with respect to qz axis (line prole along the dashed line in inset). Similar elongation of the diuse scattering of GeTe c-domain (dotted circle) arising from the truncation of the c-domains by inclined a-domains (Babinet principle). (ii) and (iii) Same as (i) for a 200 nm (5000 counts) and 800 nm-thick (3000 counts) GeTe thin lm. X-ray diuse scattering bridge due to domains intersection (curved black arrow). (b) TEM cross-section of a 460 nm-thick GeTe thin lm with medium resolution showing 2 a-nanodomains crossing the lm ( [ 110 ] zone axis). The rhombohedral unit cells indicates the elongation direction of the domains. (c) Scheme of the polarization (rhombohedral elongation) of the main GeTe c-domains along [111] and a secondary ferroelastic a-domain along [ 111 ] (in pseudocubic representation). (d) Domain size L and volume fraction α of ferroelastic domains in GeTe thin lms as function of lm thickness deduced from the full width at half maximum of diraction peaks of ferroelastic domains (triangle) and LEEM measurements (square).

  = 0.5 ± 0.2 nm of the nanodomain pattern !! that balances the gain of elastic energy and the costs of !!! domain wall and interfacial stress with the substrate. !!" The atomic scale characterization of the 71 • -type do-!!# main walls and a-domains has been addressed by highdomain and a c-domain separated by a 71 • -type doof the strain tensor, ϵ xx and !"& ϵ yy , are equal on both sides of the wall whereas the pure !"' shear component ϵ xy and rotation eld ω xy make a signif-!# icant jump across the domain wall (gure 3b). One can !# notice that shear and rotation (2.2 • ) components cominterface with HR-TEM. Figure 4a shows the in-!$! plane strain eld (ϵ xx ) across the interface with x along !$" ⟨ 112 ⟩ . The lattice parameter mismatch between the Si !$# substrate and the GeTe c-domain is locally 8.2±0.2% (g-!$$ ure 4c). In the a-nanodomain ϵ xx is larger (12.2±0.2%) !$% due to the nearly in-plane stretch of the rhombohedral !$& distortion. Considering the lattice mismatch the forma-!$' tion of a-domains is elastically unfavorable if the indomain (resp. a-domain). This result shows that !%% the dislocation-assisted stress release is the main relax-!%& ation mechanism of the interface (see gure 4b). To com-!%' pare the interfacial energy cost of both GeTe c-domains !&

  FIG. 3. (a) HR-TEM cross-section ( ⟨ 110 ⟩ zone axis) of the interfacial area between the Si substrate, a GeTe c-domain and a a-nanodomain (domain wall: dotted white line) for a 460 nm-thick GeTe lm. (b) In-plane ϵxx, out-of-plane ϵyy, shear ϵxy strain and rotation ωxy with x and y respectively parallel and perpendicular to the domain wall. (c) Line proles of shear and rotation across the wall (see dark dashed-line in (b)).
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& locations that relax the large lattice parameter mismatch &

& to a size of 250 × 300 µm 2 . The diracted intensity '

& ied volumes (containing both a-and c-domain fractions)&

& creases as shown by the increase of the ratio of the in-' tegrated intensities of minor Bragg peaks with respect !

& ures S4-S6). The local SHG polarimetry conrms also & the 3m point group symmetry of the lm and reveals a &
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