ACS Nano

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

Large-Area Intercalated 2D-Pb/Graphene Heterostructure
as a Platform for Generating Spin-Orbit Torque

Journal:

ACS Nano

Manuscript ID

nn-2024-04075d.R2

Manuscript Type:

Article

Date Submitted by the
Author:

24-Jul-2024

Complete List of Authors:

Vera, Alexander; The Pennsylvania State University, Materials Science
and Engineering

Zheng, Boyang; The Pennsylvania State University, Physics

Yanez, Wilson; The Pennsylvania State University, Physics; University of
California Santa Barbara

Yang, Kaijie; The Pennsylvania State University, Physics

Kim, Seong Yeoul; The University of Texas at Dallas, Materials Science
and Engineering

Wang, Xinglu; The University of Texas at Dallas, Materials Science and
Engineering

Kotsakidis, Jimmy C. ; Laboratory for Physical Sciences

El-Sherif, Hesham; McMaster University, Materials Science and
Engineering; Harvard University, Rowland Institute

Krishnan, Gopi; McMaster University, Materials Science and Engineering;
Technical University of Denmark, DTU Nanolab

Koch, Roland; Lawrence Berkeley National Laboratory

Bowen, T.; The Pennsylvania State University, Materials Science and
Engineering

Dong, Chengye; The Pennsylvania State University, 2-Dimensional
Crystal Consortium

Wang, Yuanxi; The Pennsylvania State University, 2-Dimensional Crystal
Consortium

Wetherington, Maxwell; The Pennsylvania State University, Materials
Research Institute

Rotenberg, Eli; Lawrence Berkeley National Laboratory, Advanced Light
Source

Bassim, Nabil; McMaster University, Materials Science and Engineering
Friedman, Adam; Laboratory for Physical Sciences

Wallace, Robert; University of Texas at Dallas, Depy. of Materials Science
and ENgineering

Liu, Chaoxing; The Pennsylvania State University, Physics

Samarth, Nitin; The Pennsylvania State University, Physics

Crespi, Vincent; The Pennsylvania State University, Physics

Robinson, Joshua; The Pennsylvania State University, Materials Science &
Engineering

ACS Paragon Plus Environment




Page 1 of 33 ACS Nano

ONE™

oNOYTULT D WN =

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

Large-Area Intercalated 2D-Pb/Graphene Heterostructure as a Platform for Generating
Spin-Orbit Torque

Alexander Vera!?2, Boyang Zheng®#, Wilson Yanez?3, Kaijie Yang?3, Seong Yeoul Kim?, Xinglu

Wang>, Jimmy C. Kotsakidis®, Hesham El-Sherif’, Gopi Krishnan’, Roland J. Koch®, T. Andrew

Bowen!2, Chengye Dong*®, Yuanxi Wang*, Maxwell Wetherington!?, Eli Rotenberg®, Nabil

Bassim”!!, Adam L. Friedman®, Robert M. Wallace®, Chaoxing Liu*3, Nitin Samarth?34°,

Vincent H. Crespi'34%10.12 Joshua A. Robinson!-23:4.9:10,12,13*

1. Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
PA, 16802, USA.

2. Center for Nanoscale Science, The Pennsylvania State University, University Park, PA, 16802, USA.

3. Department of Physics, The Pennsylvania State University, University Park, PA, 16802, USA.

4. 2-Dimensional Crystal Consortium, The Pennsylvania State University, University Park, PA, 16802,
USA.

5. Department of Materials Science and Engineering, The University of Texas at Dallas, Dallas, TX,
75080, USA.

6. Laboratory for Physical Sciences, College Park, MD, 20740, USA.

7. Department of Materials Science and Engineering, McMaster University, Hamilton, Ontario, L8S 4L8,
Canada

8. Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

9. Center for 2-Dimensional and Layered Materials, The Pennsylvania State University, University Park,
PA, 16802, USA

10. Materials Research Institute, The Pennsylvania State University, University Park, PA, 16802, USA
11. Canadian Centre for Electron Microscopy, McMaster University, Hamilton, Ontario, L8S 4M1, Canada
12. Department of Chemistry, The Pennsylvania State University, University Park, PA, 18802, USA.

13. Center for Atomically Thin Multifunctional Coatings, The Pennsylvania State University, University
Park, PA, 16802, USA

* jrobinson@psu.edu

Abstract

A scalable platform to synthesize ultrathin heavy metals may enable high efficiency charge-
to-spin conversion for next-generation spintronics. Here we report the synthesis of air-stable,
epitaxially registered monolayer Pb underneath graphene on SiC (0001) by confinement
heteroepitaxy (CHet). Diffraction, spectroscopy, and microscopy reveal CHet-based Pb
intercalation predominantly exhibits a mottled hexagonal superstructure due to an ordered

ACS Paragon Plus Environment

Page 2 of 33



Page 3 of 33

oNOYTULT D WN =

ACS Nano

network of Frenkel-Kontorova-like domain walls. The system’s air stability enables ex-situ
spin torque ferromagnetic resonance (ST-FMR) measurements that demonstrate charge-to-
spin conversion in graphene/Pb/ferromagnet heterostructures with a 1.5% increase in the
effective field ratio compared to control samples.

Keywords
2D metals, monolayer Pb, spintronics, confinement heteroepitaxy, Frenkel-Kontorova
Introduction

Advances in next-generation technologies demand materials design that can utilize extraordinary
properties to a practical macro-scale. One such property domain is spintronics, which seeks to
exploit the spin degree of freedom to encode information with less volatility, lower power
consumption, and increase speed compared to conventional charge-based semiconductor
devices.!? The integration of spintronics into current solid-state technology requires efficient
charge-to-spin conversion in, for example a current-induced spin polarization (CISP) layer
underneath a ferromagnet.? This approach depends on materials with strong spin-orbit coupling
(SOC), such as ultrathin heavy metals*® or graphene with induced SOC.7-!° Thus a promising
material platform for spintronics is epitaxial graphene (EG) on silicon carbide (SiC).!l:1?
Auspiciously, EG on SiC may be decoupled from the substrate by intercalation!® of various atomic
species!4 16 at elevated temperatures, including p-block metals,'”23 rare-earth metals,>*3!
transition metals,3>3° and alkali/alkaline-earth metals,**%5 along with compounds*“*® and
alloys,*-% providing a flexible approach to not only generate and statically tune the properties of
quasi-freestanding EG, but also to create a range of ambient-stable quasi-2D crystals sandwiched
between EG and SiC. The observation of emergent spin-based phenomena, such as Rashba SOC,
due to Sn’! and Au’2>3 intercalation, and Pb intercalation on graphene/Pt(111),>* further promote
the potential of intercalation in spin-selective technologies.

Ultrathin Pb films on Si(111) exhibit large spin-orbit induced gaps®>>7 and enhanced Zeeman-
protected type-II superconductivity.’®>° In addition, recent predictions anticipate Pb on SiC(0001)
to host a non-trivial antivortex spin texture.® Thus, intercalation of Pb in EG/SiC is an attractive
candidate for ex-situ spintronics studies. Previous reports suggest a complex set of distinct phases
of Pb after intercalation; namely, monolayer Pb(110) and Pb(111) showing a striped and hexagonal
(10x10) Moiré periodicity??°1-6> and charge-neutral QFEG,??¢465 a twisted honeycomb plumbene
structure rotated +7.5° from graphene showing 1D edge states,®® monolayer Pb quasi-(1x1) to
SiC(0001) with a periodic domain boundary network,®” and a lower density amorphous phase.®
Here, we demonstrate micron-scale intercalation of 2D-Pb through confinement heteroepitaxy
(CHet),'® a recently developed methodology that has been shown to improve the intercalation
efficacy of lighter p-block metals through monolayer EG. CHet based Ga intercalation (2D-Ga)
induces an increase in graphene’s surface potential® and a set of ultra-low frequency (ULF) peaks
between 26 — 119 cm!;70 these characteristic features provide a facile method of coverage
identification that is extendable to the Pb case, where we find two distinct contrasts in electron
microscopy which correlate with Raman spectroscopy mapping of Pb-ULF peaks and Pb 4f core
level photoemission counts. Low energy electron diffraction (LEED) and scanning tunneling

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Nano

microscopy (STM) elucidate a 10x10 superstructure; however, high-resolution scanning
transmission electron microscopy (STEM) and experimental band structure measurements are
consistent with a 1x1 arrangement. We explain this discrepancy through a detailed first-principles
model where CHet-based EG/Pb/SiC relaxes compressive stress in the 1x1 arrangement through
the formation of Frenkel-Kontorova-like (FK) domains within monolayer Pb that are separated by
vacancy line defects, similar to results from Schéidlich et al.” Using micron-scale coverage
analysis, we attempt a spin-torque ferromagnetic resonance (ST-FMR) device using an optimized
EG/2D-Pb as a CISP layer, finding a 1.5x% increase in the effective field ratio over hydrogenated
control samples. In doing so, we demonstrate intercalation of Pb in EG/SiC as a promising material
platform for ex-situ spin transport phenomena.

Results and Discussion

We present first a sample grown at an optimal coverage condition (500 Torr Ar/H, background at
935 °C for 2 hours). Verification of Pb intercalation is done using a standard assessment of the C
Is, Si 2p, and Pb 4f core level spectra in X-ray photoelectron spectroscopy (XPS) before and after
intercalation.??93-67 We observe a characteristic reduction of peaks between 285 — 286 ¢V, a ~1.1
eV downshift in binding energy of features in the C 1s and Si 2p spectra associated with SiC, and
emergence of asymmetric peaks at 136.5 eV and 141.1 eV related to metallic Pb, all of which
indicate Pb intercalation within the EG/SiC gallery (Figure S1). Furthermore, we can visualize the
real-space sample surface through optical and electron microscopies taken in the same area
(Figure la-c, g). A region of darker optical contrast in the center of the image (region 1) also
appears darker in backscattered electron (BSE) imaging and brighter in secondary electron (SE)
imaging. Raman spectra from these two regions are distinct. Regions bright in optical and BSE
images (region 2) show a series of broad spectral features between the Rayleigh line and 6H-SiC’s
folded transverse acoustic (FTA) mode at 150 cm™!, which are present as both Stokes and anti-
Stokes shifts (Figure 1f,h).7° These peaks are absent in region 1. The most identifiable peaks in
region 2 are a peak at ~50 cm!' and a broader feature at ~90 cm!, which are similar to those
reported previously for intercalated Pb on 6H-SiC.”°
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36 FIG 1: Microscale microscopy and coverage analysis of Gr/Pb/SiC. (a) Optical, (b) BSEM, and (c) SEM
37 images within the same ~20%20 um area. The same optical image is overlaid with (d) Raman spectroscopy
38 mapping of the intensity in the ultra-low frequency range from 25-100 cm’!, (e) the BSEM image
39 (transparency 50%) and (f) the combined Raman spectroscopy mapping and BSEM, showing correlative
40 features between all three. Scale bar is 10 um in all images. (g) Grayscale histogram of (b) showing two
4; distinct contrasts 1 and 2, which correspond to areas 1 (red box) and 2 (blue box) in (f). (h) The averaged
2 3 ultra-low frequency spectra taken in the red (1, non-intercalated) and blue (2, intercalated) boxes showing
44 a characteristic 2D-Pb signal for the blue box. Raman mapping is performed using the maximum intensity
45 count in the black box. (i) High-resolution Pb 4f spectra overlaid for growth temperatures 820 °C to 940
46 °C. (j) Estimated atomic percentages of Pb from XPS versus synthesis temperature, indicating a maximum
47 near 935 °C. (k) Relative atomic percentage of Pb (of entire composition including Si, C, O) from XPS vs.
48 coverage percentages from BSEM, showing a tight linear correlation (r = 0.99938).
49 . . . . . . .. .
50 A systematic analysis under different synthesis conditions can provide further insight into the
51 nature of this contrast and its relationship to the structure of Pb. Since the intercalation temperature
52 affects surface arrangements and intercalation rate, and can induce deintercalation,® the Pb 4f
g Z spectrum and BSE images of a series of samples prepared under different annealing temperatures
55 (820 °C — 940 °C) is presented in Figure 1i. Assuming the effective attenuation length’! of the
56 graphene overlayer is near equivalent for all photoionized Pb 4f electrons across all samples, the
57
58
59
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Pb 4f atomic concentration is a direct relative measure of the number of Pb atoms intercalated; this
is plotted as a function of synthesis temperature in Figure 1j. Samples grown from 820 °C to 935
°C show a gradual increase in Pb concentration with increasing temperature and then a sharp
decrease at 940 °C. This trend is unsurprising: it has already been reported for Pb and is common
amongst various intercalant species, where a sharp decrease in the intercalant concentration marks
the onset of deintercalation.!%2272 The thermal stability of intercalated Pb is of discussion at these
clevated temperatures, as some reports see deintercalation as low as 700 °C.%> We highlight that
the CHet process, in contrast to other methods, provides a constant flux of sublimated Pb clusters
(at a partial pressure of ~0.1 — 5 Torr in this temperature range) under an Ar overpressure which
likely disfavors deintercalation.”’* Using this gradual increase, we can further plot Pb
concentration against the percentage of region 2 contrast in BSE images taken on the same samples
(Figure 1K), obtaining a tight linear correlation. This suggests that the bright regions in Figure 1b
are precisely where Pb has intercalated. Under this interpretation, optimal CHet synthesis
conditions result in ~90% intercalant coverage, where intercalation is typically precluded at step
edges which host increased graphene thicknesses®>’?> and a change in SiC crystallographic
direction from (0001) to (112n) along the edge that can inhibit diffusion.” Given that CHet-based
Pb intercalates predominantly as a monolayer underneath mostly bilayer graphene, we calculate
an areal density of (1.0 = 0.09) x 10> cm™ Pb atoms from XPS in the optimal intercalation case,
or a Pb/Si ratio of (0.83 + 0.07).

We compare the atomic structure of CHet-based intercalated Pb in optimized samples against other
Pb intercalation reports through LEED, STM, and STEM in a high angle annular dark field
(HAADF) collection mode. To avoid surface contamination resulting from plasma-assisted
intercalation, samples investigated by LEED and STM used a partial monolayer EG with ~10%
exposed buffer regions. The samples otherwise have equivalent synthesis conditions, as described
in the Methods. Figure 2a shows LEED diffraction captured at room temperature using a 96.4 eV
incident electron beam. Beyond the known SiC and graphene 1 order diffraction spots, a set of
superstructure spots arise around g(01), reflecting a quasi-(10x10) periodicity induced from Pb
intercalation. A room-temperature STM image taken within a 50x50 nm? window is predominantly
decorated with a periodic quasi-hexagonal modulation with a period of ~2.6 nm (Figure 2b). Other
observable features are bright spots which do not follow the hexagonal pattern and are likely
protrusions from the underlying Pb layer (see Figure S6). A higher resolution image (Figure 2¢)
reveals a mottled triangular lattice pattern with the periodicity of bilayer graphene,®' which
suggests the longer length-scale quasi-hexagonal modulation originates from a lattice underneath
the graphene. Figure 2(d) shows a fast-Fourier transformation (FFT) of the image showing two
sets of sixfold patterns corresponding to lengths 0.246 nm and 2.64 nm (~ 10 * agyuphene) are
observed. Similar observations of a 10x10 periodicity have been observed previously after Pb
intercalation,?>61-62.65 yet elucidation of the underlying surface reconstruction from LEED and
STM alone has remained unclear. An initial model was that of a Moiré superperiodicity between
the Pb and graphene lattices which corroborated LEED and STM micrographs®-¢> but diverges
from both the rigid bias dependent contrast change in STM and photoemission studies.®” Most
recently, both a misfit dislocation network®” and an amorphous phase® have been proposed in
structural models to bridge discrepancies between characterization techniques. To further discern
a structural model, we present atomic-scale, cross-sectional annular dark field scanning tunneling
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electron spectroscopy (ADF-STEM) (Figure 2e) and electron energy loss spectroscopy (EELS)
(see Figure S7) on a Pb-intercalated sample along the (11-20) plane is SiC (Figure 2e). A
representative cross-sectional structure is shown beside the image. A hazy monolayer of Pb atoms
is identifiable, weakly registered to SiC and sandwiched under trilayer graphene. A similar registry
to SiC is seen with more clarity for CHet based Ga, In, and Sn intercalations which are understood
to adopt a (1x1) structure on SiC(0001),'® suggesting that similar local alignments may be present
for Pb, with less columnar long-range registry.

SIC(1x1)

900s MLPb

1 SiC
o g

P

FIG 2: Atomic structure of CHet-based Gr/Pb/SiC. (a) Low energy electron diffraction (LEED) pattern
taken at a electron kinetic energy of 96.4 eV. The image shows graphene spots, G(1x1), SiC(0001) spots,
SiC(1x1) and diffraction spots from the Pb/Graphene superlattice which manifest as a (10x10) periodicity
with respect to the graphene diffraction spots. (b) Surface morphology of Gr/Pb/SiC sample imaged by
STM at (b) 50x50 nm?, Vi, = -1.05 V and I; = 0.85 nA and (c) 10x10 nm?, Vi;,s =-1.05 V and I, = 0.85
nA. (d) A 2D fast-Fourier transform (FFT) of the STM image shown in (c). (e) Cross-sectional STEM of a
Gr1/Pb/SiC sample. Pb atoms are seen sandwiched between graphene and SiC.

We performed angle-resolved photoemission spectroscopy (ARPES) to illuminate the electronic
structure at the Pb-SiC interface. In the Ky, — I' — Kpy, cut (Figure 3a) characteristic m bands
around the graphene K point (K,,) appear, and also low-lying states around I' from the valence
band of SiC. Additional bands are also evident — one with upwards curvature from I'" to Kpy, that
splits 1.3 eV below the Fermi level a band with upwards curvature from I" to Mpy, that disappears
around ~0.8 eV below the Fermi level and an electron-like band with minima near —0.5 eV that
splits around the Mp, point. These bands cross the Fermi energy and are visible on the
experimentally measured Fermi surface (Figure 3b). A similar band structure is seen in both Matta
et al. and Schadlich et. al., ,%°7 however we do not observe the (10x10) replica cone bands seen
in the latter report, likely due to a higher number of defects in plasma-treated graphene here, which
could suppress the replica bands. We similarly observe that the additional bands are not present in
SiC or graphene alone and also ascribe them to Pb, noting their likeness to a calculated DFT band
structure (Figure 3d,e) with SOC for a (1x1) model®’. We also note the close correspondence of
the Fermi surface calculated for 1x1 coverage and the experimental ARPES Fermi surface (Figure
3b,c); the Fermi energies used for the computed bands of Figures 3d,e closely match that for the
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Fermi surface of Figure 3b, within a few tens of meV. Two bands lose signal as they pass an
avoided crossing (Figure 3e); this drop in spectral weight is also observed in Matta et al.’s work.5
To understand the origin of this truncation, we performed an ARPES simulation of monolayer Pb
on top of SiC, the graphene layer being excluded in the model for computational simplicity (Figure
3f). The gray lines in Figure 3f show the plain band structure, while the color-shaded regions show
the simulated ARPES signal, which shows a close correspondence to experiment. By comparing
to the orbital-projected band structure (Figure S8), we see that ARPES predominately picks up
initial states with p, character, while the “missing” bands carry mainly p,/p, character. Through
ARPES simulation, we deduce that both matrix elements and finite-resolution effects’ play a role
in the relative intensity of the different ARPES bands (Figure S9).
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FIG 3: Electronic band structure of Gr/Pb/SiC. Measured ARPES (a) of Gr/Pb/SiC along a path crossing
high symmetry points Kp, — I' — Mp, — K, in the Brillouin zone in the inset highlighted by dark solid
lines. The color scale for signal intensity is provided for improved visualization. In addition, the intensity
of the graphene band is scaled down by 1/8. Bands originating from Pb-SiC are identified by black arrows.
The experimental (b) and calculated (c) Fermi surface of Gr/(1x1)Pb/SiC are well correlated, where axes
in (b) denote the photoelectron’s in-plane crystal momentum. The light gray contour in (c¢) corresponds to
a band losing ARPES signal. (d) Measured ARPES map from (a) overlaid with calculated band structure
of Pb-SiC for the I — Kpy, cut and (e) I' — Kg,, cut, showing strong agreement apart from “truncated” bands
between I' and Mpy,. (f) Simulated ARPES for monolayer Pb from I' to M. The k-path is extended slightly
to ease comparison with experiment. Dashed white lines show where various bands lose their ARPES
signal.

Considering the above characterizations, we can develop a structural model for CHet-based Pb
intercalation that can reconcile the conflicting evidence for superlattice modulations and 1x1
registry. The hexagonal (111) plane of bulk Pb has a larger in-plane nearest neighbor distance
(3.53 A)778 than the Si-Si distance within the (0001) plane of SiC (3.10 A);787 thus, a Pb
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monolayer lattice on the SiC(0001) surface registered 1x1 above Si will suffer compressive stress.
To determine a thermodynamically favored stress relaxation mechanism which matches the
observed STM results, we calculated the domain formation energy per unit area for a series of
structures initialized with vacancy defects using density functional theory. Whereas this stress may
be most efficiently relaxed within a supercell of two-dimensional hexagonal domains under a
stress-free boundary condition, for computational efficiency and ease of interpretation, we
calculate (without SOC) a series of one-dimensional supercells of parallel line defects that release
Pb compressive stress unidirectionally (Figure 4). Specifically, we examine v3 X nv/3 supercells
of the SiC primitive cell (n ranging from 1 to 6) where the horizontal direction in the inset of
Figure 4a aligns to a graphene lattice vector. To construct the relaxed domains, Pb atoms are
initially registered 1x1 above the uppermost Si atoms and then m rows (m = 1,2,3) of Pb atoms
are removed to create a vacancy line defect that is then relaxed to release the in-plane stress. The
domain formation energy per unit area is defined as:

Edomain - Eremoved + mpy — Eno-removal (1)
Area n

where E emoved and E L o-removal are the energies of the structurally relaxed supercells with and
without the removal of Pb atoms, and ppj, is the Pb chemical potential referenced to bulk Pb. Since
the chemical potential window for Pb to intercalate is narrow (Figure S13), any choice inside this
window gives results similar to those of Figure 4. A negative formation energy signals that the
corresponding structure is thermodynamically preferred to the 1x1 registry, reflecting the
existence of compressive stress at 1x1 registry which can be relaxed through a network of vacancy
line defects forming Frenkel-Kontorova domains.®® Removing 2 rows of Pb is preferred to
removing 1 or 3 whenever linear domains are thermodynamically favored because the double
vacancy row can reform a near-triangular lattice after relaxation. The most favorable linear domain
hosts a double vacancy row with n = 5 (preferred by ~0.001 eV/n over n = 6), suggesting the
Pb(111) monolayer relaxes its compressive stress through a network of vacancy line defects
forming Frenkel-Kontorova domains®*-8! with a domain width of 23.25 A, rather than the smoothly
evolving ideal Moiré structure of two weakly interacting incommensurate lattices. The observation
of mottled, grain-like hexagonal domains ~2.64 nm in size is a good match to our calculations.
Our result is in close agreement to Schéidlich et al.7 in their unrelaxed 2D model for monolayer
Pb on SiC with a domain boundary network.

In addition, this domain-relaxation model does not conflict with the ARPES results aligning
closely to the calculated band structure of the 1x1 system, nor with the cross-sectional TEM results
showing apparent 1:1 Pb-Si registry. Figure 4b shows how far Pb atoms deviate from the ideal
1x1 Si-top position in the relaxed domain structure. If the underlying Pb atoms underwent a
homogeneous stress relaxation with no influence from the Si substrate, then the variation in this
deviation across the supercell (blue line) would be a straight line. Yet, Pb atoms evidently favor
the Si-top position across the interior of the supercell, thus maintaining a near-1x1 registry across
much of the domain, with Pb atoms at the domain boundary more rapidly shifting registry by
means of a larger deviation change per site before re-assuming near-1x1 registry in the next
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domain. Both the low areal coverage of these transition regions and the large deviation change per
site within them imply a low contribution to the ARPES signal from registries outside the preferred
1x1 Si-top position: the regions of large deviation change per site do not possess real-space
periodicity on the scale of the reciprocal space sampled most effectively by ARPES, and ARPES
may have difficulty picking up a small-wavevector superlattice band folding which may extend
over only a handful of periods. Cross-sectional TEM provides highest contrast in regions where
atomic columns align along the beam, i.e. the interiors of the relaxed domains, which have the
lowest deviation change per site; for a hexagonal domain pattern such columns may occur across
a significant fraction of the depth of the cross-section across the entire field of view.
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FIG 4: Domain formation energy. (a) Linear domains are created by relaxing striped supercells formed
by removing 1, 2 or 3 rows of Pb atoms registered 1x1 above the Si sites of the uppermost SiC layer. The
inset shows a V3xnV3 (n=5) SiC unit cell with 2 rows of Pb atoms removed; this case is energetically
favored. Upon structural relaxation, the Pb atoms expand into the empty rows to relax the in-plane
compression of the 1x1 registry but maintain near-Si-top registry in the interiors of domains. (b) The in-
plane deviation away from the Si-top location for Pb atoms in the n=5 supercell. The preference for the Si-
top registry is reflected in the flattening of the blue curve in the interior of the domain.

Room-temperature spin torque ferromagnetic resonance (ST-FMR) measurements provide insight
into spin transport phenomena in CHet-grown EG/Pb/SiC. Using 50%x10 um soft ferromagnet
permalloy/epitaxial graphene/Pb heterostructure devices (Py/EG/Pb), an external magnetic field
(H) is applied to orient the magnetization of the ferromagnet, while a radiofrequency (RF) current
generates a spin current in the EG/Pb layer, thereby producing spin accumulation at the
graphene/Py interface (Figure 5a, b). This creates a spin torque on the Py magnetization, causing
it to precess and changing the resistance of the ferromagnet due to anisotropic magnetoresistance.
Thus, the magnetization dynamics of Py can be measured as a rectified DC voltage (V,ix) produced
by the mixing of the applied RF current and the varying resistance of the ferromagnet. The
resonance phenomenon is characterized by analyzing the spectrum due to the mixing voltage while
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sweeping the external magnetic field (H) across the resonance at a fixed RF current (Figure 5c¢).
The spectrum is finally fit with a symmetric and antisymmetric Lorentzian contribution, as shown
in Figure Sd. This results in a ratio of in-plane (7;) and out-of-plane torque (7,) (Eq. 1) that is
proportional to the amplitude of the symmetric (V) and antisymmetric (V4) Lorentzian
contribution. This ratio is also related to the effective field in the in-plane (Hp;) and out-of-plane
(H 1) directions, since the torque is proport10nal to the magnetization () and the effective field

H of f generated in the heterostructure (7 = m X H ff) 82

Hp, gl AnM o rr Vs
T =7, = [1+—LL : (2)
oetHpr  To Hyos Va

Here, H, is the magnetic field generated by the flow of electrical current in the heterostructure,
H,.., is the resonance field, and 47M.¢ is the demagnetization field obtained from fitting H,.¢ with
the Kittel ferromagnetic resonance equation. We note that the presence of the conducting EG layer
in between the Pb and Py complicates the detailed analysis of ST-FMR data, in contrast to the
typical ST-FMR heterostructure geometry where only a spin current generating layer and a
ferromagnetic layer are involved.3>%7 The extraction of the in-plane damping-like spin torque
efficiency, the out-of-plane field-like spin torque efficiency, and the spin Hall angle would require
accurate modeling of the current distribution flowing through the parallel resistor network of Py,
EG, and Pb. We can, however, obtain some insight into the charge-spin current conversion through

the ratio .To quantify the effect of the spin and charge currents in the

Ho +H
ferromagnetlc/EG/ZD-Pb heterostructure, the ratio of effective fields in 2D-Pb is computed at
different frequencies (Figure 5e) and compared its value with a H-intercalated graphene control

Hp, Hp,
m—162+009 in EG/Pb while it was m—097+019mthe

control sample. These values indicate 2D-Pb increases the effective field ratio, thus enhancing the
charge to spin conversion in the heterostructure. The possible presence of both damping-like and
field- like effective fields in 2D systems (such as the one produced by Rashba-like spin textures in
2D gases or in the surface states of a 3D topological insulator)¥”-%° makes it difficult to precisely
estimate the spin torque efficiency of 2D Pb. We expect in the future to perform a systematic study
as a function of the ferromagnetic film thickness that will allow us to separate these contributions.

sample. On average

Finally, angle-dependent ST-FMR, where the angle (¢) between the current and the external
magnetic field is changed, reveals the amplitude of the symmetric (S) and antisymmetric (A)
components of the resonance peak as a function of ¢ (Figure 3e). Similar to other heavy metals in
the 3D regime, the magnitude of the symmetric and antisymmetric components follows the usual
Vmix = Vsaycos (@)sin (2¢) angle dependence.’”-#89192 This indicates that the spin polarization
is completely in plane and perpendicular to the electrical current. This direction of spin polarization
induced by electric current originates from the C3,, symmetry of the 2D-Pb film. Considering the
response equation S; = y;;E;, where S, is the i-th component of spin density and E; is the electrical
field in the j direction (i = x,y,z and j = x,y), symmetry analysis based on Neumann’s principle®
suggests x,, as the only non-zero component (see Methods), which is indeed the component
observed in experiments. This conclusion is further validated when comparing to a direct
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calculation of the current-induced spin polarization based on linear response theory for a realistic
tight-binding model based on Wannier function from DFT calculations.®® Yang et al.?®° provide a
spin texture for 1x1 Pb/SiC at the Fermi surface, similar to the Rashba type of spin-split bands
with concentric, reverse spin polarized circular bands. The corresponding values of y,,, and y
are shown in Figure S14 as a function of Fermi energy Er. We find zero y,,, as required by C3,,
symmetry, and non-zero y,,,, which shows strong dependence on the Fermi energy. The non-zero
Xyx provides an explanation of the observed spin-orbit torque in the ST-FMR measurements.
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H Tr 100 ym N
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FIG 5: Spin torque transport measurement of Gr/Pb/SiC. (a) Schematic of the ST-FMR measurement.
(b) Optical microscopy image of a 50x10 pm device used for ST-FMR experiments. We include the axis
of our experiment and the directions of the current (I) and magnetic field (H). (c) ST-FMR spectra of a Py
(6nm)/Gr/Pb heterostructure measured at room temperature using an RF signal of 20 decibel-milliwatts
(dBm) ranging from 4 to 7 GHz. (d) ST-FMR spectra of the same heterostructure measured at 4 GHz
showing the fit to the experimental data and the contribution of the in-plane and out-of-plane torques to the
measured signal. (¢) Normalized magnitude of the measured effective fields obtained from the fit of the
data shown in (c) in graphene/Pb and its comparison with a graphene control sample without Pb. (f)
Magnitude of the symmetric (V) and antisymmetric (V) components of the mixing voltage signal obtained
by changing the angle (¢) between the current and the magnetic field. These values have been fit using Vi,
= Vsaycos(@)sin(2¢) as mentioned in the main text.

Conclusion

Through intercalation of Pb into EG/SiC via CHet, we can study Pb intercalation beyond the
nanoscale with complimentary microscopy and spectroscopy techniques. Using these, we can
achieve Pb coverages of up to 90% when synthesized at elevated temperatures above those of more
conventional ultra-high vacuum setups. Akin to more recent detailed structural reports,®’ we find
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that CHet-based Pb exhibits a Frenkel-Kontorova domain boundary network due to lateral
compressive stress relief within the (1x1) Pb/SiC model, which can be seen experimentally for
lateral dimensions up to 200 nm? as a (10x10) superstructure pattern. Anticipating a large spin
polarizability, we leverage uniformly intercalated Gr/Pb/SiC as a basal layer for a ST-FMR
measurement, discovering a 1.5% increase in the effective field ratio over a hydrogenated sample
and consistency with C3,, symmetry. Hence, we conclude that Pb-intercalation via CHet serves as
a viable route towards spintronic devices based on ultrathin heavy materials.

Multiple structural phases of CHet-based 2D metals are possible;’® hence, alterations in the CHet
setup (such as different pressures or cooling rates) may result in alternative phases of Pb such as
the twisted honeycomb® or amorphous phases.®® These phases may be topologically non-
trivial,”*?> which could significantly boost the spin-torque efficiency over what has been reported
here. Other heavy elements, such as Bi**7°, may also show non-trivial behavior,’® representing a
large charge-to-spin conversion. Future work could be focused on large-area growth of these
phases and examining them below room temperature and/or with electrostatic gating in a similar
setup as above. Future work could also focus on elucidating the effect of Frenkel-Kontorova
domain boundaries on spin-torque measurements, which goes unexplored here.

Methods

Synthesis of Gr/Pb/SiC. Atomically thin 2D-Pb is grown via confinement heteroepitaxy (CHet).!3
For this work, silicon carbide (SiC) (II-VI Inc.) is diced into 1 cm x 1 cm or I cm % 0.5 cm
substrates and pre-cleaned by a 20-minute soak in Nano-Strip (VWR, 90% sulfuric acid, 5%
peroxymonosulfuric acid, <1% hydrogen peroxide). Cleaned SiC wafers are then exposed to a
standard etch process (1500°C, 700 Torr, 10% hydrogen bal. argon, 30 minutes). We subsequently
sublimate silicon from the silicon carbide substrate and selectively grow, via anneal, nominally
monolayer epitaxial graphene (EG) (1800 °C, 700 Torr argon, 10 min) or partially formed (~90%)
monolayer EG (90% is performed with 1700 °C, 700 Torr argon for 40 minutes). We intentionally
expose only nominally monolayer EG to a reactive plasma etch (500 mTorr, 150 sccm 02, 50
sccm He, 50 W, 1 minute) in a Tepla M4L plasma chamber to introduce defects into the graphene
to ease the intercalation process'®. Intercalation is achieved by heat treatment in a horizontal quartz
tube (22 mm and 25 mm for inner and outer diameters, respectively) vacuum furnace, where lead
powder (Sigma Aldrich, 99.999% trace metals basis, ~500 mg) is placed in an alumina crucible
directly below a downward-facing EG/SiC substrate. Prior to heating, the tube furnace is evacuated
and backfilled with ultra-high purity forming gas (96-97% Ar, 3—4% H2, to avoid surface particle
accumulation, see Figure S3). Finally, the sample and Pb powder are heated to 800-940°C for
120 minutes under the forming gas environment at 500—700 Torr, with 200 sccm total gas flow.
The sample is then cooled to room temperature within 30 minutes, using a fan. For comparison,
we also examine hydrogenated EG, also known as quasi-free standing EG (QFEG), which is
synthesized using previously established methods of hydrogen intercalation of EG on SiC.7297

X-ray Photoelectron Spectroscopy. Samples are examined with a Physical Electronic Versa
Probe 11, using a monochromatic Al K, X-ray source (hv = 1486.7 ¢V) at an incident angle of 45°
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from surface normal, with a radius of 100 pm and a concentric hemispheric analyzer. High
resolution spectra are taken with a pass energy of 29.35 eV to 55 eV (Pb 4f and Si 2p) or 23.50 eV
to 29.35 eV (C 1s) and acquisition times of ~540 seconds (C 1s), ~55 seconds (Si 2p), and ~337
seconds (Pb 4f). Fitting details are given in the supplemental for C 1s and Si 2p peaks. To quantify
areal density, we use relative sensitivity factors based off Scofield photoelectric cross-sections and
corrected for angular distribution and transmission function (based on our experimental setup).”®
For the effective attenuation length, we scale the intensity of our metallic Pb signal (Ip,) using the
equation:*®

t
Ipp=Ipexpy — 17—
Pb = TPb p{ [Ae(E) cos 9]}
Where 6 is the incident angle (45°), t is the thickness of graphene, and A, is the inelastic mean
free path (IMFP) as a function of kinetic energy (E). The IMFP is determined from a previously
reported empirical model using a modified Bethe equation:'%

E
Ae(E) =

c, 6D
E2[BIn(YE) — F + 7]
E,, B, v, C, and D are all parameters which we obtain from Amjadipour et. al.’s work.!?" We
assume an areal density of 7.635 x 10'5 cm for bilayer graphene.

Raman Spectroscopy and Microscopy. A Horiba LabRam Raman system is used to perform
spectroscopy with a laser wavelength of 532 nm at 4.1 mW focused through a 100x objective lens
(NA 0.9). Double sweep spectra are taken with an accumulation time of 45 seconds and a grating
of 600 grooves/mm. Raman imaging is done using the SWIFT ultra-fast imaging technique with a
I1x1 pum pixel resolution. A flat baseline correction is applied to all data. For data in the
supplemental, an additional correction is applied to subtract the SiC signal.

Scanning Electron Microscopy. Samples are imaged using a Verios 5 XHR SEM in immersion
mode, equipped with TLD (secondary electron) and MD (backscattered electron) detectors. Images
are taken at either 5000x or 10000x resolution, with a beam current of 0.4 — 3.2nA and voltage of
2.00keV at working distances between 2—5.6 mm. Histogram and threshold data are extracted
using the ImageJ software.

Low Energy Electron Diffraction. Prior to LEED characterization, the Pb-intercalated sample
was annealed at ~180 °C for 18 hours in UHV vacuum (~ 1x10-'° mbar). After cooling to room
temperature, LEED images were taken at a beam energy of 96.4 eV using a 22 mm rear-view
LEED spectrometer (thoriated tungsten filament) and CMOS camera (4.92 megapixels).

Scanning Tunnelling Microscopy and Scanning Tunnelling Spectroscopy. For surface
characterization at room temperature, the experimental sample was annealed at 250 °C for an hour
under ultra-high vacuum (UHV) conditions (~3x10-1° mbar) to desorb potential surface
contaminations. Subsequently, the sample was transferred to the analysis chamber (~3x10-1° mbar)
for scanning tunneling microscopy (STM) characterization. STM analysis employed a Scienta
Omicron VT-AFM, a UHV scanning probe microscope (SPM) designed for topographic and
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spectroscopic imaging of solid surfaces at sub-nanometer resolution. Gwyddion software was
utilized for processing topographic images and performing 2-D FFT.10!

Scanning Transmission Electron Microscopy analysis. Cross-sections from 2D-Pb samples
were prepared by using a Helios G4 PFIB UXe DualBeam with a Xe+ plasma ion source. An
electron beam at 5 keV and 6.4 nA was utilized to deposit a ~100 nm carbon protective coating.
Then the Ga+ ion beam was used to deposit a 5 um tungsten layer at 30 KeV. The samples were
then prepared by performing a standard lift-out procedure and attached to a TEM half-grid. Finally,
both sides of the samples were thinned in multiple steps by gradually lowering the ion beam
voltage from 30 kV to 2 kV until the deposited tungsten is almost consumed, and the cross-section
window appeared transparent in the electron beam image at 5 keV. The STEM images of the FIB
cross-sections were performed in an FEI TITAN 80-300 KV HB Cubed Transmission Electron
Microscope equipped with a double corrector for both image and probe. HAADF images were
done at 200 kV with a dose rate of less than 50 e/A2 /sec using an in-column Fischione HAADF
detector (model 3000). The beam convergence angle was set to 19.1 mrad with a 50 pm C2
aperture and the collection angles of 63-200 mrad at 91 mm camera length. The ADF STEM
images were acquired at 300 kV and less than 50 pA screen current using Gatan ADF detector at
19.1 mrad with a 50 um C2 aperture and the collection angles of 13-30 mrad at 91 mm camera
length. The elemental mapping of the interface (in Figure S7) was performed using core-loss EELS
at 300 keV, 29.5 mm camera length, and ~50 pA screen current using a direct electron detector
Gatan K2 IS detector. EELS map was acquired at 0.0025 pixel time (0.0025 s per pixel) and 0.5
eV/channel electron dispersion, and 4 eV FWHM energy resolution. The EELS spectrum was
denoised using Multi-Statistical Analysis for performing the elemental mapping. The Hartree-
Slater cross-section method was applied to extract the core-loss signals, and power-law fitting was
applied to remove the background from the EELS signal. STEM-EDX analyses were performed
in a Thermo Fisher Scientific Talos F200X analytical microscope at 200 kV, equipped with an X-
FEG source and four in-column super-x silicon drift detectors (SDD). STEM-EDX spectrum
image (SI) datasets were collected with a dwell time of 50 us with an image size of 1024x1024
pixels; 50 pA of beam current was used at spot size 10 nm to avoid damage to the Pb layer. The
SI was collected, mapped, and analyzed using Velox software.

Angle resolved photoelectron spectroscopy. ARPES measurements were performed at the
Microscopic and Electronic STRucture Observatory (MAESTRO) beamline at the Advanced Light
Source at Lawrence Berkeley National Lab. The sample was annealed at 550 K for 1 hour before
measurements to remove surface adsorbates. Measurements of 2D-Pb were performed using a
photon energy of 110 eV. Photoemission spectra were collected by moving the sample around one
angle while using the angle-resolved mode of a Scienta R4000 electron analyzer for the collection
of the other angular axis.

Theoretical and simulated band structure. The spin-orbit coupled first-principle calculations
are performed with VASP!0%-194 at the PBE level'%:1% with a wavefunction energy cutoff of 600
eV and a I'-centered 13x13x1 k-point mesh. The hopping terms of the tight-binding model of Pb
p-orbitals and p, orbital of the top layer Si are extracted from the first-principle calculation with
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the code Wannier90.'%7 This tight-binding model is then used by the code chinook!'® to simulate
ARPES.

Spin torque ferromagnetic resonance in 2D-Pb. Six nanometers of permalloy (Nij goFeg29) were
evaporated on top of CHet grown Pb. The films were later capped in situ with a 3 nm Al layer to
prevent oxidation of the ferromagnetic layer, then subjected to standard lithography techniques,
including etching with Ar and SFg to pattern the heterostructures into 50x10 um devices which
were then contacted using Ti/Au. The resistance of the devices was around 1 KQ. The ST-FMR
spectra was measured from 3 GHz to 10 GHz in a probe station equipped with a 40A GSG RF
picoprobe, a GMW 5201 projected field electromagnet, a Keysight E8257D analog signal
generator and a Keithley 2182A nanovoltmeter. The angle dependent measurements were
performed at 4 GHz in a different setup using a rotating stage, a GMW 3470 electromagnet, an
Anritsu MG3692C signal generator and a Keithley 2182 A nanovoltmeter.

Symmetry analysis of y;;. We apply symmetry operations T on the response equation S; = x;;E;
where §; is the spin polarization and E; is the electrical field and the repeated indices means
summation. Under the transformation, the spin polarization becomes S; = det(T) T;;S;, the
electrical field is E; = TE; and S; = x;;E; where det(T) is the determinant of T;;. There is a
determinant for S; because S; is a pseudovector. Writing the transformed response equation in
terms of the original quantities gives det(T) T;S; = x;;TjkEx, or equivalently, S; = det(T) T3

XijTjkE. Thus, the transformed response coefficient is determined by y;, = det(T) 1Ty, T k-

For any symmetry of the system, we require y;; = x;; and the response coefficients need to satisfy:

Xik = det(T) 1T x0T

The current system has the C3,, symmetry. The three-fold rotation C3 about the z-axis can be given
by the matrix:

sin2m/3 cos2m/3 0],

cos2n/3 —sin2n/3 0
= )
0 0 1

It GIVeS Xyx Xzy» XxmXyz 10 D€ Z€10, Xyx = X5y and Yyy, = — Xy For the mirror symmetry, we
choose the zx plane as the mirror plane, and the mirror symmetry operation m,, is:

1 0 O
my, = <O -1 O),
0 0 1

Only the responses coefficients y;; with one of the indices as y are nonzero, namely, only ¥y, Xyx
XyzXzy are nonzero. Combing the requirements from these two symmetries, we have nonzero
coefficients y,, = — ¥y, for the current-induced spin polarization.
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Numerical method for the calculation of current-induced spin polarization. We apply linear
response theory!? to calculate y;;, which is given by:

1 [ d%k - ; >
Xl'j = — % -]. W TI‘SLGR(k,Ef)F](k,Ef)GA(k,Ef) .

The integral of momenta is over the Brillouin zone. s; is the spin operator. GR(G4) is the retarded
(advanced) Green’s function and given by:

GRD(R.E) = (E — HR) — SRAO(E))

The H (E) is the tight binding Hamiltonian for 2D Pb on SiC and is constructed from the Wannier
interpolation of the density functional theory with three p-orbitals of Pb atoms and one p, orbital
of SiC®, ZR(E) is the self-energies from the short range disorder and self-consistently given by:

2K
R = N; 2 R !
SR(E) = n,V2 f (Zn)ZG (k'E).

n; is the disorder density and V is the disorder strength. We take n;V% = 0.05eV2A=2 for the

calculation. T4(E) = (ZR (E ))Jr. [ (E,E ) is the vertex correction taken in the ladder approximation
and self-consistently given by:

Fj(E;E) :/j(%) + v, (E)

dzz - — —
— 2 R(1' ' Al 1!
1B =V | s 6 @B (1) + 1)) (.6,
where | l@) = —edy,H (E) is the current operator and —e is the electron charge.
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FIG 1: Microscale microscopy and coverage analysis of Gr/Pb/SiC. (a) Optical, (b) BSEM, and (c) SEM
images within the same ~20x20 pm area. The same optical image is overlaid with (d) Raman spectroscopy
mapping of the intensity in the ultra-low frequency range from 25-100 cm™, (e) the BSEM image
(transparency 50%) and (f) the combined Raman spectroscopy mapping and BSEM, showing correlative
features between all three. Scale bar is 10 um in all images. (g) Grayscale histogram of (b) showing two
distinct contrasts 1 and 2, which correspond to areas 1 (red box) and 2 (blue box) in (f). (h) The averaged
ultra-low frequency spectra taken in the red (1, non-intercalated) and blue (2, intercalated) boxes showing a
characteristic 2D-Pb signal for the blue box. Raman mapping is performed using the maximum intensity
count in the black box. (i) High-resolution Pb 4f spectra overlaid for growth temperatures 820 °C to 940 °C.
(j) Estimated atomic percentages of Pb from XPS versus synthesis temperature, indicating a maximum near
935 °C. (k) Relative atomic percentage of Pb (of entire composition including Si, C, O) from XPS vs.
coverage percentages from BSEM, showing a tight linear correlation (r = 0.99938).
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FIG 2: Atomic structure of CHet-based Gr/Pb/SiC. (a) Low energy electron diffraction (LEED) pattern taken
at a electron kinetic energy of 96.4 eV. The image shows graphene spots, G(1x1), SiC(0001) spots,
SiC(1x1) and diffraction spots from the Pb/Graphene superlattice which manifest as a (10x10) periodicity
with respect to the graphene diffraction spots. (b) Surface morphology of Gr/Pb/SiC sample imaged by STM
at (b) 50x50 nm?, Vpjas = -1.05 V and I; = 0.85 nA and (c) 10x10 nm2, Vpias = -1.05 V and I; = 0.85 nA.
(d) A 2D fast-Fourier transform (FFT) of the STM image shown in (c). (e) Cross-sectional STEM of a
Gr/Pb/SiC sample. Pb atoms are seen sandwiched between graphene and SiC.
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25 FIG 3: Electronic band structure of Gr/Pb/SiC. Measured ARPES (a) of Gr/Pb/SiC along a path crossing high
26 symmetry points Kpp — I' — Mpyp — Kgr in the Brillouin zone in the inset highlighted by dark solid lines. The
27 color scale for signal intensity is provided for improved visualization. In addition, the intensity of the
28 graphene band is scaled down by 1/8. Bands originating from Pb-SiC are identified by black arrows. The
29 experimental (b) and calculated (c) Fermi surface of Gr/(1x1)Pb/SiC are well correlated, where axes in (b)
30 denote the photoelectron’s in-plane crystal momentum. The light gray contour in (c) corresponds to a band
losing ARPES signal. (d) Measured ARPES map from (a) overlaid with calculated band structure of Pb-SiC for
the I' - Kpp cut and (e) I' - Kgr cut, showing strong agreement apart from “truncated” bands between I and
Mpp. (f) Simulated ARPES for monolayer Pb from I' to M. The k-path is extended slightly to ease comparison
with experiment. Dashed white lines show where various bands lose their ARPES signal.
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FIG 4: Domain formation energy. (a) Linear domains are created by relaxing striped supercells formed by
removing 1, 2 or 3 rows of Pb atoms registered 1x1 above the Si sites of the uppermost SiC layer. The inset
shows a V3xnv3 (n=>5) SiC unit cell with 2 rows of Pb atoms removed; this case is energetically favored.
Upon structural relaxation, the Pb atoms expand into the empty rows to relax the in-plane compression of
the 1x1 registry but maintain near-Si-top registry in the interiors of domains. (b) The in-plane deviation
away from the Si-top location for Pb atoms in the n=5 supercell. The preference for the Si-top registry is
reflected in the flattening of the blue curve in the interior of the domain.
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FIG 5: Spin torque transport measurement of Gr/Pb/SiC. (a) Schematic of the ST-FMR measurement. (b)
Optical microscopy image of a 50x10 pm device used for ST-FMR experiments. We include the axis of our
experiment and the directions of the current (I) and magnetic field (H). (c) ST-FMR spectra of a Py
(6nm)/Gr/Pb heterostructure measured at room temperature using an RF signal of 20 decibel-milliwatts
(dBm) ranging from 4 to 7 GHz. (d) ST-FMR spectra of the same heterostructure measured at 4 GHz
showing the fit to the experimental data and the contribution of the in-plane and out-of-plane torques to the
measured signal. (e) Normalized magnitude of the measured effective fields obtained from the fit of the data
shown in (c) in graphene/Pb and its comparison with a graphene control sample without Pb. (f) Magnitude of
the symmetric (VS) and antisymmetric (VA) components of the mixing voltage signal obtained by changing

the angle (¢) between the current and the magnetic field. These values have been fit using Vmix=Vs(a)
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Additional Structural Data for Gr/Pb/SiC

The structural evolution of a sample in CHet can be monitored via changes in the C 1s, Si 2p, and
Pb 4f core levels high resolution as measured by X-ray photoelectron spectroscopy (XPS) (Figure
S3) and Raman spectroscopy (Fig. S4) via modifications in the D/G ratio. The C 1s core level
spectra for monolayer EG exhibits buffer layer peaks (S1 and S2, 285.1 eV and 285.6 eV,
respectively), sp? or graphene (284.5 V) and the bulk SiC substrate (283.5 eV). Plasma treatment
introduces oxygen-based defects into EG, resulting in additional peaks related to C-OH (286.8 eV)
and C=0 (288.4 eV) bonding.!” After intercalation, peaks assigned to the buffer layer become
undetectable, the graphene peak increases in intensity, and the peak associated with SiC shifts to
lower binding energy (282.4 eV) due to band bending.® These features all indicate the interface is
passivated* and a second layer of graphene has formed, verified in transmission electron
microscopy (TEM) post CHet. The passivation of the Si face of SiC, along with the formation of

bilayer graphene, are consistent with our previous report on 2D-Ga, 2D-In, and 2D-Sn.’

Raman spectroscopy (Figure S4) details the evolution of graphene throughout CHet®. At each step
we see peaks which we identify as the D (~1360 cm™!), G (~1600 cm™!) and 2D (~2720 cm™ ')
peaks for graphene.® The D/G ratio average (near zero), G/2D ratio average (1.27), and FWHM
average of the 2D peak (33 cm!) for pristine EG (EG before plasma treatment) suggest a high-
quality monolayer of EG has formed on SiC. The D/G ratio increases substantially after plasma
treatment, indicating a significant increase in defect density in the graphene lattice. The decrease
in the D/G ratio after intercalation implies healing of the graphene layer, and the average G/2D
ratio (1.6) and 2D FWHM (70 cm ') hint that the graphene is in the few-layer regime. Notably,
the D/G ratios for Pb-intercalated EG are larger than for other CHet-based 2D metals® which can
contribute to a larger 2D FWHM, but the absence of extra peaks associated with C-O bonding in

XPS suggests these defects are minimal.
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FIG S1: XPS for CHet of Gr/Pb/SiC. High resolution C 1s spectra from XPS for (a) EG, (b) plasma treated
EG, (c) 2D-Pb, and (d) quasi-free standing EG. (e-h) Similarly, high resolution Si 2p spectra for samples
mentioned previously. For C 1s spectra, a pass energy of 23.5 to 29.4 eV is used, with acquisition times
between 3 and 9 minutes, and an energy step of 0.1 or 0.125 eV. For Si 2p spectra, a pass energy of 29.4 to
55 eV is used, with acquisition times between 45 and 90 seconds and an energy step of 0.125 or 0.2 eV. All

spectra are charge corrected (sp2 at 284.5 eV) and fit with Voigt lineshapes defined in the CasaXPS
software.”8
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FIG S2: Raman for CHet of Gr/Pb/SiC. Raman spectroscopy (a) averaged over a pristine EG sample, a
plasma treated EG sample, and a Pb-intercalated sample, with the SiC background signal subtracted. The
D/G peak ratio reduces upon Pb intercalation after plasma treatment; however, the graphene remains more
defective than for other metals. (b) Average (1) and standard deviation (o) for the G/2D ratio and 2D
FWHM for EG and Pb-intercalated (aka 2D-Pb) samples. Despite being defective graphene, the 2D FWHM
for 2D-Pb and G/2D ratio remains within the few-layer regime.

FIG S3: Hydrogen inclusion for 2D-Pb synthesis. SEM images taken for 2D-Pb samples grown with 0
sccm H2 flow, 8 scem H2 flow, and 10 sccm H2 flow. Large particle formation can be seen for the case of
no H2 inclusion, and white “flakes” can be seen for the case of 10 sccm H2 inclusion.
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FIG S4: Additional XPS and BSEM images of EG/Pb/SiC. (a) High-resolution C 1s spectra; (b) Si 2p
spectra from XPS for synthesis at 820°C to 940°C; (c) Electron backscatter microscopy (EBSM) images
for coverage percentages from 10% to 93% (scale bar is 10 um in all images). Expectedly, the largest
coverage percentages yield the largest redshift of the SiC peak to lower binding energy. We find similar
peaks as in Schadlich et. al.” (Bulks and Bulkiox1¢ in their report, corresponding to SiC” and Pb-SiC here),
further suggesting a similar structure is present here.
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FIG S5: Room temperature atomic resolution STM images and STS results of EG/Pb/SIC. (a) Surface
morphology of Gr/Pb/SiC sample in a 200 x 200 nm? window (Viiss = 1.75 V and I; = 0.65 nA), where the
surface is predominantly mottled with the (10 x 10) superlattice seen in Figure 2 but is also decorated with
protrusions (see Fig S4) and shows a triangular shaped depression, related to SiC layers underneath. (b)
Height profiles corresponding to dashed lines in (a), showing protrusions range from ~3 A to 6 A, and the
triangular depression is ~7 A (about 3 tetrahedral layers of SiC). (c, f) Atomic resolution images of two
different locations on the same sample in a 10 x 10 nm? window showing irregular and weak patterning,
respectively, similar to Hu et. al.’s report.'® (d, g) Associated height profiles along dashed white lines in
each scan, and (e, h) averaged STS spectra taken at each location. The density of states shows a minimum
at 0 V. Black arrows point to states seen in these regions.
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FIG S6: Protrusions within EG/Pb/SiC. (a) A 10 x 10 nm? window with a single protrusion, as seen in
FIG S5, centered around point 2. Note that the graphene lattice is still continuous over the protrusion,
suggesting an origin beneath the topmost graphene sheet. (b) STS spectra taken at points 1-3 in (a). The
density of state minimum for point 2 shifts to ~0.1 V. Scans are offset vertically for visualization. (c¢)
Another 10 x 10 nm? window on the same sample with another protrusion, where a change in the
superstructure pattern is more evident. Inset is the FFT of the scan near the protrusion, showing a different
hexagonal pattern from Figure 2(d) with length-scale 0.45 nm (~\/3 Agraphene)-



Pb M-edge EELS Map
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FIG S7: Additional TEM of EG/Pb/SiC. Cross-sectional scanning transmission electron microscopy
(STEM) of 2D-Pb using (a) high-angle annular dark field (HAADF), (b) annular dark field (ADF), and (c)
inverse annular dark field imaging. (d) Electron energy loss spectra (EELS) mapping for the full spectrum
and for the Pb-M edge; (e) EELS spectra at a point with Pb inclusion. Cross-sectional STEM-HAADF
images of (f) one, (g) three, and (h) one to three layers of Pb on SiC. These 3-layer regions may correspond
to the protrusions seen in STM. Plumes of white in these images may be due to beam damage or instability
during imaging.



Band structures for 1x1 registry.

Energy(eV)
Energy(eV)

FIG S8: Calculated band structures. (a,c) Band structures without spin-orbit coupling. (b,d) Band
structures with spin-orbit coupling. The Fermi level is at 0 eV. The red color in (a,b) is proportional to the
amplitude of the projection to all Pb orbitals. The size of dots in (c,d) is proportional to the amplitude of
the projection to the corresponding Pb-s, py, py, and p, orbitals. A steep band between the I' and M points
which has mainly px and py character may not be visible in experimental ARPES.



Explanation of the band “truncation” in ARPES.
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FIG S9: Matrix elements and finite-resolution effects in ARPES simulation. The gray solid lines are the
plain band structure. The colored and smeared spots show the relative intensity in ARPES simulation. (a)
Light polarization along (0, 0, 1) with a smearing of 0.01 for both energy (eV) and momentum (A™). The
p«/py bands are very faint compared to the p, bands. (b, ¢, d) Light polarization along (1, 0, 0) with smearing
0f 0.01, 0.03 and 0.05. The overall brightness for this polarization is 5 orders of magnitude lower than that
in (a). In (b) the relative brightness of the px/py bands is comparable to that of the p, bands, but it becomes
much fainter when the smearing is increased in (¢) and (d).
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Matrix elements (Figure S9) play a significant role in weakening ARPES signals from the px/py
bands in case (a) where the light polarization is along (0,0,1). If we change the polarization to
(1,0,0), the matrix elements from both bands have comparable amplitude, although the absolute
values are 5 orders of magnitude smaller than in case (a). This means the matrix elements effect
alone cannot explain the band “truncation”. In real samples, signals are smeared, and this smearing
brings the density of states of the bands into play. After adding the smearing effect, as shown in

cases (c) and (d), the signal from the px/py bands is much weaker than that of the p, bands. For



comparison, the experimental data show a resolution of ~0.1 eV and ~0.05 A~'. Matrix elements

and finite-resolution effects'! together may thus explain the band truncation in the ARPES data.

Band structures of alternative Pb configurations.

The band structures of alternative registries with Pb atoms above C atoms or the hollow site exhibit
features not observed in ARPES. Figure S10 shows that the band structure of the intermediate
registry in the domain boundary, i.e., Pb atoms on top of the C and the hollow site of the uppermost
SiC hexagonal lattice, even if periodically maintained under SiC periodicity, is not compatible
with ARPES band structure. For the band structure of the hollow site, the spin splitting induced
by spin-orbit coupling for the Pb-associated bands along I'-M around the Fermi level is ~100 meV,
much smaller than to the splitting observed in ARPES (~500 meV in Figure S8). Both alternative
registries also fail to describe how the band that starts around —1.25 eV at I" reaches the Fermi
level at K. The band structure for the 1x1 Si-top registry, which reflects the interiors of the Frenkel-

Kontorova domains, captures both these features.
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FIG S10: Band structure with spin-orbit coupling of (a) Pb above the C site and (b) Pb above the hollow
site of the uppermost SiC layer. The spin splitting at the arrow in (b) is ~100 meV, much smaller than the
splitting observed at this position in ARPES. Both band structures do not properly describe the ARPES
band around —1.25 eV at I that reaches the Fermi level at K, marked by dashed line in (a). The lack of this
feature in the simulation of these registries suggests that they occupy at most a small areal fraction of the
experimental sample and are not present as extended domains.



B. Matta et al.'> suggest a 2 x 2 SiC-(+v/3 X v3)R30° Pb supercell as a means to match the lattice
constants of SiC (0001) and Pb (111). This 30° rotation also allows for weak strain between Pb
and graphene in a 7x7 Pb — 10x10 graphene supercell while maintaining the correct relative
orientation of graphene to SiC, thus also a possible explanation for the 10x10 Moiré pattern seen
in LEED. However, Figure S11 shows that the calculated band structure of the 2 x 2 SiC-
(v/3 x V3)R30° Pb system, when unfolded'>'* to the SiC primitive cell, produces several bands
around —1 eV along I'-to-M that are not visible in ARPES.
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FIG S11: Band structure with spin-orbit coupling of a 2x2 SiC-v/3xv/3R30° Pb supercell unfolded to the
primitive SiC cell. Opacity of dots represents the strength of the spectral weight. Several bands seen around
—1 eV along I'-to-M are not visible in ARPES.



Band structure calculation for 2 layers of Pb on SiC (Figure S12) show two distinct sets of bands
of p, character from I' to M (and I" to K) which differ in energy by ~2 eV (i.e. much larger than
the Pb monolayer spin-splitting energy scale of 0.5 eV seen in Figure S8). Similarly, we would
expect multiple sets of bands of p, character for thicker Pb intercalation. The ARPES data only
show one set of bands in this region, which supports the conclusion that Pb forms a single layer
in our experiments.
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FIG S12: Band structure with spin-orbit coupling for 2 layers of Pb on SiC. Multiple bands of p, character
present here are absent in the experimental ARPES.



Phase stability of 1x1 registry.

We calculated (with spin-orbit coupling) the free energy E — up, Npy, for 1/3, 2/3, and full Pb
coverage of the 1x1 registry with two layers of graphene cap as a function of Pb chemical
potential up,. We are referring Gr/SiC with no Pb interclataion to 0 free energy so a phase with
positive free energy will not happen during the growth at that up,. We see that Pb marginally
intercalates a full layer into Gr/SiC with a small window before Pb crystallization.
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FIG S13: The calculated free energy for different Pb intercalation of 1x1 registry. 0 free energy
is referring to no Pb intercalation. “bulk™ is referring to the energy of bulk Pb. Only a small
window exists allowing Pb intercalation.

Spin polarization calculations.
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FIG S14: The in-plane CISP response xy, and out-of-plane CISP response x .



XPS fitting parameters.

C1s
sp2 (Gr) SiC/SiC' Pb-SiC S1 S2
LF(0.82,1.5,91,90) LF(1,1,255,380,5) LF(1,1,255,380,5) LA(1.53,243) LA(1.53,243)
Sample Position (eV) FWHM (eV) Area (%)|Position (eV) FWHM (eV) Area (%) Position (eV) FWHM (eV) Area (%)|Position (eV) FWHM (eV) Area (%)|Position (eV) FWHM (eV) Area (%)
Pristine EG 284.5 0.9 60 283.5 0.7 29 285.1 0.7 4 285.6 1 7
2D-Pb_820C 284.5 0.7 67| 283.2 0.7 7 282.8 0.7 26
2D-Pb_850C 284.5 0.7 71 283.1 0.8 7 282.4 0.8 22
2D-Pb_880C 284.5 0.7 70 283.2 0.8 10 282.6 0.8 20
2D-Pb_910C 284.5 0.7 69 283.1 0.9 10| 282.5 0.9 21
2D-Pb_925C 284.5 0.7 68 283.1 0.8 ) 282.4 0.8 26
2D-Pb_935C 284.5 0.7 69 283.2 0.8 5 282.4 0.8 24
2D-Pb_940C 284.5 0.7 73 283.2 0.8 ) 282.7 0.8 21
hEG 284.5 0.7 51 282.6 0.8 49|
Si2p
SiC 2p3/2 SiC 2p1/2 Pb-Si 2p3/2 Pb-Si 2p1/2
LF(1,1,255,380,5) LF(1,1,255,380,5) LF(1,1,255,380,5) LF(1,1,255,380,5)
Sample Position (eV) FWHM (eV) Area (%)| Position (V) FWHM (eV) Area (%)| Position (V) FWHM (eV) Area (%)|Position (V) FWHM (eV) Area (%)|
Pristine EG 101.3 0.9 67 101.9 0.9 33
2D-Pb_820C 100.9 0.7 19 101.5 0.7 9 100.4 0.7 46 101.0 0.7 23]
2D-Pb_850C 100.8 0.9 17 101.5 0.9 8 100.1 0.9 48 100.7 0.9 24
2D-Pb_880C 100.8 1.0 24 101.5 1.0 12] 100.1 1.0 39 100.7 1.0 19
2D-Pb_910C 100.8 1.0 23 101.4 1.0 1" 100.1 1.0 40 100.8 1.0 20
2D-Pb_925C 100.7 1.0 13| 101.3 1.0 6| 100.0 1.0 52 100.6 1.0 26
2D-Pb_935C 100.7 1.0 13| 101.4 1.0 6| 100.0 1.0 52 100.6 1.0 26
2D-Pb_940C 100.8 0.9 14 101.4 0.9 6 100.3 0.9 51 100.9 0.9 25
hEG 100.3 0.9 67 100.9 0.9 33

Table 1: Fitting parameters’ for the C 1s and Si 2p high-resolution spectra. Samples are all charge corrected
(sp2 at 284.5 eV). LA denotes a Lorentzian centered at E of the form:

[L(E)]* for E < E,

LA(a,b,m) or LF(a,b,w,m) = {[L(E)]b for E > E,

Where:

L(E) =

E—E
1+ 4Gy’

Convoluted with a Gaussian of width characteristic m to form a Voigt line shape. A damping function is
applied (w) to force tails to the baseline within the region bounds.
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