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Abstract

Remote epitaxy is promising for synthesis of lattice-mismatched materials, exfolia-

tion of membranes, and re-use of expensive substrates. However, clear experimental ev-

idence of a remote mechanism remains elusive. Alternative mechanisms such as pinhole-

seeded epitaxy or van der Waals epitaxy can often explain the resulting films. Here,

we show that growth of the Heusler compound GdPtSb on clean graphene/sapphire

produces a 30 degree rotated (R30) superstructure that cannot be explained by pin-

hole epitaxy. With decreasing temperature the fraction of this R30 domain increases

compared to the direct epitaxial R0 domain, which can be explained by a competition

between remote vs pinhole epitaxy. Careful graphene/substrate annealing and consid-
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eration of the relative lattice mismatches are required to obtain epitaxy to the under-

lying substrate across a series of other Heusler films, including LaPtSb and GdAuGe.

The R30 superstructure provides a possible experimental fingerprint of remote epitaxy

since it is inconsistent with the leading alternative mechanisms.

keywords: graphene, epitaxy, membrane, Heusler, strain

In remote epitaxy, a thin film is thought to grow on a graphene (or other 2D material)-

covered substrate via remote interactions that permeate through graphene. 1 This concept is

supported by density functional theory calculations, which suggest that for ideal graphene/substrate

slabs, the lattice potential of the substrate may sufficiently permeate through graphene to

template epitaxial growth.1,2 The decoupling between film and substrate is promising for

synthesis of highly lattice mismatched materials with reduced dislocation density,3–5 exfoli-

ation of free-standing membranes for flexible electronics,1,6 strain-induced properties,7 and

re-use of expensive substrates.1

It remains an outstanding challenge, however, to experimentally validate a remote epi-

taxy mechanism. Other mechanisms, which are difficult to rule out, can produce similar

results. For example, pinhole-seeded lateral epitaxy can also produce single-crystalline exfo-

liatable films.8 A pinhole mechanism occurs when pinholes or other openings in the graphene

selectively nucleate the direct epitaxy of film on substrate,9 followed by lateral overgrowth

and coalescence.8 These pinholes can appear natively in the graphene or they can be cre-

ated during pre-growth annealing due to desorption of native oxides or other contaminants

at the transferred graphene/substrate interface.8,10 Van der Waals epitaxy, in which a film

grows with epitaxial registry to the 2D material rather than the underlying substrate, can

also produce exfoliatable single crystalline films. Examples include GaN on graphene/SiC

(0001)11 and GaN on hexagonal BN/Al2O3 (0001).12 Finally, interfacial carbides can form

at the interfaces between some rare earth or transition metals and graphene, e.g. Ni2C
13

and several Gd-carbides,14 further complicating the growth mechanisms. These examples

illustrate that epitaxy to the substrate and exfoliation are insufficient to prove a remote
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mechanism.8 Moreover, graphene is not always required for exfoliation: interfacial strains

in thin film heterostructures can also enable exfoliation without the need for a graphene

interlayer.15 New forms of evidence are needed to experimentally validate a remote epitaxy

mechanism.

Figure 1: Annealing cleans the graphene / sapphire interface. (a,b) Atomic force
microscopy (AFM) topographic images after the 400 ◦C and 700 ◦C anneals. (c,d) AFM
line profiles. After the 700 ◦C anneal, a step terrace profile from the underlying sapphire
substrate is observed. (e,f) Schematics of the graphene/sapphire interface after annealing at
400 ◦C and 700 ◦C. L is the distance between pinholes.

Here, we discover alternative evidence for remote epitaxy: a 30 degree rotated (R30)

epitaxial superstructure that cannot be explained by the pinhole or van der Waals mech-

anisms. Molecular beam epitaxial (MBE) growth of the half Heusler compound GdPtSb

on monolayer graphene/Al2O3 (0001) produces films that are epitaxial to the underlying

sapphire substrate, but rotated in-plane by 30 degrees compared to GdPtSb grown directly

on sapphire. Preliminary photoemission spectroscopy measurements do not detect interfa-

cial carbides as the origin of the R30 orientation. We show how the growth temperature,

graphene annealing conditions, and relative film/substrate versus film/graphene lattice mis-
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match can tune the competing mechanisms of remote epitaxy, pinhole epitaxy, and van der

Waals epitaxy, across a series of cubic and hexagonal Heusler compounds with varying lat-

tice parameter: GdPtSb, LaPtSb, and GdAuGe. All three materials can be exfoliated to

produce free-standing Heusler membranes, which are of great interest for their highly tun-

able topological and magnetic properties,16–18 including flexomagnetism.7 Our experiments

provide a more complete understanding and control of the competing growth mechanisms

on monolayer graphene.

GdPtSb, LaPtSb, and GdAuGe films were grown by molecular beam epitaxy (MBE) on

monolayer graphene covered Al2O3 (0001) substrates. Polycrystalline monolayer graphene

was grown by chemical vapor deposition (CVD) on copper foils (Supplemental Fig. 1) and

wet transferred to a pre-annealed Al2O3 (0001) surface, following the methods in Ref.7 Cubic

GdPtSb (F 4̄3m), hexagonal LaPtSb (P63mc), and hexagonal GdAuGe (P63mc) films with

thickness ∼ 20 nm were grown by MBE via co-deposition of three elemental sources and

capped with amorphous Ge, following procedures similar to Ref.7,19 Fluxes were calibrated by

Rutherford Backascattering Spectrometry of calibration samples. Sample temperatures were

measured using a pyrometer that is calibrated to the native oxide desorption temperatures

of GaAs and GaSb.

We first analyze a crucial graphene preparation step: annealing of the transferred graphene

on sapphire to produce a clean interface before Heusler film growth. This clean interface

is crucial for producing Heusler films with epitaxial registry to the underlying sapphire

substrate. Figs. 1(a,c) show an atomic force microscope (AFM) image and line profile of

transferred graphene on Al2O3 (0001) after a 400 ◦C anneal in ultrahigh vacuum (p < 10−9

Torr) to remove surface adsorbates. After this light anneal, we observe extended wrinkles

and bumps in the graphene, which we attribute to trapped interfacial contaminants beneath

the graphene (Fig. 1e). GdPtSb growth on these lightly annealed surfaces tends to produce

fiber textured Heusler films that are primarily [111]c oriented out of plane, but randomly

oriented in-plane (Supplemental Fig. 2) suggestive of van der Waals epitaxy.
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In contrast, annealing the graphene/sapphire at 700 ◦C produces cleaner surfaces and

interfaces in which the underlying atomic step terraces of the sapphire are observed by

AFM (Fig. 1b,d,f). This atomic step morphology is similar to bare sapphire annealed

under the same conditions (Supplemental Fig. 3). The 700 ◦C annealed graphene/sapphire

also displays a much smaller concentration of pinholes than transferred graphene on III-V

substrates after native oxide desorption: ∼ 10/µm2 for graphene on sapphire, compared

to ∼ 200/µm2 for graphene on GaAs that result from amorphous oxide desorption.8 We

attribute the reduced graphene pinhole density on sapphire to the fact that Al2O3 (0001)

is an air stable crystalline surface, in contrast with III-V surfaces that are terminated with

an amorphous oxide. The high temperature annealed graphene/sapphire interfaces provide

a cleaner starting point for investigating the mechanisms for epitaxy on graphene-covered

surfaces.

We find that Heusler films can be epitaxially grown and exfoliated from the clean graphene

/ sapphire. Fig. 2(a,b) show schematic layer structures and X-ray diffraction (XRD) mea-

surements for GdPtSb, LaPtSb, and GdAuGe films grown by MBE on 700 ◦C annealed

graphene / sapphire, at a Heusler film growth temperature of 650 ◦C. The 2θ − ω scans

confirm the expected [111]c and [0001]h out-of-plane orientations with no secondary phases.

All films could be exfoliated by bonding the film to a glass slide with crystalbond and me-

chanically exfoliating (Fig. 2c,d), to produce Heusler membranes with lateral dimensions of

a few millimeters.

Azimuthal ϕ scans reveal differences of the in-plane ordering that vary with lattice mis-

match (Fig. 3), indicating different growth mechanisms for the three materials. For GdAuGe,

which has the largest mismatch to sapphire (7.3% tensile) and smallest mismatch to graphene

(4.0% compressive for a 30 degree rotation with respect to graphene), we observe a distri-

bution of in-plane orientations corresponding to a van der Waals growth mode (Fig. 3a,b

green curve). Comparison across several GdAuGe samples on graphene/sapphire reveal a

common distribution of domain orientations, implying epitaxial registry of the GdAuGe to
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Figure 2: Epitaxy and exfoliation of GdPtSb, LaPtSb, and GdAuGe on
graphene/Al2O3 (0001). (a) Schematic cross sections of the heterostructures, as viewed
along a sapphire [1̄21̄0] zone axis. Red = (Gd, La), yellow = (Au, Pt), blue = (Ge,
Sb), black = Al, white = O. (b) X-ray diffraction (Cu Kα) 2θ scans of films grown on
graphene/sapphire. The films are oriented [001] cubic or [0001] hexagonal out of plane.
Sapphire substrate reflections are marked with *. (c) 2θ scans of the films after exfoliation.
(d) Photos of the exfoliated film and substrate after exfoliation. Substrate dimensions are
10 × 10 mm. The regions of the films grown on the graphene-covered region (center) are
exfoliated.

polycrystalline graphene (Supplemental Fig. 4).

For LaPtSb, which has intermediate mismatch to sapphire (4.2% tensile) and large mis-

match to graphene (7.0% compressive), we observe a sixfold pattern of 101̄2 reflections that

are aligned with the sapphire 101̄4 reflections (Fig. 3a,b red curves). This corresponds to the

expected hexagon-on-hexagon (R0) epitaxial relationship ⟨112̄0⟩LaPtSb ∥ ⟨112̄0⟩Al2O3 , which

is the same orientation that appears for direct epitaxy of LaPtSb on sapphire (Supplemental

Fig. 5). Both remote epitaxy and pinhole epitaxy provide consistent explanations for the R0

orientation, since the ability to exfoliate from graphene does not strictly exclude a pinhole

growth mechanism.8

For GdPtSb, which has the smallest mismatch to sapphire (2.7% tensile), ϕ scans of

the GdPtSb 220 reflections reveal two epitaxial domain orientations: R0 and R30. The R0
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Figure 3: In-plane orientations. (a) ϕ scans of the GdPtSb 220, LaPtSb 101̄2, and
GdAuGe 101̄2 film reflections, referenced to the sapphire 101̄4. (b) Distribution of in-plane
orientations. Each distribution represents statistics on at least XX samples. (c) In-plane
hexagonal lattice parameters and crystal structures. For cubic GdPtSb, the hexagonal lattice
parameter is ah = 1

2
d110. For graphene, the lattice parameter of 4.26 Angstrom corresponds

to a (
√
3 ×

√
3)R30◦ supercell (solid black line) with respect to the conventional unit cell

(dotted black line). Note the graphene is polycrystalline, so epitaxy to graphene results in
a polycrystalline Heusler film.

reflections are aligned with the sapphire 101̄4, corresponding to the expected hexagon-on-

hexagon epitaxial alignment ⟨101̄⟩GdPtSb ∥ ⟨21̄10⟩Al2O3 . This R0 orientation is the same as

observed for direct epitaxy of GdPtSb on sapphire (Fig. 4a), and is consistent with both

pinhole and remote mechanisms. The R30 orientation of GdPtSb is rotated by 30 degrees

7



with respect to the sapphire: ⟨211⟩GdPtSb ∥ ⟨21̄10⟩Al2O3 . This orientation is inconsistent with

a pinhole mechanism.

Figure 4: R30 orientation for GdPtSb on graphene/Al2O3 (0001). (a) Azimuthal
ϕ scan for GdPtSb grown directly on sapphire, corresponding to the standard hexagon-on-
hexagon epitaxial relationship. (b) ϕ scan for GdPtSb on graphene / Al2O3 (0001). The
GdPtSb 220 reflections are shifted by ∆ϕ = 30 degrees with respect to the sapphire 101̄4. (c)
R0 hexagon-on-hexagon orientation. The GdPtSb lattice is shown in blue and the sapphire
lattice in black. The mismatch is 2.7% tensile. (d) R30 orientation. The corresponding
(5× 5) supercell (red) with 5 · asapphire ≈ 3 · (1

2
d210,GdPtSb) has a smaller lattice mismatch of

1.5% compressive.

To emphasize the unique origins of the R30 orientation, Fig. 4 compares ϕ scans for a

GdPtSb film grown directly on sapphire with another GdPtSb film grown on graphene/sapphire.

For the sample grown directly on sapphire we observe a three-fold pattern of 220 reflections

that are aligned with the sapphire 101̄4 reflections, corresponding to the R0 hexagon-on-

hexagon epitaxial alignment. A weaker set of 220 reflections are shifted by ∆ϕ = 60 degrees

from the main reflections, corresponding to antiphase domains. In contrast, for GdPtSb epi-

taxy on graphene/sapphire (Tanneal = 700, Tgrowth = 600◦ C) we observe a six-fold pattern

of 220 reflections that are shifted by ∆ϕ = 30 degrees from the substrate reflections (Fig.

4b). This corresponds to a 30 degree rotated epitaxial relationship (R30) (Fig. 4d).
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This R30 orientation of GdPtSb provides a possible fingerprint of remote epitaxy, since it

is inconsistent with the leading competing growth mechanisms. For pinhole-seeded epitaxy,

only the R0 domain appears because the exposed pinholes are sites for direct epitaxy. For

van der Waals epitaxy, a random distribution of in-plane orientations appears because the

polycrystalline graphene has a random distribution of orientations in plane (Supplemental

Fig. 1). Intercalation under the graphene,20 which could in principle stabilize different

epitaxial relationships, is unlikely because the GdPtSb films can generally exfoliated without

large scale spalling marks (Fig. 2d).

Figure 5: Controlling in-plane rotations (a) Azimuthal ϕ scan of the GdPtSb 220 reflec-
tions for three films grown at 600, 650, and 700 ◦C (blue), on graphene/sapphire that had
been annealed to 700 ◦C. All curves are referenced to the 101̄4 reflections of the sapphire
substrate (black). (b) Out of plane 444 reflection tracking changes in lattice parameter.
(c,d) Possible mechanisms to explain the temperature dependence. (c) Metastability of the
30 degree domain on graphene. In this picture, both R0 and R30 domains appear for growth
on graphene. Increasing the growth temperature enables the system to surmount a kinetic
barrier between the two domains. (d) Pinhole vs remote mechanism. Higher growth tem-
peratures favor growth at pinholes, due to the increased surface diffusion length λ. Growth
from pinholes results in the R0 domain.
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To test the origins of the R30 orientation on graphene we investigate its growth tempera-

ture dependence. Fig. 5 shows ϕ scans of three GdPtSb samples grown on graphene/sapphire.

For all three samples, the graphene/sapphire was first annealed at 700 ◦C to produce a clean

interface. We find that the balance of R30 vs R0 domains is strongly tuned by the GdPtSb

growth temperature. High growth temperature (700 ◦C) favors the R0, low growth temper-

ature (600 ◦C) favors the R30, and intermediate growth temperature produces a mixture

of the two orientations. In contrast, for GdPtSb growth directly on sapphire, only the R0

alignment is observed over the same range of temperatures (Supplemental Fig. 6). These

changes of in-plane orientation for films on graphene coincide with a change in strain state,

where the high temperature R0 sample films are strained, while the low temperature R30

sample is relaxed to the bulk lattice constant (Fig. 5b).

Two scenarios may explain this temperature dependence on graphene. First, increasing

the growth temperature is expected to tune the balance between remote epitaxy and pinhole-

seeded epitaxy (Fig. 5d). Pinhole epitaxy is favored at high growth temperatures, in which

the surface diffusion length for Gd, Pt, and Sb adatoms is larger than the distance between

graphene pinholes (λ > L).8 Here, adatoms can diffuse far enough to find the more chemically

reactive pinhole sites, leading to direct nucleation of R0 domains at pinholes. At lower growth

temperatures the shorter surface diffusion length (λ < L) favors random nucleation on clean

graphene, leading to the R30 by remote epitaxy. This scenario is also consistent with the

observed changes in lattice parameter (Fig. 5b), where we find that the high temperature

film with R0 orientation is strained (consistent with direct epitaxy at pinholes) and the low

temperature film with R30 is relaxed (consistent with growth on graphene).

Another scenario is that both the high and low temperature regimes are remote epitaxy

on graphene, and increasing the growth temperature allows the system to surmount a kinetic

barrier between a metastable R30 and a stable R0 domain (Fig. 5(c)). Further experiments

are required to understand the energetics and kinetics of rotational domain formation on

graphene. Regardless of microscopic mechanism, the appearance of the R30 at low growth
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temperature (< 700◦ C) is highly suggestive of a remote epitaxy mechanism via elimination

of the pinhole, van der Waals, and intercalation mechanisms in this materials system.

Our experiments rule out pinholes, van der Waals epitaxy, and intercalation as origins of

the R30 GdPtSb orientation. Does this imply that the R30 is formed by a remote epitaxy

mechanism? Why is the R30 orientation favored over the standard R0 on graphene? And is

the R30 unique to GdPtSb, or would other compounds form this orientation?

Regarding the first question of the R30 as proof of remote epitaxy, it is worth considering

one more mechanism: interfacial carbide formation. Although stable in contact with many

materials, graphene is known to react with several transition and rare earth metals to form

interfacial carbides, which can seed new epitaxial relationships for subsequent film growth.

For example, interfacial Ni-carbides form during the CVD growth of graphene on Ni (111)

and are known to produce graphene domains that are rotated from the direct graphene on

Ni alignment.13 Additionally, several Gd-carbides form at Gd/graphite interfaces at tem-

peratures ranging from below 800 K to 1100 K,14 which is similar to our GdPtSb growth

temperature. Among the many Gd-carbides, the electride Gd2C has a layered structure,21

suggesting that exfoliation from Gd2C may be possible.

To test the possibility of carbides at the GdPtSb/graphene interface, we performed pho-

toemission spectroscopy measurements of a 2 monolayer GdPtSb film on graphene/sapphire

(Supplemental Fig. 7). Our preliminary measurements did not detect any carbide compo-

nents in the C 1s core level, compared to the known GdC2 and Gd2C3 that produce shifts

of 1.6 and 3.5 eV, respectively.14 However, we were not able to find reference data for Gd2C.

While it is early to completely rule out other carbide formation at the GdPtSb/graphene

interface, it is possible that the ternary GdPtSb/graphene interface is more stable with re-

spect to carbide formation than metal Gd/graphite interfaces,14 thus explaining the absence

of C 1s core level shifts for GdPtSb/graphene. Raman spectroscopy also confirms that af-

ter GdPtSb exfoliation, there is leftover graphene on the sapphire substrate (Supplemental

Fig. 8). Further experiments are needed to understand the possible role of carbides at
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GdPtSb/graphene and other film/graphene interfaces, in which the film contains transition

or rare earth metals.

Why is R30 favored over R0 for GdPtSb on graphene/sapphire? We hypothesize that for

a remote mechanism, the R30 orientation is favored because the weak interactions across the

graphene change the balance between the energy of interfacial bonding versus the strain en-

ergy, favoring small strains via a lattice rotation.7 For direct epitaxy of GdPtSb on sapphire,

covalent bonds are formed directly between the GdPtSb and the sapphire. The resulting R0

orientation corresponds to a 2.7% tensile lattice mismatch (Fig. 4c). However, for growth

on clean graphene, no covalent bonds are formed and instead there are weak van der Waals

interactions between the GdPtSb and graphene, and between the graphene and sapphire.

We hypothesize that the weakened bonding interactions allow the GdPtSb film to adopt an

orientation that lowers the strain energy. Here, an R30 orientation corresponds to a (5 × 5)

superstructure with a mismatch of only 1.5% compressive mismatch to sapphire (Fig. 4d). In

this supercell, 5 · asapphire ≈ 3 · (1
2
d210,GdPtSb). The lattice relaxation of the R30 grown at 600

◦C compared to R0 grown at 700 ◦C (Fig. 5b) is consistent with this picture. Further stud-

ies are required to understand the structure and energetics of GdPtSb/graphene/sapphire

interfaces.

Finally, is the R30 unique to GdPtSb? So far we have only observed a phase pure R30

for GdPtSb on graphene/sapphire. Over a similar range of growth temperatures, for LaPtSb

growth on graphene/sapphire we only observe the R0 and for GdAuGe we observe random

in-plane orientations. We anticipate the formation of R30 or other rotated epitaxial super-

structures will depend on the details of film/substrate lattice mismatch, the surface diffusion

length vs pinhole separation, and the possibility of interfacial phases. Rotational ordering

appears in other systems with weak coupling between film and substrate.22–25 We anticipate

that a similar framework may apply to the Heusler/graphene/sapphire system, in which

Heusler film and sapphire substrate are weakly coupled due to the graphene spacer. Con-

trolling the rotation angle during synthesis via this weak coupling may provide an alternative

12



route for fabricating and discovering new electronic phases in moiré heterostructures. 26,27

In summary, we discovered an R30 rotated superstructure that cannot be explained by

the competing mechanisms of pinhole-seeded lateral epitaxy or van der Waals epitaxy, and

detected no evidence for interfacial carbides. Among the mechanisms considered, a remote

mechanism remains the only explanation consistent with an R30 orientation. We caution,

however, that ruling out competing mechanisms does not strictly prove a remote mecha-

nism. Definitive proof may require microscopic measurements on samples with ultraclean

graphene/substrate interfaces. We also showed how the balance between pinhole, van der

Waals, and remote mechanisms can be controlled by growth temperature, graphene anneal-

ing conditions, and lattice mismatch. Van der Waals epitaxy, in which the films are aligned

to graphene, occurs when the graphene/substrate interface is contaminated or when the

film has a closer lattice match to the graphene than to the substrate. Pinhole epitaxy can

dominate at high growth temperatures, where the surface diffusion length is larger than

the spacing between unintentional pinholes. Finally, remote epitaxy may occur on clean

graphene at lower growth temperatures, where surface diffusion is small enough that films

nucleate on clean regions of graphene rather than only at pinholes.

Supporting Information

Supplemental note on interfacial carbides.

Supplemental Fig. 1. SEM images of polycrystalline graphene.

Supplemental Fig. 2. XRD of fiber textured GdPtSb on low temperature annealed

graphene/sapphire.

Supplemental Fig. 3. AFM of bare sapphire.

Supplemental Fig. 4. ϕ scans of GdAuGe on graphene/sapphire.

Supplemental Fig. 5. ϕ scans of GdAuGe, LaAuGe, and GdPtSb grown directly on

c-plane sapphire.
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Supplemental Fig. 6. XRD of GdPtSb grown on sapphire at different temperatures.

Supplemental Fig. 7. XPS of possible interfacial carbides.

Supplemental Fig. 8. Raman spectroscopy of graphene/sapphire after GdPtSb exfolia-

tion.

Acknowledgments

We thank Thomas F. Kuech, Chris J. Palmstrøm, and Donald Savage for discussions. Heusler

synthesis and characterization were primarily supported by the Air Force Office of Scientific

Research (FA9550-21-0127). Preliminary synthesis of LaPtSb and GdPtSb were supported

by the Army Research Office (W911NF-17-1-0254). Graphene transfers and characterization

were supported by the National Science Foundation (DMR-1752797). Graphene synthesis

and characterization are supported by the U.S. Department of Energy, Office of Science,

Basic Energy Sciences, under award no. DE-SC0016007. We gratefully acknowledge the

use of x-ray diffraction and Raman facilities supported by the NSF through the University

of Wisconsin Materials Research Science and Engineering Center under Grant No. DMR-

1720415. This research used resources of the Advanced Photon Source, a U.S. Department

of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by

Argonne National Laboratory under Contract No. DE-AC02-06CH11357.

References

(1) Kim, Y.; Cruz, S. S.; Lee, K.; Alawode, B. O.; Choi, C.; Song, Y.; Johnson, J. M.;

Heidelberger, C.; Kong, W.; Choi, S., et al. Remote epitaxy through graphene enables

two-dimensional material-based layer transfer. Nature 2017, 544, 340–343.

(2) Kong, W.; Li, H.; Qiao, K.; Kim, Y.; Lee, K.; Nie, Y.; Lee, D.; Osadchy, T.; Mol-

14



nar, R. J.; Gaskill, D. K., et al. Polarity governs atomic interaction through two-

dimensional materials. Nature materials 2018, 17, 999–1004.

(3) Bae, S.-H.; Lu, K.; Han, Y.; Kim, S.; Qiao, K.; Choi, C.; Nie, Y.; Kim, H.; Kum, H. S.;

Chen, P., et al. Graphene-assisted spontaneous relaxation towards dislocation-free het-

eroepitaxy. Nature nanotechnology 2020, 15, 272–276.

(4) Jiang, J.; Sun, X.; Chen, X.; Wang, B.; Chen, Z.; Hu, Y.; Guo, Y.; Zhang, L.; Ma, Y.;

Gao, L., et al. Carrier lifetime enhancement in halide perovskite via remote epitaxy.

Nature communications 2019, 10, 1–12.

(5) Liu, B.; Chen, Q.; Chen, Z.; Yang, S.; Shan, J.; Liu, Z.; Yin, Y.; Ren, F.; Zhang, S.;

Wang, R., et al. Atomic Mechanism of Strain Alleviation and Dislocation Reduction in

Highly Mismatched Remote Heteroepitaxy Using a Graphene Interlayer. Nano Letters

2022, 22, 3364–3371.

(6) Ji, D.; Cai, S.; Paudel, T. R.; Sun, H.; Zhang, C.; Han, L.; Wei, Y.; Zang, Y.; Gu, M.;

Zhang, Y., et al. Freestanding crystalline oxide perovskites down to the monolayer limit.

Nature 2019, 570, 87–90.

(7) Du, D.; Manzo, S.; Zhang, C.; Saraswat, V.; Genser, K. T.; Rabe, K. M.; Voyles, P. M.;

Arnold, M. S.; Kawasaki, J. K. Epitaxy, exfoliation, and strain-induced magnetism in

rippled Heusler membranes. Nature communications 2021, 12, 1–7.

(8) Manzo, S.; Strohbeen, P. J.; Lim, Z. H.; Saraswat, V.; Du, D.; Xu, S.; Pokharel, N.;

Mawst, L. J.; Arnold, M. S.; Kawasaki, J. K. Pinhole-seeded lateral epitaxy and exfo-

liation of GaSb films on graphene-terminated surfaces. Nature Communications 2022,

13, 1–9.

(9) Lim, Z. H.; Manzo, S.; Strohbeen, P. J.; Saraswat, V.; Arnold, M. S.; Kawasaki, J. K.

Selective area epitaxy of GaAs films using patterned graphene on Ge. Applied Physics

Letters 2022, 120, 051603.

15



(10) Kim, H.; Lu, K.; Liu, Y.; Kum, H. S.; Kim, K. S.; Qiao, K.; Bae, S.-H.; Lee, S.;

Ji, Y. J.; Kim, K. H., et al. Impact of 2D–3D heterointerface on remote epitaxial

interaction through graphene. ACS nano 2021, 15, 10587–10596.

(11) Kim, J.; Bayram, C.; Park, H.; Cheng, C.-W.; Dimitrakopoulos, C.; Ott, J. A.;

Reuter, K. B.; Bedell, S. W.; Sadana, D. K. Principle of direct van der Waals epi-

taxy of single-crystalline films on epitaxial graphene. Nature communications 2014, 5,

1–7.

(12) Kobayashi, Y.; Kumakura, K.; Akasaka, T.; Makimoto, T. Layered boron nitride as a

release layer for mechanical transfer of GaN-based devices. Nature 2012, 484, 223–227.

(13) Jacobson, P.; Stoger, B.; Garhofer, A.; Parkinson, G. S.; Schmid, M.; Caudillo, R.;

Mittendorfer, F.; Redinger, J.; Diebold, U. Nickel carbide as a source of grain rotation

in epitaxial graphene. ACS nano 2012, 6, 3564–3572.

(14) Shevelev, V.; Zhizhin, E.; Pudikov, D.; Klimovskikh, I.; Rybkin, A.; Voroshnin, V. Y.;

Petukhov, A.; Vladimirov, G.; Shikin, A. Synthesis of graphene through the carbidiza-

tion of Gd on pyrolytic graphite. Physics of the Solid State 2015, 57, 2342–2347.

(15) Park, H.; Won, H.; Lim, C.; Zhang, Y.; Han, W. S.; Bae, S.-B.; Lee, C.-J.; Noh, Y.;

Lee, J.; Lee, J., et al. Layer-resolved release of epitaxial layers in III-V heterostructure

via a buffer-free mechanical separation technique. Science Advances 2022, 8, eabl6406.

(16) Palmstrøm, C. Epitaxial Heusler alloys: New materials for semiconductor spintronics.

MRS bulletin 2003, 28, 725–728.

(17) Kawasaki, J. K. Heusler interfaces—Opportunities beyond spintronics? APL Materials

2019, 7, 080907.

(18) Wollmann, L.; Nayak, A. K.; Parkin, S. S.; Felser, C. Heusler 4.0: tunable materials.

Annual Review of Materials Research 2017, 47, 247–270.

16



(19) Du, D.; Lim, A.; Zhang, C.; Strohbeen, P. J.; Shourov, E. H.; Rodolakis, F.; McChes-

ney, J. L.; Voyles, P.; Fredrickson, D. C.; Kawasaki, J. K. High electrical conductivity

in the epitaxial polar metals LaAuGe and LaPtSb. APL Materials 2019, 7, 121107.

(20) Briggs, N.; Bersch, B.; Wang, Y.; Jiang, J.; Koch, R. J.; Nayir, N.; Wang, K.;

Kolmer, M.; Ko, W.; De La Fuente Duran, A., et al. Atomically thin half-van der Waals

metals enabled by confinement heteroepitaxy. Nature materials 2020, 19, 637–643.

(21) Lee, S. Y.; Hwang, J.-Y.; Park, J.; Nandadasa, C. N.; Kim, Y.; Bang, J.; Lee, K.;

Lee, K. H.; Zhang, Y.; Ma, Y., et al. Ferromagnetic quasi-atomic electrons in two-

dimensional electride. Nature communications 2020, 11, 1–8.

(22) Novaco, A. D.; McTague, J. P. Orientational epitaxy—the orientational ordering of

incommensurate structures. Physical Review Letters 1977, 38, 1286.

(23) Doering, D. L. Rotational epitaxy of periodic overlayers. Journal of Vacuum Science &

Technology A: Vacuum, Surfaces, and Films 1985, 3, 809–811.

(24) Shaw, C. G.; Fain Jr, S.; Chinn, M. Observation of orientational ordering of incommen-

surate argon monolayers on graphite. Physical Review Letters 1978, 41, 955.

(25) Doering, D.; Semancik, S. Chemisorption and rotational epitaxy of lithium on Ru (001).

Surface Science Letters 1986, 175, L730–L736.

(26) Cao, Y.; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-

Herrero, P. Unconventional superconductivity in magic-angle graphene superlattices.

Nature 2018, 556, 43–50.
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