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Single-crystalline membranes of functional materials enable the tuning of properties via extreme
strain states; however, conventional routes for producing membranes require the use of sacrificial
layers and chemical etchants, which can both damage and limit the ability to make membranes
ultrathin. Here we demonstrate the epitaxial growth of cubic and hexagonal Heusler compounds on
graphene-terminated Al2O3 substrates. The weak Van der Waals interactions of graphene enable
the mechanical exfoliation of LaPtSb and GdPtSb films to yield free-standing membranes. Despite
the presence of the graphene interlayer, the Heusler films have epitaxial registry to the underlying
sapphire, as revealed by x-ray diffraction, reflection high energy electron diffraction, and transmission
electron microscopy. Some films show a uniform in-plane rotation of several degrees with respect to
the substrate, which we attribute to a combination of lattice mismatch and weakened Heusler film
/ sapphire substrate interactions through graphene. The residual resistivity of semi free-standing
films on graphene-terminated substrates is similar to the residual resistivity of films grown by direct
epitaxy. Our graphene-mediated approach provides a promising platform for tuning the magnetic,
topological, and multiferroic properties of Heuslers in a clean, single-crystalline membrane system.

I. INTRODUCTION

Membranes are a powerful platform for flexible devices
and for tuning properties via strain [1–7]. In contrast to
static epitaxial strain, the strain applied to free-standing
membranes is more tuneable since it can be applied dy-
namically, anisotropically, and at larger magnitudes. For
example, recent experiments on ultrathin oxide mem-
branes demonstrate the application of extreme uniaxial
strain of 8% [1], whereas the maximum strain possible
in an epitaxial thin film is typically no more than 3%
before plastic deformation. Methods for making single-
crystalline membranes of semiconductors are well estab-
lished and typically rely on the etching of a sacrificial
buffer layer. This strategy has been used to fabricate free
standing membranes of GaAs [2], Si [3, 4], SiGe [5]. A
similar approach has recently been applied to transition
metal oxides, using a water-soluble layer [1, 8]. How-
ever, these chemically selective etch approaches are not
universally applicable and require detailed knowledge of
the etch chemsitry. Moreover, ultrathin films and mem-
branes, which are required for achieving extreme strain
states, can be extremely sensitive to air exposure due to
the high surface to volume ratio. Therefore, it is impor-
tant to develop alternative, etch-free methods for synthe-
sizing single-crystalline membranes of functional materi-
als.

Heusler compounds are multifunctional intermetal-
lic materials, for which little is known about etch
chemistries. These materials have highly tunable mag-
netic [9], electronic [10, 11], ferroelastic [12–14], and
topological properties [15–19]. For example, cubic
GdPtBi is an antiferromagentic Weyl semimetal whose
band inversion strength is sensitive to strain [15, 20, 21],
LaPtSb is a polar metal [22], and LuPtBi and YPtBi are

promising candidates for topological superconductivity
[23, 24]. Although single-crystalline 90 nm thick Heusler
membranes have previously been fabricated using sac-
rificial semiconductor etch layers [13], manipulating the
properties induced by extreme strain states in ultrathin
membranes will require new etch-free synthesis strate-
gies. Recently, “remote epitaxy” has emerged as an al-
ternative strategy for synthesizing single-crystalline free-
standing semiconductor [25, 26], oxide [27], and halide
perovskite [28] membranes. In this growth mode, growth
on a graphene terminated substrate yields a film with
epitaxial registry to the underlying substrate, despite the
screening effects from graphene. The weak Van der Waals
interactions between film and graphene enable semicon-
ductor or oxide membranes to be exfoliated using a metal
stressor layer. However, it remains an open question
whether a similar growth and exfoliation mechanism can
be applied to other materials systems such as intermetal-
lic compounds, which have more covalent or metallic
bonding character than ionically bonded compound semi-
conductors and oxides [26].

Here we demonstrate an etch-free method of synthe-
sizing epitaxial Heusler films on a graphene-terminated
single crystalline substrate. These films can be mechan-
ically exfoliated using thermal release tape to yield a
free-standing Heusler membrane, without the need for
a metal stressor layer. We demonstrate the epitaxial
growth of hexagonal LaPtSb and cubic GdPtSb on mono-
layer graphene/Al2O3 (0001). Despite the presence of
graphene, the RPtSb (R = La or Gd) films have epitax-
ial registry to the underlying sapphire substrate. The
weak Van der Waals decoupling between RPtSb film
and sapphire substrate drives two unique aspects that
have not been observed in oxide or semiconductor “re-
mote epitaxy” systems: (1) the RPtSb membranes can
be mechanically exfoliated without the need for a metal
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stressor layer or etchants, and (2) in some samples an
in-plane twist is observed between the RPtSb film and
the sapphire substrate. Because of these weakened in-
teractions, films grown on graphene/Al2O3 can be de-
scribed as semi free-standing membranes. We discuss
possible mechanisms for the growth on graphene and the
observed in-plane twist, which may arise from a combi-
nation of lattice mismatch and weakened interactions be-
tween RPtSb and sapphire. The spontaneous twist sug-
gests a potential bottom-up method of creating Moire
heterostructures from pseudo two-dimensional materi-
als. Unstrained, semi free-standing membranes grown on
graphene-terminated sapphire have similar residual resis-
tivity as films grown by direct epitaxy without graphene,
indicating similar quality. This work provides a new ap-
proach for making free-standing membranes of topologi-
cal and magnetic Heusler materials, without the need for
etchants or stressor layers.

II. RESULTS

Concept. We first describe the crystallographic re-
lationships that are possible in the cubic and hexagonal
Heusler / graphene / Al2O3 system. Figs. 1(a,b) show
schematic crystal structures of the LaPtSb (P63mc) and
GdPtSb (F4̄3m) films on graphene/Al2O3 (0001). In
both systems, the closest lattice match is expected be-
tween the RPtSb films and the sapphire substrate, rather
than RPtSb and graphene. For LaPtSb on sapphire, the
lattice mismatch is (aAl2O3

− aLaPtSb)/aAl2O3
= 4.20%.

For (111)-oriented GdPtSb on (0001) sapphire, the lat-
tice mismatch is (aAl2O3

− 1
2d110,GdPtSb)/aAl2O3 = 2.73%.

Since the layer transferred graphene has random poly-
crystalline domains, if the primary interactions are be-
tween RPtSb film and graphene, then a polycrystalline
film is expected. If, on the other hand, the primary
interactions are between RPtSb film and the underly-
ing substrate, then an epitaxial film is expected. Given
the recent demonstration of semi-lattice transparency
of graphene during GaAs/graphene/GaAs “remote epi-
taxy” [25], we expect epitaxial registry between RPtSb
and the underlying sapphire to dominate.

Epitaxial growth and in-situ diffraction. Poly-
crystalline monolayer graphene (typical domain size ∼
10−20 µm) was grown on copper foils by chemical vapor
deposition, and then transferred by wet chemical meth-
ods to single crystalline Al2O3 (0001) substrates, using
a polymethyl methacrylate (PMMA) handle (Methods).
Figs. 1(f) and (g) show the Raman spectrum and atomic
force microscopy (AFM) topography of the graphene on
Al2O3. In the Raman spectrum, the sharp G and 2D
modes (FWHM of 2D-band is ∼23 cm−1), and the neg-
ligible D-band intensity, indicate a clean transfer with
minimal point defects in the graphene [29–32]. In the
AFM image, we observe a step-and-terrace morphology
of the underlying sapphire, along with wrinkles in the
graphene that appear as bright streaks. AFM images

FIG. 1. Concept for epitaxial growth of Heusler com-
pounds on graphene/Al2O3. (a) Schematic cross sec-
tional crystal structure of hexagonal (0001)-oriented LaPtSb
on graphene/Al2O3 (0001). (b) Cubic (111)-oriented GdPtSb
on graphene/Al2O3 (0001). Both (a) and (b) are viewed down
a [112̄0] zone axis of Al2O3. (c-e) In-plane crystal structures
of RPtSb, polycrystalline graphene, and Al2O3 substrate. (f)
Raman spectrum of graphene after layer transfer to Al2O3.
(g) AFM image of graphene on Al2O3. The dashed line marks
the position of the AFM line cut in Fig. s1.

at this length scale reveal no obvious tears; however, we
cannot rule out tears or pinholes at a length scale of down
to ∼ 10 nm, which is typical for CVD-grown graphene
[33, 34]. Additional defects are expected to result from
the transfer process to the Al2O3 substrate.

Following graphene layer transfer, the graphene/Al2O3

samples follow a sequence of anneals up to 700 ◦C in ul-
trahigh vacuum (pressure less than 2 × 10−10 Torr, see
Methods). At this stage the reflection high energy elec-
tron diffraction (RHEED) pattern shows a bright but dif-
fuse specular reflection compared to bare sapphire [22],
which we attribute to diffuse scattering from the ran-
domly oriented top graphene layer. There are weak
diffraction streaks at the +1 and −1 positions (arrows),
which we attribute to the underlying sapphire substrate
(Fig. 2(a1)).

30-40 nm thick LaPtSb and GdPtSb films were
grown by molecular beam epitaxy (MBE) on the
graphene/Al2O3 at 600 ◦C, using conditions similar to
Ref. [22] (Methods). RHEED patterns for both LaPtSb
and GdPtSb indicate growth with epitaxial registry to
the underlying sapphire substrate. For LaPtSb (Figs.
2(a2,b2)), the RHEED patterns are sharp and streaky
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FIG. 2. In-situ electron diffraction tracking the growth
of LaPtSb and GdPtSb on graphene/Al2O3(0001).
Left column: electron beam oriented along 〈101̄0〉Al2O3 .
Right column: beam oriented along 〈112̄0〉Al2O3 . (a1) Re-
flection high-energy electron diffraction (RHEED) pattern of
graphene on Al2O3 after a 700 ◦C anneal. Black arrows mark
the underlying Al2O3 reflections. (b1) Crystal structure. In
the crystallographic direction labels, h indicates a hexagonal
basis (for LaPtSb) and c indicates a cubic basis (for GdPtSb).
(a2, b2) RHEED patterns for the LaPtSb film. Black arrows
mark the bulk reflections, black triangles mark superstruc-
ture reflections, corresponding to a well ordered (2 × 3) sur-
face reconstruction. (a3, b3) GdPtSb on graphene/Al2O3. In
addition to the expected bulk reflections (black arrows), ad-
ditional reflections are observed that correspond to a second
domain rotated by 30 degrees (black asterisks). (a4, b4) In-
tensity lines cuts of the RHEED patterns. The ∆Q spacings
for the secondary reflections of GdPtSb (asterisks) differ from
the primary reflections (arrows) by a factor of

√
3, consistent

with a 30 degree in-plane rotation.

with a well ordered (2× 3) surface reconstruction, as in-
dicate by the clear 1/2 and 1/3-order reflections (black
triangles). This is the same reconstruction observed for
LaPtSb grown by direct epitaxy on Al2O3 [22]. No other
crystallographic domains or secondary phases are ob-
served for LaPtSb by RHEED.

For GdPtSb [Figs. 2(a3,b3)], the RHEED patterns are
not as sharp as LaPtSb, and show hints of two domains
that are related by an in-plane rotation of 30 degrees.

For beam oriented along the 〈101̄0〉 azimuth of the sap-
phire substrate, in addition to the expected reflections at
a ∆Q spacing of

√
3a∗ (black arrows in Fig. 2(a3), a∗

is the reciprocal lattice constant of Al2O3), we observe
a second set of streaks at spacing at ∆Q ≈ a∗ (black
asterisks). Similarly, for RHEED beam oriented along
the 〈112̄0〉 azimuth of sapphire [Fig. 2(b3)], in addition
to the expected streaks at spacing ∆Q = a∗, we ob-
serve a set of reflections with spacing ∆Q =

√
3a∗ (black

asterisks). The additional reflections suggest the pres-
ence of sets two domains: one domain with the expected
〈101〉GdPtSb ‖ 〈112̄0〉Al2O3 epitaxial relationship, and the
other rotated by ±30 degrees around the Al2O3 [0001]
axis (〈101〉GdPtSb ‖ 〈101̄0〉Al2O3

).

The XRD θ-2θ scans for both LaPtSb and GdPtSb on
graphene/Al2O3 in Fig. 3 (black traces) confirm epitax-
ial growth with the expected LaPtSb (0001) and GdPtSb
(111) out of plane orientations, respectively. For LaPtSb,
only the 000l reflections are detected in the θ-2θ scan.
The rocking curve width of the LaPtSb 0002 reflection
is 18.8 arc sec (Fig. s2(a)), larger than the 6.7 arc sec
width of films grown directly on sapphire [22]. The XRD
θ − 2θ scan for GdPtSb is similarly characterized by
strong (111)-type reflections, with the addition of a small
impurity phase reflection at 2θ=55.9◦ that we attribute
to Gd3Pt (space group Pnma). In spite of the small
amount of impurity phase, the GdPtSb sample also has
good crystalline quality, which is confirmed by the 15.422
arcsecond FWHM of the 111 reflection extracted from the
rocking curve in Fig. s2(b).

Membrane exfoliation. Heusler films grown on
graphene/Al2O3 can be exfoliated to yield free-standing
membranes, using thermal release tape and no secondary
metal stressor layer. To perform the exfoliation, we ad-
here the sample substrate-side down on a glass slide us-
ing Ted Pella Crystalbond 509. Then we stick thermal
release tape on the film surface evenly. The membrane
is exfoliated by quickly tearing off the tape. Fig. 3 (red
and blue traces) show θ − 2θ scans of exfoliated LaPtSb
and GdPtSb membranes, after placing the membrane on
a rigid secondary substrate for ease of XRD measure-
ments. For the LaPtSb membrane exfoliated and placed
on Si (111) (Fig. 3(a) red curve) we observe all of the ex-
pected 0002, 0004, and 0006 reflections from the LaPtSb
membrane. For the GdPtSb exfoliated and placed onto
a glass slide (Fig. 3(b), blue curve), we observe only the
111 reflection. The 222 and 333 reflections are too weak
to be observed, which we attribute to their relatively low
structure factors and to challenges in sample alignment
to a thin membrane. As a control, we attempted the exfo-
liation of Heusler films grown directly on Al2O3 without
graphene, which could not be successfully exfoliated us-
ing thermal release tape. An important aspect of this
system is that unlike the compound semiconductor [25]
or oxide [27] systems grown by “remote epitaxy,” in this
Heusler/graphene/Al2O3 system, no metal stressor layer
was required in order to perform the exfoliation. We
note, however, that the exfoliation has not yet been op-
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FIG. 3. Crystallography and exfoliation of LaPtSb and
GdPtSb membranes. (a) XRD θ-2θ (Cu Kα) scans before
exfoliation (black, on sapphire substrate) and after exfolia-
tion (red, transferred to Si dummy substrate). Sapphire sub-
strate reflections are marked by asterisks and Si reflections
are marked by closed circles. In the film and exfoliated mem-
brane, only (000l)-type reflections are observed indicating a
single-crystalline film. (b) θ-2θ scans of GdPtSb before (black
curve, on sapphire substrate) and after exfoliation (blue curve,
on glass slide). In addition to the epitaxial (lll)-type reflec-
tions, a small impurity phase of Gd3Pt (Pnma) is observed
and marked with a diamond.

timized and there are typically tears around hundreds of
microns apart over a 5 × 5 mm2 sample. These results
demonstrate that Heusler/graphene/sapphire structures
provide a straightforward path for creating free-standing
Heusler membranes.

Rotations and twist in semi free-standing mem-
branes. XRD pole figure measurements before exfolia-
tion confirm that the RPtSb films adopt epitaxial registry
with the Al2O3 substrate; however, in-plane rotations are
observed that do not appear for direct epitaxy on Al2O3,
without the graphene [22]. We first focus on LaPtSb
on graphene/Al2O3. Fig. 4(a) shows in-plane rotation
(φ) scans of the LaPtSb 101̄2 reflection and the Al2O3

101̄4 reflection. The LaPtSb 101̄2 reflection shows the ex-
pected six-fold symmetry and only a single domain is ob-
served, as expected for epitaxy between LaPtSb and sap-
phire. However, closer inspection reveals that the singly
oriented LaPtSb film (or semi-free-standing membrane)
is rotated in-plane by 3.2 degrees around the Al2O3 [0001]
axis. LaPtSb films grown by direct epitaxy on Al2O3 do
not show this rotation (Fig. s3(b) or [22]).

The GdPtSb film on graphene/Al2O3 shows two sets
of domains, one with the GdPtSb 220 aligned with the
Al2O3 101̄4 (∆Φ0 = 0◦), corresponding to the expected
〈101〉GdPtSb ‖ 〈112̄0〉Al2O3

relationship, and the other
set rotated by ±30 degrees (Fig. 4(b)). In contrast,
GdPtSb films grown directly on sapphire do not show
the ±30 degree domains (Supplemental Materials Fig.
s3(a)). Annular bright field (ABF) scanning transmis-
sion electron microscopy (STEM) images in Figs. 4(c,d)
confirm the existence of these two sets of domains for
growth on graphene/Al2O3. In these images, the atomic
structure is resolved a few nanometers away from the
interface, but it is difficult to resolve the registry at
the GdPtSb/graphene/sapphire interface. We attribute
the blurred interface to partial film delamination during
TEM sample preparation, given the previous observation
that membranes are easily exfoliated. In Fig. 4(c), the
STEM image of the ∆φ0 = 0 domain consists of arrays
of tilted spindle-shaped dark spots, each of which rep-
resents a combination of one Gd atomic column, one Pt
atomic column, and one Sb atomic column, as is circled
in the inset cartoon structure of GdPtSb viewed from
the 〈101〉 direction. For the STEM image of the ±30◦ ro-
tated GdPtSb, the spindle-shaped spots are aligned along
the vertical direction corresponds to clusters of Gd-Pt-Sb
atomic columns, as shown by the inset cartoon of Fig.
4(d).

Several possible origins may explain the 3.2◦ in-plane
twist of LaPtSb and ±30◦ domain formation for GdPtSb,
respectively. One possibility is Moire superstructure
formation, due the combined lattice mismatch between
RPtSb film and sapphire, and the weakened film-sapphire
interactions due to screening from the graphene inter-
layer. For LaPtSb, the lattice mismatch with no rota-
tion (aLaPtSb ‖ aAl2O3) is 4.20%. But for the observed
in-plane rotation of ∼ 3.2◦, the mismatch is only 0.4% if
one considers a 6.9 nm Moire unit cell, in which a (15, 14)
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FIG. 4. Rotations and twist in semi free-standing Heusler membranes. (a) In-plane φ scan of LaPtSb 101̄2 reflection
and Al2O3 101̄4 reflections for LaPtSb sample grown on Al2O3 with graphene inter-layer before exfoliation. ∆Φ=3.2◦ is the
in-plane angle between the 〈112̄0〉 direction of LaPtSb and Al2O3 substrate. (b) In-plane φ scan of GdPtSb 220 reflections and
Al2O3 101̄4 reflections for GdPtSb sample grown on graphene covered Al2O3 before exfoliation. ∆φ1=-30◦ and ∆φ2=30◦ are
the in-plane angles between the 〈101〉 direction of GdPtSb and the 〈112̄0〉 direction of Al2O3 substrate. (c,d) STEM image
of the GdPtSb/graphene/Al2O3 interface for the two different GdPtSb domains, as viewed along the 〈112̄0〉Al2O3 zone axis.
We used log scale false-color image to simultaneously visualize the film and substrate for better contrast. The insets show the
schematic crystal structures and fast Fourier transforms of the STEM images.

lattice vector of Al2O3 is aligned with a (16, 14) lattice
vector of LaPtSb [35]. Here, a weak interaction across
the graphene changes the balance between the energy of
interfacial bonding and the strain energy, favoring small
strains via a lattice rotation. Other possible origins in-
clude graphene wrinkle formation [36–39] or thermal ex-
pansion mismatch [38, 40, 41] during cooldown from the
growth temperature of 600 ◦C to room temperature. Fur-
ther experiments are required to distinguish the possible
origins of twist.

Moire superstructure formation, enabled by the par-
tial screening from graphene, may also explain the ±30◦

domain formation of GdPtSb. For the ∆φ0 = 0 do-
main with 〈101〉GdPtSb ‖ 〈112̄0〉Al2O3 the lattice mis-
match is 2.7 %. On the other hand, a ±30◦ rotation
corresponds to a (3, 3)GdPtSb ‖ (5, 0)Al2O3 superstruc-
ture with a mismatach of only −1.5%. Here, we write the
GdPtSb lattice vectors in hexagonal coordinates, where
(a′ ‖ 101̄,b′ ‖ 11̄0). Regardless of the true mecha-
nism of formation, the observed rotations provide a po-
tential route towards the bottom-up synthesis of Moire
heterostructures made from three-dimensional materials.
To date, the study of Moire bilayers has been limited to
two-dimensional materials such as graphene, hexagonal
boron nitride, and transition metal dichalcogenides [42–
44]. Moire superstructures of new materials offer the po-
tential of tuning electronic bandwidths and the delicate
balance between electron-electron repulsion and the ki-
netic energy, for realization of emergent correlated phases

[42].
Electrical transport. Finally, we compare the elec-

trical quality of semi-free-standing membranes grown on
graphene/Al2O3, versus films grown by direct epitaxy
on Al2O3. Fig. 5 shows the temperature dependent
resistivity of LaPtSb/graphene/Al2O3 (red curve) and
LaPtSb/Al2O3 (black curve). Both samples show a sim-
ilar residual resistivity (ρ2K = 9.97 and 5.56 µΩ·cm, re-
spectively) and similar residual resistivity ratio (RRR =
ρ300K/ρ2K). Hall effect measurements in a Van der
Pauw geometry reveal similar carrier concentrations of
∼ 2 × 1020 cm−3. Together, these results suggest that
films grown on graphene-terminated sapphire are of sim-
ilar electrical quality as films grown by direct epitaxy on
sapphire.

III. DISCUSSION

Despite our demonstration of Heusler epitaxy on
graphene terminated substrates, the microscopic mech-
anisms for growth and twist in this system are not
well understood. One explanation is remote interac-
tions through the graphene, since density functional
theory calculations suggest that monolayer graphene
only partially screens the underlying lattice potential
of most substrates [25, 28]. This “remote epitaxy”
mechanism has been used to describe the growth of
semiconductor/graphene/semiconductor [25, 26] and ox-
ide/graphene/oxide [27] heterostructures. An alternative
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FIG. 5. Comparison of transport properties between LaPtSb grown on Al2O3 with and without graphene. (a)
Resistivity versus temperature. Residual resistivity ratios of them are labeled in the plot. (b) Temperature dependence of
carrier concentrations. The inset shows the linear Hall resistance measured at 2K for samples with and without graphene. The
data for growth with graphen are colored red and the data for growth without graphene are colored black.

mechanism is the nucleation of Heusler film at pinhole
defects of the graphene, i.e. direct epitaxy to exposed
regions of the substrate, followed by lateral growth and
coalescence. This mechanism is akin to epitaxial lateral
overgrowth (ELO), which employs patterned openings in
a dielectric mask such as SiO2 [45–47] or even graphite
[48]. Given the ∼ 10 nm typical size [33] and ∼ 1 µm−2

areal density [34] for pinholes in CVD grown graphene
(larger defect densities are expected after the transfer
and annealing procedure), and the relatively large sur-
face diffusion coefficients for metal adatoms on graphene
(up to D ∼ 10−6 cm2/s at 300K [49]), in the present
Heusler/graphene/Al2O3 system we cannot rule out an
ELO mechanism. However, the fact that the films can
be exfoliated using thermal release tape, without the
need for a metal stressor layer, suggests that if pin-
hole opening are indeed required for epitaxial growth,
they do not act as significant anchoring points to inhibit
membrane exfoliation. The in-plane twists are also in-
dicative of significant film-substrate decoupling. Further
experiments are needed to clarify the epitaxial growth
mechanism and the mechanism for spontaneous twist in
Heusler/graphene/Al2O3.

In summary, we demonstrated the MBE growth of
hexagonal and cubic LaPtSb and GdPtSb Heusler films
on graphene-terminated Al2O3 substrates, followed by
exfoliation to yield free-standing membranes. This work
expands the range of single-crystalline functional mem-
branes that can be grown by graphene-assisted epitaxy,
to include intermetallic compounds that have mixed co-
valent and metallic bonding. The ease of exfoliation with-
out a stressor layer, and the spontaneous in-plane twists,
are unique aspects of this system. This opens the door
for tuning of properties via extreme strain states in clean
Heusler membranes, and the possibility of tuning band-
widths and correlated phases via Moire twist [42, 50].
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V. METHODS

A. Synthesis of Graphene

Graphene was grown using thermal chemical vapor de-
position of ultra high purity CH4 at 1050 ◦C on Cu foil.
As-received copper foils (BeanTown Chemical number
145780, 99.8% purity) were cut into 1 inch by 1 inch
pieces and soaked in dilute nitric acid (5.7%) for 40 s fol-
lowed by 3x DI water rinse followed by soaking in acetone
and IPA to remove water from the surface. Dilute nitric
acid helps remove the oxide and impurity-particles from
the surface. Foils were then dried under a gentle stream
of air. Foils were subsequently loaded into a horizontal
quartz tube furnace in which the furnace can slide over
the length of the tube. Prior to monolayer graphene syn-
thesis, the CVD chamber was evacuated to < 102 Torr
using a scroll pump. The system was then back-filled
with Ar and H2, and a steady flow (331 sccm Ar, 9 sccm
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H2) monitored by mass flow controllers was maintained
at ambient pressure. The furnace was then slid to sur-
round the samples, and annealed for 30 min. Then 0.3
sccm of P-5 gas (5% CH4 in Ar) was flowed for 45 min so
that a monolayer of graphene formed on the surface. To
terminate the growth, the furnace was slid away from the
samples, and the portion of the quartz tube containing
the samples was cooled to room temperature.

B. Transfer of graphene to Al2O3

Our graphene transfer procedure is a modified
polymer-assisted wet transfer, similar to the transfer
recipes studied in previous works [51]. (0001)-oriented
Al2O3 substrates were prepared by annealing at 1400◦C
for 10 hours at atmospheric pressure in order to ob-
tain a smooth, terrace-step morphology. To perform the
graphene transfer, the graphene/Cu foils were cut into 5
mm by 5 mm pieces and flattened using clean glass slides.
Approximately 300 nm of 495K C2 PMMA (Chloroben-
zene base solvent, 2% by wt., MicroChem) was spin
coated on the graphene/Cu foil substrate at 2000 RPM
for 2 minutes and left to cure at room temperature for
24 hours. Graphene on the backside of the Cu foil was
removed via reactive ion etching using 90 W O2 plasma
at a pressure of 100 mTorr for 30 s. The Cu foil was
then etched by placing the PMMA/graphene/Cu foil on
the surface of an etch solution containing 1-part ammo-
nium persulfate (APS-100, Transene) and 3-parts H2O.
After 10 hours of etching at room temperature, the float-
ing PMMA/graphene membrane was scooped up with a
clean glass slide and sequentially transferred into three
30-minute water baths to rinse the etch residuals. The
PMMA/graphene membrane was then scooped out of the
final water bath using the annealed sapphire substrate,
to yield a PMMA/graphene/Al2O3 stack.

To remove water at the graphene/Al2O3 interface,
samples were baked in air at 50◦C for 5 minutes, then
slowly ramped to 150 ◦C and baked for another 10 min-
utes. The PMMA is removed by submerging the sample
in an acetone bath at 80◦C for 3 hours. This is followed
by an isopropanol and water rinse. The sample is indium
bonded onto a molybdenum puck and outgassed at 150◦C
for 1 hour in a loadloack at a pressure p < 5× 10−7 Torr
before introduction to the MBE growth chamber. Fi-
nally, the graphene/Al2O3 sample is annealed at 400◦C
for 1 hour in the MBE chamber to desorb remaining or-
ganic residues, and then annealed up to 700 ◦C immedi-
ately prior to growth of LaPtSb or GdPtSb.

C. Molecular beam epitaxy of RPtSb films

LaPtSb and GdPtSb films were grown on
graphene/Al2O3 by molecular beam epitaxy (MBE) at

a sample temperature of 600◦C, using conditions similar
to Ref. [22]. La and Gd fluxes were supplied by thermal
effusion cells. A mixture of Sb2 and Sb1 was supplied
by a thermal cracker cell with cracker zone operated
at 1200◦C. The Pt flux was supplied by an electron
beam evaporator. Fluxes were measured in situ using a
quartz crystal microbalance (QCM) and calibrated with
Rutherford Backscattering Spectroscopy. The R to Pt
atomic flux ratio was maintained to be 1:1. Due to the
high relative volatility of Sb, RPtSb films were grown in
an Sb adsorption-controlled regime with a 30% excess
Sb flux. 30 nm of GdPtSb and 40 nm of LaPtSb were
grown. After the growth, 100 nm amorphous Ge (from
an effusion cell) was capped in-situ at room temperature
to protect the surfaces from oxidation.

D. Raman and atomic force microscopy of
graphene/Al2O3

Graphene transfer coverage and cleanliness is studied
using field emission scanning electron microscopy (SEM)
(Zeiss LEO 1530 Gemini). The graphene quality after
the transfer is assessed via Raman spectroscopy using a
532 nm wavelength laser (Thermo Scientific DXR Ra-
man Microscope). The laser power is kept below 5 mW
in order to prevent damage to the graphene. The ter-
race step-morphology of the annealed sapphire substrates
with and without graphene termination is analyzed by
AFM (Bruker Multimode 8 SPM) in tapping mode.

E. Scanning Transmission Electron Microscopy

The GaPtSb/graphene/Al2O3 sample was prepared for
TEM using a Zeiss Auriga focused ion beam (FIB) with
a final FIB polishing step with a 5 kV 100 pA Ga-ion
beam. The sample surface was further polished for a
higher smoothness in a Fishione 1040 Nanomill with a
900 eV Ar ion beam, to a thickness of approximately 80
nm. We did not seek to get the thinnest possible sample,
as the film layer could peel off from the substrate when
the sample is too thin. The TEM sample was kept under
vacuum and cleaned in an Ibss GV10x DS Asher plasma
cleaner for 10 minutes under 20 W to remove contami-
nations before being inserted into the TEM column.

A Thermo-Fisher Titan STEM equipped with a CEOS
probe aberration corrector operated at 200 kV was used
to collect STEM data. A 24.5 mrad semi convergence
angle and an 18.9 pA current probe was used. A Gatan
BF/ABF detector with 5.7 mrad and 22.8 mrad inner
and outer collection angle was used to collect the annular
bright field (ABF) images.
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