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Control of ternary alloy composition during remote epitaxy on graphene
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Understanding the sticking coefficient σ , i.e., the probability of an adatom sticking to a surface, is essential
for controlling the stoichiometry during epitaxial film growth. However, σ on monolayer graphene-covered
surfaces and its impact on remote epitaxy are not understood. Here, using molecular-beam epitaxial growth of the
magnetic shape memory alloy Ni2MnGa, we show that the sticking coefficients for metals on graphene-covered
MgO (001) are less than one and are temperature and element dependent, as revealed by ion backscattering
spectrometry and energy-dispersive x-ray spectroscopy. This lies in stark contrast with most transition metals
sticking on semiconductor and oxide substrates, for which σ is near unity at typical growth temperatures (T <

800 ◦C). By initiating growth below 400 ◦C, where the sticking coefficients are closer to unity and wetting on the
graphene surface is improved, we demonstrate the epitaxy of Ni2MnGa films with controlled stoichiometry that
can be exfoliated to produce freestanding membranes. Straining these membranes tunes the magnetic coercive
field. Our results provide a route to synthesize membranes with complex stoichiometries whose properties can
be manipulated via strain.
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I. INTRODUCTION

Remote [1,2] and van der Waals [3–6] epitaxy on mono-
layer graphene-covered substrates are promising strategies
for synthesizing single-crystalline films that are mechanically
decoupled from the substrate. In remote epitaxy, films are
thought to grow on graphene-covered substrates with epitaxial
registry to the substrate, due to the “remote” lattice potential
of the substrate potential that permeates through graphene
[1,7]. Applications include lattice-mismatched epitaxy with
reduced dislocation densities [8,9], etch-free exfoliation of
membranes for flexible electronics and reuse of substrates [1],
and the discovery of new properties induced by extreme strain
and strain gradients in membranes [10–12].

A fundamental challenge, however, is controlling the film
stoichiometry during growth on graphene. Due to the weak
van der Waals interactions, the sticking coefficients σ for
metals on multilayer graphite are typically σ < 0.1 at room
temperature as measured by desorption spectroscopy [13],
x-ray photoemission spectroscopy (XPS) [14,15], and scan-
ning tunneling microscopy (STM) [14,15]. This lies in stark
contrast with the typical σ ∼ 1 for metals on semiconduc-
tor, oxide, and metal surfaces [16], which enables a simple
one-to-one correspondence between film stoichiometry and
incident flux ratios. Although σ on monolayer graphene-
covered surfaces is anticipated to be closer to unity [16], due
to the “remote” substrate interactions that permeate through
graphene [1,7,17], sticking on graphene is less understood
and unlikely to be exactly 1. Moreover, the “remote” argu-
ment suggests that σ on graphene-covered substrates should
depend on the identity of the substrate. The impact of element-
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dependent, nonunity sticking coefficients during growth on
monolayer graphene is generally overlooked, in part, because
remote epitaxy has focused on compound semiconductors
such as GaAs for which the stoichiometry is self-limited
by growth within an adsorption-controlled window [18,19].
But for more complex materials such as ternary transition
metal oxides or intermetallic Heusler compounds, adsorption-
controlled growth windows are only accessible in select cases
[2,20–23]. Controlling the stoichiometry of these materials
during remote epitaxy or van der Waals epitaxy on graphene
[2,5,10,12,24–26] in the ultrathin limit will require under-
standing the sticking coefficients on graphene.

Here, using MBE growth of the magnetic shape memory
alloy Ni2MnGa, we show that the sticking coefficients for
transition metals on graphene-covered substrates are nonunity
and both element and temperature dependent. Our measure-
ments of the stoichiometry by ion backscattering spectrometry
(IBS) and energy-dispersive spectroscopy (EDS) for films
with thicknesses 20–80 nm provide upper bounds for the
sticking coefficients of Ni and Mn on graphene/MgO, which
are less than 0.65 at 600–625 ◦C. Controlling the stoichiome-
try requires compensating for the nonunity sticking coefficient
on graphene, or initiating growth at low temperatures where σ

on graphene is near unity. We demonstrate epitaxial Ni2MnGa
films that can be mechanically exfoliated, and show how
externally applied strain in Ni2MnGa membranes tunes the
magnetic coercive field.

II. RESULTS AND DISCUSSION

Ni2MnGa films were grown by molecular beam epitaxy
(MBE) on graphene-covered MgO (001) substrates. The
graphene was grown by chemical vapor deposition on poly-
crystalline Cu foils and wet transferred to the MgO (001)
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substrate using a poly(methyl methacrylate) (PMMA) handle,
Cu etch, and scoop from de-ionized water, as described in
Refs. [5,10]. Films with a nominal composition Ni2MnGa
and nominal thickness 20–80 nm were grown by MBE using
elemental effusion cell sources, with typically fluxes of 2.2 ×
1013 atoms/(cm2 s) for Ni and 1.1 × 1013 atoms/(cm2 s) each
for Mn and Ga. We use the term “nominal” to indicate the
composition and thickness if all of the incident Ni, Mn, and
Ga atomic fluxes stuck to the surface (σ = 1). All samples
were capped with ∼20 nm of Au at room temperature before
removal from the MBE system, to avoid oxidation. Fluxes
were measured in situ using a quartz crystal microbalance
and calibrated to absolute fluxes via ex situ ion backscatter-
ing spectrometry (IBS) measurements on calibration samples,
grown at room temperature on Si. Energy-dispersive x-ray
spectroscopy (EDS, beam energy 10–20 keV, interaction
depth of a few microns) was used to measure the relative
differences in Ni2MnGa film composition. The increased
depth sampling of IBS and EDS, compared to more surface-
sensitive XPS, allows us to sum over all species that stick,
including those that may intercalate [27–29] or diffuse [30,31]
beneath graphene, rather than primarily detecting species that
reside at the surface.

Figure 1(a) compares IBS measurements (He+, 4.9 MeV,
θ = 8◦) of a nominally 20-nm-thick Ni2MnGa film grown on
graphene/MgO with a film grown directly on MgO. Growth
was performed at 600 ◦C on an MgO substrate that is half
covered with graphene, such that both sides of the sample are
exposed to the same incident atomic fluxes of Ni, Mn, and Ga.
We find that the areal density of Ga on graphene/MgO and
on MgO are nearly equal. In contrast, the areal densities of Ni
and Mn on graphene/MgO are only ∼40%–80% of the Ni and
Mn on the MgO surface. Similar results are found for EDS
measurements of thicker films. Figure 1(b) compares EDS
measurements for nominally 80-nm-thick Ni2MnGa films
grown on graphene/MgO and MgO at 625 ◦C, where again
we observe similar sticking for Ga on the graphene/MgO and
MgO sides, and a ∼50% reduction of the sticking for Ni and
Mn on graphene/MgO compared to MgO.

The large stoichiometry differences in films with nominal
thicknesses 20–80 nm are at first surprising, since differences
in the sticking coefficient are expected to be limited to within
the first few atomic layers of growth. For planar film growth,
after a layer of Ni2MnGa covers the graphene or MgO surface,
subsequent Ni2MnGa film growth in both cases should be
Ni2MnGa on Ni2MnGa, and thus the stoichiometries of thick
films should converge.

We attribute the large observed stoichiometry differences
to a combination island morphology and reduced stick-
ing coefficients on graphene. Scanning electron micrographs
(SEM) reveal that the nominally 80-nm-thick film grown on
graphene/MgO at 625 ◦C has a disconnected island morphol-
ogy [Fig. 1(f)], which we attribute to poor wetting on low
surface energy graphene. Similar poor wetting and three-
dimensional island growth has been observed for other films
on monolayer graphene-covered surfaces, including GaAs on
graphene/Si [32], Mn on graphene/Ge [30], and several el-
emental metals on monolayer graphene/SiC [33]. This poor
wetting of metals on graphene has been attributed to the low
adsorption energies of many metals (including Ni and Mn)

FIG. 1. (a) Ion beam scattering (IBS) for nominally 20-nm-thick
Ni2MnGa films grown on graphene/MgO and MgO at 600 ◦C,
showing reduced sticking for Ni and Mn on graphene. (b) Energy-
dispersive x-ray spectroscopy (EDS) measurements for Ni2MnGa
films with a nominal thickness 80 nm on graphene/MgO and on
MgO. Both the IBS and EDS samples were capped with a protective
layer of Au. Data are normalized to the incident ion or electron
beam fluxes, respectively. (c) EDS (solid circles) and IBS (open
triangles) intensity ratios Igraphene/IMgO, tracking temperature- and
element-dependent changes in the cumulative sticking coefficient
for Ni2MnGa on graphene-covered MgO. Error bars are standard
deviations on at least five different regions of a given sample.
(d), (e) SEM images of the nominally 80-nm-thick films grown at
room temperature on graphene/MgO and MgO and capped with Au.
(f), (g) SEM images of the nominally 80-nm-thick films grown at
625 ◦C on graphene/MgO and MgO and capped with Au.

on graphene compared to their cohesive energies [33]. In
contrast, films grown directly on MgO at the same temperature
have a smoother and more connected morphology [Fig. 1(g)].
This morphology on graphene suggests that even after tens
of nanometers of nominal growth, some exposed regions of
the graphene remain. Thus our IBS and EDS measurements
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result from combined sticking on exposed graphene regions
(where σ < 1) and on Ni2MnGa islands (where σ ∼ 1). This
cumulative sticking coefficient σ ′ is therefore an upper bound
for the true sticking coefficient σ on graphene in the atomic
layer limit.

Importantly, we find the cumulative sticking on
graphene/MgO is highly temperature and element dependent.
Figure 1(c) (solid circles) plots the EDS intensity ratio on the
graphene/MgO versus on MgO (Igraphene/IMgO), for a series
of nominally 80-nm-thick Ni2MnGa films as a function of
growth temperature. We normalize to the intensity on the
MgO side, since the sticking coefficients for metals directly
on MgO are nominally 1. Thus the ratio Igraphene/IMgO is
approximately equal to the cumulative sticking coefficient
on graphene/MgO. Cumulative sticking for Ni and Mn on
graphene/MgO is lowest at a high substrate temperature and
approaches 1 for all three elements below 400 ◦C. We attribute
this temperature dependence on graphene to the combined
decreased desorption rate and smoother morphology with
less exposed graphene at a lower temperature [Fig. 1(d)]. We
attribute the reduced sticking on graphene, compared to MgO,
to relatively weak van der Waals interactions between metal
adsorbates and graphene. Indeed, density functional theory
calculations suggest that adsorption energies for metals on
graphene are of order Ea ∼ 0.5 eV, compared to Ea ∼ 3 eV
for Au on the Au (111) surface [16]. Surprisingly, the sticking
coefficient for Ga on graphene is near unity and independent
of temperature, despite the fact that Ga has a higher vapor
pressure than Ni and a similar vapor pressure as Mn. We
speculate the increased sticking of Ga on graphene may
arise from reactions or from intercalation beneath graphene.
Ga, In, and Sn are known to intercalate at graphene/SiC
interfaces [27], and Au is known to intercalate between
sheets of graphite [28]. The IBS measurement for the 20-nm
sample grown at 600 ◦C (open triangles) is consistent with
these trends, but we caution that this IBS sample was thinner
than the 80-nm EDS samples, and there is likely a thickness
dependence as the exposed graphene regions become covered
with film.

Our findings suggest that control of the Ni2MnGa film
stoichiometry on graphene requires compensating for the
nonunity sticking coefficients at high growth temperatures or
initiating the growth at lower temperatures where the cumula-
tive sticking coefficients are closer to 1. Lower-temperature
growth is also beneficial for promoting a smoother mor-
phology on graphene [Fig. 1(d)], since the kinetic processes
that lead to dewetting and island growth are suppressed at
lower temperature [34]. Once the interface has formed and
the graphene layer is buried, growth can resume under more
normal temperatures and fluxes.

For simplicity we adopt the strategy of growth at a fixed
lower temperature. Figure 2 compares x-ray diffraction pat-
terns for Ni2MnGa films grown at 370, 400, and 600 ◦C
on graphene/MgO, with a film grown by directly on MgO.
We find that the sample grown at 600 ◦C on graphene/MgO
displays several impurity reflections, marked by an “×,” con-
sistent with large deviations from stoichiometry observed
by IBS and EDS (Fig. 1). Films grown at 400 ◦C and
below on graphene display only the Heusler Ni2MnGa re-
flections and no impurity reflections. Interestingly, the films

FIG. 2. Out-of-plane x-ray diffraction scans (Cu Kα) of
Ni2MnGa films grown on MgO and on graphene/MgO at 600, 400,
and 370 ◦C, compared to film grown directly on MgO. Asterisks *
denote MgO substrate reflections and “×” denotes secondary phase
reflections.

on graphene/MgO display both 00L and HH0 reflections,
indicating both (001)- and (110)-oriented growth, whereas
epitaxy directly on MgO produces only (001)-oriented growth
(black curve).

Azimuthal φ scans reveal that both (110)- and (001)-
oriented Ni2MnGa domains on graphene/MgO (001) have
well-defined in-plane orientations with respect to the underly-
ing MgO substrate, despite the presence of the polycrystalline
graphene interlayer. In Fig. 3(a), the fourfold pattern of
Ni2MnGa 101 reflections is rotated by 45◦ with respect to
MgO 101. This indicates that the (001) Ni2MnGa domain
has a 45◦ rotated cube on a cube epitaxial relationship to
MgO, i.e., Ni2MnGa (001) [110] ‖ MgO (001) [100], and a
2% tensile lattice mismatch [Fig. 3(b)]. For the (110) domain,
we observe a fourfold pattern of 010 Ni2MnGa reflections
aligned with the MgO 101. This indicates two rectangular
domains, labeled A and B, with orientations Ni2MnGa (110)
[001] ‖ MgO (001) [010] and Ni2MnGa (110) [001] ‖ MgO
(001) [100] [Fig. 3(b)]. For these (110)-oriented domains,
the mismatch between Ni2MnGa d110 and the MgO a lattice
spacings is 2%, while the mismatch in the orthogonal in-plane
direction (aNi2MnGa vs aMgO) is much larger and would require
a larger supercell to produce a commensurate structure. We
speculate that the presence of the graphene interlayer may
relax the constraints of direct epitaxy in which there are direct
bonds formed between the film and substrate, and allow for al-
ternative film orientations that lower the total energy. Similar
new epitaxial structures have been observed in the form of ro-
tated superstructures for GdPtSb films on graphene/sapphire
[5]. Further studies are required to understand why the (110)
domain appears on graphene/MgO and not directly on MgO.

Finally, we show that applying external strains to exfoli-
ated membranes tunes the magnetic properties. We exfoliate
membranes by adhering the film to a glass slide using a
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FIG. 3. (a) Azimuthal φ scans for a Ni2MnGa film grown on
graphene/MgO (001). The off-axis 010 reflections track the in-plane
orientation of Ni2MnGa domains with (110) out-of-plane orienta-
tion. The 101 reflections track the in-plane orientation of the (001)
domain. (b) Domain orientations of Ni2MnGa (blue) with respect to
MgO (001) (black) determined from (a).

crystal bond, then peeling the film from the graphene/MgO.
After exfoliation we observe only the 110- and 001-type
film reflections and no substrate reflections, as shown in
Fig. 4(a). We then apply ripples to the membrane to in-
duce strain. The rippling was performed by adhering a
tensile strained polyurethane film to the exfoliated Ni2MnGa
membrane, heating to approximately 150 ◦C to release the
Ni2MnGa/polyurethane bilayer from the crystal bond, and re-
laxing to impart ripples upon contraction of the polyurethane.
Further details of the rippling procedure are described in
Ref. [10].

Figure 4(b) shows superconducting quantum interference
device (SQUID) magnetometry measurements for a Ni2MnGa
film on graphene/MgO, and the same film after exfoliation
and subjected to strain in the form of rippling, measured at
100 K with the field oriented in plane. We find that strain
and/or strain gradients enhance the coercive field, from 400 to
650 Oe. The membrane has a thickness 80 nm, ripple period
of 8 µm, and a peak-to-peak height of 3 µm. Assuming a
sinusoidal shape we estimate the peak magnitudes of strain
to be |ε| < 3.6%, if there is no plastic deformation [10]. The
strain-tunable coercive field may be useful for strain-assisted
reading and writing of magnetic memory.

III. CONCLUSIONS

In summary, we showed that sticking coefficients for met-
als on graphene-covered substrates are nonunity and highly

FIG. 4. (a) X-ray diffraction before and after membrane exfo-
liation. (b) SQUID magnetometry of a relaxed Ni2MnGa film on
graphene/MgO (dark blue), and on the same sample after exfoliation
and rippling to create a strained Ni2MnGa membrane (light blue).
The measurement was performed at 100 K with the field oriented
within the film plane.

dependent on element and temperature. IBS and EDS mea-
surements of films with tens of nanometers thickness provide
upper bounds for the sticking coefficients on graphene/MgO:
σ < 0.65 for Ni and Mn and σ ∼ 1 for Ga at 600–625 ◦C.
Surface-sensitive measurements in the monolayer limit are
required to fully quantify the atomic sticking coefficients on
graphene, and understand the effects of changing the under-
lying substrate and effects of defects and contaminants at the
graphene/substrate interface. In particular, the lattice poten-
tial permeation argument of remote epitaxy [6,7] suggests that
the sticking coefficients should also depend on the identity of
the substrate. We show that synthesis at a lower temperature
�400 ◦C enables a phase-pure epitaxy of Ni2MnGa films on
graphene/MgO. Similar strategies may apply to remote and
van der Waals epitaxy of other materials with complex stoi-
chiometries, for which adsorption-controlled growth windows
are not accessible.
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