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Abstract

Remote and van der Waals epitaxy are promising approaches for synthesizing sin-

gle crystalline membranes for flexible electronics and discovery of new properties via

extreme strain; however, a fundamental challenge is that most materials do not wet

the graphene surface. We develop a cold seed approach for synthesizing smooth inter-

metallic films on graphene that can be exfoliated to form few nanometer thick single

crystalline membranes. Our seeded GdAuGe films have narrow x-ray rocking curve

widths of 9-24 arc seconds, which is two orders of magnitude lower than their counter-

parts grown by typical high temperature methods, and have atomically sharp interfaces

observed by transmission electron microscopy. Upon exfoliation and rippling, strain

gradients in GdAuGe membranes induce an antiferromagnetic to ferri/ferromagnetic

1



transition. Our smooth, ultrathin membranes provide a clean platform for discovering

new flexomagnetic effects in quantum materials.
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Remote1,2 and van der Waals epitaxy3–6 on graphene-covered surfaces are promising

strategies for synthesizing single crystalline membranes. Here, the weak van der Waals in-

teractions between the film and graphene enable etch-free membrane exfoliation. These

membranes enable applications for flexible electronics1 and discovery of new properties in-

duced by extreme strain.7–10 For example, flexomagnetism is magnetic ordering induced by

strain gradients.11 While there has been some success in producing strain gradients in epi-

taxial thin films via partial relaxation,12,13 greater opportunities for control exist for bending

of ultrathin single crystalline membranes.14 This includes experimental demonstration of an

antiferromagnetic to ferromagnetic transition in rippled GdPtSb membranes,9 predicted cy-

cloidal spin textures induced by bending in CrI3,
15 and predicted bending-induced skyrmions

via control of Dzyaloshinskii-Moriya Interaction (DMI) in CrBr2 and MnSe2,
16 since strain

gradients and bending break inversion symmetry.

There are two significant challenges for epitaxy on graphene. First, since graphene has

very low surface energy, most materials do not wet the graphene surface and instead grow

with a disconnected island morphology. This includes GaN islands on graphene/SiC,17 oxide

islands on graphene/SrTiO3,
18 III-V islands19–21 or nanowires22 on graphene, and metal

islands on graphene.23,24 The wetting challenge limits the ability to access the largest strains

that are only possible in the ultrathin limit: whereas 8% strain has been reported for few

unit cell thick (La,Ca)MnO3 (LCMO) membranes, LCMO with thickness greater than 20 nm

could only undergo 2% strain before cracking.7 Second, the sticking coefficients on graphene

can be highly temperature and element dependent, which poses challenges for controlling

the stoichiometry of alloys and compounds that are not adsorption-controlled. 24

Here we demonstrate a cold seeded epitaxy approach to solve the dewetting and sticking

coefficient challenges. Using molecular beam epitaxy (MBE) of GdAuGe on graphene/Ge
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and graphene/SiC, we demonstrate few nanometer thick films on graphene with a smooth

step and terrace morphology and a 9-24 arc sec x-ray rocking curve width that is two orders

of magnitude sharper than their counterparts grown at high temperature. The cold seed

suppresses surface diffusion during nucleation, while subsequent annealing and continued

growth at elevated temperatures recrystallizes the seed. Similar improvements in morphology

have been observed for epitaxy of van der Waals materials, including Bi2Se3 on Si (111)25

and Al2O3 (0001).
26 The cold seed also provides a template with a well defined stoichiometry,

since sticking coefficients on graphene at room temperature are much closer to unity. The

GdAuGe films can be exfoliated to produce continuous membranes with minimal tears that

are supported on a polymer handle. We demonstrate that strain gradients in rippled GdAuGe

membranes induce an antiferromagnetic to ferromagnetic transition, similar to that observed

for GdPtSb membranes.9 We anticipate that this strategy is generally applicable to epitaxy

of other thin film systems on graphene.

Figure 1 illustrates the key steps in our seeded growth approach. We start from graphene

that is grown by chemical vapor deposition on Ge (111), following Ref.27 After annealing the

graphene in ultrahigh vacuum (< 2× 10−10 Torr) at 600◦ C for one hour, the reflection high

energy electron diffraction (RHEED) pattern along the Ge [11̄0] azimuth exhibits a sharp

ring of spots (Fig. 1a), indicating a nearly atomically smooth and clean surface. Previous

low energy electron diffraction studies show that epitaxial graphene on Ge (111) has two

domain orientations that are rotated 30 degrees from one another: a primary domain with

graphene [11̄00] ∥ Ge [11̄0] and a secondary domain with graphene [12̄10] ∥ Ge [11̄0].28

To suppress the dewetting and island formation that are typical for high temperature

growth of metals on graphene surfaces,24 we initiate growth of a 5 nm thick GdAuGe seed

at room temperature (30◦C). Here, equiatomic fluxes of Gd, Au, and Ge were supplied by

thermal effusion cells at rates of 1.2× 1013 atoms/cm2s, respectively, as measured by quartz

crystal microbalance and calibrated by Rutherford backscattering spectrometry (RBS) on

test samples. The corresponding RHEED pattern indicates an epitaxial seed with a semi-
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Figure 1: Cold seeded epitaxy of GdAuGe on graphene. (a) RHEED pattern of
graphene on Ge (111), after annealing at 600◦C to remove surface adsorbates. All RHEED
patterns are recorded along a Ge ⟨110⟩ zone axis at a beam energy of 15 kV. (b) 5 nm
thick seed of GdAuGe grown at 30◦C. (c) Seed after recrystallizing by annealing at 480◦C.
(d) Continued growth of GdAuGe to a total thickness of 18 nm. Arrows mark the primary
GdAuGe and graphene domain reflections. Stars mark the 30 degree rotated orientation.
(e) X-ray diffraction azimuthal ϕ scan showing the in-plane epitaxial alignment. (f) Crystal
structures of GdAuGe, graphene, and Ge showing the primary epitaxial alignment. For
graphene, the primitive unit cell is marked by dotted lines and a (

√
3 ×

√
3)R30◦ supercell

is marked by solid lines.

rough surface: the RHEED spots are connected by extended streaks with well-defined lattice

spacings (Fig. 1b). Subsequent annealing of the seed layer at 480◦C recrystallizes it and

smooths the surface, as evidenced by the sharp and streaky RHEED pattern in Fig. 1(c).

The smooth surface of the annealed seed layer serves as a template for continued GdAuGe

4



growth at elevated temperatures. Fig. 1(d) shows the RHEED pattern of a GdAuGe film

regrown at 480◦ C to a total thickness of 16 nm GdAuGe. The bright, sharp, and extended

streaks indicate a flat epitaxial film. The final GdAuGe surface exhibits two sets of streaks:

a primary set with with spacing ∆Q (arrows), and a secondary set with spacing
√
3 · ∆Q

(asterisks), indicative of two GdAuGe domains that are rotated 30 degrees from one another.

An azimuthal ϕ scan by x-ray diffraction confirms two GdAuGe orientations rotated around

the c axis by 30 degrees (Fig. 1(e)).

An interesting question is whether GdAuGe films on graphene/Ge are epitaxial to the

graphene or to the Ge substrate, e.g., via “remote” substrate interactions that permeate

through graphene.1 Here we find a direct correspondence between two graphene orientations

rotated by 30 degrees, and two GdAuGe orientations rotated by 30 degrees. In contrast,

growth of GdAuGe directly on Ge (111) produces only a single domain orientation. Thus

the presence of two GdAuGe domain orientations on graphene/Ge(111) suggests the primary

epitaxial relationship is between GdAuGe and graphene, which are in direct contact, rather

than GdAuGe and the Ge via a remote interaction through the graphene. The lattice

mismatch of 2.3% between GdAuGe and a (
√
3×

√
3)R30◦ supercell of graphene is smaller

than the 9.7% mismatch between GdAuGe and Ge (111) (Fig. 1(f)), which also suggests a

preferred epitaxial relationship to graphene.

As an additional test, we grew GdAuGe on graphene/Ge(110), where the Ge (110) surface

has rectangular symmetry compared to the hexagonal symmetry of GdAuGe. We find that

GdAuGe again grows (0001)-oriented, with the same in-plane orientation with respect to

graphene: GdAuGe [21̄1̄0] ∥ graphene [11̄00] (Supplemental Figure 1).

Figure 2 compares the structure and morphology of a 16 nm GdAuGe film grown with a

cold seeded growth approach on graphene/Ge(111) to that of an 18 nm film grown directly

on graphene/Ge(111) at 540◦C. For the seeded sample, the 2θ − ω x-ray diffraction scan

displays bright GdAuGe 000l reflections, including the higher order 0006 and 0008 Bragg

reflections. The sharp Kiessig fringes around the GdAuGe 0004 reflection (insert) indicate
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Figure 2: Comparison of low temperature seeded growth versus direct high tem-
perature growth of GdAuGe on graphene/Ge (111). (a) X-ray diffraction scan (Cu
Kα) of a film grown using the low temperature seed approach (blue) versus a film grown
directly at high temperature (black). Insert shows the 0004 reflection. (b,c) Rocking curves
of 0004 reflection for the the seeded and unseeded samples. (d,e) Atomic force microscopy
showing a step and terrace morphology for the seeded sample and an island morphology for
the no seed sample. Inserts show the RHEED patterns at the end of GdAuGe growth.

a smooth surface and interface morphology (Fig. 2(a), blue trace). These x-ray fringes are

consistent with the narrow x-ray rocking curve width of 24 arc seconds that indicates a low

mosaicity (Fig. 2(b)). This rocking curve width is significantly narrower than the 245 arc

sec reported for GaAs on graphene/SiO2,
19 300 arc sec for GaN on graphene/GaN,29 115

arc sec for SrTiO3 on graphene/SrTiO3,
30 180 arc sec for VO2 on graphene,31 770 arc sec

for ZnO on graphene,32 and 1.2 degrees (4320 arc sec) for BaTiO3 on graphene/Ge (110).33

We observe a flat atomic step and terrace morphology by atomic force microscopy (AFM,

Fig. 2(d)). In the AFM scan we also observe an arc of circular openings with depth of a

few nanometers into the sample. We attribute these depressions to defects induced by a

graphene grain boundary or wrinkle.

In contrast, the sample without seed layer displays weaker 000l reflections, indicative of

poorer crystallinity, no Kiessig fringes, and XRD reflections from secondary phases (diamond
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symbols). We attribute the secondary phases to the fact that the sticking coefficients of

metals on graphene deviate significantly from unity at elevated temperatures, as observed

previously for other metals on graphene,24 and confirmed for GdAuGe on graphene by RBS

(Supplemental Fig. 2). This nonstoichiometry at high growth temperature could in principle

be compensated by adjusting the incident flux ratios. However, since the dewetted film

surface contains both GdAuGe islands and exposed graphene, whose area fraction is changing

over time, true compensation requires continuously changing the incident flux ratios. 24 The

low temperature seed layer solves this challenge by establishing a continuous, GdAuGe-

covered surface with no dewetting within the first few atomic layers. AFM of the non seeded

sample displays a disconnected island morphology (Fig. 2e), consistent with large rocking

curve width of 1 degree that indicates large mosaicity (Fig. 2c).

Cross-sectional high angular annular dark field (HAADF) STEM imaging of the seeded

sample reveals a well ordered GdAuGe /graphene/Ge interface (Figure 3). The GdAuGe

/graphene/Ge interface appears atomically sharp, terminated with an Au/Ge plane above the

graphene interface. Due to Z-contrast image intensity, heavier elements such as Gd and Au

are bright and easily visible whereas lighter carbon in the graphene layer exhibits a relatively

weak signal. Just below the graphene, the top layer of the Ge substrate displays brighter

contrast than the bulk Ge substrate, indicating possible Gd intercalation. Gd intercalation

under graphene has been reported previously, although at slightly higher temperatures of

800◦C,34 compared to the 30◦ C deposition and 480◦C anneal and regrowth we employ

here. Finally, we observe that the film is a continuous single crystal between the annealed

seed layer and continued growth layer, with no obvious defects induced by the temperature

cycling. Our combined diffraction (XRD and RHEED), surface topography (AFM), and

electron microscopy support the enhanced structural quality and smoothness for films grown

by our low temperature seed approach compared to direct growth at elevated temperature.

Our low temperature seed layer approach appears generalizable to other graphene-covered

substrates. As shown in Supplementary Fig. 3, seeded GdAuGe growth on graphene/SiC
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Figure 3: High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) of GdAuGe/graphene/Ge(111). (a) Wide field of view showing a highly ordered
film with no boundary between seed and continued growth. (b) Zoom in showing a sharp
GdAuGe/graphene/Ge interface.

(0001) produces films with narrower rocking curve width (∆ω = 9 arc sec), smoother AFM

morphology, and sharper Kiessig fringes compared to films grown directly at high tempera-

ture. Additionally, the seeded samples show the expected metallic transport, compared to

the hopping transport observed for high temperature growth due to the disconnected island

morphology (Supplementary Fig. 4).

Our smooth GdAuGe films grown using the seed approach provide an excellent starting

point for membrane exfoliation and manipulation of magnetic properties via extreme strain.

To produce membranes with large strain gradients, we adhere a polyurethane handle under

tensile strain to the GdAuGe film and exfoliate by cooling the sample in liquid nitrogen.

Upon exfoliation, the polyurethane contracts to induce ripples in the GdAuGe membrane.

For GdAuGe films grown with a seed layer, this exfoliation produces continuous membranes

with well ordered ripples over length scales of several hundred of microns (Fig. 4(a) insert and

Supplemental Fig. 5). In contrast, exfoliation of samples grown directly at high temperature

on graphene/Ge show a rough and disconnected morphology with no ripples, suggesting that
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Figure 4: SQUID magnetometry at 2K demonstrating strain gradient induced
ferri/ferromagnetism in a rippled GdAuGe membrane (blue curve), compared to the an-
tiferromagnetic flat film (black curve). The field orientation was in plane. Insert shows
AFM topography of the rippled membrane.

the polymer contraction does not produce a well controlled strain pattern in the unseeded

samples.

Fig. 4 compares SQUID magnetometry of a rippled GdAuGe membrane grown using the

seed layer, compared with a relaxed GdAuGe film. At the measurement temperature of 2 K,

the film shows a weak linear dependence of magnetization on applied field, consistent with the

antiferromagnetism observed in bulk crystals.35–37 In contrast, the rippled sample displays a

clear hysteresis loop indicative of ferro or ferrimagnetic ordering. The behavior is similar to

GdPtSb membranes for which we also observe bending-induced ferri/ferromagnetism,9 but

with a factor of 5 smaller magnetic saturation than GdPtSb at similar bend radius.

An important distinction is whether the magnetic ordering is induced by homogeneous

strain (piezomagnetism and magnetotostriction) or by strain gradients (flexomagnetism).

For a smoothly curved membrane with no plastic deformation, the strain along the curved

path s is approximately εs ≈ (R+t)/R−1, where t is the height or depth along the thickness

axis and R is the radius of curvature.9 Based on the measured thickness of 20 nm, period of 12
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µm, and peak to peak height of 2.6 µm, we estimate a maximum strain of εs ≈ ±0.36% and

maximum strain gradient of ∂εs/∂z ≈ ±36%/µm at the peaks and valleys. Compared with

our density functional theory calculations of antiferromagnetic vs ferromagnetic ordering

(Supplemental Figure 6), we find that the peak strain in our rippled membrane is an order of

magnitude smaller than the calculated homogeneous strain to induce ferromagnetic ordering.

This suggests that coupling to strain gradients is more likely responsible for the observed

ferro/ferrimagnetic ordering than coupling to homogeneous strain, similar to GdPtSb. 9 We

note, however, that the antiferromagnetic ordering of GdAuGe has not yet been solved, 35 and

in our calculation we assume A-type ordering with moments pointed along c. The particular

choice of AFM structure will change the expected strain induced crossover between AFM and

FM ordering. Further experiments and theory are required to solve the magnetic structure

of GdAuGe and understand its response to strain and strain gradients.

In conclusion, we demonstrated a cold seeded epitaxy approach for growing few nanome-

ter thick, smooth GdAuGe films on graphene-covered Ge and SiC substrates. Seeded films

display sharper Bragg reflections, lower mosaicity, and a smoother atomic step and ter-

race morphology than their counterparts grown directly at high temperature. These films

are epitaxial to graphene rather than the underlying Ge or SiC substrate. The interfaces

with graphene are atomically sharp. Using a rippled membrane exfoliate from graphene, we

demonstrated an antiferromagnetic to ferri/ferromagnetic transition induced by strain gra-

dients. This flexomagnetic response is similar to GdPtSb. Our cold seed strategy provides

a path for access to extreme strains in membranes in the ultrathin limit.

Supporting Information

Supporting Information contains experimental and theoretical methods, tests of epitaxial

relationship of GdAuGe to graphene versus germanium, electrical transport of seeded versus

unseeded films, and morphology of exfoliated membranes.
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Data Availability

All raw data that appears in this manuscript are posted on Zenodo, reference number

12785490 (https://zenodo.org/records/12785490).
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