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Since its discovery, the ability to modify and control the properties of a graphene layer has been a 
central issue in the view of potential applications. The intercalation of foreign atoms or molecules 
between a graphene sheet and its substrate offers a wealth of opportunities to modify graphene’s 
properties. Intercalation is in fact an established route to functionalize graphene from below, to 
decouple it from its substrate and to modify the properties of the intercalated layer [1,2]. Identifying 
and selecting the intercalation pathways is therefore of crucial importance for the preparation of 
advanced multi-layered functional materials based on high quality graphene. 
Here we focus on Co intercalation between graphene and Ir(111) taking place at the edges of 
graphene flake which we monitored by real time low energy electron microscopy (LEEM) and by 
scanning tunnelling microscopy (STM). Mass transport through graphene edges is described using 
a phenomenological model, which allows estimating the energy barriers involved in the process [3]. 
We find that these energies differ by a few tens of meV from one location to another along the 
graphene edge. Moreover we demonstrate that graphene is a mechanically active membrane 
which, upon the intercalation process, deforms and opens nano-channels (wrinkles) that allow 
efficient mass transport while storing and releasing elastic energy via lattice distortions [4].  
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FIG. 2. Mass transport below graphene assisted by wrinkling. a, LEEM image showing a network of
wrinkles in graphene formed upon Co intercalation. b. Two LEEM images and their difference (∆), recorded after
160 and 165 s during Co intercalation. Dark (respectively bright) features in ∆ are compact intercalated regions
after (respectively before) the formation of the wrinkle (marked with an arrow). c. Three-dimensional representation
of a STM topograph (60×40 nm2) revealing compact ML Co islands intercalated below graphene (appearing with
a marked triangular moiré nano-pattern), on two Ir(111) terraces separated by an atomically-high Ir step edge. A
wrinkle is observed, whose apparent height (z) profile taken between the two arrows along the dotted line is shown.
Scale bars are 2 and 0.5 µm in a and b respectively.

first dominates the growth kinetics, vacancy motion
quickly prevails as the metal density increases. Once
a compact rim of metal is formed close to the edge,
i.e. once most of the vacancies have been evacuated,
only elementary processes with low rate remain ac-
tive. The metal rim then acts as a ‘dead’ layer, passi-
vating the graphene edge and hindering further mass
transport32.

Considering experimentally the case of a cobalt
monolayer (ML) intercalated at the graphene /
iridium(111) interface reveals a strikingly different
behavior: the expected passivation mechanism
described above is not observed and the Co ML
wets the graphene-covered Ir surface over large
distances. This surprising result is reported in
Figs. 1b and in the Supplementary Movie 2 ob-
tained while acquiring real-time low-energy electron
microscopy (LEEM) images during Co deposition.
Even though a rim of intercalated Co does form
close to the edges of the graphene flakes,33 the
rim is not self-passivating. We emphasize here
that the strong assumptions we made above to
describe metal intercalation are essentially valid:
intercalation mainly proceeds from the edges of the
graphene flakes, and Co atoms quickly cluster to
form a dense, two-dimensional growth front. We are
thus left with an apparent contraction, suggesting
that a key ingredient is missing in our description

of the intercalation mechanism.

A mechanically active, deformable membrane
driving mass transport

Imaging the graphene layer upon intercalation re-
veals useful information. More specifically, we ob-
serve a networks of dark lines, which are distinct
from the surface atomic steps, and prominently ori-
ented perpendicular to the edges of the graphene
flakes. Typically separated by several 100 nm
(Fig. 2a), these features appear together with the
progression of the intercalated Co rim. They form
suddenly and strongly influence the morphology of
the intercalated Co film. This is illustrated in
Fig. 2b, where within the time resolution of the
experiment, here about 5 s, re-arrangement of the
intercalated Co film occurs over distances of a few
100 nm. Compared to the average speed of the in-
tercalated Co front (about 100 nm per minute), this
mesoscopic mass transport is surprisingly high.

Higher resolution imaging with scanning tunnel-
ing microscopy (STM) reveals that the dark lines
observed in LEEM are graphene wrinkles (Fig. 2c).
These delaminated regions are typically several-
0.1 nm-high and often bridge two neighboring ter-
races of the substrate, provided that these two ter-
races are at least partially intercalated with Co. In
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a. LEEM image showing a network of wrinkles in graphene formed upon Co intercalation. b. Two LEEM images and their 
difference (∆), recorded during Co intercalation showing the formation of the wrinkle (marked with an arrow). c. Three-
dimensional representation of a STM image (60×40 nm2) revealing compact ML Co islands intercalated below graphene 
on two Ir(111) terraces separated by an atomically-high Ir step edge. A wrinkle is observed, whose apparent height (z) 
profile taken between the two arrows along the dotted line is shown. Scale bars are 2 and 0.5 µm in a and b respectively. 


