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Materials and Methods 

Sample Preparation 

Monolayer graphene is grown in a chemical vapor deposition (CVD) process (37) on 

25 µm thick Cu foil (Alfa Aesar, 99.8 % purity). A typical growth process consists of the 

following steps: (i) Evacuation of the quartz tube reaction chamber to about 3 mTorr. 

(ii) Introduction of a 40 sccm flow of hydrogen gas at a pressure of 950 mTorr. 

(iii) Heating of the Cu foil to 1000° C over a period of 60 min and subsequent annealing 

for 30 min to enlarge the Cu grains and remove residual Cu oxide and impurities. 

(iv) Introduction of a 6 sccm flow of methane gas with 20 sccm hydrogen into the 

chamber for 10 min with a total pressure of 460 mTorr for the graphene synthesis. 

(v) Rapid cool-down of the furnace to room temperature under a 20 sccm flow of 

hydrogen. The growth of monolayer graphene was verified by Raman spectroscopy. 

For graphene transfer, one side of the graphene/Cu foil is covered with a thin layer 

of poly(methyl methacrylate) (PMMA) by spin coating at 2000 rpm for 60 s, and is dried 

under atmospheric conditions for 1 h (PMMA vendor and properties: Allresist, molecular 

weight: 950,000 g/mol, polydispersity index: 3.76, glass temperature: 105° C, melting 

temperature: 130° C - 160° C, dissolved in ethyl lactate, solid content: 4.0 %). 

Subsequently, the uncoated (polymer-free) side of the graphene sample is etched in 

an oxygen plasma for 30 s at 100 W to remove backside graphene. After etching the Cu 

foil in a (NH4)2S2O8 solution (0.3 M) for 6 h, the floating graphene/PMMA film is 

washed in several cycles with deionized (DI) water. The resulting graphene/PMMA film 

is then transferred onto transmission electron microscopy (TEM) grids (400 mesh copper 

grid, covered with Quantifoil film with 3.5 µm hole size). Drying the sample for an 

extended period of time (3 days) enhances the adhesion of the graphene to the TEM grid. 

Most of the PMMA, except for that directly in contact with the graphene, is removed by 

consecutively dissolving it in acetone, isopropanol, and DI (for 15 min each). Figure S3 

shows a high-resolution TEM image of the PMMA/graphene bilayer system. 

The polymer superstructure was prepared on several dozen samples, and it has 

proven to be resistant to both thermal treatment and various organic solvents (32, 38). In 

contrast, the superstructure is sensitive to excessive electron beam irradiation due to 

PMMA chain damage, highlighting the importance of the present low-dose experiment 

for its observation (39, 40). 

 

 

Estimate for temperature increase at fluence threshold 

In order to estimate the temperature increase of the graphene at the fluence threshold 

of 3 mJ/cm2, the following assumptions are made: The pulse energy is deposited only in 

the graphene (absorption 2.3%, see Ref. (41)), whereas the PMMA is transparent at the 

pump wavelength of 800 nm. The specific heat capacity 𝑐𝐺 of graphene equals that of 

graphite for 𝑇 > 100 K (42) and can be approximated (with temperature 𝑇 in Kelvin) as 

 

𝑐𝐺 = 9 ∙ 10−16𝑇6 − 6 ∙ 10−12𝑇5 + 2 ∙ 10−8𝑇4 + 0.0092𝑇2 + 0.946𝑇 − 10.481 (J/kgK) 

 

between 200 K and 1200 K (43), leading to an initial graphene lattice temperature 

increase of 541 K. 
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The subsequent PMMA temperature increase of about 145 K at the fluence threshold was 

estimated using the measured expansion (1%) and a thermal expansion coefficient of 

𝛼 = 70 ∙ 10−6K−1 (44). 

 

Thermal boundary resistance (Kapitza resistance) 

 The thermal boundary resistance 𝑅𝐾 = 𝜎𝐾
−1 can be estimated considering the 

energy flux across the PMMA/graphene interface to be of the form (45) 

 

𝑐𝑃𝑀𝑀𝐴𝜌𝑑
𝜕𝑇𝑓(𝑡)

𝜕𝑡
=  −𝜎𝐾[𝑇𝑓(𝑡) −  𝑇𝑠(𝑡)] 

 

with 𝑐𝑃𝑀𝑀𝐴 the specific heat capacity, 𝑑 the film thickness, 𝜎𝐾 the thermal boundary 

conductance, 𝜌 the mass density of PMMA, and 𝑇𝑓 and 𝑇𝑠 as the film and substrate 

temperatures, respectively. From this, assuming approximately temperature-independent 

material constants, the thermal boundary resistance can be extracted as 

 

𝑅𝐾 =
𝜏

𝑐𝑃𝑀𝑀𝐴𝑑𝜌
. 

 

Using the specific heat capacity 𝑐𝑃𝑀𝑀𝐴 = 1466 J/kg K and mass density 𝜌 = 1.18 g/cm3 of 

bulk PMMA, respectively, the experimentally obtained temporal decay time of  = 43 ps 

(Fig. S1), and assuming a film thickness of 𝑑 = 5 Å, we extract a value of about 

𝑅𝐾 = 5 ∙ 10−8m2K/W, which is close to reported values for similar systems 

(𝑅𝐾 = 8 ∙ 10−8m2K/W, see Refs. (46, 47)). 

 

 

Radial diffraction intensity for isotropic and six-fold symmetric components 

The decomposition of the diffraction intensity in an isotropic and a sixfold-

symmetric component is depicted in Fig. S2. 

Starting from a difference image (Fig. S2A), the radial diffraction intensity is 

computed by averaging over azimuthal angles  around the symmetry center of the 

diffraction pattern for a given radius r. Figure S2B shows the regions which are averaged 

to extract the isotropic component of the diffraction image. The six-fold symmetric 

diffraction component is obtained by subtracting the previously computed isotropic 

component from the average over the regions indicated in Fig. S2C. 
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Fig. S1. Expansion of crystalline PMMA component above and below the fluence 

threshold for superstructure melting. Delay-dependent change in PMMA chain-spacing 

(black squares) for a pump fluence of 1.9 mJ/cm2 (below the threshold fluence of 

3 mJ/cm2). An exponential fit (solid black line) yields a time constant of  = 43 ps. For 

comparison, the same fit is plotted with  = 133 ps (dashed red line), as found for a pump 

fluence of 6 mJ/cm2 (above the melting threshold, Fig. 4B). 
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Fig. S2. Isotropic and six-fold symmetric components. A: Difference of diffraction 

intensity for positive (t = 600 ps) and negative delay times at a pump fluence of 

6 mJ/cm2. Blue (red) areas indicate reduced (enhanced) intensity. B, C: Area of interest 

for calculating the radial average of the isotropic (B) and the six-fold symmetric (C) 

components. Regions which are not considered are colored in black or gray (central beam 

block). 
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Fig. S3. PMMA/graphene bilayer TEM image: High-resolution TEM image of graphene 

and PMMA layer at 80 keV electron energy. Note that the significant electron dose in this 

image has already caused polymer degradation. 

(Courtesy of Stefanie Strauch, James E. Evans, and Nigel D. Browning. This image is 

part of the Chemical Imaging Initiative at Pacific Northwest National Laboratory under 

Contract DE-AC05-76RL01830 operated for DOE by Battelle. A portion of the research 

was performed using EMSL, a national scientific user facility sponsored by the 

Department of Energy's Office of Biological and Environmental Research and located at 

Pacific Northwest National Laboratory.) 
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Fig. S4. Diffraction images indicating the stripe-like character of the PMMA 

superstructure. A: Low-dose cryo-TEM diffraction pattern (electron probe diameter: few 

tens of nanometers, 300 keV electron energy) displaying only two PMMA (single 

domain) diffraction spots (red rings). Image: courtesy of Holger Stark (Max Planck 

Institute for Biophysical Chemistry). B: Transmission ultrafast low-energy electron 

diffraction image (electron probe diameter: few tens of micrometers, 450 eV electron 

energy) of a sample region displaying a strongly preferred domain orientation of the 

PMMA superstructure. This enhances the intensity of two opposing superstructure spots.  
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Fig. S5. Temporal pulse characterization at low electron energies. Delay-dependent 

intensity change induced by a transient electric field for a collimated beam at an electron 

energy of 100 eV (open circles). Red line: Error function adapted to transient intensity 

change, yielding an electron pulse duration of about 7 ps (FWHM, full-width-at-half-

maximum). For a more detailed description of the method and results for high energy 

electrons, please see Refs. (25, 27, 48). 
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Fig. S6. Diffraction image of the polymer/graphene bilayer system recorded at an 

electron energy of only 150 eV (in transmission), demonstrating the capability of the 

setup to operate at energies used in conventional low-energy electron diffraction (LEED). 

The pattern exhibits a 12-fold symmetry, which stems from a superposition of two 

predominant domain orientations of the graphene substrate rotated by approx. 30° with 

respect to each other. 
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Fig. S7. Demonstration of back-reflection LEED with the same laser-triggered electron 

source as used for the data in the main text. Diffraction images recorded from a single-

crystalline sapphire (0001) surface in a reflection geometry using an angle of incidence of 

45° at an electron energy of 380 eV (A), and averaged between 335 eV and 435 eV (B). 

The weak distortions of the diffraction patterns stem from the planar electron detector 

placed at an angle of 90° relative to the incident beam. 
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Fig. S8. Diffraction image recorded in normal incidence backscattering with a 

miniaturized laser-triggered electron source (outer diameter: 7 mm). 

The sample is a single-crystalline sapphire (0001) surface (electron energy: 150 eV). The 

central dark area corresponds to shadowing by the electron gun in back reflection. 
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