
thermal vibrations at an elevated temperature. In the Ar-
rhenius-type description of the temperature dependence 
of reaction rates, local kinetic energies become occasi-
onally high enough to overcome reaction barriers. Thus 
the reaction rate depends on the height of the reaction 
barrier and the sample temperature, which determines 
the average amplitude of the thermal fluctuations. In 
many cases the reaction barriers are so high that tem-
peratures of thousands of degrees Kelvin are required 
for an observable reaction rate to manifest. Neverthe-
less, such high barrier reactions are readily observed 
in TEM, even if the sample is held at room tempera-
ture. For example, a bond rotation in graphene, where 
two atoms rotate 90° around their center point, has an 
estimated activation barrier of 5–10 eV [11]. For a reac-
tion rate of 1/s to take place due to thermal vibrations, a 
temperature of roughly 2000–4000 K would be required. 

It is widely accepted in the scientific community that 
the occurrence of transformations in graphene under 
the electron beam is induced by knock-on collisions [2]. 
That is, occasionally an energetic electron hits a target 
atom “head on“, leading to significant momentum trans-
fer, which can push the system over the reaction barrier. 

April 2016 - Scientists from the Group of Electron 
Microscopy of Materials Science at Ulm University have 
attempted to measure the virtual temperature of single-
layer graphene under the electron beam. They compared 
the relative population of three different divacancy defect 
states to the Boltzmann distribution using calculated ener-
gy levels of the defect states. They find that the measured 
populations cannot be fitted to the Boltzmann distribution, 
and consequently no universal virtual temperature can be 
assigned to the system.

Coinciding breakthroughs in the electron optics for transmis-
sion electron microscopy (TEM) and in materials science have 
allowed rapid progression in the observation and understan-
ding of atomic-scale processes in materials. First, the inven-
tion and practical realization of hardware spherical aberration 
correction (AC) in high-resolution TEM (HRTEM) and scanning 
TEM (STEM) pushed the resolution of the instruments to the 
atomic level even at lower acceleration voltages [1]. In these 
studies, the dynamics of 2D materials, such as graphene [2, 
3], transition-metal dichalcogenides [4-6], 2D hexagonal bo-
ron nitride [7, 8], and 2D SiO2 [9, 10], have been captured by 
aberration-corrected HRTEM and STEM.

The typical drivers of atomic-scale transformations are the 

Evidence against a universal electron-beam-induced virtual temperature exemplified for graphene

Figure 1. The three divacancy configurations in graphene and snapshots from an AC-HRTEM image sequence show-
ing consequent transformations of the divacancy defect. The three top panels show ball-and-stick models of the di-
vacancy defect in the three different structural states. Transformations between the states progress by rotating the bonds 
denoted by the arrows by 90°. (a – h) Subsequent states in which the same divacancy defect was observed. The scale bar 
corresponds to 1 nm.

Electron beam versus thermally driven transformations



the distance to any nearby feature was at minimum 3.6 
nm, and typically greater than that.

It becomes immediately clear that no meaningful fit of 
an exponential curve can be made to the data points 
(Fig. 2). In fact, the highest-energy state appears the 
most frequently, which would imply a negative tempe-
rature. 14% of the frames were discarded as unidenti-
fiable, but even if one makes the extreme assumption 
that all of these frames represent the lowest-energy 
state dv3, the high-energy dv1 state would still remain 
the most common one. Consequently, the population of 
the defect states does not follow the Boltzmann distribu-
tion under the electron beam, and no virtual temperature 
can be defined for the system. Similar behavior of the 
self-interstitial dimer defect was, in fact, observed by the 
authors in an earlier experiment, where the lowest-ener-
gy configuration was observed the most seldom under 
the electron beam [3]. Furthermore, the electron energy 
loss plasmon spectrum of graphene does have peaks 
ranging from 4.7 to 14.5 eV [16], which are close to the 
range of expected energy barriers (5–10 eV [11]) for the 
transformations. The peak positions do not depend on 
the electron energy, which would be consistent with the 
close resemblance of the statistics gathered at 80 and 
60 kV. All this would imply that the transformations of the 
divacancy defect would be driven through the electronic 
excitations. 

FIGURE 2. The relative probabilities of occupying 
the different divacancy states plotted against the 
energy differences of the states. An exponential 
function is plotted for reference.

For the system to precisely mimic high-temperature 
conditions, all of the undergoing processes should fol-
low thermally activated behavior with no exceptions. 
Thus the universality of the high-temperature analogy 
breaks down with the counterexample presented in the 
new study. Taking into account the different nature of the 
excitations by thermal vibrations, and by impacts of en-
ergetic electrons, it is not an unexpected finding that the 
Boltzmann distribution is not followed by the population 
of the states under the electron beam. The results do 
not contradict the earlier findings, where in some cases 
the behavior of different structures under the electron 
beam has been similar to what could be expected at an 
elevated temperature. These need to be considered as 
special case, however, as the new experiment shows 

Furthermore, the electron beam can induce transformations in 
the target via excitations of the electronic systems. For many 
materials the total transformation rate can be a sum of both of 
the mechanisms [12]. During the transformation process, the 
sample is not significantly heated by the electron beam, me-
aning the processes are not activated by thermal vibrations. 
However, in earlier studies the transformations appeared to 
proceed as if the sample was held at an elevated temperature, 
and, indeed, the hypothesis of an electron-beam-induced “vir-
tual temperature” has gained attraction in the scientific com-
munity.

To test this hypothesis, the scientists have investigated the 
case of divacancies in graphene, where three states are fre-
quently observed (see the top panels in Fig. 1 for atomistic 
models, labeled dv1, dv2, and dv3) [13]. The defect can trans-
form from one state to the next one via bond rotations, where a 
pair of neighboring C atoms rotates 90° around their midpoint, 
and this process can be induced by the electron beam. Further 
examples of such transformations can be seen in the image 
sequence in Supplemental Movie 1 [14]. The dv1 and dv3 states 
can have three orientations in the hexagonal lattice, and the 
dv2 two orientations, leading to degeneracies gi of 3, 2, and 
3 for the dv1, dv2, and dv3 states, respectively. The formation 
energies, calculated by an analytical model of these structures 
are given in Table I.

TABLE I. The number of frames in which each divacancy 
state was detected, and the resulting probabilities, as in 
fractions of the total number of observations, and the cal-
culated formation energies of each state.

To obtain the statistics, how often each of the defect states 
appears, the graphene sample was first explored until a diva-
cancy defect was found. Point defects can be present in the 
pristine sample, or vacancies can be produced by the electron 
beam of the microscope [15]. Once a divacancy was found, an 
image sequence was recorded. Sequences of ten divacancies 
were recorded, adding up to 935 frames in total.

As results the dv1 state is found to have the highest forma-
tion energy and the dv2 the lowest (see Table I). As shown in 
the Supplemental Material [14], the use of the large simulation 
supercell is necessary to achieve fully converged energy va-
lues for the defects. In reality, the vacancies are never found in 
isolation, and indeed features such as contamination or other 
point defects can often be found within a few nanometers from 
the defects. To estimate the influence of interaction between 
point defects in close proximity, the scientists calculated the 
formation energies of pairs of divacancies in varying states and 
relative orientations and compared the energetics to the isola-
ted cases. The results are summarized in the Supplemental 
Material of the publication [14]. The relevant conclusion from 
the calculations is that at distances of 3–4 nm the energy chan-
ge is at maximum 0.1 eV and typically much less, meaning the 
energy hierarchy of the defect states does not change due to 
possible interaction with a neighboring defect. As a precaution, 
the authors limited the experimental analysis to cases where 



that no meaningful universal virtual temperature can be deter-
mined for the excitement by the electron beam. Indeed, in all 
the prior experiments, attention has been directed to a specific 
subset of processes observed under the electron beam, and 
no attempt to describe the complete evolution of the sample 
has been made (this was not required for the aim of the studies 
either). With the new study, the scientists showed that great 
care needs to be taken when resorting to the analogy between 
electron beam and thermally driven transformations.
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