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Synopsis Experiment and theory evidence a new pathway for correlated two-electron release from many-body compounds follo-
wing collective excitation by a single photon.

     In the few-electron systems the emission of 
two electrons, following the absorption of a sin-
gle photon, is dominated by the Coulomb inter-
action. The two electrons exchange momentum 
and interact mutually and with the residual ion 
up to infinite distances. The detection in coinci-
dence of the two electrons allows a complete 
investigation of the different active mechanisms 
depending on the total energy and energy shar-
ing between the two electrons. A detailed un-
derstanding of double photoemission has been 
achieved in two-electron systems like the He 
atom and H2 molecule [1].  

In this work the double photoemission of C60 
has been investigated at the Gas Phase beamline 
of Elettra at a few photon energy (about 10, 20 
and 30 eV excess energy) in equal energy shar-
ing conditions. Auger decay following C1s ion-
ization populates the same dication states as di-
rect double photoemission. Thus, for sake of 
comparison the Auger spectrum and photoelec-
tron-Auger electron coincidence spectrum have 
been measured.  
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A standard single photoemission (SPE) theory usually relies on the hole spectral density, which accommo-
dates so-called intrinsic energy losses, and the optical matrix elements. Plasmon-mediated processes are typical 
for extrinsic losses. These refer to all scattering events which the photoelectron undergoes before detection24. 
Formulating a theory for SPE valid for all types of electronic systems, proved to be an involved task. The perturba-
tion theory for the transition dipole, as employed for atoms or molecules25 is in principle able to incorporate both 
electron-electron scattering processes and also collective effects26. One may also attempt at a direct diagrammatic 
expansion of the observable photocurrent, as was put forward in ref. 27. A formal theory of DPE entails the use 
of many-body perturbation theory (MBPT) for two-particle propagators15 and is thus even more involved. Based 
on the direct diagrammatic approach for the observable coincidence yield28 we present here the first fully ab initio 
implementation for DPE accompanied by charge density fluctuations and compare with the first experiments 
of this kind on C60. Our approach is applicable to complex atoms such as Xe possessing strong collective reso-
nances29, as well.

The emerging physical picture is illustrated in Fig. 2(a): (i) Photoabsorption promotes a valence electron to 
a high-energy state. (ii) This electron scatters inelastically from charge-density fluctuations (plasmon creation) 
that (iii) decay emitting a second valence electron (whose energy and angular correlations with the first one is 
measured in a coincidence set up, revealing so how charge-density fluctuations mediate e–e interaction). This 
three-step mechanism (3SM) emerges from a diagrammatic nonequilibrium Green’s function (NEGF) approach 
as detailed in the supplementary information. It is already clear at this stage that DPE is qualitatively different 
from SPE in that, a) it delivers information on e–e interaction mediated by charge-density fluctuations, and b) as 
these plasmonic excitations are triggered by an electron a multitude of modes, e.g. volume plasmons, are involved.

Results
In Fig. 1(b) the electron pair coincidence yield versus the binding energy ω= − −B 1 2ε " ε ε  of the doubly 
charged ion is reported and compared with the Auger spectrum. The binding energy of the latter is determined by 
the energy of the secondary electron and the carbon 1 s core level (see methods). The Auger process, which one 
might expect to be comparable to DPE when plotting as a function of the binding energy, can be interpreted in 
terms of the joint density of states (JDOS) as determined by the convolution of the density of occupied states of 
the neutral system, �D( ), and that of the ionized molecule, D̃( )� , �∫ ζ ζ ζ∝ +

−∞
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B . Our ab initio calcu-
lations in Fig. 1(b) confirm this picture (note, these same D( )�  and D̃ are also part of DPE and are calculated with 
the same code). For plasmon-mediated DPE the situation is different. As inferred from Fig. 2(a), (ii), the spectral 
width of the plasmon modes is a determining factor for the width of the DPE spectrum. Which mode is active 
(and what is its multipolar nature) is set by the momentum balance that in turn points to the momentum region 
of the involved plasmons. The full ab initio calculations of multipolar plasmons in C60 in ref. 30 enter as a part (i.e. 
steps (ii)–(iii) Fig. 2(a)) of our DPE calculations.

The electron pair coincidence yield is calculated following the derivation in the supplementary informa-
tion. From Fig. 2 one infers that the non-local, frequency dependent screened electron-electron interaction 
W =  v +  vχv is a central quantity for DPE (v is the bare Coulomb interaction). As expected from the scheme in 
Fig. 2 the density-density response function χ(r, r′; ξ) is also the key factor for the electron energy loss experi-
ments31–33 and also for the screening of the optical field34,35 by charge-density fluctuations in SPE (in our exper-
iment this effect is negligible because the optical frequency is higher than the relevant plasmon resonances). We 
write the effective e-e interaction in the form

Figure 1. (a) DPE Setup: upon absorbing one photon with energy �ω, two correlated electrons are emitted non-
sequentially from the C60 molecule and detected in coincidence. Charge-density fluctuations play the key role 
for the correlation hereby. (b) For equal energies of the emitted electrons � �= = .10 71 2  eV, the normalized 
coincidence yield versus C60 binding energy (red squares with error bars) is compared to the Auger spectrum 
with �ω =  340 eV (black dots). The latter is compared to our calculations of the joint density of states (JDOS) 
(shaded blue line).

 
Figure 1. Scheme of the double photoemission setup. 
 
The experimental results have been compared 
with the prediction of an ab-initio model which 
uses the non-equilibrium Green’s function ap-
proach to take into account collective excita-
tions. In this way different plasmonic modes 
can be selectively included in the calculation. 

The emerging physical picture is a three-step 
model: (i) photoabsorption promotes a valence 
electron to a high-energy state; (ii) this electron 
scatters inelastically from charge-density fluc-
tuations (plasmon creation) that (iii) decay emit-
ting a second valence electron (whose energy 
and angular correlations with the first one is 
measured in the coincidence set-up, revealing 
how charge-density fluctuations mediate e–e 
interaction). 
 

 
Figure 2. The normalized coincidence yield versus 
C60 binding energy (red squares with error bars) at ε1 
= ε2 = 10.7 eV compared to the Auger spectrum 
measured at ħω = 340 eV (black dots) and the calcu-
lations of the joint density of states (JDOS)(shaded 
blue line). 

The agreement between theory and experiments 
proves that the correlated two-electron photoe-
mission is a powerful tool to access electronic 
correlation also in complex systems.	
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