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Spontaneous emission of phonons by fast electrons can occur at the zero point motion (T = 0 K). At 
finite temperature, the thermal energy can contribute to make transitions between different states 
resulting in induced emission and absorption of phonons. The theoretical description of spontaneous and 
thermally-induced processes by electrons is usually presented in inelastic vibrational cross sections with 
the inclusion of pre-factor terms proportional to (n+1) and (n), for the phonon emission (loss) and 
absorption (gain) in bulk matter, respectively [1]. The term “n” represents the phonon occupational 
number. Also, at thermal equilibrium the loss and gain scattering signal are linked through the so-called 
Boltzman factor, as illustrated in the principle of detailed balancing. Experimental evidences for energy-
gain process were reported for large systems using slow electron [2]. But, the exploration of spatially-
resolved energy-gain processes induced by relativistic electrons in nanostructures is still in its infancy 
[3].  
 
In this context, using the new technology of monochromators implemented in aberration-corrected 
microscopes [4], we present results of the vibrational electron energy loss/gain spectroscopy 
EEGS/EELS studies in a large variety of nanostructures, such as nanoparticles, nanometric films and 
interfaces. For such studies we used a Nion UltraStem equipped with a monochromator to study the the 
vibrational response of nanostructures in the infrared range using a ~ 2 Å probe with energy spread of ~ 
10 meV, at 60 KV. Our instrument allows the measurement of phonon excitations down to 20 - 40 meV 
at room temperature. At this temperature condition, we were able to detect energy-gain and energy-loss 
signal because the scattering cross section for phonon emission are significant large, reaching up to 1% 
of the zero-loss peak (ZLP) intensity in most cases. At higher temperatures, the inelastic phonon signal 
should increase, with more notorious increase being observed at lower excitation frequencies, as dictated 
by the statistical occupation number. 
 
We detected energy-gain signal in nanostructures in the aloof and no-aloof configuration, as shown in 
Figure 1. Figure 1a shows the excitation of a corner phonon mode (70 meV) of a 150 nm Magnesium 
Oxide nanocube, by an electron beam in the aloof geometry. Note the energy-gain inelastic signal is 
smaller that the loss signal. Figure 1b exhibits the excitation of bulk phonon modes (~ 30 and 90 meV) 
of a MgO cube. In this case the vibrational bulk scattering signal is stronger than the surface scattering 
signal. Also, note a significant broadening of the ZLP which we believe is associated with the excitation 
of lower-energy acoustic phonon modes in MgO. The local temperature of the probed nanosystem was 
measured experimentally knowing the ratio between the gain and loss scatting signal, as a function of 
the excitation frequency. Our experimental results obtained at room temperature indicate that the probed 
nanosystem indeed is close to 300-310 K. Small differences from the actual microscope temperature of 
about 300 K may be associated with accumulated heat pumped during the excitation process limited by 
unavailable channels of heat dissipation. 
 



Our results show that the principle of detailed balancing also holds for nanomaterials at thermal 
equilibrium. In addition, we show that the temperature of a nanosized volume of matter can be measured 
experimentally using the energy gain/loss spectroscopy signal. Our spectroscopy studies can be 
extended to other nanostructures at out-of-equilibrium thermal conditions, aiming to explore the regime 
of validation of the fluctuation-dissipation theorem at the nanoscale. Also, our results might trigger the 
exploration of local heating induced by an electron beam, temperature measurements with higher spatial 
resolution, among other studies. 
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Fig. 1 EELS/EEGS spectra acquired in MgO nanocubes at room temperature. (a) Spectrum acquired in 
the aloof geometry which shows the excitation of a corner phonon mode at about 70 meV. (b) Spectrum 
acquired in the intersecting geometry of a similar nanocube which shows excited bulk phonon modes 
(50 – 90 meV) of the system. In both cases the energy-gain scattering signal shows up clearly over the 
tails of the zero loss peak. 

 


