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ABSTRACT
[bookmark: OLE_LINK14][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK87]Plasmon gain by core-level electrons or elastic electrons observed in past studies seems to be of no practical value in material characterization, mainly because of their ultra-low signal intensities. Nevertheless, in the emission spectra of Au samples, we have observed plasmon gain in secondary electrons. The electrons gain energy from surface plasmons after escaping from the surface, and thereby only carry surface-plasmon information in the vacuum above the surface. Because the intensity of the emitted SEs is strong, rivalling that of core-level or elastic electrons, the observed phenomenon has in practice the potential to image directly in space the surface plasmon near but exterior to the metal surface.
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[bookmark: OLE_LINK4][bookmark: OLE_LINK34]When electrons move inside or near a solid, energetic electrons transferring part of their energy to the conduction electrons in well-defined quanta from their collective oscillations [1,2,3] are present everywhere. However, in contrast, energetic electrons gaining energy quanta from plasmons when they both interact are rare despite being a natural occurrence. Nonetheless, in both cases, the information of the material under study, especially of plasmons excited inside or near the target material, may be encoded in the kinetic energy of emitted electrons once losing/gaining energy to/from a plasmon. It is therefore surprising that this plasmon gain has not garnered much attention in applications of electron-based surface-analysis techniques such as Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), and electron energy loss spectroscopy (EELS), whereas plasmon loss has played since its discovery an essential role in the interpretation of measured spectra obtained by above techniques.
More than 40 years ago, plasmon gain for core-level electrons was first observed by Jenkins and Chung [4], who suggested a satellite peak observed on the high energy side of the 60 eV Cu Auger peak was caused by outgoing electrons in Auger electron emissions gaining energy from pre-existing plasmon quanta, i.e., “extrinsic” plasmon produced in outgoing electrons scattering. Later on, AES or XPS studies on a wide range of materials including Al [5,6], Mg [7,8], Na [7,8], Mg2Cu [9], and Mg-Cd alloys [10] together with theoretical verification [11] clearly supported plasmon gains by energetic electrons within the solids analogous to typical plasmon losses.
[bookmark: OLE_LINK38][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK39][bookmark: OLE_LINK15]Apart from the core-level electrons, elastic electrons also gain energy quanta from plasmons under specific circumstances. Schilling and Raether [12] first observed this plasmon gain for elastic electrons from pre-established surface plasmons in a reverse process to the well-known surface plasmon loss. In their work, energy spectra of electrons reflected from very smooth liquid Indium surfaces at grazing incidence include a satellite on the higher energy side of the elastic peak at the exact energy corresponding to plasmon gains for Indium. This result clearly demonstrated that once an elastic electron appears at the right place (i.e., within the effective range of a pre-existing surface plasmon) and at the right time (i.e., within the lifetime of a pre-existing surface plasmon), there is a probability of gaining energy of one surface plasmon quantum from the interaction with a surface plasmon.
[bookmark: OLE_LINK56][bookmark: OLE_LINK47][bookmark: OLE_LINK50]Regardless of plasmon gain for core-level or elastic electrons, their possibility is positively related to the core-level or elastic electron beam intensity, when a sufficient number of surface plasmons are present. Because of the generally low intensity of core-level or elastic electrons in the reflected electron spectra, the signal intensity of plasmon gain is, of course, even lower and therefore shows little prospect in any foreseeable future in probing plasmon information of materials that outrival traditional EELS techniques based on plasmon loss. 
[bookmark: OLE_LINK76]As plasmons can transfer energy to the core-level electrons and elastic electrons, a transfer of energy to secondary electrons (SEs) should therefore also occur. In most of the reflected electron spectra, the intensity of SEs emitted from the surface is generally several orders of magnitude higher than for core-level electrons or elastically reflected electrons and also has a much lower flight speed, indicating a greater possibility and longer time to interact with the plasmons that are present. However, while plasmon gain for SEs has long been predicted, it has not been detected because the SEs emitted at low energies generally display no identifiable spectral feature in the reflected electron spectra; hence, such features should not appear even upon gaining a quantum of plasmon energy. In this instance, if the plasmon gain of the emitted SEs is exactly the same as those of the core-level and elastic electrons, we should observe no distinctive feature related to plasmon gain.
In this work, we propose a new mechanism of plasmon gain for the emitted SEs that could form a spectral feature above the vacuum level in a reflected electron spectrum, and then verify it in experiments using a polycrystalline Au sample. One unique characteristic of plasmon gain is that it only occurs in a vacuum above the surface of a medium, therefore, it could be employed to probe surface plasmon near but external to the metal. This unique ability was demonstrated using a graphene/Au system, by which quantitative data on the attenuation of the surface plasmons of Au using a graphene layer was obtained. In considering the ultra-strong signal intensities of SEs that rival those of the core-level or elastic electrons, the plasmon gain observed has the potential to become an alternative tool in the direct imaging in space of the near-field electric field distribution on the metal surface, similar to the well-developed photon-induced near-field electron microscopy [13].
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[bookmark: OLE_LINK123][bookmark: OLE_LINK124]Figure 1. (a) Schematic of plasmon gain in SE emissions. The effective distances of the work function (Figure S1 and Supplementary Note 1 in the Supporting Information) and surface plasmons are denoted dWF and dSP, respectively. The three steps of plasmon gain: (1) excitation of SEs, (2) emission of SEs and (3) plasmon gains marked using different colors and numbered. (b) Excited SEs energy distribution and its composition in each step. For the entire process, ordinary excited SEs mainly contributed by conventional energy loss are plotted (red line). In steps 2 and 3, those SEs that hold potential to promote observable plasmon gain features (colored orange) lie under the interaction time line (see text) truncated by the work function line. In step 3, emitted SEs that have gained a quantum of energy from the surface plasmon are colored in green.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK26][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: _Hlk18909179]We first propose a possible mechanism for plasmon gain that could produce observable signals of plasmon gain for emitted SEs. An observable plasmon gain peak may appear in the reflected electron spectra [Fig. 1a] with the participation of the work function in the SE emission process. When the primary electron beam interacts with the sample, the energetic electrons may lose energy and excite the solid-state electrons as SEs. These excited SEs may produce the next generation SEs when they interact with the sample, giving rise to a cascade of slow electrons. In this instance, most of these excited SEs are centralized near EF because of cascade effects [step (1) in Fig. 1b]. Once the energy of these excited SEs exceeds the work function of the solid, they overcome the work function and escape over the surface barrier. With the presence of the surface barrier (work function), most of these escaped SEs are centralized near the vacuum level [step (2) in Fig. 1b]. Furthermore, these SEs move slowly increasing the possibility of gaining an energy quantum from pre-existing surface plasmon because of their longer interaction time in the effective surface plasmon area. Therefore, only SEs emitted with energies similar to that of the work function and screened out by the “work function filter” and “interaction time filter” have the potential to promote a spectral feature above the vacuum level in the spectrum related to the surface plasmon of the sample [step (3) of Fig. 1b]. Unlike the previously discovered plasmon gain for core-level and elastic electrons, plasmon gain for SEs may lead to observable features in a spectrum and occurs only in vacuum several angstroms away from the sample surface. Another aspect that should be noted is that the proposed plasmon gain for the SEs process, in which the excited plasmon transfers its energy to energetic SEs, is different in essence from the SEs excitation process involving plasmon decay observed by Werner et al. [14–16], in which the excited plasmon transfers its energy to the solid-state electrons. 
[image: Fig2]
Figure 2. (a) Two SE current densities, JB and JD, were measured at the bright and dark regions, respectively, on a polycrystalline Au sample using a cylindrical mirror analyser in EN(E) mode. Each SE spectrum is an average of eight independent measurements in the energy range 0–8 eV in steps of 0.1 eV with an incident electron energy of 10 keV. The standard deviation for each measurement is presented as an error bar. The bright and dark regions are marked in the scanning electron microscopy image (inset). Two typical measurement sites for JB and JD are also marked (pink cross and yellow plus sign, respectively. (b) Corresponding derivative spectra for JB and JD. (c) Surface energy loss function (SELF) of Au calculated based on the dielectric function of bulk Au [23].
[bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK5][bookmark: OLE_LINK3][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK31][bookmark: OLE_LINK83][bookmark: OLE_LINK6][bookmark: OLE_LINK11][bookmark: OLE_LINK13][bookmark: OLE_LINK18][bookmark: OLE_LINK32]To verify the above hypothesis, the plasmon gain phenomenon was investigated using Au samples because the plasmon energy for Au is about 2.3 eV. Once the plasmon gain occurs, the corresponding signals located at ~2.3 eV do not overlap with the cascade SE peaks of Au at 4–12 eV [17]. Previous surface plasmon resonance studies on Au nanostructured substrates [18,19] and Au nanoparticles [20,21] show that the nanostructured Au surface provides a large number of surface plasmons generally with short lifetimes whereas a flat Au surface provides a small number of surface plasmons with long lifetimes. As the present gain mechanism require both large numbers and long lifetimes for surface plasmons, we used a polycrystalline Au film composed of alternating micro- and nano-scale micronized single-phase grains with flat top (Figure S2 in the Supporting Information) to achieve the right balance of number and lifetime of excited surface plasmons. From the scanning electron microscopy (SEM) image (Fig. 2a, inset), two types of SE spectra were measured by selecting incident positions on the center of bright Au grains and dark Au grains, respectively (Figure S3 and Supplementary Note 2 in the Supporting Information). The SEM contrast between these two types of Au gains were partly caused by their slightly different crystallographic orientations (<4o) and relatively different levels in crystal quality. The corresponding SE spectra, JB and JD, measured with an incident electron energy of 10 keV, and their derivatives were plotted (Fig. 2). In both JB and JD, we observe fuzzy spectral features in the Au surface plasmon energy at ~2.3 eV. Furthermore, these features generate a significant peak in the corresponding derivative spectra (Fig. 2b). For comparison, the typical surface plasmon loss of Au represented by the energy loss function, Im{−1/(ε+1)} [22] is also given (Fig. 2c), where ε is the bulk dielectric function of Au [23]. Obviously, the plasmon gain peaks for Au observed in the raw SE spectra and their derivative spectra occur at the exact energies corresponding to one quantum of surface plasmon energy observed in the surface energy loss function of Au. This result is clear evidence that the observed spectral feature at ~2.3 eV in the SE spectra of Au originates from the unusual plasmon gain mentioned above. 
[bookmark: _Hlk18911353][bookmark: OLE_LINK118]One remarkable feature is that we have quantitatively analyzed the intensity of the plasmon gain peak in the measured SE spectra, as well as the sample crystallinity around the electron beam landing position, and found that there is a significant positive correlation between the plasmon gain intensity and the local sample crystallinity (Figure S4 in the Supporting Information). This result experimentally verifies that Au grains with higher crystal quality can produce surface plasmons with longer lifetimes, and thereby give rise to a stronger plasmon gain intensity, which is useful in Au sample preparation.
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Because bright and dark types of Au grains possess relatively different levels of crystal quality, which strongly affects the lifetime of the excited surface plasmon as well as the length it runs along the surface, the JB and JD spectra therefore contain different proportions of plasmon gain contributions while maintaining similar proportions of conventional energy loss contributions (Fig. 2a). Hence, the difference between JB and JD, i.e., the difference spectra, JBD, contain more stable and significant plasmon gain signals because of a larger proportion of offset from the conventional energy loss contribution compared with the plasmon gain contribution. Furthermore, those plasmon gain signals in JBD can be used as a probe to investigate the attenuation of the surface plasmon of Au by covering nanomaterial layer using the overlayer method [24], in which the nanomaterial is transferred onto the present Au sample. 
[bookmark: OLE_LINK7][image: Fig3]
[bookmark: OLE_LINK16]Figure 3. (a) Difference spectra for n-layer graphene/gold (n = 0, 4, 6, 11 and 14) with an incident electron energy of 10 keV. The corresponding peaks in plasmon gain are highlighted in color. Inset: log-normal plot of the plasmon gain peak intensity attenuation vs number of graphene sheet layers with fitted line with slope exp(–nd0/λSP), where d0 is the thickness of graphene (0.335 nm) and λSP quantifies the attenuation of the plasmon gain; the best-fit result is 25.1 Å. (b) Effective attenuation length (EAL), λEAL, for graphene determined by the virtual substrate method [25] are presented in the energy range of 0–4 eV together with the attenuation of plasmon gain, quantified by λSP at 2.3 eV.
[bookmark: OLE_LINK88][bookmark: OLE_LINK93][bookmark: _Hlk18911060][bookmark: OLE_LINK84][bookmark: OLE_LINK111][bookmark: OLE_LINK57][bookmark: OLE_LINK27][bookmark: OLE_LINK78][bookmark: OLE_LINK113][bookmark: OLE_LINK114]Here, graphene as a representative nanomaterial was investigated using the plasmon gain signals (Figure S5 and Figure S6 in the Supporting Information). The peaks assigned to the gain of a surface plasmon quantum of Au (Fig. 3a) is highlighted in difference spectra for few-layer graphene on Au. After transferring graphene sheets on top of a Au substrate, the energy gain peak for graphene sheets with very few layers (4L) first becomes narrow because of the change in dielectric environment of the surface plasmon of Au, and then broadens as the layer number continuously increases through the attenuation of the Au surface plasmon by the graphene layer (Figure S7 in the Supporting Information). These energy gain peaks exhibit different behaviors compared with common energy loss peaks; for instance, the peaks measured from graphene sheets broaden for both higher and lower energies with increasing layer number. Furthermore, the intensity of these peaks decreases exponentially with increasing graphene-sheet number through the spatial extent of the surface plasmon in a covered dielectric layer. An unambiguous exponential dependence with a small deviation is observed for the intensity ratio of In (n-layer graphene measurement) to I0 (bare Au substrate), from which the attenuation of surface plasmons, λSP, by graphene sheets was estimated using λSP = −(nd0)/(ln In/In∙cosθ), where d0 is the thickness of graphene (0.335 nm) and θ the emission angle. The resulting λSP’s at ~2.3 eV were plotted (Fig. 3b) together with the effective attenuation length (λEAL) of monolayer graphene, λEAL, measured using the virtual substrate method [25] for comparison. Although the λEAL values of monolayer graphene are absent in the energy range around 2.3 eV because of the influence from surface plasmons in the underlying Au substrate, it is still clear that λSP for graphene is broadly in line with λEAL for graphene. This result is not surprising because the essence of plasmon attenuation and the electron-wave attenuation in a solid is similar to electromagnetic-wave attenuation, and therefore they possess similar values. This agreement provides further support for the proposed mechanism of plasmon gain.
[bookmark: OLE_LINK85][bookmark: OLE_LINK86]Indeed, plasmon gain was hinted at in a theoretical study of electron–solid interaction based on the dielectric response theory (Supplementary Note 3 in the Supporting Information). Electron inelastic scattering cross-sections are introduced to describe the possibility of a moving electron losing energy; they are positive although negative values do appear for an outgoing trajectory within a certain distance on the vacuum side of the sample [26]. Because a positive cross-section represents energy being transferred from electron to plasmon, then naturally, a negative cross-section suggests plasmon gain.
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[bookmark: _Hlk18912335][bookmark: OLE_LINK17][bookmark: OLE_LINK121][bookmark: OLE_LINK122]Figure 4. (a) Calculated differential inelastic scattering cross-section (DISCS) of an electron of 50 eV for a vacuum/Au system against energy of an escaping electron from the sample surface to the vacuum. The shaded regions are where the values for the DISCS are larger than 0.0012 keV−1∙Å−1. The corresponding dWF for Au calculated by first-principles is 3.8 Å (olive line). (b) N(E) spectrum calculated by dividing the electron energy by the raw EN(E) spectra measured from bright regions on the polycrystalline Au surface with an incident electron energy of 10 keV. (c) Reflection electron energy loss spectroscopy (REELS) spectrum measured on a bare polycrystalline Au surface (Inset: the experimental geometry).
[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK89][bookmark: OLE_LINK90]The differential inelastic scattering cross-section (DISCS) on the vacuum side (z < 0) for Au were calculated (Fig. 4a). Cross-sections with positive values dominate at short distances away from the surface (several angstroms), indicating a high possibility of surface plasmon loss, whereas those cross-sections with negative values, implying plasmon gains, appear at a certain range of distances, generally from several angstroms to several nanometers depending on the electron energy. The main region with negative values is located near 2.3 eV consistent with the energy position of peaks observed in the JB spectra in N(E) mode (Fig. 4b), as highlighted by black arrow. When the electron energy is above 2.3 eV, the negative cross-section region expands and moves away gradually from the Au surface as a function of electron energy, but when the electron energy is below 2.3 eV, the intensity of the negative cross-section of Au decline sharply with decreasing electron energy. This behavior of the negative cross-section region below 2.3 eV is also one reason that the plasmon gain is observed using the Au sample rather than other metallic samples such as Ag and Cu. In comparing the JB spectra partially contributed by plasmon gain and the reflection electron energy loss spectroscopy (REELS) mainly contributed by surface plasmon loss, the REELS spectra for Au (Fig. 4c) and the JB spectra present almost the same spectral features at the surface plasmon energy, even though the mechanisms behind these features—surface plasmon loss in the REELS spectra and plasmon gain in the JB spectra —are completely reversed. When electrons backscattered from the tailor-made polycrystalline Au surface are collected as scattering emission, almost the same spectral features associated with surface plasmons are remarkedly present at both high and low-energy sides mirror-symmetrically, as the form of the plasmon loss features displayed in the spectra and the plasmon gain features are buried in the strong SE background.
[bookmark: _Hlk18910525][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK107]We remark that we have verified in experiments that this plasmon gain cannot be significantly observed for normal incidence on a single-crystal Au sample surface. One possible reason is that a planar Au sample possess one characteristic surface plasmon mode, which make the coupling between energetic SEs and excited surface plasmon difficult, because the SEs and surface plasmon should not only satisfy the energy–momentum conservation, but also the component of the electric field in the direction of the electron propagation (longitudinal direction) must be positive to accelerate the electrons [27]. This limitation can be overcome when a Au sample with micro- or nano-scaled structures is employed such that there are multiple modes with size-dependent dispersion that increase the possibility of coupling between energetic SEs and surface plasmon, and thus the plasmon gain becomes observable, as verified here using polycrystalline Au samples. On the basis of this theory, the larger the structural fluctuation of a Au sample is, the stronger the plasmon gain intensity should be observed, and thus, theoretically, a proper sized Au nanoparticle film with high level cleanness may possess a more significant plasmon gain phenomenon than the Au film sample. According to the above analysis, the Au nanoparticles film sample with diameters on a scale of hundreds of nanometers to micrometers, may show strong plasmon gain when using in situ AES technique to ensure their cleanness.
One aspect should be noted. Plasmon gain occurring only in vacuum is one possible reverse reaction associated with electron supersurface scattering [28], in which in vacuum an electron loses a part of its energy in exciting a surface plasmon above the surface of a medium. Therefore, this plasmon gain is the final piece of the puzzle concerning electron–plasmon interactions. Energetic electron loss/gain of energy to/from a plasmon inside a medium corresponds to the conventional plasmon loss/gain, whereas that outside the medium corresponds to electron supersurface scattering or presented plasmon gain.
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Finally, compared with plasmon gain for core-level and elastic electrons, that for SEs is more complex because of the participation of the work function. However, from this new perspective, plasmon gain holds the potential to become another means to study the dynamics of surface plasmon generation in metal surfaces, and thereby brings hope in adding a new tool to electron-induced near-field electron microscopy through these ultra-strong signal intensities of SEs that rival those of core-level or elastic electrons.
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