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ABSTRACT OF THE DISSERTATION 

 

Surface Investigations of Novel Materials with Low Energy Ion Scattering 

 

by 

 

Xiaoxiao He 

 

Doctor of Philosophy, Graduate Program in Physics 

University of California, Riverside, December 2012 

Dr. Jory A. Yarmoff, Chairperson 

 

Low energy ion scattering (LEIS) is an experimental technique that is of great 

utility in surface investigations of novel materials. LEIS is uniquely sensitive to the 

composition of the outermost atomic layer of a solid and can be used to determine the 

structure of the lattice in the near-surface region of a single crystal. More recently, it has 

been shown that the neutralization of scattered low energy alkali ions, which occurs via 

resonant charge transfer (RCT), is sensitive to the localized surface electronic structure.  

This thesis further demonstrates that RCT during LEIS reveals correlated-electron 

behavior at high temperature. The valence electron of a singly charged alkaline-earth ion 

is a magnetic impurity that interacts with the continuum of many-body excitations in the 

metal, leading to Kondo and mixed valence resonances near the Fermi energy. The 

occupation of these resonances is acutely sensitive to the surface temperature, which 

results in a marked temperature dependence of the ion neutralization. While the 
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neutralization of magnesium (Mg) and gallium (Ga) scattered from polycrystalline gold 

(Au) shows little dependence on temperature, scattered strontium (Sr) does show an 

anomalous temperature dependence that provides clear evidence of electron correlations. 

The difference in neutralization between the alkaline earth Mg and Sr projectiles is 

discussed in terms of the velocity of the outgoing projectiles. 

The Topological Insulator, Bismuth Selenide (Bi2Se3), is comprised of 

Se-Bi-Se-Bi-Se quintuple layers (QLs), so that Se should terminate the stable surface. 

After cleaving in ultra-high vacuum at room temperature, however, low energy electron 

diffraction shows order while low energy Na
+
 LEIS reveals a Bi-termination. After 

cleaving at 80 K, the Se:Bi ratio measured by LEIS is enhanced, but slowly decreases to 

the room temperature value. Density functional theory suggests that a Bi bilayer 

positioned atop the nominal Se termination is energetically favorable and consistent with 

ARPES results from the literature. It is thus concluded that Bi2Se3 cleaves between the 

QLs, but that a thermally activated process leads to the Bi termination. This observation 

may resolve issues concerning the long-term stability of such materials.  
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Chapter 1 

 

 

 

Introduction 

 

 

 

1.1 Surface investigation of novel materials 

Surface science can be roughly defined as the investigation of the physical and 

chemical properties at the boundary between two phases, such as solid–liquid, solid–gas, 

solid–vacuum, and liquid-gas interfaces. Special phenomena, which differ from the bulk 

properties, often occur at the boundaries, including surface reconstruction, surface 

diffusion, surface electronic states, and surface phonons and plasmons. Varieties of 

surface analysis techniques have been developed to probe the topmost 1–10 nm of solid 

materials, such as scanning tunneling microscopy (STM), ion scattering spectroscopy 

(ISS), x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), low 
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energy electron diffraction (LEED), electron energy loss spectroscopy (EELS), 

temperature programmed desorption (TPD), and so on. Many of these methods rely on 

the detection of electrons or ions emitted from the surface and thus require vacuum to 

avoid the obstruction from gas molecules in the air. Surface studies of novel materials are 

not only fundamentally interesting, but also important in future applications of materials 

on the nanoscale. 

1.1.1 Low energy ion scattering  

Low energy ion scattering (LEIS) is a surface investigation technique used to 

characterize the chemical and structural makeup of solid materials [1]. LEIS is uniquely 

sensitive to the outermost few atomic layers. By directing low energy (0.5 keV ~ 10 keV) 

ions at a surface and detecting the direction and energies of the scattered particles, the 

elemental composition of the surface atoms and the relative positions of those atoms can 

be deduced. For example, in Chapter 4, a surface termination change of Bi2Se3(111) is 

revealed by using low energy Na
+
 ion scattering. In addition, the ion-surface electron 

transition probability in LEIS provides a method for probing the surface electronic 

properties. For example, Chapters 2 and 3 describe how high temperature spin 

correlations (Kondo resonance) are detected by low energy alkaline earth metal ion 

scattering. 
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In LEIS, a variety of events take place when the ion impinges on the surface, 

including scattering of the ions, sputtering of the surface atoms, charge exchange between 

the ion and surface, and emission of photons or secondary electrons. LEIS, as discussed 

in this thesis, primarily concerns scattering and electron transition processes, the physics 

for which are discussed in sections 1.2 and 1.3, respectively. 

LEIS is a destructive technique because of the sputtering of surface atoms by the 

impacting ions. To insure that the data collected in a LEIS experiment reflects the 

unperturbed material, the total fluence is generally limited to less than 

                . Since the typical number of atoms in one atomic layer is on the 

order of                , this fluence is sufficiently small to avoid a measurable 

change in the composition or structure of the sample during the course of collecting 

spectra. Thus, each incoming ion sees what is basically an unperturbed surface.  

 

1.1.2 Other surface investigation techniques 

In addition to LEIS, this thesis employs XPS, AES and LEED as additional 

surface analysis tools. In most cases, the above equipment is contained within the same 

home-built vacuum systems as LEIS, so that supplementary information can be obtained 

from the same sample surface.  
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XPS is a quantitative spectroscopic technique that measures the elemental 

composition, empirical formula, electronic state and chemical state of atoms in the 

near-surface region [2-4]. The general method is to irradiate a material with a beam of 

x-rays and detect the number of electrons that escape from the surface via the 

photoelectric effect as a function of their kinetic energy. The photoelectrons ejected from 

inner shell core-levels result in sharp peaks whose energy provides information on the 

identity and chemical state of the emitting atoms. The escape depth of photoelectrons, 

which depends on their kinetic energy, allows XPS to probe from about 1 to 10 nm into 

the material.  

AES provides information on the elemental composition at the surface [5-8]. AES 

involves measurements of electron emission following core-hole excitation and 

subsequent relaxation processes. Usually the materials are exposed to a 3-5 keV electron 

beam to induce the core holes, while the energy distribution of the ejected electrons is 

collected. Modulation methods employing a lock-in amplifier are typically used to 

separate out the AES peaks, as they are small variations that ride on the top of a large 

background of secondary electrons. The AES spectra are often treated as fingerprints of 

the elements, with the intensity of the features being proportional to the density of the 

element within the volume probed. Both XPS and AES probe a much deeper region of a 
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sample than LEIS, and are thus not able to distinguish the top-most atomic layer from 

subsurface layers.  

LEED is employed to monitor the crystallinity of the surfaces and facilitate proper 

sample alignment [9]. LEED involves the observation of diffracted electrons as spots on a 

fluorescent screen while the sample is bombarded with a collimated beam of low energy 

electrons (20-200 eV). Although LEED is most commonly employed to determine the 

surface periodicity, quantitative structural information detailing complicated surface 

relaxations and reconstructions can be achieved by analyzing intensity-voltage (I-V) 

curves. I-V curves are generated by recording the intensities of diffracted beams as a 

function of the incident electron energy. LEED is not element-specific, so it is often 

conducted in combination with other tools to determine the surface composition and 

structure.  

1.2 Classical scattering process 

In the energy range for LEIS (0.5 ~ 10 keV), inter-atomic binding (chemical 

reaction) between the projectile and target, and within the solid itself, is ignored since its 

characteristic energy (~ a few eV) is far below the kinetic energy of the primary ions. 

Diffraction is also negligible in the LEIS energy range because the wavelength of the 

projectile is much smaller than the dimensions of the crystal lattice. The de Broglie 

http://en.wikipedia.org/wiki/Chemical_bond
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wavelength   of the projectiles can be calculated according to 

  
 

 
 

 

  
   

  

                                                     (1.1) 

where   is the Plank constant,   is the momentum,   is the rest mass,   is the 

velocity and   is the speed of light in a vacuum. In a typical LEIS experiment in this 

thesis, 3 keV 
23

Na
+
 ions are employed. Their velocity               , so that 

  
 

  
      , which is well below the typical interatomic spacing of 2 to 4  . Thus, 

diffraction does not play a major role in LEIS. 

 

1.2.1 Binary elastic collision  

A binary (two-body) collision approximation (BCA) is widely used in explaining 

ion scattering phenomena with incident energies above about 500 eV [10]. The BCA 

assumes that as the projectile interacts with the solid, it makes an elastic collision with 

only one target atom at a time. In classical mechanics, energy and momentum 

conservation govern the elastic collision process for a two-body collision. 
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As illustrated in Fig. 1.1, a projectile with mass    and velocity    impacts a 

particle with mass    that is at rest. The initial kinetic energy of the projectile is given 

as    
 

 
    

 . The energies of the particles after collision are    
 

 
    

  and    

 

 
    

 , where    and    are the final velocities of the projectile and the target particle. 

Conservation of energy requires 

 

 
    

  
 

 
    

  
 

 
    

                                               (1.2) 

Additionally, conservation of momentum requires both 

                                                               (1.3) 

                                                                (1.4) 

 

Figure 1. 1: Schematic of a binary collision. The hollow circle corresponds to an 

impinging particle and the solid dot corresponds to a target atom. 
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Using trigonometry, the scattered energy of the projectile can be written as 

      
                      

       
                                          (1.5) 

where   , the angle between the incoming and outgoing trajectories of the projectile, is 

defined as the scattering angle. For         (the projectile lighter than the target 

atoms), any scattering angle in the range of            is allowed. For       

  (the projectile heavier than the target atoms), only forward scattering        is 

allowed. In this thesis, only backscattering (           ) of lighter projectiles from 

heavier target atoms is discussed.  

The mass of the target atom    can be obtained from the scattered energy    

by using Eq. (1.5), since the energy and mass of the primary ions (   and   ) and the 

scattering angle    are determined by experimental settings. In a LEIS spectrum, the 

surface atoms are represented by single scattering peaks (SSP) at certain energies, as 

shown in the He
+
 ion scattering spectrum in Figure 1.2 [11]. The elastic BCA model has 

achieved great success in the analysis of the elemental makeup of surface layers.  

http://en.wikipedia.org/wiki/Trigonometry
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Note that there is also a slight amount of inelastic energy loss (typically ~100 eV), 

which shifts these scattering peaks to lower energy than predicted by eq. (1.5). This 

inelastic loss, which is a primary consideration in high energy ion scattering techniques 

such as Rutherford backscattering (RBS), occurs as the ion excites electronic transitions 

along its path. This inelastic loss does not, however, affect peak shapes in LEIS and is 

thus not crucial in the determination of surface composition.  

 

 
 

Figure 1. 2: He
+
 ion scattering spectrum from a metal film deposited on an Al 

substrate. The large peak at low energies is due to sputtered secondary ions. From ref. 

[11]. 
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1.2.2 Interatomic potential 

A quantitative determination of surface composition, however, is much more 

difficult than just simply finding out whether a particular element is present. In order to 

calibrate the relative intensities of multiple peaks, for example, it is necessary to quantify 

the interatomic potential between the ion and target atoms. The interatomic potential in 

LEIS is usually expressed as 

       
      

       
                                                        (1.6) 

where    and    are the atomic numbers of the primary ion and surface atom,   is the 

elementary charge, and     is the interatomic distance. The term 
      

       
 comes from the 

Coulomb repulsion between the ion and nucleus of a surface atom, while        is a 

function corresponding to screening from the electrons that orbit the nucleus. For 

medium energy ion scattering (MEIS) or high energy ion scattering (HEIS), the 

interference of the electrons is negligible due to relative high kinetic energy of the 

impinging ions. For LEIS, however, the charge screening effects on ion-nucleus 

interactions can be significant, and they are typically unknown. 

There are several common interatomic potentials with different empirical 

screening functions, such as the Ziegler-Biersack-Littmark (ZBL) or ‘Universal’ potential 

[12], the Molière potential [13], the Bohr potential [14] and so on. These screened 
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interatomic potentials have a general analytic form of 

       
      

       
                 

                                       (1.7) 

The number of terms, N, is 3 for Molière potential, 4 for the ZBL potential, and 1 for the 

Bohr potential. The parameters   ,    and the screening length   differ for the various 

types of potentials. For the ZBL potential, the screening length   is expressed as 

           
       

                                                   (1.8) 

For the Molière potential, the screening length   is defined differently for two variants, 

the Molière-Firsov [15] and the Molière- Lindhard forms [16,17], as  

           
      

    
 

       (Molière-Firsov form)                (1.9) 

           

 
     

 
   

   

       (Molière- Lindhard form)            (1.10) 

1.2.3 Cross section 

Due to the interatomic potential, the cross section, which is defined as the total 

area of the orthographic projection of the object from a particular angle where an object 

is viewed, plays an important role in determining the ion scattering trajectories. The 

calculation of cross section depends on which type of interatomic potential is chosen. For 

example, by using the Firsov form of Molière potential, the differential cross section 
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angle   is derived as [18] 

  
                                  

           
 

  
                 

                                   (1.11) 

where           
     

     
 ,                                        (1.12) 

the index 1 refers to the projectile, 2 refers to the target,   is the mass,    is the 

incident energy of the projectile and    is the scattering angle. With a chosen projectile 

and fixed scattering angle, a larger target atom results in larger cross section of 

interaction. Statistically, a larger cross section area leads to more scattering events, which 

directly increase the intensity of the corresponding scattering peak. 

1.2.4 Shadowing and blocking 

Shadowing and blocking are two other essential concepts in LEIS that affect the 

SSP peak intensities [1]. Figure 1.2 maps out the shapes of shadow and blocking cones by 

following trajectories of the particles scattering from an isolated atom. A shadow cone is 

the region behind a single scattering center into which the incident projectiles are not able 

to enter, while a blocking cone is the region above a neighboring nucleus from which an 

outgoing projectile is excluded after being scattered from other surface atom(s). Focusing, 

an increase of flux density near the edge of either a shadow or blocking cone, also plays 

an important role in enhancing single scattering at particular angles.  
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The unique surface sensitivity of LEIS is achieved because of its relatively large 

interaction cross-sections and shadow and blocking cone radii. The size of the shadowing 

or blocking cone is related to the inter-atomic potentials in a similar manner as the cross 

section area. How it would influence the scattering trajectories depends on both the 

surface lattice structure and the projectiles’ incidence and emission angles. For example, 

as discussed in Chapter 4, when using a particular low index incident ion beam direction, 

 

Figure 1. 3: Schematic diagrams of shadow and blocking cones. The solid dots 

represent scattering centers (nuclei). Solid straight lines represent the trajectories of 

the projectiles. 
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atoms below the third layer cannot be approached by the ions because of the shadowing 

from the atoms above them. Similarly, along certain emission angles, the trajectories 

scattered from the atoms below the top layer are all blocked from directly reaching the 

detector. The angular dependence of single scattering, both in the azimuthal and polar 

dimensions, is particularly useful in surface structure analysis.  

In addition to single scattering, the projectiles often experience a sequence of 

binary collisions from different atoms in the target, which is called multiple scattering. 

The energy distribution of the particles that are scattered multiple times can lead to an 

energy either higher or lower than the single scattering energy. 

1.2.5 Thermal lattice vibrations 

Thermal lattice vibrations, which act to displace the surface atoms and can lead to 

trajectories that would not occur in their absence, need to be taken into account for a 

precise analysis of LEIS spectra [19]. The ion-surface interaction in LEIS generally 

happens much faster than the thermal vibration of target atoms. As a result, the thermal 

vibration appears to the projectile as a static lattice with the atoms all slightly displaced 

from their equilibrium positions. The mean vibrational displacements can be calculated 

from Debye theory. By applying isotropic oscillator model, the mean square vibrational 

displacement      is given by 
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                                     (1.13) 

where    is the Debye temperature,   is Boltzmann’s constant, T is the absolute 

temperature, M is the atomic mass, and  (x) is the Debye function expressed as 

            
   

      

 

 
                                               (1.14) 

A Gaussian distribution characterized by the mean square vibrational displacement      

is applied for distributing the surface atoms in ion scattering simulations.  

1.2.6 Ion scattering simulations 

Numerical simulations are particularly useful by taking into account all of the 

above complications that occur during the scattering process. Monte-Carlo methods with 

the BCA are frequently employed to simulate ion scattering, and these generally succeed 

in reproducing experimental LEIS data and enabling that data to be used for a structural 

determination [20]. The ion-surface interactions are mimicked as a sequence of binary 

collision events and the projectile is followed until it scatters back into vacuum, 

penetrates the target, or loses sufficient energy to become embedded. For each projectile, 

the scattered and recoiled energies, exiting angles and velocities, final positions at a 

certain distance from the surface and all the other information are collected in a data file 

that can be analyzed statistically.  
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In the work reported in this thesis, Monte-Carlo simulations are carried out with 

the Kalypso software package, which includes free-boundary or periodic targets, thermal 

lattice vibrations and the ability to perform fluence-dependent simulations [21].  

Kalypso provides options for many-body potentials along with choices of 

screening functions, as described in Eq. (1.7). The choice of screening length is usually 

determined by how well the ion scattering simulation fits with experimental data. In LEIS, 

the screening length calculated from one of these standard potentials is often decreased 

by a factor in the range of 0.5 to 1 to account for differences between low energy ions and 

the higher energy ions that these potentials were derived for [22]. In many cases, such 

screening length corrections affect the simulation results more significantly than some of 

the original terms in the potential.  

Kalypso is also capable of dealing with inelastic energy loss with several common 

methods, such as the Lindhard-Schiott-Scharff (LSS), Oen-Robinson (OR) and 

Shapiro-Tombrello (ST) models [23]. The inelastic energy loss does not, however, affect 

the data analysis of LEIS results significantly for the studies described here. Thus, the 

inelastic energy loss is not taken into account for the simulations reported in this thesis. 
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1.3 Charge exchange process 

In addition to binary collisions, which can be treated classically, electrons can 

make transitions between the projectile and the target during ion scattering, the details of 

which must be handled with quantum mechanics. The charge exchange processes are 

classified into two primary types, Auger-type processes and resonant charge transfer 

(RCT), determined by the difference between the projectile’s ionization level and the 

target’s Fermi level.  

1.3.1 Auger-type charge transfer  

Auger-type processes, including Auger neutralization and Auger de-excitation, 

take place when the incident ion has a deep empty ionization level [24,25]. An example is 

the noble gas ions, whose ionization levels are well below the Fermi level of typical 

metals and semiconductors, as indicated in Tables 1.1 and 1.2 [26]. Auger neutralization 

refers to a process in which the vacancies on the projectiles are filled by electrons that 

originate from a higher energy state of the target. This neutralization is irreversible and 

always nearly 100% efficient. The energy released during the Auger neutralization 

process is dissipated by the emission of photons or electrons, or transferred to a surface 

plasmon, which is a collective excitation of the surface electrons. In certain situations, an 

inner shell atomic vacancy is filled and an electron from the excited atomic level is 
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ejected into vacuum, which is called Auger de-excitation. Unlike Auger neutralization, 

Auger de-excitation doesn’t change the charge state of the projectile.  

 

 

Table 1. 1: First ionization level of typical ion source. From ref. [26]. 

 

Elements First ionization level (eV) 

 

Nobel gas 

 

He 24.6 

Ne 21.6 

Ar 15.8 

Xe 12.1 

 

 

Alkali metal 

Li 5.4 

Na 5.1 

K 4.3 

Rb 4.2 

Cs 3.9 

 

Alkaline earth 

metal 

Be 9.3 

Mg 7.7 

Ca 6.1 

Sr 5.7 

Ba 5.2 

Others Ga 6.0 

 

 

 

Table 1. 2: Work function of typical metals and semiconductors. From ref. [26]. 

 

Elements Work function (eV) 

Au 5.4 

Al 4.2 

Ag 4.6 

Si 4.8 
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1.3.2 Resonant charge transfer  

RCT occurs when a projectile has an atomic level close to the target’s Fermi level 

[27]. Examples of projectiles that neutralize via RCT are the alkali metal ions, the 

alkaline earth metal ions and Ga
+
 ions, whose ionization energies are given in Table 1.1. 

During RCT, electrons tunnel in a resonant manner between the atomic level and the 

electronic states in the target.  

 

Figure 1.4 shows a schematic diagram of a typical RCT process during ion 

scattering. The right side of the figure shows the isolated projectile, while the left side 

indicates the solid. Z represents the distance between the projectile and the surface plane. 

The ionization level of a positively charged ion bends upward and broadens as the 

 

Figure 1. 4: Schematic diagram of a typical RCT during ion scattering.  
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projectile approaches the metal surface. The shifting of the atomic level is induced by the 

image charge of the impinging ion on the sample surface. The broadening is caused by 

overlap of the vacant atomic orbital with the states in the metal. Because the states are 

resonant, the electrons tunnel back and forth between the target and the projectile without 

losing energy.  

In LEIS, RCT occurs through a non-adiabatic process since the scattering occurs 

on a very short time scale (on the order of fs). The charge state distribution of the 

scattered particle acts as though it were frozen at certain distance (~ few Å’s) from the 

sample surface along its outgoing trajectory [28], which is labeled the “freezing distance”. 

It can be thought of as though the velocity of the projectile affects the neutralization 

probability by changing the freezing distance. For example, if the velocity were slow 

enough, the process would become adiabatic and the freezing distance would be so long 

that the ions would be 100% neutralized, as long as its ionization level is below the Fermi 

level of the target. On the other hand, if the projectile’s velocity were too fast for 

tunneling to occur, then no neutralization would take place. 

The neutral fraction (NF) of the scattered particles depends primarily on the 

alignment of the metal’s Fermi level and the atom’s ionization level. Generally speaking, 

a lower surface work function leads to higher neutral probability because of the increase 

in overlap between the ionization level and the metal conduction band, and vice versa.  



 

21 
 

The surface temperature also affects NF of the scattered particles by smearing of 

the Fermi surface. For alkali metal ion scattering, a rise in temperature is expected to 

bring down the work function and thereby increase the NF. For example, in the scattering 

of low and hyperthermal (kinetic energy < 500 eV) Na
+
 from Cu (001), a positive 

temperature dependence of the NF was reported [29]. In even more complicated 

situations, a theoretical calculation of charge transfer rates combined with an 

understanding of the surface electronic states helps in analyzing the charge exchange 

process. For example, the alkaline earth metal ion scattering has an unusual temperature 

dependence of NF due to the interaction between the spin impurity on the projectile and 

the free electrons in the metal conduction band, as discussed in Chapters 2 and 3.  

1.4 Experimental design  

Ultra-high vacuum (UHV) is needed for surface investigations with LEIS in order 

to keep the samples clean. The cleanness of the sample surface depends on both how 

reactive the surface is and how many reactive gas molecules impact the sample. A 

calculation of how many gas molecules hit the sample in a certain amount of time helps 

to estimate how quick the sample would get dirty. By assuming ideal gas behavior, which 

is appropriate at these low pressures, the equation of state gives 

                                                                (1.15) 
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where P is the pressure, V is the volume, N is the number of gas particles,           

           is the Boltzmann constant, and   is the temperature. The density of gas 

molecules can be estimated by plugging              and         (room 

temperature) into Eq. (1.15) so that 
 

 
 

 

   
             . These gas molecules 

move randomly in all three dimensions, x, y and z. In a certain direction, the number of 

gas molecules in a cross sectional area of       is               . According to 

the Boltzmann distribution, the root-mean-square (rms) velocity of gas molecules is 

            
    

 
                                                (1.16) 

where m is the mass of the molecule. Taking nitrogen molecules at 25   for example, its 

                                  . Thus, in      , the number of 

molecules hitting an area of       can be calculated as  

                                                               (1.17) 

Comparing with the typical number of atoms in one atomic layer,                , and 

considering that only a small portion of the gas molecules that hit the sample surface will 

be adsorbed, the sample surface can stay clean for a long time under such a vacuum. 

In order to achieve UHV, the chamber must be carefully designed. It needs to be 

constructed from non-magnetic stainless steel using internal welds that do not trap gasses. 

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Volume_(thermodynamics)
http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Boltzmann_constant
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Metal sealed conflat-type flanges are used to attach equipment to the chamber. There can 

be no components that separate the vacuum from atmosphere with rubber seals, as these 

cannot handle the pressure difference. Thus, all valves must either be metal-sealed, or use 

a rubber seal to separate the UHV from a high vacuum region.  

The vacuum is initially produced in our apparatus using a combination of pumps 

to go from atmospheric pressure to UHV. Rough vacuum is achieved with an oil-free 

mechanical pump. High vacuum is then reached using a turbomolecular pump. UHV 

conditions are realized using a combination of ion and titanium sublimation pumps. In 

order to remove the adsorbed water molecules, the entire system is baked by attaching 

strip heaters onto the chamber and wrapping the chamber in Al foil. The power needs to 

be disperse evenly over the whole system during the baking. Typically, a base pressure in 

the range of               torr can be achieved after a 24 hour bake-out. 

The general experimental setup for LEIS consists of an ion gun or ion source, a 

sample manipulator, and an energy-resolving detector mounted within a UHV chamber. 

The ion gun or source is used to create, focus and shoot an ion beam at a target. The 

sample manipulator is used to adjust the position and angle of the target in all dimensions. 

The sample temperature can also be changed by appropriate settings to the manipulators. 

In traditional LEIS, an electrostatic analyzer is employed to collect the scattered particles 

as a function of kinetic energy. LEIS is also often performed in a time-of-flight (TOF) 
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mode using a pulsed ion beam, in which case the arrival time of the scattered projectile 

provides a measure of its velocity.  

1.4.1 Time-of-flight apparatus 

TOF is employed for the work presented in this thesis. The incident ion beam is 

pulsed (frequency = 10 to 100 kHz) with a small duty cycle and the scattered particles are 

detected by a microchannelplate (MCP) detector at the end of a TOF tube. The signals 

from the MCP detector and the pulse generator are processed by a time-to-digital 

convertor (TDC). The flight time of the scattered particle is measured and number of 

particles reaching the detector at specific time is counted in a histogram. A TOF spectrum 

plots counts as a function of flight time, which can then be converted into an energy scale 

according to 

  
 

 
    

 

 
  

 

 
 

 

                                                 (1.18) 

where E is the kinetic energy of the scattered particle, m is its mass, v is its velocity, t is 

the time for it to travel from the sample to the detector and L is the length of the TOF 

drift tube. 

TOF methods have an advantage of reducing the beam damage during ion 

scattering. Compared to the traditional method which employing an electrostatic analyzer, 
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TOF avoids constant bombardment of the surface with the ion beam by pulsing the ion 

beam, as well as largely enhancing the detection efficiency of the method, as all particles 

at all energies are collected.  

Another advantage of TOF is the ability to detect both ions and neutrals with 

equal sensitivity, while an electrostatic analyzer only collects ions. Deflection plates are 

positioned along the TOF drift tube to remove the ions and detect only neutrals. By 

alternatively switching the voltage on and off, the neutral signal and can be separated 

from the total yield, and thus the NF of the scattered particles can be determined. 

1.4.2 Sample preparation 

In this thesis, the preparation of a clean and well-organized sample surface is 

conducted in situ in the same UHV system as LEIS is performed. There are a variety of 

methods that are typically used to remove impurities from a sample surface, such as ion 

bombardment-annealing (IBA) cycles or chemical reactions with oxygen or other gases. 

IBA is used to prepare Au foils in Chapters 2 and 3. A technique called in situ cleaving is 

used to prepare a clean Bi2Se3(111) surface in Chapter 4. Cleavage refers to the tendency 

of crystalline materials to split along definite crystallographic structural planes that have 

a relative weak bonding compared to other planes. A smooth crystalline surface can be 

created by cleaving the sample inside UHV as described in ref. [30].  
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1.4.3 Experimental settings for each project 

In performing surface science experiments, it is important to utilize multiple tools to 

characterize the samples composition, structures and cleanliness. Different sets of 

apparatus are chosen for different experiments. Figures 1.5 and 1.6 show top view 

schematics of the instrumental settings for the two projects presented in this thesis, the 

correlated electron effect project and the Bi2Se3 surface investigation project, 

respectively. 



 

27 
 

 

 

Figure 1. 5: Top view schematic of the instrumental settings for the correlated electron 

effect project as discussed in Chapters 2 and 3. 

 

 
Figure 1. 6: Top view schematic of the instrumental settings for the Bi2Se3 surface 

investigation project, as discussed in Chapter 4. 
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1.4.3.1 Equipment used to study Correlated Electrons in Ion Scattering 

Singly charged alkaline earth metal ions are required for the correlated electron 

effect studies, for which a Colutron ion source system is employed. The requisite alkaline 

earth metal, or a compound containing the metal, is heated and ionized in a noble gas 

plasma within the ion source chamber, as depicted in Fig. 1.5. The source chamber is held 

at a high positive voltage so that ions created in the plasma are accelerated down the 

beamline towards the sample. The desired ionic species is then selected from the beam by 

the velocity filter, focused by the Einzel lenses, and adjusted and pulsed by the deflection 

plates before entering the main chamber and hitting the target. Differential pumping is 

needed in order that the sample can stay clean in the main UHV chamber, which has a 

base pressure of ~10
-10

 torr, while the pressure in the ion source needs to be in the 10
-4

 to 

10
-5

 torr range to ignite the plasma. To achieve this, the ion accelerator beamline involves 

three sections of differential pumping.  

A backfilled sputtering gun and a leak valve filled with Ar gas are used for the Ar
+
 

IBA cycles needed to prepare a clean the Au surface. The purity of the IBA-treated 

surface is confirmed with AES using the LEED optics as a retarding field analyzer (RFA). 

The surface work function is also measured with the RFA via the position of the 

secondary electron cutoff [31].  
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1.4.3.2 Equipment used to study the Surface Termination of Bi2Se3 

For the Bi2Se3 project, an alkali ion beam is produced from a Kimball Physics gun, 

which is a relatively simpler ion source. The core of the ion source is a special ceramic 

embedded with the alkali metal, which is heated to vaporize the material. Because of the 

material’s large work function, the valence electrons are attracted to the ceramic material 

so that the alkali atoms are emitted directly as ions. The ions are then accelerated with a 

positive high voltage to form a beam, which is focused with an Einzel lens and pulsed 

with deflection plates before being ejected from the gun.  

The Kimball Physics ion gun is either mounted statically on a fixed flange, or 

mounted on a turntable so that the angle between the gun and the detector can be adjusted, 

which is important in a investigation of the surface atomic structure. Two other angles 

need to be taken into account in order to investigate the surface structure, the incidence 

polar angle of the ion beam and its azimuthal direction with respect to the crystal axis. 

These angles are both controlled via the sample manipulator.  

A transfer line is employed to transfer samples into the system without venting the 

main UHV chamber, as depicted in Fig. 1.6. An internal screwdriver is used for in situ 

cleaving of Bi2Se3. LEED is used to determine the orientation of the sample and confirm 

a well-ordered surface structure, while XPS is used to verify the composition of the 
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sample surface. In this project, all scattered particles, both ions and neutrals, are collected 

with equal sensitivity so that preferential neutralization of ions along certain trajectories 

does not need to be considered.  

1.5 Data analysis  

Typical TOF spectra are shown in Fig. 1.7 for 4.0 keV Mg
+
 scattering from Au 

foil using normal incidence with a scattering angle of 135°. The total yield and neutrals 

are displayed in two separate traces, both of which are dominated by SSP’s at 2.3 keV, 

which represent Mg
+
 projectiles that have experienced a single binary elastic collision 

with one Au atom.  

 

 

Figure 1. 7: TOF spectra for 4.0 keV Mg
+
 scattering from Au foil. 
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The effective SSP area A is calculated in the time scale spectrum as 

  
 

  
         

  

  
   

           

 
                                       (1.19) 

The first term in this expression,         
  

  
 , integrates the total area under the curve of 

SSP. The second term  
           

 
         refers to the multiple scattering 

backgrounds that needs to be subtracted, which is assumed to be a trapezoid here. The 

area is divided by the step size    of the spectrum to get the counts in pure numbers. In 

the TOF spectra, the background underneath the SSP might result from these multiple 

collision events, which are too complicated for a clear analysis and thus not discussed in 

this thesis. The NF of SSP is calculated in a relationship of 

   
         

      
                                                        (1.20) 

where           is the area of neutral SSP, and        is the area of total SSP. The NF 

of SSP’s reflects the charge exchange between the ion and the surface and can be used to 

interrogate the surface electronic properties. An example is given in Chapter 2, where 

correlated electron effects are revealed by an unusual temperature dependence of the NF 

during the scattering of low energy Sr
+
 from Au.  

When the sample is composed of more than one element, there will usually be 

multiple SSP’s at different energies, corresponding to the various species on the surface. 
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To determine a composition ratio   from relative SSP areas, however, differences in the 

MCP detection efficiency k and the cross-section c need to be considered.  

  
     

               
                                                      (1.21) 

This ratio reflects the percentage of surface elements that are directly visible the 

incoming ion beam. The structural makeup determination is even more complicated, 

however, for which a consideration of shadowing, blocking and focusing is required.  

The errors associated with calculating a peak area are estimated in terms of 

probability theory. The standard deviation of the peak area A is given by    as for a 

binomial distribution. The uncertainty of the peak ratio         is then given in ref. 

[32] with the expression of 

     
   

  
 

   

  
                                                    (1.22) 

The error estimation of NF can be obtained in a similar way. 

1.6 Kondo effect  

  The Kondo resonance [33] was initially proposed to explain the existence of a 

minimum resistance at a temperature close to 0 K for metal alloys with magnetic 

impurities [34], as shown in Fig. 1.8. An increase of resistivity at low temperatures can be 
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predicted from the logarithmic dependence in the expression of metal resistivity as 

               
 

 
                                           (1.23) 

where   is the residual resistance. The     term shows the contribution from the 

Fermi liquid properties, while the     term is from the lattice vibrations. B,    and K 

are all constants.  

 

The third term,     
 

 
, predicts a divergence of the scattering rate of conduction 

electrons off the magnetic impurity as the temperature approaches 0 K. Originally derived 

from the scattering probability                
     

    
        , the metal 

resistivity given by Jun Kondo [33] is  

 

 

Figure 1. 8: Resistivity of gold that contains a small number of what are likely iron 

impurities, shown as a function of temperature. From ref. [34]. 
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                    (1.24) 

where    represents all the terms in Eq. (1.23) other than the logarithmic one,   is 

density of states and J is a constant. Here they assume that the states below the Fermi 

level    are occupied and the electron energy takes a value between 0 and D. The 

temperature T is brought to this term, with the assumption of            , by only 

considering electrons whose energy lies within a window of about     about the Fermi 

energy.    is the Boltzmann constant. J>0 corresponds to the ferromagnetic case and 

J<0 corresponds to the anti-ferromagnetic case. Only in the anti-ferromagnetic case 

(J<0), does the extra scattering term give a contribution to the resistivity that increases as 

the temperature is lowered. 

http://en.wikipedia.org/wiki/Boltzmann_constant
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The Anderson impurity model and accompanying renormalization theory was an 

important contribution to understanding the underlying physics of the problem [35]. 

Figure 1.9 shows the unperturbed and perturbed density of state distributions according to 

the Anderson model. The resonance peak position depends on the impurity level, while 

its shape and density of states largely rely on temperature. The Kondo temperature, which 

characterizes the energy scale for such resonance to become significant, is typically close 

to 0 K.  

In the 1990s, LEIS experiments was proposed to achieve a similar divergence of 

Kondo resonance without requiring       [36-38]. An alkaline earth metal ion with a 

single net spin can act as a magnetic impurity and trigger the correlated electron behavior 

 

Figure 1. 9: Density of state distributions in the absence of s-d admixture (A) in a 

unperturbed case and (B) in a perturbed case with magnetic impurities. From ref. [35]. 
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in the metal conduction band. Because of the band bending during RCT, the impurity 

level    shifts across the Fermi energy    of the metal, so that           and the 

resonance become significant. The divergence of impurity resonance peaks causes an 

unusual temperature dependence of the NF during ion scattering. The details of such 

experimental results are discussed in Chapters 2 and 3. 
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Chapter 2 

 

Correlated electron effects in low 

energy Sr+ ion scattering 

 

A system of many electrons can display emergent phenomena that cannot be 

extrapolated from the behavior of independent electrons. Such correlated electron effects 

lead to a variety of exotic phenomena and are a central focus of condensed matter physics 

research. A method for triggering correlated electron behavior is to introduce a spin 

impurity into a metal, which then causes the free electrons to respond collectively as, for 

example, in the Kondo effect. This arrangement can be modeled at a fundamental level 

via low energy ion scattering (LEIS) experiments that employ a projectile with an 

unpaired valence electron [1-3], such as a singly charged alkaline earth metal ion. Here, 

___________________________ 

This Chapter contains material published in X. He, J. A. Yarmoff, “Correlated electron effects in low 

energy Sr
+
 ion scattering”, Phys. Rev. Lett. 105, 176806 (2010). 
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we report measurements of the neutralization of scattered Strontium ions (Sr
+
) from 

polycrystalline gold (Au) as a function of surface temperature, which provides the first 

clear experimental evidence that electron correlations can participate in atom- surface 

scattering. 

 LEIS involves projectile kinetic energies in the range of 0.5 to 10 keV [4], where 

the ion-surface interaction is a mix of classical elastic collisions and quantum mechanical 

charge exchange. The elastic collisions are dominated by binary scattering events such 

that the energy spectrum of the scattered projectiles provides the mass distribution of 

surface species. Charge exchange can occur through a number of different mechanisms 

that depend on the specific electronic structures of the projectile and target. For the 

interaction of Sr
+
 ions with a metal surface, resonant charge transfer (RCT) is expected to 

be the dominant process [5]. RCT occurs when there is sufficient overlap between the 

projectile’s valence level and the surface conduction band so that electrons can transfer 

without gain or loss of energy.  

Although RCT has been explored both theoretically and experimentally, the role 

of more complex correlated electron processes in charge exchange has remained one of 

the challenging unsolved problems in the physics of atom-surface collisions [6]. Electron 

correlations induced by a single spin localized on the projectile could, in turn, affect the 

charge exchange during atom-surface scattering. Two independent theoretical 
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investigations have supported this concept, and both predicted that an anomalous 

dependence of the charge transfer probability on the sample temperature would serve as 

the signature of correlated electron behavior [1-3].  

 

Figure 2.1 shows a schematic energy level diagram for Sr
+
 interacting with a Au 

metal surface. The Sr 5s level and surface bands overlap, as the ionization energy of 

atomic Sr (5.7 eV) is slightly larger than the target’s work function (=5.1 eV). As the 

projectile approaches the surface, the image charge causes the Sr 5s level to shift upwards 

towards the Fermi energy while overlap in the wave functions causes the level to broaden, 

 

 

 

Figure 2. 1: Schematic energy level diagram for the half filled Sr 5s level (~ 5.7 eV), 

interacting with a Au metal surface (work function ~ 5.1 eV). The left side of the 

figure indicates the density of filled states in the metal, and shows the position where a 

Kondo resonance would appear. The right side shows the Sr
+
 ion with a single spin on 

its valence level. The center of the figure illustrates how the 5s level would broaden 

and shift as the projectile nears the surface. 
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as illustrated in the center of the figure. Since the scattering occurs on a very short time 

scale (on the order of fs), the charge state distribution is frozen in along the outgoing 

trajectory while the projectile is still close to the surface, typically within a few Å’s [5,7]. 

In the absence of multi-electron effects, the measured neutral fraction (NF) depends on 

the alignment of the surface work function with the (broadened and shifted) projectile 

ionization level, as well as the velocity of the outgoing projectile. In general, the NF 

increases as  is reduced, and vice versa.  

When the projectile ion has a single unpaired electron or hole, correlated electron 

behavior would induce either a Kondo resonance or mixed valent state at the Fermi 

energy, as first predicted by Shao et al. [1] and illustrated in Fig. 2.1. The type of 

resonance formed would be a function of the projectile-surface distance, but the 

occupancy in either case would be a strong function of the surface temperature. Merino 

and Marston [2] used a different theoretical approach and concluded that, under certain 

conditions, the Kondo resonance would cause a negative temperature dependence of the 

neutralization probability in alkaline-earth ion scattering. Thus, it is expected that 

electron correlations would manifest through a dramatic temperature dependence of the 

neutralization probability.  

We measured the temperature dependence of the neutralization of 2.0 keV 
88

Sr
+
 

ions scattered from a polycrystalline Au surface. For comparison, the same set of 
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experiments were performed with 2.0 keV Gallium (Ga
+
) ions. Ga

+
 has a pair of valence 

electrons with no net spin and is therefore not expected to induce correlated electron 

behavior.  

The experiments were performed in an ultra-high vacuum (UHV) chamber 

described previously [8]. A polycrystalline Au foil was cleaned in situ by cycles of 0.5 to 

1 keV Ar
+
 sputtering for 60 min and heating to 650°C for ~5 min to remove the 

embedded Ar. The purity of the surface was confirmed with Auger electron spectroscopy 

using low-energy electron diffraction optics as a retarding field analyzer (RFA). In 

addition, we monitored the emission of recoiled impurities induced by Ar
+
 bombardment 

as a sensitive measure of surface cleanliness [4]. The surface work function was 

monitored by the position of the secondary electron cutoff measured with the RFA [9].  

Time-of-flight (TOF) spectroscopy was used to collect spectra of the scattered 

projectiles. 2.0 keV Sr
+
 and Ga

+
 ions were produced and accelerated in a Colutron ion 

source chamber by heating Sr metal and Gallium iodide, respectively, in an Ar
+
 plasma. 

The desired isotope was selected with a velocity filter and deflected across an aperture to 

produce ~100 ns ion pulses at 25 kHz. The beam was electrostatically bent by 5
o
 before 

entering the main chamber to prevent primary neutrals from reaching the sample. After 

the primary ions have impacted the Au surface, the particles scattered at 135
o
 were 

collected by a microchannelplate detector positioned at the end of a TOF leg containing a 
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pair of deflection plates. The deflection plates were held at ground potential to collect the 

total scattered yield, while a voltage was placed between them to remove the ion signal 

and collect spectra of the scattered neutrals.  

 

Figures 2.2A and B show typical TOF spectra of the total yield and neutrals for 

2.0 keV Sr
+
 ions scattered from clean Au foil at surface temperatures of 300 and 573 K, 

 

 

Figure 2. 2: TOF spectra of the total yield and neutrals (enhanced by a factor of 5), 

collected at a 135° scattering angle for 2.0 keV Sr
+
 ions scattered in the surface normal 

direction from clean polycrystalline Au at (A) 300 K and (B) 573 K. The shaded 

regions in indicate how the areas of the SSP were determined. 
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respectively. The spectra each display a pronounced single-scattering peak (SSP) that 

results from projectiles that have undergone a single binary elastic collision with a 

surface atom [4]. The SSP rides on a broad structure that results from multiple scattering. 

The NF is calculated by dividing the area of the neutral SSP by that of the total yield SSP 

after first subtracting a background [10], as indicated by shaded regions in Fig. 2.2. It can 

be seen from the raw data, for example, that the NF is enhanced by about a factor of 2 

when the surface temperature increases from 300 to 573 K. 

Figures 2.3A and B show the temperature dependence of the NF for 2.0 keV Sr
+
 

and Ga
+
 ions, respectively, scattering from clean polycrystalline Au. While the Ga data 

shows a monotonic rise in NF with temperature, the NF of Sr rises with temperature until 

it reaches a maximum at around 600 K, above which it drops.  
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Although polycrystalline Au is not expected to undergo structural or 

compositional changes with temperature, we are able to exclude this possibility with the 

following considerations. First, the sample was re-prepared often to assure reproducibility. 

Second, the curves in Fig. 2.3 are reproducible whether subsequent spectra were collected 

 
 

Figure 2. 3: Neutral fraction vs. surface temperature for 2.0 keV (A) Sr
+
 and (B) Ga

+
 

scattered at 135° from clean polycrystalline Au along the surface normal direction. 

The dashed lines are drawn to guide the eye. 
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by increasing or by decreasing the temperature. If there were temperature-dependent 

changes to the composition or structure, they would likely occur while the sample 

temperature was high and would be irreversible. Finally, the work function of the sample 

was monitored as its temperature was adjusted and the variations in going from 300 to 

873 K were found to be negligible, which is a strong indication that the surface structure 

does not change with temperature.  

A rise in surface temperature increases the electron occupancy above the Fermi 

energy, which could then lead to an increase in the measured neutralization within the 

RCT model [11-14]. This has sometimes been shown to have a negligible effect on 

measured neutralization rates, however, as the magnitude of the additional occupancy is 

usually small compared to the typical energy scale in ion scattering. Thus, a positive or 

negligible temperature dependence of the neutralization rate would be expected based on 

single electron physics, and this could explain the initial rise in the NF with temperature 

for Sr and the rise for Ga.  

The original RCT model cannot, however, explain the negative temperature 

dependence for Sr
+
 neutralization above 600 K. The decrease in the NF above 600 K can 

result from the formation of collective many-body states due to the spin impurity. The 

unpaired valence electron induces the formation of a Kondo resonance near the Fermi 

energy [2], as illustrated in Figure 2.1. As the affinity level bends up and crosses the 
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Fermi level, the slow fluctuations between the projectile’s broadened electronic spectral 

function and the Kondo resonance peak produce a sharp mixed valence state. The 

measured charge distribution of the scattered ions is directly related to the occupancy of 

this sharp state, which has a very pronounced dependence on the surface temperature. 

Merino and Marston predicted a negative temperature dependence of neutralization 

probability by including the Kondo effect in their calculation of the NF for alkaline-earth 

ion scattering with Ca
+
 [2]. Although the calculations in ref. [1] were for negative ion 

formation, extrapolation of their results to positive ion formation would also result in an 

inverse dependence of the neutralization on temperature.  

The Kondo effect is applicable to our experiments as, based on the calculations 

of ref. [2], the projectile’s perpendicular exit velocity (~0.0134 a.u.) is sufficiently small 

for a well-developed resonance to form. Such correlated electron effects can be 

observed well above room temperature in this experiment because the projectile’s 

ionization level shifts and crosses the Fermi energy as it approaches the surface where 

the interaction between the localized and conduction electrons is very strong. Merino 

and Marston predicted a Kondo temperature around 0.1 eV (~1000 K) [2], which is 

close to the position of the maximum shown in Figure 2.3A.  

The calculations in refs. [1,2], however, predict a monotonic decrease in NF with 

temperature rather than a maximum. The maximum in the temperature dependence for 
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Sr
+
 scattered from Au could possibly result from a transition from thermal effects based 

on independent electron physics to the correlated electron behavior, if it is assumed that 

the empty resonance level lies primarily above the Fermi energy. When the surface 

temperature is below 600 K, the electron distribution hasn’t yet reached this sharp peak. 

As a result, the increased population of states leads to the normally expected increase in 

NF. As the surface temperature increases further, however, electrons are eventually 

promoted to the resonance state where the correlated electron effects lead to a negative 

temperature dependence of the NF. This is one manner in which the complexity of the 

electronic states for Sr
+
 scattering from Au could lead to a non-monotonic dependence.  

To verify that the negative temperature dependence only occurs in the presence 

of a single unpaired electron, it is useful to compare to experiments using ions that have 

either no valence electrons or a pair of electrons that have no net spin. Experiments in 

the literature for the scattering of hyperthermal Na
+
 from metal surfaces [15,16] show 

that in the absence of valence electrons, only a positive temperature dependence is 

observed. In these experiments, increases in the neutralization probability of about a 

factor of 2-3 were found when the sample temperature was raised from room 

temperature to 900 K. Figure 2.3A shows a similar factor of 2-3 increase in the NF of 

scattered Sr
+
 when the surface temperature goes from 300 to 600 K. Figure 2.3B shows 

that when a group III ion with a pair of valence electrons, Ga
+
, is employed, there is also 
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a monotonic increase of the NF with temperature. By inserting the Ga velocity from the 

present measurements (~0.0186 a.u.) into the results given in ref. [16], a similar increase 

would also be predicted. Thus, the magnitudes of the NF enhancements as the 

temperature is raised up to 600 K are all consistent with the single electron physics, 

while the decrease in the Sr
+
 NF above 600 K is not.   

In comparing the Sr and Ga results, two things can be noted. First, 2.0 keV 
88

Sr 

has a velocity of 0.0134 a.u. after scattering from Au, which is slower than the velocity 

of scattered Ga. Thus, the temperature increase due to traditional RCT should be more 

dramatic for Sr than for Ga. In going from room temperature to 600 K, the Sr NF 

increases by almost a factor of 3, while the Ga NF increases only slightly, thus 

confirming this expectation. Second, the Sr ionization potential is smaller than that of 

Ga (6.0 eV), which explains why the Sr NF is always less than for Ga scattering.  

In summary, we have demonstrated the role of correlated-electron effects in the 

scattering of low energy ions from a solid surface. A negative temperature dependence is 

seen with alkaline earth ions that have an unpaired valence electron that acts as a spin 

impurity (Sr
+
), and are absent when the ion has no net spin (Na

+
, Ga

+
). Neutralization in 

ion-surface scattering is a novel approach for investigating the electronic structure of 

complex materials, which could lead to a better understanding of collective phenomena in 

general. Further experiments will involve well-characterized single crystal surfaces to 
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enable detailed studies of the relationships between the formation of correlated-electron 

states and the atomic structure of the solid. We also expect this result to trigger a renewed 

theoretical interest in the problem of correlated-electron contributions to atom-surface 

scattering.  
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Chapter 3 

 

Measuring Correlated-Electron 

Effects with Low Energy Alkaline 

Earth Ion Scattering 

 

3.1  Introduction 

The role of correlated electron processes in charge exchange is one of the most 

challenging unsolved problems in the physics of atom-surface collisions [1]. Shao et al. 

[2] and Merino and Marston [3] had independently predicted that when a projectile ion 

has a single unpaired electron or hole, correlated electron behavior would induce either a 

Kondo resonance or mixed valent state at the Fermi energy. The particular resonance 

___________________________ 

This Chapter contains material published in X. He, J. A. Yarmoff, “Measuring Correlated-Electron Effects 

with Low Energy Alkaline Earth Ion Scattering”, Nuclear Instruments and Methods in Physics Research B 

269, 1195 (2011). 
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formed would be a function of the projectile-surface distance, but the occupancy of the 

state and the subsequent neutralization rate in a scattering experiment would be a strong 

function of the surface temperature. Projectiles that are amenable to this effect include 

singly charged alkaline earth ions, as they have a single unpaired valence electron.  

In the absence of correlated electron effects, resonant charge transfer (RCT) [4] 

would be the expected neutralization mechanism for scattered alkaline earth ions [5]. This 

is because the ionization potentials of the neutral atoms, i.e., Mg (7.6 eV), Ca (6.1 eV) 

and Sr (5.7 eV), are close to the surface work function of a metal. Thus, the partially 

occupied s levels of the alkaline earth ions (Mg
+
, Ca

+
 and Sr

+
) overlap the surface 

conduction bands. As described by the RCT model [4], the image charge causes the 

valence level to shift upwards towards the Fermi energy as the projectile approaches the 

surface, while overlap in the wave functions causes the level to broaden, as illustrated 

schematically in Fig. 3.1A. The final charge state distribution is established along the 

outgoing trajectory by this non-adiabatic process while the projectile is still close to the 

surface, typically within a few Å’s [4,6]. The measured neutral fraction (NF) depends on 

the alignment of the surface work function  with the (broadened and shifted) projectile 

ionization level, as well as the velocity of the outgoing projectile. In general, the NF 

increases as  is reduced, and vice versa. As the velocity is reduced and the process 
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approaches the adiabatic limit, the NF moves towards 100% since the ionization energies 

are generally larger than the surface work function [4].  

 

A rise in surface temperature increases the electron occupancy above the Fermi 

energy, which then leads to an increase in the measured neutralization within the RCT 

 

 

Figure 3. 1: Schematic energy level diagrams for (A) the RCT process without 

correlated electron effects, and (B) the process with correlated electron effects induced 

by the single net spin on an alkaline earth ion. The left side of the figures indicates the 

density of filled states in the metal. The right side shows the projectile’s valence level. 

The centers of the figures illustrate how the valence level bends and broadens as the 

projectile approaches the metal surface.  
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model [7-11]. This often has a negligible effect on the measured neutralization rates, 

however, as the magnitude of the additional occupancy is small compared to the typical 

energy scale in ion scattering. Thus, based on single electron physics, either a positive or 

negligible temperature dependence of the neutralization rate would be expected.  

In a recent letter, we reported measurements of the neutralization of scattered 

strontium ions (Sr
+
) from polycrystalline gold (Au) as a function of surface temperature 

[12]. These data showed that the NF first increased to a maximum at around 600 K, and 

then decreased. This negative temperature dependence provided the first clear 

experimental evidence that electron correlations can participate in atom-surface scattering. 

In the current paper, we discuss the use of alkaline earth projectiles, in general, and what 

parameters are needed in order to observe correlated effects via scattered low energy ion 

neutralization.  

3.2  Experimental Procedure 

The experiments were carried out in an ultra-high vacuum (UHV) system that was 

described previously [13]. Polycrystalline Au foil was cleaned by in situ cycles of 0.5-1 

keV Ar
+
 sputtering for 60 min and heating to 650°C for ~5 min to remove embedded Ar. 

The purity of the surface was confirmed in two ways. First, Auger electron spectroscopy 

was performed using low-energy electron diffraction optics as a retarding field analyzer 
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(RFA). Second, the emission of recoiled impurities induced by Ar
+
 bombardment was 

used as a sensitive measure of the absence of light adsorbates [14]. The surface work 

function was determined from the position of the secondary electron cutoff measured 

with the RFA [15].  

Alkaline earth ions (
24

Mg
+
, 

40
Ca

+
, 

88
Sr

+
) were produced and accelerated in a 

Colutron ion source by heating the pure metal in a stainless steel charge holder. Mg was 

able to provide sufficient material to light the plasma on its own. An inert gas was needed, 

however, to produce a plasma for 
88

Sr
+
 and 

40
Ca

+
 formation. Ar was used for producing 

Sr
+
 ions, while Ne was used for Ca

+
 since 

40
Ar and 

40
Ca have the same atomic mass. The 

desired isotope of the alkaline earth element was selected with a velocity filter and 

deflected across an aperture to produce ion pulses of approximately 100 ns in width at a 

frequency of 25 kHz. To prevent primary neutrals from reaching the sample, the beam 

was electrostatically bent by 5
o
 before entering the main chamber. Figure 3.2 shows 

spectra of the ion current on the sample as a function of the magnet setting in the velocity 

filter. The x-axis in the figure was calibrated to read in atomic mass units (amu).  
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Time-of-flight (TOF) spectroscopy was used to collect charge state-resolved 

spectra of the scattered projectiles. After the primary ions impact the target surface at a 45° 

angle, the particles scattered at 135
o
 are collected by a microchannelplate detector located 

at the end of a tube that contains a pair of deflection plates. In this geometry, the sample 

normal is aimed directly at the TOF detector. The deflection plates are held at ground 

 

 

 

Figure 3. 2: Mass spectra showing the ion current on the sample vs. the magnet current 

in the velocity filter for (A) Ca
+
 in a Ne

+
 plasma, (B) a Mg

+
 plasma, and (C) Sr

+
 in an 

Ar
+
 plasma. The x-axis was calibrated to read in atomic mass units (amu).  
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potential to collect the total scattered yield (ions plus neutrals), while a difference of 300 

V is placed between them to deflect the ions and collect spectra of the scattered neutrals. 

The “total yield” and “neutrals” spectra are collected simultaneously by alternating 

between voltage on and voltage off every 20 seconds. This insures that long-term drifts in 

the beam current do not affect the measured neutral fractions. 

 

3.3  Results and Discussion 

The experiment was first attempted with 
40

Ca
+
. 

40
Ca

+
 was the species modeled in 

the calculations of ref. [3], and would ordinarily have been the natural species to use 

because the match between ionization energy and surface work function should lead to 

easily measurable changes in the neutralization probability with temperature. The 

difficulty we encountered with Ca, however, was in obtaining a pure beam. The most 

abundant Ca isotope is mass 40, which is very close to that of 
39

K. K is a ubiquitous 

impurity that ionizes much more easily than Ca, so that even a small concentration of K 

impurities can overwhelm the Ca ion yield. In addition, as shown in Fig. 3.2A, the 

resolution of the system is not sufficient to resolve these two isotopes. We were thus 

unable to produce a sufficiently pure beam of 
40

Ca
+
 with the Colutron ion source despite 

the fact that the charge holder contained nothing but Ca and that we were very careful to 
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use new parts in the ion source and keep them clean. Figure 3.2A represents our best 

attempt to date at producing a pure Ca
+
 beam. In the future, we plan to acid clean all of 

the ion source parts and to keep them out of contact with fingers and other possible 

sources of K contamination in order to minimize the amount of fortuitous K and produce 

a pure beam of Ca
+
.  

We next used 
24

Mg
+
 and 

88
Sr

+
 ions, which we were able to produce cleanly. Figure 

3.2B shows the isotopic distribution of the Mg beam, which follows the natural 

abundances of 79%, 10% and 11% for 
24

Mg, 
25

Mg and 
26

Mg, respectively. Note that there 

was effectively no 
23

Na
+
 in the beam despite its likely presence at the same level as the K 

contamination mentioned above. The ionization probability of Mg, and thus its overall 

yield, is sufficiently high that the small of amount of Na was not discernable. We were 

also successful in producing a pure beam of 
88

Sr
+
 (abundance = 83%), as shown in Fig. 

3.2C. Note that the isotopic purity for both Mg
+
 and Sr

+
 may not be complete due to the 

limited resolution of the system, but the chemical purity is high.  

Figures 3.3 and 3.4 show data collected for the scattering of 
24

Mg
+
 and 

88
Sr

+
 from 

clean polycrystalline Au. The insets show representative “Total yield” and “Neutrals” 

TOF spectra. Each spectrum displays a clear single scattering peak (SSP) riding on a 

multiple scattering background. The SSP results from projectiles that have undergone a 

single binary elastic collision with a surface Au atom [14]. The shapes of the “Total yield” 
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and “Neutrals” spectra are identical, as they are determined by the kinematics of the 

scattering process. The ratios of their absolute intensities, however, reflect the 

neutralization probabilities.  

 

 

 

Figure 3. 3: Neutral fraction as a function of surface temperature for 1.0 to 4.0 keV 

Mg
+
 scattered from clean polycrystalline Au at 135° into the surface normal direction. 

The dashed lines are drawn to guide the eye. (Inset) Representative TOF spectra for 

4.0 keV Mg
+ 

ions scattered from clean polycrystalline Au. The dashed lines show how 

the areas of the SSP for the total yield and neutrals were determined. 
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The measured NF for each set of spectra was determined by subtracting the 

multiple scattering backgrounds, integrating the SSP’s, and then dividing the area from 

the neutrals spectrum by that of the total yield spectrum [16]. The dashed lines in the 

figure insets indicate how the backgrounds were drawn.  

The NF for 
24

Mg
+
 scattering from clean polycrystalline Au is shown in Fig. 3.3 as 

a function of the surface temperature for four different incident energies. The NF 

increases slightly as the energy goes down, as would be expected from the standard RCT 

neutralization model. Slower moving ions would behave more adiabatically, and thus 

move towards complete neutralization. These NF’s are all very high, on the order of 

~85-95%, because of the relatively large ionization potential of Mg (7.6 eV). Changes to 

the NF with temperature could not be discerned at any of these energies.  

Figure 3.4 shows the temperature dependence of the NF for 2.0 keV Sr
+
 ions 

scattered from clean polycrystalline Au. The NF rises with temperature until it reaches a 

maximum at around 600 K, above which it drops [12]. In ref. [12], we were able to rule 

out any structural or compositional changes with temperature that could have been 

responsible for this behavior. Instead, the maximum was attributed to two competing 

processes. The increase in NF prior to 600 K is assigned to the rise associated with the 

enhancement in the population of states just above the Fermi energy with temperature 

[11]. When the temperature passes 600 K, the electrons reach the mixed-valent state 
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induced by electron correlations whose population have a negative temperature 

dependence [12].  

 

A Kondo resonance near the Fermi energy is induced by the single valence 

electron on the projectile [3], as illustrated in Fig. 3.1B. As the projectile nears the 

surface, the affinity level bends up and crosses the Fermi energy so that the projectile’s 

 

 

Figure 3. 4: Neutral fraction as a function of surface temperature for 2.0 keV Sr
+
 

scattered from clean polycrystalline Au at 135° into the surface normal direction. The 

dashed lines are drawn to guide the eye. (Inset) Representative TOF spectra for 2.0 

keV Sr
+
 ions scattered from clean polycrystalline Au. The dashed lines indicate how 

the areas of the SSP for the total yield and neutrals were determined. 

 

 



 

67 
 

broadened electronic spectral function and the Kondo resonance peak combine to form a 

sharp mixed valence state. The occupancy of this sharp state has a very pronounced 

dependence on the surface temperature, which is then reflected in the neutralization 

behavior. Although the calculations of refs. [2] and [3] were for different systems, both 

would predict a negative temperature dependence of neutralization probability for 

scattered alkaline earth ions.  

The differences between Mg and Sr can be explained by a consideration of their 

relative velocities using the calculations in ref. [3] as a guide. Although these calculations 

were for Ca
+
 scattering from Cu and may not be quantitatively accurate, when plugging 

in the projectile velocity the approximate magnitude of the observed changes to the NF 

are consistent with the present experimental observations. The perpendicular exit velocity 

of the Sr projectile is ~0.0134 a.u., which is sufficiently small for a well-developed 

resonance to form. Based on Fig. 3.2 in ref. [3], a decrease in the neutralization of almost 

a factor of two is expected as the temperature is raised from 300 to 1000 K, which is 

approximately what occurs in going from 600 to 900 K for Sr. The velocity for scattered 

Mg, however, is must larger than that of Sr. The lowest energy Mg projectiles we used, 

1000 eV, would have a scattered velocity of 0.0339 a.u., which should be too large to see 

the effect. Figure 3.2 of ref. [3] indicates a negligible change with temperature for this 

and higher velocities.  
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3.4  Conclusions 

The observation of correlated electron effects via the temperature dependence of 

the neutralization in low energy alkaline earth ion scattering requires that several 

conditions are satisfied. First, the ionization potential of the projectile must be close to 

the surface work function so that a finite neutralization probability results. Changes with 

temperature would not be discernable if the NF were to approach either zero or 100%. 

Second, the velocity of the scattered particles needs to be slow enough for the conduction 

electrons in the target to respond effectively to form the correlations. This can be 

achieved, for example, by using hyperthermal energies. If the velocity were too small, 

however, then the NF would again approach 100% as the process become more adiabatic. 

For Mg, this tradeoff between ionization energy and velocity does not appear to be 

favorable. If the velocity were reduced sufficiently to be sensitive to electron correlations, 

the neutralization would be complete because of the relatively large ionization potential. 

For Sr, however, parameters can be found that enable the correlated electron effect to be 

measured. The velocity of scattered 2 keV Sr
+
 is low enough to sample the temperature 

dependence of the mixed-valent state because of its larger mass, while the velocity is also 

high enough that the neutral fractions are finite.  

Although we have demonstrated success with Sr [12], Ca also appears to be a 

useful ion for such experiments. Thus, our next approach will be to repeat these 
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measurements after we have produced a pure beam of Ca
+
. Note, however, that the 

scattered energy of the Ca would need to be on the order of 750 eV or less in order to see 

the temperature dependence associated with electron correlations.  
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Chapter 4 

 

Surface Termination of Cleaved 

Bi2Se3 Investigated by Low Energy 

Ion Scattering 

 

The (Bi,Sb)2(Te,Se)3 family of compounds have been predicted (1) and 

experimentally confirmed (2-4) to have novel electronic phases involving gapless 

topological insulator (TI) surface states. These topologically protected surface states, 

characterized by a Dirac cone, represent a new type of two-dimensional electron gas 

(2DEG) in which the electron’s spin is locked to its linear momentum (5). These 

materials give rise to a variety of unique electronic properties and have attracted intense  

___________________________ 

This Chapter contains material submitted in X. He, Z. Y. Wang, Y. N. Zhang, J. Shi, R. Q. Wu and J. A. 

Yarmoff, “Surface Termination of Cleaved Bi2Se3 Investigated by Low Energy Ion Scattering” to Science.  
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interest not only because of their fundamental importance, but also because of their great 

potential for future applications in spintronics and quantum computation (6-8).  

The prototypical compound in this family, undoped Bismuth Selenide (Bi2Se3), is 

a degenerate n-type semiconductor in which the topological surface states coexist with an 

overwhelmingly large number of bulk states. By adding p-type dopant atoms to 

compensate for the natural n-type doping (2, 9-11), an insulating state may be achieved in 

the bulk so that transport in the surface region becomes dominant, although the surface 

can still significantly differ from the bulk due to band bending (12). Furthermore, 

angle-resolved photoelectron spectroscopy (ARPES) reveals time-dependent changes in 

the electronic states at the surface, the so-called aging effect, which makes the surface 

transport rather uncontrollable (2, 13, 14).  

The physical origin of these time-dependent effects is not understood. Since 

selenium (Se) has a relatively high vapor pressure, it has often been assumed that the 

natural n-type doping and band bending result from the development of near-surface Se 

vacancies. Surface contamination by water or carbon monoxide (14-16) and slow 

interlayer relaxations (13) have also been suggested as causes. In order to manipulate and 

make use of the Dirac surface state, it is crucial to establish a clear understanding of the 
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surface morphology and stability of TIs. Techniques used in most previous surface 

studies, such as scanning tunneling microscopy (STM) (17-20) and ARPES (2, 5, 9, 12), 

cannot identify the outermost surface atoms.  

In this paper, low energy ion scattering (LEIS) measurements and density 

functional theory (DFT) calculations indicate that a surface reconstruction mechanism 

might be the underlying cause of the slow deterioration of Bi2Se3. LEIS is particularly 

sensitive to the elemental identity and atomic structure of the outermost atomic layers of 

a solid (21). After in situ cleaving of Bi2Se3(111) in ultra-high vacuum (UHV) at room 

temperature, spectra show that the outermost atomic layer contains only bismuth (Bi), 

with no detectable Se. Further analysis reveals an unexpected structure in which a Bi 

bilayer sits atop the nominal bulk-terminated quintuple layer (QL) surface. DFT 

calculations show that the addition of the extra Bi bilayer is energetically favorable, and 

that the important TI surface states are nonetheless protected in this configuration.  

The expectation of a Se-termination, which was widely assumed in previous 

analyses of Bi2Se3(111), is derived from its crystal structure. Bi2Se3 has a rhombohedral 

unit cell that forms a layered material with a basic QL unit composed of five atomic 

layers ordered as Se-Bi-Se-Bi-Se. While the atoms within each QL are held together by 

strong covalent-type bonds, the QLs are attached to each other by relatively weak van der 

Waals-type bonds. It is therefore natural to assume a cleavage plane between two QLs 
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that would result in a Se-termination (1, 2, 5, 9, 12, 17-20, 22). The present LEIS 

measurements contradict this simple picture, however, and show that the structural and 

electronic properties of TI surfaces need to be revisited.  

Single crystals of Bi2Se3.12 were grown using a multi-step heating method (10).
  

High-purity Bi (99.999%) and Se (99.999%) were mixed stoichiometrically and sealed in 

an evacuated quartz tube. The tube was heated to 1020 K for 4 hours, cooled down and 

kept at 870 K for 5 days, and then cooled to room temperature. It was next heated to 970 

K for approximately 15 hours and finally cooled to room temperature naturally. The high 

quality single crystallinity was confirmed with x-ray diffraction. The measured band gap, 

reduced effective mass of charge carriers, and the carrier density and mobility are all 

consistent with expectations for a TI material (23). 

LEIS and low energy electron diffraction (LEED) measurements were performed 

in two separate UHV chambers (base pressure =         torr), each with load-locks 

that enable samples to be rapidly introduced without the need for bakeout. The samples 

were cleaved in situ, using a procedure (24) that results in a flat and shiny appearance. 

The observed 1   LEED pattern indicates a clean and well-ordered surface and 

provides the azimuthal orientation. In addition, x-ray photoelectron spectroscopy (XPS) 

and STM were performed in separate instruments following in situ cleaving of samples 

from the same batch as used for LEIS. XPS showed no evidence for oxidation of either 
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Bi or Se (25), while STM showed a smooth surface with atomically resolved features 

(17-20).  

LEIS is performed using 3.0 keV 
23

Na
+
 ions produced from Kimball Physics 

alkali ion guns as described previously (24, 26). The beams are electrostatically pulsed at 

80 kHz to produce 120 ns pulses in a ~1 mm
2
 spot. For these experiments, the incident 

ions impact the sample along the surface normal. The backscattered projectiles are 

detected by a triple microchannelplate (MCP) at the end of a drift tube. The time 

differences between the incident pulses and arrivals at the MCP are histogrammed to 

obtain time-of-flight (TOF) spectra. Scattered ions and neutrals are collected with equal 

sensitivity so that preferential neutralization along certain trajectories need not be 

considered.  

In one of the LEIS chambers, the manipulator allows for variation of the 

azimuthal orientation and the gun is mounted on a turntable, which enables the incident 

direction and scattering angle θ to be independently adjusted. The polar emission angle α 

is given with respect to the plane of the sample surface, and the azimuthal orientation ϕ is 

given with respect to the projection along the [  10] direction.  

The other LEIS chamber contains a cryogenic sample manipulator, but the 

scattering angle is fixed at θ = 150° and the azimuthal orientation cannot be adjusted. 
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Thus, low temperature LEIS data are collected along the (random) orientation in which 

the sample was mounted.  

Because of sputtering that accompanies ion impact in LEIS, spectra must be 

collected before an appreciable fraction of the surface has been bombarded to insure that 

the data reflect the unperturbed material. To demonstrate that damage is not an issue, 

spectra were continuously collected until a change in composition was observed at a 

fluence of ~       ions cm
-2

. The fluence used in the subsequent experiments was 

then kept to less than        ions cm
-2

.  

The kinetic energy of a backscattered ion that has experienced a single binary 

elastic collision with a surface atom depends on the mass of the target atom. Thus, LEIS 

spectra contains a single scattering peak (SSP) representing each atomic mass at the 

surface (21). Figure 4.1 shows a TOF spectrum for 3.0 keV 
23

Na
+
 scattered from cleaved 

Bi2Se3(111). Surprisingly, there is only one SSP at ~2.1 keV, which corresponds to Na
 

that has experienced a binary elastic collision with a surface Bi atom. This Bi SSP rides 

on a broad background of scattered projectiles that have undergone multiple collisions. 

Note that the Se SSP would be expected at ~1.1 keV, but is completely absent from this 

spectrum.  
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The intensity of a SSP reflects the number of surface atoms directly visible to 

both the incoming ion beam and the detector. As such, it is dependent on shadowing, 

blocking and focusing that occur as the projectile interacts with other atoms along the 

trajectory (21, 27). A shadow cone is the region behind a surface atom from which the 

incident projectiles are excluded. A blocking cone is a similar notion, but is the region 

above a surface atom from which an exiting projectile is excluded following scattering 

from a deeper layer atom. Focusing occurs when the edge of a shadow or blocking cone 

 

 

Figure 4. 1: TOF spectrum, after conversion from time to energy scale, for normally 

incident 3.0 keV Na
+
 ions scattered from Bi2Se3(111) cleaved at 300 K. The scattering 

angle θ = 125° and the emission azimuthal angle is ϕ = 0°. The inset is a schematic 

side view of the crystal indicating the shadow (purple and green) and blocking cones 

(blue). 
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intersects an atomic position, as the flux of ions is increased at the edge of a cone. As the 

orientation of the sample is adjusted with respect to the ion beam or detector, changes in 

the alignment of the shadow and blocking cones with atoms in the crystal structure lead 

to changes in the SSP intensities.  

To identify the surface atomic species, a geometry that is sensitive to only the 

outermost atomic layer can be chosen. The inset in Fig. 4.1 is a schematic side view of 

the shadow and blocking cones in relation to the Bi2Se3(111) crystal structure for the 

geometry used in collecting the spectrum. In this orientation, the atoms below the top 

three layers are completely shadowed from the incident ion beam, while the trajectories 

scattered from the second and third layer atoms are completely blocked from directly 

reaching the detector. This is defined as a “total-blocking” orientation, since only those 

projectiles scattered from the first layer atoms can exit at the SSP energy. Note that the 

three-fold symmetry of Bi2Se3(111) means that total-blocking is also achieved along ϕ = 

120° and 240°. Although the diagram shows the surface covered with a Bi bilayer, the 

concept would be the same with a Se termination except that only Se would be detected. 

It can thus be concluded from the absence of a Se SSP that, after in situ cleaving at room 

temperature, Bi is the only element present in outermost atomic layer of Bi2Se3(111).  

To demonstrate that Se is present below the outermost surface layer, LEIS was 

conducted along a non-total blocking direction using the same polar angle but with an 
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azimuthal orientation of ϕ = 30°. In this direction, top layer Bi atoms do not block ions 

scattered from third layer Se. Correspondingly, the TOF spectrum in Fig. 4.2B shows a 

small Se SSP at ~1.1 keV. This demonstrates that Se is present in the third atomic layer.  

 

  

 

Figure 4. 2: TOF spectra for 3.0 keV Na
+
 ions scattered from Bi2Se3(111) at 300 K 

using a scattering angle of θ = 125° with an emission azimuthal orientation of (A) ϕ = 

0° and (B) ϕ = 30°. Simulation results with the same scattering geometries for 

Bi/Bi2Se3 (blue) and Bi2Se3 (green) along (C) ϕ = 0° and (D) ϕ = 30°. The inset is the 

top view of the lattice structure for Bi/Bi2Se3(111), with the outgoing trajectory for 

scattering from Se indicated with red arrows. Note that the data in (A) is the same as in 

Fig. 4.1, but is included for completeness. 
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Ion scattering is frequently modeled with Monte-Carlo simulations that employ 

the binary collision approximation (BCA) (28). In the BCA, trajectories are calculated as 

a series of two-body collisions between the projectile and individual atoms in the solid. A 

projectile is followed until it either scatters back into vacuum or becomes embedded. 

Such simulations, which fully account for shadowing, blocking and focusing effects, have 

had great success in reproducing experimental LEIS data.  

Monte-Carlo simulations of the present data were run using the Kalypso software 

package (29). The Se-terminated surface, referred to as Bi2Se3, assumes bulk termination 

of a QL. The Bi-terminated surface, referred to as Bi/Bi2Se3, was modeled by a 

crystalline Bi bilayer adsorbed on top of a Bi2Se3(111) QL. The relaxations of the atoms 

in the Bi bilayer are taken from Ref. (30), which used LEED I-V analysis to investigate a 

Bi bilayer deposited atop Bi2Te3(111), as there are no literature data for Bi/Bi2Se3(111). 

The simulations use the Ziegler-Biersack-Littmark (ZBL) potential to represent the 

repulsive interaction between projectile and individual target atoms, and model the 

samples as 5 atomic layers thick with a reduction of the screening length by a factor of 

0.75 (31). The mean thermal vibration amplitudes are calculated using the bulk Debye 

temperature of 200 K (32), and the amplitudes of the outermost surface atoms are 

enhanced by a factor of 1.6. To obtain sufficient statistics, the acceptance angle is ±5° and 

projectiles that scatter into all three symmetrically equivalent directions are summed.  
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The results of simulations are shown in Figs. 4.2C and 4.2D for both the Bi 

bilayer- and Se-terminated surfaces, along the ϕ = 0° and ϕ = 30° azimuths. The sharp 

features at ~1.1 and ~2.1 keV line up with the SSP positions in the experimental spectra. 

The broad multiple scattering background is missing from the simulations because most 

of these trajectories penetrate beyond the 5 layers used. Small quasi-double peaks are 

present in the simulated spectra just above each SSP, but they would be buried 

underneath the background in experimental spectra. As can be seen, the simulations of 

Bi/Bi2Se3 provide a better match to the experimental data than those of Bi2Se3.  

Before performing any quantitative analysis, however, the ratios of the Se and Bi 

SSP’s in the LEIS spectra need to be corrected. The experimental ratios are first 

calculated by dividing the integrated Se and Bi SSP areas after subtracting a background 

using the method of Ref. (26). The ratios are then corrected for the energy-dependent 

sensitivity of the MCP detector and the differences in scattering cross section. The MCP 

sensitivity enhancement for 2 keV relative to 1 keV projectiles was determined to be 

2.0±0.2 by adjusting the incident beam energy, which is consistent with the absolute MCP 

detection efficiency reported for Na ions (33). The relative cross section enhancement for 

3 keV Na
+
 scattering from Bi relative to Se is 1.76 as calculated using the method of Ref. 

(34). Thus, the measured Bi SSP is a factor of 3.5 more sensitive than the Se SSP, so that 

the ratios must be adjusted by this factor for quantitative analysis. The Se:Bi ratios from 
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the simulations are similarly obtained by integration and dividing by the cross section 

ratio. The error bars assume that statistical variations are the only contributing factor. 

 

The calibrated Se:Bi ratios, which reveal the number of surface atoms directly 

visible to the incoming ion beam and detector, are summarized in Table 4.1. For ϕ = 0°, 

both experiment and simulation indicate the absence of scattering from Se for the 

Bi/Bi2Se3 structure. At ϕ = 30°, the calibrated Se:Bi ratio from the experimental data is 

closer to the simulated results for Bi/Bi2Se3 than for Bi2Se3. The discrepancy may signal 

that some simulation parameters, such as lattice relaxations, vibrational amplitudes, 

screening length corrections, etc., are not optimal. It is clear, however, that the data much 

 

Table 4. 1: Calibrated Se:Bi ratios from both experimental and simulated spectra for 

3.0 keV Na
+
 ions scattered from Bi2Se3(111) with various emission angles, at a 

temperature of 300 K. 

 

Emission angles 
Azimuth ϕ= 0° ϕ= 30° ϕ= -12.5° 

Altitude φ = 35° φ = 35° φ = 60° 

 

Calibrated  

Se:Bi ratios 

Experiments 
0 0.59 0.03 0.41 0.06 

Simulations 

Bi2Se3 +∞ 1.11 0.37 1.27 0.09 

Simulations 

Bi/Bi2Se3 0 0.39 0.03 0.18 0.02 
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more closely follow the expectations for a Bi/Bi2Se3 structure, rather than the canonical 

Se-terminated structure. This is most evident in the absence of scattering from Se at ϕ = 

0°, which is completely inconsistent with a Se-termination.  

A likely scenario to explain the formation of a surface Bi bilayer is that the 

material initially cleaves between the QL’s, forming the expected Se-termination, but the 

surface then quickly becomes Bi-terminated via a process that involves atomic diffusion 

or desorption. In this case, it might be expected that a cleavage performed at low 

temperature would slow down such a thermally activated process so that it could be 

monitored in real time.  

To investigate this possibility, a sample was cooled to 80 K with liquid nitrogen 

prior to cleaving, and the time dependences of the Se:Bi ratios in LEIS were measured 

using a non-total blocking orientation while maintaining the low temperature. A polar 

emission angle of α = 60° was used and LEED showed that the azimuthal orientation was 

along the ϕ = -12.5° projection. Multiple cleaves were performed from the same crystal at 

this azimuth so that measurements at 80 and 300 K could be directly compared. The 

spectra in Fig. 4.3B show that the Se and Bi SSP intensities do not change with time after 

cleaving at room temperature. Figure 4.3A shows that after cleaving at low temperature, 

however, the Bi SSP significantly increases so that it closely matches the room 

temperature intensity after about 1 hour.  
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Figure 4.3C plots the calibrated Se:Bi ratios as a function of time since cleaving. 

At 300 K, the Se:Bi ratio is ~0.41 0.06 and is fairly constant, suggesting that the surface 

is stable after sitting in UHV at room temperature for an extended period. At 80 K, 

however, the Se:Bi ratio starts at about 1.3 and drops rapidly until it reaches about 0.4, 

 

 

Figure 4. 3: The time dependence of TOF spectra for 3.0 keV Na
+
 ions scattered from 

Bi2Se3(111) at θ = 150° with an emission azimuthal orientation of ϕ = -12.5°, at (A) 

80 K and (B) 300 K. (C) Calibrated Se:Bi ratios as a function of time at 80 K (blue) 

and 300 K (red). The blue line is an exponential fit to the 80 K data and the red line is 

a linear fit to the 300 K data.  
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which matches the room temperature value. The smooth line shows an exponential fit, 

which gives a time constant of 2775 sec. Kalypso simulations were performed along the ϕ 

= -12.5° azimuth for both terminations, with the results given in the last column of Table 

4.1. The initial measured value of 1.3 is close to the calculated value for the 

Se-terminated Bi2Se3 surface, while the final measured value of 0.4 is close to that 

calculated for Bi/Bi2Se3. It is thus concluded that the surface is Se-terminated 

immediately after cleaving, but that it changes termination. The process is too fast to be 

observed at room temperature, while at 80 K the change is measurable.  

The low temperature measurements indicate that the process leading to 

Bi-termination is thermally activated. Whether it is removal of Se or the addition of Bi 

that is occurring cannot be distinguished, however. Se is a volatile element with a 

relatively high vapor pressure, and the complete removal of Se from a QL would leave 

behind the requisite bilayer of Bi. Thus, the termination change could involve Se 

evaporation, possibly in the form of stable gas-phase dimers or tetramers. Another 

possibility is the accumulation of additional Bi at the surface via diffusion from the bulk, 

which could be driven by the surfactant properties of Bi. Surfactants are elements with 

low solid solubilities that accumulate to reduce the overall surface energy, and are stable 

even with a large lattice mismatch and strain (35, 36). The surfactant effect of Bi is well 

documented in thin film growth (24, 37-40).  
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DFT calculations are performed to evaluate the stability of the Bi/Bi2Se3(111) 

structure using the Vienna Ab initio Simulation Package (VASP) (41) along with the 

projector augmented wave (PAW) method (42). The generalized-gradient approximation 

(GGA) (43) was used to describe the exchange-correlation interaction among electrons. 

The generic Bi2Se3 surface was modeled by a periodic slab with 5 QLs per slab separated 

by a ~18 Å vacuum. The lattice constant in the lateral plane was fixed to that of the bulk, 

a = 4.14 Å (22, 44). While Bi and Se atoms in the 11 interior layers were frozen at their 

bulk positions, other atoms were relaxed until forces on them became smaller than 0.01 

eV Å
-1

. An energy cutoff of 350 eV was used for the plane-wave basis expansion, and an 

11×11×1 k-point mesh in the Brillouin zone was used for k-space integrations. Spin-orbit 

coupling (SOC) was self-consistently invoked in calculations.  

The stability of different surface structures are quantitatively described by their 

surface energies as 

γ = (Esurf - nBiμBi - nSeμSe)/2A                                             (4.1) 

where Esurf is the total energy of the slab, A is the surface area, and nBi and nSe represent 

the numbers of Bi and Se atoms, respectively. The chemical potential of a Bi atom, μBi, 

was used as the variable while the chemical potential of Se, μSe, was calculated according 

to the constraint: 2μBi + 3μSe = μBi2Se3. Here μBi2Se3 is the chemical potential (or total 
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energy at 0 K) of one bulk Bi2Se3 unit. To mimic different experimental environments, a 

broad range is set for μBi, from -2.10 eV with bulk Bi as the reservoir (Bi-poor), to 0.0 eV 

with isolated Bi atoms as the reservoir (Bi-rich). 

 

 
Figure 4. 4: Calculated band structure of Bi/Bi2Se3. The color scale indicates the 

contributions from the surface Bi bilayer (blue) and the underlying Bi2Se3 QL’s (red). 

The green dashed lines are the bands of the Bi bilayer. 
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Eight configurations, which include various Se, Bi and mixed terminations, were 

explored to evaluate the energetics of different surface compositions. Significantly, all of 

the explored Bi-terminated surfaces are more stable than other Bi2Se3 surfaces in Bi-rich 

conditions. In particular, the Bi/Bi2Se3 structure is the most stable over almost the entire 

range of μBi, which nicely explains the experimental findings. Note that the Bi bilayer is 

actually compressed since the lateral constant of a freestanding Bi bilayer is much larger 

than that of Bi2Se3(111), 4.54 vs. 4.14 Å. The interlayer distance between the Bi and 

Bi2Se3 is 3.05 Å, which is larger than the distance between adjacent QLs (dQL = 2.57 Å). 

Therefore, the interaction between the Bi adlayer and Bi2Se3 is rather weak and the 

surface energy of Bi/Bi2Se3 can be even lower if incommensurate matching is allowed. 

The robustness of the topological surface states is evident in the band structure of 

Fig. 4.4. Their weights in the Bi bilayer and the Bi2Se3 substrate are highlighted in blue 

and red, respectively. Interestingly, the characteristic Dirac surface states of Bi2Se3(111) 

disappear from bands associated with the QL’s. Instead, a new Dirac-cone develops in the 

Bi adlayers just below the Fermi energy. Clearly, the Dirac states are topologically 

protected even upon Bi adsorption and may “float” to the topmost layers, as reported for 

Au/Bi2Se3(111) (45). As a result, ARPES would mainly see a Dirac cone, even though 

several QL conducting states also intercept the Fermi level due to a small amount of 

charge transfer from Bi. It should be stressed that these Dirac states are not from the Bi 
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bilayer alone since the band structure of the free Bi bilayer, shown as green dashed lines 

in Fig. 4.4, reveals an insulating character. Similar band features were also reported for 

Bi/Bi2Te3, but the enhanced stability of the Bi bilayer was not discussed (46). 

STM studies of Bi/Bi2Te3 (47) also provide insight into the possibility of 

self-organized Bi/Bi2Se3. It was found that approximately 50 nm wide triangular islands 

of Bi(111) bilayers are initially produced and that the rest of the bilayer fills in as the 

coverage is increased. Thus, an STM study of a sample cleaved at low temperature might 

be able to image such triangular islands during the termination change. Furthermore, 

there may be a relationship between these triangular islands and the buried triangular 

defects seen in STM of cleaved Bi2Se3(111) (17-20). These defects, which were 

interpreted as subsurface Se vacancies, may instead represent Bi islands that are 

intercalating between QL’s on their way to the surface. 

In summary, a Bi-terminated surface is revealed by LEIS after in situ cleaving of 

Bi2Se3(111) at room temperature. Cleaving at low temperature reveals a thermally 

activated process whereby the termination switches from Se to Bi. DFT calculations 

show that the Bi bilayer-terminated crystal is particularly stable, and that the TI surface 

states are protected during the termination change. This termination change may explain 

some of the time-dependent processes that have been reported for these materials.  
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