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FIG. 79. Lithium n = 2 surface frequency moment Debye temperature perpendicular to the (110), 
(100), (211), and (111) surfaces as a function of distance from the surface.  The plots on the left 
side are for unrelaxed slabs, while the right side is for relaxed slabs.  The green, black, red, and 
blue points indicate the (110), (100), (211), and (111) surfaces, respectively. 
 

 
FIG. 80. Copper n = 2 surface frequency moment Debye temperature perpendicular to the (110), 
(100), (211), and (111) surfaces as a function of distance from the surface.  The plots on the left 
side are for unrelaxed slabs, while the right side is for relaxed slabs.  The black, green, and blue 
points indicate the (100), (111), and (110) surfaces, respectively. 
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and the 4th layer on the fcc close-packed surfaces (111) and (100), and can be seen in Figs. 81-83. 

There is a clear difference in how the –1 frequency moment Debye temperatures converge to the 

bulk value on the close-packed bcc(110), bcc(100), fcc(111), and fcc(100) surfaces versus the 

more open bcc(111), bcc(211), and fcc(110) surfaces. On the close packed surfaces, the Debye 

temperatures converge to bulk values more quickly as a function of layer, as one would expect 

given the greater interlayer spacing. Additionally, the bcc(100) and bcc(110)    –1 frequency 

moment Debye temperatures converge to the bulk value at the same rate as a function of distance 

from the surface (Figs. 80-81). 

The more open bcc(111), bcc(211), and fcc(110) surfaces converge to the bulk value at 

approximately the same average rate as the close packed surfaces (see Θ�	vs. z plots in Figs. 81-

83), also reaching the bulk value at ~1nm from the surface.  However, rather than smoothly 

increasing, the layer-resolved Debye temperatures of the open surfaces increase in steps; groups  

 

FIG. 81.   Sodium n = –1 surface frequency moment Debye temperature perpendicular to the 
(110), (100), (211), and (111) surfaces as a function of distance from the surface.  The plots on 
the left side are for unrelaxed slabs, while the right side is for relaxed slabs.  The green, black, 
red, and blue points indicate the (110), (100), (211), and (111) surfaces, respectively. 
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FIG. 82. Li  n = –1 surface frequency moment Debye temperature perpendicular to the (110), 
(100), (211), and (111) surfaces as a function of distance from the surface.  The plots on the left 
side are for unrelaxed slabs, while the right side is for relaxed slabs.  The green, black, red, and 
blue points indicate the (110), (100), (211), and (111) surfaces, respectively. 

 

FIG. 83. Cu n = –1 surface frequency moment Debye temperature perpendicular to the (110), 
(100), (211), and (111) surfaces as a function of distance from the surface.  The plots on the left 
side are for unrelaxed slabs, while the right side is for relaxed slabs.  The black, green, and blue 
points indicate the (100), (111), and (110) surfaces, respectively. 



165 

of layers have similar Debye temperatures. For example, on the Na(111) unrelaxed surface (Fig. 

81) the first, second, and third layer have z-direction –1 frequency moment Debye temperatures 

that are 72, 72, and 77% of the bulk value, respectively. In the fourth layer the Debye temperature 

increases to 90% of the bulk value. On the Na(211) surface, the first and second layer Debye 

temperatures are at 70 and 72% of the bulk value, then increasing to 90% of the bulk value in the 

third layer. On the Cu(110) the first and second layer Debye temperatures are at 68 and 79% of 

the bulk value, while the third layer is at 94%. A similar behavior is observed for the n=2 

frequency moment Debye temperatures (Figs. 78-80). 

The layers that display a large increase in the z-directional –1 Debye temperature are the 

fourth layer on the Na(111) surface, the third layer on the Na(211) surface, and the third layer on 

the Cu(110) surface. These are the same layers at which the resonances on these surfaces 

disappear (Fig. 49, 53, and 68). The coordination of the atoms in these transitional layers is close 

to the coordination of a bulk atom. As a result, there is not a large enough perturbation on the 

bulk phonon branch to decouple the layer’s vibrations from the rest of the slab.  

Bulk bcc atoms have eight nearest neighbors and six nearest neighbors. The impact of a 

surface on a atom’s vibrational behavior is largely related to how many neighbors an atom has 

compared to a bulk atom. The very small differences in the directionally resolved Debye 

temperatures of the second layer in the Na(110) slab, third layer of the Na(100) slab, and fourth 

layer of the Na(111) slab can be attributed to all of the atoms in these layers being similar 

distances from the slab and having a similar number of neighbors. The second layer in the (110) 

slab, the third layer in the (100) slab, and the fourth layer in the (111) slab are all between 3 and 4 

angstroms from the surface.  The second layer in the (110) slab has all eight nearest neighbors 

and six second nearest neighbors. Third layer atoms in a (100) slab have eight nearest neighbors 

and five second nearest neighbors. The fourth layer in the (111) slab has eight nearest and six 

second nearest neighbors. 
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In addition to impacting the surface resonances and perpendicular Debye temperatures, 

the surface geometry and atomic coordination impacts the anisotropy of surface thermal 

properties. The calculated Debye temperatures for unrelaxed Na surfaces in Table XXV clearly 

show varying degrees of anisotropy on the different surfaces. The (111) surface atoms have a 

higher Debye temperature perpendicular to the surface than parallel to it. However, in the second 

layer of the (111) slab, the z-directional Debye temperatures are once again softer than the x-y 

directional Debye temperature. A similar behavior is seen on the (100) surface. This is in contrast 

to the (110) slab, where the Debye temperatures are higher parallel to the surface than 

perpendicular to it in all slab layers. The ΘÙ(−2) in the x-direction on 110 surfaces is very close 

to bulk value. On the (100) and (111) surfaces, this is not the case.  

This behavior can also largely be explained in terms of the atomic coordination of the 

surfaces. Tables XXX – XXXIII indicate where the first and second nearest neighbors of each 

layers atoms are for the bcc surfaces. The (111) and (100) surface atoms have four out of a 

possible eight nearest neighbors, none of which are in the surface layer. This results in the atoms 

vibrating at a higher frequency perpendicular to the surface than parallel to it. The (110) surface 

atoms have six nearest neighbors, four of which are in the surface layer, resulting in higher 

frequency vibrations in the surface plane than perpendicular to it. The atoms in the second layer 

of the (111) slab have seven out of eight possible nearest neighbors, and as a result the second 

layer xy-directional Debye temperature is much larger.  

Just as in the alkali metals, coordination is a significant factor in an fcc metal’s layer 

Debye temperatures. This can be seen by examining an atom at a comparable distance from the 

surface in each slab. The second, second, and third layers of the (111), (100), and (110) surfaces, 

respectively, have comparable Debye temperatures. Tables XXXIV– XXXVI show the neighbor 

locations of atoms in a fcc(100), fcc (110), and fcc(111) slab. An atom in the second layer of a 

(111) slab has all twelve of its nearest neighbors, as does an atom in the second layer of a (100) 
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slab. An atom in the third layer of an fcc(100) slab has eleven out of twelve nearest neighbors. 

Since all have nearly the same nearest neighbor coordination, one would expect the atom closest 

to the surface to display the smallest Debye temperatures. That is indeed what is observed with 

the (100) second layer atom having slightly smaller Debye temperatures than the (111) second 

layer atom. The atom with the highest Debye temperature is the (110) third layer atom, which is 

farther from the surface than the (100) and (111) second layer atoms. 

6.4. Effects of Relaxation 

While the general features of the layer-resolved vibrational density of states can mostly 

be explained by the first order perturbation caused by bulk truncation, second order pertubative  

TABLE XXX. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface and first under layer of a bcc(110) slab. 

    
(110) Layer 1  Layer 2  Layer 3  

     Layer 1 atom’s NN 4 2  

Layer 2 atom’s NN 2 4 2 

    

 Layer 1 atom’s NNN 2 2  

Layer 2 atom’s NNN 2 2 2 

     

TABLE XXXI. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface first and second under layer of a bcc(100) slab. 

      
(100) Layer 1  Layer 2  Layer 3  Layer 4 Layer 5 

      Layer 1 atom’s NN  4    

Layer 2 atom’s NN 4  4   

Layer 3 atom’s NN  4  4  

      

Layer 1 atom’s NNN 4  1   

Layer 2 atom’s NNN  4  1  

Layer 3 atom’s NNN 1  4  1 
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TABLE XXXII. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface first and second under layer of a bcc(211) slab. 

      
(211) Layer 1  Layer 2  Layer 3  Layer 4 Layer 5 

      Layer 1 atom’s NN 2 2 1   

Layer 2 atom’s NN 2 2 2 1  

Layer 3 atom’s NN 1 2 2 2 1 

      

Layer 1 atom’s NNN  2 1   

Layer 2 atom’s NNN 2  2 1  

Layer 3 atom’s NNN 1 2  2 1 

       

TABLE XXXIII. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface first, second, and third under layer of a bcc(111) slab. 

       
(111) Layer 1  Layer 2  Layer 3  Layer 4 Layer 5 Layer 6 

       Layer 1 atom’s NN  3  1   

Layer 2 atom’s NN 3  3  1  

Layer 3 atom’s NN  3  3  1 

Layer 4 atom’s NN 1  3  3  

       

Layer 1 atom’s NNN   3    

Layer 2 atom’s NNN    3   

Layer 3 atom’s NNN 3    3  

Layer 4 atom’s NNN  3    3 

        

 

TABLE XXXIV. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface and first under layer of a (111) slab. 

    
(100) Layer 1  Layer 2  Layer 3  

     Layer 1 atom’s NN 4 4  

Layer 2 atom’s NN 4 4 4 

    

 Layer 1 atom’s NNN 4  1 

Layer 2 atom’s NNN  4  
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TABLE XXXV. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface and first under layer of a (100) slab. 

    
(100) Layer 1  Layer 2  Layer 3  

     Layer 1 atom’s NN 6 3  

Layer 2 atom’s NN 3 6 3 

    

 Layer 1 atom’s NNN  3  

Layer 2 atom’s NNN 3  3 

 

TABLE XXXVI. The layer location of the nearest neighbors (NN) and next nearest neighbors 
(NNN) of an atom in the surface first and second under layer of a (110) slab. 

     
(100) Layer 1  Layer 2  Layer 3  Layer 4 

     Layer 1 atom’s NN 2 4 1  

Layer 2 atom’s NN 4 2 4 1 

     

Layer 1 atom’s NNN 2  2  

Layer 2 atom’s NNN  2  2 

     

 

effects, such as relaxation, are also important.  The changes in force constants near the surface 

due to charge redistribution and surface relaxation, can cause significant changes to the 

vibrational behavior of near surface atoms. Because relaxation tends to decrease interlayer 

spacing, relaxed surfaces generally have stiffer vibrations than unrelaxed surfaces. Stiffening of 

the modes can result in increased, reduced, or unchanged coupling between surface and bulk 

vibrations.   

The most common scenarios are for relaxation to not change or to reduce the localization 

of vibrational modes to the surfaces.  This is because relaxation causes a smaller perturbation than 

the bulk truncation does, and impacts the vibrations in competing ways. The bulk truncation 

softens the modes, while relaxation stiffens the modes.  This is observed on most of the close-

packed surfaces, such as Na(110), Na(100), Cu(111) and Cu(100). However, if interlayer 
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relaxation is considerable, it can cause a significant increase in the vibrational frequency of 

surface atoms.  In a similar way as the bulk truncation, this sometimes causes the atoms to vibrate 

at a frequency where there is a zero or small density of bulk modes, resulting in a reduced 

coupling between surface and bulk vibrations.  This occurs on the (111) surfaces of the alkali 

metals and all of the Li surfaces. 

The impact relaxation has on the vibrational modes of a slab is directly correlated to the 

areal density of atoms on that surface. The dispersion curves of the close packed bcc(110) 

surfaces changed the least, while the more open bcc(111) surfaces had the most dramatic changes 

after relaxation. There are two reasons that relaxation has a larger impact on the vibrational 

structure of more open surfaces. The first is more open surfaces tend to have more significant 

relaxations. This is caused by the reduced atomic coordination of atoms on open surfaces 

resulting in lower charge densities on the surface. Because being positioned on the surface results 

in the atoms being immersed in a charge density much lower than the equilibrium charge density, 

the surface atoms want to move inward, where the charge density is larger. The charge densities 

of atoms on the surface and subsurface layers of the (110), (100), (111), and (211) unrelaxed and 

relaxed slabs are shown in Table XXXVII. 

Large relaxation has an effect on both the pair potential and embedding energy’s  

contribution to the force constants. Higher charge densities of atoms on a relaxed surface result in 

TABLE XXXVII. The charge density of atoms in the first four layers of alkali metal (110), (100), 
(211), and (111) relaxed and unrelaxed slabs.  The EAM units for charge density are arbitrary. 
          (110) (100) (211) (111) 

Layer unrel. rel. unrel. rel. unrel. rel. unrel. rel. 

1 7.6 7.8 6.0 6.3 6.2 6.6 5.2 5.9 

2 10.4 10.6 10.0 10.3 9.0 9.2 8.2 8.8 

3 10.4 10.4 10.4 10.5 10.4 10.7 9.4 9.6 

4 10.4 10.4 10.4 10.4 10.4 10.4 10.4 10.6 
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the embedding energy’s contribution being more bulk-like. However, having closer neighbors 

results in a stiffer pair potential contribution than in the bulk. This change in the pair-wise 

interaction of atoms is the second reason more open surfaces have more dramatic changes due to 

relaxation. As can be seen in Tables XXX – XXXVI, the majority of the nearest neighbors of 

atoms in the more open slabs are in the layers above or below them, not in the same layer. On the 

bcc(110) surface, four nearest neighbors of an atom are in the same layer as that atom. Their 

contribution to the force constants is unchanged by relaxation. On the bcc(111) surface none of 

the nearest neighbors or next nearest neighbors of an atom are in the plane. As a result any 

relaxation on the bcc(111) surface will change all of the nearest and next nearest neighbor pair-

wise interactions. 

Relaxation slightly impacts the Debye temperatures of the Na(110), and (100) surfaces 

(Tables XXV-XXVI). The Na(111) surface shows some significant changes, as would be 

expected upon inspection of the layer resolved density of states. An increase in the first layer 

Debye temperatures corresponds to the high-frequency modes having a higher density in the first 

layer after relaxation (Fig. 53). The perturbation caused by the truncation of the bulk is reduced 

by the relaxation induced stiffening, which increases the coupling of the surface resonance near 2 

Thz to bulk vibrations. 

The most interesting result of relaxation observed occurs in the fourth layer of the 

Na(111) surface. The alkali metal (111) surface is different from the other surfaces examined 

because of the fourth layer atoms are distant from the surface but close to relaxed layers.  Atoms 

in the fourth layer of a bcc(111) slab have 8/8 possible nearest neighbors and 6/6 possible next 

nearest neighbors: therefore, the truncation of the bulk does not soften the vibrational frequencies 

of this layer’s atoms. However, the significant relaxation that occurs on the alkali metal (111) 

surfaces results in one nearest neighbor, and all six of the next nearest neighbors, moving closer. 

Additionally, atoms in the fourth layer experience a higher charge density than bulk atoms 
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(Table XXXVII).  This results in a significant stiffening of the modes.  Similar to the way that the 

truncation of the bulk causes surface resonances, this stiffening causes the fourth layer atoms to 

vibrate at a frequency in which the bulk has a low density of states (Fig. 84).  As a result, the 

vibrations of atoms in the 4th layer are only weakly coupled to the rest of the atoms in the slab. 

Li displays abnormally large relaxations (Ch. 5) compared to other alkali metals.  As a 

result, the perturbation on the bulk phonon branches due to relaxation is larger than on other 

metals, causing surface and subsurface atoms to vibrate at frequencies above the bulk spectra.  On 

Li, all four surfaces displayed a surface or subsurface localized mode above the bulk bands. On 

the (100) and (110) surfaces, this localized mode appears above the bulk bands in a small region 

of k-space, shown in Fig. 23, 25, 28, and 29. As a result, on the (100) and (110) surfaces the xy 

direction ΘÙ(2) and the z-direction ΘÙ(2) increase, indicating an increase in the density of the 

high-frequency modes. The Debye temperatures on the (111) and (211) increase substantially 

more because the optic mode is present in all of k-space, not just a small region. 

 
FIG 84.  Relationship between the longitudinal density of states of Na in the [111] direction 
(black curve) and the density of shear-vertical states for a surface (blue curve) and 4th layer atom 
(red curve) in a relaxed Na(111) slab, at the zone center.  The stiffening of the modes in Na(111) 
subsurface atoms perturbs the high-density bulk modes at 3.5 Thz, which causes the surface 
atoms to vibrate at frequency where the density of bulk modes is very low (3.55 Thz).   
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The (111) surface Debye temperatures of Li are changed dramatically due to relaxation. 

The first and fourth layer shear-vertically polarized optic mode observed in the dispersion curves 

(Fig. 37) causes an increase in the first and fourth layer z-polarized ΘÙ(2) of 25 and 20%, 

respectively. The presence of highly localized modes clearly has a dramatic impact on the density 

of high-frequency states and the associated thermal properties. 

6.5. Conclusion 

The surface introduces two perturbations on the bulk phonon branches; reduced 

coordination and relaxation. Truncation is primarily responsible for most vibrational 

characteristics of atoms near a surface display. The changes in vibrational behavior due to 

truncation can be understood by the consideration of three things: the vibrational behavior of a 1-

D chain of harmonic oscillators, the bulk dispersion relation in the direction perpendicular to a 

surface, and the atomic coordination of near surface atoms.  

The second perturbation on the bulk phonon bands is the modification of interatomic 

force constants due to nonequilibrium charge density and relaxation.  This perturbation is closely 

connected to interlayer relaxation near the surface. Usually relaxation causes force constants 

between atoms to stiffen, resulting in higher vibrational frequencies. The impact of stiffening on 

the vibrational characteristics depends largely on the surface geometry, as well as the particular 

properties of the metal. It can cause new surface modes and resonances, or cause surface 

vibrations to be more strongly coupled to the vibrations of bulk atoms.   In the case of the alkali 

(111) surfaces and all of the Li surfaces, new localized vibrational modes are formed.  

  



174 

CHAPTER 7 

7. CONCLUSION AND FUTURE WORK 

I have used the EAM in the construction of a MATLAB program that is capable of 

examining the vibrational behavior of a huge number of systems. The specific systems explored 

in this thesis are the bulk bcc metals Li, Na, K, Rb, Cs, Nb, Ta, Mo, W, and Fe, the bulk fcc 

metals Ni, Cu, and Al, the (100), (110), (111), and (211) surfaces of the Li, Na, K, Rb, Cs, and 

the (100), (110), and (111) surfaces of Ni and Cu.  

I have conducted a detailed and thorough review of existing EAM models and their 

ability to characterize bulk vibrational behavior. By slightly modifying the potentials proposed by 

Wang and Boercker, I have shown the ability of an EAM model to predict the vibrational 

properties of the bulk alkali metals in excellent agreement with experiment. Additionally, I used 

the WB construction procedure to create similar EAM potentials for the fcc metals.   

The present work remedies the lack of computational investigation into bcc metallic 

surfaces by performing lattice dynamics calculations of the (110), (100), (111), and (211) alkali 

metal surfaces.  Additionally, the (111), (100), and (110) surfaces of Cu and Ni were examined, 

providing data on surface vibrations for a large variety of surface geometries. I have identified 

general relationships between surface phonons, surface coordination and atomic density.  

Additionally, the current research provides an accurate set of surface Debye temperatures for 

these metal surfaces. 

The changes in vibrational behavior due to the truncation of the bulk near a surface can 

be understood by the consideration of three things: the vibrational behavior of a 1-D chain of 

harmonic oscillators, the bulk dispersion relation in the direction perpendicular to a surface, and 

the atomic coordination of near surface atoms. In general, relaxation causes force constants 

between atoms to stiffen, resulting in higher vibrational frequencies. The impact of stiffening on 

the vibrational characteristics depends largely on the surface geometry, as well as the particular 
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properties of the metal. It can cause new surface modes and resonances, or cause surface 

vibrations to be more strongly coupled to the vibrations of bulk atoms. 

The EAM program I wrote has a great deal of potential for future research investigations. 

With slight adjustments it could be used to study the lattice dynamics of bimetallic interfaces and 

thin-film systems, explore the changes in lattice dynamics that occur as a result of surface 

reconstruction, or examine the complex lattice dynamics of vicinal metal surfaces. Additionally, 

small changes to the constituent equations, such as adjusting the form of the pair potential and 

atomic density function, or adding a piece to the total energy that accounted for angular forces, 

could result in a more successful description of transition metals such as Fe, W, and Mo. I 

consider the construction of this scientific tool, and the substantial programming effort to make it 

robust, efficient, and flexible, to be a significant product of my research efforts. 
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