
Lawrence Berkeley National Laboratory
LBL Publications

Title
ENERGY BAND STRUCTURE OF COPPER BY THE EMPIRICAL PSEUDOPOTENTIAL METHOD

Permalink
https://escholarship.org/uc/item/85c0m31j

Authors
Fong, C.Y.
Cohen, Marvin L.

Publication Date
1969-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/85c0m31j
https://escholarship.org
http://www.cdlib.org/


Submitted to Physical Review Letters 

ENERGY BAND STRUCTURE OF COPPER BY THE 
· RECEIVED EMPIRICAL PSEUDOPOTENTIAL METHOD 

lAWRENCE 
lAO\Al\OM lASORAlORY 

JP..N z 8 1970 

1..\BRARY AND 

U""ENTS SECTION ooc l'fl 

C. Y. Fong and Marvin L. Cohen 

December 1969 

AEC Contract No. W-7405-eng-48 

TWO-WEEK LOAN COPY 

This is a librar~ Circulating Cop~ 
which ma~ be borrowed for two weeks. 
for a personal retention cop~. call 

Tech. Info. Division, Ext. 5545 

UCRL-19136 
Pre print 

LAWRENCE RADIATION LABORATORY 
UNIVERSITY of CALIFORNIA BERKELEY 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. -

'' '· 

.'·· 



-1- UCRL-19136 

Energy Band Structure of Copper by the 

Empirical Pseudopotential Method 

C. Y. Fong 

Inorganic Material Research Division 

Lawrence Radiation Laboratory, Berkeley, California. 

Department of Physics, University of California 

* Davis, California 

t ** Marvin L. Cohen ' 

Department of Physics and Inorganic Materials Research Division 

University of California 

Berkeley, California 

* Present address. 

t Professor, Miller Institute for Basic Research in Science, 1969-70. 

** Supported in part by the National Science Foundation. 



- 2- UCRL-19136 

Abstract 

The electronic band structure of copper is calculated using 

the Empirical pseudo potential method (EPM). A nonlocal d-wave 

potential with a damping factor is used_ to provide the potential 

for the d- electron. The results agree well with the available 
'-

-
experimental data and with theoretical band calculations using 

other methods. It is anticipated that the EPM can be used for 

other noble metals and even extended to noble metal compounds, 

transition metals, and transition metal compounds. 



UCRL-19136 
- 3-

Pseudopotentials obtained from experim~~ntal data have been 

extremely valuable in yielding information about the electronic structure 

of solids. 1 Fermi surface data has been used for metals, and optical 

properties have yielded a vast amount of information about the poten­

tials appropriate to semiconductors and insulators. 1' 
2 

This later 

method has been called the Empirical Pseudopotential Method (EPM) 
. ~ 

and very accurate band structure calculations have resulted" from 

its application. It has even been possible to associate the pseudo-

potentials with the atoms in a semiconductor compound and to use 

these potentials in different crystal structures or different compounds. 4 

It was this possibility which motivated the present work. An EPM 

scheme for the noble metals could allow band calculations of noble 

metal compounds. We also anticipate that the present work could 

result in an EPM for transition metals and would allow calculations 

of transition metal compounds,which are currently the objects of 

intensive study. 

Because of the strong s-d interaction5 between the (4s) 1 and 

. 10 10 . 
(3d) electrons, and the fact that the (3d) electrons experience a 

strong core pJtential, a local pseudopotential calculation is not 

possible. This is what has motivated some authors to try new schemes, 

and some very successful analysis of the electronic properties of Cu 6 

have been done based on scherrHc~s 7 which involve 
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the mixing of the tight-binding method for the d-bands and a 

pseudopotential-like method for the s- and p- bands. We have been 

able to treat the d- bands without resorting to the tight- binding method 

by using an p = 2 non-local potential. This method was also used 

by Lee and Falicov
8 

for potassium and by Fong and Cohen9 for KC L 

The experimental information required for our calcuLations 

are given by Spicer, 10 Gerhardt 11 and.Fadley and Shirley. 
12 

Spicer, 

used photoemission data to derive thew idth of the d-bands and the 

gap of the p-band at L(L2,) to the Fermi level. The values for these 

gaps are 2. 8 eV and 0. 35 eV respectively. Gerhardt measured the 

piezoreflectance of Cu for different crystal orientations. He obtained 

energy gaps between the filled d- bands and the vacant p band at X 

as well as the gaps between the filled p band and the vacant s band 

at L. The values he obtained are E( x
5

-+ x
4
J = 4. 0 eV and 

· E(L 2, -+ Lt) = 4. 5 eV, where u refers to the upper L
1 

band. 

Fadley and Shirley determined the width of the d- bands to be 

3. 0 eV by x-ray spectroscopy. We will compare these values with 

the theoretical values after we describe the theoretical calculation. 

The crystal structure of copper is £.c. c. with lattice constant 

a = 3. 61 A. 13 There is one atom ~er unit cell; we set the origin 

of the coordinate system at a Cu atom. The pseudopotential 



- 5 - UCRL-19136 

Hamiltonian has the form 

where V L (;) is the local pseudopotential and V NL (;) is the non­

local pseudo potential which has been constructed to act on the d- electron 

states. The potential V L(;) is ex )anded in the reciprocal. lattice 

_.. . iG • r L 
_.. _.. 

= V(G) e ( 2) 

131 
_.. 

where G is a reciprocal lattice vector in units of ( 2TT /a); 

V(G) is the pseudopotential form factor and n is the volume of the 

. _.. ,- 12 unit cell. We have truncated V(G) at G _::: 12. The periodic part 

of the wavefunction is expanded in a plane wave set to solve the 

secular equation-corresponding to Eq. (J). For energies, 

I
_.. ---,2 . 2 
k + G .2: E 1 in units of (2TT/a) the Hamiltonian is treated 

1.... ---12 exactly. For E 1 < k + G 2 E 2 the states are treated using 

the L5wdin14 perturbation scheme as modified by Brust. 15 

The form of the d-like nonlocal pseudopotential is 3' 4 

( 3) 
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where 1\ is the lattice vector. · P 2t ·and P 2 are projection operators. 

They act on the two wavefunctions respectively when the matrix elements 

of the V NL are calculated and project out the £ = 2 component only. 

= 0 otherwise . ( 4) 

A 2 and R are treated as disposable parameters. In order to obtain s . -good convergence for the energy of the d-bands, we use a k-dependent 

damping factor similar to the one given by Jacobs. 
16 

The matrix 

elements of the V NL theh take the following form: 

( 5) 

{ 
1 ~-

-a 21{[ lk+G I 
F . e 

where a and K are treated,as parameters and kF is the Fermi 

momentum of copper in the free electron approximation. We neglect 

1
- ~,2 the contribution of V NL for E 1 < k + G ~ E 2. Even with the 

above damping factor, we still require E
1 

= 26.1 and E 2 =50. 1 

in order to have the convergence of the few important energy gaps at 

r, X and L to be within 0. 1 eV. The size of the matrix is of the 

order of 140 X 140. 
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The numerical values for the parameters are: V(111) = 0.0131 Ry, 

V(200) = 0.0189 Ry, V(220) = 0.0162 Ry, V(311) = 0.0014 Ry, 

. 0 .. 
A2 =- 9. 9044 Ry, R = 0. 814 A, a = 0. 433 and JC = 2. 63(2Tr/a). 

s ' 

If a continuous curve is fitted to the local pseudo potential form factors, 

the first zero is at k = 1. 9 kF. The corresponding value given by 

Harrison
17 

is at 1. 76 kF. The value of Rs is smaller than the radius 

of the free Cu + ion which is 0. 96 A. 18 The value of k is set roughly 

-equal to the average length of the vector G contributing to the band 

- 2 . . x
5 

for IG I .2: E 1. In this way; we get the best convergence for the 

energies of the d- bands. Because of the time consumed in diagonalizing 

a matrix of size 140 x 140, we have calculated the band structure only 

for 46 points in 1/ 48th of the Brillouin zone. The band structure is 

plotted in Fig. 1. The width of the d-bands can be specified roughly 

by the energy gap of x
1 

- x
5

. ·For the present case, the gap is at 

3. 29 eV which agrees reasonably well with the experimental value of 

3. 0 eV. The calculated energy gap x
5

- X 
4 

is 3. 9 5 eV and the gap 

of L 2, - L 1 u is 4. 26 eV. These agree well with the corresponding 

values determined by Gerhardt of 4. 0 and 4. 5 eV respectively. The 

density of states derived from the band structure is compared with 

the one given by Spicer in Fig. 2. The large density of states region 

starts at - 1. 8 eV (all energies measured with respect to the Fermi 

surface EF) and ends up at - 5. 2 eV; the corresponding measured 
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results by Spicer are - 2. 1 eV and - 5. 44 eV. The peak positions 

in the calculation are - 2. , - 3. 4 and - 4. 3 eV. The experimental 

results are - 2. 1, - 3. 62 and - 4. 66 eV. the agreement is quite good. 

The height of the first two peaks do not agree with the experimental 

results. This discrepancy also appears in the calculations by Snow. 19 

It is interesting to compare our present results with a few 

representative calculations5' 19 ' 
20

by various methods. We compare 

the results in Table I by listing the values of the important energy 

gaps along with the experimental data. 

The agreement between the EPM and the other first-principles 

calculations is very encouraging, and we believe that these results 

should encourage EPM calculations for other noble metals, noble 

metal compounds, transition metals, and transition metal compounds. 
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TableCaption 

Table I. Comparison of present results with a few representative cal­

culations by various methods and the experimental data. 

Figure Captions 

Figure -1. Band structure of copper. 

Figure 2. The density of states derived from the band structure and 

from experiment (Spicer, ref. 10). 



Table I. 

~ ~ 5 19 1 20 l 
~ ~~ ~ Segall Snow But er, Gerhardt 

'0 ~,t. o...., 
(Green's (APW) 

etc. 
SyllJ!n ~~ 1P (MOPW) (exp.) 

e tJ:" :o<S> function) Slater=5/6 y 

r2s'-+ r12 1.03 0.73 0.79 

r1-+ r2s' 4.47 4.94 5.41 

X -+ X 4.12 2.96 3.45 
1 5 

I 

x3 -+ xs 3.6 2.51 3.01 

xs-+ x4, 4.69 4.18 3.92 4. 

u* 
L ,-+ L 

2 1 
5.74 4.6 4.5 

Q.* 
L -+ L I 

3 2 
3.6 3.06 2.95 

L 1-+ E 
2 F 0.63 0.35 

EF -+ x4 , 2.39 2.26 

* The subscripts u means the upper 11 band. 
I t means the lower L

3 
bands. 

I 

Spicer 10 

(exp.) 

I 

2.8 

I 
I 
I 
! 

I 
I 

0.35 
I 

-
Fad ley 12 

Shirley 
(exp.) 

3. 

I 
I 

Cohen 

Fong 

0.8 

'·· 99 

3.29 

2.96 

3.95 

4.26 

3.24 

0.35 

2.29 

I 
1-' 
1-' 
I 

c:; 
0 
c:u 
r-' 
I 
1-' 
\0 
1-' 
w 
0'\ 
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