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ABSTRACT 

The longitudinal microscopic frequency- and wave-vector-dependent dielectric 
function e(q, w) is calculated for copper for wave vectors in the two main 
crystallographic directions namely, [100] and [111] for energies 
2 < liw ~ 4 Rydberg. The energy eigenvalues and wave functions which are used 
have been obtained from realistic energy-band calculations based on the modified 
augmented plane wave (MAPW) method with Chodorow potential. 

A peak is found in the energy loss spectrum (ELS) at 2.1 Rydberg which moves 
gradually to high energy side with increasing 1q I. A comparison is made between 
the present results and Qur previous calculations. 
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FREQUENCY-AND WA VE-VECTOR-DEPENDENT LONGITUDINAL l\fiCROSCOPIC 

DIELECTRIC FUNCTION AND ENERGY LOSS SPECTRUM FOR COPPER(II) 


1. INTRODUCTION 

Earlier papers in this series [1-4] have been The weight factors g(k j ) satisfy the relation, 
concerned with the interpretation of the complex 
dielectric function (CDF) and energy loss spectrum L g(k j ) = 1 (3)
(ELS) of copper in the main crystallographic direc­ kjE IRBZ 

tions, namely, [100], [110], and [111] in two ranges In practice, each cube must be weighted appropri­
of energies, 2 < Aoo ~ 4 Rydberg, [1, 2] ately to give the correct effective volume of integra­
(1 Ry =13.6058 eV) and 8 < Aoo ~ 10 Ry [2, 3, 4]; tion -w; [7]. Thus the problem is reduced to the 
also, we have studied [5] the behavior of both CDF evaluation of the following integrals: 
and ELS in the three above-mentioned crystallogra­

phic directions in the range of energies 0 < Aw ~ 2 Ry. II = r 8(A + B1x+ B2y+ B3 Z) dx dy dz (4) 


We want in this paper to survey the CDF and ELS ~ C+UI X+U2Y+U3 Z 
of copper through some choosed calculations at the 
range of energies 2 < Aoo ~ 4 Ry in two crystallo­ I, = [ 8(A+B,x+B,y+B,z) 
graphic directions, namely, [100] and [111]. 

x 8(C+U1X+U2Y+U3Z) dx dy dz, (5) 
2. METHOD OF CALCULATIONS 

with 
We have given in our previous work [4] (hereafter 

A = Ep-Ebkreferred to as Part I) the main equations about the 
B = -v EbkMAPW -wave functions, the matrix elements such as 

(b', k+q+G*,exp(iq'r)lb, k) and the longitudinal C = Ebk-Eb',k+q±Aoo 
microscopic dielectric function. For the purpose of 

U =V(Ebk-Eb',k+q)' (6)
numerical calculations and integration in k-space the 
longitudinal microscopic dielectric function can be For the fine details of evaluation of both k-space 
written as [5]: integrals and the used subroutines see references [5-7]. 

4e
2 (211')3 1 

e(q+G, q+q', (0) = 8G,G' -7 - -;;- Iq+GI2 

x L L L g(k j ) (bkjlexp{-i~-I(q+G)'r}1 
kjEIRBZ b, b' P 

(1) 

with the same definitions as given in Part I. ~ is that 3. RESULTS AND DISCUSSION 
element of the cubic point group which projects the We have choosen for the present work three 
vector k+q+G* into the irreducible wedge, IRBZ, P-vectors in the two main crystallographic directions, 
kx ~ ky ~ ~ O. Ep is the Fermi level. By using the kz namely, [100] and [111] for energies 2<Aoo~4 Ry.
weighting factors g(k j ) the dielectric function may be Table 1 gives the corresponding values for q and G 
expressed by sums of integrals, each of them for these P-vectors in units of 2'i1'/a.
extended over one cube of volume Ycube [6]. Inside 

We have found [5] for these P-vectors the peaks in each cube the matrix elements are approximated by 
the ELS, whose energy position is given in Table 2.their values at the center of the cube, k j , whereas the 

energies are approximated by a Taylor expansion up It is well known today [5, 8] that the characteristic 
to the linear terms [7]. energy loss spectrum of copper is not free-electron-like, 
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Table 1. P =q +G in Units of 2Trla 

P q G 

(Y4, 0, 0) (Y4, 0, 0) (0,0,0) 

(1,-2, lJ2, 1,-2) (1,-2, Y2, 1,-2) (0,0,0) 

(3,0,0) (1,0,0) (2,0,0) 

Table 2. The Energy Position (Ry) in 
the ELS for Energies 0 < liw ~ 2 Ry 

as Calculated in Reference [5]. 

First Second
P 

Peak Peak 

(Y4, 0, 0) 1.39 1.87 

(1J2, 1/2, 1/2) 1.65 1.85 

(3,0,0) 1.68 

but its character is ascribed to the interband transi­
tion from the 3d-bands to the empty bands. 

Figure 1 shows the ELS of copper for energies 
2 < lioo::S;; 4 Ry for the mentioned above P-vectors. 
The fixed peak at about 2.1 Ry for both 
q == (lJ4, 0, 0) (211'la) and q == (112, 1/2, 112) (211'/a) 
was found also in the [110]-direction [1], which 
proves that this peak is fixed one in the characteristic 
energy loss spectrum of copper. The position of this 
peak is moved to about 2.3 Ry for P == (3, 0, 0) (211'/a). 
The gradual movement of the peaks to high energy 
side with increasing Iq I was also noticed [1, 5, 8]. 

We believe that the 2.8-peak in the ELS which 
appears in the case of P = (3, 0, 0) (211'/a) is a 
numerical error which appears also in the calcula­
tions of both real and imaginary parts (see Figures 6 
and 7). The expected origin of such an error is 
discussed later. 

One can also notice that the real part has nothing to 
do with the shape of the ELS for P == (3, 0, 0) (211'/a) 
(£1=1 and £2 is small; then Im(-£-I)=£2)' This can 
also be seen by comparing Figures Ie and 7. This 
straightforward behavior of the ELS is due to the 
excitation of core electrons [9]. 

Figures 2-7 show the real part, £1' dotted curves, 
and the imaginary part, £2, dot-broken curves, with 
the same notations as in Part I. 

3.1. Comparison with Experiments 

Since the theoretical calculations of neither £(q, (0) 
nor the energy loss spectrum results exist presently 
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Figure 1. The Imaginary Part of the Inverse Dielectric 

Function, Im(-lIE). 


(a) q = (114, 0, 0) (2Tr/a); (b) q = (112, 112, 112) (2Tr/a); 

(c) P = (3, 0, 0) (2Tr/a). 
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Figure 2. The Real Part elq, w) for q = (1/4, 0, 0) (2,"/a). 
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Figure 3. The Imaginary Part eiq, w) for q = (1/4, 0, 0) (2,"/a). 

406 The Arabian Journal for Science and Engineering, Yolume 13, Number 3. 



A. S. Seoud 

1.000 

.110 

•100 

•850 

.800 

.750 

"C .10••It•. IO~ EPSRENX- ... EPSReUN- .74-2 


E) 


.......... 
 . //....................../ ...................\\..... ................... 


........ 


!\ /"\.j

\/ 
2.0 2.5 3.0 3.5 '.0 

Aw(Ry) 

Figure 4. The Real Part EJfq, w) for q = (112, In, 112) (2Tr/a). 
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Figure 5. The Imaginary Part E2(q, w) for q= (112, In, 112) (2Tr/a). 


The Arabian Journal for Science and Engineering, Volume 13, Number 3. 407 




A. S. Seoud 

1.013 

1.088 

1.079 

1.073 

. 1.088 

1.059 

P-c3. 00 • 0 . 00 .0 • 00> EPSREHAX- 1.015 EPSREMIH- 1.010 

J 

........./ ••..•......................//\•....:.......... /, 

...! i......·........... 


•••••••••••••• • ••• *..... 

.... ~ ........ ,.' ......... ~ .~ .. ,..... ' ........................ 


2.0 2.5 3.0 3.5 

Iiw(Ry) 

Figure 6. The Real Part £lq, (0) for P = (3, 0, 0) (2Tr/a). 
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Figure 7. The Imaginary Part eiq, (0) for P = (3, 0, 0) (2Tr/a). 
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for this energy range, our comparison with experi­
ment can only be qualitative. Let us make the trick, 
to be able to use the experimental available data. 
If we take our results for q = (V4, 0, 0) (2'7t'/a) and 
forget for instance the q-dependence of E, i. e. 
E(q,W)~E(W) [9]. This is reasonable in our case 
because I q I is small compared with the smallest 
reciprocal lattice vector in this direction, 
Go = (2, 0, 0) (2'7t'/a). The expected relative error in 
the ELS owing to this assumption is less than 80/0 
[5], which lie within ~he experimental error. Also the 
energy loss spectroscopy experiments are mainly 
done in the optical region, i.e., Iql~O. Now we can 
avoid the lacking of q-dependent calculations or 
experimental results in this energy region. For 
example we will calculate the absorption coefficient, 
fJ., at certain energies and compare our results with 
other workers; fJ. is given as [10]: 

2w 
- {V2[(Ei+E~)1I2_E1]}1I2 . (7)

C 

In Table 3, we give our calculated results according 
to Equation (7) from our results for E1, Figure 2, and 
E2, Figure 3, as present work compared with other 

1results, in units of 105 cm- . 

Table 3. Comparison of the Absorption Coemeient (f.L) 
with Other Work in Units of lOS em-I. 

Presenthw (Ry) HKS [11] SHK [12] WG [13]
Work 

2.06 10.6 9.0 

3.10 8.3 7.7 7.7 5.8 

4.00 6.4 6.7 6.7 5.2 

From Table 3, one can see that our values offJ. are 
in reasonable agreement with the tabulated values, 
taken into account that those of HKS (or SHK) are 
20-400/0 higher than' from WG [13]. 

A. S. Seoud 

From Figure 1, we can see that there are five common 
peaks in our ELS which are tabulated in Table 4. 

The 2.06 Ry peak is very famous in the literature 
(see for example reference [14] and references 
therein) this peak moves gradually as I q I becomes 
greater which is noticed also in the [110] direction [1]. 
The other peaks in ELS move also to high energy 
side but some of them are decayed (see Table 4). 
The movement of peaks in the ELS to high energy 
side is noticed also from Kubo [8] and Seoud [5]. 
The stability of some peaks and the movement of 
others can be explained in the basis of the band 
structure of copper as a result of electron transitions 
between broad maxima and minima as for example 
near the L-point. 

As noted by Wehenkel [15] peaks in the density of 
oscillator strength f(E) in this energy range occur 
near minima of ELS. Due to Feldkamp and others 
[14], their f(E) curve has two minima at 3.09 
and 3.67 Ry. Those values are in very good 
agreement with the fourth and fifth ELS-peaks for 
q = (V4, 0, 0) (2'7t'/a), (see Figure 1a). Moreover 
Wehenkel and Gauthe [10] proved that peaks in fJ. 
are due to slope change in E2-curve and to a shoulder 
in E1-curve which appears in the same energy range. 
According to the fJ.-curves of HKS [11], HGK [16] 
and WG [13], there is a peak at 3.09 Ry which is 
very clear in the HKS-curve and much weaker in the 
WG-curve. Another fJ.-peak is situated at 3.45 Ry in 
the HGK [16]-curve, which is not clear in the other 
two curves. On examining El and E2 curves, Figures 2 
and 3, it can be observed that both features are very 
clear near 3.1 Ry and 3.45 Ry, which indicates that 
there are fJ.-peaks around those energies. 

3.2 Sources of Errors in k-Space Integration 

The sources of error in the k-space integration 
are well known, but it is very difficult to make any 
quantitative estimate of these errors [17]. 

Table 4. ELS Peaks for 2 < hw ~ 4 Ry. 

Energy Position (Ry) 

P/(2'IT/a) First Second Third Fourth Fifth 
Peak Peak Peak Peak Peak 

(Y4, 0, 0) 2.06 2.33 2.70 3.09 3.64 

(Y2, 1/2, Y2) 2.13 Decayed 2.73 3.14 3.68 

(3,0,0) 2.31 2.52 Decayed Decayed Decayed 
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One of the most important sources of error in the 
k-space integrations is that associated with the 
possible degeneracies in the energy eigenvalues 
which caused troubles in the calculations of energy 
gradients (but see reference [18] which avoid such 
problems in the calculations). The second error is 
associated with the linear approximation of the band 
structure inside the cubes (Equation 2). 

For other sources of numerical errors and how can 
one overcome this problem, see references [5, 17]. 

3.3. The Time Needed for Our Calculations 

Table 5 gives the computational time needed for 
the calculation of the dielectric function £ per energy 
liw at computer model "CYBER 175" for the three 
main crystallographic directions [100], [110], and 
[111], and also the computational time for the matrix 
elements (exp i(q+G)·r). 

Table 5. The Computational Time in Seconds. 

The Matrix Elements 
Time for E

Direction (exp i(q+G)·r) per Ito)
(75x75) 

[100] 30 50 

[110] 30 100 

[111] 30 65 
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