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Abstract
The -electronic' band‘ structure of copper is cai¢ulated using
thé Empirical pseudopotent.i'al method (EPM). A nonlocal d-wave
ﬁo'tential With a damping factor is us_ed_, to provide the potehtial,
for 'the'dv— electron., The results agree well with the ava\ilablé :
experimental data and with theo'retical__band calculations us\ing
other methods. It is anticipated t.hat‘ the EPM can be used for -

other noble metals and even extended to noble metal compounds,

transition metals, and transition metal compounds.
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Pse@dbpoteﬁntials obtaine_d from experimental data have been
extremely valuable 1n yielding information abbut the electroni_c strﬁcture
of sol'id's. 1 Fermi surface' data has been uséd for rﬁetals, and optical
properties have yielded a vést amount of iﬁforndati’on about the poten-
tials appropriate té semicénductors and insulators. _1’ 2 This later
method Ahas’been. called the Empirical Pseudopotential Method (EPM)
and very accurate band structure calculations have resulted3 from
.its \application. It has evén been possible to associate the Ipseudo-
| potentiéls wlﬁh fhe atbms in é SémiCOnduétor compound and to use

these potentials in differen_tv crystal structures or different compounds. 4
It was this poséibility’ which motivated the present work. An EPM
scheme'fo.r the noble metals could allow band calculations of noble
metal compounds. We also antic’i’pafé that the present WIOI‘K c.ould
result in an vEPl\/[ 'fc.>r transition metals afid would allow calculations
of transition metal compounds;whichl are currently the objects of
intensivé study. |

| Because of the str"ong s-d interaction5 between the (45)1 and
('Sd)lo; electrons, and.the fact that the (Sd)10 electroris experience a
strong core potential, a local pseudopotential calculation is »nc;)t
possible. This is what has motivated some authors to try new schemes,
and some very successful analysis of the electronic properties of Cu6

: 7 c oy
have been done based on schemes which involve



- UCRL-19136

the miXing of the tight-binding ‘met_hod for the d-bands a.nd a
pseudopot‘ential— like method for the s- and p-—barnds. vWe_ have been -
able to treat the d-bands without resortingvto the tight-binding method
by us"mg an £ = 2 non-local potential. T'h'i.s method was av'lszo used
by Lee and Fal_icov‘8. for potassium and by Fong and Cohen® for KC1
The experimental inibrmation required for ouf calculations
are given by Spicer,lo Gerhardt‘“,_and,Fadléy and Shirley. 12 Spic ef,'
used photoerhission data to derive the'wic:lth of the d-bands ahd the
gap of the.'péband at L(Lg,) to the Fermi .level. The values for these
gaps are. 2;8 eV and O. 35 eV respectively. Gerhardt measufed_'the
piezorefiectance of Cu for different crystal orientations. He obtained
energy gaps between the fbill_’ed d-bands and the Vacant p band at X
‘as bwell_ as the gaps between the fil'led'p band and the vacant s band
‘-a.t-L. The values he obtained are E(X5—> X4,v)

o L_lu') =4,5 eV, where u refers to the upper L1 band.

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

= 4.0 eV and

E(L

3.0 eV by x-ray spectroscopy. We will compare these values with
the theoretical values after we describe the theoret ical'ca:lculation_.
" The crYstal structure of copper is f.c.c. with lattice constant

13

a = 3.61 A, There is one atom per unit cell; we set the origin

of the coordinate systém atva Cu atom. The pseudopotential
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Heimiltonian has the form

.hZ o N N
’KZ*-%V + VL(I‘)+ V,NL(F> v (1)

Where VL(?) is the local pseudopotential and V is the non-

N ()
local pséudopotential which has been constructed to act on the d-electron

states. The potential VL(?) is ex anded in the reciprocal lattice

v (r) = ZV@ T o (®
G|
where G is a reciprocal lattice vector in units of am/a)

V(é) is the pseudopotential form factor and ) is the volume of the
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 _evquation'corresponding to Eq. (1). For energies,

1
exactly. For E, < k + §|2§ E, the states aretreated using

the -dedinM pertufbation scheme as modified by Brust. 15.

The form of the d-like nonlocal pseudopotential is3f’ 4

IE + 6| 25 F ., in units of (211/&)2 the Hamiltonian is treated
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where ﬁj is the lattice vectof. 'P2T ~and P, are 'projection operators.

They act on the two wavefunctions respectively when the matrix elements

of the VNI are calculated and project out the ¢ = 2 component only.
— _ ~ - vy — _ — <
Vz(r Rj) A2 for !rr Rj| < RS
= 0 otherwise . _ (4)
A2 and Rs are treated as disposable parameters. Tn order to obt.ain

good convergence for the énerqy of the d-bands, we use a E-dependé}nt
damping factor similar tov the oné given' by Jacobs. 16 The matrix

elements of the V the'n take the following form:

NL
(k +G_,|VNL|1<+G'> - | | (5)

' 1 —— 2
L ‘a{@[ ksG] - "‘]}
e | (kG |V [kCYY - e
where G and Kk are treated-as parameters and kF ‘is the Fermi
momentum of éop‘per in the free electron approximation. We neglect
the contribution of V. . for E. < |k + é|2 <E.. Evenwith the

o NL 1 -2

above damping factor, we still require El = 26.1 and EZ =50.1
in order to have the convergence of the fvew important energy gaps at

T, 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,
A

5 =- 9.9044 Ry, R_=0.814 &, 0 =0.433 and 1¢=2.63(2r/a).

If a continuous curve is fitted to the local p,seudopotent'ial' form factors,
the first vze.r‘o is 'at k = 19 kF" The cor_'.r'espondinq valqe giyen by |
I—Iarrisonl'7 isat 1.76 k. The Valde of R, is sméller than the radius
~of the 'free Cu+ ion Whic'h is 0.96 A 18 The value of k is set roughly
éq?ual to the average length of the véctor G contributing to the band

| X5 for |§ | 2 < E]' In this Way;-We qe‘_t the best convergénce for the
energ'ies of the d-ba_nds. Because of the tlme_éon‘sum’ed in diagonalizing
é matrixxbf size 140 ><’140; we have caléulat;ed thé_ band structure only
:for 46 points._.in 1/48th of the Brillouin 'zo.ne. .The band structure is
plotted in Fig, 1. The width of thle.d—bands can bé specified roughly‘
by the enefgy gap of X1 - X5. ‘For the presentv cas'e," the gap is at

3. 29 eV which agrees reasonably well with the exper:imentav'l value of
3.0 eV, The calculated energy gap X5 —*X4 is 3.95 eV and the gap
‘of_ Lé, ad Llu- is 4.26’ eV. These aqrée well with the corresponding
values deférmined by Gerhardt of 4.0 and 4. 5 eV respectively. The
density Aof -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 respéct to the Fermi

sufface E_) and ends up at - 5.2 eV; 'the correspbnding measured

7
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results by Spicer are - 2.1 eV and - 5.44 eV. The peak positions
in the ca‘lcﬁlati_ori are - 2., - 3.4 and - 4.3 eV. The experimental
results are - 2. 1, - 3.62and - 4.66 eV. the agreérrient is quite good.

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

results. This discrepancy also appeafs in the.cal"culations by Snow_. 19

It is_interesting to compare our present results with a few

represe‘ntative 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 experimehtél data. |

| The agré.ement between thé EPM and the o_ther firs't-prin‘cip'les
‘calculations is very en_couraging, and we believe that these results

should encourage EPM calculations for other noble metals, noble

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

Table I.'_' Comparison of preéent results with 2 few representative cal- |

culations by various methods and the experimental data.

Fiqure Captions
| Figure 1. BRand structure ofvcopper.
Figure 2. The density of states derived from the band structure and

from experiment (Spicer, ref. 10).




Table I,

& \v 9 Loy 12
ﬂ§¢§ﬁ %3 Segall5 Snow:19 Butler%O Gerhardt11 Spicer10 J?adley Cohen
2 o, ' “ete ’ - | Shirley
L} 3 . a . )
Symm € ¢ (Green's .(APW) (MOPW) - ~ (exp.) (exp.) (exp.) Fong
€ty & function) Slater=5/6 S . . 3 :
FZS' > r12 1.03 0.73 0.79 0.8
ry - P25. 4.47 4.94 5.41 4.99
x1 > x5 4,12 2.96 3.45 2.8 3. 3.29
X, > X, 3.6 2.51 3,01 2.96
X > X, 4.69 4.18 3.92 4, 3.95
u* N —
L, L1 5.74 4.6 4,5 4.26
3 ‘ .
L3 > sz 3.6 3.06 2.95 3.24
L2.+ EF 0.63 0.35 0.35 0.35
EF > X, 2.39 2.26 2.29

' u means

* The subscripts

the upper L1 band.

2 means the lower L3 bands,

-‘[‘[.—

9€£T6T-T40N
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