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ABSTRACT

In this paper, the ground state properties i.e. electron momentum density and X-ray structure factors of fcc-copper are
presented. The Am**' Compton spectrometer, which uses 59.54 keV gamma-rays, has been used for the Compton profile
measurement. To compare the experimental data, the Compton profiles within the framework of linear combination of
atomic orbitals (LCAO) method using Hartree-Fock (HF), density functional (DF) and hybrid B3PW schemes embodied
in the CRYSTALOG6 code have been computed. Among the various theoretical calculations, it is found that the present
experimental data is in very good agreement with the hybrid B3PW scheme. A real-space analysis of the experimental
Compton profile shows the metal-like behavior of copper. The structure factors for copper are computed using hybrid
B3PW scheme and compared with available experimental and theoretical data.
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1. Introduction

The transition metals, owing to their partially filled d-
shell valence electrons, exhibit versatile and useful prop-
erties in forming oxides, alloys, ceramics, etc. The basic
ground-state electronic and structural properties of cop-
per attract much attention from scientists [1-22]. Fong
and Cohen [1] employed the empirical pseudopotential
method to investigate the electronic band structure of
fcc-copper. The Compton profiles of fcc-copper have
been measured along the [100], [110] and [111] direc-
tions by Eisenberger and Reed [2] using Te'*™ 160 keV
gamma-rays source. They found the presence of d-type
bonds in the [110] direction. Kanhere and Singru [3]
have been investigated the electron momentum distribu-
tion in copper using renormalized-free-atom (RFA) mo-
del. Directional Compton profiles of copper have been
measured by Pattison ef al. [4] by means of 412 keV
gamma-rays. Momentum density of all occupied states of
copper has been calculated by Bross [5] using the modi-
fied augmented plane wave (MAPW) method. The elec-
tronic band structure of copper along [001], [110] and
[111] directions have been reported by Courths et al. [6]
using angle-resolved photoemission spectra and they
found that the experimental band structure below the
Fermi energy shows the spin-orbit splitting of the d-
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bands. Bauer and Schneider [7] reported the band struc-
ture calculations of copper and compared with the ex-
periment. They found that the significant discrepancies
for the Compton profile anisotropies do not originate
from inaccurate solutions of the Kohn-Sham self-consis-
tent equations, but from a non-local momentum density
correlation correction functional. Further, they also inves-
tigated the non-local exchange-correlation and correlation
effects on Compton profile of copper [8,9]. Petrillo and
Sacchetti [10] calculated the Compton spherical profiles
of copper employing the one-particle Green function.
Heller and Moreira [11] reported the Compton profiles
measurements on copper for three scattering angles (30°,
15° and 10°) using 662 keV gamma- rays. Chang et al.
[12] measured the isotropic Compton profile of some
transition metals including copper using Cs"’ source and
compared with RFA model. The first ab-initio quasiparti-
cle calculation for copper has been employed by Marini et
al. [13]. They found that exchange effects between d
electrons and 3s, 3p core states play a key role and cannot
be neglected in the calculation of the QP corrections.
Winkelmann et al. [14] reported the clear influence of
coherent excitation pathways in three-photon photoemis-
sion from copper (001).

Among structural properties, the relativistic Hartree-
Fock atomic field method has been employed by Doyle
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and Turner [15] to explore the X-ray and electron scat-
tering factors of copper. Wakoh and Yamashita [16] re-
ported the theoretical form factors of 3d transition metals
including copper using charge density distributions ob-
tained by the band calculation. The band structure calcu-
lation of Bagayoko et al. [17] for structure factors using
Gaussian orbitals and a local exchange correlation poten-
tial, gave a good fit to photoemission data. The effective
isotropic Debye-Waller (DW) factor for copper has been
measured accurately by Schneider ef al. [18] using Bragg
gamma-ray diffraction at 50 K and room temperature.
Eckardt er al. [19] investigated the good-quality self-
consistent charge densities and converged excited bands
up to 30 eV above the Fermi level in some noble metals
including copper. Petrillo et al. [20] also employed the
gamma-ray diffraction to determine the structure factors
in some elemental solids including copper. The zone-axis
convergent-beam electron diffraction (CBED) has been
applied by Saunders et al. [21] to explore the low-order
structure factor in copper. Friis ef al. [22] have measured
the accurate low-order structure factors for copper metal
using qualitative convergent beam electron diffraction
(QCBED). Thus, structure factors of copper have been
studied by many researchers using different methods
over the last 40 years. A new data set is added here using
the hybrid scheme of LCAO method.

The Compton scattering measurement, which gives a
spectrum of inelastically scattered photons from elec-
trons in a sample, is useful to probe the electronic struc-
ture of materials [23]. The Compton profile, J(p.), which
is one dimensional projection of the electron momentum
density p(p), along the usually chosen z-axis of a carte-
sian co-ordinate system can be given as

J(p.)=[ [ 2 (P)x(p) dp.dp, (1)

Px Dy

here the momentum space wave function y(p)is sim-
ply a Fourier transform of the real space wave function
y/(r). In this paper the Compton profile study of copper
using 59.54 keV gamma-ray source is presented. For the
theoretical Compton profiles, LCAO calculations em-
bodied in CRYSTALO6 code [24] have been used. Being
an observable derived from ground state charge density,
we also calculate the X-ray structure factors which are
compared with the available experimental and theoretical
results. These have further usage in structure refinement
techniques for the experiments to appear in future. An
outline of this paper is as follows: After a brief descrip-
tion of the experiment and data analysis (Section 2),
computational details are discussed in Section 3. In Sec-
tion 4 the results and discussion are given and the last
Section 5 summarizes the results of this investigation. In
this paper, all quantities are in atomic units (a.u.) where e
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=h=m=1 and ¢ = 137.036, giving unit momentum
=1.9929 x 10 kg'm's', unit energy = 27.212 eV and
unit length = 5.2918 x 107" m.

2. Experiment and Data Analysis

The measurement on copper was performed using the
Am**! radioisotope-based Compton spectrometer [25].
The sample were held vertically in an evacuated (~107
torr) scattering chamber. The y-rays of 59.54 keV were
scattered from the sample through a mean angle of 166°
(£3.0°). The scattered radiation was analyzed by an
HPGe detector (Canberra model, GLO110S), and associ-
ated electronics like spectroscopy amplifier (Canberra,
2010 model), an analogue to digital converter (Canberra,
8075 model) and a multi channel analyzer (Canberra,
S-100 model). To minimize the electronic drift in the
amplification and analogue-to-digital conversion, the
detection system was kept at an ambient temperature.
The drift in the electronic system was checked of by us-
ing a weak Am**' calibration source. The channel width
of the multi channel analyzer (MCA) was about 20 eV,
which corresponds to 0.03 a.u. on electron momentum
scale. The spectrometer had an overall momentum reso-
lution of 0.6 a.u. (Gaussian FWHM), which includes the
detector resolution and the geometrical broadening of the
incident and the scattered radiations. The Compton scat-
tering spectra was measured for around 17 h with total
peak counts around 30,000 for copper. To correct for the
background, measurement with sample holder was per-
formed for 17 h and the intensity was subtracted from the
measured spectra. Thereafter, the Compton profile was
corrected for instrumental resolution (stripping off the
low energy tail), sample absorption, cross section and
multiple scattering etc. using computer code of the War-
wick group [26,27]. To account for multiple scattering
corrections history of approximately 10 photons were
considered. The effect of multiple scattering was found
to be 10.38% in the —10 to +10 a.u for copper. Finally,
the profile was normalized to 12.473 electrons in the
momentum range 0 to +7 a.u. at the interval of 0.1 a.u.,
being the area of free atom Compton profile [28] in the
given range.

3. Computational Details

The CRYSTAL code [24] has been employed in the
computation.This code follows LCAO method under HF,
DFT and hybrid schemes [24,29]. In this method each
crystalline orbital w(r.,k) is a linear combination of Bloch
functions ¢,(7,k) defined in terms of local functions ¢,(7),
normally referred as atomic orbitals. The local functions
are expressed as linear combination of certain number of
individually normalized Gaussian type functions. In the
present calculations, the local functions of Cu were con-
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structed from the 86-4111G basis sets [30]. Two correla-
tion functionals namely the generalized gradient ap-
proximation proposed by Perdew and Wang (PW-GGA)
[31] and von Barth and Hedin (vBH) [32] were consid-
ered and the exchange potential of Becke [33] was em-
ployed to generate the crystal Hamiltonian. The hybrid
B3PW scheme [29,34,35] is also considered for copper.
The B3PW scheme is very similar to the B3LYP [36],
except that the PW-GGA correlation scheme is consid-
ered instead of the correlation scheme of Lee, Yang and
Parr [37]. The optimization has been performed with fcc
crystal structure ( Fm3m -type) of copper with lattice con-
stants @ = 0.361 nm [1]. The integration in the reciprocal
space has been carried out on a grid of 29 k points in the
irreducible Brillouin zone. To achieve self-consis-tency
55 percent mixing of successive cycles was considered
and the self-consistency was achieved within 14 cycles.

4, Results and Discussion
4.1. Compton Profiles

The isotropic experimental and theoretical (B3PW,
PWGGA, vBH and HF) profiles of polycrystalline cop-
per are presented for some selected values of p, ranging
from 0 to +7 a.u in Table 1. Errors at a few points are
also given. To examine the agreement between theory
and experiment, the difference profiles (convoluted the-
ory-experiment) are plotted in Figure 1. It is worthwhile
to mention here that in order to compare the theoretical
values with the experiment; the theoretical values have to
be convoluted with the Gaussian function of FWHM 0.6
a.u. and normalized to 12.473 electrons in the momen-
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tum range 0 to +7 a.u. The figure reveals that in the low
momentum region i.e. 0.0 < p, < 0.8 a.u. the momentum
density predicted by HF is lower than the measurement
whereas momentum density predicted by other LCAO
based calculations are higher than the experiment. In the
intermediate region 0.8 < p.< 1.8 a.u., all the theoretical
data provide higher momentum density than the meas-
urement. The maximum differences shown by the B3PW,
PWGGA, vBH and HF with our experimental J(0) are
about 1.55%, 2.30%, 2.05% and 1.65% respectively.
Beyond 4.0 a.u., all theories show similar trend. This is
to be expected as this region is dominated by core elec-
trons which largely remain unchanged on solid formation.

To examine the overall agreement we computed y* and

found that the B3PW scheme gives the best agreement
with the experiment. In the inset of Figure 1, the differ-
ence between earlier and present measurement is also
given. It can be seen that present data is in very good
agreement with earlier measurement on copper [38]. Al-
though slight differences in the low momentum region
are seen which may perhaps be due to the modalities of
data acquisition and reduction technique.

As d electrons are present in copper, it leads to some
disagreement in the low momentum range (0.0 < p, < 2.0
a.u.). Thus, larger deviation seen in this region may
probably be due to the inadequate treatment of d elec-
trons in the LCAO calculations. As these electrons are
large in number, the inclusion of electron-electron corre-
lation effects by a better scheme like LP correction could
be useful in bringing the theory closer to the experiment.
Such a correction causes a shift of momentum density

Table 1. The unconvoluted theoretical (B3PW, PWGGA, vBH and HF) Compton profiles of copper. Also given here present
and earlier [38] experimental values. Experimental errors (o ) at few points are also given.

p. (a.u) J(p.) in e/a.u.
Experiment
B3PW PWGGA vBH HF Present Expt. [38]
0.00 5.337 5.369 5.355 5.244 5.162+ 0.017 5.188 £ 0.008
0.10 5.318 5.350 5.336 5.224 5.133 5.171
0.20 5.256 5.288 5.274 5.163 5.077 5.116
0.30 5.156 5.188 5.174 5.064 4.993 5.019
0.40 5.010 5.042 5.028 4919 4.879 4.890
0.50 4.832 4.8364 4.850 4.742 4.732 4.735
0.60 4.620 4.650 4.637 4.534 4.564 4.564
0.70 4415 4.440 4.429 4.342 4.388 4.383
0.80 4222 4235 4228 4.173 4213 4.198
1.00 3.891 3.885 3.884 3.894 3.876 £ 0.014 3.845 £ 0.007
1.20 3.608 3.593 3.597 3.638 3.566 3.528
1.40 3.322 3.306 3.312 3.366 3.284 3.253
1.60 3.034 3.018 3.024 3.079 3.010 2.993
1.80 2.737 2.723 2.729 2.779 2.750 2.732
2.00 2457 2.446 2.451 2.492 2480+ 0.011 2471 + 0.005
3.00 1.453 1.450 1.452 1.464 1.466 £ 0.008 1.466 = 0.004
4.00 0.846 0.845 0.846 0.852 0.871 £ 0.006 0.874 £ 0.003
5.00 0.564 0.563 0.564 0.568 0.593 £ 0.005 0.587 £ 0.003
6.00 0.408 0.408 0.408 0.410 0.429 £ 0.004 0.425 £ 0.002
7.00 0.305 0.304 0.305 0.305 0.321 + 0.003 0.314 + 0.002
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Figure 1. The difference between the theory (B3PW,
PWGGA, vBH and HF) and experimental Compton profile
of copper. The theoretical profiles are convoluted with a
Gaussian of FWHM 0.6 a.u. to mimic the experimental
resolution. The difference between earlier and present

measurements (AJ =J,(p,)—J,(p,)) is also presented in
the inset.

around the Fermi momentum. As a consequence of nor-
malization the agreement in the entire range may also
improve then.

To examine the directional features theoretically, the
directional Compton profiles of copper calculated along
the three directions i.e. [100], [110] and [111] from hy-
brid B3PW scheme. All profiles were convoluted by a
Gaussian function of 0.6 a.u. FWHM before deriving
these anisotropies. In Figure 2, anisotropies [110]-[100],
[110]-[111] and [111]-[100] for copper are plotted. The
anisotropies corresponding to [110]-[100] and [110]-[111]
are positive nature at p, = 0.0 a.u. It indicates large occu-
pied states along [110] direction at p, = 0 a.u. In the mo-
mentum region (2.0 < p, <4.5 au.), the anisotropy
[111]-[100] is very small because both the directions cut
the [110] bond at roughly the same angle (45° and 35°).
Thus, the direction [110] is unique and also may be the
direction of bonding in copper. All anisotropies are neg-
ligible in the high momentum region (p, > 4.5 a.u.) be-
cause the isotropic contribution due to core electrons
dominates in determining the momentum densities in this
region. The earlier measurements of Eisenberger and
Reed [2] on copper along the principle directions [100],
[110] and [111] confirm our scheme of computation and
anisotropies.

4.2. Autocorrelation Function

To predict the metallic behavior in copper, we have de-
duced the Compton profile yields in real space. It is
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Figure 2. Compton profile anisotropies [110-100], [110-111]
and [111-100] for copper. The anisotropies are computed
following the B3PW hybrid scheme. All anisotropies are
obtained from convoluted directional Compton profiles.

known that the consideration of the Fourier transform of
the Compton profile, rather than the profile itself enables
to circumvent the difficulties like relatively poor resolu-
tion, multiple scattering etc. [39]. This one-dimensional
Fourier transform of the Compton profile that yields ac-
curate information around the Fermi momentum of sim-
ple metallic systems is given by

1

1Y)y .
B(z)= (Z—JZ [J(p. )exp(-ip. 2)p. ()
For a free electron gas, the parabolic Compton profile
has a zero value at the Fermi momentum. Corresponding
to unit area of the parabola, the B(z) function is given by

B(z):%{w—cos (sz)} 3)
Prz Prz

So, for a free-electron based Compton profile, B(z) is
zero for p,z =4.493,7.725, 10904, 14.066.............
Further, the inclusion of core contribution does not
change the position of the zero crossings of B(z) function.
In Figure 3, the B(z) function of copper derived from the
experimental valence (experiment-convoluted core) has
been plotted. A similar approach was successful in pre-
dicting the free-clectron like behavior of a-Ga [40].
From Figure 3, it is seen that the B(z) curve cut horizon-
tal axis at z = 5.58 a.u. From this first cut, the p, value
comes to be 0.80 a.u., which is close to theoretical value
0.72 a.u. obtained from the free electron model calcula-
tion. Thus, the agreement between the free electron and
the experimental value of p, indicates the metal-like
character of copper.
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Figure 3. The autocorrelation i.e. B(z) function derived
from experimental valence (experiment-convoluted core).
Here z is the direction of scattering vector.

4.3. X-Ray Structure Factors

The static structure factors are very useful in analyzing
the X-ray diffraction data, charge density, and thereby
charge transfer and the bonding in solids [41]. The
structure factors are also derived from the ground state
charge density distribution in solids. One can obtain the
structure factors S(k), for a given reflection line identi-
fied by [hkl] using the following relation:

S(k) :IVp(r)exp(—i k.r)dr 4)

where the integration is performed over the unit cell giv-
ing total number of electrons in the unit cell for £ = 0.

In Table 2, the static structure factors for a few reflec-
tion lines of copper are presented. Column 2-5 contain
the earlier experimental structure factors derived from
Bragg gamma-ray diffraction [18,20], QCBED meas-
urement [22] and electron diffraction [21]. In column 6-9
we list the calculated structure factors of Wakoh and
Yamashita [16], Bagayoko et al. [17], and Eckardt et al.

[19], together with the free atom values of Doyle and
Turner [15] for neutral copper. The X-ray structure fac-
tors deduced from hybrid B3PW scheme are listed in last
column. These numbers are not processed with the mul-
tipole refinement procedure and correction due to ther-
mal effects. The differences from the neutral atom [15]
suggest reorganization of charge density on solid forma-
tion. The B3PW scheme underestimates the structure
factors unlike predicted by Doyler and Turner [15] for
neutral copper up to [220] plane but beyond [220] re-
verse trend is visible. The structure factors computed by
Eckardt ef al. [19] are larger than B3PW for all reflection
lines and all other experimental and theoretical values
are lower than the present data. Inclusion of correction
factor due to thermal effects may probably improve the
agreement. Thus, there is enough scope for experiments
with high statistical accuracy at synchrotron radiation
facilities which would provide more accurate structure
factors enabling rigorous comparison.

5. Conclusions

Compton profile and structure factors of polycrystalline
fcc-copper have been discussed in this work. The meas-
urement on copper is compared with the LCAO based
B3PW, PWGGA, vBH and HF calculations. All theo-
retical values are in good agreement with the measure-
ment. However, B3PW scheme shows best agreement
with the experiment. The structure factors computed us-
ing B3PW scheme are in good agreement with the avail-
able experimental and theoretical data. To compare the
CRYSTALO6 code based densities, the computation of
Compton profiles from other band structure schemes
might be needed.
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Table 2. The experiment and theoretical X-ray structure factors of copper. Our B3PW results are also given here, which are
neither corrected for the temperature effects nor processed for multiple refinement.

[hkl] Experimental Theoretical

Petrillo et al. Schneider et al. Friis etal.  Saunders et al. Wakoh and  Bagayoko et al. Eckardt et al. Doyle and Turner B3PW

[20] [18] [22] [21] Yamashita [16] [17] [19] [15]
[111] 21.68 21.51 21.69 21.78 21.72 21.76 21.95 22.05 21.80
[200] 20.38 20.22 20.44 20.42 20.46 20.42 20.68 20.69 20.50
[220] 16.60 16.45 16.68 16.71 16.63 16.67 16.90 16.74 16.70
[311] 14.68 14.54 14.74 14.64 14.76 14.94 14.74 14.80
[222] 14.22 14.07 14.24 14.10 14.23 14.38 14.19 14.30
[400] 12.42 12.29 12.45 12.34 12.48 12.62 12.42 12.50
[444] 7.33 7.44 7.39
Copyright © 2011 SciRes. WJICMP
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