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Absence of volume metastability in bce copper
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A previous pseudopotential total-energy calculation on bcc copper revealed a structural metasta-
bility in the form of a double-well total-energy curve with two local minima (at 6% compression and
7% dilation relative to the observed equilibrium volume of the fcc structure), separated by a barrier.
This was explained in terms of a symmetry breaking in the nonspherical components of the
valence-electron charge density upon volume change. Our present all-electron calculation shows no
such metastability; analysis of the response of the valence-electron charge density to volume defor-
mations indeed shows no cause for such a metastability.

I. INTRODUCTION

Kang, Tartar, Mele, and Soven! (KTMS) developed a
mixed-basis approach to the band-structure problem in
which the wave function is expanded in plane waves plus
a set of nonoverlapping (numerically integrated) radial
atomic orbitals. Unlike an earlier mixed-basis approach, >
they used a pseudopotential to replace the all-electron po-
tential. As a test case, they applied the new method to
calculate the electronic properties of face-centered-cubic
(fcc) and body-centered-cubic (bcc) copper. Their calcu-
lated total-energy curves, obtained by extending the con-
vergence parameter of the method so that a nominal sta-
bility of 0.01 mRy is obtained, is shown in Fig. 1(a). For
fcc Cu they find an equilibrium lattice constant and bulk
modulus in reasonable accord with experiment® and with
previous KKR (Ref. 4) (Korringa-Kohn-Rostoker) and
ASW (Refs. 5 and 6) (augmented-spherical-wave) calcula-
tions. However, for bcc Cu they unexpectedly' find a
double-well total-energy curve with minima at
V/V,=1.07 and 0.94, where V,;=7.083 cm’/g-at. is the
experimentally observed equilibrium molar volume of Cu.
KTMS analyzed this anomaly in terms of the valence-
electron pseudo-charge-density p(r) and concluded that
the anomaly reflects the different response of the non-
spherical pieces of p(r) in bcc and fcc Cu to volume
change. It was argued' that since earlier published calcu-
lations* ¢ invoked spherical approximations to the
charge density and potential, they could have missed this
effect. Later on, Chelikowsky and Chou’ have used a
Gaussian-basis-set approach with a smoothed Cu pseudo-
potential (different from that used in Ref. 1), finding good
agreement with the results of KTMS for fcc Cu, but fail-
ing to reproduce their unusual results for bcc Cu. Mor-
rison, Kang, and Mele® have subsequently repeated the
calculation of Ref. 1 using a lower-symmetry unit cell,
again finding the same double-well metastability in bcc
Cu. They raised, however, the possibility that the
difference between their calculation and that of Cheli-
kowsky and Chou’ might represent a computational
difficulty in accurately representing, within their plane-
wave expansion, the short-wavelength near-core changes
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in the charge density attendant upon compression.

In an attempt to resolve the issue of existence or
nonexistence of metastable bce Cu, and the broader ques-
tion of the role of nonspherical charge-density com-
ponents in the phase stability of Cu, we have repeated the
calculations of Refs. 1 and 4-8 using an all-electron
band-structure technique which retains the full nonspher-
ical components of the valence-electron charge density
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FIG. 1. (a) Total-energy curves for fcc and bcc Cu from Ref.
8 (see also Ref. 1) obtained from a mixed-bases pseudopotential
calculation, showing the double-minimum metastability for bcc
Cu. (b) Results of the present all-electron LAPW calculation,
showing smooth total-energy curves for both fcc and bec struc-
tures.
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and involves a robust representation of short-wavelength
charge fluctuations. Specifically, we use the general po-
tential linear augmented-plane-wave (LAPW) method®
within the Hohenberg-Kohn-Sham local-density approxi-
mation (LDA),'® and the Wigner form'' of the
exchange-correlation potential. We do not find any
structure metastability in bcc Cu; analysis of the volume
deformations in the nonspherical charge density suggests
that no metastability is to be expected.

II. CALCULATION

A semirelativistic Hamiltonian is used for the valence-
electron states, whereas the core states (1s—3p) are treated
fully relativistically in a spherical, self-consistent poten-
tial. The muffin-tin (MT) radii are chosen to be 2.2
a.u.=1.164 A for both fcc and bee Cu. The cutoff kinetic
energy for the LAPW basis-set expansion is 16.7 Ry; it is
kept fixed for all calculations. Inside the MT sphere the
nonspherical charge and potential are expanded in terms
of lattice harmonics K;(T) of angular momentum / <8:
For the charge density it reads

p(r)=polleh+ 3 p,(IthK;(F), r€EMT . (1
1{#0)

The first term represents the spherical density about a
given atom, while the second term gives the nonspherical
(NS) charge density pyg(r). By symmetry, the lattice har-
monics of the fcc and bcc lattices are identical: both con-
tain the same /=4, 6, and 8 terms. In the interstitial (I)
region, between the MT spheres, we use a symmetrized-
plane-wave representation

plr)= 3 po.(r), r€I, ()
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where ¢,(r) are symmetrized plane waves (“star func-
tions”). The expansion coefficients p; and p, are deter-
mined variationally from a Brillouin-zone sum of the am-
plitudes of the self-consistent wave functions whose ener-
gy is below the Fermi surface. Sixty and forty special-k
points'? are used for the Brillouin-zone integration over
an irreducible wedge for the fcc and bcc structure, re-
spectively. The calculated charge density is continuous
and smooth across the MT boundaries. The total energy
of the Cu atom is calculated in a d ' configuration, to
which we add a spin-polarization energy'® of —0.27 eV.
With these convergence parameters, the cohesive energy
is converged to about 0.5 mRy.

III. RESULTS

Our calculated total-energy curves [Table I (Refs.
14-16) and Fig. 1(b)] are regular and smooth for both fcc
and bee Cu; no metastability is found in bce Cu, in agree-
ment with Chelikowsky and Chou,’ but in disagreement
with KTMS (Ref. 1) and with Morrison et al.,® suggest-
ing a possible computational error in the latter calcula-
tions. '8

Our results agree reasonably well with previous pub-
lished data*~® on fcc Cu (Table I); the all-electron equi-
librium lattice constants are, however, systematically
smaller than the pseudopotential values, and the cohesive
energies are >0.5 eV larger. Interestingly, Table I shows
that a nonrelativistic (NR) calculation produces better
agreement with measured structural and cohesive proper-
ties than a semirelativistic (SR) calculation; the latter
tends to produce smaller lattice constants and larger bulk
moduli and cohesive energies. The reduction in the
cohesive energy in the nonrelativistic calculation is par-

TABLE I. Calculated structural and cohesive properties of fcc and bce copper. Lattice constants a in A, bulk moduli B in Mbar,
and cohesive energies E,. in eV. For the present all-electron calculation, we present both semirelativistic (SR) and nonrelativistic
(NR) results. AE =Ey. —Eg, (in units of meV) is the bee-fec energy difference taken at the respective calculated equilibrium lattice

constants.
Pseudopotential
mixed Pseudopotential
basis? KKR" ASW*® ASW¢ Gaussian® All electron®
SR NR NR SR SR Expt.f SR NR
a(fce) (fg}) 3.62 3.58 3.61 3.55 3.62 3.61 3.56 3.61
a(bee) (A) 2.81, 2.93 2.87 2.87 2.84 2.86
B(fcc) (Mbar) 1.50 1.52 1.29 1.86 1.88 1.42 1.83 1.62
B(fcc) (Mbar) 1.85 1.79 1.60
E_(fcc) (eV) 3.35 4.10 2.98 3.83 3.50 442 4.14
E_(bcc) (eV) ~2.97 3.81 4.37 4.12
AE (meV) 41.0 <10.0 20.0 48.8 17.7

*Reference 1, using Ceperley-Adler exchange-correlation (xc) potential (Ref. 14), parameterized by Perdew and Zunger (Ref. 15).
"Reference 4, using a modified Hedin-Lundqvist (HL) xc potential, Ref. 16.

“Reference 5, using the same xc potential as in Ref. 4.
dReference 6, using the same xc potential as in Ref. 4.
“Reference 7 using the HL xc potential.

Reference 3.

EPresent result, using the Wigner exchange-correlation potential, Ref. 11, and 60 (40) k points for fcc (bec). Using only 10 k points

(Ref. 13) gives for fcc a=3.577 A, B=1.44 Mbar, and E =433 ¢eV.
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ticularly dramatic in metals whose s- to d-electron ratio is
small, e.g., in fcc Pd a relativistic calculation gives
E.=5.05 eV, while a nonrelativistic calculation gives
3.95 eV (the observed value is 3.89 eV). This reflects the
changed occupation of s-like wave functions in the solid
relative to the free atom: The relativistic lowering of the
total energy is proportional to the s-electron content of
the system (since the s states have the largest weight
around the nuclei). This lowering ENR—ESR is smaller
in the Cu d'%! or Pd d'%° free atoms than in the respec-
tive solids, where the ground state contains more s char-
acter (a hybridization effect). This reduces ENR relative
to ESR. These large errors largely reflect LDA errors in
the atoms. In general, we find that quantities which do
not involve directly atomic properties (bulk moduli, equi-
librium lattice constants) exhibit smaller LDA errors in
the 4d row than in the 3d row, e.g., for Pd we find
a=3.882 A (versus 3.887 A, measured) and B=2.11
Mbar (versus 1.94 Mbar, measured).

IV. ANALYSIS OF THE CHARGE-DENSITY
RESPONSE TO VOLUME CHANGES

We next proceed to the analysis of our results in terms
of the deformation valence-electron charge densities, as
suggested by KTMS.

Figures 2(a) and 2(b) depict the total valence-electron
charge densities in fcc copper [2(a), at the experimental
equilibrium lattice constant] and bcc copper [2(b), at the
calculated equilibrium lattice constant]; only bands above

(@) fcc Cu (b) bce Cu
Valence Charge Density Valence Charge Density
a=3.610A a=2.835A

[110]

[100]

FIG. 2. Total valence-electron charge densities for (a) fcc Cu
at the experimental equilibrium lattice constant and (b) bec Cu
at the calculated equilibrium lattice constant, as obtained from
the present all-electron calculation. Shaded areas highlight the
interstitial charge densities (contour levels 40X 1073 e/a.u.? and
below). Contour steps are 40>< 1073 e/a.u.> The high-density
fluctuations within about 0.5 A of the nuclear were removed
from these plots for clarity.
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Cu 3p are included in these plots. Both charge densities
appear similar as they are equally dominated by the
spherical component [p, in Eq. (1)]. The differences in
the interstitial regions (shaded) reflect the smaller inter-
stitial space in the fcc lattice: a larger fraction of the cell
volume is occupied by touching spheres in a fcc cell
(74.0%) than in a bece cell (68.0%). [A comparison of the
symmetries and dimensions of p(r) in Fig. 2 to the analo-
gous quantities plotted by KTMS (Ref. 1) shows that they
have mislabeled their Fig. 5 as fcc (which should be bec)
and their Fig. 6 as bcc (which should be fcc). We thank
Dr. E. Mele for checking and confirming this point.]
Removal of the dominant spherical charge density re-
veals significant differences between fcc and bce copper as
demonstrated in Fig. 3, which shows p(r)—py(|r|). The

ﬁlonspherical plus interstitial valence charge density ]
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FIG. 3. Nonspherical and interstitial valence-electron charge
densities p(r)—po(r) [Eq. (1)] for fcc [(a) and (b)] and bec [(c)
and (d)] Cu. The shaded regions highlight the interstitial charge
densities (contour levels 40X 1072 e/a.u.? and below) calculated
from Eq. (2). (a) fcc Cu, a=3.610 A; (b) fcc Cu, a=3.466 A; (c)
bee Cu, a=2.835 A; (d) bee Cu, a=2.752 A. Solid (dashed) con-
tours represent positive (negative) charge-density differences.
The straight dashed lines in (a) and (b) denote the nearest-
neighbor bond directions. Contour step: 5X 1073 e/a.u.3
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FIG. 4. Volume-weight valence-electron charge-density

difference [Eq. (3)] for (a) fcc and (b) bee Cu.

common features of pyg(r) in fcc and bee Cu are the fol-
lowing. (i) The relative amplitude pyg(r)/p(r) of the non-
spherical density with respect to the total valence-
electron density are small in both cases, reflecting the
nearly complete d!° shell and the full cubic symmetry in
fcc and beec Cu. Note that the nonspherical components
are far smaller than the average valence-electron charge
density (11/V;=0.139 e/a.u.’ at the equilibrium fcc
volume). (ii) The nonspherical density acts in both struc-
tures to remove charge from the nearest-neighbor Cu—
Cu bonds (indicated in Fig. 3 by the straight dashed
lines), depositing it in “nonbonding” regions between
atoms. (iii) pyg(r) is localized near the atomic sites, and,
hence, encompasses but a small fraction of the unit-cell
volume. The obvious differences in pyg of bee and fecc Cu
at their equilibrium volumes is that the bcc structure has
larger nonspherical components than the fcc structure,
and that these are differently oriented (reflecting
differences in the coordination number: 12 for fcc and 8
for bee). Since the lattice harmonics K,(T) are common
to the fcc and bcec lattices, these difference, reflect, by
necessity, different radial weights p;(|r|) for the various
angular momenta (bcc copper has a larger p,—, than fcc
copper).

To assess the deformational properties of the nonspher-
ical charge densities, we show in Figs. 3(c) and 3(d) the
nonspherical density pys(r) in the MT spheres and p(r)
in the interstitial regions calculated at reduced lattice
constants. In all cases shown in Fig. 3, we have shaded

[100]

"~ a=5.895A

[110]

FIG. 5. Total valence-electron charge density [(a) and (b)]
and nonspherical and interstitial charge density p(r)—po(r) [(c)
and (d)] for Cu in the diamond structure. The straight dashed
lines in (a) and (b) denote the nearest-neighbor bonds. Solid
(dashed) contours in (c) and (d) denote positive (negative) values.
Contour steps are 40X 1073 e/a.u.? in (a) and (b) and 5X 1073
e/a.n.? in (c) and (d). In (a) and (b) we have removed the large
density fluctuations within about 0.5 A of the nuclei for clarity
of display.

the interstitial contours corresponding to charge-density
values of 40X107% e/a.u.’ to emphasize the way in
which the interstitial density response to deformation (it
obviously diminishes). We see that other than this
change in the interstitial charge density, compression has

TABLE II. Calculated total energies plus 3302.0 Ry for fcc, bee, and diamondlike Cu with and
without the nonspherical charge-density components inside the MT spheres.

Cu—Cu
bond
lenogth E (I 5.x=28) E (11, =0) Difference
(A) (Ry) (Ry) (meV)

fce (@.q=3.562 A} 2.519 —0.93155 —0.93153 —0.27
fec (@exp =3.610 OA) 2.553 —0.93075 —0.93080 +0.68
bee (a.,=2.835 A) . 2.455 —0.92796 —0.927 86 —1.40
diamond (¢=5.895 A) 2.553 —0.80111 —0.799 62 —20.3
diamond (a=5.389 A) 2.334 —0.83232 —0.827 62 —63.9
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but a small effect on pys(r): it is slightly enhanced at re-
duced volume. To amplify the visual effect of the
response of the nonspherical charge to compression, we
show in Fig. 4 the volume-weighted density difference
suggested by KTMS, ' i.e.,

q,,j(r)z[p,(r)ﬂ,—pj(r)ﬂj]/N ) (3)

where p; and p; are self-consistently calculated charge
densities at the cell volume ; and Q j» respectively, and
N=11 is the number of valence electrons. The results for
fcc [Fig. 4(a), plotted along the [110] direction] and bcc
[Fig. 4(b), plotted along the [100] direction] copper show
but a weak dependence of the nonspherical density on de-
formation: compression enhances pyg just slightly. More
importantly, these changes are found to be monotonic
with the volume changes Q; —();. We conclude the fol-
lowing.

(i) pns at the equilibrium volumes of both fcc and bec
copper is small in amplitude and localized in a small
volume near the core, and, hence, is unlikely to affect the
structural preference energy Ey . —Ey.

(ii) While pyg increases upon compression (and is larger
in bee than in fce copper), this increase is monotonic with
compression in both systems.

To investigate these points, we have repeated the
total-energy calculations self-consistently for fcc and bee
Cu at their respective equilibrium lattice constants, omit-
ting the nonspherical pieces of the charge density and po-
tential in the MT spheres. The results (Table II) show
that the nonspherical pieces have but a negligible effect
on the total energies (unchanged to within 1.4 meV) or on
the structural energies E, .. —E. (48.8 meV retaining
Pnss 49.9 meV without it). The calculated lattice con-
stants and bulk moduli are practically the same as those
obtained by retaining the full charge density. This is con-
sistent with the success of band-structure methods which
assume pns=O0 inside the MT spheres* ® in correctly
reproducing structural energies in close-packed metals.
The double-well metastability found by KTMS in bce Cu
[Fig. 1(a)] is clearly not a consequence of the different
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response of pyg in fec and bee copper to deformations.

It is obvious, however, that the success of methods om-
itting png cannot be extended to open structure: To ex-
amine this we have self-consistently calculated the total
energies of copper in the fourfold-coordinated diamond-
like structure at two different volumes, using the same
convergence parameters as in fcc and bee Cu, and ten
special-k points. Here, the nonspherical charge density
lowers the total energies considerably more than in
close-packed Cu: by 20.3 meV (30 times more than in fce
Cu at a.,,, =3.610 A), and by 63.9 meV at a=5.389 A (a
cell volume which is still 60% larger than the equilibrium
fcc volume). As in fcc and bee Cu, volume compression
enhances the nonspherical charge density and its contri-
bution to the total energy. Figure 5 depicts the total
valence-electron charge densities p(r) [Figs. 5(a) and 5(b)]
and p(r)—p(r) [Figs. 5(c) and 5(d)]. We see again that
near the core pyg acts to deposit charge in “nonbonding”
regions between atoms. However, in the diamond struc-
ture, pyg acts also to pile up charge on the Cu—Cu bond
(shaded regions); this covalent charge buildup increases
with decreasing volume (consistent with the fact that the
contribution of pyg to the total energy increases at small-
er volumes).

We conclude that nonspherical densities exist in bcc,
fcc, and diamondlike Cu, and that they increase with re-
duced coordination numbers and with reduced molar
volumes. However, they have a negligible effect on fcc
versus bcce structural energy differences in Cu (and a
larger effect on diamondlike Cu); hence, they do not in-
duce curvature changes or metastabilities in the total-
energy curve.
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FIG. 2. Total valence-electron charge densities for (a) fcc Cu
at the experimental equilibrium lattice constant and (b) bee Cu
at the calculated equilibrium lattice constant, as obtained from
the present all-electron calculation. Shaded areas highlight the
interstitial charge densities (contour levels 40X 10 * e/a.u.? and
below). Contour steps are 40X 10 * e/a.u.’ The high-density
fluctuations within about 0.5 A of the nuclear were removed
from these plots for clarity.
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FIG. 3. Nonspherical and interstitial valence-electron charge
densities p(r)—py(r) [Eq. (1] for fee [(a) and (b)] and bee [(c)
and (d)] Cu. The shaded regions highlight the interstitial charge
densities (contour levels 40X 10 * e/a.u.” and below) calculated
from Eq. (2). (a) fce Cu, a=3.610 A; (b) fee Cu, a=3.466 A; ()
bee Cu, a=2.835 A; (d) bee Cu, a=2.752 A. Solid (dashed) con-
tours represent positive (negative) charge-density differences.
The straight dashed lines in (a) and (b) denote the nearest-
neighbor bond directions. Contour step: 5X10 ¥ e/a.u.’
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FIG. 5. Total valence-electron charge density [(a) and (b)]
and nonspherical and interstitial charge density p(r)—py(r) [(c)
and (d)] for Cu in the diamond structure. The straight dashed
lines in (a) and (b) denote the nearest-neighbor bonds. Solid
(dashed) contours in (c) and (d) denote positive (negative) values.
Contour steps are 40X 107 e/a.u.” in (a) and (b) and 5X107°
e/a.u.’ in (c) and (d). In (a) and (b) we have removed the large
density fluctuations within about 0.5 A of the nuclei for clarity
of display.



