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Density functional study on metastable bcc copper:
Electronic structure and momentum density of positron-electron pairs
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The stability, electronic structure, and positron-electron pair momentum of body-centered-cubic~bcc! cop-
per, which is metastable, are theoretically studied and are compared with those of stable face-centered-cubic
~fcc! copper and of ferromagnetic iron~bcc Fe!. We first perform electronic structure calculations based on the
local-density approximation or generalized gradient approximation~GGA! and find that the GGA well repro-
duces measured bulk properties, i.e., lattice constants, cohesive energies, and bulk moduli. The calculated
cohesive energies of fcc and bcc coppers are very similar and the estimated lattice mismatch between bcc Cu
and bcc Fe is very small (;1.4%). These results support previous experimental suggestion that the lattice of
bcc Cu precipitates in Fe matrix is nearly coherent to that of the matrix. Next, we calculate momentum-density
distributions of positron-electron pairs using the two-component density-functional theory. It is found that the
momentum-density distributions of bcc Cu and fcc Cu are very similar but are quite different from that of Fe,
which indicates that an analysis of measured coincidence Doppler broadening~CDB! of positron annihilation
radiation gives useful information on Cu precipitates in Fe. Actually, by comparing the calculated and mea-
sured CDB spectra, we confirm the previous experimental conclusion: In an Fe 1.0 wt % Cu alloy after thermal
aging at 550 °C for 2 h, the observed signals originate from the completely confined positrons in bcc Cu
precipitates, which annihilate with valence electrons of Cu atoms.

DOI: 10.1103/PhysRevB.65.195108 PACS number~s!: 71.20.Be, 78.70.Bj, 81.07.Bc
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I. INTRODUCTION

Elemental copper, one of the most important materials
industry, is stable in face-centered-cubic~fcc! structure up to
the melting point. The body-centered-cubic~bcc! phase of
copper is predicted to be metastable and is of great fun
mental interest to both experimental and theoretical so
state physics, since many aspects of the electronic and s
tural properties of bcc Cu had been rather controvers
Earlier first-principles calculations of total energy1,2 found a
double-well metastability in bcc Cu, which is, however, n
supported by subsequent theoretical studies.3–6 There were
also many experimental attempts7–10 to realize and to char
acterize bcc Cu. Recently, this metastable phase has
successfully observed in epitaxial Cu films on Fe~Refs. 7
and 8! and Ag~Ref. 9! substrates and in grain boundaries
fcc Cu bicrystals.10

It should be mentioned that such bcc Cu was sugge
much earlier as coherent nanosize precipitates in F
alloys.11 The precipitates were found to have a significa
effect on the mechanical properties of the host alloys;
instance, they are considered as an origin of the irradiat
induced embrittlements of reactor-pressure-vessel steels~di-
lute FeCu alloys!.12–14 Unfortunately, since it is rather diffi-
cult to probe the electronic structure of a nanosize embed
particle by using usual experimental methods, the bcc
precipitates attract little attention in the field of general el
tronic structure studies.

Very recently, we applied the positron annihilation tec
nique to the study of bcc Cu precipitates and explored m
interesting features of the electronic structure of this me
0163-1829/2002/65~19!/195108~8!/$20.00 65 1951
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stable Cu phase.15–17The positron annihilation technique is
powerful tool because of the fact that positrons in solid a
nihilate with surrounding electrons intog photons, which
convey important information about the electronic structu
around the annihilation site.18 Especially, our
experiments15–17 show that the positron is a site-selectiv
probe for the nanosize embedded particles in materials
our first experiment,15 we measured the coincidence Doppl
broadening~CDB! spectra of positron annihilation radiatio
@the one-dimensional~1D! projection of momentum-density
distribution of positron-electron pair along a chosen axis
to high momentum# for polycrystalline FeCu alloys afte
thermal aging. We found that the CDB spectrum of an Fe
wt % Cu alloy thermally aged at 550 °C for 2 h is nearly
identical with that of fcc Cu bulk. This convinces us that
the sample the positrons are in a quantum-dot-like state
which the positron wave function is completely confin
spatially within the bcc Cu precipitates even free fro
vacancy-type defects, so that the electronic structure of
Cu is exclusively detected. Later, we succeeded in prepa
single crystalline bcc Cu precipitates and again, using
quantum-dot-like positron state, we measured the tw
dimensional~2D! projection of momentum-density distribu
tion of positron-electron pair at the low-momentum regi
for bcc Cu by the positron 2D angular correlation of anni
lation radiation~2D-ACAR! technique. We observed differ
ent 2D-ACAR anisotropy patterns for bcc and fcc Cu. B
comparing the experiments and first-principles calculatio
we demonstrated that the patterns reflect the character
Fermi-surface topologies of these two copper phases.17

In this paper, we present systematic first-principles cal
lations of electronic structures and positron annihilati
©2002 The American Physical Society08-1
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characteristics in bcc Cu, fcc Cu, and bcc Fe. The calc
tions employ the linearized-augmented-plane-wave~LAPW!
basis set,19 so that semicore and core electrons, as well
valence electrons, are accurately described. The calcula
based on the generalized gradient approximation~GGA!
within the density-functional theory~DFT! well reproduces
bulk properties, which confirms the validity of the GGA. W
then perform a two-component density-functional calculat
on the CDB and obtain good agreement between theory
experiment. As a result, we clarify physical origins of expe
mentally observed features of the CDB spectra and provid
solid interpretation on experimental results.

II. METHOD

As mentioned in the preceding section, the present w
highlights the electronic structures probed by the posit
CDB technique. In the CDB experiments, a couple of so
detectors are employed to register, in coincidence, the D
pler shifts in the energies of two annihilationg photons aris-
ing from the longitudinal momentum component of t
positron-electron pair. The coincidence measurement m
reduces the high background suffered in the usual o
detector DB technique so that the momentum-density dis
bution ~projected to theg photon emission direction! of the
positron annihilations with both the valence and core el
trons can be profiled up to a higher-momentum range.20–23

To calculate the CDB spectrum, it is necessary to desc
accurately the valence electrons as well as the core elec
over the whole system. To achieve this, we employ the f
potential LAPW~FLAPW! band-structure method based o
the density-functional theory24,25 in the present work.

We expand the wave functions of the valence electr
and of the semicore electrons~i.e., those high lying and rela
tively extended core electrons in atoms26! by the LAPW ba-
sis set.27,28 For those low-lying core states, the atomic wa
functions are employed, which are calculated se
consistently using the scalar-relativistic version of the Sch¨-
dinger equation having the spherically averaged crystal
tential. The exchange and correlation energy functiona
the electrons is calculated within the local-density appro
mation ~LDA !,29 as well as the GGA according to Perde
and co-workers.30 The Brillouin-zone integration in the self
consistent calculation of charge density is performed us
the special k-points scheme initiated by Chadi an
Cohen.31,32

Unlike the electron wave functions, the positron wa
function has neither multiple nodes nor rapid oscillati
around the core region so that it can be expanded by the
plane waves uniformly over the system. The positro
electron correlation is calculated based on the tw
component density-functional theory~TCDFT!.33 Within this
TCDFT, there have been several schemes proposed to ha
approximately the correlation effect33–37and in this work we
chose the well-established LDA of Puska, Seitsonen,
Nieminen.35 In this scheme, the correlation energy and t
enhancement factor are deduced from numerical results
single positron in homogeneous electron gas: The energy
enhancement factor are calculated by Arponen and Pajan38
19510
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and by Lantto,39 respectively. This scheme has been sho
by recent applications to be very reliable.19,40–44

After determination of the wave functions of the electro
and positron, the 3D momentum-density distributions of
positron-electron pairs,r(p), are calculated. The calcula
tional method was described in detail in our previous pape19

The experimental CDB spectrumN(pz) and positron annihi-
lation ratel ~the positron lifetimet is the inverse of the
annihilation rate! are obtained as

N~pz!5const3E r~p…dpxdpy , ~1!

and

l5
pr 0

2c

8p3 E r~p…dpxdpydpz . ~2!

III. RESULTS AND DISCUSSION

A. Cohesive properties

Since there have been many controversies about the s
tural and cohesive properties of bcc Cu in the previous t
oretical studies,1–6 we here start our calculations from ree
amining the equilibrium state of this metastable Cu phase
estimate the accuracy of the calculations, the cohesive p
erties of fcc Cu and bcc Fe are also calculated and are c
pared with the experiments.

We calculate the total energies of the above three syst
as functions of atomic volume. In the calculations, the 3d4s
(3s3p) electrons of Cu and Fe atoms are treated as the
lence~semicore! electrons. The radii of the muffin-tin~MT!
spheres,RMT , are chosen as follows: When the Cu-Cu
Fe-Fe bond length is shorter than 4.26 a.u. (2.25 Å)
contact-type MT sphere is employed; otherwise,RMT is fixed
at 2.13 a.u. (1.13 Å). The wave-vector cutoff of the LAP
basis size,Kcut , is scaled so thatRMTKcut512.6. The
spherical harmonic expansions of charge density and po
tial inside the MT sphere are performed up tol max58. As for
the Brillouin-zone integration, a Monkhorst-Pack-type32

k-mesh containing 25325325 (21321321) k points is
sampled for bcc Cu and bcc Fe~fcc Cu!. These convergence
parameters are chosen after a careful test; as a result
error of the calculated energies is estimated to be less
1.0 meV.

Figure 1 presents the total energies calculated within
GGA, where the total energy of a free Cu~Fe! atom is taken
to be the energy zero for bcc Cu and fcc Cu~bcc Fe!. The
equations of state, namely, the pressures as function
atomic volume, are calculated as the volume derivations
the total energies, and the one of bcc Cu is shown in the in
of Fig. 1. The resulting cohesive energies, lattice paramet
and bulk moduli, together with those values calculat
within the LDA, are listed in Table I in comparison with th
available experimental results. In both the calculations us
the LDA and GGA~Fig. 1!, we observe only a single meta
stable state in bcc Cu, in good agreement with the rec
calculations.3–6 Moreover, as shown in Table I, the GG
gives a better reproduction of the experimental results.
8-2
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DENSITY FUNCTIONAL STUDY ON METASTABLE bcc . . . PHYSICAL REVIEW B 65 195108
fcc Cu and bcc Fe, the maximum deviations between
GGA calculations and the experiments are about 0.3%~lat-
tice parameters!, 21.3% ~cohesive energies!, and 30.7%
~bulk moduli!; while those deviations between the LDA ca
culations and the experiments are 3.8%, 47.9%, and 38

FIG. 1. Calculated total energy as a function of atomic volu
for bcc Cu~solid circles!, fcc Cu ~open circles!, and bcc Fe~open
triangles!. The inset shows the equation of state of bcc Cu, wher
see clearly the equilibrium lattice parameter the pressure is
sented as a function of lattice parameter instead of the atomic
ume.

TABLE I. Calculated ground-state properties@equilibrium lat-
tice parameters (a), cohesive energies (Ecoh), and bulk moduli
(B)# of ferromagnetic iron~bcc Fe!, fcc copper~fcc Cu!, and bcc
copper ~bcc Cu! in comparison with available experiments. Th
calculations use the full-potential linearized-augmented-plane-w
method. The electron exchange and correlation potentials are
structed within the local-density approximation~LDA ! according to
Cerpley and Alder~Ref. 29!, and within the generalized gradien
approximation~GGA! according to Perdew and co-workers~Ref.
30!. The calculations for bcc Fe are spin polarized.

a (Å) Ecoh ~eV! B ~Mbar!

bcc Fe LDA 2.76 6.33 2.07
GGA 2.86 5.19 1.71

Expt.a 2.87 4.28 1.68

fcc Cu LDA 3.58 4.21 1.89
GGA 3.62 3.76 1.79

Expt.a 3.61 3.49 1.37

bcc Cu LDA 2.84 4.14 1.88
GGA 2.90 3.72 1.41
Expt. 2.87b, 2.89c

aReference 45.
bEpitaxial bcc Cu films on Fe~001! substrates, Ref. 7.
cEpitaxial bcc Cu films on Ag~001! substrates, Ref. 9.
19510
e

%,

respectively. Since the GGA is more reliable than the LD
we adopt the GGA electron wave functions in our positr
calculations hereafter.

The present calculations show that the equilibrium latt
parameter of bcc Cu is 2.90 Å~Fig. 1 and Table I!. This
value agrees reasonably well with those of recent theore
studies~for instance, 2.86 Å by Lu, Wei, and Zunger4 using
the FLAPW method within LDA and 2.90 Å by Zhou, La
and Wang5 using the linear muffin-tin orbital method within
the GGA!. Our value is also close to the experimental o
observed in the epitaxial Cu films@2.87 Å on Fe~001!, ~Ref.
7! or 2.89 Å on Ag~001!,9 it should be noticed that thes
experimental values were actually estimated as the sur
lattice parameters of the substrates#.

The cohesive energy of metastable bcc Cu is close to
of stable fcc Cu, suggesting that this metastable phas
likely to appear under some condition, e.g., Cu precipita
in Fe matrix. The difference between the calculated equi
rium lattice parameters of bcc Cu and bcc Fe is rather sm
(0.04 Å), indicating that the bcc Cu precipitates in Fe m
trix only suffer from very small strains, so that a nearly pe
fect coherence between the lattices of the precipitates
matrix is possible for their smaller sizes.

B. Coincidence Doppler broadening of positron annihilation
radiation

Using the above equilibrium-state structures, we calcu
in this section the momentum-density distributions of t
positron-electron pairs in bcc Cu, fcc Cu, and bcc Fe. In
calculations, we employ the electron wave functions at
equilibrium states calculated within the GGA using the sa
parameters as presented in the preceding section. The
tron wave function at theG point is expanded by the plane
wave basis set, whose cut-off wave vector is carefully cho
after test @13.6 a.u. (25.7 Å21)#. The 3D momentum-
density distributions of the positron-electron pairs are cal
lated in the region up to 8031023m0c (1m0c
5137.036 a.u.).

Figure 2 presents the calculated CDB spectra for th
three systems projected in the crystallographic direct
@100#. In the figure, we decompose each spectrum into th
components, which correspond to positron annihilation w
the valence electrons, semicore electrons, and core elect
It is found that the CDB spectra for bcc Cu and fcc Cu a
very similar. In both cases, we observe a rapid drop in m
mentum density around 531023m0c. This rapid drop is fol-
lowed by a broad, hill-like momentum-density distributio
extended up to about 3031023m0c. As shown by the partial
CDB contributions in Fig. 2, these features are due to
positron-valence-electron annihilation, which dominates
shape of the total spectrum in the above momentum reg
~this region is somewhat wide compared with those in
graphite,19 and Si!. With further increase in the momentum
the valence-electron contribution becomes invisible; inste
the positron annihilations with the semicore and core el
trons become the dominant components.

The above-mentioned momentum-density drops lie n
the Fermi momenta. As shown in Fig. 3, the highest occup
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valence band in bcc Cu crosses the Fermi-energy level ne
isotropic in any direction starting from theG point, except
for those around the@110# axis ~as well as its equivalen
axes!. Thus, in the first Brillouin zone, bcc Cu has a nea
spherical Fermi surface with 12 necks connected to the~110!
and other~11! equivalent zone boundaries. Similar to bcc C
fcc Cu also has a nearly isotropic Fermi surface with ei
necks along the@111# and equivalent directions.45

„The high-
est occupied valence band in fcc Cu is below the Fermi le
along these directions@Fig. 3~b!#.… Due to this nearly-free-
electron character of the electronic structure, the Fermi m
menta of bcc Cu and fcc Cu depend mainly on their equi
rium atomic volumes. As shown in Fig. 1, the equilibriu
atomic volumes of bcc Cu and fcc Cu are very similar,
that the calculated Fermi momenta for both Cu systems
close, for instance, 5.1831023m0c for bcc Cu and 5.67
31023m0c for fcc Cu in the@100# direction. These values
are only slightly different from those estimated from t
nearly-free-electron model (5.1931023m0c and 5.23
31023m0c for bcc Cu and fcc Cu, respectively!.

In addition to the half-filled highest band, there are oth
five fully occupied valence bands in bcc Cu originating fro

FIG. 2. Calculated coincidence Doppler broadening spe
along the@100# direction for bcc Cu~upper!, fcc Cu ~middle!, and
bcc Fe~lower!. For each spectrum, partial contributions of positr
annihilations with valence and core electrons~which are further
decomposed into the contributions of 1s, 2s, 2p, 3s, and 3p elec-
trons! are also presented.
19510
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the closed 3d10 shell of the Cu atom~Fig. 3!. These bands
contribute to a d-like momentum-density distribution
~namely the broad, hill-like background in Fig. 2! dominat-
ing the shape of the total CDB spectrum up to
31023m0c. Especially, due to the weak interatomic intera
tion of the closed 3d10 shells of the Cu atoms~as evidenced
by the smaller cohesive energies in bcc Cu and fcc Cu t
that in bcc Fe!, the crystal environment modifies little thi
atomic-orbital-like 3d electron momentum-density distribu
tion, so that the CDB spectra in both bcc Cu and fcc Cu
similar up to the highest momentum. Moveover, since

a

FIG. 3. Calculated band structure for~a! bcc Cu and~b! fcc Cu
at the equilibrium lattice constant along@100#, @110#, and @111#
directions. Energies are in eV measured relative to the Fermi en
level.
8-4
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momentum densities below and above the Fermi momen
in these two Cu systems are dominated, respectively, by
positron annihilations with the nearly frees electrons and
more localizedd electrons, a decrease in the positro
electron enhancement effect is expected when the mom
tum increases across the Fermi momentum. This fact fur
highlights the momentum-density drops around
31023m0c for both Cu systems.

As for bcc Fe, the Fermi surface mainly originates fro
the partially filled d bands, thus, there is no significa
change in the positron-electron enhancement effect when
momentum increases across the Fermi momentum. E
cially, since the topology of the Fermi surface of bcc Fe
very complicated, no clear Fermi-surface break can be
pected in the 1D projection of the momentum-density dis
bution. Indeed, the CDB spectrum in bcc Fe is continuo
over the whole calculated momentum region~Fig. 2!. More-
over, since the Fe atom has an open 3d shell with only sixd
electrons, thed-like momentum-density distribution in bc
Fe becomes invisible from 2531023m0c, a relatively lower
momentum compared with those in bcc Cu and fcc Cu.

C. Comparison with experiments

In this section, we compare the theoretical results with
experimental ones to clarify the physical origin of rece
experimental observations. In Table II, we present the ca
lated positron lifetimes together with the experimental
sults. In Fig. 4, the calculated CDB spectra projected in@100#
direction are convoluted with the experimental resolut
~1.1 keV, about 4.331023m0c) and are compared with th
experiments. In this figure, the CDB spectra of fcc Cu a
bcc Fe were measured by using single crystals with the
jection direction of@100# ~details about the experiments ca
be found in our previous paper15!, while the spectrum of bcc
Cu was measured using a polycrystalline Fe 1.0 wt %
alloy after thermal aging at 550 °C for 2 h~further prolong-
ing the aging time to 10 h leads to no change in the C
spectrum!. As discussed in our previous work,15 we believe
that in this alloy sample the positrons are completely c
fined within the bcc Cu precipitates, so that the momentu
density distribution of bcc Cu is exclusively detected. B

TABLE II. Calculated positron-valence-electron (lv) and
positron-core-electron (lc) annihilation rates in bcc Cu, fcc Cu, an
bcc Fe. Herelc is a summation of positron annihilations with bo
semicore and core electrons. Relative weights oflc andlv in total
annihilation rate (lc1lv) are listed in parentheses. The calculat
positron lifetimes~as the inverses of the total annihilation rates! are
compared with the experiments.

lc lv tcal texp

(ns21) (ns21) ~ps! ~ps!

bcc Cu 1.27~13.5%! 8.13 ~86.5%! 106 108a

fcc Cu 1.00~10.6%! 8.34 ~89.4%! 107 110
bcc Fe 1.50~15.6%! 8.13 ~84.4%! 104 106

aMeasured by using an Fe 1.0 wt % Cu alloy thermally aged
550 °C for 2 h.
19510
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cause of the polycrystalline used in the experiment, t
spectrum corresponds to the orientation-averaged projec
of the momentum-density distribution in bcc Cu. Howev
this averaging effect is rather trivial for the discussion p
sented later, since the momentum-density distribution in
Cu is nearly isotropic at the high-momentum region due
the atomic-wave-function-like character of the closedd
shell.

As shown in Table II and Fig. 4, the calculations are
good agreement with the experiments for all the systems~the
calculated positron lifetimes also agree well with other
ported calculations41!. In particular, the calculated CDB
spectra are found to well reproduce the experiments over
entire measurable momentum range, indicating that
present all-electron and full-potential method is very suita
for the positron CDB studies for the transitional metals. It
also noticed that, because of the smearing effect of the r
lution inherent in the CDB spectrum using two Ge detecto
the characteristic features of momentum-density distribut
discussed in the preceding section becomes less emphas
Following the method employed in our previous experime
tal studies15,16 ~which is initiated by Lynnet al.20–22!, we
extract the CDB ratio spectra for bcc Cu and fcc Cu,
taking the spectrum of bcc Fe as a reference~Fig. 5!. In Fig.
5, the calculated ratios are further decomposed into the c
tributions of the valence-electron and core-electron annih

t

FIG. 4. Comparison between calculated~thick lines! and experi-
mental~solid circles with error bars! coincidence Doppler broaden
ing spectra for bcc Cu~upper!, fcc Cu~middle!, and bcc Fe~lower!.
All the calculations are projected along@100# direction and are con-
voluted with the experimental resolution of 1.1 keV;4.3
31023m0c. Dashed lines denote partial contributions of positr
annihilations with valence and core electrons. The experime
were measured along@100# for fcc Cu and bcc Fe; while that fo
bcc Cu was measured by using a polycrystalline Fe 1.0 wt. %
alloy thermally aged at 550 °C for 2 h so that only an angle-
averaged projection was obtained. The spectra are normalized
are shifted vertically as labeled in the figure for comparison.
8-5
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tions. As shown in this figure, the agreement between exp
ment and theory is satisfactory. We clearly observe in b
the experiments and calculations a ratio valley around
31023m0c and a pronounced ratio peak around
31023m0c. These signals have been considered to be
fingerprints specific to the Cu atoms and are importan
interpreting recent experimental results.15,16

It is now clear that the above signals originate from t
positron annihilations with the valence electrons of the
atoms~as shown by the partial ratio contributions in Fig. 5!.
Since there is a rapid drop in momentum density aroun
31023m0c ~Fermi momenta! in bcc Cu and fcc Cu, while
the momentum-density distribution is smooth around this
gion in bcc Fe; we observe a characteristic ratio val
around 731023m0c due to the Fermi-surface break and t
decrease of the positron-electron enhancement effect ac
the Fermi surface as discussed in above~the valley position
is slightly shifted due to the resolution!. Moreover, since the
Cu atoms have more 3d valence electrons (3d10 of Cu ver-
sus 3d6 of Fe!, the ratios of the CDB spectra of both C
systems relative to that of bcc Fe increase continuously w
increasing the momentum from the Fermi momentum up
2531023m0c ~Fig. 5!. By further increasing the momentum
from this point, however, the reference spectrum~the CDB
spectrum of bcc Fe! changes its dominant component fro
that of the 3d valence electrons to that of the semicore a
core electrons, so that the maximum ratio peaks app
around 2531023m0c.

Finally, we discuss the subtle difference between the C
spectra in bcc Cu and fcc Cu. As explored clearly by the ra
spectra in Fig. 5, the CDB spectrum in bcc Cu is sligh
different from that in fcc Cu. The momentum density of t
positron annihilation with the valence electrons~the semi-

FIG. 5. Calculated~thick lines! and experimental~solid circles
with error bars! ratio spectra of coincidence Doppler broadeni
along @100# direction for bcc Cu~left! and fcc Cu~right! with re-
spect to that of bcc Fe. The calculated ratios are further decomp
into the partial contributions of positron annihilations with valen
and core electrons. For comparison, all the calculational spe
~including the partial contributions! are convoluted with the experi
mental resolution before extracting ratios. The experimental r
spectra were extracted using the experimental results present
Fig. 4.
19510
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core and core electrons! in bcc Cu is definitely smaller
~larger! than that in fcc Cu. As a result, the amplitude of t
characteristic ratio peak around 2531023m0c in bcc Cu is
reduced slightly~by 5.8% in experiment or 6.2% in theory!
from that in fcc Cu, because in this momentum region
positron-valence-electron annihilations dominate the sha
of the CDB ratio curves. Furthermore, with increasing t
momentum beyond about 3031023m0c, the CDB ratio in
bcc Cu becomes larger than that in fcc Cu since in this hi
momentum region the positron annihilations with the sem
core and core electrons dominate the CDB ratio shap
These differences are also represented explicitly by the
tial annihilation rates listed in Table II.

The variation of the positron annihilations with the sem
core and core electrons in these two Cu systems provide
important clue to understand the above results. The sig

FIG. 6. Calculated positron density distribution on@11̄0# plane
for ~a! bcc Cu and~b! fcc Cu, where white~black! denotes high
~low! positron density. In~c! the positron densities along the firs
nearest-neighbor Cu-Cu binding direction~@111# for bcc Cu and
@110# for fcc Cu! and along the second nearest-neighbor Cu-
binding direction~@001# for both! in these systems are compare
~the positron densities are normalized in the primitive cells!.
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cant change in the annihilation characteristics of these ti
lybound electrons~Fig. 5 and Table II! actually excludes the
possibility that the electron wave functions are the domin
reason for the observations, because there is no conside
difference in the semicore and core electronic structures
both systems. Thus, we expect that the positron wave fu
tions play a more essential role. To verify this, we present
calculated positron density distributions on the@11̄0# plane
for bcc Cu and fcc Cu in Figs. 6~a! and 6~b!, respectively.
Furthermore, the positron densities along the first- a
second-nearest-neighbor Cu-Cu bonds in these two sys
are compared in Fig. 6~c!. From Fig. 6, it is clearly observed
that the positron density around the nucleus~around bond
centers! in bcc Cu is higher~lower! than that in fcc Cu. As a
result, the positron has a larger~smaller! possibility to
sample the semicore and core~valence! electrons in bcc Cu
than in fcc Cu ~namely, the positron annihilation in th
former is of a more localized character!. Therefore, in bcc Cu
there is the slightly reduced ratio peak in the valen
electron-dominated momentum region (2531023m0c) ac-
companied by the larger ratios in the~semicore and core!-
electron-dominated momentum region (.3031023m0c).
This definite difference is important since it enables an
curate estimation of the positron annihilation proportion
the bcc Cu precipitates in the case where the complete
finement of the positrons into the precipitates is absen
that both the Fe matrix and the precipitates of the FeCu a
are sampled by the positrons.

It should be noticed that, in the experiments, the positr
are localized and annihilate in the bcc Cu precipitates
about 1 nm ~at most less than 2 nm! embedded in Fe
matrix,15 while the size effects of the embedded partic
upon the positronic and electronic structures are ignore
the present calculations. To clarify these interesting effe
further calculations for the systems consisting of the prec
tates and the host matrix are necessary but are beyond
scope of this study.
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IV. CONCLUSION

Using the all-electron full-potential method and densi
functional theory, we performed electronic structure calcu
tion on bcc Cu, fcc Cu, and bcc Fe. Furthermore, we cal
lated the positron-electron pair momenta using the tw
component density-functional theory. The GGA within th
density-functional theory was found to well reproduce bu
properties. Based on the calculated results, we conclu
that the metastable bcc and stable fcc phases of copper
very similar cohesive energies and the lattice constants
bcc Cu and bcc Fe are very close, which indicates that
bcc Cu precipitates in Fe matrix have very small strain
ergies. These results support the experimental suggestion
the atomic positions of the bcc Cu precipitates in Fe ma
are nearly coherent to those of the matrix.11,15

The calculated momentum-density distributions
positron-electron pairs of bcc and fcc coppers are very si
lar but there is subtle difference around 2531023m0c. These
momentum-density distributions were found to be quite d
ferent from that of bcc Fe; thus, the analysis of the obser
CDB spectra is expected to give important information
the Cu precipitates in Fe matrix. Indeed, by comparing
calculated and measured CDB spectra, we confirmed the
vious experimental conclusion:15 In the Fe 1.0 wt % Cu alloy
after thermal aging at 550 °C for 2 h, the observed spe
originate from the completely confined positrons in the b
Cu precipitates.
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