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Electron momentum distributions in elemental semiconductors probed by positrons
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Momentum distributions of positron-electron pairs in diamond, Si, and Ge are systematically studied using
state-of-the-art techniques in experiment and theory, i.e., the positron two-dimensional angular correlation of
annihilation radiation2D-ACAR) technique and two-component density-functiof&CDF) theory. It is ex-
perimentally examined that all samples are free from positron trapping. An interesting difference among the
elemental semiconductors is then clarified, namely, a flat 2D-ACAR distribution ¢D&# projection in the
low momentum region is found in diamond, while a deep dip is observed at the origin in Si and Ge. These
experimental results are compared with those of first-principles TCDF calculations within the local-density
approximation based on the scheme by Puska, Seitsonen, and Nigfinen Rev. B52, 10 947(1995] and
the generalized-gradient approximation by Barbiekinal.[Phys. Rev. B3, 16 201(1996]. Good agreement
between theory and experiment confirms the validity of the TCDF. Analysis of calculational results clarifies
that the unique electron momentum distribution in diamond is due to the carbdpital sharply localized in
real space[S0163-18208)06519-9

[. INTRODUCTION and 11-13indeed revealed the important feature of electron
momentum distribution for elemental semiconductors. Ex-

Elemental semiconductors are technologically importanperiments on the perfect crystals presented prominent anisot-
materialst Today’s semiconductor industry is in large part ropy, in sharp contrast to the nearly isotropic distribution in
due to the many useful properties of Si. Diamond is a canthe case of positron trapping by defetts!* Due to this
didate for a new age material because of its unique propertiadifference in the momentum distribution, the technique al-
of electric-field emission, wide gap, extraordinary hardnesslows us to evaluate the quality of samples efficietly:®
and so orf. In addition to the technological merits, there is Moreover, an interesting chemical trend for elemental semi-
physical interest in these semiconductors since they are typeonductors has been discussed. The reconstructed three-
cal covalent crystals and are fundamental. In particular, diadimensiona3D) momentum distribution on thel10) plane
mond has considerably strong covalent bonds, and hakrough thel” point shows a much flatter structure in the low
unique electron distribution in real space, i.e., it has beemomentum region in case of diamond, while a dip appears at
theoreticallj and experimentalfyyshown that there are re- the origin in Ge® This prominent difference between dia-
markable double humps along the carbon-carbon bond, whilmond and Ge is expected to be due to the unique electronic
there is a maximum at the bond center in Si and Ge. It isstructure of diamond, though the flat distribution in diamond
tempting that these features of electronic states studied iwas considered to be due to positron trapping or positronium
real space are examined in momentum space. formation in an early stage.

The positron two-dimensional angular correlation of anni- A variety of interesting features of the observed momen-
hilation radiation(2D-ACAR) technique is a powerful tool to tum distributions have stimulated theoretical studfe$?
probe electron distribution in momentum space: The ob-The observed anisotropy was successfully explained in terms
served electron momentum distribution is that sampled byf the selection rule based on the group thedniks a con-
the positron and projected into a chosen plafiée tech-  sequence of the high symmetry of electron wave functions in
nigue has been established as a tool to determine the Fergpecial directions, the existence of zero momentum-density
surface in metals, and has also provided useful informatioands(cancellation of atomic orbital® decreases the partial
on electronic structures in semiconductdrs.Early one- momentum densityin a certain part of momentum space
dimensional(1D) ACAR'® and later 2D-ACAR(Refs. 6,7, and induces the anisotropy. References 21 and 22 discussed
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the unique momentum distribution in diamond compared

with those of Si and Ge. In both references it was found that N(anpy)MJ p(p)dp;. )
the upper p charactervalence-band contribution to the mo- ) o ]
mentum density is different between diamond and other elll OUr experiments, three crystallographic directi¢f®1],

emental semiconductors. Reference 21 attributed the uniq@lo] anz [Zléliéﬁ? %hots%n tas projection d'trﬁcé'(?[ns' Thet
momentum distribution of diamond to the small lattice con-easure - IStributions were smoothed 1o correc

. : .~ ._for an anisotropic geometrical resolution to have an almost
stant and a weak electron-positron correlation effect in dia: pIc g

mond. In an earlv stage. Fuiiwara. Hvodo. and Ohvdma isotropic angular resolution of about 1.1 mrad. It is stressed
di ) d the el yt g€, i J ' I)t/' ’ff t on th here that highly perfect crystals are essential to probe the

Iscussed the electron-positron correfation eltect on th€ Moz q oyronjic structures of elemental semiconductors, especially
mentum distribution, but the method to treat the effect in a

- i 4 Yor diamond, since the measured 2D-ACAR shape can be
ab initio way only became ayallable very receritfy’* Al- easily affected by positron trapping at defects. We measured
though two-component density functlon@TC[z)Lll—‘_)zgalcula- 2D-ACAR spectra for many diamond crystals of various
tions have been applied by several ,9f0%7' the va-  types, namely, natural crystals of types la and lla and syn-
lidity of the technique is not established, in particular for thetic crystals of types Ib and lla. As a result, it is found that
momentum distributions compared with positron lifetimes. only the synthetic Ila shows no positron trappifign other

The aim of this paper is to present precise and systematigiamond crystals, the 2D-ACAR spectra have a narrow and
information on the electron momentum distribution for dia- nearly isotropic component, which is believed to be due to
mond, Si, and Ge. For this purpose, we employ state-of-therapped positrons annihilating at vacancies, a vacancy-

art techniques in both experiment and theory, i.e., 2D-ACARyitrogen complex, or nitrogen aggregations in the crystals.
experiments and first-principles TCDF calculations. This

work incIude; th(_a foI.Iowing three highligh;s. First, the.mo— IIl. CALCULATIONS

mentum distribution in the elemental semiconductors is ob-

served by performing systematic experiments in order to In this section, a calculational method based on the TCDF
confirm the above-mentioned chemical trend. Careful attentheory is describe®®?* In Sec. Ill A, we outline how the
tion is paid to the quality of samples by checking there is ngpositron-electron pair momentum distributipp(p)] is cal-
positron trapping. We accumulate 2D-ACAR data for dia-culated based on the TCDF. We restrict ourselves within the
mond, Si, and Ge by varying integration axes, and providd.DA. In Sec. Il B, we give details of the electron-positron
detailed information on the momentum distributions. Sec-correlation function and enhancement factor based on the
ond, the accumulated experimental results are compared wiltDA and GGA. Calculational lifetimes of the LDA and
first-principles calculations. We employ the TCDF calcula-GGA are then compared with experiments to check validities
tion within the local-density approximatiof.DA) (Refs. 23  of both approximations.

and 24 and generalized-gradient approximatié@GA).2’

Good agreement between theory and experiment confirms A. Outline

the validity of the TCDF theory. Finally, the physical origin

f the obseved chenical end is discusse besed on 1 22520 7 e TCDE cacuaton et eneroy for e
calculational results. The unique electron distribution of dia- g sy gep 9

mond in both real and momentum space is attributed to thg.y the following functional over electron and positron den-

carbonp orbital sharply localized in real space. sities:

The organization of this paper is as follows. The experi-
mental procedure and calculational method are described in E[n®,nP]1=Fn®]+FP[nP]—
Secs. Il and Ill, respectively. Experimental results are pre-
sented, and are then compared with theoretical ones in Sec. epreL e
IV A. The physical origin of the chemical trend observed in +ESP[ng+ny,nP], V)

the experiment is discussed based on calculational results {phere the(valence electron and positron parts are given by

e P(y!
f—nv(r)n 4 )dr dr’

[r=r']

Sec. IV B. Section V gives a summary. the following equations:
er e e, [NOONG(FY) e
Il. EXPERIMENTS Fn,1=Tln,]+2 Wdr dr’+Eydn,]
In this work, a synthetic diamond crystal of type lla, e e
grown by the temperature gradient method at high pressures +Vionl N, ] (©)

and temperature¥,an undoped floating-zone-grown Si crys- and

tal, and a high-purity Ge crystal were employed for positron

experiments. The 2D-ACAR measurements were performed

by using the machine of Anger camera type at the National Fp[np]:T[anJ vion(r)nP(r)dr. (4)
Institute for Research in Inorganic Materials, Japan. A gen-

eral description of the details of the experimental setup cafn the above equations, n;, andn® denote the densities

be found in our previous works™*® The measured 2D- of the core electrons, valence electrons, and positron, respec-
ACAR spectrum is proportional to the projection of the 3D tively, andT[n] denotes the kinetic energy. The core elec-
momentum density(p) of the positron-electron pair along a trons are assumed to be frozen. In the LDA, the electron-
selected axip, (projection directio, positron correlation energy function&f® is replaced by the
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total-energy increase when a single positron is introduced imogeneous system which is consistent with that for the
the homogeneous electron gas, and the electron exchangabove electron-positron correlation energy.

correlation energ¥,. is approximated by that for the homo-

geneous electron-gas systdhin order to include the ion-

core effect, we employ the nonlocal norm-conserving

pseudopotential\(;,,) for (valence electrons’ particularly

constructed to optimize the softness of the pseudopotétial,
and the Coulomb potential from the frozen-core electro

charge and the nuclear point charge for the positrg,X.
The variation of the above energy functiori&lg. (2)]

over the electron and positron densities determines the tot
energy of the ground state according to the density
functional theory** We follow Kohn and Sham in the varia-
tional calculatior®> The variation then leads to self-
consistent single-particle equations for both electrons an
positron, and band-structure calculations for the single pa
ticles are performed. In these calculations, we employ
plane-wave basis stwhose maximum kinetic energy is

210 (600 eV for Si and Ge(diamond. The experimental

lattice constantsg) of 3.56, 5.43, and 5.66 A are employed
for diamond, Si, and Ge, respectively. The Brillouin-zone
integration in the electronic band-structure calculation is per

formed using two speciak points following Chadi and

r-
%rametrized by Puska, Seitsonen, and NiemifiBN).

B. Electron-positron correlation energy
and enhancement factor

Here we describe details of the present electron-positron
correlation energy and enhancement factor. As mentioned in

"Sec. [l A, the electron-positron correlation energy in the

LDA is defined as that of a single positron in the homoge-
neous electron gas. The numerical values of the correlation

félnergy was given by Arponen and PajariA®),° based on
the correction in the random-phase approximation. The en-

hancement factor is deduced from numerical results of

%{nantto,40 who used the hypernetted-chain approximation for

e above homogenous system. These functions are first pa-
rametrized by Boroski and Nieminerf® and recentlg4rep-
In
this study, we adopt the scheme of PSN.
In addition to the above LDA scheme, we also employ the
GGA one in this study. When the enhancement factor of
Lantto’s type is replaced by that deduced from results of AP,

the calculated lifetimes are systematically shorter than

experimentg! though the calculation by AP is considered to

37 i : i i :
Cohen’ The iterative minimization technique is employed o more accurate for the homogeneous system than that by

in obtaining eigenvalue®

The above variational equation for the total energy deter
mines the densities and wave functions of both electrons a
positron for the ground state. Using these obtained densitigs

Lantto. Barbielliniet al?” thus introduced the GGA for the

correction of this scheme: One adjustable parametds

Nftroduced in order to include weakening of screening effects

realistic inhomogeneougyas systems:y®CA=1+ (AP

and wave functions, we calculate the 3D momentum distri-_ 1)e @ andVS‘SAZ VQ_';e’“fB, whereyAP andV@_'; are the

bution of positron-electron pairs as follows:

2 _occ.

_8773i

2
p(p) fﬂe*‘efuip,(r)l//p(r)\/y(r)dr . (5

In the above equatior,,, ¢, and () denote the classical

functions deduced from results of AP ande
=|6ng|%/(neare)? (a+r is the local Thomas-Fermi screening
length. The universal value of 0.22 fa¥ is adopted to re-
produce experimental lifetimes for a variety of materials.
Here we confirm the validity of the LDA based on the
PSN interpolation and the GGA proposed by Barbiellini

electron radius, the sp;agd of light, and the volume of the unit; 5| for Jifetimes in elemental semiconductors. The lifetime
cell, respectively, ang® is the positron Bloch wave function _ 55 the inverse of annihilation raieis calculated as

at thel” point with the lowest energyw;, is the periodical

function in the electron Bloch wave function with the crystal

momentump’ in the first Brillouin zone(FBZ): When the
momentump in the left-hand side in Eq5) is outside the
FBZ, a suitable reciprocal vect@ is chosen to place by
p’ which is inside the FBZ g=p’'+G). y(r) is the en-

Ur=\= wrgcfn[ng(rHns(r)]np(r)y(r)dr. (6)

It is found that both the LDA and GGA well reproduce the
experimental lifetimegTable ). For diamond and Si, the

hancement factor which is introduced for the correction ofLDA and GGA are found to give almost the same lifetimes

the single-particle wave functions @nd ), and is deduced

(Table ). In case of Ge, however, the LDA is found to pro-

from the pair distribution function at the origin for the ho- vide a slightly shorter lifetime than the GGA, and the GGA

(a)

(b) (c)
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FIG. 1. Perspective plots of experimental positron 2D-ACAR distributions projected alopghedirection in diamonda), Si (b), and

Ge (0).
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FIG. 2. Contour plots of experimental and calculatioth@A ) positron 2D-ACAR distributions projected along ff@®1] direction in the
elemental semiconductors: experimer@l diamond,(b) Si, and(c) Ge; and calculationald) diamond,(e) Si, and(f) Ge. The contour
spacing is%6 of the maximum value. The origin has the maximum density in both experitagand calculation(d) of diamond. On the
other hand, the maximum lies between the first- and second-nearest contours from the origin; that is, there is a dip at the origin, in both
experimentg(b) and(c)] and calculation$(e) and (f)] of Si and Ge. The outline of the Jones zone is drawn in thin lines.
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FIG. 3. Contour plots of experimental and calculatiofidDA) anisotropies of the 2D-ACAR distributions projected along [ib@1]
direction in the elemental semiconductors: experimef@atliamond,(b) Si, and(c) Ge; and calculationald) diamond,(e) Si, and(f) Ge.
The contour spacing is one-tenth of the anisotropy amplitude. $déidhed lines indicate positivénegative values. The outline of the
Jones zone is drawn in thin lines.
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TABLE I. Positron lifetimes in elemental semiconductopss). [001]
The values in parentheses are the calculations based on the LMTO-
ASA method(Ref. 27.

LDA GGA Expt.
Diamond 93 97(96) 103
Si 210 211(210 221
Ge 211 231(228 228

(020) [010]

is found to give a better reproduction of the experimental
value. It is finally noted that the present lifetimes based on
the pseudopotential method are very close to previous ones
based on the linear muffin-tin orbital method within the
atomic-spheres approximatighMTO-ASA),?” as tabulated

in Table I.

IV. RESULTS AND DISCUSSION FIG. 4. The Jones zone shape of the diamond-structure lattice.

In this section, experimental and theoretical results ar&vhere C(py,py) is a smooth cylindrical average of
presented. The general features of positron 2D-ACAR distriN(Px,Py) around thep, axis. Figures @)-3(c) show the
butions in the elemental semiconductors are discussed i¥01]-projected 2D-ACAR anisotropiggxperimentdlin the
Sec. IV A. In Sec. IV B, an interesting chemical trend of the €lemental semiconductors. It is seen that except for the low-
low momentum distributions is discussed based on the camomentum region around the origin, the momentum density
culations. along the[110] direction is higher than that along tfi£00]
line inside the Jones zone presented by rectangles in Figs. 2
and 3. As a result, the distribution along tHeL0] direction
is wider than that along thgl0Q] direction (Table ).

We start with the experimental results for diamond, Si, The other common feature in the three samples is that the
and Ge. The perspective and contour plots of measured 2dbserved distribution area roughly follows the Jones zone
ACAR distributions projected along tH@®01] direction are  based on the nearly-free-electrédFE) model (Fig. 4).104*
shown in Figs. a)-1(c) and 2a)—2(c), respectively. It is  According to this simple model, the 3D electron momentum
found that the origin has a maximum intensity in diamond; adistribution is unity in this zone, and is zero outside this
dip appears in Si and becomes slightly deeper inNf8gs. 1  zone. Itis seen that the observed 2D momentum densities are
and 2. Details of this chemical trend in the momentum dis-finite within the zone, and rapidly decrease around the
tribution around the origin will be discussed in Sec. IV B. boundariegFig. 2), indicating that the NFE gives a qualita-
Except for the difference in the momentum distributiontive interpretation of the 2D-ACAR distribution. We then
around the origin, the general features of 2D-ACAR distri-evaluate the width of the 2D momentum distribution based
butions in these materials are found to be quite similar tan the NFE: the 3D momentum distributidRig. 4) is inte-
each other. In particular, the 2D-ACAR distributions aregrated along th¢001] axis, and the 2D distribution on the
very anisotropic: The momentum densities along [th@0]  (001) plane is obtained. The calculated full widths at half
and[110] directions are quite different from each other. This maximum (FWHM'’s) are comparable with experimental
anisotropy becomes clear when the anisotropic features atthes, though there is quantitative difference between theory
brought out by extracting the anisotropypy,py) from the  and experimentTable II).

A. General features of positron 2D-ACAR distributions

observed 2D-ACARN(py,py) as Here the experimental results are compared with those of
TCDF calculations. The LDA is first examined and the GGA
A(px,Py) =N(px,py) — C(px.Py), (7) is later applied. Good agreement between experiment and

TABLE II. The experimental and theoretical full widths at half maxim@®&WHM's) (mrad of cross
sections of 2D-ACAR distributions projected along {@®1] direction for elemental semiconductors. The
FWHM is evaluated alon§100] and[110] directions. The theoretical FWHM'’s are based on the LDA and
GGA calculations, and their deviatioli®) from the experimental values are presented in parentheses. The
widths evaluated from the nearly-free-electt®E) model, namely, free electrons fully filling up the Jones
zone, are shown together for comparison.

[100] [110]
Expt. LDA GGA NFE Expt. LDA GGA NFE
Diamond 15.8 156+41.3 15.4(-25 13.6 17.4 17.5+0.6 17.5(+0.6 19.3
Si 109 10537 10.3(-55 8.9 122 120¢1.6 12.0(-1.6 126

Ge 105 10.2¢2.9 9.9(-57 85 11.7 11.6¢0.9 11.6(-0.9 12.1
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TABLE lll. The experimental and theoreticflDA and GGA FWHM'’'s (mrad of cross sections of
2D-ACAR distributions projected alor{d 10] direction for the elemental semiconductors. The deviat{t)s
of LDA and GGA calculations from the experiments are presented in parentheses.

[oo1] [110]
Expt. LDA GGA Expt. LDA GGA
Diamond 17.2 17.4+1.2 17.2(0.0 16.5 16.5(0.0) 16.3(—1.2
Si 11.8  11.4¢33 112 (-5.1) 115 11.1¢35 109 (-5.2
Ge 113  10.9¢3.5 108 (-4.49 11.0 108¢1.8 10.6 (—3.6

theory (LDA) is found for the 2D-ACAR distribution on the the GGA, though both methods provide successful results.
(001) plane. First, the observed chemical trend in the mo-Pandaet al?® very recently argued that the GGA gives a
mentum distribution around the origin among the threeslightly better reproduction of results of early 1D-ACAR
samples is well reproduced by the LDA calculatigrgy. 2); experiment¥*3than the LDA, though their results, based on
there is a peakdip) in diamond(Si and Ge. Second, the the GGA and LDA, were very close to each other. The
anisotropic features, which are common to the three crystalpresent assessment of the two calculational methods, which
are also well reproduce¢Figs. 2 and B The calculations is based on a comparison with the up-to-date 2D-ACAR ex-
show prominent differences in the momentum density beperiment, is expected to be more justified.

tween thg[100] and[110] directions. For a more qualitative
discussion, we evaluate the FWHM'’s for tHe00] and[110]
directions. Good quantitative agreement between experiment
and first-principles theor(L DA) is obtained(Table I): The As described in Sec. IV A, the present experiment clari-
maximum deviation is found for the three crystals along thefies the prominent chemical trend among the three crystals,
[100] direction, with values of 1.3%, 3.7%, and 2.9% for and this feature is well reproduced by TCDF calculations. It
diamond, Si, and Ge, respectively. We further examine thés confirmed that the origin has a peak in diamond; a dip
widths in the 2D-ACAR distributions projected into the appears at the origin in Si, and the dip becomes slightly
(110 and(111) planes. Again the good agreement betweerdeeper in Ge. The physical reason for the chemical trend is
theory and experiment is obtained. The maximum deviatiorfliscussed here based on calculational reéfilts. order to

for all these dataLDA) (Tables II-1\) are found to be simplify the argument, we first investigate 3D momentum
3.7%. The validity of the LDA is thus established for the densities on th€010) plane(Fig. 6). The chemical trend is
distribution widths in the elemental semiconducttirsi-  again seen along thel01] direction: There are dips at the
nally we examine the anisotropic amplitude, which is definedorigin in Si and Ge, and the origin is peaked in diamond. It is
as the valley-to-peak altitude relative to the peak height iremphasized here that only the first lowest band has nonzero
the 2D distribution. The LDA well reproduces the experi- momentum density at th€ point, and the first and third
mental resultgTable V). lowest bands have nonzero contributions along[ (] di-

We next adopt the GGA scheme. The GGA also wellrection (the I'-K-X' line) (Fig. 7). As shown in Fig. 7, the
reproduces the observed momentum distributi@ffig. 5). momentum density of the third band increases as the mo-
However, it is seen in Fig. 5 that the deviation from the mentum increases along thE01] direction from thel™ point,
experimental value is slightly larger in the GGA than in theand has a peak betwe#&hand X', while the first band con-
LDA. The GGA gives somewhat narrower distributions thantribution has the maximum at the origin, and decreases as the
the LDA (Tables II-IV), and then the maximum value of the momentum increases. It is clear that the third band contribu-
deviation in the FWHM's between the GGA calculation andtion in diamond(Si and Ge is small (large), and therefore
experiment is found to be 7.0%, which is slightly larger thaninduces the pealdip) at the origin.
the value of 3.7% in case of the LDA. The deviation in the In order to find the reason for the small contribution of the
anisotropy amplitude from the experimental values is alsdhird band in diamond, here we analyze the electron wave
slightly larger in the GGA than in the LDATable V). We  functions based on the linear combination of atomic orbitals
therefore conclude that the LDA gives a somewhat bettefLCAQO) consisting ofs and p orbitals!®*> We first argue
reproduction of the observed momentum distributions thanwhy the momentum density of the third lowest band be-

B. Chemical trend in the momentum distributions

TABLE IV. The experimental and theoreticllLDA and GGA FWHM’s (mrad of cross sections of
2D-ACAR distributions projected alor{d 11] direction for the elemental semiconductors. The deviat{t)s
of LDA and GGA calculations from the experiments are presented in parentheses.

[110] [112]
Expt. LDA GGA Expt. LDA GGA
Diamond 16.8 16.4 16.8 16.5
Si 11.4 11.1 2.6 10.6 (-7.0 11.6 11.4 1.7 11.1 (-4.3

Ge 10.9 10.3 11.3 10.9
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TABLE V. The experimental and theoretical anisotropy ampli-
tudes (%) of the anisotropic component&(p,,p,) in the 2D-
ACAR distributions N(py,p,) with the projection directionp,
along the[001] axis for the elemental semiconductors. The anisot-
ropy amplitude is defined as the valley-to-peak altitudé @, , p,)
relative to the peak height ®i(p,,p,). The theoretical values are

>N

VAN
p=
A=

V%

5
o

Q

[001] (2r/a)

based on the LDA and GGA calculations. e L
[100] (2n/a)
Expt. LDA GGA
. FIG. 6. Contour plots of calculationdLDA) 3D momentum
D_lamond 13.5 14.3 155 distributions at th¢010) plane through thé& point in the elemental
S 7.7 18.4 20.9 semiconductors(a) diamond,(b) Si, and(c) Ge. The contour spac-
Ge 17.4 17.3 20.7

ing is one-tenth of the momentum density at theoint. The maxi-
mum value of the contour line is set to be 1% less than the momen-

. . tum density at thd" point. The intersections of the Jones zone and
comes large as the momentum increases fromItheoint  gyillouin zones with this plane are shown in thin lines. The position
along thel-X" line. The wave function of this band at tle  in momentum space is represented in units ef@, with a being

point consists ofp orbitals whose phases of the two atomsthe lattice constant.
are opposite to each other, and therefore the contributions of
the two atoms are cancelled, i.e., the third band contributeg a zero momentum density at tRepoint*® As the momen-
tum increases along thel01] line, the third lowest band
increases the component®f,= ¢ 101+ bhi101. Which has
the same phase between the two atoms and therefore gives a
nonzero momentum densifthe suffix numbergl and 2 in
the above expression indicate two atoms in the unif.ckll
particular, at theX” point, the wave function consists of only
®,. This increase of th&, component is the reason why
the third band contribution becomes large as the momentum
increases from thé" point (Fig. 7). In contrast, the wave
function of the lowest band at thié point consists of ars
bonding orbital (>s= ¢+ ¢2), which gives the finite mo-
mentum density. The component ®f decreases in the first
band as the momentum increases, leading to the maximum of
the momentum density at the origin of the first baRdy. 7).

The contributions of the firstg;) and the third p3) low-
est bands along thie-X' line are then roughly approximated
by the following expressions:

(a)

0.004 |

0.002

0.000

0.008

Projected Momentum Density (arb. units)

0.004 | ) )
p1(p) cpJ de Prdr| =4 CPJ pe PTdr| (8
0.000
o and
0.012
) ©) _ 2 _ 2
o] e | N [1100] p3(P)> C,’J Qe Pidr| =4 C,SJ’ ¢pe”'Pdr, (9)
0.008 | Z R , " .
wherec,, andc,, are the LCAO coefficients, and the integra-
tions are over the whole crystal region. In deriving the above
0.004 expressions, we assume thiaj the positron wave function
et \ and enhancement factor are unity in Eg);** and that(2)
R inclusion by the firs{third) band of the small component of
ey ®, (Pg), which makes a minor contribution, can be ne-
0,000 k= . .

10 5 o 5 0 glected. According to the above equations, the momentum
density is determined by the LCAO coefficient) (and the
Momentum (mrad) Fourier component of the atomic orbitals. As for the LCAO

FIG. 5. Cross sections of experimental and calculatisbmia  coefficients,c, (cp) has a zerdmaximum value at thel
and GGA 2D-ACAR distributions([001] projection along[100] ~ Point and increase§lecreasgsalong thel’-X' line, as was
and[110] directions through the origir(@) diamond,(b) Si, and(c) mentioned. Since these coefficients are rather insensitive to
Ge. The experimental and calculational 2D-ACAR distributions arethe kind of crystals, we focus on the Fourier components of
normalized to the same volume. Circles, solid lines, and dashethe atomic orbitals in order to clarify the physical origin of
lines denote the experiments, LDA calculations, and GGA calculathe chemical trend in the total momentum distribution. In
tions, respectively. Fig. 8, we then show the Fourier components for C, Si, and
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FIG. 8. Atomic momentum wave functions along fHi®1] di-
rection [ ¢n(k)=c\V4m[5Ru(r)ji(kr)r2dr, where R,(r) and
j1(kr) are thereal-space radial wave function and the spherical
Bessel function, and, is equal to\1/4w (3/4w) for the s (p)
statg for carbon, silicon and germanium. The momentum is repre-
sented in units of Z/a, with a being the lattice constants of dia-
mond, Si, and Ge for atomic momentum wave functions of carbon,
silicon, and germanium, respectively.

2p and 3 core orbitals, though the weak screening of the
3d core orbital contributes to the shrinking of the valence
orbital.

As mentioned above, the chemical trend seen in the 3D
momentum distribution is explained in terms of the small
(large contribution of the Si and Geg p orbital around the
I' point. We then turn to the 2D-ACAR distribution on the
(001) plane. It is first noted that only firgsecond lowest
band contributes to the 3D momentum density alond e
(X-I'") line (the[001] direction (Fig. 7). As a result, the 2D

2
Momentum (2r/a) _ ) (719 _
momentum density at the origin is the sum of the integra-

FIG. 7. Decomposed calculationdDA) 3D momentum distri- ~ tions of these two bands along tf@01] direction. The inte-
butions along001] and[101] crystallographic directions in the el- gration of the former is larger than that of the latter, as is
emental semiconductor&a) diamond,(b) Si, and(c) Ge. The mo-  judged from Fig. 7. Therefore, the 2D momentum density at
mentum densities of the first, second, third, and fourth bands arthe origin is mainly due to the-electron contribution, since
represented by triangles, circles, squares, and crosses, respectivalye first band mainly consists df;. As the momentum in-
The total momen_tl_Jm densities are denoted by sc_JIid lines. Th_e totgdreases from thd point in any direction, thep-electron
momentum Qensmes at tHe .pomt in these materials are put into ~yniribution becomes large, since the upper band effects be-
the same height for comparison. come large. As a consequence, the chemical trend due to the
Ge. It is found that the values of tigeorbital of C are small  SMall(large contribution of thep orbital in diamondSi and
in the low momentum region, and those values increase a8© also appears in the 2D-ACAR distributions: i.e., there is
the element becomes heavy. We therefore conclude that this peqk at thPT origin in diamond, and there are dips in any
small (large values of C(Si and Gé p orbital in momentum ~ direction in Si and Ge.
space is the reason why the third band contribution in dia- It is finally noted that the localized distribution of the
mond (Si and G¢ is small(large along the[101] direction. ~ carbonp orbital also affects the electron distribution of dia-
The small(large) Fourier components in the low-momentum mond inreal space. As Fig. 9 shows, the x-ray-diffraction
region are attributed to the localizatiqdelocalization in experimert indicates that double humps in the bond region
real space of the @Si and Ge p orbital. In real space, the C appear in diamond, while one peak is located at the bond
p orbital is very localized, since there is no cqrerbital. In  center in Si. These features are well reproduced by LDA
contrast, the valencep3orbital of Si is extended as a conse- calculationgFig. 9). We draws andp bond charges sampled
guence of the repulsive force due to the orthogonalizatiorirom the wave functions at the point (Fig. 10. It is clearly
with the core D orbital. The 4 orbital in Ge is further seen that the double humps in diamond are due to the local-
extended because of the repulsive force originating from thézed distribution of carbom orbitals in real space. We thus
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Diamond

[100] ()

[100] (a)

0 035 070 035 07
[011] (a)

FIG. 10. Contour plots of spatia (a) and p (b) bond charge
densities in th¢011) plane sampled from the wave functions at the
I' point for diamond. The minimum value of the contour line and
the contour spacing i@ [(b)] are 1.0 and 0.52.0 and 1.0
e /primitive cell, respectively.

the elemental semiconductors has been observed, namely, a
flat 2D-ACAR distribution ([001] projection in the low-
momentum region has been found in diamond, in contrast to
a deep dip around the origin in Si and Ge. The accumulated
FIG. 9. Contour plots of spatial valence-charge-density distribu-experimental results have been compared with those of the
tions in the (011) plane for diamond(left panel$ and Si(right  first-principles TCDF calculations. We have employed the
panel$. The x-ray-diffraction experimentRef. 4 (pseudopotential LDA scheme by Puska, Seitsonen, and Niemiffeand the
calculation are shown in the uppdtower) panels. The minimum GGA one by Barbiellini et al?” The agreement between
value of the contour line and the contour spacing are 2.0 and 1.¢heory and experiment has confirmed the validity of the
e~ /primitive cell, respectively. The calculational charge density in TCDF calculations. The analysis of the calculational results
core regions is not accurate due to the pseudopotential scheme. TRgs clarified that the unique momentum distribution in dia-
_zigzag chain is _deno_ted by the thi_ck lines. The position in real spacenond is due to the fact that the orbital of carbon is very
is represented in units of the lattice constant localized in real space compared with those of Si and Ge.
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