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The electron momentum densit#MD) of two different modifications of graphite has been measured and
the results of the measurements have been compared with theoretical calculations from three different theories:
a full potential linear muffin-tin orbital, a modified augmented plane wave, and a pseudopotential calculation.
Experimental results have been obtained by two different methods. The complete three-dimensional EMD is
determined by inelastic photon-electron scattering, i.e., by the so-called’ experiment, and by electron-
electron scattering, thee(2e) experiment, cuts in the spectral electron momentum density are studied. For the
(v,ey) experiment 180 keV synchrotron radiation from the PETRA storage ring at the Deutsches Elektronen-
Synchrotron has been used with coincident detection of the recoil electrons.elde¢ é€xperiments were
carried out at the newe(2e) spectrometer at the Australian National University using 40 keV primary electron
energy and simultaneous detection of the outgoing electrons in an equal energy sharing mode. As samples we
have prepared approximately 20 nm thin self-supporting graphite foils either by thermal evap@r&jion by
laser plasma ablatiofi.PA). They are thin enough to suppress in essence electron multiple scattering. Electron
diffraction analysis revealed that the LPA foil contains graphitic basal planes with a random distribution of
c axes, whereas the TE foil was stronghaxis oriented in the sense that the basal planes were parallel to the
foil surface. In the analysis of the results special attention was devoted to anisotropies in the EMD revealed by
comparison of TE and LPA foils. Thee(2e) measurements showed furthermore a strong orientation depen-
dence of the intensity ofr and o states(here we have for comparison additionally measured highly oriented
pyrolytic graphit¢. The EMD’s obtained by both techniques show anisotropies in the momentum distribution
of graphite and are discussed in view of the theoretical results.
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[. INTRODUCTION spectroscopy—to name just a few methods—mainly con-
cern the energetics of the band structure. In contrast, infor-

Graphite is the prototype of a layered material with ex-mation about wave-function-related quantities such as elec-
ceptionally strongsp? covalent intralayer bonding and weak tron densitie$’ or electron momentum densiti€EMD’s) is
van der Waals interlayer bonding. This highly anisotropicrather scarce. EMD’s have mainly been investigated by
bonding gives rise to a number of unusual properties that arpositron-annihilation experimenfACAR) (Refs. 14,15 or
of long-standing technological and scientific importahce. by Compton scattering using either a photon or an electron
Especially the band structu(8S) of graphite has been the as projectile. The Doppler broadening of the scattered pro-
subject of both theoreticahnd experimental studies. Energy jectile intensity has either been measured in a noncoincident
dispersion of the valence states has been investigated eithimshion yielding the so-called Compton profile or in a coin-
for the occupied states by angle-resolved photoelectron specident mode, i.e., simultaneously with the recoil electron. In
troscopy(ARPES (Refs. 3—5 or by inverse photoemission the latter case, scattering kinematics are fixed and allow the
spectroscopyARIPES in case of unoccupied stat®5.In complete reconstruction of the initial electron momentum
addition, inelastic x-ray scattering, both resoffarind yielding the three-dimension&BD)-EMD in contrast to the
nonresonant,electron-energy-loss spectroscfBELS),'%'* 1D information of the Compton profile.
or angle-resolved x-ray fluorescence and absorption Anisotropies of graphite by noncoincident photon scatter-
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ing have been obtained by Manninen al'® They clearly  scattering experimeniSec. Il B) are explained. The target
show the influence ofr states which are responsible for the preparation and characterization are described in Sec. Il C.
interlayer bonding. Due to thep character, Compton pro- After a short introduction into the theories uségec. IV)

files along thec axis of graphite are smaller at low momenta experimental results from thee(2e) (Sec. VA and the
than profiles in the basal plane. Electron Compton profiley,ey) study(Sec. V B are given and discussed. Finally the
have been measured either in the noncoincident fidfler  results are summarized in Sec. VI.

3D-EMD’s by fixing the kinematics in a so-callec,@e)

experiment®=2! In the photon scattering analogyy.€y), Il. METHOD
the scattered photon is measured simultaneously with its re- _
coil electron?*?3 Although all three methods, i.e., ACAR, Both the (y,ey) and the €,2e) experiments are very

(e,2e), and (y,ey) measure EMD-related phenomena, eachsimilar. The incoming phototelectron transfers in a binary
has its own advantages and drawbacks. Strictly speakingollision a large fraction of its energy to a target electron.
ACAR does not measure EMD’s but the electron-positronT he target is ionized and the electron leaves the target with-
pair density, i.e., the momentum density weighted by theout further interaction. Thus, as far as the target is concerned,
positron wave function. It is for this reason that ACAR is @n electron is annihilated at the moment of ionization. The

main|y used to investigate Fermi brea{@rmiomgy pro- probability that the target is left in a state with eneﬂgﬁmd

vided they exist* momentump is the spectral function. By measuring the dis-
A major problem for both¢,2e) and (y,ey) is the strong  tribution of the pairs of outgoing particl¢photon and elec-

elastic scattering of electrons in solids which disturbs théron in the case of f,ey), two electrons in the case of

evaluation of electron momenta. Since the mean free path fdie,2€)] we obtain information about the spectral function as

elastic scattering of electrons in the 10keV range is a fevexplained next.

10nm only, very thin target foils are required. As the

electron-electron scattering cross sectjbfott) is orders of A. The (y,ey) experiment

magnitude larger than the photon-electron cross section

(Klein-Nishing, (e,2e) experiments can be made with a ith f k= (K. w/C) | ttered at |
much better resolution thany(ey) investigations. On the with four momentum =(k,w/c) is sca ered at a valence
glectron withp=(p,c—&/c), wheree>0 is its binding en-

other hand, multiple electron scattering is more severe in thi d moment tion | denteed
case since also the projectile is involved in contrast toor 9y, Energy and momentum conservation laws de

(v,ey),23 making intensity(density interpretation more dif- US€ {Omic units, i.e4 =e=m=1; in these units the veloc-
ficult. As well as obtaining momentum density information, ity of light is c=137a.u)

(e,2e) experiments have been successfully used to study en-
ergy dispersion of valence bantl€®>?In this sense &,2e)
resembles ARPES, thougle,@e) is not limited to crystals
and its interpretation is more straightforward and not ham-
pered by strong transition matrix and interference effeCt?/vherep’z(p’,E’/c) and k' =(k’,w'/c) are the four mo-

which are particularly important in case of grapﬁith menta of the recoil electron and the scattered photon respec-
also re”.‘ark that low-energye2e) experiments are being tively. Thus, ifk, k" andp’ are known experimentally can
used to investigate aspects of surfaces of crysfafS. be determined in a unique way. For the coincident detection

In this paper we report on the EMD of graphite obtainedqs i1 he scattered photon and its recoil electron, the triple
by (y,ey) and (e,2e) experiments. In contrast to earlier jiterential cross section

investigations®3! the main emphasis of this paper is the
study of EMD anisotropies and their comparison with band 4 1 o'p
structure theories. Both experimental techniques obtain re- i _+ @P X,(p)p(p)
sults for the EMD. The {,ey) experiment measures simul- do'dQ,dQe 2¢4 o 7
taneously the complete 3D-EMD with a rather good momen- S ) )
tum resolution, which is used to obtain detailed informationnolds. The Kiein-Nishina cross section functi¥n(p) reads
about EMD anisotropies for all directions in momentumin case of linearly polarized photoifs
space. Its crude energy resolution allows only the measure-

Zcz(i_ i)

K K’

First, we describe they(ey) experiment. If a photon

e(p)=w—ow'—E'+c? (2.1a

p=k’'+p’'—K, (2.1b

2.2

!

ment of the EMD summed over electron states. In contrast, K K
Xy(p)=ﬁ+ ?+(1—P1)

the high momentum and energy resolution of teg2¢) ex-
periment allows to yield information about state specific

EMD and the band structure. No complete 3D-EMD is ob- 1 1\2
tained by the latter method, but additional spectroscopic in- +ct —— - 2.3
formation is revealed for defined directions in momentum K K

Space. with the relativistic invariants
The paper is organized as follows. In Sec. Il the methods

of the (y,ey) experiment(Sec. 11A) and the ¢,2e) experi- £
ment(Sec. |l B are presented. In section Il the experimental K=k-p= =0 p-k, (2.43
setups for the photon scatterif®ec. Il A) and the electron 2
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Ew' 0o’ Corresponding to Eq$2.18 and(2.1b), the energy and mo-
K'=k'-p=—-—p-k'=K———(1-cos6), mentum conservation laws in the case of teg¢) experi-
c c ment give
(2.4b
_ ’ ’ 2

where @ is the photon scattering angle. The sign convention s(P)=E:i—E Bt (289
of the Stokes parametd?; which describes the degree of —pn/4p— (2.8b
linear polarizatiof® has been chosen so thB{<O0 if the P=P1T P2 P '

(k,k") scattering plane is identical with the orbital plane of where P1, p:'L, and pé are the momenta of the incoming
the storage ring[The (y,ey) experiment has been con- projectile and of the ejected electrons, respectively. Else
ducted with synchrotron radiation, see belp®ince our en-  are the corresponding total energies. The triple differential

ergy resolution does not suffice to resolve specific states, th&oss section for thee(2e) experiment reads
EMD p(p) is summed over all occupied states

Co PPy o e (29

’ = pi(p.e .

p(|o)=2i pi(p) (2.5 dE'dQ,d0, pi M
with the Mott electron-electron collision factSr
with
X.(p) 1 . 1 1

. 2 p)= ; — - —.
pi(p)=> fq)k (NP Td3r| Olep—ei(ko)]. ;- (p—pp? (pl—pl)z(pl—pzé 0

Ke c’ _

(2.6) : . : .
This factor is essentially constant in the noncoplanar sym-

The wave functionspy_;(r) are the solutions of the band metric geometry used in the present measurements.

structure problem for crystal momentukg=p+g and band It should be emphasized_ that botkZe) and (y,ey) ex-
indexi. g is a reciprocal lattice vector which projegishack periments measure EMD’s in the extended zone scheme, i.e.,

to the first Brillouin zone. The;(k.) are the corresponding they measure momentum and not crystal momenturk.
eigenenergies;r the Fermi energy, an® (x) the step func- This is different from ARPES and ARIPES which are re-

tion. Equation(2.2) relies on the validity of the so-called stricted to the momentum range_of the first Brillouin zone:
impulse approximatioR? The dependence of the cross sec-the momentum_ conservation law in case of the phqtoeff/ect in
tion function X,(p) on the primary electron momentum is a solid is obtained from that of Eq2.1b by replacingk
very weak, but it has nevertheless been taken into accoulfith & reciprocal lattice vectag in such a way that for fixed
when p(p) was extracted from the experimental data. k andp’ the primary electron momentum belongs to the
Attempts for a state selectivey(ey) experiment by im- first Brllloum_zone. In contrast to the bmary collision experi-
provement of the energy resolution especially of the electrof"€nts described here, photoabsorption has to be supported
branch by a time of fligh{ TOF) technique have recently by the Iatuge, |.e.,IW|trg¢0, because otherwise it would be
been undertaken by Itoet al3* To reach a time resolution forbidden kmem_atlcally: the momentum of the photoelectron
for which the corresponding energy resolution allows at leasfad to be zero in the center of mass frame whefep=0
the separation of the sLstate in graphite ,=284¢e\),  holds.
rather low electron recoil energi€$2.5 ke\j had to be used.
This means a strongly enhanced multiple scattering effect . EXPERIMENT
due to a reduction of the mean free path for elastic scattering
(18 nm. On the other hand, thesImomentum density adds
in the momentum region of the valence state an approxi- The (y,ey) experiment was performed at the high-energy
mately constant contribution of 3% only. Energy resolutionsx-ray undulator beamline of HASYLAB at the 12GeV
of about 1 eV, which would allow the identification of va- PETRA storage ring’ The white photon beam was mono-
lence states and which are now feasible in noncoincidengchromatized by a plane, slightly disordered Si crystal in Laue
Compton spectromete?s, seem not to be attainable for geometry®® The disorder widens the rocking curve consider-
(v,evy) experiments in the near future. ably compared to the Darwin width of a perfect crystal and
matched the monochromaticity of the photon be@midth
o,=0.35keV) with the energy resolution of the photon de-
In contrast, the combination of a rather large primary partector(see below without a major loss of reflectivity. Thus,
ticle flux with a cross section that is orders of magnitudea photon flux of 2 10*2photons/s in a beam spot of 2
larger than the photon scattering cross section allay2e] x 2 mn? could be reached at a photon energy of 180.3 keV
experiments to be currently carried out with an energy resoand an average storage ring current of 30 mA. For photon
lution of about 1 eV, which suffices to evaluate state seleceletection we implemented a two-dimensional array of 12

A. The (y,ey) experiment

B. The (e,2e) experiment

tive spectral momentum densiti€SMD’s) intrinsic Ge diodegenergy resolutiomr,, =0.32 ke\j which
was mounted externally to the evacuated target chamber at a
pi(p,e(p))=pi(p) o(e(p) —&j). (2.7 scattering angle of=150° (Fig. 1). The 12-pixel planar
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=

FIG. 1. Experimental ¥,ey) setup: Ge, 12-pixel Ge diode; T,
target; PSD, 32-pixel position sensitive electron detector.

detector replaces a single diode device with a larger angular
acceptance used in earlier investigatidhs'hus, we im-
proved the transverse momentum resolution significantly
compared to the experimental setup with the single diode Ge
detector at an identical coincident count rate. The unscattered
photon beam was accurately dumped in a lead-shielded hol- FiG. 2. Experimentalé,2e) setup: T, target; HSA, hemispheri-
low body to minimize x-ray background. The electrons werecal electron analyzers; PSD, position sensitive channel plates.
identified by a position sensitive detect®¥SD consisting of

a two-dimensional array of 32 individual PIN diodes. The ynit detected a discriminated electron signal within the open
detector arrays were set up in such a way that the vectQjate, the complete data sets of both the coincidence unit and
go=k—Kkj¢, i.e., the momentum transfer to an electron ini-the ADC were read out via a VME bus.

tially at rest, was pointing at the center of the PSD, wkije

the momentum of the corresponding scattered photon, was
defined by the center of the Ge diode array. The surface ) ) )
normal of the target foils was parallel tp. The final elec- The (e,2e) experiment was performed with the new high
tron momentunp’ is obtained from the energy conservation €nergy spectrometer developed at ARUN contrast to ear-
law of Eq.(2.1a by neglecting the binding energywhich is lier arrangement both dgtectors for the oqtgomg electrons
small (tens of eV at mogtcompared towj=108.7keV, are now placed symmetrically at a scattering angle close to
wherew)) is the photon energy after scattering from an elec-9s=44-45°. At that angle the cut in the SMD goes through
tron at rest. A momentum transfegp=75.0 a.u. guarantees the I point, i.e.,p=0. ,Th's means that for 40keV primary
the validity of the impulse approximation. The angle be_elec,trons both emerging electrons have about 20kpY (
tweengq, and k), (Fig. 1) is 6= 6+ ¢=161.2°. We use a =p,=38.7 a.u} which is large enough to suppress electron

Cartesian coordinate system for the electron momerpum Multiple scattering within the target consideralily s inter-
where thep, component is parallel tq, and thep, compo- esting to note that the deviatiakhf,=0.55° of the relativis-

nent is lying in the k,k() scattering plane. In this coordinate t|clally ‘;i‘g?'?‘ed icgtterlng angle froml |t§ nonrelativistic
system, the initial electron momentum components read value o or gp=0 measurement results in a momem“"f‘
deviation parallel to the surface normal of the target foil

1 Ap;=p14A6s=0.52 a.u. which exceeds the experimental un-
Esin 5)Aw’, (3.1a certainty by fan. The experimental setup is sketched in Fig.

HSA

B. The (e,2e) experiment

!

wq
Px=doB|— ?0055

qt+ .
2. The emitted electrons are decelerated and energy analyzed
, by two hemispherical analyzers. Finally, the electrons are
_ i (3.1 detected by two 2D position sensitive channel plates. For a
Py=0oB. c ' Cartesian coordinate system, where phe&omponent is par-
allel to p;, py lies in the median scattering plane, apgis
w) csiné perpendicular to it, we obtain
p,= Tsm5 a-———— Ao/, (3.10
woSInG Py=P1oCOSO(— B)) +(2 NG Ap;,  (3.29
whereq , andg), are the angular deviations kf from kg )
andp’ from gy, respectively(Fig. 1), andAw’' =’ -} is Py=Piola +B1), (3.2b
the photon Doppler broadening. Each detector channel in the
photon and electron branch was provided with an indepen- P,=PioSinby a|+ B)). (3.20

dent pre and main amplifier and discriminator. The pream-

plified photon signals were processed by a spectroscopy anftere ¢y and 8 are changes in polar angéfrom 65 which

plifier delivering a fast and slow output signal. The can be selected by deflectors between the specimen and the
discriminated fast signal served as a gate for the coincidencdlits before the analyzers, ard and B, are the azimuthal

unit, the amplitude of the slow signal was used for the meaangles of the detected electrons with respect to the median
surement of the final photon energy . If the coincidence (horizonta) scattering plane. For ejecting an electron ini-
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tially at rest, the scattering angtg (symmetric caseand the  the films were determined by light transmission and were

final electron momenturp;,= p5, are given by 17nm for the LPA foil and 18 nm for the TE foil. The
mounted foils were finally laser annealed: the TE foil at
2¢c2 1 4200 K for about 10 rf§ and the LPA foil for 3Qus at about
tanfs= o and piozzv(EﬁC )*—4c”, 3000 K* Transmission electron microscopy revealed a com-
1

3.3 plete graphitezation of the foils and that the average length
' L, of the basal planes increased from less than 1 nm imme-
and all three trajectories are in one plareith o, diately after condensation to about 10 nm by this treatrffent.
=—,). E, is the total primary electron energy addp;  (Interestingly, it was found by Dollingeet al* that heating
=pi—P1o=—Ap,=ps—P5 the Doppler broadening term. LPA foils to 4200 K introduces anisotropies in LPA foils by
For our experimental situation the electron pass energy in thereferential evaporation of oriented C clusters during anneal-
hemispherical analyzers is 250 eV corresponding to an ering.) The evaporation time at the relevant vapor pressure
ergy window of AE;=AE,=50eV in both analyzers which (=10Pa of carbon is too low to result in noticeable abla-
results in a Doppler broadeningp,=AE}/p,=0.04 a.u. tion. Detailed elemental analysis by elastic recoil detection
that can be neglected. A vertical slit system conforming tolERD) showed that the major contamination is a hydrogen
9=6, in front of the analyzers ensures that coincidencecOverage of both surfaces of_the foils which amounts to an
events in horizontal direction of the channel plates are coroverall content of a few atomic percefit. o L
related to the binding energy(p,), whereas those in verti- Foils Whlc_h had beer_w prep_ared under_|dent|c_:al cond|t|qns
cal direction correspond to a 1D cut through the SMD in thel@ve extensively been investigated by either high resolution
p, direction, i.e., perpendicular to the target surface normaleléctron mmroscop;(gREM) or electron diffraction(ED)
By adjusting the deflectors in front of these slits to selectVith 80keV electrons. While for the LPA foil all low in-
electrons at angles; , 3% 0, 1D cuts in thep, direction for dexed rings of graphite can be observed and their intensity
fixed values ofp, and p, can be obtained. Fow —p the Pattern indicates an isotropic distribution of crystallite$?
cuts are Witmﬁﬁzo andpxx=0, for = -, the c&ts Jre for the (002 ring is missing in case of the TE foil. Since dif-
px#0 andp,=0. The energy resolution for the binding en- fraction ~ angles —are small for 80keV electrons
ergy measurement(p,) is about 1.5eV[Eq. (2.83], the (®go=6.2mrad the lack of this ring implies that002)
momentum resolutiony&p ~0.1 a.u. From Egs(2.2) and planes cannot lie more or less perpendicular to the foil sur-
y=0.1 a.u. . :
(2.9 we derive that the triple differential cross section forfaC?' ED patterns Ifrom thﬁ cladge ?f a f°|d‘;d foil v(\;herel thed
the (e,2e) experiment is a factor 420 larger than that for theSUrtace was nearly parallel to electron beam, develope
(y.ey) experiment. Together with a beam current of about lE)OOZ) rings. This clearly demonstrates that for TE foils the

uA (2% 10 electrons/sthis allows for the much improved asal t?raaniis were arrta;]nged nl]to stlgl'%grallel to the IOI(!I surface
resolution with, at the same time, a total coincidence coun epeating in essence the resufts o lon €vaporated car-

S : on films. The extent of anisotropy was estimated from the
rate of about 1 Hz which is similar to theyfey) experiment. azimuthal intensity distribution of th€002 rings and

) yielded a deviation of the axis from the foil normal with
C. The graphite targets +7° full width at half maximum(FWHM).** Although the
The mean free path for 70 keV recoil electrons in graphite(h k0) and (0 d)-rings of both the LPA and TE foils are
is 90 nm(Ref. 39 [or 25 nm for 20 keV outgoing electrons in identical to those of graphite, there are rok(l) rings with
case of the €,2e) experiment, which requires thin target h andl or k and| simultaneously nonzero. The same effect
foils to suppress multiple scattering. They were made eithecan be observed in special cases of bulk grap(ig., car-
by laser plasma ablatiofLPA) or by thermal evaporation bon black!"*®often also called “turbostratic” graphit&®9.
(TE). In the former case pure graphite was irradiated by a 30This type of graphite consists of parall€02 planes with
GW/cn? Nd: YAG laser for about 10 n€*! The ablated almost normal graphite separatiohbut the planes are
single C atoms with an average energy of a few eV wereshifted and rotated randomly to each other.
collected on a thin betaine film which had a fine crystalline- As mentioned above, ED of the heat treated LPA foils
like structure that acted as a replica for the graphite film andevealed Debye-Scherrer rings from graphisg? bonding
guaranteed a high mechanical stability. For a detailed deand not from diamond gp® bonding. These findings are
scription of the rather sophisticated preparation of the selfsupported by az et al>2 who report that annealing of LPA
supporting foils we refer to Ref. 42. The TE foils were madefoils at temperatures above 1100K let #he® content fall to
by evaporation of graphite heated to about 3200 K. At suclzero. It is also interesting to note that recent HREM
moderate temperatures the evaporated species are not mofimvestigations® of thin carbon films made by laser-arc
atomic but carbon clusters of different siZéghese clusters evaporation showed the same dense array of parallel curved
are fragments of th€002) planes and leave the graphite sur- graphene sheet segments packed in random orientations as
face with thermal energies of about 0.3#mpinging on  the HREM pictures of Dollingeet al** which are represen-
the surface of the substrate they do not have sufficient kinetitative for our LPA foils. They even show the same tendency
energy to break the molecular bonds. Again, the evaporated form onionlike graphene arrangements. In addition, the
material was condensed on a betaine film which was finallyauthors of Ref. 53 have supported tg#-bonding character
dissolved in water and the self-supporting LPA or TE foils of their films by EELS measurements of thé peak. The
were mounted on a stainless steel frame. The thicknesses ofitreated TE foils showed broad ED patterns from which an
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average correlation length of about 1 nm was deduced. Thimtroduction of fictitious empty spheres at interstitial sftes.
low spatial extension led to the interpretation that TE foilsAll this is avoided in the FP-LMTO method.
are amorphousa-C) (Ref. 54 though ED shows some an- In the MAPW scheme the electron potential is assumed to
isotropic structure even in the untreated state. We mentiobe of warped-muffin-tin form, e.g., spherical symmetric
that (e,2e) experiments on TE foif$°® showed that they within the nonoverlappingAPW) spheres centred at each C
consist of trigonally bonded C atoms. These findings are supatom and described by a superposition of plane waves out-
ported by simulations of evaporatadC based on molecular- side the spheres. In the whole atomic cell each Bloch func-
dynamic methods’ It might be worth mentioning that in tion is expressed by a superposition of up to 364 plane waves
recent years there has been an overwhelming interest in te&nd is augmented inside the APW spheres by properly cho-
rahedral amorphous carb@dhA-C) due to their huge poten- sen solutions of the radial differential equation with the
tial industrial applicability as diamondlike substratés. spherical symmetric potential. Both the wave functions as
In case of the €,2e) experiment, both TE and LPA foils well as their first derivatives are exactly continuous at the
which had been prepared simultaneously with those for thsurface of the APW spheres. This guarantees the rapid decay
(y,ev) investigation were measured as is. In the case of thef the Fourier transform of the Bloch functioffs. The
LPA foil we reduced the thickness after an initial measure-MAPW scheme is an all-electron method which treats the
ment to about 5 nm by plasma etching in an Ar+Bixture®®  core and valence electron on equal footing. By considering
A simple glow discharge was used at relatively high pressurd0 properly chosek points in the irreducible BZ, the crystal
(0.5 Torp. Frequently occurring collisions between the ions/potential was derived by a self-consistent procedure which
molecules ensure that the maximum kinetic energy of thevas stopped when the first 100 Fourier coefficients of the
ions is much less than the voltage applied between cathodeotential do not change in the first nine digits. Within DFT
and anod&300 eV). Etching is thought to occur mainly due we considered two different parametrizations of exchange
to chemical reaction between the carbon foil and oxygenand correlatiort/*®but found no significant difference in the
ions—molecules—atoms in an excited state. In this way, C&MD’s. Spherically averaging was performed by generaliz-
and CQ are formed and desorb from the surface resulting inng the concept of special directions originally proposed by
a gradual thinning of the film without displacing remaining Bansil in the case of cubic symmefiy’° The evaluation of
atoms from their lattice sites. Accordingly, except for a re-the basal averaged EMD’s was more time consuming as we
duction of the multiple scattering background, no changenade a Fourier analysis in cylindrical coordinates with the
was observed in the spectra. Etching was done in a specifblar-axis parallel the axis of the crystal and four uniformly
preparation chamber from which the foils were transferred tspaced angles in the interval (I3).
the scattering chamber<(10~ 1°mbap without breaking the

vacuum. V. EXPERIMENTAL RESULTS AND DISCUSSION
A. The (e,2e) experiment

Both LPA and TE foils have been investigated by the

Theoretical EMD’s are based on either an empirical(e,2e) experiment and compared with the,2e) measure-
pseudopotentia PP method® with potential parameters ments of thin HOPG(highly oriented pyrolytic graphite
from Reedet al,’! the full-potential linear muffin-tin orbital
(FP-LMTO) (Ref. 62 or the modified augmented plane wave [T T T T
(MAPW) method. All calculations were performed within p,=00au. /\
the FP-LMTO method nonoverlapping muffin-tin spheresare ~ @—— %~ -
introduced and the electron potential and the charge density - P,=02au. ]
are expanded in spherical harmonics inside the spheres and
calculation 2410 plane waves were used for the representa- p =04au.
tion of the charge density and the potential in the interstitial F A ]
region. 250 k+g) terms were used in the Fourier sums. 77 /\ AAAAAAA ]
louin zone(BZ). After self-consistency of the electron poten- - ]
tial and the charge density had been achieved, the angular I 2 /L_
averaging(see below of the EMD was performed. This re- L b —08au _

,=08au.

along 256 directions included within the wedge enclosed by -
the 'K, I'M, and I'A directions. It is thought that FP-
LMTO is superior to the LMTO method within the atomic
overlapping Wigner-SeitzWS) spheres for the calculation  FIG. 3. The azimuthally averaged theoretical SNEP-LMTO)
of EMD’s,* the rather open graphite structure yields discon-as a function of binding energy for differentp, . The figure holds
tinuities of the potential at the WS radius which forces thefor p, =0.

IV. THEORY

Intensity (arb. units)

0 5 10 15 20

the general scheme of density functional the@FT). In L

Fourier transformed in the interstitial region. In the present

k points were produced by division of the irreducible Bril- - p =06au 1

It
quired calculating the valence band energies and the EMD L A -
R EA
S " Binding E V)
sphere approxmatlo(]ﬂ\SA).63 In addition to the problem of inding Energy ¢ (eV)
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films. HOPG consists of a large number of single crystals opace changes sign pf=0. Since this band is well sepa-
graphite, all with theirc axis well aligned €0.8° mosaic rated in energy from the band, we can use it to study the
spread. It should thus resemble the TE foils. The HOPG anisotropy of the target. Thus, if we tune the spectrometer so
film was made from thick material by cleaving followed by it measures momenta with a compongp0, then, if thec
plasma thinning. However, the thin area has a diameter Odixis is aligned with the surface normal, we shoualtat ob-

less than 0.5mm, and these samples are not suitable fQgrye ther band, which has a node and hence zero density in
(.ey) spectroscopy since the beam spot exceeds the thifye b, =0 plane. As a check we used deflectors to tune in to
area by far. So first we investigate, using tfe2g) tech-  gjocyrong withp;=0.7 a.u. Now ther band should be ob-
nique, if the TE and the LPA foil have an electronic structuresewed preferentially in the aligned case.

as suggested by the arrangement of the atoms inferred from To illustrate this principle we show in Fig. 3 the calcu-

th_e diffraction data, using the HOPG foil as a reference._ Fo[ated spectral momentum densitgMD) of basal averaged
this purpose we measured the spectral momentum density for "~ . T ;

- RPN o graphite using the FP-LMTO approximation as a function of
1D cuts alongp, =p, for oj=pg=0, i.e., py=p,=0, and

also foray=3,=0.74° yieldingp,=0, pj=p,=0.7 a.u[We binding energye for p, =0 and different_pH. The SMD
keep the same nomenclature as for theety) experiment peaks have been broadened by 2 eV to simulate energy reso-
ie., p. is parallel or perpendicular to the surface nom’]al:!ution and lifetime broadening. It is evident that with increas-

for the TE foils and HOPG the axis is oriented along this "9 P the o intensity (at about 19 ey decreases on the ac-

surface normal). count of the increasingr intensity (at about 6 eY. Whereas
The = band of graphite is formed bypelectrons ori- atp;=0 the intensity vanishes, it exceeds theintensity

ented perpendicular to the basal plan#¥e remark that for ~atp;=0.7a.u. Thus, for this point in momentum space, the

certain low symmetry directions the termsr*or 7 band”  ratio of 7 to o intensity is a sensitive parameter for the
lose their rigorous meaning sineg ando; bands hybridize degree ofc-axis orientation of the foils.
with the 7 band due to their inherent P charactBrHence, In Fig. 4 the measured intensity plots of the SMD in the

these electrons have always a momentum component perpef,p,) plane for the reference HOPG foil, the TE and the
dicular to this plane, as its wave function in momentumLPA foil are given. The left side holds fqo =0, the right

p,=0a.u p,=0.7 a.u.
i ] "

oo

100

ENErgy g (eV)

200

0L

-100

FIG. 4. The experimental
SMD from the ,2e) experiment
for different foils as a function of
p, atp;=0 (left) andp;=0.7 a.u.
(right) using a linear grey scale.
The top panel is the HOPG foil,
the central panel the TE foil, and
the LPA foil is displayed at the
bottom.

DO

1000

energy £ (V)

[e)
=
o

T

ool

pll(a.u.)

-10.0

100 [~

Energy g (ev)

2001

300 -

1
P, (aun)

155204-7



T. SATTLER et al. PHYSICAL REVIEW B 63 155204

hopg-foil Ipa-foil

T T Ty T T

FIG. 5. The measurede(2e)
binding energy spectra for mo-
mentum valuedin a.u) as indi-
cated. The left column represents
the HOPG sample, the middle col-
umn the TE and the right one the
LPA foil. The error bars represent
the raw data, the full lines are the
data after deconvolution for in-
elastic energy-loss processes.

Intensity (arb. units)

Binding Energy ¢ (eV)

for pj=0.7 a.u. For the HOPG film gy=0 only o intensity  lineshape with a tail extending from the quasiparticle peak to
is observed. The maximum binding energy of thidand is  high binding energy is corroborated by many-body
26 eV, which is over 6 eV larger than the maximum bindingcalculationg’>

energy of the calculatioil9.3 eV, see Fig.)3 This is largely Not only the intensity is affected by the presence-aixis

due to the fact that thee(2e) measurements determine the orientation in the sample. Energy levels are not expected to
binding energy relative to the vacuum level and the bindinggisperse as a function @ as the different graphite layers
energy scale of the calculation refers to the Fermi level. FOgpre hound together by van der Waals forces rather than co-
p||_=0.7_ a.u. bothr gndw in_ten_sity is found as expected_ for valent bonds. Indeed, the binding energy forp|=0, p,

th|§ foil. The maximum binding energy of the band is _g andp;=0.7a.u.,p, =0 is the same for the HOPG foil
shifted by 6eV as well. Here, the intensity exceeds the 54 the TE foil, but there is a clear dispersion to lower bind-

intensity. This is in good agreement with the theoretical pre- ith i ino: for the LPA foil. Eor the com-
diction of Fig. 3. The TE foil should resemble the HOPG Ing energy with increasing) for the or

) : lete isotropic case, i.e., no preferre@xis orientation, we
foil. Indeed, the same pattern is observed, although not a2 NN ) . : '
clean as for the HOPG film. Fan=0 the  intensity is éxpect, of course, the same ratiocoto 7 intensity for both

=0, p,=0.7a.u. ang=0.7 a.u.,p, =0. This appears to
weak, but somewhat larger than for HOPG. fpr=0.7 a.u. P L I 1 o
the 7 band is much more pronounced than fip= 0 but not be the case for the LPA film. Indeed, after normalizing both

larger than thes band. For the LPA foil ther band is megsurements to 'Fhe same height, no megsurgble difference
observed as a weak feature both fgr=0 andp;=0.7 a.u. in either peak_ position or intensity distribution is found for
The LPA foil has morer electrons fop;=0 than the other ~Poth spectraFig. 6. Thus, we conclude that the,@e) mea-
foils. The difference inw intensity betweerp;=0 andp surements {ndlcat(_a that the LPA foil displays aspe_ctral_func—
=0.7 a.u. is now much less pronounced. tion that is isotropic. The TE foil has a preferrechxis ori-

In order to give a more quantitative impression of the€ntation along the surface normal, but this orientation is not

measured intensity we show in Fig. 5 the measured spect@s Well established as in HOPG.

for selected momentum values for the three films. Inelastic The SMD data are in principle directly comparable with
scattering(mainly plasmon creatiorcauses excess intensity the spectral function of the solid. However, in addition to the
at high binding energy. We attempt to correct for this using dinite energy and momentum resolution, multiple scattering
deconvolution procedure based on the measured singlegfects have to be taken into account. Tracing the peak posi-
electron-energy-loss spectrdfAll films were deconvo- tion as a function of momentum, these data provide informa-
luted by the same response function, however the deconvaion about dispersion, however, for true quantitative com-
luted amount depends on the film thickness and was adjustqghrison we need to take self-energy effects and satellite
so that the intensity was approximately zero for large bindingstructures into account as well. For aluminum this approach
energies 40eV). The deconvoluted intensity is included gives a quantitative descriptidft”® and also for graphite it

in Fig. 5 as well. This intensity should be considered more asppears successfli However, within the context of this pa-
an educated guess, rather than the result of a rigorously juper we want to see if we can measure the momentum densi-
tified procedure. However, the resulting asymmetry in theties to the extent that the anisotropy in the density is re-
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Intensity (arb. units)

Intensity (arb. units)

0 0.5 1 1.5 2
momentum p, (a.u.)

-10 0 10 20 30 40 50

Binding Energy € (eV) A B B AL

FIG. 6. The measurede(2e) spectra for the LPA foil at mo- (b)
mentum values op=0, p, =0.7 a.u.(circles and solid lingand
pj=0.7a.u.,p, =0 (squares and dashed lindhe spectra are nor-
malized to equal height. The identical shape of these two spectra is
expected only for a foil with completely random oriented crystal-
lites.

solved. For this purpose, we consider the extreme cases, the
LPA film (random orientation of the axis) and the HOPG
film (well definedc axis).

From the €,2e) measurement the momentum densities
are obtained by energy-integration. However, the measured
intensity does not fall to zero above 25eV binding energy ol v v e
due to both intrinsic and extrinsic satellites. Extrinsic satel- 0 0.5 1 1.5 2
lites[mainly plasmons created by the incoming and outgoing
electrons traveling towardsway) from the (g,2e) collision
event It.sel] are the main cause. Momentum changes assocl- FIG. 7. The total andr-electron momentum density from the
ated with plasmons are small, and therefore these plasman : . o
excitations will not affect the momentum density signifi- \'25) EXPeriment for momenta in trieA direction () and perpen-

. . . dicular to this direction(b). The solid line is the theoretical total
cantly. In order to avoid the problem with the upper integra-

. . ibution by the d density, and the dashed line the correspondinglectron density.
tion limit we removed the plasmon contribution by the €"The measured total density amdelectron density are presented by

convolution procedure disc?ussed above. It is tempting to tr36pen and filled squares, respectively. All curves refer to FP-LMTO.
to analyze these spectra in terms of heand = electron

densities. intensities obtained from the FP-LMTO calculation. For the
The most clearcut analysis would be for the HOPG film.first case with the momentum parallel FA the agreement
For this purpose we measured an additional set of spectrgeems reasonable. For the second with the momentum per-
under carefully controlled identical experimental conditionspendicular td’ A we should not observe any intensity. The
for different values ofp; using the deflector scheme de- intensity found is indeed much less. What is seen can only
scribed earlier. We compare these measurements for the caseginate from €,2e) events with additional elastic scatter-
p, =0, pj#0 with those of Fig. 4 withp, #0, pj=0. The ing of either the incident and/or outgoing electrons, and
spectra were deconvoluted as in Fig. 5, and subsequently wence with the wrong inferred momentum value. Elastic
determined the total area from O to 40 eV. This is ttwal)  scattering tends to reduce the observed intensity for momen-
o+ intensity. The leading edge of the band was deter- tum values with large densities, and increases the observed
mined by visual inspection. For the casemf=0, p;#0, intensity for momentum values with low densities, just as is
there is no dispersion, so the leading edge position is indesbserved for ther-electron density in th& A direction. We
pendent of the momentum valpe measured. For the case of emphasize that SMD’s such as that of Fig. 7 have only been
p,#0, pj=0, the leading edge disperses towards lowerobtained due to the excellent energy resolution of e«
binding energy with increasing momentum. At the low bind-experiment &1.5eV) and are not accessible to the,€vy)
ing energy side of the leading edge the intensity is catted experiment. This holds also for noncoincident Compton scat-
The results are plotted in Fig. 7, together with theando  tering where nowadays by use of Bragg spectrometers an

Intensity (arb. units)

momentum R (a.u.)
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energy resolution of about 1 eV is possiBteBut as demon- 03 T T
strated by Eisenberger and PlatziffaBompton profiles are F (a)
not state specific since due to so-called potential cancellation
they are independent of the binding energy

Since elastic scattering mixes intensities of SMD’s if, in
certain areas of momentum space, they overlap in energy, we
cannot clearly separate experimentally theand = contri-
butions. This problem, however, is avoided for EMD’s, i.e.,
energy integrated SMD’s, which we can compare with those
obtained from Monte Carlo simulations. In this way we can
correct for elastic scattering in a good approximation. Now
we want to investigate if we can distinguish between the
total momentum distributions of the different foils, and how
these compare with theory, using Monte Carlo estimates of
the elastic scattering. We consider the measurement done for
p;=0. Integrating this measurement over energy should give pl(a.u.)
us the momentum density as a functionpof. Now we can
integrate the deconvoluted data and compare it with the
theory (FP-LMTO calculation both for an isotropic and an-
isotropic case. This is done in Fig. 8. Since the deconvolu-
tion procedure accounts for inelastic scattering only, theory
has been broadened by a Monte Carlo estimate of the elastic
scattering. For that we have studied the influence of elastic
multiple scattering on the complete 3D-EMD, and finally 1D
cuts of the theory have been mad€g. 8). Theory has been
normalized to experiment at small momefkgs. §a) and
8(b)], whereas the exact normalization point had negligible
influence on the EMD difference of Fig(@. A comparison
of Figs. 7b) and 8b) demonstrates that the EMD is espe-
cially at large momenta strongly influenced by multiple elas-
tic scattering, but after correction for multiple scattering
good agreement between theory and experiment is obtained.
The MAPW theory yields nearly the same result as FP-
LMTO whereas PP predicts a larger EMD at higher mo-
menta if theory is normalized to experiment at small mo-
menta. These findings are in agreement with results from the
(y,ey) experiment where a more detailed comparison be-
tween the complete 3D-EMD and all three theories will be
made(see Sec. V B, Figs. 11 and j13However, the anisot-
ropy of the momentum distributidiFig. 8(c)] is rather small
both in theory and experiment. This is at first sight quite
surprising as experimentally the band with its characteris-
tic momentum distribution is clearly visible in one case and
absent in the other. From band structure calculations we p (a.u.)
know that thes density decreases along thé direction by

gpproxw%azltilly tr:ﬁ Fsl\jllmedraling.unt fi as t;he-;:)ntegsk:ty as obtained fromé,2e) for the HOPG foil and the LPA foil. Also
Increases. Along the an irecions ther band has shown, as solid lines, are the theoretical momentum densities of

no Inten§|ty, but fthar ban_d starts decreasing only fpr MO~ hoth foils. The theory is corrected for the experimental momentum
me.nta with magnitudes slightly larger than the magnitude fog.qqiution and elastic multiple scattering. The measufegen
which the 7 band decreases. Thus, the total calculated MOgircleg and calculatedfilled squaresdifferences are plotted in the
mentum density profile is quite isotropic. This is found ex-jower panel.

perimentally as well. The main difference in the momentum

density of the LPA foil and HOPG for thp, direction is a  will be narrower for the case where the band contributes
slightly broader momentum distribution for the planar aver-(the spherically averaged distribution of the LPA fdihan
age, i.e., the HOPG foil. This is to be expected. Due to theor the case where the band is absenthe planar averaged
large interplanar spacing in graphite, thelectrons perpen- distribution of the HOPG film

dicular to the basal plandsvhich form thes band will be In summary, the SMD results indicate that the momentum
more extended than those in the basal plameich contrib-  density is a much more spherically symmetric object than the
ute to thes band. As a consequence, the momentum densityspectral function itself. The only significant effect we resolve

HOPG |

FIG. 8. A comparison between the measured momentum density
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is a slightly broader momentum distribution for the planar|p|=|p,<2.0 a.u.,p, = JpZ+ pYZSZ.O a.u., wherepj is
averagegHOPG cask in spite of the fact that before energy parallel to thec axis of graphite and, lies in the basal
integration both measurements are remarkably different. IBlane. Since the position sensitiyedetector consisted of 12
general, using€,2e) we have seen that the electronic struc-pixels, 12 separate EMD’s have been normalized in this way.
ture is at least qualitatively as expected from the diffractionit should be noted that our experimental conditions allow the
data. measurement of the complete 3D-EMD at once. This is dif-
ferent to the €,2e) experiment which allows only certain
cuts through the EMD, albeit as a function of binding en-
ergy. It has also the advantage of determining quite easily the
Now we want to explore if the f,ey) process, which [ point of the EMD by application of inversion symmetry to
measures the whole of the 3D momentum distribution, cafhe experimental data, i.e., to adjust this point in such a way
resolve the anisotropy. We will compare experimentalthat p(p)=p(—p) holds.
(7v,ev) results with theoretical expectations from band struc- | the following part we will compare results of the dif-
ture calculations. For this comparison theoretical EMD’sferent calculations with our experimental data, though one
have been convoluted with the experimental resolution andnhould be aware of possible implications due to the special
corrected for electron multlple Scattering. Detailed Montestructure of our foi|s(turbostratic graphite1 see abOy@n
Carlo (MC) simulations of the momentum resolution the other hand it is well known that both band structure and
R(px.Py.P,) of the (y,ey) spectrometer included the corre- gptical properties of graphite are well reproduced by a single
lated scattering due to the triple differential cross section ofayer (called graphene sheetalculation®-8 Typically, in-
Eq. (2.2), solid angles and energy resolution of both the Geterlayer bonding is attributed to a van der Waals type of
and PIN diodes, energy broadening of the primary photoryynamic interaction between electrons of adjacent sheets of
beam and the extended beam spot at the target. Since esperbon and amounts to a bond energy of only about
cially the photon energy resolution influences both (e 25 mev/atonf® A detailed investigation of the electronic
andp, resolution[see Eqs(3.13—-3.10], they are not inde-  structure of turbostratic graphffe®® showed that both the
pendent from each other. The surfad@s const are to a pand structure and the density of states is essentially the
good approximation ellipsoids with principal axes which, same as that of the Bernal structure except for the immediate
due to this dependence, are rotated away from the Cartesiaiicinity of the Fermi level at the< point which influences
coordinate system by a small angfe’’ Thus, we fitted a especially the transport properties and low-energy excita-
trivariate Gaussian to the MC simulation, and from the diagtions such as cyclotron resonance or infrared absorption. We
onal elements of the resulting covariance matrix we obtained|so mention that it is well known that annealing at about
the standard deviations oy, oyy,0;,,)=(0.14,0.14,0.27) 3000 K, which is well below our annealing temperature for
a.u. and a nonvanishing off-diagonal elemerf,=—7.4 the TE foil, converts turbostratic graphite with almost no 3D
x 10 3 (a.u.¥ leading to a small anticorrelation. The resolu- correlations of layer stackingeranklin parametep=1)2":88
tion in p, andp, direction is only about a factor of 2 worse into three-dimensional HOPG-like carbon wifh=0.51%
than in nowadays high-resolution Compton scattering experiTherefore, a considerable amount of oriented 3D graphite
ments based on Bragg spectromeféié/henever in the fol-  could exist in our foils, and since otherwise both types of
lowing the experiment is compared with theory, the latter hagoils show comparable shifts and rotations of tf@02
been folded with the trivariate Gaussian described aboveplanes, we assume that especially the EMD differences are
Emission patterns of the recoiling electrons were recorded binfluenced only a little by this structure effect.
the 2D position sensitive detector with a granularity of about Figure 9 shows the calculated valence EMD of graphite
0.25a.u. in bothp, andp, directions. From the thickness of either azimuthally[Fig. (@], i.e., in the basal plane, or
the target foils(about 19 nm and the mean free path for spherically averagefd-ig. 9b)]. These EMD’s should repre-
elastic electron scatterin@0 nm we estimate from Poisson sent the TE and the LPA foil, respectively. The EMD's are
statistics that roughly 90% of the emerging electrons leavebtained from FP-LMTO approximation. Clearly, theory
the foil without being scatteredAccidentally, one obtains predicts a bimodal structure of the EMD along tbexis
the same fraction in case of the,Re) experiment where the with a saddle point ap, = p;=0 [Fig. Xa)], resulting from
corresponding numbers are 5nfthicknes$ and 25nm thep character of ther electrons which are responsible for
(mean free path] From the transport cross section of Mayol the interlayer bonding. It is this behavior of the EMD which
and Salvat’ we calculate a rms angle ¢®?)*?>=60mrad is responsible for the relatiorj(0)<J,(0) for both
for a single elastic event. This corresponds to an averagexperimentdf°%929  and theoretical Compton
momentum uncertaintp due to electron scattering by just profiles®*%%61An exception on the theoretical side seems to
one event ofAp=qy(®2)Y?=4.4 a.u. This estimate demon- be the Hartree-Fock calculation of Dovesial > which pre-
strates that electron scattering yields a broad, i.e., nearly comkicts J;(0)>J, (0).
stant background of a few percent in the range of 0—3a.u. In Fig. 10a) the difference of the theoretical EMD’s from
Nevertheless, theoretical EMD’s have been corrected for thisigs. 9a) and 9b) is plotted, i.e., basal averaged minus
contribution by MC simulations of multiple scattering. De- spherically averaged EMD, and Fig. (bD shows the influ-
tails of this correction can be found in Ref. 79. For compari-ence of resolution and electron multiple scattering on this
son with theory experimental data have been normalized tdifference. Evidently, the strength of the anisotropies is re-
the same integral value as theory in the momentum rangduced, but the general structure is retained. To increase

B. The (y,ey) experiment
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FIG. 9. Azimuthally averageéa) and spherically averageh)
electron momentum density of graphite according to FP-LMTO
theory.

-2 -1 0 1 2
pi(a.u)

o ] ) FIG. 10. Contour plot of the difference of azimuthally minus
statistics, the unbinned data in 3D momentum space from thepherically averaged EMD for they(ey) experiment. Solid lines

12 pixels of the photon detector have been grouped into bingold for a positive difference, dashed lines for a negative one, and
of Apj=0.28a.u. and\p, =0.15a.u. and summed up. This the dotted line refers to zero. The theoretical FP-LMTO difference
sum and its error have then been divided by the number ofa), the theoretical difference corrected for experimental resolution
photon pixels which contributed to a specific bin. Such aand electron multiple scatteririp), and the experimental difference
procedure is equivalent to the introduction of a so-calledc). The latter has been symmetrized with respecpte0. The
momentum sampling function for binned data well known indifference between the lines is 0.005 aliin each case.

positron annihilation and &2e) experiments®®’ In Fig.

10(c) the experimental difference is plotted and should beatomic core has been adde@ut we also observe that the
compared with the theoretical difference of Fig.(d0 The  often cited deficiency of a PP calculation of not reproducing
comparison reveals that the general features of the experihe wave function oscillations near the nuclei and therefore
mental anisotropies are reproduced by theory. to underestimate the EMD at large mometitis not signifi-

For a more quantitative comparison including error barscant for the comparison with our data. The discrepancy be-
the following figures show one-dimensional cuts through théween our data and PP is not due to an underestimate of high
EMD's. Figures 11a) and 11b) showp(p, ,p;=0) for the =~ momentum components—and therefore a reduction of inten-
TE and LPA foils, respectively. Data points are comparedsity at small momenta due to charge conservation—but due
with PP (broken curvg FP-LMTO (solid curve, and to a different slope of experiment and theory. On the other
MAPW (dash-dotteficalculations. Since in all three theories hand, also noncoincident Compton scattering experiments re-
the EMD was obtained by the Fourier transform of thevealed that PP calculations by Reetal ** tend to overesti-
Kohn-Sham pseudo-wave-functions, the so-called Lamsate momentum anisotropi®” The sequence of theories
Platzman correctioi has been applied though its contribu- if compared with experiment and shown by the 1D cuts of
tion is vanishingly smaff’® Whereas for both the PP and Fig. 11 is also supported by the global fits of the complete
FP-LMTO approximations the azimuthal and spherical aver3D-EMD: the normalizedy?/n (n: number of bingis 2.15
age have been obtained by angular integration of the 3DIMAPW), 3.07(FP-LMTO), and 3.80(PP) in case of the TE
EMD, in case of the MAPW calculation the special directionfoil, and 2.22(MAPW), 2.40(FP-LMTO), and 2.71(PP for
method has been applied. Evidently, FP-LMTO and MAPWthe LPA foil. The corresponding normalized standard devia-
(with a tendency of MAPW to be superior to FP-LMTO in tions are in each case0.10. Though there is a clear distinc-
case of the LPA fojl describe the data better than PP, a facttion in the agreement of the three theories with experiment
which has also been recognized by Metzal®® (To the the deviation of the normalizegt’/n from unity—which
valence EMD of Ref. 60 a Roothaan-Hartree-Fcks>  would indicate perfect coincidence between theory and ex-
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FIG. 11. The EMD from the {,ey) experiment for the THa) 0.04
and the LPA foil(b) as a function op, atp;j=0. PP: broken line, ~ o.02l
FP-LMTO: solid line, MAPW: dash-dotted. ?=; )
g o.opty
periment within the statistical error—is evident. While the S —0.02
visual agreement between theory and experiment in Figs. 11

and 13 seems to be ;atisfactory the so-called _si_gnificance 0.0 0.5 1.0 1.5 2.0 2.5

leveP? is low, which might be due either to a deficiency of p, (a.u.)

the theories or to a systematic error in our data analysis.

Nevertheless we expect that the revealed sequence of theo- FIG. 12. The differencelp of the EMD of the TE foil minus

ries will not change. that of the LPA foil as a function op, for different values ofp .
The influence of systematic errors is strongly reduced ifData points are from theyey) experiment. PP: broken line, FP-

differences of the EMD’s are considered. In Fig. 12 such-MTO: solid line, MAPW: dash-dotted.

differences from TE and LPA foils are plotted as a function

of the electron momentunp, in the basal plane fop;  shows the difference of the EMD’s from TE and LPA foils

=0.3au. [Fig. 12a)], pj=-0.lau. [Fig. 12Ab)], pj  Ap(p, =constp)) for p, =0.0a.u[Fig. 14a)], p, =0.9a.u.

=—1.0a.u[Fig. 12c)], andpj=—1.4a.u[Fig. 12d)]. Ex-  [Fig. 14b)], p, =1.3a.u[Fig. 14¢)], andp, = 1.5 a.u[Fig.

perimental data are compared again with(BRken curvg,  14(d)]. Though the error bars are rather large, the minimum

FP-LMTO (solid curve, and MAPW (dash-dotteicalcula-  at pj=0 is better described by FP-LMTO and MAPW than

tions. Though the error bars are rather large, the anisotropy isy PP. We mention that in conventional Compton scattering
again better described by the FP-LMTO and MAPW calcu-

lations rather than the PP one. Since the countAdNefor a 0.5 . . . .
certain momentum biAp, increases aaN~p, Ap, , the (a)
error bars become smaller with increasimg, which indi- 0.4f 1

cates that the maximum of the anisotropypat=1.3a.u. is "’:; 0.3}

rather well reproduced by the experimefithe argument E

concerning statistics holds strictly for infinitely large detec- : 0.2¢

tors only; for finite detectors the sampling probability in- 0.1}

creases slightly less than proportionalptp and finally even 0.0 b , , , ,
decreases, an effect well known and expressed by the mo- T
mentum sampling functio?®®” The cut atp;=—0.1a.u. 0.4} ]
[Fig. 12b)] should be compared with thee,@e) result of T osl

Fig. 8(c) at pj=0. Whereas the slight minimum gt =0.7 2 '

a.u. predicted by theory is reproduced only by thee(y) : 0.2t

experiment both experimental techniques agree with theory 0.1t
for the maximum ap, =1.3 a.u.

In Fig. 13 p(p, =0,p)) is compared with theory for the
TE foil [Fig. 13a)] and the LPA foil[Fig. 13b)]. Whereas
the FP-LMTO and MAPW calculations clearly describe the
data better at small momenta, PP is slightly superior at larger FIG. 13. The EMD from the 4,ey) experiment for the THa)
momenta, though the effect is not strong enough to favor thend the LPA foil(b) as a function ofp atp, =0. PP: broken line,
PP description within the uncertainty of our data. Figure 14FP-LMTO: solid line, MAPW: dash-dotted.

0.0

-2.0-1.0 0 1.0 2.0
p(a.u.)
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0.04 VI. SUMMARY AND CONCLUSIONS
¥, 0.02p The basic idea of a kinematically complete experiment is
s iy 1 .
& 0.0ERS-|Af T b to measure both the energies and momenta of the free par-
: / ticles contributing to a specific reaction with a target particle
< -o.02y in order to reconstruct the unknown properties of the latter in
0.04 its initial state. In solid state physics this demands momen-
—~ o.02t tum uncertainties small compared to the dimensions of the_
'5 Brillouin zone and an energy resolution better than the Fermi
s 00 energy. In the context of our experiments this means the
S —o.02} simultaneous measurement of all emerging particles with an
angular resolution of about 0.1fo achieve momentum reso-
0.04 lution) and an energy resolution of about 1 eV at energies of
~ o.02} several tens of keV. This is currently not possible. In the case
] of (y,ey) experiments the momentum density is determined
e 00 simultaneously for the complete momentum space with suf-
& -o0.02} ] ficient momentum resolution. However, the energy resolu-
Pi=1.3 au tion allows no distinction between valence states. To mono-
0.041 chromatize the incoming beam and detect the emerging
& o.02} - . photons with 1 eV accuracy and an efficiency required for a
3 coincidence experiment is currently not possible. In contrast
2 the (e,2e) experiment has momentum and energy resolution
& -o.02} : sufficient good to establish details of the band structure and
P=1.5 au. momentum density, but does so only along selected lines in
-2.0-1.0 0.0 1.0 2.0 momentum space. Simultaneous measurement of the com-
P (a.u) plete momentum space would require a completely new elec-

tron detection scheme. In this sense both techniques are

FIG. 14. The difference\p of the EMD of the TE foil minus supplementary to each other but allow a comparison where
that of the LPA foil as a function op for different values ofp, . they ove_r_lar[Flgs. gc) and 12b)].

Data points are from they(ey) experiment. PP: broken line, FP-  SPecifically, we have measured the 3D electron momen-

LMTO: solid line, MAPW: dash-dotted. In contrast to Fig. 10, the tum density and the spectral momentum density—i.e., state
experimental data have not been symmetrized. sensitive—of thin carbon foils with either isotropically dis-

tributed graphitic basal planes or an atomistic structure
where the basal planes are parallel to the foil surface. The
spectral momentum density has been investigated by the
experimental datflf It.is evident that the th_eoretical curves 'Erea’gte )toe)t(kﬁ)s rg?s;)t ng]:riﬁ?;ﬂl t?]r;eregx);zn:;[[ngnme?;ye'rég(;?
are not symmetric with respect =0 which, of course, — {jo of the (e,2¢) experiment 1.5eV) allows a detailed
holds for the EMD. But experimentally, the EMD is mea- j, estigation of the graphite band structure and its electron
sured in Qw', By ) space instead ofpf,p. ), which means  hopyjation. The measured intensityofando bands is con-
that experimental resolutions and multiple scattering, whichsjstent with the anticipated atomic structure of the targets and
are symmetric iMw’ andg) , and connected with momen- s roughly reproduced by either FP-LMTO or MAPW calcu-
tum space via Egs.3.18—(3.19, are asymmetric in |ations.

(py.p.).”" Finally, we emphasize again that the comparison The same holds for the results of the,€y) experiment

of experimental data with theory shown in Figs. 11-14 reliesvhere—due to the complete 3D measurement—a more de-
on the fitting of the complete 3D-EMD'’s for each target andtailed comparison of the EMD anisotropies with theory could
not on individual fits for 1D cuts. With regard to the EMD be madegFigs. 8 and 1% A comparison of the experimental
anisotropies discussed above one should be aware of expe8b-EMD with theory yielded ay? based evaluation of
mental deficiencies which could influence the results: asheory, where the comparison improves in the order PP, FP-
mentioned in Sec. lll ¢ the-axis orientation of the TE foils LMTO, MAPW. Naturally, the 3D information about the an-

is not perfect but has an average deviationtof® FWHM.  isotropy is by far richer than the corresponding difference of
Though we do not know the exact angular distribution of thenoncoincident 1D Compton profiles. Due to the use of 2D-
c-axis model calculations with a Gaussian-like distributionposition sensitive detectors for both the electron and the pho-
revealed a negligible influence of this effect on the anisotroton branch, counting statistics could be increased consider-
pies. Another error might be that the free-standing foils areably within a given beam time which was roughly 72 h for
not completely flat within the beam spot but wrinkled. This each sample.

influence is hardly estimated quantitatively but certainly the We are convinced that similar investigations can be made
(v,ey) experiment averages over a larger a@ann?) than  with other materials, since it is well known that thin mono-
the (e,2e) experiment(0.03 mn¥). crystalline films can be prepared by epitaxial growth on

work it was also found that PERef. 60 fails to describe the
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substrates which finally will be dissolvéf The general effectively three electrons are sensitive to multiple elastic
strategy for this kind of experiments in the future is alsoand inelastic scattering in contrast to the single recoil elec-
evident: the measurement of the 3D-SMD with sufficienttron in the (y,ey) experiment.

resolution both in momentum and energy. In case of the

(y,ey) experiment this would demand a better photon en-

ergy resolution, which in the foreseeable future can only be ACKNOWLEDGMENTS

achieved by Bragg spectrometers. Besides any other prob-

lems this would require a brilliance of the primary photon We are indebted to K. Hzpner(University of Dortmundl
beam which can only be delivered by high lepton energyfor help during beam time and C.M. FréVechnical Univer-
machines of the fourth generation. In this sense the goadity of Munich) for the preparation of the carbon foils. We
seems to be achievable more easily by t@€) experiment thank Y. Lou(Tsinghua University, Beijingfor the PP cal-
where the primary particle flux is less problematic and theculation of graphite. A.S.K. and M.V. acknowledge support
technical challenge of measuring simultaneously the comfrom the Australian Research Council. This work was sup-
plete 3D-SMD are angle and energy sensitive detectors. Oported in part by BundesministeriumrfBildung und For-
the other hand one should keep in mind that in case @&j schung, Contract No. 05 ST8HRA.

1B.T. Kelly, Physics of Graphite(Applied Science, London, 2%J.R. Dennison and A.L. Ritter, J. Electron Spectrosc. Relat. Phe-
1981). nom. 77, 99 (1996, and references cited therein.

2J.C. Boettger, Phys. Rev. B5, 11202 (1997, and references 22C. Metz, Th. Tschentscher, P. Suortti, A.S. Kheifets, D.R. Lun, T.
cited therein. Sattler, J.R. Schneider, and F. Bell, Phys. Revo® 10 512

3C. Heske, R. Treusch, F.J. Himpsel, S. Kakar, L.J. Terminello,zs':([1:9?:;:)1'r M. Vos. Th. Tsch her AS. Kheif E Weigold
H.J. Weyer, and E.L. Shirley, Phys. Rev.58, 4680(1999. -F. Kurp, M. Vos, Th. Tschentscher, A.S. Kheifets, E. Weigold,
4H. Nishimoto, T. Nakatani, T. Matsushita, S. Imada, H. Daimon 2u ‘JR Schneider, and F. Bell, 'Phys. Revog 5440(1997.)'
and S Sug.';l J. Phys.: Ciondens Ma&eé715(1996‘ "“*Positron Speptroscopy of SolmVo.I. CXX\{ of Procgedmgs of
SE.L. Sh'irley, L,.J..Termi.r.lello, A. Séntoni, and F.J. Hir.npsel, Phys. the Internatlgnal School of Physms “Enrico Fermigdited by
Rev. B51 13 614(1995. A. Dupasquier and A.P. Mills, Jr(IOS Press, Amsterdam,

1995.
6F. Maeda, T. Takahashi, H. Ohsawa, S. Suzuki, and H. Suematspz;M V(?s S.A. Canney, A.S. Kheifets, D.R. Lun, and E. Weigold

Phys. Rev. B37, 4482(1988. 3. Phys. IV9, 153(1999.

7 .
I.R. Collins, P.T. Andrews, and A.R. Law, Phys. Rev.3, 26\ v/os, 7. Fang, S. Canney, A. Kheifets, I.E. McCarthy, and E.
13348(1988. Weigold, Phys. Rev. B56, 963 (1997.

SJA Carlisle, E.L. Shirley, E.A. HUdSOh, L.J. Terminello, T.A. 27A_ Ruocco, M. Mi|ani, S. Nannarone, and G. Stefanil Phys Rev.
Callcott, J.J. Jia, D.L. Ederer, R.C.C. Perera, and F.J. Himpsel, B 59, 13 359(1999.

Phys. Rev. Lett74, 1234(1995. 28R. Feder, H. Gollisch, D. Meinert, T. Scheunemann, O.M. Arta-
SW. Schilke, U. Bonse, N. Nagasawa, A. Kaprolat, and A. Ber- monov, S.N. Samarin, and J. Kirschner, Phys. Re%8BL6 418
thold, Phys. Rev. B38, 2112(1988. (1998.
103, Kulik, G.D. Lempert, E. Grossman, D. Marton, J.W. Rabalais,>’A.S. Kheifets, S. lacobucci, A. Ruocco, R. Camilloni, and G.
and Y. Lifshitz, Phys. Rev. B2, 15 812(1995. Stefani, Phys. Rev. B7, 7360(1998.
11 M. Kincaid, A.E. Meixner, and P.M. Platzman, Phys. Rev. Lett. °C. Metz, Th. Tschentscher, P. Suortti, A.S. Kheifets, D.R. Lun, T.
40, 1296(1978. Sattler, J.R. Schneider, and F. Bell, J. Phys.: Condens. Matter
12p giytt, P. Glans, D.C. Manicini, J.-H. Guo, N. Wassdahl, J._ 11 3933(1999.
Nordgren, and Y. Ma, Phys. Rev. &), 10 457(1994. SIEF. Kgrp, Th. Tschentscher, H. Schulte-Schrepping, J.R.
®R. Chen, P. Trucano, and R.F. Stewart, Acta Crystallogr., Sect. A;, Schneider, and F. Bell, Europhys. Le36, 61 (1996.
Cryst. Phys., Diffr., Theor. Gen. Crystallog3, 823(1977. V.B. Berestetsl_ql, E.M. Lifshitz, and L.P. PitaevskiQuantum
14]. Kanazawa, S. Tanigawa, R. Suzuki, M. Sano, and H. Inokuchigg ElectrodynamicgPergamon Press, Oxford, 1980
Phys. Rev. BA2, 11 583(1990. 34W.H. McMaster, Rev. Mod. Phy83, 8 (1961).

M. ltou, S. Kishimoto, H. Kawata, M. Ozaki, H. Sakurai, and F.
Itoh, J. Phys. Soc. Jp®8, 515(1999.
35K. Hamdainen, S. Manninen, C.-C. Kao, W. Caliebe, J.B. Hast-
ings, A. Bansil, and S. Kaprzyk, Phys. Rev5B, 5453(1996.
36M. Vos and I.E. McCarthy, J. Electron Spectrosc. Relat. Phenom.

BR.R. Lee, E.C. von Stetten, M. Hasegawa, and S. Berko, Phys.
Rev. Lett.58, 2363(1987).

165, Manninen, V. Honkinkd, and P. Suortti, Z. Naturforsch. A8,
295 (1993, and references cited therein.

7B.G. Williams and A.J. Bourdillon, J. Phys. ©5, 6881(1982. 74, 15 (1995.
'°P. Jonas and P. Schattschneider, J. Phys.: Condens. NBatter 37y pann, H. Schulte-Schrepping, K. Balewski, J.R. Schneider, P.
7173(1993. llinski, B. Lai, W. Yun, D. Legnini, and E. Gluskin, J. Synchro-
9M. Vos, G. Kornish, and E. Weigold, Rev. Sci. Instrufi, 3831 tron Radiat4, 1 (1997.
(2000. 3%8J R. Schneider, O.D. Goalves, A.J. Rollason, U. Bonse, J.
20M. Vos, A. Kheifets, E. Weigold, S.A. Canney, and F.F. Kurp, J.  Lauer, and W. Zulehner, Nucl. Instrum. Methods Phys. Res. B
Electron Spectrosc. Relat. Phenod, 231 (1998. 29, 661(1988.

155204-15



T. SATTLER et al. PHYSICAL REVIEW B 63 155204

%9R. Mayol and F. Salvat, At. Data Nucl. Data Tablés, 55 "?R. Jones and A.L. Ritter, J. Electron Spectrosc. Relat. Phenom.

(1997. 40, 285(1986.
49G. Dollinger and P. Maier-Komor, Nucl. Instrum. Methods Phys. M. Vos, A.S. Kheifets, E. Weigold, and F. Aryasetiawan, Phys.
Res. A303 50 (1991). Rev. B63, 33108(2001).
41G. Dollinger, C.M. Frey, and P. Maier-Komor, Nucl. Instrum. 7#S.A. Canney, M. Vos, A.S. Kheifets, N. Clisby, I.E. McCarthy,
Methods Phys. Res. 834, 167 (1993. and E. Weigold, J. Phys.: Condens. Mat$e11931(1997).
42p_Maier-Komor, G. Dollinger, C.M. Frey, and H.J. er, Nucl.  "°M. Vos, A.S. Kheifets, E. Weigold, S.A. Canney, B. Holm, F.
Instrum. Methods Phys. Res. 262 208 (1995. Aryasetiawan, and K. Karlsson, J. Phys.: Condens. Mdtter
433, Drowart, R.P. Burns, G. Maria, and G. Inghram, J. Chem. Phys. 3645(1999.
31, 1131(1959. 8p_ Eisenberger and P.M. Platzman, Phys. Re®, A15(1970.
44G. Dollinger, P. Maier-Komor, and A. Mitwalsky, Nucl. Instrum. 7’F.F. Kurp, A.E. Werner, J.R. Schneider, Th. Tschentscher, P.
Methods Phys. Res. 803 79 (1991). Suortti, and F. Bell, Nucl. Instrum. Methods Phys. ReslZ,

45G. Dollinger, M. Boulouednine, T. Faestermann, and P. Maier- 269 (1997.
Komor, Nucl. Instrum. Methods Phys. Res.384, 187 (1993. 8p_ Suortti, T. Buslaps, P. Fajardo, V. Honkkia M.

ij-A-. Klein, J. Appl. Phys33, 3338(1962. Kretzschmer, U. Lienert, J.E. McCarthy, M. Renier, A. Shukla,
J. Biscoe and B.E. Warren, J. Appl. Ph{S, 364 (1942. T. Tschentscher, and T. Meinander, J. Synchrotron Ra@li69
8. Ruland, inChemistry and Physics of Carbpedited by P.L. (1999): Y. Sakurai, M. Ito, T. Urai, Y. Tanaka, N. Sakai, T.

I Walker, Jr_.(MarceI De_kker, New York, 1968\/0_" 4. Iwazumi, H. Kawata, M. Ando, and N. Shiotani, Rev. Sci. In-
J.-C. Charlier, J.-P. Michenaud, and Ph. Lambin, Phys. Rev. B strum. 63, 1190(1992: A. Berthold, S. Mourikis, J.R. Schmitz,

5°H4g 4540(1?22' G D h K. Sugih LL. Snai d W. Schilke, and H. Schulte-Schrepping, Nucl. Instrum. Meth-
.S. Dresselhaus, G. Dresselhaus, K. Sugihara, I.L. Spain, and oy bpoc Res. 817, 373(1992).

HA Goldbe_rg, _Graphlte_ Flber_s and .Fllamenxs\_/ol. 5 of 9Th. Tschentscher, J.R. Schneider, and F. Bell, Phys. Ret8, B
Springer Series in Materials Scien¢8pringer, Berlin, 1988 16 965(1993

V. Bayot, L. Piraux, J.-P. Michenaud, J.-P. Issi, M. Lelaurain, andg, . . I .
A. Moore, Phys. Rev. BL, 11 770(1990. F. .Bassanl and G. Pastori Parravicini, Nuovo Cimento Soc. Ital.
Fis., B50, 95 (1967.

523. Diaz, G. Paolicelli, S. Ferrer, and F. Comin, Phys. Re\c4B

8064 (1996, 81G.S. Painter and D.E. Ellis, Phys. Rev.1B4747(1970.
531, Alexandrou, H.-J. Scheibe, C.J. Kiely, A.J. Papworth, G A3 ¥H. Nagayoshi, K. Nakao, and Y. Uemura, Solid State Commun.
Amaratunga, and B. Schultrich, Phys. Rev58& 857 (1996. 18, 225(1976.
543. Kakinoki, K. Katada, T. Hanawa, and T. Ino, Acta Crystallogr. #R. Dovesi, C. Pisani, and C. Roetti, Int. J. Quantum Ch&j.
13, 171 (1960. 517(1980.
55C. Gao, Y.Y. Wang, A.L. Ritter, and J.R. Dennison, Phys. Rev.®*A. Zunger, Phys. Rev. B7, 626 (1978.
Lett. 62, 949(1989. 85For a recent discussion see M.C. Schabel and J.L. Martins, Phys.
56A.S. Kheifets, J. Lower, K.J. Nygaard, S. Utteridge, M. Vos, E.  Rev. B46, 7185(1992 (the authors attribute interlayer bonding
Weigold, and A.L. Ritter, Phys. Rev. B9, 2113(1994). essentially to the overlap of 2porbitalg; J.-C. Charlier, X.
5’R. Galli, R.M. Martin, R. Car, and M. Parinello, Phys. Rev4R Gonze, and J.P. Michenaud, Europhys. L2&. 403 (1994.
7470(1990. 863.-C. Charlier, X. Gonze, and J.-P. Michenaud, CarBan289
8D .R. McKenzie, Rep. Prog. Phy§9, 1611(1996. (1994
M. Vos, P. Storer, S.A. Canney, A.S. Kheifets, |.E. McCarthy, 8’R E. Franklin, Acta Crystallog®, 253 (1951).
and E. Weigold, Phys. Rev. B0, 5635(1994). 88\, Ruland, Acta Crystallogrl8, 992 (1965.
%Y. Lou, B. Johansson, and R.M. Nieminen, J. Phys.: Condensi9a . Moore. inChemistry and Phvsics of Carboedited by P.L.
) y y y
Matter 3, 1699(1991. Walker, Jr. and P.A. ThrowefMarcel Dekker, New York,

61W.A. Reed, P. Eisenberger, K.C. Pandey, and L.C. Snyder, Phys. 1973, Vol. 11.

- Rev. Bl_O, 1507(1974. 9OR. Tyk, J. Felsteiner, I. Gertner, and R. Moreh, Phys. Re82B
A.S. Kheifets, D.R. Lun, and S. Yu Savrasov, J. Phys.: Condens.

Matter 11, 6779(1999 2625(1989.
' i 91 ]
83H.L. Skriver, The LMTO MethodSpringer, Berlin, 1984 D(.;Edogroom, F. James, and R. Cousins, Eur. Phys. 15Cl

64A.K. Singh and T. Jarlborg, J. Phys. F: Met. Phy/s, 727 (1985.

92 ; -
85A.S. Kheifets and M. Vos, J. Phys.: Condens. Maffer3895 G. Loupias, J. Chomilier, and D. Gad, J. Phys(France Lett.

45, L301 (1984.

(1995. :
86H. Roth-Seefried and H. Bross, Z. Phys2B, 125 (1977). ZiR-S- Holt, Solid State Commu#9, 321 (1986.
670, Gunnarsson and B.I. Lundqvist, Phys. ReuB4274(1976. M.Y. Chou, M.L. Cohen, and S.G. Louie, Phys. Rev3® 6619
S H. Vosko, L. Wilk, and M. Nusair, Can. J. Phy58, 1200 (1986.
(1981). %R. Dovesi, C. Pisani, C. Roetti, and P. Dellarole, Phys. Rex4,B
9A. Bansil, Solid State Commuri6, 885 (1975. 4170(198).
OW.R. Fehlner, S.B. Nickerson, and S.H. Vosko, Solid State Com>°R.N. West, inPositron Spectroscopy of Solidgol. CXXV of
mun. 19, 83 (1976. Proceedings of the International School of Physics “Enrico
"IC. Gao, A.L. Ritter, J.R. Dennison, and N.A.W. Holzwarth, Phys. ~ Fermi,” edited by A. Dupasquier and A.P. Mills, JtOS Press,
Rev. B37, 3914(1988. Amsterdam, 1996

155204-16



ANISOTROPY OF THE ELECTRON MOMENTUM DENSIY . .. PHYSICAL REVIEW B 63 155204

9M. Vos, R.S. Caprari, P. Storer, |.E. McCarthy, and E. Weigold, Data Tables53, 113(1993.

Can. J. Phys74, 829 (1996. 10T hin Films and EpitaxyVol. 3 of Handbook of Crystal Growth
9| Lam and P.M. Platzman, Phys. Rev.9B5122(1974. edited by D.T.J. Hurle(North-Holland Elsevier, Amsterdam,
99C.F. Bunge, J.A. Barrientos, and A.V. Bunge, At. Data Nucl.  1994.

155204-17



