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A simultaneous analysis of high-resolution directional Compton profiles and two-dimensional angular cor-
relation of positron annihilation experimental data has been performed by studying both a directional anisot-
ropy of measured spectra and reconstructed densities. The results were compared with theoretical fully rela-
tivistic augmented plane-wave calculations with and without including correlation effects. Estimated symmetry
selection rules have allowed us to establish some values of Fermi momenta. Both experiments show exactly the
same shape of the anisotropy of the momentum densities, in agreement with the band structure results. In the
positron annihilation data electron-positron correlations are not seen while in both experiments electron-
electron correlations are observed.
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[. INTRODUCTION to extract dimensions of the FS’s in different bands via so-
called symmetry selection rulé$.
The electronic structure of yttriurpdd transition metal The experimental CP’s were measured using 60 keV

with the hexagonal close-packedcp) structurd is similar X rays and an overall resolutidine., geometrical and ener-
to that of trivalent heavier rare earths in their paramagneti@etic) of 0.16 atomic units of momentuiia.u) at the Euro-
phases. According to all theoretical calculatidn$except —Pean Synchrotron Radiation FacilitfESRF, France. Posi-
Ref. 2, the first two valence bands are fully occupied andron annihilation spectra were measured with similar overall
there are two Fermi surfacégS’s in the third and fourth resolution(of approximately 0.15 a.uusing the 2D ACAR
bands. spectrometer at the University of Texas at ArlingtSn.

The electronic structure of Y has been studied by measur- Reconstruction techniques, applied to both plane and line
ing one-dimensional angular correlation of annihilation ra-Projections of 3D density and described shortly in the next
diation (1D ACAR) spectra representing plane projections ofsection, are based on the soll_Jtlonlﬁof the Radon. transform in
the electron-positronetp) momentum density(p),” 22D  terms of orthogonal polynomiafs:™ The theoreticalp(p)
ACAR spectra [line projections Ofp(p)]'lo!ll and the Was obtained from fully relatlylstlc augmented plane-wave
de Haas—van Alphe(HvA) effect’2All these experimental (APW) band structure calculations both for electron ang
results agree well with calculations by Louckhe interpre- ~ Pair wave functions within independent particle models and
tation of 2D ACAR data in terms op(k) [reconstructed &fter including correlation effects.
densities folded into the first Brillouin zon®Z) (Ref. 13],

gives the average FS’s of iRef. 10 with precise informa- IIl. APPLIED TECHNIQUES
tion about the shape and size of w&bbingfeature. On the _
other hand, the interpretation of the same data in terms of A. Experiments

p(p) gives two FS’s in separate bands. In a Compton scattering experiment one measures plane

In this work we present the electron momentum density,giections of the electron density in the extended zqme (
p(p) reconstructed from 12 high-resolution directional space:

Compton profiles(CP’s), compared with electron-positron

(e-p) momentum density reconstructed from the 2D ACAR

spectrd®! and corresponding theoretical results. We show I(p,)= fm fw dp.dpyp(p) )
how the knowledge op(p) in the wholep space allows us NN B Bt
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T'A The spectra were corrected for absorption in the sample and
in the air path and the efficiency of both the analyzer crystal
and the detector. A linear background was subtracted from
the spectra using the fact that the Compton profile has to
reach pure core contribution $2p) at high absolute mo-
menta; note that theslbinding energy is larger than our
energy transfer. The intensity of the incident photon beam
was monitored using a Si PIN diode, and the Compton spec-
tra were normalized to the monitor current. All Compton
profiles were normalized to three valence electrons
(4d'5s?).

Two-dimensional ACAR spectra which represent line pro-
jections of thee-p density in the extended zone épace,

FIG. 1. Special directiongmarked by numbered dotsn the *
nonequivalenrt) part of the hcp BZ—12y orientations mf along J(pyipz): f_wd Pxp(P), 2
which CP’s were measured.

were measured for five directiopg, which changed by 7.5°

The experiment for Y was carried out for 12 sample ori-intervals from the directioffM to I'K.%° Each spectrum was
entations withp, along directions described in the spherical determined for 258 258 points 0, ,p,) in the interval|p|
system by angles &,¢): 1=(9.5,15), 2=(21.8,15), 3 <2.5 a.u. with a total number of counts for each projection
=(34.2,15), 4=(46.6,0), 5=(46.6,30), 6=(59,0), 7 ~9x10. Following the usual processing of the measured
=(59,30), 8=(71.4,0), 9=(71.4,30), 16=(83.8,0), 11 spectra, i.e., correcting for the momentum sampling function
=(83.8,15), and 12(83.8,30) (special symmetry arising from a finite size of detectoteaw data (Ref. 19—a
directiong”) where angles are given in degrees; see Fig. 1“‘maximum entropy algorithm” was applied to each raw
Owing to such a choice of directioms as many lattice har- spectrum(deconvoluted spectrd’ The strength of the pro-
monics as the number of measured spectra can be fitteztbdure is that it does not introduce artifacts into the data. We
(without undue loss of precisiono the spectra’ have similar experience with another deconvolution

The original single crystals for the experiment were pro-algorithm?!
vided by the University of Birmingham{U.K.). Samples

used in the experiment were cut from the original crystal B. Reconstruction techniques
pieces according to the desired directions using the four- ) )
circle fully automatic x-ray diffractometeforientation with For the reconstruction of 3D electron momentum densi-

accuracy+0.05°). The oriented sample with a goniometer 1€S f_roms CP's, the Jacobi polynomials reconstruction
head was mounted on a wire saw and then was cut Witﬁechnlqué was'applled. M'easured spectra were expanded
accuracy=0.5°. In order to avoid uncertainties in the ab- INt© the hcp lattice harmonids, (), ¢):
sorption and multiple-scattering corrections all samples had
an identical :_;hape of a bar Wit_h a he_ight of about 5 mm and J(DZ)EJ@),¢(P):Z 9, (P)F1(0,0), 3
a cross section of a square with a side of 1 mm. v

The Compton scattering experiments were performed at
the beamline ID15B of the European Synchrotron Radiatiorf/here
Facility (ESRF, Grenoble, Frang& Incident photons from
an asymmetric multipole wiggler source were monochroma- F o= (2l +1)P (cosD)
tized (E;=55.8 keV) with a bent Si crystal using tt@11) v 47 !
reflection. The photon beam was confined to dimensions of
4 mm (heighdx 0.3 mm (width) at the sample position. Al- ©F
most the full size of the sample could be then utilized, and
the same geometry guarantees that any error in the absorp- \/(2| +D(=Imht_
tion or multiple-scattering correction cancels out when the 2a(l+[m) ! (cosB)cogme)
differences in the Compton profiles are considered. The spec-
trum of the scattered photons was recorded with a scannin@r | =2i andl=6+2i (left and right expressions fd¥,,,
crystal spectrometer, the analyzer crystal and reflection bein@SPeCtiVeW with m=6+6i and m=<| (i=0,1,23...).
Ge(440) in a scattering angle of 173°. The analyzed photonsPlm are associated Legendre polynomials, and the index
were detected by a Nal scintillation detector. The distancalistinguishes harmonics of the same ordleHere ©,¢)
between the experimental points was equal to about 0.03 a.tepresent the azimuthal and polar angles of the instrumental
of momentum, while the resolution of the equipment wasp, axis with respect to the coordinate system of the recipro-
about 0.16 a.u. A total of- 150000 counts was collected at cal lattice.
the Compton peak of each profileoret+valence, yielding The radial functionsg,(p) (in the unit system &p
statistical accuracy of 2.6% @, =0 of the valence profile. <1) are expanded into the Jacobi polynomigfé?,
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o0

g|y<p>=k§0 a,k(1—p?)PEo(p), (4) pm(p) = ; (m+2k+1)akRE(p), (11)

and the coefficients, ,, are evaluated by using the orthogo- whereR¥,(p) are Zernike polynomials and
nality relation forP{t:

111
(14 2k+2)(2l + 4k+3) (1 aﬁw:;f_ljm(p)um+2k(p)dp- (12
0 The last equation is given in the unit systensp=<1.
(5) Both reconstruction techniques are based on the same so-
Next, radial parts of the density are obtained, lution of the Radon transform in thiE-dimensional space
RN given in terms of the orthogonal Gegenbauer polynomi-
1> als; for more details see the Appendix.
pu(P)=— 2 au(1+2k+1)p' P 2(2p? - 1),
T k=0 . .
6) C. Theoretical momentum densities

Electron-positron momentum densities in {hapace are

where values of the Jacobi polynomials are calculated fro”@iven by the following relation:

their recurrence relation:
2

fm e P TyP(r,r)dr| (13

P@A(x)=1, PLA(x)=[(a+B+2)x+a— B2, p(p):; Ny

2(n+1)(n+a+pB+1)(2n+ a+,8)Pf1‘i‘;/f)(x) where *P means the pair wave functiony; is the occupa-
tion number (0,1) of an electron in the initial stdg. We

— 2 2
=(@nt+atp+lla~p7+(2n+a+p) used the following models fog{(r,r):

X (2n+ a+ B+ 2)x]PA(x) (i) ¢i; P(r.r)=t;(r)—we consider only electron densi-
" ties; i.e., the influence of the positron is completely ne-
—2(n+a)(n+B)(2n+ a+ B+2)PLA)(x). glected.

(i) ¥ P(r,r)=i;(r) ¢, (r)—the independent particle
Finally, p(p) is derived from its expansion into the lattice model (IPM), where for the evaluation of the electron and
harmonics: thermalized positron wave functions, the fully relativistic
APW method has been appli¢fbr details, see Ref. 22
_ (iii) The Coulombic interaction between the annihilating
p(p)—% Pr(PIFL(0.0). @ particles is described by variowsp interaction theorie&®
Among these theoretical approaches, state-independent local
For the reconstruction of 3D electron-positron momentumdensity approximationsLDA) and the Bloch-modified lad-
densities from 2D ACAR spectra Cormack’s technifueas  der (BML) theory give the best description of 2D ACAR
applied. Here reconstruction of the 3D density is reduced t@xperiments in Y2 We also obtained that in this met@aon-
sets of reconstructions of 2D densities, performed indepertrary to simple metals or transition metals as)Qhese the-
dently on parallel planeg,= const, perpendicular to the six- oretical results are very similar to IPM results, if we study
fold rotation axis. In such a case lattice harmonics reduce tthe momentum dependence of the electron-positron momen-
a cosine series and on each of plampgs-const we have tum density, not its absolute value. For this reason, we shall
independent 2D quantities: henceforth present only IPM results.
(iv) The influence ofe-e correlations(for Compton pro-
files) was taken into account following the work of Cardwell

[

P(p)EP(p@):mZ«O pm(p)cOgmMO), (8 and Coopé¥ based on the proposal of Lam and Platzrfan,
where the Lam-Platzman corrections have been calculated
oc from the self-consistent APW electron charge density.
I(py,p,=consy=J(p,¢)= >, In(p)cogme), (9) ~ Theoretical densities were calculated aldnil andI'K
m=0 directions on planeRi perpendicular to the hexagoraaxis

and distant 1/I'A| [the plane Pi is situated (—1)

with m=6+6i. . . % 0.145 05 a.u. above tHeMK pland. The resulting Fermi
I_n 1964 Cormack showed that\_]fn(p) is expanded into & suyrface is very similar to theoretical results by Louckse
series of Chebyshev polynomials of the second kmd,szig_ 2).

[Ui(p)],
% IIl. RESULTS AND DISCUSSION
_ k
Jm(p)—2§k: amV1=PUm+2k(P), (10 We would like to point out that in the case of our data
there are no errors in reconstructed densities connected with
then Eq.(2) can be solved analytically and a truncation of infinite serieEqgs. (3) and(9)] because of a
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A

FIG. 2. Theoretical Fermi surface in Y, in the repeated zone
scheme, derived from Louck®ef. 1). Electrons in the fourth and
holes in the third zones are marked by white and dark grey colors,
respectively. Values opg for which theoreticalp(p) have jumps
are marked by black dots and corresponding valugs-afbtained
from reconstructede-p densities by open circle@Ref. 11). The
distance|T'’K|=0.6077 a.u. an¢l"M|=0.5263 a.u.

finite number of measured spectra. Namely, for 2D spectra
J(py,p,) we performed a reconstruction on each pldtie
independently, having five projectior¥p, ,p,=const) for
different orientations ofp, . For deconvoluted 2D ACAR
data, densities reconstructed from five projectifimsrmon-

ics with cos(24)] are the saméin detail as derived from
four projectiong harmonics with cos(18)]. Even three pro- FIG. 4. Directional anisotropy of 1D profiles in Y3;(p,)
jections[harmonics with cos(1@)], which are quite suffi- —Jx(p,) for directions(marked in Fig. 1 (5,4), open circles(7,6),
cient for raw data, describe densities well. The measuremesplid lines; (9,8), black squares(12,10, open triangles(11,1),

of five 2D ACAR spectra is equivalent to measuring at leasthick dashed lines. Part@), (b), and (c) display differences be-
35 (up to 45 CP’s and for three 2D ACAR data the corre- tween; 1D profiles calculated from raw 2D ACAR spectra and the-
sponding number of CP’s equals 12p to 18. Tests, per- oretical .convoluted and experimental CP’s, respectively. Thin
formed for 1D profiles, created from deconvoluted 2D dashed lines mark the total experimental error for CP’s. All in % of
ACAR spectra, showed that a measurement of 12 CP's foj"e average value al(p,=0).

special orientations gb, could allow to reproduce densities = | ) .
[within the experimental full width at half maximum lations corrections; LP, theoretical electron momentum den-

(FWHM)] properly: see Fig. 3. sities with the Lam-Platzman correctiéhjPM, theoretical

For the sake of the variety of theoretical and experimentaf P momentum densities without-e and e-p correlation
results in the further part of the paper we will use the fol-corrections; CP and CPc, raw experimental and convoluted

lowing symbols(also for electron oe-p momentum densi- theoretical Compton profiles; and raw and dec, raw and de-

ties, reconstructed from the corresponding spgcEvD, ~ convoluted 2D ACAR spectra, , _
theoretical electron momentum densities withetg corre- What concerns the Compton profiles, tae correlauon
causes a part of the electron momentum density to move

from low to high momentZ—3!when compared to IPM re-
sults. For the alloy CuAly 1 (Ref. 26 and also for other
materials(see, e.g., Refs. 27 and)2&he differences between
experimental and theoretical directional CP3%P(p,)
—JCPYp,), were found to be almost the same in each direc-

1.0 7m0

205 tion, with a shape similar to the isotropic Lam-Platzman cor-
=z | rection. This momentum transfer is also characteristic for a

homogeneous electron gas where correlations are theo-
retically described according to Daniel and Vosko and other
authors®>~*6Contrary to Cy Al 1, the correlation effects in

Y are seen to be strongly anisotropic. This is visible in Fig. 4,
where the anisotropy of experimental CRBig. 4(c)] is
roughly a factor of 2 smaller than the anisotropy in convo-

FIG. 3. e-p momentum densities in Y reconstructed from 12 luted theoretical CP'gsee Fig. W)]. . .
J(p,) profiles(for p, marked in Fig. 1 created from deconvoluted Such a trendsmaller anisotropy in momentum space
2D ACAR spectra, compared with “mode(tlensities reconstructed Often observed if electronic systems of significant spatial an-
from five 2D ACAR profiles. Results displayed alorigk andI'M  isotropy are studied by Compton scattering experimesgs,
directions are marked by solid and dashed lines for the “model”for example, Ref. 3D If we now consider the directional
and by solid and open symbols for reconstructed densities. anisotropy of profiles obtained from 1D ACAR experiments

p (a.u.)
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" [001]

9y(P)

FIG. 5. Isotropic average of Compton profiles: convoluggtf®
(solid line), convolutedg;” andgS” (open and solid circles, respec-
tively), normalized to the same area—pa¢@@! Corresponding den-
sitiesp are displayed in panét). Panel(b) shows the differences

LP_ EMD H H CP_ EMD CP__ ALP . . .. .
9o —9o ~ (solid line, g5 —gg ~ (stary, and g5 —gg FIG. 6. Momentum densities in Y, containing the core contribu-
(squareson the background of the total experimental error, markedijon, alongI'K (left side and'M (right side and parallel direc-
by dashed lines. tions, for momenta up to 1.37 a.u., on six plarf@s(up to 0.73

au) (@ pSe(p). 0 peg(p), © pEMP(p), (d) p""M(p), ()

[Fig. 4@)], we observe a striking qualitativend quantitative  p**(p), and(f) p"®*(p). Densities range from 0 to 1 and the step
similarity of these results with the corresponding experimensize between two of 14 contour lines equals 0.077.
tal CP’s of Fig. 4c). Even if we take into account that the

differences betweed;—J, of the 1D ACAR spectra are ences between these curves are displayed in the ghnel
renormalized with respect togy(0) which also contains the together with the experimental statistical uncertainty. The
core contribution of thee-p annihilation rate, this behavior po(p) reconstructed from the Correspondirm)(p) are

will not be strongly changed, due to the fact that this coreshown in Fig. %c). It can be seen from Fig.(B) that the
contribution is essentially reduced by the positron. We theret am-Platzman correction is not adequate to describe the dif-
fore have to conclude that, in yttrium, both the electron moference between the experimental and theoretical averages.
mentum density and the-p momentum density are strongly Nevertheless, it shows a typical feature @& correlation
influenced by fermion-fermion correlations. This finding is effects in CP’s, namely, a significant reduction of the mo-
surprising because almost all theoretical papers devoted i@entum density at low momenta.

this question are based on the result of Carbotte and |n Fig. 6 we present momentum densities reconstructed
Kahana®® An annihilatinge-p pair is, seen from outside, a from CP’s and 2D ACAR data in comparison to EMD and
neutral quantity with a strongly reduced coupling to its en-|pM results where these theoretical values are shown without
vironment. Consequently, typical correlation effects ascorrelation effects. In the case of the ACAR data, it was not
smearing at the Fermi momentum and high-momentum tailgossible to subtract the core contribution from the experi-
of the momentum distribution should be significantly Sma”ermenta| Spec‘[ra_ Therefore' to compare densities measured in
in e-p systems than in pure electron systems. This importanthese two experiments, all momentum densities shown in
point of our investigation will be further discussed in someFig. 6 include this contribution.

detail in Sec. IV of this paper. As we can see from Figs(® and &d), the momentum
To examine the influence @ke correlation effects on the dependence 0p="P and p'"™ is similar, but thee-p mo-

electron momentum distribution in'Y, in Fig. 5, we compare mentum density contains an essentially smaller core contri-
the isotropic average of experimental CP's and momentumbution. This is caused by the repulsive interaction of the
densitiedrepresented by the functiogg(p) andpo(p); see  positron with the positive ions; due to this effect, the annihi-
Egs. (A3) and (A5), respectively with corresponding theo- |ation probability of the positron with highly localized core
retical results. electrons is much smaller than the probability to annihilate
In Fig. 5a we display theoretically obtained values of with delocalized valence electrons. In Fig&a)gand Gb), we
g5"'° andgg” (convoluted with the experimental resolution also demonstrate how sensitively the densip€8(p) de-
function) andg§®, normalized to the same area. The differ- pend on the number of the Jacobi polynomials used in the
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0.5

MK I M I

FIG. 9. Differences between theoretical and reconstructed den-
sities in Y for p="°(p) = p“*(p) (@), p'"M(p) — p"*"(p) (b) and for
LH A L A the momentum range as in Fig. 6. The step size between two of 16
P5 Pé contour lines in each separate part equals, in %40), 3.7 (a),
3.4 (b), and the range of values is-36.5,18.8, (—27.2,23.9,
respectively.

- O

0.5

hilation data, in all these figures, we show both the EMD and

the densities reconstructed from CP’s without their core con-

MK ©"M T -1-050 051 tributions. Due to the experimental noise, results for densi-
p (a.u.) ties reconstructed from CP’$°P(p), are shown only for

olynomials up to the order 38. For this reason, certain
FIG. 7. Momentum densities in Y alongK andI'M and par- oy P

o s : details ofp(p), “seen” in the positron experimer(e.g., the
allel directions forpEMP(p) (solid lines, p'"M(p) (dashed lines L
pCP(p) (stars, andp™"(p) (black dot3, holes around thé& point in the plane$5 andP6 as can be

[001]

reconstructionpss andp§s correspond to the use of poly-
nomials up to the order 36 and 60, respectivély.

More detailed comparisons between theoretical and ex-
perimental results are given in Figs. 7—10. Because of the
small contribution of the core electrons to the positron anni-

Ap(PYpy(0) (%)

o

FIG. 10. Anisotropic part of electron momentum densitig§)
inY alongI'K andI"'M and parallel directions on ten planes for
0 0.5 1 0 0.5 1 pure theoretical EMD densitigs) and densities reconstructed from
p(a.u.) convoluted theoreticalb) and experimentalc) CP’s for momenta
up to 1.37 a.u. The step size between two of 16 contour lines in
FIG. 8. Differences, in % 0po(0), between momentum densi- each separate part equals, in %pgf0), 3.9 (a), 3.5(b), and 1.7
ties alongl'K andI"M for densities shown in Fig. 7 and fpf°(p) (c), and the range of densities {s-34.7,24.2, (—29.9,223, and
(open circles (—11.8,13.4, respectively.
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observed in Figs. 3 and),7are too smeared to appear in our
Compton results.

To reproducep(p) properly it was necessary to get a
proper shape 08;(p,) —J.(p,) also for profiles(5,4) [see
Fig. 4(c)]. Unfortunately the current experimental statistical
accuracy is not adequate to produce these fine details. It must
be noted, however, that in experimental Compton profiles all
electrons equally contribute if the binding energy is smaller
than the energy transfer. In the case of yttrium the number of
valence electrons iZ,,,=3 and the number of core elec-
trons contributing in this experiment &.,,.= 34 (recall that
the 1s binding energy is larger than our energy transfer
Thus, in the total Compton profile, only 3/34 of the signal
originates from the valence electrons. With a lovigrthe
corresponding ratio is higher: For instance, for Be, the num- FIG. 11. Densitiep(k) in Y, on chosen symmetry planes for
ber of valence and core electrons is equal, which means sig-oucks’ theory(a), where values of,=0, 1, and 2 are marked by
nificantly better relative statistical accuracy. Due to this factblack, grey, and white colors, respectivelf*{(k) (b), p""(k) (c),
and taking into account that reconstructed densities arandp®F(k) (d), marked by two colors, show the average FS's.
smeared due to the finite experimental resolution, the agree-
ment between theory and experiment is satisfactory. Moresmearing aroung-=kg+G, whereG denotes a reciprocal
over, the results displayed in Fig. 8 clearly point out that thejattice vector. The lattefsmearing effect, similar to the ef-
deconvoluting procedure works well. fect caused by a finite experimental resolution function, is

Figure 9 shows differences between corresponding thembserved also in 2D ACAR data. Here we would like to point
retical and experimental densitigs-"'°(p)—p“"(p) and  out that a similar behavior of thep densities was observed
p'"M(p)—p""(p), where, for the theoretical calculations, py Manuelet al*? for Li, Al, and y-Sn.
correlation effects have been completely neglected. These For the analysis of the F8epresenting occupancy i
differences displayed are almost identical, except thesgpace we applied the Lock-Crisp-West.CW) (Ref. 13
around thd™' point (planesP5 andP6) where reconstructed procedure by folding the equivalent points in the extended

densities strongly depend on the resolution. Supposing thahomentum spacp back into the first BZreducedk space,
they show smearing effects, in Fig. 10 we present the aniso-

tropic parts of the densitiesi,(p)=p(p) — po(p), for the
pure theoretical EMD and for those reconstructed from both p(k)ZE p(p=k+ G)zE N =n(k), (14
experimental and convoluted theoretical CP’s. Now it is clear G ]
[see Fig. 1()] that the differences presented in Fig. 9 show
smearing effects. where the summation is over the reciprocal lattice veo@rs
It is also seen that in spite of a large smearing©f(p), and, for electronic densities)(k) denotes the number of
the overall behavior of the anisotropy is reproduced by thedccupied bands at the poikt After conversion fromp- to
experiment(see also Fig. B This is the general trend ob- k-space lattice effects are emphasized, contributions of fully
served in previous Compton scattering experiméftd:The  occupied bands should be constant and we can observe only
magnitude of the anisotropy is lowered by tee correla-  contours of FS’s.
tions. Due to this fact, we are sure that also in Y we observe In the case of experimentafP(k) the LCW folding has
strong e-e correlation effects. Because results presented ifbeen carried out over a cube in momentum space of sides 2
Fig. 9 are almost identical for positron annihilation anda.u. which involves 55 reciprocal vecto® The summation
Compton scattering experiment, it seems that the correlatiowas performed in steps using successive groups of ve@tors
effect in these two experiments is simil@mompare also re- grouped according to their length. The procedure was con-
sults in Figs. 4a) and 4c)], even though in the Compton vergent with increasing number @& up to 37, wherd G|
scattering data we could have orgye correlations and not =<1.74 a.u.(next G produce only undesirable fluctuations
both e-e ande-p correlations as in the positron annihilation due to experimental errors
data® However, our previous considerations showed that in  To get LCW-folded densities™"(k) andp®(k) (shown
the case of Y the-p correlations do not change the momen-in Fig. 11) we used a much higher number®fto obtain the
tum dependence gf(p) in comparison with IPM; i.e., they FS of yttrium. Due to the fact that two FS’s in yttrium are
can be neglected when absolute values of densities cannot blse to each other and because of smearing of the experi-
estimated® Of course, this argument is not valid in the casementalp(p), in Figs. 11b)—11(d), we drew only the average
of lifetime experiments where absolute values of the totaFS’s of the third and fourth bands.
probability of the positron annihilation are measuf&d. LCW densities obtained from Compton and 2D ACAR
So the final conclusion of all considerations is the follow- experiments are essentially different. This is mainly due to
ing: in the Compton scattering experiment we obsesv®  the lower statistical accuracy of the Compton data and the
correlation effects which(i) decrease electron momentum second integration in momentum space. As we have already
densities at low momenta an@) introduce an additional stated in our paper on GyAl, 1,28 it is clear that here one

M K

155110-7



G. KONTRYM-SZNAJDet al. PHYSICAL REVIEW B 66, 155110(2002

5
a
L0 y°4
-5
05 0.6 0.7 0.8
p (a.u.)

01 05 0 05 10
p (a.u.)

FIG. 13. Second derivative of densities in Y alohi$yl on the
P1 plane forp9¢%(p) andp™*(p) (solid and open circles, respec-

FIG. 12. Theoretical momentum densities in ¥(p), along  ftively) and PGCOP(p) and pgg (p) (solid and open triangles, respec-
I'M on the first basal planB1 and on the parallel plan5 (de- tively). Theoreticalpe=0.669 a.u. is marked by the thin line.
fined in Fig. 2 with corresponding energy bands. Contributions

from different valence bandsare marked by dashed=1) and V. SUMMARY

dotted {=2) lines and by openi & 3) and solid {=4) circles. The electron momentum density in Y, reconstructed from
would need a better statistics and resolufjanleast 0.1 a.l. experimental hlgh-resol_utlon CP’s, has been compared with
in order to reach sufficient accuracy. e-p momentum densities reconstructed from 2D ACAR

Finally, we demonstrate how the knowledge () in spectra and obtained via theoretical APW calculations. Both

the whole momentum spagegives us a possibility of ob- €Xperiments show exactly the same shape of the anisotropy
taining some details of the FS via so-called symmetry selecof the momentum densitiep(p), in agreement with the
tion rules'* Namely, due to the factoe P" in the expres- theory. A simultaneous analysis of both reconstructed densi-
sion for p(p=k+ G) [Eq. (13)], for a choserk, it depends ties and 1D profiles for these two experiments allows us to
on G which bands contribute to the momentum den%ﬁty, state thae-e correlation effects in Y are seen not only in the
E.g., in Fig. 12, let us considei(p) along the directiodM Compton scattering experiment but also in the ACAR data.
on the firstU MK plane (P1) and on the equivalerit’ M 'K’ As we know from extensive theoretical investigations of
(P5). Despite the fact that on these two planes the energthe homogeneous electron g&s*® suche-e correlation ef-
E(k) and thus also the occupation numbags are exactly  fects influence the EMD by an increased smearing of the FS
the same, the;(p) are quite different. and by the appearence of a momentum tail above the Fermi
In the extended zone schemgp) contains contributions momentumkg. Both effects have been frequently observed
from all states, i.e., also from the first two fully occupied in CP experiments.
valence bands which have the main contributionp(@®) In the case of 2D ACAR measurements, we have lee¢h
within the two first Brillouin zones. The third valence band ande-p correlations, and we learn from a fundamental paper
[it does not contribute tp(k+G) for G=0] causes a hole by Carbotte and Kahaffathat—at least for positrons in
pocket around thd’ point: this feature starts to be visible jellium—the dynamical partf the e-p correlation effec-
around thd™'M 'K’ plane. Meanwhile, the fourth band has atively cancel thee-e correlation. Consequentlyalmosj no
dominant contribution on th&'MK plane outside the first tail beyondke should be observed in the-p momentum
BZ. Due to such properties gi(p), we were able to deter- density, and the remaining influence of fermion-fermion cor-
mine Fermi moment&e (marked by open circles in Fig)2 relations comes from thstatic part of thee-p interaction,
from the 2D ACAR experimen(using the reconstructed den- |eading to a significant and strongly momentum-dependent
sities for both raw and deconvoluted spei:ltrzbut only for increase of thee-p pair momentum density belokg, an
these valuekg, for which densitiesp(p) =Z;p;(p) have a  effect which we call the electron-positron rater Kahana-

significant jump. Itis seen that our resultgithin the experi-  |ike) enhancementHowever, Carbotte and Kahana’s argu-
mental resolution are in good agreement with theoretical mentation is only a qualitative one, and it is based on inves-
calculations, marked by black dots. tigations of jellium. Beyond that, there exists another

From the Compton scattering data we were able to estaimportant theory by Arponen and Pajafthabout the behav-
lish the Fermi momentum only on the first bak&l K plane jor of a positron in an interacting electron gas which is rep-
alongI’'M where there is a large jump of the density. Draw-resented by a system of Sawada bosons. The advantage of
ing the second derivative gf°"(p) (Fig. 13 we obtained this procedure is that already the noninteracting bosons de-
p==0.66 a.u., which is lower than the theoretical value ofscribe the electron-electron interaction on the level of the
pe=0.669. well-known random phase approximatiofRPA), and each

The same procedure applied to bgiff" and p9¢¢ al-  boson-boson interaction included into the theory goes be-
lowed to getpr=0.68 a.u. which is higher by 0.01 a.u. than yond the RPA. Applying this approach on jellium, Arponen
the theoreticapr and exactly the same as obtained in Ref.and Pajanne observed a significant tail of the electron-
11. Herekg=2|TM|—pe. positron momentum density beyokgd, in strong contradic-
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tion to the result of Ref. 38. Therefore, in ACAR spectra, a Both functionsg and p can be expanded into spherical
tail above the Fermi momentum cannot be excluded, espararmonics of degrek S, defined inR N:
cially not for real metals where the crystal potential causes a
more or less strongonjelliumbehavior of the electron gas.
According to our knowledge, the existence of such tails in a(r.0)=2> a(NS(Y), (A2)
positron annihilation data has been observed for the first time '
by Manuel et al*? for y-Sn and eveggfor sucfelliumlike
metals as Li and Al. Next, Ohatat al.™> compared a high- _
resolution Compton profile of Al with a 1D ACAR spectrum p(p’w)_Z P(P)S(@). (A3)
along[111] direction. Their analysis leads to the following
conclusions: the existence oKahanalikeenhancement near Dean4® showed that the radial functiong and p are the
the FS and a weaker tail fqg>pg in the case of the 1D Gegenbauer transform pair, where
ACAR data compared to the CP’s, as a result of the partial
cancellation ofe-e ande-p correlations. 1 (=
We would like to point out that the BML theory, applied P|(P)=C—J g+ D(r)Cf(a)[g®— 1]+ Ydr,
to Al,** gives the following results. Whereas the enhance- PJp
ment factor for momentp< pg is similar to theKahanalike
enhancement, fqu>pg thee-p interaction mainly decreases iy
the contribution of umklapp components. Moreover, it re-

(A4)

duces(in comparison with the IPMthe core contribution as (— 121 T(1+ )T ()
well as the enhancement factor for core electrons decreases =
for higher momenta. So a weaker tail for- pg , observed in 2ttt T(1+2p)

Al,“® could be connected with thesep correlation effects
(not with weaker e-e correlations following from the Hereg™ denotes theth derivative ofg; C* are Gegenbauer
theory®). polynomials,q=r/p, andu=N/2—1.

Therefore, in the case of a transition metal like Y, strong This equation can be solved analytically as done by
lattice effects have to be expected, and two of them can bkouis:*” Choosing\ =N/2 we obtain
clearly observed in the results of the present investigatipn:
We do not see an¥ahanalikeenhancement with its typi-
cally strong momentum dependen@ee also Ref. 23 and ai(r) =2, ay(1—r)N2z12eN2 (), (A5)
(i) there is only(if any) a very weak canceling betweere k=0
ande-p correlation effects, and momentum components be-
yond kg due toe-e interaction become clear visible. - | (0)+NJ2—1) o2

Finally, knowledge of the symmetry selection rules has P|(p)=k20 abp Py (2p=1). (A6)
allowed us to establish values of some Fermi momenta.

[

Here P{*") are Jacobi polynomials and the coefficiehtare
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one gets reconstruction algorithm for line integrals. Ror

APPENDIX =3 and knowing that
The Radon transforfi of the N-dimensional function
L ) . I'n+3)I'(2) n+2
p(p) represents its integrals oveX - 1)-dimensional hyper- 32— TV T (1) — " p(L1)
planes: Cn (%) I'(n+2)[(3) PR(x) 2 Pro(x),

% one obtains reconstruction algorithm for plane integrals, both
g(r,g’):f p(p)&(r—¢-p)dp. (A1) described in the Sec. IIB.
N Another analytical solutiofalso in RN but in terms of
Herer = ¢ p defines this hyperplane whefés a unit vector  orthogonal Hermite and Laguerre polynomjalgas derived
in RN alongr andr is a perpendicular distance of the hy- by Cormack® Of course, there is also a lot of other recon-
perplane from the origin of the coordinate system. Here vecstruction techniques based on, e.g., Fourier transform
tor p is described by =|p| and w (e.g. Ref. 4. methods—for more details see, e.g., Refs. 15, 16, and 46.
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