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Full-potential LAPW calculation of electron momentum density and related properties of Li
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Electron momentum density and Compton profiles in lithium al@h@0), (110, and(111) directions are
calculated using full-potential linear augmented plane-wave basis within the generalized gradient approxima-
tion. The profiles have been corrected for correlations with the Lam-Platzman formulation using self-consistent
charge density. The first and second derivatives of the Compton profiles are studied to investigate the Fermi-
surface breaks. Decent agreement is observed between recent experimental values and our calculated values.
Our values for the derivatives are found to be in better agreement with experiments than earlier theoretical
results. The two-photon momentum density and one- and two-dimensional angular correlations of positron
annihilation radiation are also calculated within the same formalism, and include the electron-positron en-
hancement factof.S0163-18209)06139-1]

[. INTRODUCTION augmented plane-wau&P-LAPW) calculations of the elec-
tron momentum distribution in Li. In lithium, because of its

Compton scattering and positron annihilation techniqguesmaliness, the electron-ion interactions are strong and the
are well-established tools for studying the momentum distri€lectrons do not behave like a textbook example of a homo-
bution of electrons in solids:* In the Compton scattering geneous electron gas as in sodium. The Fermi surface of Li
technique, the intensity distribution of energy-broadenedshows a small but definite departure from the free-electron
Compton-scattered radiatiqoalled the Compton profijeis  sphere. The electron momentum densiBMD) is highly
studied, while in the positron annihilation technique mea-anisotropic, and the high-momentum componditMC'’s)
surement is performed of the angular correlation betweeare small but important. The momentum distribution of Li
two photons emitted during the annihilation of a thermalizedhas been investigated in the past, both theoretically and ex-
positron with electrons in the solid. The Compton profile perimentally, by several workefs2°with available state-of-
(CP) and angular correlation of positron annihilation radia-the-art procedures. Recently, Sakureial’® performed
tion (ACPAR) curves contain the fingerprints of Fermi- high-resolution Compton scattering experiments for Li to
surface(FS) breaks in the momentum distribution in the first measure Compton profiles and Fermi radii. The measured
and higher Brillouin zones. It is well known that although the CP’s are compared with the theoretical ones calculated using
magnitude of the discontinuity in the momentum distributionthe Korringa-Kohn-RostokefKKR) method. Subsequently,
itself changes due to electron-electron, electron-ion, an&chilke et al'® measured 11-directional Compton profiles
electron-positron correlations, the position of the discontinuand employed them to reconstruct the three-dimensional
ity remains unchangetf.” Thus, these techniques together EMD in Li metal. A comparison of the experimental CP’s
are useful to extract information about FS geometry, and tavith their theoretical counterparts has always shown some
identify electron correlation effects. Positron annihilationdiscrepancies. This is partly due to the various approxima-
techniques are more sensitive to the outer, weakly bountons involved in computing the profile, and partly due to the
conduction electrons, and are also capable of performingxperimental errors. Methods like FP-LAPW can provide ac-
measurements in both one- and two-dimensional geometriesurate results for the one-electron wave function, and hence
with much superior momentum resolution. Theoretically,should be employed for computation of theoretical CP’s.
however, it is more straightforward to calculate CP’s, as AC-Such accurate calculations of the CP’s of Li have been re-
PAR studies necessitate accounting for electron-positroported by Kubé'??employing theGW approximation using
many-body correlation effects. These effects are incorpoFP-LAPW wave functions within the local-density approxi-
rated in the form of momentum-, energy-, or density-mation (LDA) as the zeroth approximation. The calculated
dependent enhancement factors CP’s are in good agreement with the experimental values,

Early measurements of the Compton profile suffered frombut the derivatives of the CP’s match the experimental ones
limited momentum resolution in the Compton scattering ex-poorly?! The derivatives of CP’s are important as they pro-
periment (~0.4 a.u). The advent of high-intensity, high- vide information about the Fermi surface.
energy, and well-polarized synchrotron sources, and spec- In the present paper, we use the full-potential linearized
trometers with high resolutio~0.12 a.u), have resulted in augmented-plane wave method for the computation of CP’s
a revival of interest in this aréd-°On the theoretical side, which have been corrected to include the correlation effects
high-performance computing facilities have made it possiblenot accounted for within the LDA, along with one- and two
to perform calculations on a fine@ mesh, with a better con- dimensional angular correlations of positron annihilation ra-
vergence criteria for the total energy and charge-density sel@diation, which include corrections due to electron-positron
consistency. correlation effects. Such studies using the same formalism

In the present paper, we report full-potential linearizedfor calculation of CP and ACPAR can provide complemen-
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tary information about the Fermi surface and the electron 1 T T T G3A uncorrected 1
momentum distribution. Our aim in this paper is to extract === - GGA corrected --—-- -
the FS geometry from the two techniques together, and tc T

identify the part of electron correlations left out in the theory
to describe the EMD. The plan of the paper is as follows: in <100>

Sec. Il, we present the momentum space formulation of the 0-5 I 7
LAPW wave function, and computational details, while Sec.
[l deals with the results.

. METHODOLOGY AND COMPUTATIONAL DETAILS . ) ML : ;

The one-electron wave function for an electron in the
state labeled by wave vectkrand band index is expanded
in the LAPW basisg, ., (r) as

<110>
0.5 - i

EMD (a.u.)

wL<r>=§ cliaPria(r), (1)

wherec}, g are the expansion coefficients, a@ddenotes
the reciprocal-lattice vector. The LAPW function is a plane
wave outside the muffin-tin sphere, while inside it is a linear
combination ofu(r), the solution of the radial Schdinger
equation and its energy derivatiug(r). This allows greater
flexibility inside the spheregthan the APW methgdand
hence permits computation of an accurate solution.

The momentum space LAPW wave function is obtained
by a Dirac-Fourier transformation of E(lL) and the electron
momentum density is computed from the momentum space
wave function of occupied states. The Compton profile is _
then obtained by performing a double integral. o . . R ) .

The theoretical Compton profile thus obtained is overes- 0 02 04 06 08 1 1.2 1.4
timated at low momenta and is underestimated at higher mo- P (au)
mentum values than its experimental counterpart. This dis- £ 1 Electron momentum densities alot0), (110, and
crepancy is often attributed to the correlation effects that arey11) directions.
ignored in the independent-particle moé&l.Lam and
PlatzmaR* showed that these effects can be incorporatetherene(r) andn*(r) are the electron and positron densi-

?nto the EMD by augmenting a correction term o theties, respectively, and the enhancement factor
independent-electron model momentum density. The recerbt[ne(r) n*(r)] in the limit n*(r)—0 is

formulation of Cardwell and Coopé?,based on work by

Lam and Platzman, which takes care of the nonunity occu- B 32 2 512

pation below the Fermi momentuky and nonzero occupa- Jo(rs)=1+1.235+0.988905 "~ 1.4820+0.3956

tion beyondk;, has been employed in the present work. +r3e, 3
For a single positron in a defect-free crystal, the positron s

density will be distributed over the entire crystal. Therefore,wherer .=[ 3/47rn®(r) ]2,

the positron wave functioy (r) is considered to be delo- A self-consistent band-structure calculation was per-
calized, and is represented by a plane-wave basis. Further, gfimed using the LAPW method as implemented in the
the positron essentially thermalizes before annihilation, it isyieng7 package® The calculation employs a full potential
assumed to be in the stake =0. The enhancement in the which implies that the nonspherical part of the potential in-
two photon momentum densitf PMD) due to the electron-  sjde the muffin-tin sphere and its deviation from the constant
positron short-range correlation is calculated according to th@otential in the interstitial region are taken into consider-
prescription given by Pusket al,*® which is a function of  ation. The simplified generalized gradient approximation
electron and positron densities. Thus, the TPMD is evaluatefiGGA) due to Perdewet al?” was used for the exchange-
using the prescription correlation part of the Kohn-Sham potential. In the band-
structure calculation the lattice constant of Li in bcc structure
) . is taken to be 6.61375 a%i.The self-consistency cycles
Y — ] 2 .
p (p)—kzj [Fk(p)] were carried out to an energy tolerance of 4@y, and a
' charge convergence of 10 electrons. The various band-
_ _ 2 structure parameters agree very well with earlier accurate
Jef'p'r%(f)l//f((r)\/g[ne(f),n+(f)]d3f calculations?®?°
For the calculation of Compton profile, in 1/48th of the
2 Brillouin zone we used 4042k points to evaluate the mo-

<111>

occ

occ
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FIG. 2. Compton profiles alon¢L00), (110, and(111) direc- FIG. 3. Anisotropies of the Compton profiles between various
tions. directions.

mentum space wave function which when translated by théerm in that direction, employing the model momentum den-
reciprocal space vectors yield 4042531 p points. The lin-  sity proposed by Cardwell and Coop@rThe results are al-
ear tetrahedron methttiwas used for the calculation of most identical for VBH and PBE exchange-correlation po-
Compton profiles over a momentum mesh of 0.001 a.u. Théentials, indicating that the nonlocal corrections as described
correlation correction was carried out as described by Cardwithin the GGA do not seem to affect the momentum density
well and Coopef?® In carrying out these calculations we used in Li, although their electronic structure is slightly different
the self-consistent density inside the muffin-tin spherejn the LDA and GGA. This gives rise to almost identical
whereas in the interstitial region we assumed the density t¢CP’s) for LDA and GGA formulations, as predicted by Lam
be flat with little structure. Na ¢ cut-off value was used, as and Platzmari? These observations for Li support the fact
suggested by Cardwell and Cooper. that although the ionic potential is strong in Li, the conduc-
For the calculation of two-photon momentum density, thetion electron density behaves more like a homogeneous elec-
wave function for the positron was obtained by solving thetron gas. Similar calculations for transition metals do show
secular determinant once using the self-consistent Coulonsignificant differences in LDA and GGA resulfts.
bic potential from earlier calculation for electronic band The strong ionic periodic potential, however, does couple
structure but with an opposite sign. We have used B19 the states near Brillouin-zon®Z2) boundaries, and the con-
points to evaluatéL(p). duction electron wave functions contain strong high-
momentum components and the EMD does show an aniso-
tropic behavior, as is evident from Fig. 1. Since Li has only
one electron in the conduction band, in the one-electron pic-
The electron momentum density for lithium metal alongture the EMD is zero beyonk in the first BZ and between
(100, (110, and (111) directions in momentum space is its images in higher zones. Lam-Platzrffacorrection partly
plotted in Fig. 1. Each panel shows the EMD along onetakes care of the correlation effects on the wave functions in
direction, calculated within the LDA and GGA employing the one-electron picture. The occupation number of an inter-
von Barth-Hedin (VBH)*! and Perdew-Burke-Ernzerhof acting homogeneous electron gas is estimated to be smaller
(PBE? exchange-correlation potentials, respectively, alonghan that of a noninteracting free-electron gas by 4% for Li.
with a GGA-EMD corrected using a Lam-PlatzmérP)*  Our LP-corrected EMD displays the effect of states below

IIl. RESULTS AND DISCUSSION
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Counting rate (Arb. unit)

FIG. 4. One-dimensional ACPAR curves alot00), (110,
and(111) directions.

. N FIG. 5. Two-di ional ACPAR plot of Li in the (1) plane.
k;, being pushed abovg in Li, and these can be compared G. 5. Two-dimensional AC plot of Li'in the (1) plane

with results in Fig. 5 of Ref. 17, which uses mean occupatioryt cardwell and Coopé® employing self-consistent charge
numbers derived from electron-gas data for correlation efdensity in the present work, whereas KKR used interpolated
fects and couples them with orthogonalized plane-wavgesyits from homogeneous electron-gas data. Our results
band-structure method. EMD dies off in higher zones alongagree with those of KKR beyong=0.8 a.u., while the ex-
(100 and(111) directions, but shows a strong umklapp com- perimental values are consistently higher than the theory in
ponent along the110) direction. These higher-momentum thjs region. This reflects that the nonzero occupation beyond
components play an important role in determining the shapeg, for the inhomogeneous electron gas is only partially ac-
of Compton profiles and angular correlation curves. counted for by the theory.

Compton profiles)i(q) corrected for the correlations are  \ye have also compared the directional anisotropies in the
presented in Fig. 2 together with the experimental and KKRcompton profiles with the experimental work of Sakurai
result$® with k along(100), (110, and(111) directions. In et al,*® and the overall agreement is found to be good. The
order to facilitate the comparison with experimental CP’s,directional anisotropies are important while comparing
the theoretical CP’s were convoluted with a Gaussian with aheory with experiment as the systematic errors in the experi-
full width at half maximum(FWHM) of 0.12 a.u.(the ex- mental and theoretical results are canceled out. The promi-
perimental resolution was given in Ref.)1®ur Compton nent structures neay=0 are well reproduced at the correct
profiles, when compared with experimental values, suppontnomentum values; however, they are overestimated by
the widely known behavior, namely, overestimation at lowtheory(Fig. 3). This is again due to the correlation correction
momentum and underestimation at higher momentum valuegunctional as discussed by Bauer and Schneltién the
Correlation corrections lower the CP values within the mainpresent calculation, we have included the correlation correc-
Fermi surface but they are still higher than the experimentafion which is isotropic, and therefore does not affect the re-
results. It is to be noted that KKR values are consistentlysults of anisotropy. Attempts to include anisotropic correc-
higher than our values neay=0, and show a more pro- tions are in progress and will be published elsewhere.
nounced cusplike behavior nely for all three directions. The two-dimensional ACPAR surfaces were obtained by
The cusp seen in the CP reflects the discontinuity in théntegratingp??(p) along{100), (110, and(111) directions,
EMD atk; in the first BZ, and their images in higher zones. respectively; while the one-dimensiondlD) curves were
The results indicate that the discontinuity is smaller in FP-obtained using the linear tetrahedron method. The 1D
LAPW calculations than in those of KKR. The disagreementACPAR curves along100), (110, and(111) directions are
between present results and KKR results could be attributeshown in Fig. 4, and are in qualitative agreement with earlier
to the fact that present work is a full-potential calculationpublished work®3® The 1D ACPAR curves were convo-
whereas KKR used a muffin-tin shape approximation. Secluted with a Gaussian with a FWHM of 0.022 a.u.. The 2D
ond, the LP correction was calculated using the prescriptiodCPAR data convoluted with 0360.23-mrad FWHM (Ref.
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FIG. 7. Derivative of one-dimensional ACPAR curves along
(100, (110, and(111) directions.

we point out that the LP correction shifts the FS breaks, as
-4 : : seen in the derivatives of the CP. This is a limitation of the

0 0'5(a 0) 1 model which employs isotropic momentum density to calcu-

glau late the LP correction.
FIG. 6. Derivative of the Compton profiles alokg00), (110), Figure 6 displays the first derivatives of the directional
and(111) directions. Compton profiles. Although the breaks in the first derivative

curve without convolution bring out the structures rather

37) is presented in Fig. 5, and the overall shape matches witiell, indicating the distortions of the free-electron sphere;
experiment® The higher-momentum components in the however, in Fig. 6, we show the derivatives of the convo-
TPMD are seen quite clearly in the 2D ACPAR plot. The luted Compton profiles to facilitate comparison with experi-
smaller bump comes from the TPMD in the second zone ifmental results. The derivatives of 1D ACPAR which bring
the (110 direction, whereas the contributions from higher Ut the FS breaks sharply are presented in Fig. 7. The values
zones are hardly visible. The larger bump is a result of proof the FS radii along the principal symmetry directions

jected contributions frond011) and(101) directions for the ~(100: (110, and(111), as estimated from the positions of
samep value. The HMC intensity is seen to be a sharp funcPeaks in the second derivatives of the CP, differ from the

tion of momentum values. The momentum density decreas Ctl.JaI _Fermi ra(jii as described by Sakueaia_l.m The first
with increasing momentum values, which is a direct reflec- erivatives of directional ACPAR curves give the correct
tion of the s-like wave function ' Fermi radii, since the high-momentum components in the

We have extracted relevant FS data from both eIectroJPMD are smaller.?Our values of Fefm‘ radii along with the
and electron-positron momentum distributions. Although, inexperlmentgl values, are pre;ented n Ta%'e . Theorr_1aX|-
principle, both Compton scattering and ACPAR probe theTum Fermi surface asphericifk;o—kiool/ ki, wherek; is
electron momentum distribution and provide complementanjh€ free-electron radius, in our calculation turns out to be
information about the FS, the latter provides the best pos®-6% against the experimental value of 4.6%, 5%, and 4.7%,

sible measurements for FS breaks in the EMD since the

electron-positron correlations enhance the momentum den- TABLE I. Values of the Fermi radii.

sity atk;. The prominent breaks in momentum distribution

are seen around 0.6 a.u. with slightly different values along Fermi surface radii
different directions, as shown in Fig. 1 for the EMD. A simi- . . .

lar structure is also seen in the TPMD. The images of the FQ'reCtlonS FP-LAPW Experiment
breaks, seen in higher zones due to periodicity, are reflectedk, 0.578 0.57%0.004
in the CP and ACPAR data. The structures seen are identical;, 0.611 0.6040.004
to those seen earlier and discussed by Salairal!® for CP Kig1 0.585 0.586-0.004

curve and Kim and Stewdrtfor ACPAR curves. However,
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respectively, obtained from GP 1D ACPAR and 2D  will allow a better quantitative representation of the EMD
ACPAR data®’ theoretically.

In this paper, we have presented Compton profiles com- One- and two-dimensional ACPAR curves are also com-
puted using the FP-LAPW method within the GGA and havePuted using the FP-LAPW method. We have shown that the
corrected them for correlations along the lines of Cardweldifferent shapes of HMC’s are well reproduced by our cal-
and Coopé® using self-consistent charge density. The de-culations. Inclusion ofadensn,y-dependent enhancement fac-
rivatives of the calculated CP’s are in good agreement wit or is found t9 Feduce .HMCS at.largp values. To our
their experimental counterparts. Usually, the discrepancy b nowledge, th'_s_'s the f'rSF theoretl(_:al report of 1D and 2D
tween theory and experiment is ascribed to the limitation ofA‘CF’AR for Li incorporating density-dependent enhance-
the local-density approximation. However, we have seen thaf"ent effects.
gradient corrections to the exchange-correlation potential, as
described in the GGA do not affect the electron momentum
density significantly. In principle, the Lam-Platzman correc- We gratefully acknowledge the experimental data and
tion describes the nonlocal effects on the momentum densitiKkKR results provided by Dr. Y. Sakurai and Professor A.
correctly, but the practical implementation is able to accounBansil. We are grateful to Professor K. Schwarz and Dr. P.
for it only partly; that is, the isotropic electron correlations Blaha for providing theviEN97 code. We are also thankful to
are described satisfactorily but not the anisotropic ones. AlDr. V. Sundarajan and Professor R. M. Singru for helpful
though Bauer and Schneidérejected the idea of momen- discussions. T.B. and R.R.Z. gratefully acknowledge finan-
tum density-functional theory, we feel a description for thecial support from the Council for Scientific and Industrial
exchange-correlation energy functional in momentum spacResearch, New Delhi.
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