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Our newly developedfully SelfConsistentNumericalDiscreteVariationalMethod(which exactly treatsall non-
sphericalpartsof the crystalpotential)yields X ray scatteringfactorsandanisotropiesin theComptonprofile of
diamnndin very goodagreementwith experiment.

Considerableinterestexistsin the predictionsof and with previousHartree Fock calculations[10]
the local densityformalism(LDF) [1] on the ground While the non-SCComptonprofile is too high at low
statepropertiesof solids,e.g. cohesiveenergies[21, momentaand lacks somehigh momentumcomponents,
X-ray form factors[3, 41 andComptonprofiles [5] . thefully self-consistentresultsagreevery well with
LDF basedcalculationsare usuallybesetwith the experiment.Unlike the Hartree Fock results,the
difficulties of solvingself-consistentlytheassociated anisotropyof the profile is foundto be in reasonable
one-particleequationcharacterizedby a multi-center agreementwith experiment.
non-sphericalpotentialandhence,a varietyof approxi- For the crystalproblem,thegeneralpotential is
mationshavebeenintroducedto reducethecomplex- givenby
ity of the problem,LCAO-type calculations[4, 5] ~ ~ = ~ ~ -i-F 1r~1+F 1r~1 Il
haveovercomethe difficulty of treatingnon-muffin-tin ~ coul’~J ex~Psup~;i con~Psup~JJ

potentialsandhavedemonstratedthat efficient con- with theexchange,Fex, and correlation,Fcon, poten-
vergencewith respectto thesize of the basisset [4] tials given in termsof the local densityfunctions
canbe obtained.However,the problemof carrying written in termsof superposedoverlappingatomic
this typeof calculationor self-consistency(SC) still densities,Psupfr) We usethe free-electronp”3 ex-
remainsa formidable task.Although thesemethods changepotential for Fex and thecorrelationenergy
arecapableof yielding reasonableresultsfor the eigen- functionalof Singwi et al. [11] as fitted to analytic
values,anaccurateevaluationof groundstatefunc- form by HedinandLundqvist [12] . We do not
tionalsof the electrondensityis still non-trivial, sphericallyaverageV(r) or linearizethe local density

In this papet we apply our newly developed[6] functionals.The crystalwave functions~/i
1(K,r) are

self-consistentnumericaldiscretevariationalmethod expandedin termsof Bloch functions b~(K,r) [which
(DVM) [7] to studythe X-ray scatteringfactorsand are given in termsof LCAO basisorbitals x~].Unlike
directionalComptonprofile for diamond.All non- previousefforts which usedsimpleanalyticbasis
sphericalpartsof the crystalpotentialare treated functionsto overcomedifficulties in calculatingmany-
exactlyusinganefficient numericalLCAO basisset centerintegralsappearingin matrix elements(ME)
anda numericalDiophantineintegrationscheme. of V(r), we areable to exploit the variationalefficiency
Local densityexchangeandcorrelationare incorpo- of accuratenumerical basisfunctionsbecausewe do
rateddirectly into the crystalpotential andfull self- not employanyanalyticalgorithmsfor calculating
consistencyis obtained.The resulting X-ray form ME. Thusour x~(r)are determinedas numericalsolu-
factorsarein good agreementwith experiment[X, 9] tionsof the atomicpotentialequivalentof eq.(1).

Detailsof themethod,andevidencefor the varia-
* Supportedby the National ScienceFoundation(through tional superiorityof evena minimal set (e.g., ls, 2sand
GrantsDMR72-03019,DMR71-03101,andDMR74-18634). 2p) to a double-zetaSlaterbasisaregiven elsewhere
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[6] , asis a full descriptionof the methodof obtaining than 10 4. Only thefirst 6 to 12 K5 vectorsand2 4
crystal solutions.An extendednumericalset of Is, 2s, iterationswere neededto convergetheSC cycle to this
2p, 3s and3p areusedin this study. accuracy.The crystaldensityis computedat eachitera-

The initial guessfor theground statecrystaldensity tion stepby samplingthe6-nearestvolume K-points
in our SC procedureis thepopulation-dependent in the fcc Brillouin zone.
overlapping-atomicmodelin whichp5~~(r)is con- The final chargedensityis usedto computethe
structedasa lattice sumof atomicp0(r) obtained X-ray form factorsof diamond,shownin table I along
from thenumericSC solutionfor atom a.With this with the experimentalvalues [8, 9] andthe crystalline
model density,the superpositionCoulombpotential Hartree Fock (HF) resultsobtainedwith a Gaussian
V~~1(r)is a sumof one-siteCoulonib potentials s/pbasisset [10]. Our resultsusingthe exchangeand
derivedfrom p~(r)by solving Poisson’sequation. correlationfunctionalsagreequite closely with the

Self-consistencyis treatedin two stages:in stage experimentaldata(an experimentalerror of I to 5

one,we perform a chargeand configurationself- per centhasbeenextimated).The deviationsbetween
consistent(CCSC)calculationby recomputing our results,or the H-F results,from experimentarea

tx~(r)}and potential V(r) on the basisof a new set non-systematicfunctionof (h, k,1)- contraryto
of populationnumbersso as to minimize,in a least- previousconclusions[3, 13] . The iterationstowards
squaressense,thedeviation a

2 betweenthe input SC improve the agreementwith experimentquite

~
5~~fr)and the crystaldensity,pc~(r): considerablyas is seenparticularly for the “forbidden”

I reflectionf222.z~p(r) p~(r) Psup(”)’ ~2 = ~ fz~p(r)dr. (2) The momentumdensity is calculatedusing the
Fourier transformedBlochfunction ‘l~(p).The

We thusoptimizedour basisset non-linearly(by Comptonprofile J(q)is computedin the impulse
recomputingit at each step)so as to allow the x~(r) approximationfrom the Kubic Harmonicsexpansion
to relaxto the form of the iteratedp~(r).In the of the momentumdensity [14] (lmax ~ 12). Table 2
secondstage(full self-consistency),we expandthe summarizesandcomparesour resultsfor the Compton
residual~p(r) obtainedat the last CCSC iterationin profile J(q) in the [100] direction to experiment
a Fourier seriesandcomputethecorrectionto the [15, 16] and to the HF results [17]. Upon iterating
Coulombpotentialdue to this z~p(r)as: our resultsto SC,J(q) is loweredat low q and addi-

tional contributionsstart to appearat high q. We note
~Vcoui(T) = 4ir ~ K~2 z~p(K5)exp(iK5 r). (3) that our non-SCresults(with a — 2/3 andcorrelation)

K5~O areclose to the non-SCanalyticSlaterbasisDVM
Here ~p(K5), the Fouriercomponentsof z~p(r),are resultsof Seth andEllis [18] (but with a — 0.70 and
also calculatedby a direct three-dimensionalDiophan- no correlation).Similar increasesin the form factors
tine integration.Note that sincez~p(r)cannotbe ex- at low [hkl] (table 1) uponiteration indicatessome
pandedin termsof onesite densitieslocatedat the build up in the bondingchargerelative to the super
atomicsitesit hasbeenneglectedin mostof the
previouslypublishedSC methods.Becauseof the Table 1

smoothcharacterof ~p(r) (the main localized ExperimentalandcalculatedX ray scatteringfactorsfor

featuresnear the core regionshavingbeenabsorbed diamondwithf(O, 0,0) 6.0.
into p5~~(r)in the CCSCstep),only thefirst few hkl first last exp 181 HF 1101

vectorsneedto be consideredin eq.(3) in order iteration iteration results results

to convergethesum a featurenot sharedby methods 111 3 071 3 281 3 32 3 29

that treatthefull (core+ valence)densityin a Fourier 220 1:982 1.995 1:98 1193
representation[4, 5]. To the correctionz~Vcoui(r) 311 1.792 1.692 1.66 1.69
we addV~9~1(r)obtainedat thepreviousiteration 222 0.0 0.139 0.14 [91 0.08
and theexchangeandcorrelationpotentialscalculated 400 1.531 1.493 1.48 1.57

331 1.510 1.605 1.58 1.55from p~5(r)and repeatthesolutionuntil the changesin ~p(K5) betweensuccessiveiterationsare smaller
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Table 2
~ ~oo]—Hi} ExperimentalandcalculatedComptonprofile in diamondin

SCHF

PRESENT STUDY the [1001 direction.
\ S • S EXPERIMENT. (au) first last exp 115] exp1161 HF [17]

\ iteration iteration results results results
0.05 —

‘ 0.0 2.19 2.05 2.09 2.08 2.18
— 0.2 2.17 2.01 2.07 2.06 2.15

I •,‘~ 0.4 2.06 1.93 1.91 1.94 2.05
— I 0.6 1.84 1.75 1.73 1.79 1.84

0 .0 5/ I ‘2.0 0.8 1.57 1.52 1.46 1.55 1.55
• I 1.0 1.20 1.28 1.10 1.29 1.22
/ 1.2 0.87 0.96 0.86 0.94 0.88

•. 1.6 0.46 0.48 0.47 0.45 0.46
0.05 — / 2.0 0.31 0.33 0.31 0.29

• / 3.0 0.15 0.19 0.18
• / 4.0 0.08 0.11 0.10

/ 5.0 0.04 0.06 0.06/
-0.1 - —

Fig. 1. Anisotropy of the [100 1111 J(q) in diamond corn- We are indebtedto A. Sethfor providing uswith
paredwith theself consistentHartree Fock [SCHF] results the routine that processesthemomentumdensity.
[17] and experiment [15].
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