All-Electron Study of Gradien Corrections to the Lo cal Densit unctional in Metallic Systems Alexander Khein ab or a tory of tomic and Solid State Physics, Cornel Univers ity, Ithac a NY 14853 D. J. Singh Complex Systems Br anch, Naval ese ar ch ab or ato ry, Washington D.C. 20375- 500 C. J. Umrigar The ory Center and ab or at ory of to mic and Solid State Physics, Cornel Universi ty, Ithac a NY 14853 (July 18, 1994) Using the all-ele ctron Linearized Augmen ted Plane (LAPW) metho d, calcula te the e�ect of includi ng gradien corrections to the exc hange correlatio functional on the structural prop erties of the simple metal Al, transition metals a, W, Pt, and noble metals Cu, Ag, Au. or all the systems studied, the lo cal densit appro ximation (LD A) yields ond-length that are to short and bulk mo duli that are to large. The generaliz ed gradien functional in tro duced erdew and ang (PW91) yields corrections that are in the righ direction (larger ond-lengths and smaller bulk mo duli ), but it frequen tly ercomp ensates, particul arly for the hea vier elemen ts. The PW91 functional predicts the lattice constan and bulk mo dulus of Al and Cu more accurately than the LD but yields alues that are less accurate than the LD for W, Pt and Au. I. INTR ODUCTION he densit functional metho [1,2] pro vides framew ork within whic ground state prop erties of man ph ysical systems can calculated. hile densit functional theory is exact in principle, practical implem en tation of the metho requires the appro xim atio of the electronic exc hange correlation energy he simplest and most widely used appro xi m ati on to the exc hange correlation energy is the lo cal densit appro xim atio or giv en electronic densit the replaces the true exc hange correlation energy at eac oin in space the exc hange correlation energy of homogeneous electron gas of the same densit [2,3]. In principle the is only alid for an electron gas of slo wly arying densit ev er, the orks surpris- ingly ell in predicting ground state prop erties of atoms, mol ecules and solids with strongly inhomo geneous electron densities. he errors inheren in the are similar among arious systems. he limita tions of lo cal form ulati on of exc hange correlation are ell kno wn and here men tion only few of them ]. he erestima tes the inding energies of molecules and solids while underestimating the magnitudes of total energies. In atomic systems the tends to erestimate the rst ionization energy and underestimate and transfer energies. he predicts non magnetic CC phase of ulk iron instead of the correct ferromagnetic CC phase ]. In ulk solids the tends to erestimate ulk mo duli and underestimate equili rium lattice constan ts ]. ecen attempts to impro the ha fo cused on the generalized gradien appro xim atio in whic the exc hange correlation functional incorp orates terms con taining densit gradien ts 12]. erits of approac include the ease with whic functional can implem en ted in an existing co de and the lo computational cost of computing densit gradien ts. In this article fo cus on the recen tly prop osed erdew and ang ,12 ,13 ]. he functional is ased on real space cut-o of the exc hange correlation hole out an electron. he cut ensures that the functional eys kno wn sum rules of the exc hange correlation hole. his functional is also constructed to satisfy man of the scaling relations [1 for the exc hange correlation energy [12,13] ecen calculations incorp orating the ha suggested that although no existing functional yields uniform impr em en er the A, recen tly prop osed functionals are promising otal and ionization energies of atom s, inding energies and vi ration frequencies of molecules are found to impro er the ,1 ,1 ]. attice constan ts, ulk mo duli and cohesiv energies of simple metals and selected transition metals, particularly the 3d series, are found to impro when the is used ,1 ]. In particular, the can the large discrepancy in lattice constan prev alen in the calculations of the alk ali metals ]. In accordance with exp erimen t, the predicts the correct CC ground state of iron [2 23]. rtiz and allone in estigated the onding prop erties of group Ia, hom o-n uclear dimers using the and found the to yield etter onding energies, equili rium distances and vi ration frequencies than the [2 ]. ecen ork on semiconductors indicates that while cohesiv energies are impro ed er the A, lattice constan ts and ulk mo duli are signi can tly orse when the is used [2 ,2 ]. here ha een mixed rep orts of whether the impro es the ground state prop erties of the and transition metals [1 ,2 31]. Since the functionals are particularly sensitiv to harge inhomo geneities, it is has een noted that calculations free of shap appro xim ations in the oten tial and harge densit are imp ortan to accurately descri the ect of the ]. he metho ds emplo ed to erform calculations can ha strong in uence on the nal results, particularly when functional is used. Consequen tly there is spread in the results quoted arious authors, presuma ly due to the appro xi m ati ons used in their metho ds. ypically calculations are erformed that incorp orate certain appro xim ations suc as the pseudop oten tial appro xim atio n, shap appro xim ations to the oten tial or harge densit or not fully taking accoun of relativistic ects use ell con erged, all-electron tec hnique free of shap appro xim ati ons to the oten tial and harge densit he core electrons are fully relativistic while the alence electrons are semi-relativistic. hen necessary emplo lo cal or itals [32] to guaran tee prop er treatmen of extended core states. Since our results are free of comm on appro xim ati ons they are exp ected to more relia ly re ect the limitati ons of the functionals eing tested. In this pap er compare the results of our calculations of equili rium lattice constan ts and ulk mo duli for the metal s, Al, Cu, Ag, a, t, and Au, using the and the functionals. or comparison include the results from recen ork incorp orating the functional. I. OD ur calculations are erformed using the all electron linearized augmen ted plane metho with fully relativistic cores. he details of the metho are giv en elsewhere [33,3 ] here fo cus on asp ects relev an to the presen calculations. ur calculations for total energy are ell con erged with resp ec to oth oin um er and asis size. used oin ts [3 in the irreduci le rillouin zone for the CC and CC structures resp ec tiv ely and plane cut-o of max where max is the recipro cal lattice ector cut-o and is the radius of the tin sphere. or a, hanging max from to or increasing the oin um er from to 112 ga an energy hange of only It is imp ortan to note that the tin is used to de ne the augmen tati on functions for the plane es and in no impli es shap restriction to the oten tial or harge densit whic are allo ed to completely general. he tin sphere radius is hosen so that at the small est lattice constan considered, the tin spheres nearly touc h. ests ere erformed that indicated our results are insensitiv to the hoi ce of or instance, near the exp erimen tal lattice constan t, hanging the tin radius of Au from 2. to 2.1 ohr resulted in only hange in total energy the tin sphere oundary plane es are matc hed con tin uously through the rst deriv ativ to radial solutions of Sc hro dinger equation. Consequen tly the exc hange correlation oten tial is discon tin uous at the tin sphere oundary since it con tains second deriv ativ es of the harge densit calculations for iron ha sho wn that small discon tin uiti es do not ect the qualit of the calculation [22]. monitored the discon tin uit in the oten tial for the calculation and found that it as nev er larger than ypical alues of the discon tin uit ere in the range of nergy parameters for the asis functions ere set near the cen ter of their resp ectiv ands using the output at the theoretical equili rium lattice constan as reference. ests ere erformed to monitor the sensitivit of the calculation to the hoice of energy parameters. nd that reasona le hoices for the parameters yield iden tical results irresp ect iv of the particular parameter alues. or calculations of Cu, Ag, a, and Au used the lo cal or ital extension of the metho [32]. Calculations of and ere made with the states in the alence. he lo cal or itals pro vi ded ariati onal freedom to tak these states in to accoun allo wi ng the use of another energy parameter for an residual haracter in the other al ence states. he states of Cu, states of Ag and states of and Au ere calculated in the core region. or these elemen ts, the lo cal or itals allo the asis set to ha adequate ariationa freedom to orthogonalize al ence states to the extended states in the core. he extended states of these metals are calculated in oth core and alence, the latter serving to orthogonalize the alence states to the core states while the form er is used in the calculation of the total energy ithout lo cal or ital extension the alence states are not strictly orthogonal to the core states and the latter can ha adv erse ects on the qualit of the calculation. he functional use is the recen parameterization of erdew and ang [3 ]. I. ND DI CU ION he results of our calculations are summ arized in l [1]. he error in lattice constan and ulk mo dulus relativ to exp erimen is giv en in igures [1] and [2] where list the metals studied in order of increasing atomi eigh t. or the purp ose of comparison include recen results for that ere erformed one of the authors (DJS using the metho ]. It is eviden that in all cases, the underestimates the lattice constan t, the error eing particularly large for a, and erestima tes the ulk mo dulus. xcept for a, the ercorrects the lattice constan predicted the A. he xes the errors in a. he ulk mo dulus is rough to within of exp erimen and the lattice constan error is reduced to simil ar reduction of errors ccurs for Al, particularly for the ulk mo dulus error whic drops from to here ha een sev eral rep orts that the can reduce errors in ground state prop erties of the metals [2 ,2 ,3 ]. nd impro em en er the for CC Cu with the error in ulk mo dulus reduced from to 13 while the error in lattice constan is reduced from to hil the error in the ulk mo dulus of the metal Ag is reduced nearly factor of o the functional ercom ensates the lattice constan error without an impro em en t. or a, the ligh test metal considered, the impro es the equili rium prop erties. or the hea viest series metals, and Au, nd giv es ercom ensated results that are in orse agreemen with exp erimen than the alues. he error in the result for and Au gro ws with increasing atomi um er. inal ly compare our results with recen ork incorp orating the A. ur results for Al and the results of ef. for di er from those of ef. [1 ]. he data from ef. [1 seems to ampli fy the errors inheren in oth the and the predicting ery small lattice parameters and erly large ulk mo duli in the with large ercomp ensation from 1. resuma ly the di erence in the results arises from the hoice of metho d. hile erform full-p oten tia all-electron calculation, ef. [1 uses pseudop oten tial approac h. In ef. [2 the full oten tial metho as used to calculate the ground state prop erties of the and transition metals. he results of ef. [2 for are in go agreemen with ours ut their results for and are not. he metho used ef. [2 do es not include means whic the extended semi-core states can orthogonalize to the alence states. his is imp ortan for transition metals on the left side of the erio dic ta le ut less imp ortan for elemen ts suc as that are further to the righ t. his is ecause the semi-core states con tract in to the core with increasing atom ic um er. he core and alence electrons are treated semi-relativisticall in ef. [2 while treat the core electrons fully relativistic with semi-relativistic alence. ha tested the ect of the spin-or it in teraction in the core of calculating the lattice constan and ulk mo dulus within the using semi-relativistic core. nd no hange from the fully relativistic calculation th us elimi nating this as candidate explanation for the di erence. conclude that the ers an impro em en er the for the ligh metal Al, the metal Cu and the ligh transition metal a. he ercom ensates for the errors in the metals Ag, and Au leading to results that do not impro up on the or are in orse agreemen with exp erimen than the A. Crystal Prop ert Presen ork Previous Calculation exp erimen LD PW91 LD PW91 Al (a.u.) (-1. 4(1. .4 8. bar) .9(14) (-1.4) 1. Cu (a.u.) (- .84( .1 .8 bar) 19 (4 1(1 18 Ag (a.u.) (-1.9) .88( bar) 9( 84.8(-18) (a.u.) .1 (-1.1) 8( .8 bar) 4(9.8) 19 (- .4) 18 (a.u.) .94(- .84) .8 .98 .9 bar) .1) (- Pt (a.u.) (- 4) 1(1. .41 bar) (8.1) (-1 84 Au (a.u.) (- .8 (1.9) bar) 198(1 14 (- 189 LAPW calculati ons of the lattice constan and bulk mo dulus using the erdew-W ang exc hange-correlation func- tional (PW91) and LD A. um ers in paren theses indicate ercen tage error relativ to exp erimen t. ef. 19 ef. ef. ef. ef. 1. elativ error in lattice constan ts. esults from other ork are from ef. 19 for and Al and from ef. for a, and Pt. esults for with lled circles and triangles are from ef. ote that there is nearly complete erlap of data for Pt et een the presen calculati on and that of ef. elativ error in bulk mo duli. esults from other ork are from ef. 19 for and Al and from ef. for a, and Pt. esults for with lled circles and triangles are from ef. ote that there is nearly complete erlap of data et een the presen calculatio and that of ef. for LD Pt. NO N o rk at Cornell and at the al esearc oratory as supp orted the ce of a esearc h. he calculations ere erformed on the computer at the Cornell heory Cen ter. ohen erg and W. ohn, Ph ys. ev. (19 4) W. ohn and L. J. ham, Ph ys. ev. A11 (19 Lundqvist and arc ed., The ory of the Inhomo g en le ctr o as (Plen um Press, ew ork, 198 Jones and unnarsson, ev. d. Ph ys. 89 (1989) C. ang, lein and rak auer, Ph ys. ev. Lett. 18 (198 atha J. F. Jansen and A. J. reeman, Ph ys. ev. (198 J. F. Jansen, atha and A. J. reeman, ibid (1984) J. F. Jansen and eng, Ph ys. ev. 89 (1988) J. erdew, J. A. Chev ary osk o, A. Jac kson, ederson, D. J. ingh and C. Fiolhh ai s, Ph ys. ev. (199 D. C. Langreth and J. ehl, Ph ys. ev. 18 (198 J. erdew, Ph ys. ev. 88 (198 erratum ibid (198 11 J. erdew and ang, Ph ys. ev. 88 (198 J. erdew in le ctr on ic str ct of solids edited iesc he and sc hrig (Ak ademie erlag, erlin, 1991) J. erdew, Ph ysica (1991) 14 ee C.J. Umrigar and onze, publi shed in igh Performanc Comp ting and its Applic at ion to the Physic a Scienc es pro ceedin gs of the ardi ras Conference, edited D. A. ro wne et al (W orld cien ti c, ingap ore, 199 and references therein. A. D. ec e, J. Chem. Ph ys. (199 ibid 91 (199 Johnson, W. ill and J. A. ople, J. Chem. Ph ys. (199 D. J. ingh and J. Ashk enazi, Ph ys. ev. 11 (199 18 A. W. olzw arth and eng, Ph ys. ev. (1994) 19 Juan and axiras, Ph ys. ev. 14944 (199 T. C. Leung, C. T. Chan and armon, Ph ys. ev. (1991) J. u, W. ang and Louie, Ph ys. ev. 888 (199 D. J. ingh, W. Pic ett and rak auer, Ph ys. ev. 11 (1991) T. Asada and erakura, Ph ys. ev. 99 (199 rtiz and allon e, Ph ys. ev. (1991) rtiz, Ph ys. ev. 11 (199 Claudia Filli pi ubmitted to Ph ys. ev. ., (1994) orling and J. aglung, Ph ys. ev. (199 zoli and orling, Ph ys. ev 18 (199 arbiell in i, oroni and T. Jarlb org, J. Ph ys. Condens. atter (199 agno, Jepsen and unnarsson, Ph ys. ev. 199 (1989) A. arcia, C. ls asser, J. u, Louie and L. Cohen, Ph ys. ev. 98 (199 D. ingh, Ph ys. ev. 88 (1991) Andersen, Ph ys. ev. (19 D. J. ingh, Plane aves, Pse dop ote nt ial, and the LAPW etho lu er Academic Publishe rs, oston 1994), and references therein .J. onkhorst and J. D. ac k, Ph ys. ev. 188 (19 ibid 48 (19 J. erdew and ang, Ph ys. ev. 44 (199 W. Lu, ei and Alex unger, Ph ys. ev. 99 (199 erakura, T. guc hi, T. ohri and atanab e, Ph ys. ev. (198 A. J. oses, The Pr actic al Scientist andb an ostrand einhold Compan ew ork 19 8)