ȷURNAL F�ZIQNIH DOSL�DȷEN^ t. 2, ˝ 3 (1998) s. 346–356

JOURNAL OF PHYSICAL STUDIES v. 2, No. 3 (1998) p. 346–356

URAHUVANN SP¨N–ORB¨TAL^NOÕ VZA˝MOD¨Õ DL ROZRAHUNKU FORMFAKTOR¨V NELOKAL^NOGO MODEL^NOGO POTENC¨LU

V. V. Furman^{1,4}, P. M. k˛bquk^1, C. O. Vakarquk^2, M. ¨. ”ovtanec~kiȷ^3 1L~v˛vs~kiȷ derıavniȷ un˛versitet ˛men˛ ¨vana Franka, kafedra teoretiqnoÝ f˛ziki, vul. Dragomanova, 12, L~v˛v, 290005, UkraÝna 2 Derıavniȷ un˛versitet “L~v˛vs~ka Pol˛tehn˛ka”, kafedra f˛ziki, vul. S. Banderi, 12, L~v˛v, 290646, UkraÝna 3 L~v˛vs~kiȷ derıavniȷ un˛versitet ˛men˛ ¨vana Franka, kafedra ˛nformac˛ȷnih sistem v menedıment˛, prosp. Svobodi, 18, L~v˛v, 290000, UkraÝna 4E–mail: fourman@KTF.Franko.lviv.ua (Otrimano 29 listopada 1996 r.; v ostatoqnomu viglffld˛ — 15 grudnffl 1997 r.)

Na p˛dstav˛ formal˛zmu metodu fazovih funkc˛ȷ ta teor˛Ý rozs˛fflnnffl viznaqeno strukturu formfaktor˛v model~nogo potenc˛ffllu (MP), wo vrahovut~ sp˛n–orb˛tal~nu vza‚mod˛. Znaȷdeno sp˛vv˛dnoxennffl m˛ı zm˛nami enerİ˛Ý r˛vnffl ta parametr˛v MP. Otrimano zv’fflzok m˛ı veliqino kvantovogo defektu ta fazo rozs˛fflnnffl na kulon˛vs~kih funkc˛fflh. Na p˛dstav˛ pobudovanogo MP rozrahovano ctalu sp˛n–orb˛tal~noÝ vza‚mod˛Ý, povnu enerİ˛ zv’fflzku ˛ r˛vnovaın˛ atomn˛ rad˛usi r˛dk˛snozemel~nih metal˛v. Otriman˛ rezul~tati moına legko poxiriti na ˛nx˛ tipi model~nih psevdopotenc˛ffll˛v, parametri fflkih viznaqat~sffl z rozv’fflzku r˛vnfflnnffl Xredinİera.

Klqov˛ slova: sp˛n–orb˛tal~na vza‚mod˛ffl, formfaktor model~nogo potenc˛ffllu, kulon˛vs~k˛ funkc˛Ý, kvantoviȷ defekt, fazov˛ funkc˛Ý

PACS number(s): 71.10.+x, 34.80.Kw, 61.14.Dc

VSTUP

K˛l~k˛sn˛ rozrahunki vlastivosteȷ vaıkih pereh˛dnih ta r˛dk˛snozemel~nih metal˛v, wo provodfflt~sffl z vikoristannfflm metodu MP, naxtovhut~sffl na neobh˛dn˛st~ urahuvannffl relffltiv˛stiqnih efekt˛v ˛ naȷperxe sp˛n–orb˛tal~noÝ vza‚mod˛Ý. Urahuvann sp˛n–orb˛tal~noÝ vza‚mod˛Ý v elektron–ȷonnomu MP metal˛v prisvfflqeno nizku prac~ [1–3]. Nasampered sl˛d nazvati statt˛ [2, 3], avtori fflkih zobraıat~ povniȷ elektron–ȷonniȷ potenc˛ffll u viglffld˛ sumi zaserednenogo za orb˛tal~nim kvantovim qislom psevdopotenc˛ffllu ta potenc˛ffllu sp˛n–orb˛tal~noÝ vza‚mod˛Ý. Urahuvannffl sp˛n–orb˛tal~noÝ vza‚mod˛Ý pri rozrahunku formfaktor˛v MP [4] potrebu‚ znahodıennffl velikoÝ k˛l~kosti parametr˛v MP, wo stvor‚ znaqn˛ trudnow˛ p˛d qas dosl˛dıennffl vlastivosteȷ metal˛v. Naxa meta — rozvinuti rac˛onal~nu metodiku obqislennffl formfaktor˛v MP z urahuvannfflm sp˛n– orb˛tal~noÝ vza‚mod˛Ý ta podal~xim Ýh vikoristannfflm dlffl rozrahunku vlastivosteȷ pereh˛dnih ˛ r˛dk˛snozemel~nih metal˛v (RZM).

I. NELOKAL^NI„ MODEL^NI„ POTENC¨L Z¨ SP¨N–ORB¨TAL^NO“ VZA˝MOD¨˝“

V˛domo [5], wo vrahuvannffl sp˛n–orb˛tal~noÝ vza‚mod˛Ý obumovl‚ popravku Δε_{ls} do enerİ˛Ý ε_{nl} vodnevopod˛bnogo atoma. Dodatkova enerİ˛ffl, zumovlena c˛‚ vza‚mod˛‚, dor˛vn‚ zaserednenomu znaqenn potenc˛ffllu sp˛n–orb˛tal~noÝ vza‚mod˛Ý za rozpod˛lom ˛mov˛rnosti perebuvannffl elektrona na v˛dstan˛ r v˛d ȷonnogo zalixku z kvantovimi qislami n ˛ l:

Δε_{ls} = ⟨V_{ls}⟩ = ⟨ z r^3 ⟩ ( eh̄ 2mc )_2 2ls h̄^2 ,

V_{ls}(r) = −ξ_{nl} ( h̄ mc )_2 1 r dV (r) dr , de ξ_{nl} — stala sp˛n–orb˛tal~noÝ vza‚mod˛Ý. U pracfflh [1, 3, 6] pokazano, wo povniȷ psevdopotenc˛ffll elektron–ȷonnoÝ vza‚mod˛Ý moına zobraziti u viglffld˛ sumi zaserednenogo za sp˛novim qislom s potenc˛ffllu W^{pot}_l (r) ta potenc˛ffllu sp˛n–orb˛tal~noÝ vza‚mod˛Ý W^{SO}_l (r):

W̄^{æon} (r) =^{l0} ∑ l=0 [ W^{pot}_l (r) + W^{SO}_l (r)LS ]^ P_l, (1.1)

W^{pot}_l (r) = { (l + 1)W^{l+1/2}_l (r) + lW^{l−1/2}_l (r) (2l + 1) } ,

W^{SO}_l (r) = 2 { W^{l+1/2} l (r) − W^{l−1/2}_l (r) (2l + 1) } .

Tut W^{l±1/2}_l (r) — komponenta MP, viznaqena dlffl zadanih l ta l ± 1/2: W^{l±1/2} l (r) = − z r + w^{l±1/2}_l (r, { μ^l_i } i=1,N ), (1.2)

w^{l±1/2} l (r, { μ^l_i } i=1,N ) — model~na funkc˛ffl, za dopo-

mogo fflkoÝ aproksimu‚t~sffl v˛dxtovhuvannffl valentnogo elektrona v˛d zapovnenih vnutr˛xn˛h obolonok; { μ^l_i } i=1,N — nab˛r N parametr˛v MP, l0 — maksi-

mal~ne znaqennffl orb˛tal~nogo kvantovogo qisla, dlffl fflkogo ˛snut~ zv’fflzan˛ stani v ȷonnomu zalixku, P̂_l — pro‚kc˛ȷniȷ operator. Potenc˛ffll W^{SO}_l (r) aproksimu‚ sp˛n–orb˛tal~nu vza‚mod˛. Zaznaqimo, wo r˛znicffl enerİ˛ȷ r˛vn˛v ε_{nlj} = ε_{nl} + Δε^j_{nl} viznaqa‚ rozweplennffl tonkoÝ strukturi spektr˛v metal˛v. U nabliıenn˛ central~no–simetriqnogo polffl popravku do enerİ˛Ý stanu, zumovlenu sp˛n–orb˛tal~no vza‚mod˛‚, moına viznaqiti [5] tak:

Δε^j_{nl} = 1 2 { lξ_{nl}, j = l + 1/2 (l + 1)ξ_{nl}, j = l − 1/2 , (1.3) de

ξ_{nl} = h̄^2 2m^2c^2 ∞∫ 0 r^2R^2_{nl}(r) 1 r dV (r) dr dr (1.4)

— stala sp˛n–orb˛tal~noÝ vza‚mod˛Ý. V˛domo [5], wo Δε^j_{nl} proporc˛ȷna do kvadrata staloÝ tonkoÝ strukturi, fflka sama po sob˛ ‚ malo veliqino. Otıe, sp˛n–orb˛tal~nu vza‚mod˛ moına rozglffldati fflk zburennffl v˛dnosno userednenogo psevdopotenc˛ffllu. Tomu W^{(l±1/2)} l (r) = { W^{(0)}_l (r) + ΔW^{(l±1/2)}_l (r) } (1.5)

≈ W^{(0)}_l (r) + Δw^{(l±1/2)}_l ( r, { μ^{(l±1/2)} l }) ,

de W^{(0)}_l (r) — l–komponenta MP bez urahuvannffl sp˛n– orb˛tal~noÝ vza‚mod˛Ý:

W^{(0)}_l (r) = − z r + w_l(r, μ_l). (1.6)

Rozvinemo w^{(l±1/2)}_l ( r, { μ_l ± Δμ^{(l±1/2)} l }) u rffld Teȷlora, vvaıaqi, wo mala zm˛na enerİ˛Ý spektroskop˛qnogo terma − | | |ε^{(l±1/2)} nl | | | = − |εnl| + Δε^{(l±1/2)}_{nl} (1.7)

privede do neznaqnoÝ zm˛ni nekulon˛vs~koÝ qastini MP, fflka, v˛dpov˛dno, zumovit~ mal˛ v˛dhilennffl parametr˛v MP ±Δμ^{(l±1/2)}_l :

w^{(l±1/2)} l ( r, μ_l ± Δμ^{(l±1/2)} l ) = w_l(r, μ_l) + Δμ^{(l±1/2)}_l ∂ ∂μ_l w_l(r, μ_l) + (Δμ^{(l±1/2)}_l )^2

∂^2 2∂μ^2_l w_l(r, μ_l) + · · · . Veliqina ε_{nl}, wo f˛guru‚ v (1.7), — znaqennffl enerİ˛Ý r˛vnffl, a Δε^{(l±1/2)}_{nl} — zm˛wennffl enerİ˛Ý r˛vnffl, zumovlene sp˛n–orb˛tal~no vza‚mod˛‚. Dlffl l–Ý komponenti MP

W^{(l±1/2)} l (r) = W^{(0)}_l (r) + Δμ^{(l±1/2)}_l ∂ ∂μ_l w_l(r, μ_l) + (Δμ^{(l±1/2)}_l )^2

∂^2 2∂μ^2_l w_l(r, μ_l) + · · · . (1.8)

Obmeıuqis~ perximi dvoma qlenami rozvinennffl, otrimu‚mo:

W^{pot}_l (r) = − z r + w_l(r, μ_l) + { (l + 1)Δμ^{(l+1/2)} l + lΔμ^{(l−1/2)}_l (2l + 1) } ∂ ∂μ_l w_l(r, μ_l), (1.9)

W^{SO}_l (r) = { Δμ^{(l+1/2)} l − Δμ^{(l−1/2)}_l (2l + 1) } ∂ ∂μ_l w_l(r, μ_l). (1.10)

Otıe, dlffl viznaqennffl potenc˛ffllu W^{pot}_l (r) ta potenc˛ffllu sp˛n–orb˛tal~noÝ vza‚mod˛Ý W^{SO}_l (r) neobh˛dno v˛dxukati veliqini Δμ^{(l±1/2)}_l , pov’fflzan˛ z˛ zm˛no enerİ˛Ý spektroskop˛qnogo terma. Viznaqimo ceȷ zv’fflzok.

II. ANAL¨Z VZA˝MOZV’ZKU M¨” ZM¨NO“ PARAMETR¨V MP TA ZM¨WENNMI ENERŢETIQNIH R¨VN¨V

Zaproponovaniȷ u [4] MP m˛stit~ kulon˛vs~kiȷ potenc˛ffll pritfflgannffl ta defflku model~nu nekulon˛vs~ku qastinu, wo model‚ v˛dxtovhuvannffl valentnih elektron˛v v˛d vnutr˛xn˛h obolonok ȷonnogo zalixku. Viklika‚ ˛nteres viznaqennffl vnesku nekulon˛vs~koÝ qastini MP u vlasne znaqennffl enerİ˛Ý ε_{nl} psevdoȷona, fflke prir˛vn‚t~sffl do eksperimental~- nogo znaqennffl v˛dpov˛dnogo spektroskop˛qnogo terma. V˛domo [5, 7], wo dlffl qisto kulon˛vs~koÝ vza‚mod˛Ý enerİ˛ffl r˛vnffl viznaqa‚t~sffl formulo

ε_{nl} = − z^2 2n^2

. (2.1)

Rozv’fflzkami r˛vnfflnnffl Xredinİera z kulon˛vs~kim potenc˛ffllom budut~ kulon˛vs~k˛ funkc˛Ý F_l(kr, η) ta G_l(kr, η), wo viznaqat~sffl l˛n˛ȷno komb˛nac˛‚ funkc˛ȷ V˛lera [8] Y_l(kr, η): F_l(kr, η) = 1 √ 2π (Y_l(kr, η) + Y^∗_l (kr, η)) ,

G_l(kr, η) = 1 i √ 2π (Y_l(kr, η) − Y^∗_l (kr, η)) , fflk˛ v˛dpov˛dno pov’fflzan˛ z virodıenimi g˛pergeometriqnimi funkc˛fflmi Y_l(kr, η) = ie^{−iβ0l} e^{i(π/2)l}e^{−η(π/2)}F_{η,l+1/2}(2ikr). (2.2) Bud~–fflke v˛dhilennffl vza‚mod˛Ý v˛d kulon˛vs~koÝ bude zm˛nvati enerİ˛ r˛vnffl [10, 11]:

− |ε_{nℓ}| = − z^2 2n^2

+ Δε_{nℓ}, (2.3)

de Δε_{nℓ} — zm˛wennffl enerİetiqnogo r˛vnffl, zumovlene nafflvn˛st nekulon˛vs~koÝ qastini potenc˛ffllu. Enerİ˛ r˛vnffl moına takoı zapisati u viglffld˛ [12, 13]

− |ε_{nℓ}| = − z^2

2(n + σ^{(1)}_{nl} )^2

, (2.4)

de σ^{(1)}_{nl} — popravka kvantovogo defektu.

Poza ȷonnim zalixkom MP zb˛ga‚t~sffl z kulon˛vs~kim potenc˛ffllom. Tomu pri velikih znaqennfflh r rozv’fflzok r˛vnfflnnffl Xredinİera dlffl MP tipu [4] ma‚ taku asimptotiku:

Ψ_l(r)_{r→∞} = α_l(k)F_l(kr, η) + μ_l(k)G_l(kr, η). (2.5)

Osk˛l~ki ε_{nl} ‚ vlasne znaqennffl r˛vnfflnnffl Xredinİera, to dlffl koef˛c˛‚nt˛v rozkladu hvil~ovoÝ funkc˛Ý spravedlive sp˛vv˛dnoxennffl [13, 14] μ_l(k) α_l(k) = (n+σ^{(1)}_{nl} )^{2l+1}

Γ(n + σ^{(1)}_{nl} − l)

Γ(n + σ^{(1)}_{nl} + l + 1) tg(π(n+σ^{(1)}_{nl} )),

fflke z urahovannfflm vlastivost˛ G–funkc˛Ý [9]

Γ(m + x) = Γ(x)x(x + 1)...(x + m),

(m — c˛le) moına perepisati tak μ_l(k) α_l(k) = (n + σ^{(1)}_{nl} )^{2l+1}tg(πσ^{(1)}_{nl} ) l Π_{j=−l} { n + σ^{(1)}_{nl} + j

} . (2.6)

Vikorista‚mo zobraıennffl hvil~ovih funkc˛ȷ stac˛onarnih stan˛v z enerİ˛‚ ε_l = − |ε_{nl}| qerez virodıenu g˛pergeometriqnu funkc˛ z c˛limi znaqennfflmi parametr˛v:

Ψ_{nl}(r) = e^{−kr}(2kr)^{n−1}F_2(−n + l + 1, 2l + 2, 2r n ),

de funkc˛ffl

F_2(τ, λ, x) = 1 + τ λ 1 x^{−1} + τ (τ + 1)λ(λ + 1) 2 x^{−2} + · · ·

ta viznaqimo zm˛wennffl enerİetiqnogo r˛vnffl, zumovlene v˛dhilennfflm elektron–ȷonnogo potenc˛ffllu v˛d kulon˛vs~kogo. Z toqn˛st do mnoınik˛v Ψ_{nl}(r) zb˛- ga‚t~sffl z virazom, zapisanim qerez uzagal~nen˛ pol˛- nomi Laİera [5] Ψ_{nl}(r) = Cr^{l+1}L^{2l+1}_{n+l} (r). Tomu z urahuvannfflm umovi normuvannffl hvil~ovu funkc˛ moına zapisati

Ψ_{nl}(r) = 2 n^{l+3}(2l + 1) √ (n + l) (n − l − 1) (2r)^{l+1}e^{−r/n}

×F_2(−n + l + 1, 2l + 2, 2r n ).

Rozglffldaqi nekulon˛vs~ku qastinu MP w_l(r) fflk zburennffl v˛dnosno kulon˛vs~kogo potenc˛ffllu, dlffl zm˛wennffl enerİetiqnogo r˛vnffl otrimu‚mo [15]

Δε_{nl} = T^2_{nl}

× ∞∫ 0 w_l(r)e^{−2r/n}r^{2l+2}F^2_2 ( −n + l + 1, 2l + 2, 2r n ) rdr,

T_{nl} = 2^{l+1} (2l + 1) [ 1 n^3 ( 1 − 1^2 n^2 ) ... ( 1 − l^2 n^2

)]_{1/2} . Vikoristovuqi zobraıennffl virodıenoÝ g˛pergeometriqnoÝ funkc˛Ý qerez bessel˛vs~k˛ funkc˛Ý [9, 10], zm˛wennffl enerİetiqnogo r˛vnffl zapixemo fflk

Δε_{nl} = T_{nl} ∞∫ 0 w_l(r)J^2_{2l+1}( √ 8zr)rdr, (2.7)

de J_{2l+1}( √ 8zr) — funkc˛ffl Besselffl.

Zupinimos~ na ˛nxomu p˛dhod˛ do c˛‚Ý zadaq˛, fflkiȷ İruntu‚t~sffl na formal˛zm˛ metodu fazovih funkc˛ȷ [6, 16], ˛ vstanovimo zv’fflzok m˛ı zm˛wennfflm enerİetiqnih r˛vn˛v ta fazo rozs˛fflnnffl, zumovleno nekulon˛vs~ko qastino MP. Pri v˛d’‚mnih znaqennfflh enerİ˛Ý ε_{nl}, wo v˛dpov˛dat~ zv’fflzanim stanam, rozv’fflzok r˛vnfflnnffl Xredinİera z W_l(r) ‚ superpozic˛‚ regulfflrnogo ta neregulfflrnogo ȷogo rozv’fflzk˛v dlffl v˛l~noÝ qastinki v˛d ufflvnogo arİumentu ikr, fflkimi ‚ funkc˛Ý R˛kkat˛–Gankelffl h^{(±)}_l (kr): Ψ_l(k, r) = 2πi^l { h^{(−)}_l (kr) + S_l (k)h^{(+)}_l (kr) } , (2.8)

de S_l(k) — l–komponenta matric˛ rozs˛fflnnffl. Dlffl ufflvnogo arİumentu zam˛st~ funkc˛ȷ h^{(±)}_l (kr) matimemo funkc˛Ý i_l(kr) ta k_l(kr) [9]. Zg˛dno z metodom fazovih funkc˛ȷ [16] r˛vnfflnnffl Xredinİera dlffl psevdohvil~ovoÝ funkc˛Ý Ψ_l(r) zvodit~sffl do fazovogo r˛vnfflnnffl z parc˛ffll~no skladovo MP W_l(r) [6]: dδ_l(k, r) dr = − 2W_l(r) k (cos δ_l (k, r)i_l(kr) (2.9)

+ sin δ_l(k, r)k_l(kr))^2

ta z poqatkovo umovo δ_l(k, 0) = 0, a k = √ 2ε_l. Osk˛l~ki MP m˛stit~ nekulon˛vs~ku qastinu, to psevdohvil~ovu funkc˛ Ψ_l(r) moına zapisati u viglffld˛ l˛n˛ȷnoÝ komb˛nac˛Ý kulon˛vs~kih funkc˛ȷ

Ψ_l(r) = A_l(r)(cos γ_l(k, r)F_l(kr, η) + sin γ_l(k, r)G_l(kr, η)). Dlffl poh˛dnoÝ psevdohvil~ovoÝ funkc˛Ý budemo domagatisffl vikonannffl umovi [16] d dr Ψ_l(r) = A_l(r)(cos γ_l(k, r) d dr F_l(kr, η)

+ sin γ_l(k, r) d dr G_l(kr, η)). Tod˛ z r˛vnfflnnffl Xredinİera dlffl Ψ_l(r) otrimu‚mo fazove r˛vnfflnnffl z nekulon˛vs~ko qastino MP: d dr tgγ_l (k, r) = −

2w_l(r) k (F_l(kr, η) + tgγ_l (k, r)G_l(kr, η))^2 (2.10)

ta poqatkovo umovo tg(γ_l(k, 0)) = 0. Dlffl enerİ˛ȷ ε_{nl}, wo v˛dpov˛dat~ diskretnomu spektrov˛, rozv’fflzok r˛vnfflnnffl Xredinİera z poved˛nki kulon˛vs~kih funkc˛ȷ [9] ma‚ taku asimptotiku: Ψ^{(±)}_l (r) = G_l(ikr, η) ± iF_l(ikr, η) (2.11) → exp { ±i(kr − η ln 2kr − lπ 2 + β^0_l ) } .

Fazovu funkc˛ δ_l(k, r), wo ‚ rozv’fflzkom r˛vnfflnnffl (2.9), moına zobraziti u viglffld˛ superpozic˛Ý fazovoÝ funkc˛Ý γ_l(k, r), fflka zumovlena d˛‚ nekulon˛vs~- koÝ qastini l–komponenti MP W_l(r) na psevdohvil~ovu funkc˛ Ψ_l(r), ta kulon˛vs~koÝ fazi β^0_l dlffl l–stanu

δ_l(k, r) = γ_l(k, r) + β^0_l − η ln 2kr. (2.12)

Dlffl vs˛h r parc˛ffll~nu ampl˛tudu rozs˛fflnnffl f_l (k), fflka v˛dpov˛da‚ l–komponent˛ MP W_l(r), moına zobraziti u viglffld˛ [16] f_l(k) → f_l(k, r) = exp {iδ_l(k, r)} sin δ_l(k, r). Zauvaıimo, wo polsi f_l(k), fflk˛ leıat~ na dodatn˛ȷ ufflvn˛ȷ p˛vos˛ k_{nl} = ik_{nl}(k_{nl} > 0), v˛dpov˛dat~ enerİ˛fflm zv’fflzanih stan˛v 2ε_{nl} = k^2_{nl} = −k^2_{nl}. Cim moına skoristatis~ dlffl viznaqennffl parametr˛v MP [6]. Osk˛l~ki funkc˛ffl f_l(k, r) ‚ kompleksno, to z (2.9) otrimu‚mo take r˛vnfflnnffl R˛kkat˛–Besselffl: df_l(k, r) dr = − 2W_l(r) k (j_l(kr) + if_l (k, r)h^{(1)}_l (kr))^2,

de h^{(1)}_l (kr) — funkc˛ffl R˛kkat˛–Gankelffl perxogo rodu, fflka v˛dpov˛da‚ rozb˛ın˛ȷ hvil˛. Funkc˛ f_l(k, r) moına zapisati fflk sumu kulon˛vs~koÝ qastini

f^{kul}_l (k, r) = i 2k ( exp(2i(kr − η ln 2kr − lπ 2 + β^0_l )) − 1 )

ta nekulon˛vs~koÝ, wo zumovlena v˛dxtovhuval~no qastino MP:

Φ^{nek}_l (k, r) = i exp(2i(kr − η ln 2kr −^{lπ}_2 + β^0_l )) 2k (exp(2iγ_l(k, r)) − 1) .

Dlffl funkc˛Ý f^{nek}_l (k, r), fflka pov’fflzana z Φ^{nek}_l (k, r) sp˛vv˛dnoxennfflm

f^{nek}_l (k, r) = { Φ^{nek}_l (k, r) exp(−2i(kr − η ln 2kr − lπ 2 + β^0_l )) } = i 2k (exp(2iγ_l (k, r)) − 1) ,

moına otrimati r˛vnfflnnffl

df^{nek}_l (k, r) dr = − 2w_l(r) k (F_l(ikr, η) − if^{nek}_l (k, r)G_l(ikr, η))^2. Vono p˛dtverdıu‚, wo vnesok nekulon˛vs~koÝ qastini MP u parc˛ffll~nu ampl˛tudu rozs˛fflnnffl v˛dbuva‚t~sffl na fon˛ kulon˛vs~kogo potenc˛ffllu. Ceȷ vnesok bude sutt‚vim t˛l~ki pri malih znaqennfflh r, sum˛rnih z rozm˛rami ȷonnogo zalixku, osk˛l~ki pri r → ∞ nekulon˛vs~ka qastina MP znaqno xvidxe spada‚ do nulffl, n˛ı kulon˛vs~kiȷ potenc˛ffll. Osk˛l~ki viraz dlffl f^{nek}_l (k, r) m˛stit~ ˛ kulon˛vs~ku ampl˛tudu, to v˛dd˛liti suto nekulon˛vs~ku qastinu parc˛ffll~noÝ ampl˛tudi ne vda‚t~sffl [7, 8, 11] (na v˛dm˛nu v˛d fazi nekulon˛vs~koÝ qastini MP, wo ‚ rozv’fflzkom (2.10)). Vikoristovuqi modif˛kovaniȷ metod Kalodıero, zapixemo r˛vnfflnnffl (2.9)˛ (2.10) u viglffld˛ [16] dtgγ_l(k, r) dr = − 2w_l(r) k F^2_l (kr, η) +

4w_l(r) k tgγ_l(k, r)F_l(kr, η)G_l(kr, η), (2.13)

dtgδ_l (k, r) dr = − 2W_l(r) k i^2_l (kr) +

4W_l(r) k tgδ_l(k, r)i_l(k, r)k_l(kr) (2.14)

z takimi asimptotiqnimi rozv’fflzkami:

tg {γ_l(k, ∞)} − tg {γ_l(k, r)} ≈ − 2 k ∞∫ r w_l(r)F^2_l (kr, η)dr, (2.15)

tg {δ_l(k, ∞)} − tg {δ_l(k, r)} ≈ − 2 k ∞∫ r W_l(r)i^2_l (kr)dr. (2.16)

U born˛vs~komu nabliıenn˛ graniqne znaqennffl fazovoÝ funkc˛Ý, zumovlenoÝ nekulon˛vs~ko qastino MP, zapixemo fflk

tg {γ_l (k, ∞)} = − 2 k ∞∫ 0 w_l(r)F^2_l (kr, η)dr. (2.17)

Z ˛nxogo boku, cffl veliqina dor˛vn‚ μ_l(k)/α_l(k). Vrahovuqi (2.6), otrima‚mo

tg {γ_l(k, ∞)} = μ_l(k) α_l(k) = (n + σ^{(1)}_{nl} )^{2l+1}tg(πσ^{(1)}_{nl} ) l Π_{j=−l} { n + σ^{(1)}_{nl} + j

} . (2.18)

Otıe, veliqini kvantovogo defektu moına zapisati qerez graniqne znaqennffl fazi rozs˛vannffl nekulon˛vs~koÝ qastini MP u viglffld˛ σ^{(1)}_{nl} = 1 π arctg { tg {γ_l(k, ∞)} (2ε_{nl}/z)^{(2l+1)/2 l}Π_{j=−l} { (z/(2ε_{nl}))^{1/2} + j }} . (2.19)

Vikoristovuqi (2.3) ta (2.19), matimemo takiȷ viraz dlffl zm˛wennffl enerİetiqnogo r˛vnffl nekulon˛vs~ko qastino MP:

Δε_{nl} = z^2 n^2 − z^2 { 1 + 1 nπ arctg { tg {γ_l(k, ∞)} (2ε_{nl}/z)^{(2l+1)/2 l}Π_{j=−l} { (z/(2ε_{nl}))^{1/2} + j }}}−2 . (2.20)

Z formuli (2.20) vipliva‚, wo zm˛wennffl enerİetiqnogo r˛vnffl Δε_{nℓ} viraıa‚t~sffl qerez fazu rozs˛fflnnffl, zumovlenu nekulon˛vs~ko qastino MP.

Dlffl enerİ˛Ý v˛dpov˛dnogo spektroskop˛qnogo terma ε_{nl} ce zm˛wennffl moıe buti viraıene qerez graniqne znaqennffl fazi rozs˛fflnnffl (2.15) qi (2.17), wo otrimu‚t~sffl z r˛vnfflnnffl (2.13).

Otıe, dlffl potenc˛ffllu W^{pot}_l (r) (1.7) ta potenc˛ffllu sp˛n–orb˛tal~noÝ vza‚mod˛Ý W^{SO}_l (r) (1.8) veliqini ±Δμ^{(l±1/2)} l , fflk˛ viznaqat~sffl zm˛no enerİ˛Ý spektroskop˛qnogo terma sp˛n–orb˛tal~no vza‚mod˛‚, budut~ vplivati na graniqne znaqennffl fazi rozs˛fflnnffl (2.15) ˛ kvantovogo defektu (2.19).

III. URAHUVANN SP¨N–ORB¨TAL^NOÕ VZA˝MOD¨Õ DL ROZRAHUNK¨V FORMFAKTORA MP

Osk˛l~ki zm˛wennffl enerİetiqnogo r˛vnffl Δε_{nℓ} v˛dnosno “kulon˛vs~kogo terma” viraıa‚t~sffl qerez fazu rozs˛fflnnffl, zumovlenu nekulon˛vs~ko qastino MP, to veliqina Δε_{nℓ} bude zaleıati ˛ v˛d dodanka, wo opisu‚ sp˛n–orb˛tal~nu vza‚mod˛ u nekulon˛vs~k˛ȷ qastin˛ MP. Znaȷdemo zv’fflzok m˛ı veliqino zm˛wennffl enerİetiqnogo r˛vnffl, zumovleno sp˛n–orb˛tal~no vza‚mod˛‚, ta zm˛no parametr˛v MP. Z r˛vnfflnnffl Xredinİera otrimu‚mo fazove r˛vnfflnnffl dlffl vipadku pruın~ogo rozs˛fflnnffl [6, 8], analog˛qne do (2.10), d dr tgγ^{(l±1/2)} nl (k, r) = − 2w^{l±1/2} l (r) k (F_l(kr, η) + tgγ^{(l±1/2)}_{nl} (k, r)G_l(kr, η))^2, (3.1)

z poqatkovo umovo tg(γ^{(l±1/2)}_{nl} (k, 0)) = 0. Vikoristovuqi sp˛vv˛dnoxennffl (3.1) ta (2.20), moına zapisati

Δε^{(0)}_{nl} + Δε^{(l±1/2)}_{nl} = z^2 n^2

−z^2 { 1 + 1 nπ arctg { tg { γ^{(l±1/2)} nl (k, ∞) } (2ε^{(l±1/2)} nl /z)^{(2l+1)/2 l}Π_{j=−l} { (z/(2ε^{(l±1/2)} nl ))^{1/2} + j }}}−2 . Analog˛qno, vikoristovuqi (2.8), dlffl veliqini Δε^{(0)}_{nl} + Δε^{(l±1/2)}_{nl} fflk funkc˛Ý v˛d Δμ^{(l+1/2)}_l otrimu‚mo

Δε^{(0)}_{nl} + Δε^{(l±1/2)}_{nl} = T_{nl} ∞∫ 0 [ w_l(r, μ_l) + Δμ^{(l±1/2)}_l ∂ ∂μ_l w_l(r, μ_l) ] J^2_{2l+1}( √ 8zr)rdr.

Uv˛vxi poznaqennffl D_{nl}(μ_l) = T_{nl} ∞∫ 0 [ ∂ ∂μ_l w_l(r, μ_l) ] J^2_{2l+1}( √ 8zr)rdr, zapixemo sp˛vv˛dnoxennffl, wo pov’fflzu‚ m˛ı sobo zm˛nu parametr˛v MP ta zm˛wennffl enerİetiqnogo r˛vnffl, zumovlene sp˛n–orb˛tal~no vza‚mod˛‚, u viglffld˛

Δμ^{(l±1/2)} l = Δε^{(l±1/2)} nl D_{nl}(μ_l) . (3.2)

Tod˛ l–nu komponentu MP moına zobraziti tak:

W^{pot}_l (r) = − z r + w_l(r, μ_l) +

(l + 1) | | |ε^{(l+1/2)} nl | | | + l | | |ε^{(l−1/2)} nl | | | (2l + 1) − |ε_{nl}| 1 D_{nl} ∂ ∂μ_l w_l(r, μ_l), (3.3)

W^{SO}_l (r) = | | |ε^{(l+1/2)} nl | | | − | | |ε^{(l−1/2)} nl | | | (2l + 1) 1 D_{nl} ∂ ∂μ_l w_l(r, μ_l). (3.4)

kwo vvedemo poznaqennffl

M^{(1)}_l =

(l + 1) | | |ε^{(l+1/2)} nl | | | + l | | |ε^{(l−1/2)} nl | | | (2l + 1) − |ε_{nl}| 1 D_{nl} , M^{(2)}_l = | | |ε^{(l+1/2)} nl | | | − | | |ε^{(l−1/2)} nl | | | (2l + 1) 1 D_{nl} , (3.5)

to k˛ncevo otrima‚mo virazi dlffl formfaktor˛v MP z urahuvannfflm sp˛n–orb˛tal~noÝ vza‚mod˛Ý:

⟨k| W^{pot} |k⟩ = ⟨k| W |k⟩^{(0)} + l_0∑

l=0 (2l + 1)M^{(1)}_l ∂ ∂μ_l ⟨k| w_l |k⟩P_l(cos(θ)), (3.6)

⟨k| W^{SO} |k⟩ = − l_0∑

l=1 (2l + 1)M^{(2)}_l [ ∂ ∂μ_l ⟨k| w_l |k⟩ ] ∂ ∂θ P_l(cos(θ)). (3.7)

Dlffl ˛lstrac˛˛Ý zaproponovanogo metodu obqislimo parametri sp˛n–orb˛tal~noÝ vza‚mod˛Ý 4f– obolonok RZM. Zg˛dno z [20], stalu sp˛n–orb˛tal~noÝ vza‚mod˛Ý dlffl 4f–obolonki RZM zada‚ viraz

ξ_{4f} = h̄^2 2m^2c^2 ∞∫ 0 Ψ^2_{4f} (r) 1 r dV (r) dr dr. (3.8)

Vrahovuqi (3.4), dlffl staloÝ sp˛n–orb˛tal~noÝ vza‚mod˛Ý RZM otrimu‚mo

ξ_{4f} = h̄^2M^{(2)}_3 2m^2c^2 ∞∫ 0 Ψ^2_{4f} (r) ∂ ∂μ_3 w_3(r, μ_3)dr. (3.9)

Na p˛dstav˛ metodu fazovih funkc˛ȷ Ψ_{4f} (r) moına zapisati u viglffld˛

Ψ_{4f} (r) = A_{4f} (k, r)

×(j_3(kr) cos(δ_3(k, r)) − n_3(kr) sin(δ_3(k, r)) (3.10)

z umovo normuvannffl

C^2_{4f} ∞∫ 0 Ψ^2_{4f} (r)dr = 1.

Dlffl viznaqennffl veliqin A_{4f} (k, r) ˛ δ_3(k, r), wo f˛gurut~ u (3.10), ta koef˛c˛‚nta C_{4f} zapixemo sistemu fazovih diferenc˛ffll~nih r˛vnffln~, fflku otrimu‚mo z (2.9) dlffl ampl˛tudnoÝ fazovoÝ funkc˛Ý 4f– stanu:

dA_{4f} (k, r) dr = − 2W_3(r) C_{4f} k (i_3(kr) + C_{4f} × A_{4f} (k, r)k_3(kr))^2; dδ_3(k, r) dr = − 2W_3(r) k (cos δ_3(k, r)i_3(kr) − sin δ_3(k, r)k_3(kr))^2.

(3.11)

Zauvaıimo, wo veliqini A_{4f} (k, r), δ_3(k, r) z k = √ |2E_{4f} | zadovol~nfflt~ poqatkov˛ umovi: A_{4f} (k, 0) = 1; δ_3(k, 0) = 0 dlffl 4f–komponenti MP. Vaılivo harakteristiko sp˛n–orb˛tal~noÝ vza‚mod˛Ý ‚ ˛nteİral

⟨r^{−3}⟩_{SO} = ∞∫ 0 Ψ^2_{4f} (r)

r^3 dr, (3.12)

wo pov’fflzaniȷ z˛ stalo sp˛n–orb˛tal~noÝ vza‚mod˛Ý

ξ_{4f} = h̄^2e^2Z^∗_{4f} 2m^2c^2

⟨r^{−3}⟩_{SO} , (3.13) fflka da‚ zmogu viznaqiti efektivniȷ zarffld ȷonnogo zalixku psevdoatoma dlffl 4f–elektron˛v. Viznaqimo zm˛wennffl Δε_{nl} enerİetiqnogo r˛vnffl, zumovlene l– komponento nekulon˛vs~koÝ qastini nelokal~nogo MP [17]:

W(r) = − z r + l_0∑

l=0 ( A_l + z r ) exp(−r/R_l). (3.14)

P˛dstavivxi (3.14) u (2.20), dlffl zm˛wennffl r˛vnffl otrimu‚mo

Δε^{(0)}_{nl} = T_{nl}e^{−x} 8z {I_{2l+1} (x) (z + A_l (x (1 − x) /2 − (2l + 1))) + xA_lR_lI_{2l} (x)} , (3.15)

de I_ν (x) — modif˛kovana funkc˛ffl Besselffl–Kl˛forda v˛d ufflvnogo arİumentu x = 4zR_l [18]. Treba zaznaqiti, wo pri velikih znaqennfflh x zm˛wennffl Δε^{(0)}_{nl} ma‚ taku asimptotiqnu poved˛nku [9]:

Δε^{(0)}_{nl} = T_{nl} 4 √ R_l 2πz {Q_l (x) (z + A_l (x (1 − x) /2 − (2l + 1))) + xA_lR_lQ_l (x)} , (3.16)

a pri malih

Δε^{(0)}_{nl} = T_{nl}R_l (x/2)^{2l+1} e^{−x} Γ(2l) { 1 2(2l + 1)

(z + A_l (x (1 − x) /2 − (2l + 1))) + A_lR_l } . (3.17)

Dlffl MP (3.14) fazove r˛vnfflnnffl (2.6) zapixemo d dr tgγ_l (k, r) = − 2e^{−r/Rl} k ( A_l + z r ) (F_l(kr, η) + tgγ_l(k, r)G_l(kr, η))^2, (3.18)

a ȷogo rozv’fflzok, zg˛dno z (2.20), bude viznaqati Δε^{(0)}_{nl} . Z urahuvannfflm sp˛n–orb˛tal~noÝ vza‚mod˛Ý r˛vnfflnnffl (3.18) nabuva‚ viglffldu d dr tgγ^{(l±1/2)} l (k, r) = − 2 k { w^{(0)}_l (r) + ΔR^{(l±1/2)}_l ∂ ∂R_l w_l(r, R_l) } (F_l(kr, η) + tgγ^{(l±1/2)}_l G_l(kr, η))^2. (3.19)

Z r˛vnfflnnffl (3.19) moına otrimati znaqennffl kvantovogo defektu dlffl zadanogo terma. Osk˛l~ki zm˛wennffl enerİetiqnogo r˛vnffl (3.17) zaleıat~ v˛d parametr˛v MP, to oqevidno, wo ˛ kvantoviȷ defekt σ^{(1)}_{nl} , fflkiȷ zumovl‚ zm˛wennffl r˛vnffl, teı bude zaleınim v˛d cih parametr˛v. Takim qinom parametri MP, otriman˛ z r˛vnfflnnffl Xredinİera z vlasnim znaqennfflm enerİ˛Ý E_l = − |ε_{nl}| [19], fflke ‚ polsom parc˛ffll~- noÝ ampl˛tudi rozs˛fflnnffl [6], vrahovut~ kvantov˛ defekti. Vikonan˛ qislov˛ rozrahunki (tabl. 1) sv˛dqat~, wo zm˛wennffl Δε^{(0)}_{nl} dlffl ȷon˛v pereh˛dnih metal˛v ‚ bliz~kim do znaqennffl drugogo dodanka v (2.3). Dlffl RZM pri r˛znih znaqennfflh j = l±1/2 cffl veliqina dobre v˛dtvor‚t~sffl zaleın˛st

Δε^{(l±1/2)} nl = − | |ε^{(l±1/2)} nl | | + z^2 2n^2

− Δε^{(0)}_{nl} .

„on Pereh˛dn˛ metali −εs −εp −εd σ^{(1)}_{ns} −Δεns σ^{(1)}_{np} −Δεnp σ^{(1)}_{nd} −Δεnd Fe^{+2} 1.190 0.839 1.173 -0.01567 0.1785 0.1793 -0.01547 -0.1479 0.1683 Ti^{+2} 1.003 0.734 0.995 -0.0023 0.0025 0.2937 -0.2473 0.0043 -0.0047 Ni^{+2} 1.258 0.865 1.335 -0.2093 0.2439 0.1479 -0.1296 -0.2564 0.2974 Pt^{+2} 1.321 0.896 1.365 -0.2487 0.3076 0.1097 -0.0995 -0.2793 0.3353 Pd^{+2} 1.21 0.834 1.429 -0.1718 0.1893 0.1873 -0.1647 -0.2987 0.3746 Y^{+3} 1.489 1.130 1.507 0.3987 -0.6745 -0.1725 0.1278 -0.5137 0.4875 Zr^{+4} 2.15 1.1751 2.500 -0.2659 0.3667 0.0221 -0.0249 -0.4631 0.6436 R˛dk˛snozemel~n˛ metali −εp −εd −εf σ^{(1)}np −Δεnp σ^{(1)}_{nd} −Δεnd σ^{(1)}_{nf} −Δεnf Pr^{+3} 1.0599 1.0388 1.5901 -0.0873 0.0587 -0.0561 0.0379 0.3701 -0.6391

l + 1/2 -0.0871 0.0571 -0.0553 0.0367 0.3669 -0.6278 l − 1/2 -0.0879 0.0597 -0.0582 0.0386 0.3829 -0.6422

Gd^{+3} 1.1249 1.4318 1.5171 -0.1689 0.1203 -0.4901 0.3908 0.4273 -0.6485

l + 1/2 -0.1675 0.1174 -0.4871 .3874 0.4192 -0.6476 l − 1/2 -0.1711 0.1217 -0.4932 0.4001 0.4297 -0.6493

Yb^{+3} 1.1845 1.5379 1.8423 -0.2376 0.1797 0.3987 -0.6738 0.2015 -0.3947

l + 1/2 -0.2351 0.1756 0.3902 -0.6706 0.1983 -0.3928 l − 1/2 -0.2393 0.1801 0.4011 -0.6793 0.2038 -0.4013

Tablicffl 1. Veliqina kvantovogo defektu ˛ zm˛wennffl enerİetiqnogo r˛vnffl v˛dnosno kulon˛vs~kogo terma (znaqennffl enerİ˛ȷ v (Ry)) dlffl ȷon˛v pereh˛dnih metal˛v ta RZM.

Otıe, urahuvannffl zm˛wennffl enerİetiqnogo r˛vnffl Δε_{nl}, zumovlenogo kvantovim defektom σ^{(1)}_{nl} , da‚ zmogu, fflk zaznaqalos~ u [14], toqn˛xe viznaqiti parametri MP z r˛vnfflnnffl Xredinİera.

Dlffl ȷon˛v RZM hvil~ovu funkc˛ Ψ_{4f} (r), obqislenu za formulo (3.10), por˛vnvali z rozrahunkom, za fflkim vikoristovuvali aproksimac˛ [20]

Ψ_{4f} (r) = r^4 6∑ i=1 c_i exp(−α_ir). (3.20)

Kr˛m togo, urahuvannffl popravok kvantovih defekt˛v da‚ zmogu oc˛niti vnesok sp˛n–orb˛tal~noÝ vza‚mod˛Ý u formfaktori MP, wo zadat~sffl formulami (3.6) ˛ (3.7), ˛ viznaqiti stalu sp˛n–orb˛tal~noÝ vza‚mod˛Ý ta rad˛ffll~n˛ ˛nteİrali dlffl 4f–obolonok RZM.

Rezul~tati obqislen~ staloÝ sp˛n–orb˛tal~noÝ vza‚mod˛Ý ξ_{4f} za formulo (3.9) ta rad˛ffll~nogo ˛nteİrala ⟨r^{−3}⟩_{SO} (formula (3.12)) z vikoristannfflm MP (3.14) dlffl ȷon˛v RZM (z = 3) naveden˛ v tabl. 2.

k vidno z tabl. 2, otriman˛ znaqennffl parametr˛v sp˛n–orb˛tal~noÝ vza‚mod˛Ý l˛pxe uzgodıut~sffl z eksperimental~nimi danimi, n˛ı rezul~tati rozrahunku za metodom Gartr˛–Foka [20]. Takiȷ rezul~tat ‚ zakonom˛rnim, osk˛l~ki psevdohvil~ova funkc˛ffl (3.11) v˛dpov˛da‚ komponent˛ MP, a funkc˛ffl (3.20) znaȷdena ekstrapolfflc˛‚ gartr˛–fok˛vs~kih rozrahun˛v [20].

Viznaqen˛ formfaktori, fflk˛ vrahovut~ sp˛n–orb˛tal~nu vza‚mod˛, takoı vikoristovuvali dlffl rozrahunku povnoÝ enerİ˛Ý zv’fflzku ta r˛vnovaınih atomnih rad˛us˛v RZM za metodiko, opisano v [21, 22]. Rezul~- tati rozrahunk˛v (div. tabl. 3) dobre uzgodıut~sffl z eksperimental~nimi danimi [23].

Avtori vislovlt~ wiru podfflku profesoram ¨. O. Vakarqukov˛ ˛ Z. O. Gurs~komu za c˛nn˛ vkaz˛vki ta post˛ȷniȷ ˛nteres do c˛‚Ý roboti.

Parametri MP Stala sp˛n–orb˛tal~noÝ Rad˛ffll~niȷ ˛nteİral „on vza‚mod˛Ý ξ4f × 10^{−8}, a^{−3}_0 ⟨r^{−3}⟩SO , a^{−3}_0 R_0, R_1, R_2, R_3, Ψ_{4f} (r) Ψ_{4f} (r) Eksperiment Ψ_{4f} (r) Ψ_{4f} (r) Eksperiment A_0 A_1 A_2 A_3 (3.11) [20] [20] (3.11) [20] [20] La 0.945 0.928 0.833

3.816 3.889 4.571 Se 1.455 0.905 0.806 0.635 1387.5 1568.6 1209.5 3.78 3.66 2.368 3.991 4.727 6.091 Pr 1.645 0.885 0.781 0.613 1547.4 1852.0 1417.4 4.72 4.26 5.06 2.166 4.082 4.875 6.313 Eu 0.838 0.818 0.715 0.505 2678.5 2494.6 6.92 6.70 7.28 4.338 4.638 5.328 7.663 Gd 0.825 0.805 0.703 0.493 3365.7 3061.5 7.89 7.35 7.43 4.410 4.529 5.419 7.849 Tb 0.817 0.825 0.690 0.486 3425.6 3212.7 8.31 8.03 8.53 4.413 4.369 5.517 7.962 Ho 0.795 0.769 0.667 0.465 4345.6 4018.2 9.62 9.50 9.91 4.456 4.702 5.712 8.322 Er 0.787 0.757 0.656 0.456 4875.12 5348.2 4611.2 10.43 10.32 10.60 4.577 4.776 5.807 8.486 Tm 0.777 0.805 0.645 0.447 4898.1 5178.0 4989.1 11.37 11.20 11.72 4.636 4.462 5.906 8.657 Y b 0.767 0.737 0.635 0.438 5744.6 6425.4 5442.7 12.31 12.18 12.50 4.696 4.906 5.995 8.835 Lu 0.757 0.728 0.626 0.428 6123.3 13.62

4.759 4.965 6.084 9.042

Tablicffl 2. Stala sp˛n–orb˛tal~noÝ vza‚mod˛Ý ξ4f ta rad˛ffll~niȷ ˛nteİral ⟨r^{−3}⟩SO dlffl 4f–obolonok ȷon˛v RZM (z = 3).

R˛vnovaıniȷ Enerİ˛ffl zv’fflzku „on atomniȷ rad˛us (a.o.) (Ry/atom) Rozrahunok Eksperiment Rozrahunok Eksperiment La 3.810 3.911 3.153 2.980 Ce 3.731 3.811 3.279 3.085 Pr 3.738 3.804 3.175 3.083 Eu 4.038 4.286 3.256 3.187 Gd 3.653 3.764 3.328 3.190 Tb 3.622 3.692 3.323 3.265 Ho 3.547 3.687 3.363 3.303 Er 3.541 3.668 3.389 3.324 Tm 3.472 3.647 3.373 3.352 Yb 3.523 3.760 3.333 3.356 Lu 3.472 3.622 3.372 3.380

Tablicffl 3. Rozrahunok povnoÝ enerİ˛Ý zv’fflzku ta r˛vnovaınih atomnih rad˛us˛v ȷon˛v RZM (z = 3).

[1] K. Laasonen, A. Pasquarello, R. Car, C. Lee, D. Vanderbilt, Phys. Rev. B 47, 10142 (1993).

[2] V. V. Nemoxkalenko, V. “. Mil~man, V. N. Antonov, Ukr. fiz. ıurn. 32, 8, 1238 (1987).

[3] G. B. Bachelet, D. R. Hamman, M. Schlüter, Phys. Rev.

B 26, 4199 (1982).

[4] P. N. kibquk, S. A. Vakarquk, V. V. Furman, I. I. Motornk, preprint ITF–87–132R (1987).

[5] L. D. Landau, E. M. Lifxic, Kvantovaffl mehanika

(Nauka, Moskva, 1989).

[6] V. V. Furman, P. M. k˛bquk, ”urn. f˛z. dosl., 1, 134 (1996).

[7] P. R. Auvil, Phys. Rev. 168, 1568 (1968). [8] M. Gol~dberger, K. Vatson, Teoriffl stolknoveniȷ (Mir, Moskva, 1967).

[9] M. I. Abramovic, I. Stigan. Spravoqnik po special~nym funkcifflm s formulami, grafikami i matematiqeskimi tablicami (Mir, Moskva, 1979).

[10] H. Totsuji, J. Phys. Soc. Jpn. 31, 584 (1971). [11] R. T. Ling, Phys. Rev. A 50, 435 (1994). [12] J. M. Berg, J. E. Murphy, N. A. Harris, R. W.Field, Phys. Rev. A 48, 3012 (1993).

[13] De Prunelle E., Phys. Rev. A 36, 3015 (1987) [14] A. O. E. Animalu, Phys. Rev. B 8, 3542 (1973). [15] A. M. Perelomov, V. S. Popov, M. V. Terent~ev, ”urn. ¸ksp. teor. fiz. 51, 601 (1966).

[16] V. V. Babikov, Metod fazovyh funkciȷ v kvantovoȷ mehanike (Nauka, Moskva, 1988).

[17] . I. Dutqak, P. N. kibquk, M. I. ”ovtaneckiȷ, preprint ITF–75–26R (1975).

[18] A. P. Prudnikov, “. A. Briqkov, O. I. Mariqev, Integraly i rffldy. Special~nye funkcii (Nauka, Moskva, 1983).

[19] Martin W. C., R. Zabulas, L. Hagan, Atomic Energy Levels the Rare–Earth Elements (Academy Press, Washington, 1978).

[20] K. Teȷlor, M. Darbi, Fizika redkozemel~nih soedineniȷ (Mir, Moskva, 1974).

[21] M. I. ”ovtaneckiȷ, Z. A. Gurskiȷ, . I. Dutqak, P. N. kibquk, Fiz. met. metallov. 51, 1183 (1981).

[22] I. R. “hnovskiȷ, Z. A. Gurskiȷ, Kvantovo–statistiqeskaffl teoriffl neuporffldoqennyh sistem (Naukova dumka, Kiev, 1991).

[23] A. R. Regel~, V. M. Glazov, Periodiqeskiȷ zakon i fiziqeskie svoȷstva ‚lektronnyh rasplavov (Nauka, Moskva, 1978).

TAKING INTO ACCOUNT OF SPIN–ORBIT COUPLING DURING CALCULATION OF FORMFACTORS OF NONLOCAL MODEL POTENTIAL

V. V. Fourman^{1,4} , P. M. Yakibchuk^1 , S. O. Vakarchuk^2 , M. I. Zhovtanetskiy^3 1 The Ivan Franko State University of Lviv, Chair of Theoretical Physics, 12 Drahomanov Str., Lviv, UA–290005, Ukraine 2State University “Lvivs’ka Politekhnika”, Chair of Physics, 12 S. Bandera Str., Lviv, UA–290646, Ukraine 3The Ivan Franko State University of Lviv, Chair of the Information System in Management, 18 Svobody Pr., Lviv, UA–290000, Ukraine 4E–mail: fourman@KTF.Franko.lviv.ua

The scheme that takes into account spin–orbit coupling is determined for scattering processes with the potential. The criterions of construction of nonlocal model potentials for transition and rare–earth metals on the base of the phase functions formalism, that take into account effects of spin–orbit coupling have been developed. For bound states energies, with the help of the phase functions method the criterion for finding the changes of parameters of nonlocal model potentials because of spin–orbit coupling have been obtained. Taking into account an analyticity of scattering amplitude in the presence of potential the conditions that are imposed on its structure have been analysed. The behaviour of scattering shifts was analyzed taking into account spin–orbit coupling. Phase equation with Coulomb wave functions that contain potential with spin–orbit coupling is received judging the properties of partial scattering shifts for bound states. Asymptotic solutions were found for this equation. The phase equation for partial scattering shifts in terms of Coulomb functions with partial component of potential and asymptotics that are valid for arbitrary nonlocal model potentials are presented.

The expressions for calculating model potential formfactors of transition and rare–earth metals, considering spin–orbit coupling in potential have been received. They depend on quantum defects and spectroscopic energy shifts determined through solutions of phase equations in terms of Coulomb functions.

Using obtained nonlocal model potential of 4f–metals and its formfactors the cohesive energy and equilibrium atomic radii have been calculated. For 4f–metals the constant of spin–orbit coupling has been calculated too. The results of calculations are in good agreement with experimental values.