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E ERGIES OF THE ELTCTPOWIC COJFIGURALLOLD Or il
SINGLY, DOUBLY, AND TRIPLY IONIZED LANThANIDTo
' AND ACT I\anS
’Leo Brewer
Inorganlc Materials Research D1V151on, Lawrence Radlathn Labofaﬁory‘

‘and Department of Chemistry, University of California
Berkeley, California 94720 :

'ABSTRACT
- Methods are descrlbed Ior esthatlng energles of the eiectronlcv
confléuratlons of" the gaseous ions of the lanthanlqes and aetinides.
:Energies are tabulated for the lowest spéctfoScopic 1eve1 of tﬁeﬂcon—
figuratibns involving>hfb 54, 6p; and ‘6s electronsefor the ianthanide
- ions and 5, 6Q, 7p, and Ts electrons ldr the..c inide. 1ons..'Seme
addltlonal values are llsted to be added to %e‘previous tabulaﬁion for

. neutral atoms.



I ha&e.previeusly'describedl”a-method of ealculating energies of
‘some spectroseepie levelsxef heutral lantﬁehide and actinidevatems ffom:
the thermedynamic data of‘the metals. These calculations wefe extended '
to prOV1de a tabulatlon of the energles of the lowest snectrosconlc S
levels of many of the eleﬂtronlc conflguratlons o¢ the neutral atowsl.
The avallablllty of these values now makes it p0551b1e to carry oat
elmllar calculatlons for the 1on; of‘these elements.

Severel authorsQ;'7 have made estimates of energy differences of

£a+l

electronic conflguratlons such as fqd 'fqu'— f9+1s; or

2 fq+l 2, where q is the nurber of f electrons remalnlng 1n the

ras
_core after promotion of one electron to ad orbital. These methods

vere based on the ideae of ﬁacah8 and J¢réensenS% The‘energy‘fequiree
to promote an electron.from a hf»tb 5d .or frem a Sf to 6d orbital varies
rapidly in a eomewhat iffegﬁlér manner as nuclear charge is iﬁereased,

- but a largeiportidn of the vafietion and most of the irregularity can
be ettributed'to the pairing eﬁergy withih the T core. TFor example,
Nugent and Vander Slu152 were even able te make the assumptioﬁrthat the
.energy of a given £ core'as_obfeined from the.data for the ffivalentb
ions could‘be.used unchanged invéalculating'energiee‘of the neutral
atoms. Upon subﬁracting the elecfron-spin—pairing enefgy from the
fqu2_fq+152 energy differences for fhevneutral atoms, they obtained an
almost linear curve from which they could meke estimates of unknown
values; Thelr method requlres the aesumptlon that 1nberact*ons ol the

outer electrons with the ;~e1ectron core vary SmOOuhly from e’emenu To

element. Thelr resuits indicate that thelr assumutlon is a reasonﬁole



voné for most f-elecffon.coréé, but it Qiii be showﬁ in'fgis paper that,
_éompared to partialij filled cores;-£hevf0.and flh'cores interact
'rsufficienﬁl& différently witﬁ c;rtain grcupé Qf‘outer eiectfons-to'
cause discohtinuitiés at the ends of thévNugeht—Vande; Sluis plot.{ 

. 'invthisudiééussion, it'will be. useful té infrodﬁcé thé-s'mbol n
for the total number of valence electrons for a given elenent | Thé
valence.electrons include Uf, 54 6p, and 6s electrons for thé l#nthanAdes
and 5f, 6d 7p, and Ts electrons for the actinides. n is flxed by-une o
number of valence electrons for the neutral atom.l For_example, for'v

.Nd n=>5 and the conflguratlons £ 3 2

(I) Ea ds(II), _ d(IIi)

and fn 3(IV) of Nd all contaln the same f2 core. Fig. 1 presenus plo»s
of the energy required to promQte an electron from an f orbital to a 4
;orbital,forvdifferenf groups pf cdnfigurétionsf. In all instances;

energy differéncés betweén configﬁratioﬁsare given by the enéfgy dif-
ference between fhe ldwest ievelé.of each configuration. ‘Experimental
values_ére shown as circles..ufhe three curves grouped together at the ' -
tbp<of'the figure COrreépoﬁa to pfomotion from configurations with fn-
cores tq configurations with fn-3 cofes. The middle gfoup of three
curves déalé-with 273 cores promoted to 272 cores and the bottom
curve corrésponds ﬁo fn-2 to fn -1 promotlons. The abscissa,vranging
from 0 to 13,.is a, the number of f electrons remaining afﬁer promotion
of an electfon from f té_d. For g=2, for exémp1e, the promotion
energiés'given are fpf the‘followiﬁg enefgyvdiffeienceé, starting at the
top of Fig. i: £2a-£3(va 1v), fgds—f3s(Nd 111), tfas?-r3s%(wa 11),

f2d f (Pr II1), f ds-f s(Pr IT), £2a 2 3 2(Pr 1), and f2d iy (Ce ;i)



]

fqrbeach promotion éf aﬁ electroﬁ from‘an f to d:ofbitél; thé % coré
'éhanges fromvf3 to f2 and the contribﬁtiéns.dué tdichangé.in the core
should bé closély the“saﬁé;. The ;act that all of these curves closely
parallel one—another confirms the approx1mate constancy of the core
.energy. However,Alf‘one is interested in accurac1es of lOOO cm -t of
better, ope muét recognize that the.core.eneréy is not quite‘consiantf
| Therévaré se§éra1vways'df expi@iting:the.conéept of an appréxi—
mateljvcoﬁstaﬁt pairing energy for. a given fq:cofe.. For example, we -
éould cohsider the,ploté of the fqd-fq+l.promotioh enérgy fof.singly,
vdoﬁbly, and‘triply:chaiged‘ions.versus q;-the:highest curve of eéghbéf
the.threé gfouﬁs'of Fig.Al.: Thekdifferéncés 5etﬁéen aﬁy pairs of these
‘curves wouid be expected‘to glve stralght llnes.- Thls is the ba51s of
the ﬁugent-Vander Sluls calculatlons and one can draw a llne to rebresent
these dlfferences between q—l and q—lé that is useful for maklng pre-
dictions, but there is a clear break in the slope between g=0 and 1.

The dlfferences'are large ranging from 57.9 x‘lo3 cm -1 for the dif-

ference in f‘to d promotion energieé of Ce IIT ahd Pr IV to 6S.3 X 103
ém-l for the Tm III and Yb IV differénce. ‘Although such.plots can be
'useful,Ramﬂp~has pfopoégd'a ﬁethbd based on the same principles which
can yield méfe accurate predictibns; Any‘of the methods that re¢y on
differences of the tvpes dlscussed above requlre a suff1c1enb1y com-
plete set of data for at leést one stage of ionization. With the
avéiiébility of complete daﬁ& for the neutral atoﬁsl, his method can
now be used té estimate‘values for theqions.‘ It wili be shown that nis
:method can be. generallzed to be epnlned to mény more types of ‘electronic

conflguratlons than has been done in the past.
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The'Racah method ean be-illustrated by'comparing the f‘to d gromo4

tlon energles for f2d~f (Pr I1I), 2 ds-f s(Pr II) and f ds2-f3 2(Pr I),

the values glven at q = 2 ‘for the mlddle group of curves of Fig. 1.

- ‘These satlsfv the general requlrement that f cores be the same. In addi-.

-tioh, they belong to the’same f"f3- n-2

groups and thus are for the same
elemenﬁ As can be seen from Fig. 1, the promotlon energles are cleselj
the same when these condltlons are net Racah suggested that the d1f~ o
ferences of promotlon energles would be constant at about 5000 cm l. |
The top curve of Flg 2 shows, on an expanded scale, ‘the dlfferences

(s™ “hg_pn- 3)Iv (£ gs-g" “35)I1T between the two top curves of Fig. 1.

n-3d_ n

‘The next curves are (f £ “2y17T - (fnf3d %2511 and (£% 3as-£7"25) 11~

(™ ~3452-g2"2 2)I from the seCOnd group of curves of Fig.: 1. The dif-
- ferences are in the v1czn1ty'of the 5000 cm -1 suggested by Raczh, but an
eccuracy of 1000 cm—l or better in predlctlons reqnlres recogn1t101 of.
the p0351b111ty of dlfferences ranging as hlgh as 8000 cm -1 and variations
up to 2000 cm -1 for a given set of differences. As each experimenﬁal
point of Fig. 1 requires.knowledge of the energies of two levels, each
‘experimental peints_of Fig. 2 corresponds to eX?eriﬁentel knoﬁledge of
energiee of four levels. Where erperimental points are not indicated,
as many as two or three of the energy levels may be known and 14ﬂ1ts can
be placed on the range of poeitions of_the curves.  Only a few of the
points are uncertain by more than 1000 cm l. Similar small differences
and emooth varlatlons.are found fer the _other Racah curves.

The_three groups of curves of Fig. l correspond to three groups
of Racah.relatibnshipe. For the top group, as an example, the

-4
2. fn 3(IV) promotlon energy of the triply charged



ion is eempared with valueo of the f fo a promotlon energlc" for succes~
s1ve1y lower charged 1ons with the same»f cores. In the’ exanples of

- Fig. l an s electron is added to both conflguratlons for each redueulon-
of charge. Although not - shewn 1d Flg l a fourth curve lies just below .

‘the three curves shown correspond1ng to adalng an addltlonal d electron

to obtaln the promotlon energy fn b 2 2. £ 3 2. In the previous panerl

on the’ neutral atoms, this relatlonshlp was used to estlmate the energies

of the tetravalent (four non-f electrons) conflguratlons such as the

3 1 22ho

estimate of 51 X 10 for the fd7s level of Pr I. Onlf a:

/2

" few were listed for the 1antnan1des as most were far above the ioniza-
tion limit. However, for the actinides, values were given for the

: tetravalent-configurations through americium A parelTel group of curves

can be genereted'starting again with the fn h n -3 promotion energy of

“the tripiy charged ion and adding an additional 4 electron to both

. L . . v ""h -
configurations for each reduction of charge. - Altogether, the'fy1 —fn 3

Racah relations yield a group of seven closely spaced curves of which:

only fhree are shown in Fig. 1. For the fn-3-fn_2 Racah group, five

curves were used. For the fn-2_fn-l group, the Bacah relat ionship was .

used to generate a curve for the fnfgdsffn—ls.promotion energy from the

fnf2d~fn—1'curve'shown in Fig. 1. This is useful.fef the prediction of

the energies-of some univalent configurefions of'the‘neutral lanthahides.
The Racah method provides the edefgy of at least one level of

each f cofe for each stage of ionizatioﬁf Then consideration'of th

variation of_proiotion energies of the d,_p,_and.s electroﬁs relative to

one another can provide the énergies of the remaining configuratdons.

The comparision of these promotion energies at different,stages of



ionization can often provide very accurate estimations; " For example,

the d to p promotion energies for £ ahd for

fn_2p—fnf2d(II) are almostvidentical if compared for-coresvwith‘equal .
: number of f electreﬁs. eThe,effect of iﬁcreasihg thevnuelear.eharge oy
' ene ie almost exactly shieldedlby-the addition‘of twojsvelectrCns; the
greatest.difference‘is onlyYQbQ'cm"l, The:variety of estimation proce-

_dures is illustrated below. .

Detalls of Method of Calculatlon

The me;hcd of est:matlng energies of each’ configuraulon w1ll be
illuetrated for the'singly ionized 1anthanides. -The lbwest‘levels of
the qu and r9a eonfigurationsAare experimentally established_exce?t for -
; fhe fqd_configurafiohs of Tb enakHo. The cemﬁerison{of the energy to
promotevaﬁ electron from a d orbitai to an-sAo?bitel for the singly,
doubly, triply jonized lanthaniaes aevindieated in Fig. 3.provides
estimated valuee for Tb and Ho wiﬁh en uﬁcertainty ef lees tﬁan 1060
cm‘l.' In Flg 3, values are given for the fqd to qu,bfq ds to fq 2
‘and fqd2 to fqu promotlonal energles versug, q the number of f elec-
trons. -Thl_ comparlson cancels out any contributions of uhe Jorgensen
pairing energy due to the f core. Altogether nine curves ianlving
»either one or twe non-f electrone were used together with additional
'.curves for configurations wﬁth more-than two nonef eleetrons. The.others
cur&es dfe nof_shown-in Fig~_3ef0r clérity'as they féll toovcloee to the
“curves presented. A1l of thevcufves ehow a charaeteristie rise
between q@=0 and 1 and then a slow drop untll the sharp break between

q*9 and iO followed bv a slow drop and then & sharp drop'between ¢=13"



and 1L. ‘The'experimenfal»point of -18-25h X 103‘cm7; for Yo II

le

ds-f13d2(Q=13 point ofbthlrd curve_fromnoottom) has’been omitted and
repleeed-by a dotted seetion of the-curve fo avoid the confosionbofl
,binterseotionlwith the curve Below. This'is'tﬁe only experimenﬁal point
that was out of line. The unlfofmally low values for g=0 and q-lh
:1nd1cates that d electrons are stablllzed more than s electrons by

';nteract1on W1th the unfllled £ core.:

With the s and 4 levels flxed the next step is to use the Racah

n3 n3

relatlons which prov1de the £ ds and f energy dif-

ferences for the 51ngly charged ion from the establlshed Values for

n- 282_fn 3ds2 n-~ 2 n -3.2

the f and f d“s differences for the neutral atoms.

The procedure should be clear from the dlscu531on above in relation to :
‘Figs. 1 end 2. In thls manner, the energ1es of the ds levels were
estimated for Pr, Pm, Sm, Eu, Tb, Ho, and Er with uncertainties of less
than 1000 cm-'l except_for.the Pm value vhich is uncertain by 2000 cm_l
'The energies of the d2 levels wefe estimeted for Pr,'Pm, Sm, Eu, Tb, Dy,
Ho, and Er in the saﬁe mahner with the additional check»by use of Fig. 3

to relate the d2 and ds values. Again, except for Pm, the uncertainties

are less than 1000 cm-l.

The fn-1 configurationsAfor the singly charged ion are established

from the fn—ed—fn-l values given in the lowest curve of Fig 1. This .

curve was fixed by comparison w1th the curves of the fn -3 £ 2 and -

£h- h n-3

groups given above in Fig. l. The estimated values for Pr,

‘N4, Pﬁ, Eu, end Gd are uncertain by about 2000 cm-l and the values for

Tb, Dy, Ho, Er, and Tm are uncertain by about 3000 em L o



The Be) levels can.be calculated from the s to é prouotlon eneréles
- given in Flg. L. As noted in the dlscus31on of Flg. 3, there .are a -
'number of addltlonal curves for promotlon of s to P electrons that are
omltted for clarlty The dp-ds(II) and p—s(II) curves are presented in
v Flg h as an. example of how closely the curves can follow one anov ‘er,,
Another example is the dp-ds(I) curve which would fall just above “the _f;.
'bottom curve of Flg. h for the ps-s (I) promotlon energy. The exberl—i
mental points for the dp-ds promotlon range from 1.2 to 1.5 X lO3 -1
‘Aabove the ps—52 curve; In contrast to Fig. 3, there is no clear evi--
dence for dlscontlnultles at q—O and lh and the s and p electrons must
interact with the f cores in a similar manner. The entlre‘class of
'curves for the promotlon of an electron from a pvto s orbital‘show 8.
very regular and slow variation with g, and 1t is quite easy to esti-
'mate promotlon energies w1th an uncertalnty much below lOOO cm 1.

The dp levels can also be obtalned from the ds levels and the s
top promorions'energies of fig. L. 1In addition curves similar to those
of Figs.v3 and 4 can be prepared for 4 to p promotion and'one.can check
_the energies of»the dp levels by starting from the the dz’levels. These
same»p—d promotion energy curves can be used to estimate the energies of
the ps levels from the ds levels. Then the s to P promotlou energies
can be used to calculate the‘energies of the_s2 levels from the.ps
levels.. These values can bevchecked through curves of the type of F:g‘ 3

’

starting*with the ds level The p2 levels can be obtained from either

. .
of the p —dp or pg—ps promotions or by uhe pg-ds energy difference. This
last dlfference is an interesting one in that one electron is~promoted

from a-djorbital‘to a p orbital while one electron is demoted from an s
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.orbitol‘téoépgqroiiéi; Such ;olationghipouafe often osofﬁl for pre=
dicti§e:purposes. |

- To ostiméto valuos'for configu;ations with threo non;f éléctronsg
Ait is nécéssary to usé fhé\ﬁécéh rélatiooships_to oBtain d2SAds; dsg-sg
ana a3-a2 aifferences as discussed in connection with Figs.il'apd 2. The
-éoorgy of'the'dﬁé configuration'oan bé optainod from the ds2fvalue by
uso of s=p promotions cufvés_similar'to'tﬁose inAFig. L. Tho.éhergy of
thé p52 configﬁration was caloulatéd from.the éotimates.of thé psg-as2
promoﬁion which was ékpectéd to be véry closo.to the p-d promofion of
the‘doubiy chéréodvions. Most of the ps2 lévéls'and all of the pgs,‘dp2;
aod P3blévols wéro-estimatéd to bé well above the ioniZation_limits and
. are hotvgivén ih thé,tabios of énergiés if they are more than 10 000 cm--l
abové fhé ionization limits; ) 4 | |

Inva similaf mannef, but in a different ordoridependiog>upon which

data are availabié, energies éaﬁ oe calculatéd for the‘lowest‘léVel of‘v

each of the electronic configurations of the other stages of ionization

and for the various ions of the actinides.

Tébulation of Levél Values

Tables I-XXX freseht for qil of thedlanthoniae and actinides the
enérgy level values of thé lowest ievel of the lovest speotroSoopic tern '
of each olectronic oonfiguratioo for singly, doubly, and triply.charged
" ions. Tﬁe valﬁes given are restricted to configufotions in&olving hf,.
:Sd;'6o and 6s electrohs for the lanthanides and 5¢, 6d, Tp, and 757

electrons for the actinides.

The energies are given in thousands of wavenumbers. ‘Experimental

3

values are given to 0.001 % 19 cm-l, Estimated values are given in



S

vpafenthesés fb'the néaresi'o,l X lb3 ém-l for accuraﬁe éstimaféé énd_”’
roundéd'offvﬁé'the néarest l x 103Aém_l fbr léﬁs,céfﬁain éstiﬁaﬁéé.i‘

_Wﬁen thé.uncértainty of tﬁgléétimated valué is 1x 103 cm_l 6r 6ver;

some estimate of‘the"unéerfainty'ié giveh»in the tables.

'The fables follow the format used fof the tabulatibn’ofbenergy.
levél values for the neufrél atbmél;"Ali leveis are. given an LS_desig—.
qnafion,v Ip addition,FJJ df JL deéignations are éiven for apprbpriate
configuratiéns."Fof'many cohfiéurations,_Hund's.Rule is expected to
hold.and thé J’value given cofrespondsvtd‘Hund's Rﬁle. . When thé levels
 gi#en in,the tables donot correspond to Hund's Rule, the symbol is fol- -
lowed by‘an #sterisk. Whén ah éx?erimentgl valué is désignatéd by an
aéterisk, the value tabulated ié‘the Jowest obsérved level of the con-
figuration and it is posSibie that addifiénal obser#ations might find a
lower level of the configurétiéh.'\In general, an attempt was made to
estimate the J.vélﬁe of.the lowest enefgy level and‘experimentalvdata
that did not correspond té-thé lowest energy level were supﬁléméntedAby
estimates.of tﬁe enérgy of thé lowest level. For each ﬁable, the energy
valﬁes forvthe’singly charged ion(M II) are tébulated first followéd by
velues for the doubly charged ion(M III) and then by values for the
triply charged ion(M IV).

Méore's bibliogfaph&lowas used fof a review of the li?érature and
'thoée references will not be duplicgted here. The numbers in parentheses
after each fabie headingvrefers to reéent‘references and to those older
references from wﬁich tabulated valﬁés ﬁéfe aétually obtained.

The relationships befween the enefgy levelvvalueS'of théw;eutrai

atoms and the ions allow the prediction of values for some neutral
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configurations that have not been observed yet. As mentioned in con-

‘nection with the discussion of Figs. 1 and 2, it is possible to estimate

'iénergiésbof‘thé fn-ls_cohfigurationé of thé'néutral.atbms, For thosé
elements where the iowést -1éve1_ of the Y5 configuration does not lie
abové 16'000 cm_—l ovér.the;ionization limit, the valués';ré tabulatéd .:
in Tablé XXXI along with valuéé for:othef.lé?éls that were tabulatedv.
_pféviouslyl_but whiéh wéré iﬁpfbvéd b& considération of the c§mpléte

data for the ions.
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'Fig.‘i.' Promotion enefgieé for f to d electrons of lanthanides-.
reading down from top:

e - 3

e s - 3 q= n-l
o PMas? - 32
II1 fn“3dv; M2
1 34 Q‘fn;?S' q = n-3
I e .
II 'fn—gd‘e M1 g=n-2

- Fig. 2. Racah pioté for ianthanides;readihg down from top:
(fn_hd - v - (5% as < £73%6)III, q = n-b
(£"3a -~ 21T - (2 3as - 77%)11, q = n-3

(:{1;3qs —- fnfgs)I_i_' ".- (fn-3d52 - fn-a’_sz).in q = n-3

_ Fig.'3.i Promotion energies from 54 t0‘6svdrbitals;feading down from‘
| " tovpv: ‘ | | |
% - 192 1v
%35 - £%2 111
#9s - % 11T
qua.g.fqu II
1%s - %% 11
1% - tfa1x

#1952 - £9s 1
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Fig. L. Promotion énergies from 6p‘t6 6s orbitals; reading down from -
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