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Quan ti ta tive anal y sis was done of the X-ray pho to elec tron spec tra struc ture in the bind ing en -
ergy range of 0 eV to ~35 eV for am er i cium di ox ide (AmO2) va lence elec trons. The bind ing
en er gies and struc ture of the core elec tronic shells (~35 eV-1250 eV), as well as the rel a tiv is tic
dis crete vari a tion cal cu la tion re sults for the Am63O216 and AmO8 (D4h) clus ter re flect ing Am
close en vi ron ment in AmO2 were taken into ac count. The ex per i men tal data show that the
many-body ef fects and the multiplet split ting con trib ute to the spec tral struc ture much less
than   the   ef fects   of   for ma tion   of   the   outer  (0-~15  eV  bind ing  en ergy) and the in ner
(~15 eV-~35 eV bind ing en ergy) va lence mo lec u lar orbitals. The filled Am 5f elec tronic states
were shown to form in the AmO2 va lence band. The Am 6p elec trons par tic i pate in for ma tion
of both the in ner and the outer va lence mo lec u lar orbitals (bands). The filled Am 6p3/2 and the 
O 2s elec tronic shells were found to make the larg est con tri bu tions to the for ma tion of the in -
ner va lence mo lec u lar orbitals. Con tri bu tions of elec trons from dif fer ent mo lec u lar orbitals
to the chem i cal bond in the AmO8 clus ter were eval u ated. Com po si tion and se quence or der of 
mo lec u lar orbitals in the bind ing en ergy range 0-~35 eV in AmO2 were es tab lished. The ex -
per i men tal and the o ret i cal data al lowed a quan ti ta tive scheme of mo lec u lar orbitals for
AmO2, which is fun da men tal for both un der stand ing the chem i cal bond na ture in am er i cium
di ox ide and the in ter pre ta tion of other X-ray spec tra of AmO2. 
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IN TRO DUC TION

Am er i cium is one of the main mi nor actinides
ac cu mu lated in the spent nu clear fuel. It has to be ex -
tracted, bur ied or transmutated in nu clear re ac tors
[1-3]. There fore, much at ten tion is paid to the study of
elec tronic struc ture of am er i cium and its com pounds.
The ex per i men tal [2-12] and the o ret i cal [13-17] stud -
ies of me tal lic am er i cium and Pu-Am al loys [11] have
been con ducted. Also the ex per i men tal [1, 2, 8, 18-25]
and the o ret i cal [21, 26-34] data on the elec tronic struc -
ture of am er i cium ox ides have been ob tained. The
X-ray ab sorp tion near-edge spec tros copy (XANES)
and ex tended X-ray ab sorp tion fine struc ture spec tros -
copy (EXAFS) struc tures of Am2O3 and AmO2 [20,
23, 28, 31] and am er i cium-con tain ing com plex ox ides
[1,18, 21, 24, 25, 35] have  also been stud ied. The XPS
spec tra of Am(NO3)3 ́  nH2O [36], as well as the elec -

tron en ergy loss spec tros copy (EELS) of Am at the
Am (O4,5) [12] and Am (N4,5) [10, 37] ab sorp tion
edges were mea sured. The pho to elec tron spec tra are
re flected in [2, 8], and the Am 4f X-ray pho to elec tron
spec tra (XPS) of Am2O3 – in [2, 8, 18]. AmO2 pho to -
elec tron spec trum is given in [22]. XPS spec tra of
AmO2 in the wide bind ing en ergy (BE) range (0 eV to
900 eV) are given in [19]. It fo cused on the multiplet
split ting re lated Am 5f struc ture (0-~15 eV BE). The
cal cu la tions of AmO2 elec tronic struc ture were con -
ducted mainly for the BE range 0-~15 eV [27, 29-32,
34]. The pre vi ous non-rel a tiv is tic cal cu la tions were
done for a wider BE range 0- ~25 eV [26]. Un for tu -
nately, these re sults can not in ter pret the va lence elec -
trons XPS struc ture of AmO2 in the 0-~35 eV BE
range.

The XPS study of ox i da tion states and chem i cal
bond na ture in com pounds [38] in clud ing those of
lanthanides [39] and actinides [40] em ploys peak in -
ten si ties (Io), chem i cal shifts (DEb), BE dif fer ences be -
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tween core and va lence lev els (DEi) and spec tral struc -
ture pa ram e ters. The XPS struc ture can re sult from
for ma tion of the outer (OVMO 0-~15 eV BE) and in -
ner (IVMO ~15 eV-~35 eV BE) va lence mo lec u lar
orbitals [38], spin-or bit split ting (DEsl), multiplet
split ting (DEms), in duced charge (DEind), many-body
per tur ba tion (DEsat), dy namic ef fect (gi gan tic
Coster-Kronig tran si tions), Au ger pro cess, etc. [39,
40]. These struc ture pa ram e ters pro vide in for ma tion
on: de gree of delocalization and par tic i pa tion of elec -
trons in chem i cal bind ing; elec tronic con fig u ra tion
and ox i da tion states of ions; den sity of un cou pled
elec trons on para mag netic ions; de gree of par tic i pa -
tion of filled elec tronic shells of met als and lig ands in
the OVMO and IVMO for ma tion, struc ture and na ture
of the MO; lo cal en vi ron ment struc ture, etc. [38-43]. 

The va lence XPS (0-~35 eV BE) struc ture with
the photoionization cross-sec tions in mind re flects the
to tal va lence den sity of oc cu pied states. Be side the
MO struc ture this BE range can ex hibit an ex tra struc -
ture due to the multiplet split ting, many-body per tur -
ba tion etc. This ex tra XPS struc ture can be in ter preted
tak ing   into   ac count   the   data   on   the   core   elec tron
(0-1250 eV BE) XPS struc ture. It al lows one to eval u -
ate con tri bu tions of dif fer ent mech a nisms of the ex tra
struc ture for ma tion to the va lence XPS [41-43].

The XPS peaks of ac ti nide ox ides in the BE
range 0-~35 eV were found to be sev eral eV wide,
which some times is wider than the cor re spond ing core 
elec tron  peaks [41-43]. For ex am ple, the O 1s peak
(Eb = 529.0 eV) full width at half max i mum (FWHM)
(G, eV) for AmO2 is G = 1.3 eV, while the cor re spond -
ing O 2s (Eb~20.9 eV) peak is ~4.0 eV wide and struc -
tured. It con tra dicts the Heisenberg un cer tainty ra tio
DEDt » h/2p, where DE is the nat u ral width of a level
from which an elec tron was ex tracted, Dt is the hole
life time and h is Planck con stant. Since the hole life -
time (Dt) grows as the ab so lute atomic level en ergy
de creases, the lower BE XPS atomic peaks are ex -
pected to be nar rower. For AmO2 and other ac ti nide
ox ides [41-44] it is vice versa. This fact al lowed a sug -
ges tion [44] that be side elec trons from in com pletely
filled shells of the neigh bor ing ions (0-~15 eV BE),
elec trons from the filled shells (15 eV-~35 eV BE) can
ef fec tively (ex per i men tally ob served) par tic i pate in
the chem i cal bond  for ma tion.  This  fact  stim u lated
ex per i men tal and the o ret i cal stud ies of the low BE
(~15 eV to ~35 eV) XPS struc ture in ox ides of
actinides [40], lanthanides [39], and other com pounds
[38]. One of the rea sons for such an XPS struc ture for -
ma tion was es tab lished to be the IVMO and the
OVMO for ma tion with sig nif i cant par tic i pa tion of the
An 6p and the O 2s filled atomic shells [40, 44] Prac ti -
cally, the low en ergy spec tra re flect the va lence band
(0-~35 eV) struc ture. They are ob served as bands sev -
eral eV wide.

The XPS of the low BE (0-~35 eV) elec trons
from AmO2 [19] was mea sured and the the o ret i cal cal -

cu la tions of the elec tronic struc ture of AmO2 in the
en ergy range 0-~25 eV in the non-rel a tiv is tic clus ter
ap prox i ma tion of the Xa dis crete vari a tion method (Xa

DVM) [26] were done be fore. It al lowed only a qual i -
ta tive in ter pre ta tion of the low BE XPS from AmO2.
Un for tu nately, the cal cu la tion re sults for AmO2

[27-33] for the BE range 0-~15 eV did not take into ac -
count the over lap ping of the in ner va lence Am 6p and
the O 2s atomic orbitals and, there fore, did not al low a
cor rect va lence (~15 eV-~35 eV) XPS struc ture in ter -
pre ta tion. 

The XPS stud ies of am er i cium [2-9] and ox ides
AmOx [2, 8, 18, 19, 22] fo cused at ten tion on the outer
va lence (0-~15 eV BE) and the core Am 4f elec tron
spec tra. The Am 4f XPS struc ture is sig nif i cantly dif -
fer ent for me tal lic Am and its ox ides. How ever, the
XPS struc ture of the in ner va lence elec trons of AmO2

in the BE range ~15 eV-~35 eV was not stud ied. The
au thors of [19, 36, 40] did not study the in ner Am 4p,
4d, 5s, 5p, 5d, and 6s elec tronic struc tures. The ab -
sence of the ex per i men tal Am 4p, 5s, 5p and 6s XPS of
AmO2 did not al low an in ter pre ta tion and the the o ret i -
cal mod el ing of the XPS struc ture of this BE range.

The quan ti ta tive in ter pre ta tion of the va lence
XPS struc ture in the BE range 0-~35 eV tak ing into ac -
count the pho to elec tron, con ver sion, emis sion and
other X-ray spec tral data and rel a tiv is tic cal cu la tion re -
sults was done for ThO2 [45], UO2 [46], NpO2 [43],
PuO2 [41], ThF4 [47], UF4 [48], UO2F2 [49], and g-UO3

[50]. The pres ent work an a lyzed the XPS from AmO2 in 
the BE range 0-1250 eV and quan ti ta tively  in ter preted 
the  XPS  struc ture  in  the  BE  range 0-~35 eV. The
bind ing en er gies and core elec tron spec tral struc ture pa -
ram e ters as well as the rel a tiv is tic self-con sist ing field
dis crete vari a tion (SCF RDV) cal cu la tion re sults for the 
AmO8 (D4h) clus ter re flect ing Am close en vi ron ment in 
AmO2 were taken into con sid er ation.

EX PER I MEN TAL

Sam ples

The  AmO2  sam ple  for  the  XPS stud ies was
pre pared as a dense thin layer on a plat i num sub strate
(3-4 mm di am e ter AmO2 sam ple on 14 mm di am e ter
foil).

AmO2 syn the sis

The ni trate so lu tion con tain ing the nec es sary
amount of Am (~1018-19 at oms) was grad u ally placed
on the plat i num sub strate and dried un der a 500 W in -
can des cent lamp. Then the sam ple was an nealed in a
muf fle fur nace for 4 hours at 800 °C. AmO2 for ma tion
on the sub strate sur face was con trolled by XPS on the
ba sis of the O 1s, Am 4f and va lence elec trons pa ram e -
ters. It al lowed a sam ple of the stoichiometric com po -
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si tion close to AmO2 with ex cess ox y gen on the sur -
face. The sur face of the pre pared sam ple was etched
with ar gon ions at 2 keV and 50 mA for 10 and 30 s. Un -
for tu nately, the Ar treat ment leads to for ma tion of ox -
ide with spec tral pa ram e ters sim i lar to Am2O3 on the
sur face (tab. 1).

X-ray pho to elec tron mea sure ments

XPS spec tra of AmO2 were mea sured with an
elec tro static spec trom e ter Kratos Axis Ul tra DLD
(Kratos An a lyt i cal Ltd., Great Brit ain) us ing AlKa1,2

(hn = 1486.6 eV) ra di a tion un der 5×10–7 Pa at room tem -
per a ture. The in for ma tive sur face was 300´700 mm2.
The de vice res o lu tion mea sured as FWHM of the Au
4f7/2 peak was 0.7 eV. The bind ing en er gies Eb(eV)
were mea sured rel a tively to the BE of the C 1s elec trons
from hy dro car bons ab sorbed on the sam ple sur face that
was ac cepted to be equal to 285.0 eV. The C 1s XPS on
the stud ied sam ple sur face was ob served as a low-in ten -
sity peak at Eb(C 1s) = 285.0 eV. The er ror in the de ter -
mi na tion of the bind ing en ergy and the peak widths did
not ex ceed ±0.1 eV, that of the rel a tive peak in ten sity –
±10 %.  The  FWHMs  are giver rel a tively to that of the
C 1s XPS peak from hy dro car bon on the sam ple sur face 
be ing 1.3 eV [40]. The back ground due to the
inelastically scat tered elec trons was sub tracted by the
Shir ley method [51].

The va lence and the core elec tron XPS struc ture
for the stud ied sam ple in the BE range 0-1250 eV is typ -
i cal for AmO2. It con firms un am big u ously the pres ence
of AmO2 on the sub strate sur face [40]. A low-in ten sity

Pt 4f dou blet at Eb(Pt 4f7/2) = 71.0 eV and DEsl = = 3.3
eV was ob served. It eval u ated the Pt 5d96s1 con tri bu -
tion to the AmO2 va lence band (0-15 eV BE) XPS in -
ten sity not more than 1 per cent and it was taken into ac -
count. The core and va lence XPS from me tal lic Pt were
taken, the bind ing en ergy Eb(Pt 4f7/2)=70.8 eV, the
spin-or bit split ting DEsl(Pt 4f7/2) = 3.3 eV and the
FWHM G(Pt4f7/2) = 0.9 eV were mea sured. The va -
lence band (VB) was ob served in the BE range 0 eV-10
eV with peaks at 0.2, 1.4, and 4.0 eV, gen eral FWHM
G(VB) = 5.8 eV and the va lence band to the Pt 4f7/2 peak 
in ten sity ra tio I(VB)/I(Pt4f7/2) = 0.16.

Quan ti ta tive el e men tal anal y sis of lay ers sev eral
nanometer-deep of the stud ied sam ples was done
based on the fact that the spec tral in ten sity is pro por -
tional to the num ber of cer tain at oms in the stud ied
sam ple. The fol low ing ra tio was used: ni/nj =
=.(Si/Sj)(kj/ki), where ni/nj is the rel a tive con cen tra tion
of the stud ied at oms, Si/Sj is the rel a tive core-shell
spec tral in ten sity, kj/ki is the rel a tive ex per i men tal sen -
si tiv ity co ef fi cient. The fol low ing co ef fi cients rel a tive 
to the C 1s were used: 1.00 (C 1s); 2.80 (O 1s); 43.36
(Am4f7/2; see, e. g. [52]). The best stoichiometric com -
po si tion of am er i cium di ox ide was AmO2.09 and
AmO1.56 (Am2O3), tak ing into ac count the main core
O 1s and the Am 4f7/2 peaks with shake-up sat el lites.

CAL CU LA TIONS

Elec tronic struc ture cal cu la tions of AmO2 were
made for the two types of fi nite frag ments of crys tal lat -
tice: a 279-atom clus ter Am63O216 and a AmO8 clus ter.
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Ta ble 1. Elec tron BE Eb [eV] and photoionization cross-sec tions sa at 1487 eV

Am nlj
O nlj

AmO2 AmO2
b Am2O3 Am(NO3)3 ´ nH2O

(c) Am(d) AmTheor
(e)

s

Am 5f7/2 2.99 35.1

Am 5f5/2 2.2 (1.6) 1.7(1.6) 4.5 2.8 5.58 28.3

Am 6p3/2 17.3 (3.0) 18.1 17.1(3.1) 19.8 18.4 23.29 5.36

Am 6p1/2 30.8(1.9) 31.1 30.5(2.5) 32.9 35.84 1.77

Am 6s 49.8(7.0) 47.5(7.6) 57.98 2.39

Am 5d5/2 108.2(2.8) 108.4 107.6(2.8) 109.9 113.15 53.4

Am 5d3/2 129.34 36.3

Am 5p3/2 217.8 217.2 219.6 234.13 33.7

222.8 224.2

Am 5p1/2 ~289 ~289 303.68 9.24

Am 5s 376.15 10.6

Am 4f7/2 448.2(2.6) 448.2 447.6(2.5) 449.9 446.4 450.84 451

Am 4f5/2 462.2(2.8) 462.5 461.8(3.2) 464.5 465.40 353

Am 4d5/2 832.5(5.8) 832.0 831.7(5.9) 834.0 839.15 247

Am 4d3/2 883.5(5.8) 883.1 882.5(5.7) 884.9 890.06 160

Am 4p3/2 1164.2(6.9) 1163.8(8) 1165.8 1173.26 111

O 2p ~4.0 0.27

O 2s ~21 23.1 26.5 1.91

O 1s 529.0(1.3) 529.0 528.9(1.3) 533.1 40

N 1s 407.7 24.5

(a) Photo-ionization cross-sec tions s (kilobarn per atom, i. e., 10-25 m2 per atom) [68, 70]; (b) val ues for AmO2 from [19];
(c) val ues for Am(NO3)3 ´ nH2O from [36]; (d) val ues for me tal lic Am [4, 7, 8]; (e) cal cu la tion data [59]



The lat ter ob ject re flect ing Am close en vi ron ment in
AmO2 is a body-cen tered cube with Am in the cen ter
and eight oxygens in the cor ners. The Am-O in ter -
atomic dis tance RAm-O = 0.23287 nm [20, 23, 53]. For
the mod el ing of bound ary con di tions for the Am63O216

we used the “ex tended clus ter” scheme [54]. In this
model, the crys tal frag ment un der study con sists of two
parts: the in ter nal main part (or the core of the clus ter)
and the outer part (or the shell). The lat ter part usu ally
in cludes the at oms of 1-5 co-or di na tion spheres sur -
round ing the core. Dur ing the self-con sis tent pro ce -
dure, the elec tron den si ties and the po ten tial of the ions
in the shell are re placed by the cor re spond ing val ues ob -
tained for the crys tal lo graphi cally equiv a lent cen ters of
the clus ter core. To in tro duce the long-range com po -
nent of the sur round ing crys tal po ten tial, the ex tended
clus ter is em bed ded in a pseudopotential of the outer
crys tal lat tice, in clud ing sev eral thou sand cen ters with
Cou lomb and ex change-cor re la tion po ten tials ob tained
for the cor re spond ing equiv a lent at oms in the in ter nal
part of the clus ter.

In the case of Am63O216, the core of the clus ter
in cluded the Am atom in the cen ter (Am1), with eight
near est ox y gen neigh bors (O1), and 12 am er i cium
sites of the next ac ti nide co-or di na tion sphere with
their 48 near est ox y gen at oms. The other at oms of the
clus ter formed the shell and dur ing self-con sis tency
cal cu la tions, their elec tronic den si ties and po ten tials
were kept equiv a lent to those of Am1 and O1. In the
case of the small frag ment AmO8, the re-nor mal iza -
tion pro ce dure for the ox y gen atom's va lence or bital
pop u la tions dur ing the self-con sis tency cal cu la tions
was used. The lat ter model of a small clus ter bound ary
con di tion also al lows one to in clude into the it er a tive
scheme the stoichiometry of the com pound and the
pos si bil ity of charge re dis tri bu tion be tween outer at -
oms in the clus ter and the sur round ing crys tal.

In the pres ent pa per, the elec tronic struc ture is
cal cu lated in the den sity func tional the ory (DFT) ap -
prox i ma tion us ing the orig i nal code of the fully rel a -
tiv is tic dis crete vari a tion (RDV) clus ter method [55]
with ex change-cor re la tion po ten tial [56]. The RDV
method is based on the so lu tion of the Dirac-Slat er
equa tion for 4-com po nent wave func tions trans form -
ing ac cord ing to the ir re duc ible rep re sen ta tions of the
dou ble point group (D4h; in the pres ent cal cu la tions).
For the cal cu la tion of sym me try co ef fi cients, we used
the orig i nal code, which re al izes the pro jec tion op er a -
tors tech nique and in cludes the ma tri ces of the ir re duc -
ible rep re sen ta tions of dou ble point groups [57] and
the trans for ma tion ma tri ces pre sented in [ 58]. The ex -
tended ba sis of the 4-com po nent nu mer i cal atomic
orbitals (AO) ob tained as the so lu tion of the
Dirac-Slat er equa tion for the iso lated neu tral at oms
also in cluded the Am 7p1/2 and the Am 7p3/2 func tions
in ad di tion to the oc cu pied AO. The use of such “most
nat u ral ba sis orbitals” and the ab sence of any muf -
fin-tin (M-T) ap prox i ma tion to po ten tial and elec -

tronic den sity al low one to de scribe the for ma tion of
inter-atomic bonds. In such an ap proach, this de scrip -
tion is more il lus tra tive than that ob tained in the band
struc ture ap proach. Nu mer i cal Diophantine in te gra -
tion in ma trix el e ments cal cu la tions was car ried out for 
700000 (Am63O216), and 22000 (AmO8) sam ple
points dis trib uted in the clus ter space. It pro vided the
con ver gence of MO en er gies better than 0.1 eV. 

RE SULTS AND DIS CUS SION

As it was men tioned above, the va lence (0-~35 eV
BE) XPS struc ture of AmO2 can be at trib uted not only
to the OVMO and IVMO for ma tion, but to other
mech a nisms as well. In or der to eval u ate the con tri bu -
tion of other mech a nisms in the va lence XPS, the core
elec tron XPS struc ture of AmO2 was an a lyzed.

Core-elec tron XPS struc ture of AmO2

The O 1s XPS of AmO2 was ob served as a sin gle
peak  at  Eb(O 1s)  = 529.0 eV and FWHM G(O 1s) =
=.1.3 eV (fig. 1) with a shoul der at Eb(O 1s) = 530.7 eV 
at the higher BE side from the ba sic peak at trib uted to
hydroxyl groups and an other shoul der at Eb(O 1s) =
=.532.2 eV. The peak in ten sity ra tio yielded 50 % of
AmO2, 34 % of OH–, and 16 % of H2O. The O 2p and
the O 2s in ten si ties from the OH– and H2O im pu ri ties
in crease the er rors in the va lence XPS de com po si tion.

The Am 4f XPS from AmO2 at the high est prob -
a bil ity shows the many-body per tur ba tion-re lated
struc ture at trib ut able to an ex tra elec tronic tran si tion
within the filled and the va cant va lence lev els dur ing
the Am 4f photoemission. It ap pears as shake-up sat el -
lites, whose pa ram e ters re flect the MO struc ture. As a
re sult, the Am 4f XPS con sists of the spin-or bit split
dou blet with DEsl(Am 4f) = 14.1 eV, and the shake-up
sat el lites at the higher BE side with DEsat = 6.9 eV (fig.
2). The sat el lite in ten sity (Isat = Is/Io) cal cu lated as the
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Fig ure 1. O 1s XPS from AmO2



ra tio of the XPS sat el lite area (Is) to the ba sic peak area
(Io) was 20 %. The Am 4f XPS struc ture is typ i cal for
the Am(IV) [19] ox i da tion state and dif fers from that
for Am(III) in Am2O3 [2, 18] and Am(NO3)3 × nH2O
[36], which ex hib its the sat el lites at DEsat » 2.5 eV. In
the pres ent work, such sat el lites in the Am 4f XPS of
Am2O3 were ob served at DEsat » 2.8 eV. Such typ i cal
sat el lites with  DEsat  =  6.9 eV are ob served in all the
An 4f XPS of di ox ides AnO2 (An = Th, U, Np, Pu) [19, 
40, 41, 43]. For ex am ple, for PuO2 [41] these typ i cal
shake up sat el lites ap pear in the spec tra of var i ous
shells in the BE range 0-1250 eV, and their in ten si ties
de crease as the BE de crease.  In deed, the Am 4d5/2

XPS with Eb(Am 4d5/2) = 832.5 eV and G(Am 4d5/2) =
=.5.8 eV at DEsat(Am4d5/2) = 6.9 eV from the higher
BE  side  also  shows the shake-up sat el lite with Isat =
=.25 % (fig. 3). The ex trap o la tion of the shake-up sat -
el lite in ten si ties pre dicts yields the va lence shake up
sat el lite in ten sity to be ~15 %.

The multiplet split ting caused by the pres ence of
the un cou pled Ln 4f elec trons in lanthanide com pounds
re sults, e. g., in the Ln 4d XPS struc ture [39]. There fore, 

the multiplet split ting was ex pected to ap pear with the
higher prob a bil ity in the An 5d XPS [40, 41, 43]. In -
deed, the Am 5d spec trum in stead of a spin-or bit split
dou blet (DEsl(Am 5d)theor.= 16.19 eV [59]) ex hib its a
com pli cated struc ture with the Am 5d5/2 max i mum at
108.2 eV (fig. 4, tab. 1). This struc ture can be ex plained
by the multiplet split ting su per im posed with the
shake-up sat el lites. There fore, it is dif fi cult to sep a rate
the sat el lite-re lated struc ture and to de ter mine the sat el -
lite in ten si ties. The multiplet split ting is very likely to
ap pear in the Ln 4s XPS from lanthanide ox ides [39]. In
the Ln 5s XPS the prob a bil ity is about twice as low.
There fore, the Am 5s and the Am 6s XPS are ex pected
to ex hibit the multiplet split ting.

To eval u ate the multiplet split ting in the Am 5s
and the Am 6s XPS one can use the sim pli fied ex pres -
sion for an ion with un cou pled elec trons [43, 60]. An
ion with an in com pletely filled va lence shell elec tronic 
con fig u ra tion nln, for ex am ple, the Am 5f5 for
Am(IV), has two fi nal states af ter the elec tron
photoemission from the core n's shell. They are
formed from the con fig u ra tions n's and nln. The en ergy 
dif fer ence DEms be tween these two states in this ap -
prox i ma tion is [43, 60]

DEms =
+

+

é

ëê
ù

ûú
2 1

2 1

1S

l
G n s nl( , , ) (1)

where S is the ini tial spin at trib ut able to the cou pling of 
the nl elec trons (n and l are the prin ci pal and or bital
quan tum num bers), Gl(n's, nl n) is the cor re spond ing
atomic ex change Slat er in te gral, e. g., for the Am(IV)
ion with 5 un cou pled elec trons [36]. From (1) it fol -
lows   that  DEms  is  pro por tional  to  the  mul ti plic ity
(2S + 1) or to the num ber of the un cou pled elec trons in
the ion. The in ten sity ra tio of the dou blet com po nents
I1/I2 has to be equal to the ra tio of the mul ti plic i ties of
the fi nal states [60]
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Fig ure 2. Am 4f XPS from AmO2

Fig ure 3. Am 4d5/2 XPS from AmO2

Fig ure 4. Am 5d5/2 XPS from AmO2



In this ap prox i ma tion, for the Am(IV) ion
with the elec tronic con fig u ra tion Am5f5 and the
Slat er in te gral G3(5s,5f) = 7.81 eV (for Np) [43] the 
Am 5s multiplet split ting is DEms(Am 5s) = 6.69 eV
and the Am 5s dou blet in ten sity ra tio is 7:5, while
for G3(6s, 5f) = 5.26 eV (for Np) [43], the split ting
is DEms(Am 6s) = 4.51 eV and the in ten sity ra tio in
the Am 6s dou blet is also 7:5. 

The Am 6s XPS struc ture can be con sid ered to
con tain a DEms(Am 6s) = 4.5 eV split dou blet with the
in ten sity ra tio of 7:5 (fig. 5). In re al ity, this XPS struc -
ture is more com pli cated. It can be ex plained by the
many-body per tur ba tion and the dy namic ef fect re -
lated struc ture. This pro cess was stud ied ear lier for the
Th 5p XPS struc ture from me tal lic Th [61] and Th and
U com pounds [62, 63]. Ref er ence [62] pres ents the in -
ter ac tion integrals of dif fer ent con fig u ra tions for tho -
rium. These data show that the dy namic ef fect has to
man i fest with the high est prob a bil ity in the An 5p and
An 5s XPS, it is also highly prob a ble in the An 6s XPS. 

The dy namic ef fect is re lated to the gi gan tic
Coster-Kronig tran si tions, e. g. the one ob served in the
Am 5p XPS. It ap pears as the two peaks in the Am 5p3/2

dou blet com po nent at 217.8, and at 222.8, eV and the
struc ture in the Am 5p1/2 BE range at ~289 eV (tab. 1).
The sim i lar split ting was ob served in the Pu 5p3/2 XPS
from PuO2 [19,  41]. With the data on the Ba 4p [64] and
the Ln 4p [39, 65, 66] XPS in mind, one can at trib ute the 
Am 5p struc ture to the dy namic ef fect. It re sults in the
Am ion com plex fi nal state con sist ing of the ground
one-hole state Am5p55d105fn and the ex cited two-hole
Am 5p65d85f n + 1 state. In deed, this sug ges tion is based
on the Am 5p and the Am 5d bind ing en ergy ra tio
Eb(Am 5p3/2) » 220 eV and Eb(Am 5d5/2). = 108.2 eV,
which sat is fies the con di tion: Eb(Am 5p3/2) » 2 Eb(Am
5d5/2) (tab. 1). As a re sult, the prob a bil ity of an ex tra ex -
cited two-hole fi nal Am 5p65d85f n + 1 state grows. 

The Am 5s XPS is ex pected around Eb(Am 5s)
~373.3 eV, as it fol lows from the in ter nal elec tron con -
ver sion data [67] and agrees qual i ta tively with the cal -

cu la tion re sults (376.15 eV) (tab. 1, [59]). How ever,
the Am 5s XPS was not in ter preted be cause of its com -
pli cated and blurred struc ture, which can be at trib uted
to both the multiplet split ting and the dy namic ef fect
[40].

The dy namic ef fect leads to the in ter ac tion of the
con fig u ra tions of the fi nal states Am 5s15p65d105fn

and Am 5s25p55d95f n + 1. In deed, for the Am 5s, Am
5p and Am 5d bind ing en er gies (tab. 1) the con di tion
Eb(Am 5s) » Eb(Am 5p) + Eb(Np5d3/2) is sat is fied,
which does not con tra dict the pos si bil ity of the sug -
gested con fig u ra tions. The bind ing en er gies Eb(Am
4p3/2) = 1164.2 eV, Eb(Am 4d3/2) = 883.5 eV and
Eb(Am 5s) ~ 373 eV sat isfy the con di tion Eb(Am 4p3/2) 
~ Eb(Am 4p3/2) + Eb(Am 5s). There fore, the Am 4p3/2

XPS struc ture of AmO2, to a cer tain ex tent, can be at -
trib uted to the dy namic ef fect with the in ter ac tion of
the con fig u ra tion of the fi nal states Am 4p54d105s25f n

and Am 5p64d95s14f n + 1. Shake-up sat el lites can be
su per im posed with this struc ture. 

The Am 6s XPS ex hib its a wid ened [G(Am 6s) =
7.0 eV] struc tured line at 49.8 eV (fig. 5). One of the
rea sons for such struc ture, as it was al ready noted, is
the multiplet split ting. An other rea son for this struc -
ture can be the dy namic ef fect re sult ing in the in ter ac -
tion of the con fig u ra tions of the Am(IV) ion fi nal
states like Am 6s16p66d05f5 and Am 6s26p46d15f 5. In -
deed, for the BE Eb(Am 6s) = 49.8 eV, Eb(Am 6p3/2) =
17.3 eV, and Eb(Am 6p1/2) = 30.8 eV (tab. 1), the con -
di tion Eb(Am 6s) » 2×Eb(Am 6p) is met. These XPS
can also ex hibit ex tra struc tures re lated to the multiplet 
split ting and shake-up sat el lites. There fore, the con -
sid ered XPS struc ture can not al low a con clu sion on
the par tic i pa tion of the Am 6s elec trons in the MO for -
ma tion.

The mea sured Am 4f BEs and struc ture pa ram e -
ters agree with the cor re spond ing data ob tained ear lier
for AmO2 [19]. Since the XPS struc ture in the An 6p
BE range on go ing from ThO2 to NpO2, PuO2, and
AmO2 does not dif fer sig nif i cantly by the shape [19,
40, 41, 43], while the num ber of the quasi-atomic An
5f elec trons grows from 0 to 5, one can sug gest that the
multiplet split ting does not play a pri mary role in the
va lence  XPS  struc ture  for ma tion  in  the BE range
~15 eV-~35 eV. The dy namic ef fect-re lated struc ture
is also low prob a bil ity in this BE range, be cause of the
atomic  states  but,  the  quasi-atomic  Am  5f  ones at
2.2 eV BE (tab. 1) are ab sent in the va lence band. As a
re sult, a sug ges tion that the va lence XPS struc ture can
be largely at trib uted to the MO for ma tion, ex cept for
the peak  at  8.8 eV,  can  be  drawn  (fig.  6).  The  peak
at 8.8 eV is 6.6 eV away from the peak of the lo cal ized
Am 5f elec trons Eb(Am 5f) = 2.2 eV and there fore, can
be at trib uted to the many-body per tur ba tion (shake-up
sat el lites in the XPS of the quasi-atomic Am 5f elec -
trons). How ever, as it was shown in [41], in ten sity of
such a sat el lite can not ex ceed sev eral per cent of the
ba sic peak. An other rea son for such a peak can be the
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Fig ure 5. Am 6s XPS from AmO2



sur face ox y gen [68]. The ob tained data also al low a
con clu sion that the stud ied sam ple by its stoichiometry 
is close to AmO2. For the in ter pre ta tion of the MO-re -
lated va lence band XPS struc ture, the re sults of elec -
tronic struc ture cal cu la tions of the fi nite clus ters
AmO8 (D4h) as well as the Am63O216 clus ter (fig.  7) re -
flect ing Am close en vi ron ment in AmO2 ,were used. 

Elec tronic struc ture of the
AmO8 and Am63O216 clus ters

Am er i cium atom ground-state con fig u ra tion can 
be pre sented as [Rn]6s26p65f76d07s27p0, where [Rn]
is ra don elec tronic con fig u ra tion and the other elec -
tronic shells are va lence and can par tic i pate in the in -
ter atomic bind ing with ox y gen at oms (O 2s22p4). The
to tal den si ties of oc cu pied states ob tained for the cen -
tral Am1 and O1 at oms in the two clus ters are shown in 
fig. 7. A com par i son of the DOS in fig. 7 shows that the 

widths of en ergy bands no tice ably in crease on go ing
from small AmO8 frag ment to a large Am63O216 clus -
ter (we have broad ened each MO level with a
Lorentzian func tion of con stant small width 0.01 eV)
for all MO. The ob tained data show that the grav ity
cen ters of the main bands in both frag ments are close
to each other. More over, the anal y sis of the co va lent
mix ing of the Am 6p1/2, 6p3/2  with the O 2s orbitals and 
the Am 5f5/2, 5f7/2, 6d3/2, 6d5/2, 7s, 7p1/2, and 7p3/2 with
the O 2p AO shows that the pri mary fea tures of hy brid -
iza tion be tween metal and ox y gen states are also sim i -
lar in both clus ters. Since the 279-atomic frag ment in
the en ergy re gion un der in ves ti ga tion (0-~ 35 eV) con -
tains 2357 orbitals, for il lus tra tion of gen eral struc ture
of the pri mary mo lec u lar states, we use the re sults of
the RDV cal cu la tions for the small AmO8 clus ter,
which mod els only the near est en vi ron ment of Am in
AmO2. The char ac ter is tics of all va cant and oc cu pied
MO in the en ergy re gion from +10 to –50 eV ob tained
for this clus ter are given in tab. 2.

Since the RDV method is based on the MO ex -
pres sion as lin ear com bi na tion of AO (LCAO), this
ap proach al lows one to use both atomic and mo lec u lar
terms for the chem i cal bond de scrip tion. 

In deed, the chem i cal bond for ma tion and the Am 
and O atomic shells over lap ping, re sult in the OVMO
and IVMO for ma tion. These OVMO and IVMO be -
side the Am 6s,6p,5f,6d,7s, and O 2s,2p AO in clude
also the filled Am 7p states, which are ab sent in atomic
am er i cium. Un like the non-rel a tiv is tic cal cu la tion for
AmO2 [26], whose re sults showed a sig nif i cant par tic -
i pa tion of the Am 6s AO in the MO for ma tion, the rel a -
tiv is tic cal cu la tion yielded the re sults show ing that the
Am 6s AO prac ti cally do not par tic i pate in the MO for -
ma tion (tab. 2). The Am 7s and Am 7p AO take a sig -
nif i cant part in the MO for ma tion. While the Am 5f
AO par tic i pate mainly in the OVMO for ma tion, the
Am 6p,6d AO par tic i pate in both the OVMO and the
IVMO for ma tion. The larg est Am 6p3/2-O 2s AO mix -
ing of the neigh bor ing am er i cium and ox y gen was ob -
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Fig ure 6. Va lence band XPS from AmO2: (a) – spec trum
with the sec ond arily scat tered elec trons back ground.
The dashed lines show the di vi sion of the spec trum into
sep a rate com po nents, ver ti cal bars show the cal cu lated
(RDV) spec trum; (b) – spec trum with sub tracted back -
ground. The dashed lines show the di vi sion of the spec -
trum into sep a rate com po nents, ver ti cal bars show the
cor rect ex pected spec trum

Fig ure 7. To tal DOS for the cen tral part of Am63O216 and
AmO8 clus ters ob tained in RDV cal cu la tions
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Ta ble 2. MO com po si tions and en er gies E0 
(a) [eV] for the AmO8 clus ter (RDV) and photoionization cross-sec tions si 

(b)

MO –E0

[eV]

MO composition

Am O

6s
si 

(a) 1.18
6p1/2

0.88
6p3/2

1.33
6d3/2

0.64
6d5/2

0.57
7s

0.11
5f5/2

4.72
5f7/2

4.38
7p1/2

0.05
7p3/2

0.06
2s

0.96
2p1/2

0.07
2p3/2

0.07

                                                           
O

M
V

O

22g7
+ –9.57 0.85 0.05 0.08 0.02

25g6
+ –9.36 0.45 0.39 0.05 0.01 0.10

21g7
+ –9.35 0.45 0.39 0.05 0.02 0.09

24g6
+ –7.10 0.89 0.06 0.02 0.03

28g6
– –6.11 0.01 0.91 0.04 0.02 0.02

20g7
+ –6.08 0.39 0.47 0.04 0.10

23g6
+ –6.07 0.39 0.47 0.04 0.10

27g6
– –4.63 0.01 0.92 0.03 0.04

24g7
– –4.56 0.92 0.02 0.06

23g7
– –1.72 0.06 0.73 0.01 0.10 0.10

26  g6
– –1.08 0.89 0.10 0.01

22  g7
– –1.05 0.89 0.02 0.09

25  g6
– –1.04 0.01 0.89 0.02 0.08

21g7
– (c) 0.00 0.72 0.13 0.02 0.13

24g6
– 0.13 0.79 0.02 0.01 0.18

20g7
– 0.14 0.01 0.79 0.01 0.01 0.01 0.17

23g6
– 1.95 0.32 0.68

19g7
– 1.95 0.32 0.68

22g6
+ 2.16 0.16 0.84

19g7
+ 2.17 0.14 0.86

21g6
+ 2.18 0.66 0.34

22g6
– 2.37 0.04 0.13 0.03 0.17 0.63

18g7
– 2.37 0.04 0.13 0.03 0.31 0.49

18g7
+ 2.43 0.04 0.96

17g7
+ 2.46 0.50 0.50

20g6
+ 2.47 0.50 0.50

21g6
– 2.75 0.10 0.01 0.79 0.09

17g7
– 3.06 0.14 0.11 0.28 0.47

16g7
– 3.12 0.01 0.03 0.01 0.05 0.19 0.71

20g6
– 3.12 0.03 0.01 0.05 0.09 0.82

19g6
– 3.43 0.04 0.01 0.30 0.65

16g7
+ 3.86 0.01 0.09 0.01 0.55 0.34

19g6
+ 3.90 0.06 0.04 0.01 0.02 0.88

15g7
+ 3.89 0.05 0.04 0.01 0.35 0.55

18g6
+ 3.97 0.04 0.01 0.33 0.62

15g7
– 3.99 0.05 0.05 0.17 0.73

18g6
– 3.99 0.04 0.05 0.16 0.75

14g7
– 4.01 0.07 0.03 0.55 0.35

14g7
+ 4.64 0.06 0.08 0.28 0.58

17g6
+ 4.65 0.06 0.08 0.28 0.58

                          
O

M
VI

17g6
– 14.83 0.58 0.02 0.35 0.01 0.03

13g7
– 14.83 0.59 0.02 0.35 0.01 0.03

12g7
– 16.93 0.01 0.01 0.98

16g6
– 17.34 0.02 0.04 0.94

13g7
+ 17.35 0.06 0.94

12g7
+ 17.35 0.04 0.02 0.94

16g6
+ 17.35 0.04 0.02 0.94

15g6
+ 17.93 0.07 0.93

15g6
– 18.82 0.36 0.62 0.01

11g7
– 18.82 0.36 0.61 0.01

14g6
– 27.60 0.98 0.02

14g6
+ 47.63 1.00

(a) En er gies shifted up ward by 13.67 eV;  (b) photoionization cross-sec tion si (kilobarn per elec tron) [68, 70]; (c) high est filled MO
...(1 elec tron), oc cu pa tion num ber for all the orbitals 2



served for the 17g6
– ,13g7

– (5) and 15g6
– ,11g7

– (8)
IVMO (tab. 2). The Am 6p1/2 and the O 2s AO mix ing
of the neigh bor ing am er i cium and ox y gen for the
16g6

– (6) and 14g6
– (9) IVMO is sig nif i cantly less than

for the cor re spond ing orbitals in ThO2 [69] and UO2

[70]. This can be ex plained by the in crease in the
spin-or bit split ting en ergy DEsl(An 6p) and the An
6p1/2 BE rel a tive to the O 2s BE as the atomic num ber Z
grows in the ac ti nide row. These re sults al low one to
un der stand the va lence elec trons XPS spec tral struc -
ture of AmO2.

Va lence XPS struc ture of AmO2

The  XPS  from  AmO2  in  the BE range 0-~35 eV 
can be con di tion ally sub di vided into two ranges, fig.
6(a). The first range 0-~15 eV ex hib its the OVMO-re -
lated struc ture. These OVMO are formed mostly from
the Am 5f, 6d, 7s, 7p, and the O 2p AO  of  the  neigh -
bor ing  at oms.  The  sec ond  range ~15 eV-~35 eV ex -
hib its the IVMO-re lated struc ture. These IVMO ap -
pear mostly due to the strong in ter ac tion of the
com pletely filled Am 6p and O 2s AO. The OVMO
XPS struc ture has its typ i cal fea tures and can be sub di -
vided into four com po nents (1- 4). The re sults of the
OVMO XPS di vi sion into the three com po nents at 2.2, 
4.0, and 5.8 eV (fig. 6, tab. 3) agree with the UV spec -
tros copy data for am er i cium di ox ide [22]. The UV
pho to elec tron spec trum of AmO2 also ex hib its the
three peaks around 2, 4, and 6 eV. How ever, the UV
and the XPS in ten si ties of these peaks dif fer sig nif i -
cantly since the O 2p and the Am 5f photoionization
cross-sec tions are com pa ra ble at He II (40.81 eV) ex -
ci ta tion, while at the AlKa (1486.6 eV) ex ci ta tion the
Am 5f photoionization cross-sec tion is more than 50
times higher than the O 2p one (tab. 2, [71]). The
growth of the peak at 2 eV in the UV pho to elec tron
spec trum of Am2O3 as the ex ci ta tion en ergy in creases
on go ing from He I (21.22 eV) to He II (40.81 eV) con -
firms that this peak be longs to the Am 5f elec trons [8].

The IVMO range ex hib its ex plicit peaks and can
be sub di vided into five com po nents 5-9; fig. 6(a). De -
spite the for mal ism of such a di vi sion, it al lows qual i -
ta tive and quan ti ta tive com par i son of the XPS pa ram e -
ters with the rel a tiv is tic cal cu la tion re sults for the
AmO8 clus ter.

Re sults of these cal cu la tions are given in tab. 2.
Since photoemission re sults are given for an ex cited
state of an atom with a hole on a cer tain shell, the cal -
cu la tions must be done for tran si tion states for a
stricter com par i son of the the o ret i cal and ex per i men -
tal BE [72]. How ever, the va lence elec trons BE cal cu -
lated for tran si tion states are known [38-40] to dif fer
from the cor re spond ing val ues for the ground state by
a con stant shift to ward the higher en er gies. There fore,
the pres ent pa per gives the cal cu lated BE (tab. 2)
shifted by 2.17 eV (tab. 3). Tak ing into ac count the

MO com po si tions (tab. 2) and the photoionization
cross-sec tions [71, 73], the the o ret i cal in ten si ties of
sev eral XPS ranges were de ter mined (tab. 3). Com par -
ing the ex per i men tal XPS to the the o ret i cal data, one
should keep in mind that the XPS from am er i cium di -
ox ide re flects the band struc ture and con sists of bands
wid ened due to the solid-state ef fects. De spite this ap -
prox i ma tion, a sat is fac tory qual i ta tive agree ment be -
tween the the o ret i cal and the ex per i men tal data was
ob tained, fig. 6(a). The cor re spond ing the o ret i cal and
ex per i men tal FWHM and the rel a tive in ten si ties of the 
in ner and outer va lence bands are com pa ra ble tab. 3,
fig. 6(a). A sat is fac tory agree ment be tween the ex per i -
men tal and cal cu lated BE of some MO was also
reached (tab. 3). The worst dis crep ancy was ob served
for the mid dle IVMO XPS (12g7

+-15g6
–). As men -

tioned, the NR Xa-DVM [26] re sults al lowed only
qual i ta tive in ter pre ta tion of the low BE XPS of AmO2. 
The pres ent rel a tiv is tic cal cu la tions prac ti cally al low a 
quan ti ta tive iden ti fi ca tion of the va lence XPS struc -
ture of AmO2 in the whole BE range of 0 eV to ~35 eV,
tab. 3, fig. 6(b). The ex pected cor rect spec trum ob -
tained on the ba sis of the cal cu la tions and the ex per i -
men tal data are given in tab. 3 and drawn un der the
XPS as ver ti cal bars, fig. 6(b). These data prove the
RDV method to be ef fec tive and al low the quan ti ta tive
MO scheme for un der stand ing the na ture of in ter -
atomic bond ing in AmO2.

The outer va lence band in ten sity is formed
mostly  from  the  outer  va lence  Am 5f,6d,7s,7p, and
O 2p AO, and to a lesser ex tent from the in ner va lence
Am 6p and O 2s AO. The Am 5f elec trons con trib ute
sig nif i cantly to the OVMO in ten sity (tabs. 2, 3). Be -
cause the Am 5f photoemission cross-sec tion is high
(tab. 2), the Am 5f elec trons con trib ute sig nif i cantly to
the OVMO XPS in ten sity if they do not lose the f-na -
ture. Thus, the Am 5f elec trons can be pro moted to e. g. 
the Am 6d level first, and then to par tic i pate in the
chem i cal bond for ma tion. They also can par tic i pate di -
rectly in the for ma tion of the in ter atomic bond with out
los ing the f-na ture. The elec tronic struc ture cal cu la -
tions for AmO2 showed that the Am 5f elec trons par -
tic i pate di rectly in the chem i cal bond for ma tion (tab.
2). In the ionic ap prox i ma tion for am er i cium elec -
tronic con fig u ra tion Am 6s26p65f76d07s2 in AmO2 the
cal cu lated OVMO/IVMO in ten sity ra tio was found to
be 3.05 [40, 74], which is slightly higher than the cor -
re spond ing the o ret i cal value 2.77 and less than the ex -
per i men tal value 3.3 (see tab. 3). This dif fer ence can
be par tially  ex plained by the mea sure ment er ror of
±10 %. This in ten sity ra tio is an im por tant quan ti ta tive
char ac ter is tic of the AmO2 elec tronic struc ture. These
re sults yield a con clu sion that the Am 5f elec trons can
par tic i pate di rectly in the chem i cal bond for ma tion in
AmO2 and they can par tially lose the f-na ture. These
elec tronic states are lo cated closer to the mid dle and
the top of the outer va lence band (tab. 2); the Am 6d
elec tronic states are lo cated mostly at the bot tom of the 
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outer va lence band. This agrees with the the o ret i cal
and the ex per i men tal data for ThO2 [45], UO2 [46],
NpO2 [43], and PuO2 [42].

The peak at 8.8 eV in the OVMO XPS of AmO2

(fig. 6) ac cord ing to [19] was at trib uted to the
multiplet split ting of the Am 5f5 Am(IV) spec trum.
How ever, the sim i lar peaks were ob served in the XPS
from NpO2 [43] and PuO2 [42], whose cal cu lated

multiplet split ting re lated struc tures for Np(IV) and
Pu(IV) dif fer sig nif i cantly from that or Am(IV) [19]. 

Tak ing into ac count the quasi-atomic na ture of
the Am 5f5 elec trons in AmO2, one can ex pect
shake-up sat el lites at DEsat » 6.9 eV sim i lar to those in
e. g. the Am 4f XPS (fig. 2). In deed, the con sid ered
peak was ob served on the higher BE side 6.6 eV away
from the Am 5f peak at Eb(Am 5f) = 2.2, which agrees
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Ta ble 3. Va lence XPS pa ram e ters for AmO2 and AmO8 clus ter (RDV), MO or bital forces fi and the Am 6p and Am 5f
elec tronic state den si ties  ri (e

–)

MO –E (a), [eV] fi, 10–8 N (b)

XPS
Am 6p, 5f elec tronic state den si ties ri, e

– (elec trons)
Energy (c) [eV]          In ten sity [%]

Ex per i men t The ory Ex per i ment 5f5/2 5f7/2 6p1/2 6p3/2

                                                           
O

M
V

O

21g7
–(d) 2.17  –0.05 2.2(1.8) 9.4 43.8 0.72 0.13

24g6
– 2.30  –0.11 18.5 1.78 0.04

20g7
– 2.31  –0.11 18.3 1.78 0.02 0.02

23g6
– 4.12  –0.02 0.1

19g7
– 4.12 –0.02 0.1 0.10 0.04

22g6
+ 4.33  –0.01 0.1 0.10 0.04

19g7
+ 4.34  –0.01 4.0(1.8) 0.1 16.0

21g6
+ 4.35  –0.01 0.1

22g6
– 4.54  –0.03 4.0 0.26 0.06 0.08

18g7
– 4.54  –0.03 3.5 0.26 0.06 0.08

18g7
+ 4.60 0.01 0.1

17g7
+ 4.63 0.01 0.1

 20g6
+ 4.64 0.01 0.1

21g6
– 4.92 0.02 2.2 0.02

17g7
– 5.23 0.02 5.6 0.28 0.22

16g7
– 5.29 0.03 1.1 0.06 0.02 0.02

20g6
– 5.29 0.02 1.0 0.06 0.02

19g6
– 5.60 0.01 0.1

16g7
+ 6.03 0.04 5.8(1.9) 0.4 7.7

19g6
+ 6.07 0.04 0.4

15g 7
+ 6.06 0.04 0.4

18g6
+ 6.14 0.02 0.1

15g7
+ 6.66  0.05 2.3 0.10 0.10

18g6
– 6.16  0.05 2.1 0.08 0.10

14g7
– 6.18  0.05 2.3 0.14 0.06

14g 7
+ 6.81 0.07 0.5

17g6
+ 6.82  0.07 0.5

Sat 8.8(3.3) 9.4

Sfi
 (e) 0.16 [80 %] 73.5 76.9 5.12 1.03 0.20

O
M

VI

17g6
– 17.00 –0.11 17.3(2.7) 4.2 9.2 1.16

13g7
– 17.00 –0.11 4.2 1.18

12g7
– 19.10 0.01 1.6 0.02 0.02

16g6
– 19.51 0.01 19.4(2.4) 1.2 2.4 0.04

13g7
+ 19.52 0.03 1.3

12g7
+ 19.52 0.03 21.7(3.2) 1.3 5.8

16g6
+ 19.52 0.03 1.3

15g6
+ 20.10 0.05 1.1

15g6
– 20.99 0.08 24.1(3.0) 3.1 2.8 0.72

11g7
– 20.99 0.08 3.0 0.72

14g6
– 29.77 –0.06 30.8(1.9) 4.2 2.9 1.96

Sfi
 (e) 0.04 [20 %] 26.5 23.1 0.02 0.02 2.00 3.78

14g6
+ 49.70 ~49.8(6.0) ~5.4

(a) En er gies shifted to ward the high est val ues (down ward) by 2.17 eV; (b) or bital forces fi (10–8 N) cal cu lated for the Am bound with one
ligand (O); (c) FWHM, eV given in pa ren the ses; (d) highest oc cu pied MO (1 elec tron), oc cu pa tion num ber for the other MO is 2;
(e) to tal val ues of or bital forces fi, peak in ten si ties and the Am 6p, 5f DOS



ap prox i mately with DEsat(Am 4f) = 6.9 eV. The in ten -
sity of this sat el lite re gard ing to the Am 5f peak in ten -
sity is Isat = 18 % (tab. 2). This value agrees with the
fact that the shake-up sat el lite in ten sity de creases as
the BE de creases [39, 42].

In the IVMO XPS BE range a sat is fac tory agree -
ment was reached e. g. for the 17g6

–, 13g7
– (5), and

14g6
– (9) MO re spon si ble for the width DE of this XPS

band. The cal cu lated DETheor = 12.77 eV agrees with
the ex per i men tal DEexp = 13.5 eV (tab. 2). It has to be
noted that the the o ret i cal (2.73) and ex per i men tal (3.3) 
OVMO/IVMO in ten sity ra tios are com pa ra ble; that

con firms cor rect ness of the ap prox i ma tions used in the 
cal cu la tion (tab. 2). The cal cu lated and the ex per i men -
tal rel a tive in ten si ties of some in di vid ual IVMO
peaks, ex cept for the 17g6

–, 13g7
– (5) ones, are in a

qual i ta tive agree ment. The worst dis crep ancy was ob -
served for the 15g6

–, 11g7
– (8), and 14g6

– IVMO.
Tak ing into ac count the ex per i men tal BE dif fer -

ences be tween the outer MO and the core lev els in
AmO2 and atomic Am [59], as well as the rel a tiv is tic
cal cu la tion data for the AmO8 clus ter in the MO LCAO
ap prox i ma tion, a quan ti ta tive MO scheme for AmO2

(fig. 8), was built. This scheme en ables one to un der -
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Fig ure 8. MO scheme for the AmO8 clus ter built tak ing into ac count the o ret i cal and ex per i men tal data. Chem i cal shifts
are not in di cated. Ar rows show the mea sured dif fer ences in BE be tween se lected lev els. Ex per i men tal BE [eV] are given to 
the left. The en ergy scale is omit ted



stand the real XPS struc ture and the chem i cal bond na -
ture in AmO2. In this ap prox i ma tion, one can pick out
the antibonding 17g6

–, 13g7
– (5), and 16g6

– (6) and the
cor re spond ing bond ing 15g6

–, 11g7 (8), and 14g6
– (9)

IVMO, as well as the quasi-atomic 12g7
–, 13g7

+, 12g7
+,

16g6
+, and 15g6

+ (7) ones at trib uted mostly to the O 2s
elec trons. The ex per i men tal data show that the O 2s-re -
lated quasi-atomic  IVMO BE have to be close by mag -
ni tude. In deed, the O 1s XPS of AmO2 al lows a sug ges -
tion that their chem i cal non-equiv a lence  should  not 
ex ceed ~1 eV, since the O 1s peak was ob served sym -
met ric and 1.3  eV  wide.  The O 2s BE has to be about
21 eV, since the DEO = 508 eV and the O 1s BE in AmO2

is Eb = 529.0 eV (fig. 1). The the o ret i cal re sults agree
par tially with these data. Tak ing into ac count that the
cal cu lated BE dif fer ence be tween Eb(Am 4f7/2) =
=.450.84 eV and Eb(Am 6p3/2) = =.23.29 eV is DET

Am=
=.427.6 eV [59], which agrees with the cor re spond ing
ex per i men tal BE dif fer ence be tween the Am 6p3/2 peak
at 18.4 eV and the low BE line at 446.4 eV in the Am
4f7/2 spec trum  of  me tal lic  Am  be ing  428.0  eV  [7], 
DE1  =  430.9 eV, one can find that D1 = 3.3 eV (fig. 8). It
con firms the antibonding na ture of the 17g6

–, 13g7
– (5)

IVMO. Since the BE dif fer ence be tween the 17g6
–,

13g7
– (5), and 14g6

– (9) IVMO is 13.5 eV, and the Am 6p 
spin-or bit split ting ac cord ing to the cal cu la tion data of
[59] is DET

sl(Am 6p) = 12.55 eV, one can see that the
per tur ba tion D1 ~1.0 eV does not agree with the cor re -
spond ing value of 3.3 eV found from the BE dif fer ence
be tween the core and the va lence MO. This dif fer ence
must be at trib uted to the IVMO for ma tion and such a
com par i son is prob a bly not quite cor rect. The IVMO
FWHM can not yield a con clu sion on the IVMO na ture
(bond ing or antibonding), how ever, one can sug gest
that the ad mix ture of 4 % of the O 2p and 2 % of the Am
7p AO in the 17g6

–, 13g7
– (5) IVMO leads these orbitals

to loosing of their antibonding na ture (tab. 2, fig. 8, see
also [38]). Thus, the quan ti ta tive MO scheme for AmO2

built on the ba sis of the ex per i men tal and the the o ret i cal
data al lows one both to un der stand the na ture of chem i -
cal bond for ma tion in AmO2 and to in ter pret the struc -
tures of other X-ray spec tra of AmO2 as it was shown
for ThO2 [45], UO2 [46], NpO2 [43], and PuO2 [42]. 

O KLL Au ger spec trum struc ture of AmO2

The MO scheme for AmO2 (fig. 8) was used to
ex plain qual i ta tively the Au ger O KLL spec tral struc -
ture of AmO2. For ex am ple, the O KLL Au ger spec -
trum of Al2O3 is known to con sist of three strong but
un struc tured ~9 eV wide peaks re flect ing the O
KL2-3L2-3 (O 1s ¬ O2p), the O KL1L2-3 (O1s ¬ O2s,
2p) and the O KL1L1 (O1s ¬ O2s) tran si tions [75].
The rel a tive in ten si ties of these Au ger O KLL peaks
are given as the Au ger O KLL to the O 1s XPS in ten -
sity ra tios. These rel a tive in ten si ties are im por tant fun -
da men tal val ues. They al low a quan ti ta tive com par i -

son of, for ex am ple, the O 2p par tial DOS on ox y gen
ions in var i ous ox ides [75].

The Au ger spec trum of AmO2 con sists of three
bands (fig. 9). Un for tu nately, at the higher BE side
these bands ex hibit shoul ders due to the im pu rity ox y -
gen on the sam ple sur face. De spite this, a qual i ta tive
in ter pre ta tion of this spec trum is pos si ble. For ex am -
ple, the Au ger O KL2-3L2-3 (O1s ¬ O2p) (G = 5.4 eV)
spec trum at  972.9  eV BE of AmO2 re flects the filled
O 2p DOS in AmO2 (fig. 9). The O KL2-3L2-3 FWHM
is com pa ra ble with the FWHM sum of the XPS O 1s
elec tron peak (G =1.3 eV, fig. 1) and the O 2p DOS
(peaks 2 and 3) in AmO2 (G~3.7 eV, fig. 8, tab. 3). The
O KL1L2-3  (O 1s  ¬ O 2s, 2p)  peak  re flects  both  the
O 2p, and the O 2s DOS. This peak is com pli cated
(con sists of three lines) and hardly in ter pret able. The
O KL1L1 (O 1s ¬ O 2s) peak re flect ing mostly the
DOS of the O 2s elec trons par tic i pat ing in the for ma -
tion in AmO2 is highly struc tured. The FWHM of this
peak G ~13 eV is com pa ra ble to that of the IVMO in
the XPS spec trum. It con firms the par tic i pa tion of the
O 2s elec trons in the IVMO for ma tion (figs. 6, 8).
These re sults agree with the O KLL Au ger data for
ThO2 [45] UO2 [46] NpO2 [43], and PuO2 [42]. 

Chem i cal bond in the AmO8 clus ter

As it was noted, the cal cu la tion data show that
the MO sys tem of the AmO8 clus ter can be sub di vided
into three groups (tab. 2, fig. 8). The first one rep re -
sents the outer va lence band, OVMO: 21g7

– to 17g6
+

(1-3), with the bond ing MO and the ad mix ture of the
va lence Am 6d states in the lower part. The sec ond one 
con sists of the IVMO formed mostly from the Am 6p
and the O 2s AO of the neigh bor ing am er i cium and ox -
y gen 17g6

– , 13g7
– (5), 16g6

– (6), 15g6
–, 11g7

– (8), 14g6
–

(9). The third one rep re sents the quasi-atomic  IVMO
(12g7

–, 13g7
+, 12g7

+, 16g6
+, 15g6

+ (7), 14g6
+) with small 

ad mix tures of the outer am er i cium AO (tab. 2). 
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Fig ure 9. Au ger O KLL spec trum from AmO2



At the pres ent time there is no method to eval u ate 
quan ti ta tive con tri bu tion of cer tain sep a rate MO into
the chem i cal bond even for di atomic mol e cules [38].
Such a method has to be ad di tive, i. e., the sum ma tion
of con tri bu tions of sep a rate MO with elec tron pop u la -
tions in mind, has to yield the to tal chem i cal bond
value. The work [38] con sid ers three meth ods of eval -
u a tion of the MO na ture (bond ing, non-bond ing,
antibonding) on the ba sis of: (a) pop u la tion by
Mulliken, (b) full en ergy sep a ra tion with sub trac tion
of res o nance en ergy char ac ter iz ing the co va lence of
the chem i cal bond, and (c) or bital forces.

In the Koopmans' the o rem ap prox i ma tion, the
or bital forces fi (10–8 N) ap prox i mately are equal to the 
de riv a tives of the MO en er gies Ei' (10–8 N) upon the
in ter atomic dis tances [38]. There fore, this work pres -
ents the de pend ence of the MO en er gies for the AmO8

(D4h) clus ter on the in ter atomic dis tance RAm-O. To
eval u ate the or bital forces in ad di tion to the cal cu la tion 
for the equi lib rium atomic po si tions (RAm-O = 0.2329
nm), a cal cu la tion for RAm-O = 0.2349 nm was also
done. It yielded the or bital forces fi (de riv a tives Ei' of
the OVMO and IVMO en er gies Ei upon the in ter -
atomic dis tances RAm-O for the AmO8 clus ter) (tab. 3). 

The struc tures of ir re duc ible rep re sen ta tions of
the D4h group al lows com par i sons of the Pu 6d and the
Pu 5f AO par tic i pa tion in the chem i cal bond since the
g6

+ and the g7
+  con tain the 6d states and do not con tain

the 5f states, while the g6
– and the g7

– – vice versa, con -
tain the 5f states and do not con tain the 6d states. The
frac tion of the 6d AO in the bond ing OVMO from
17g6

+ to 21g6
– in the lower MO part is 0.57, while the

frac tion of the 5f AO – 0.72 (tab. 2). De spite the fact
that the frac tion of the 5f AO is greater than the cor re -
spond ing frac tion of the 6d AO, their con tri bu tions are
com pa ra ble. Thus, the 14g6

+ and the 17g6
+ MO ex hibit

the high est or bital force (0.07 10–8 N) among the con -
sid ered bond ing OVMO. So, the bind ing role of the 6d
states in the Am – O in ter ac tion is slightly higher than
that of the 5f states.

As it was ex pected, the bind ing OVMO of the
lower va lence band part (from the 17g6

+ to the 18g7
+)

con trib ute sig nif i cantly (0.56 10–8 N) in the Am-O
bind ing de spite the anti-bond ing na ture of the other
OVMO (–0.40×10–8 N). It has to be noted that the
so-called “quasi-atomic” Am5f elec trons (4.47e–) in
re al ity are lo cal ized on the anti-bond ing 21g6

–, 21g6
–,

17g6+ IVMO and weaken sig nif i cantly the bind ing
(–0.27×10–8 N). It is about 40 % of all the anti-bond ing
na ture of the va lence elec trons. The to tal con tri bu tion
of the OVMO elec trons in the Am – O bind ing per one
ligand is 0.16×10–8 N (tab. 2).

The 17g6
– and 13g7 IVMO elec trons bring a sig -

nif i cant anti-bond ing con tri bu tion (–0.22×10–8 N) in
the Am – O bind ing, and the 15g6

– and 11g7
– IVMO

elec trons bring some lower bond ing con tri bu tion into
(0.16×10–8 N) in the bind ing per a ligand (tab. 3, fig. 8).
As a re sult, elec trons of these anti-bond ing (17g6

–,

13g7
–) and cor re spond ing bond ing (15g6

–, 11g7)
IVMO weaken the Am-O bond. On the other hand,
elec trons of the quasi-atomic 12g7

– –15g6
+ IVMO con -

trib uted from the outer va lence AO bring a sig nif i cant
bond ing con tri bu tion (0.16×10–8 N) in the Am-O in ter -
ac tion.

The MO scheme (fig. 8) shows that for mally the
14g6

– IVMO is sup posed to be slightly bond ing. How -
ever, the cal cu la tion shows that this MO is anti-bond ing
(–0.06 ×10–8 N).  Since  the  14g6

– IVMO con tains 98 %
of the Am 6p1/2 and only 2 % of the O 2s AO, by its na -
ture it is close to the atomic Am 6p1/2 AO, which can be
to a lesser ex tent screened from the ef fec tive nu clear
chang ing as the in ter atomic dis tance grows. This re sults 
in a sig nif i cant in crease of the 14g6

– IVMO en ergy due
to the chem i cal shift, which does not de pend on the di -
rect par tic i pa tion of the Am 6p1/2 in the chem i cal bond
(tab. 3). Since the Am 6s AO prac ti cally does not par tic -
i pate in the IVMO for ma tion (tab. 2), it was not taken
into ac count. As a re sult it was found that the IVMO
elec trons cal cu lated for the bind ing with one ligand
Am-O strengthen the chem i cal bond (0.04×10–8 N). 

The eval u a tion per one ligand of the Am-O bind -
ing yielded that the to tal con tri bu tion of the OVMO
and IVMO elec trons is 0.20×10–8 N, the OVMO rel a -
tive con tri bu tion is 80 %, and the IVMO rel a tive con -
tri bu tion is 20 %. The ob tained or bital forces fi are in a
good agree ment with the cal cu la tion re sults for the di -
atomic mol e cules of the sec ond pe riod of the pe ri odic
ta ble tak ing into ac count a sig nif i cant dif fer ence in the
in ter atomic dis tances RAm-O = 0.2329 and e. g., RO-O =
0.1207 for O2 [38]. Al though the ob tained data are ap -
prox i mate, they al low a con clu sion that the IVMO for -
ma tion should not be ne glected when study ing the
chem i cal bond na ture in ac ti nide com pounds.

CON CLU SIONS

The XPS struc ture of AmO2 was stud ied in the
bind ing en ergy range 0 eV-1250 eV. The cor re la tion of 
the XPS struc ture pa ram e ters with the mech a nisms of
its for ma tion were es tab lished. With the BE dif fer -
ences be tween the core and va lence elec tronic lev els
and the rel a tiv is tic cal cu la tion re sults of the elec tronic
struc ture of the AmO8 clus ter in mind, a quan ti ta tive
in ter pre ta tion of the XPS struc ture of the OVMO (0 eV 
to ~15 eV BE) and the IVMO (~15 eV to ~35 eV BE)
for am er i cium di ox ide AmO2 was done. The Am 5f
(1.72 Am 5f e–) elec trons delocalized within the outer
va lence band were the o ret i cally shown and ex per i -
men tally con firmed to par tic i pate di rectly in the chem -
i cal bond for ma tion in AmO2, par tially los ing their
f-na ture. The other part of the Am 5f elec trons (4.47
Am 5f e–) was shown to be lo cal ized mostly at 2.2 eV.
The Am 6p elec trons, in ad di tion to the ef fec tive (ex -
per i men tally mea sur able) par tic i pa tion in the IVMO
for ma tion, were found to con trib ute no tice ably (~0.2
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Am 6p e–) in the oc cu pied part of the OVMO in AmO2. 
The re sults of our in ves ti ga tion showed that the larg est 
role in the IVMO for ma tion in AmO2 was played by
the Am 6p3/2 and the O 2s AO of the neigh bor ing nep -
tu nium and ox y gen ions. On mov ing from ThO2 to
UO2, NpO2, PuO2, and AmO2 one can ob serve the An
5f DOS growth in the va lence band and the An 5f BE
growth start ing with UO2. A small (~1 eV) change in
the An 6p3/2 BE con firms the va lence na ture of the An
6p3/2 elec trons. The An 6p3/2 – O 2s in ter ac tion in this
row is sig nif i cant. The in crease of the spin-or bit in ter -
ac tion in the con sid ered row causes the An 6p1/2 BE
change of ~5.9 eV. It weak ens sig nif i cantly the An
6p1/2 – O 2s-in ter ac tion. Con tri bu tions of dif fer ent
MO elec trons to the chem i cal bond in the AmO8 clus -
ter were eval u ated. The MO se quent or der in the BE
range of 0-~35 eV for AmO2 was de fined and the cor -
re spond ing MO com po si tion was ob tained in the clus -
ter cal cu la tions. This yielded a fun da men tal quan ti ta -
tive MO scheme, which is im por tant for un der stand ing 
the na ture of in ter atomic bond ing in AmO2 and for the
in ter pre ta tion of other X-ray spec tra of AmO2. The
gen eral laws of the va lence elec tronic struc ture
changes on mov ing from ThO2 to UO2, NpO2, PuO2,
and AmO2 were found.
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STRUKTURA  RENDGENSKIH  FOTOELEKTRONSKIH  SPEKTARA
I  HEMIJSKE  VEZE  U  AMERICIJUMDIOKSIDU

Obavqena je kvantitativna analiza strukture rendgenskih fotoelektronskih spektara
u oblasti energija veze od 0 eV do ~35 eV valentnih elektrona americijumdioksida. Pri tome su
ura~unate energije veze i strukture elektronskih quski jezgra (~35 eV-1250 eV), kao i rezultati
relativisti~kih diskretnih varijacionih prora~una Am63O216 i AmO8 (D4h) klastera koji
odra`avaju blisku okolinu americijuma u americijumdioksidu. Eksperimentalni podaci pokazuju
da efekti vi{e tela i vi{estrukog cepawa doprinose spektralnoj strukturi mnogo mawe od
efekata sastava spoqa{wih (energija veze 0-~15 eV) i unutra{wih (energija veze ~15 eV-~35 eV)
valentnih molekulskih orbitala. Pokazano je da se u valentnoj zoni americijumdioksida
formiraju uneta Am 5f elektronska stawa i da Am 5f elektroni u~estvuju u sastavu i unutra{wih i
spoqa{wih valentnih molekulskih orbitala (zona). Na|eno je da unete Am 6p3/2 i O 2s elektronske
quske daju najve}i doprinos obrazovawu unutra{wih valentnih molekulskih orbitala.
Proceweni su doprinosi elektrona iz razli~itih molekulskih orbitala hemijskoj vezi klastera
AmO8. U americijumdioksidu ustanovqena je kompozicija i sekvencijalni poredak molekulskih
orbitala u oblasti energija veza 0-~35 eV. Eksperimentalni i teorijski rezultati omogu}avaju
kvantitativni pregled molekulskih orbitala americijumdioksida, {to je bitno i za razumevawe
prirode hemijskih veza u americijumdioksidu i za tuma~ewe drugih spektara X-zra~ewa u wemu.

Kqu~ne re~i: aktinid, X-zra~ewe, fotoelektronski spektar, valentna molekulska orbita


