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Quan ti ta tive anal y sis was done of the va lence elec trons X-ray pho to elec tron spec tra struc ture in the
bind ing en ergy (BE) range of 0 eV to ~35 eV for crys tal line dicaesium tetrachloro-dioxouranium
(VI) (Cs2UO2Cl4). This com pound con tains the ura nyl group UO2

2+. The BE 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 UO2Cl42– (D4h) clus ter re flect ing U close en vi ron ment in Cs2UO2Cl4 were taken into
ac count. The ex per i men tal data show that many-body ef fects due to the pres ence of ce sium and
chlo rine con trib ute to the outer va lence (0-~15 eV BE) spec tral struc ture much less than to the in -
ner va lence (~15 eV-~35 eV BE) one. The filled U5f elec tronic states were the o ret i cally cal cu lated
and ex per i men tally con firmed to be pres ent in the va lence band of Cs2UO2Cl4. It cor rob o rates the
sug ges tion on the di rect par tic i pa tion of the U5f elec trons in the chem i cal bond. Elec trons of the
U6p atomic orbitals par tic i pate in for ma tion of both the in ner (IVMO) and the outer (OVMO) va -
lence mo lec u lar orbitals (bands). The filled U6p and the O2s, Cl3s elec tronic shells were found to
make the larg est con tri bu tions to the IVMO for ma tion. The mo lec u lar orbitals com po si tion and
the se quence or der in the bind ing en ergy range 0 eV-~35 eV in the UO2Cl42- clus ter were es tab -
lished. The ex per i men tal and the o ret i cal data al lowed a quan ti ta tive mo lec u lar orbitals scheme for
the UO2Cl42- clus ter in the BE range 0-~35 eV, which is fun da men tal for both un der stand ing the
chem i cal bond na ture in Cs2UO2Cl4 and the in ter pre ta tion of other X-ray spec tra of Cs2UO2Cl4.
The con tri bu tions to the chem i cal bind ing for the UO2Cl42- clus ter were eval u ated to be: the
OVMO con tri bu tion – 76%, and the IVMO con tri bu tion – 24 %.
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INTRODUCTION

Ura nium com pounds are im por tant in atomic in -
dus try all the way from nu clear fuel pro duc tion to ra dio -
ac tive waste man age ment and dis posal, as well as so lu -
tion of eco log i cal prob lems of en vi ron ment reha-
bilitation. There fore, elec tronic struc ture and chem i cal
bond na ture in ura nium, in par tic u lar ura nyl, com -
pounds, is a topic of a great in ter est [1-5]. The XPS
method is used in stud ies of ura nyl com pounds also [6].
These com pounds con tain an al most lin ear group
UO2

2+ [6]. The va lence XPS of U(IV) com pounds ex -
hibit a sharp peak at trib uted to the quasi atomic U5f
elec trons around zero bind ing en ergy (BE) [7-9]. This
peak is ab sent in the XPS of U(VI) com pounds [1-3]. In
the U6p3/2 BE range the XPS of ura nyl com pounds in -

stead of a sharp sin gle peak ex hibit the two ex plicit, sev -
eral eV dis tant from each other, peaks [1-4]. Peaks in the 
va lence band are sev eral eV wide, which is some times
wider than the cor re spond ing core elec tron peaks [5, 6].
For ex am ple, the O1s peak (Eb = 531.6 eV) full width at
half max i mum (FWHM) (G, eV) for Cs2UO2Cl4 is G =
=.1.6 eV, while the cor re spond ing O2s (Eb~24.5 eV)
peak is ~4 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 – the hole life-time, and h – the 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
Cs2UO2Cl4 [5] and UO2X2 (X = Br, Cl, F) [4] it is vice
versa. It shows that the peaks ob served in the 0 - ~ 35 eV 
BE range are not purely atomic. This fact stim u lated ex -
per i men tal and the o ret i cal stud ies of the low BE XPS
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struc ture in com pounds of actinides [6], lanthanides
[10] and other el e ments [5]. One of the rea sons for such
an XPS struc ture for ma tion was es tab lished to be the
outer (OVMO; 0-~15 eV BE) and the in ner (IVMO;
~15-~35 eV BE) va lence mo lec u lar orbitals for ma tion,
with sig nif i cant par tic i pa tion of the An6p and the O2s
filled atomic shells [5, 6]. Prac ti cally, these spec tra re -
flect the va lence band (0 eV-~35 eV BE) struc ture. They 
are ob served as bands sev eral eV wide. These data
agree qual i ta tively and some quan ti ta tively, with the o -
ret i cal non-rel a tiv is tic [3, 4] and rel a tiv is tic [11-14] cal -
cu la tion re sults.

A spe cial at ten tion has been paid to the study of
the ura nyl group, whose elec tronic struc ture was con -
sid ered in the non-rel a tiv is tic ap prox i ma tion in
[15-17]. Po si tion of Cs+ ions re gard ing to the ura nyl
group con tain ing clus ters for some of the U(VI) com -
pounds and the cor re la tion of the U4f – O1s BE dif fer -
ence with the RU-O in ter atomic dis tance, are given in
[18]. The par tic i pa tion of the U6p and the O2s elec -
trons in the U-O bind ing in ura nyl group was con sid -
ered in [19-22]. De spite the fact that cor re la tion of the
OVMO- and IVMO- re lated struc ture pa ram e ters with 
phys i cal and chem i cal prop er ties of ura nium com -
pounds have been thoroughly stud ied, the role of the
U6p elec trons in the chem i cal bond is still not clear. 

The XPS study of ox i da tion states and chem i cal
bond na ture in com pounds [5], in clud ing those of
lanthanides [10] and actinides [6], be side peak in ten si -
ties (Io) and chem i cal shifts (DEb), em ploys BE dif fer -
ences be 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 the OVMO and IVMO for ma tion, 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. [5, 6, 10]. 

Sev eral mech a nisms of the struc ture for ma tion,
ex hib ited si mul ta neously with sim i lar prob a bil ity, do
not al low a cor rect in ter pre ta tion of the XPS spec tra. If 
one of the struc ture for ma tion mech a nisms pre vails,
pa ram e ters of such a struc ture cor re late quan ti ta tively
with phys i cal and chem i cal prop er ties of the stud ied
com pound. 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 An(N) ions; den sity of the
un cou pled An5f 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 lec u lar orbitals (MO);
lo cal en vi ron ment struc ture, etc. [7-9, 14, 23-26]. 

The 0-~35 eV BE XPS range is es pe cially im -
por tant since it re flects the MO struc ture and with the
photoionization cross-sec tions in mind, re flects the to -
tal va lence den sity of oc cu pied states. How ever, this
BE range XPS in ter pre ta tion re quires un der stand ing
of how ef fec tive (ex per i men tally ob serv able) struc -

ture for ma tion mech a nisms man i fest. There fore, the
core (~35-1250 eV BE) XPS struc ture has to be stud -
ied in or der to eval u ate the con tri bu tions of cer tain
struc ture for ma tion mech a nism to the va lence band
XPS [5, 6, 10]. 

The quan ti ta tive in ter pre ta tion of the va lence
XPS struc ture of ura nyl com pounds, 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 g-UO3 [14, 27] and UO2F2 [26]. 

The pres ent work quan ti ta tively in ter preted the
va lence XPS struc ture of Cs2UO2Cl4 sin gle crys tal in
the BE range 0-~35 eV. In or der to un der stand the
chem i cal bond na ture and to eval u ate the con tri bu tions
of the OVMO and the IVMO elec trons to this bond, the
bind ing en er gies, core-va lence BE dif fer ences, core 
elec tron  spec tral  struc ture pa ram e ters (~35-1250 eV
BE), 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
UO2Cl4

2–(D4h) clus ter, re flect ing U close en vi ron ment
in Cs2UO2Cl4.

EXPERIMENTAL

Samples

Crys tal line dou ble ce sium ura nyl chlo ride
Cs2UO2Cl4 was pre pared the same way as in [28] by
add ing of the stoichiometric quan tity of ce sium chlo -
ride to ura nyl ac e tate solved in weak hy dro chlo ric
acid, fol lowed by re-crys tal li za tion. For the XPS
study, the ~7 ́  3 × 1 mm3 Cs2UO2Cl4 crys tal was glued 
with con duc tive glue to a me tal lic sub strate. Dur ing
the XPS mea sure ments, the sam ple sur face was
cleaned me chan i cally with a scraper. The CsCl sam ple
was pre pared as a tab let from finely dis persed pow der
pressed in In on Ti sub strate.

X-ray photoelectron measurements

XPS spec tra were mea sured with an elec tro static 
spec trom e ter HP 5059A us ing AlKa1,2 (hn = 1486.6
eV) ra di a tion un der 1.3×10–7 Pa at room tem per a ture.
The low-en ergy elec trons gun was used for the com -
pen sa tion of sam ple charg ing dur ing the photo emis -
sion. The de vice res o lu tion mea sured as the full width
on at the half-max i mum (FWHM) of the AU4f7/2 peak
was 0.7 eV. The bind ing en er gies Eb(eV) were mea -
sured rel a tively to the BE of the C1s 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 er ror in the de ter -
mi na tion of the BE and the peak widths did not ex ceed
±0.1 eV, that of the rel a tive peak in ten sity – ±10 %.
The FWHM are given rel a tively to that of the C1s XPS 
peak from hy dro car bon on the sam ple sur face, be ing
1.3 eV. The back ground due to the inelastically scat -
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tered elec trons was sub tracted by the Shir ley method
[29].

The va lence and the core elec tron XPS struc ture
for the stud ied sam ple in the BE range 0 eV-1250 eV is
typ i cal for Cs2UO2Cl4. It con firms un am big u ously the
pres ence of Cs2UO2Cl4 on the sub strate sur face [30]. The 
stud ied sam ples were proven not to con tain more than
0.5 weight % of im pu ri ties, since for eign peaks were not
ob served in the whole XPS BE range 0 eV-1250 eV. 

The quan ti ta tive el e men tal anal y sis of sev eral
nanometer-deep lay ers, of the stud ied sam ples, was
done. It was 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 – the rel a tive core-shell
spec tral in ten sity, and kj/ki – 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
were used: 1.00 (C1s), 2.80 (O1s), 2.92 (Cl2p), 1.48
(Cl 2s and, 36.00 (U4f7/2) (see e. g. [31]). The
stoichiometric com po si tion was sat is fac tory for
Cs2UO2Cl4.

CALCULATIONS

In Cs2UO2Cl4 ura nium is sur rounded by two ox -
y gen ions in the ax ial di rec tions (ura nyl group UO2

2+)
and by four chlo rine ions in the equa to rial plane. The
crys tal struc ture pa ram e ters are: RU-O = 0.1774(4) nm
and RU-Cl = 0.2671(1) nm [32]. As it is ex pected, these
pa ram e ters are com pa ra ble to those of Cs2NpO2Cl4:
RNp-O =  0.1758(2) nm,  RNp-Cl = 0.2657(5) nm [16],
and Cs2PuO2Cl4: RPu-O = 0.1752(3) nm and RPu-Cl =
=.0.26648(8) nm [33]. In or der to eval u ate the in flu -
ence of in ter atomic dis tances on the MO en er gies in
the Cl3s BE range,the elec tronic struc ture cal cu la tions 
were done for the three clus ters of UO2Cl4

2– with in -
ter atomic dis tances: (a) RU-O = 0.171 nm and RU-Cl =
=.0.262 nm; (b) RU-O = 0.174 nm and RU-Cl = 0.264 nm; 
(c) RU-O = 0.1772 nm and RU-Cl = 0.2671 nm (equi lib -
rium po si tion). To eval u ate the or bital forces, the cal -
cu la tions were done for: (a) RU-O = 0.1772 nm and
RU-Cl = 0.2671 nm; (b) RU-O = 0.1792 nm, and RU-Cl =
=.0.2671 nm; (c) RU-O = 0.1772 nm and RU-Cl = 0.2691.

For the case of the UO2Cl4
2– clus ter, the re-nor -

mal iza tion of the va lence ox y gen and chlo rine atomic
or bital (AO) pop u la tions dur ing the self-con sis tency,
was done. The lat ter model of 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 the 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 [34,
35], with ex change-cor re la tion po ten tial [36]. 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 [34] and in cludes the
ma tri ces of the ir re duc ible rep re sen ta tions of dou ble
point groups [37] and the trans for ma tion ma tri ces pre -
sented in [38]. The ex tended ba sis of the 4-com po nent
nu mer i cal atomic orbitals, 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 U7p1/2 and the U7p3/2 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 
22000 (UO2Cl4

2–) points dis trib uted in the clus ter
space. It provided the con ver gence of MO en er gies
better than 0.1 eV. 

RESULTS AND DISCUSSION

As men tioned previously, the va lence (0-~35 eV
BE) XPS struc ture of Cs2UO2Cl4 must re flect the MO
struc ture. In or der to eval u ate the con tri bu tion of other
mech a nisms to the va lence XPS for ma tion, the core
elec tron XPS struc ture of Cs2UO2Cl4, was an a lyzed.

Core-electron XPS structure of Cs2UO2Cl4

Elec tron BE in the 0-1250 eV range for
Cs2UO2Cl4 are given in tab. 1. The data for UO2F2

[26], me tal lic U [39, 40] and cal cu la tion re sults for
atomic U [41], as well as photo-ion iza tion cross-sec -
tions [42, 43] are given for com par i son. The data for
CsCl are given in square brack ets (tab. 1)  at the end of
the col umn for UO2F2. The ba sic peaks of CsCl XPS in 
the BE range 0-1250 eV are in tense and con tain the
many-body per tur ba tion-re lated struc ture at the higher 
BE side. This struc ture makes the iden ti fi ca tion of ura -
nium peaks in the Cs2UO2Cl4 XPS dif fi cult. There -
fore, the va lence and core XPS struc ture of CsCl was
stud ied care fully in the BE range 0-1250 eV. For ex -
am ple, the Cs3d XPS (Eb(Cs3d5/2) = 724.5 eV) ex hib -
its the 20 % and 50 % in ten sity re gard ing to the ba sic
peaks sat el lites 11.8 eV and 23.6 eV away from the ba -
sic peaks, re spec tively. The Cl2p XPS (Eb(Cl2p3/2) =
=198.7 eV)  ex hib its  such  sat el lites  which  are 8 %
and 25 % in tense, 10.0 eV and 19.0 eV away from the
ba sic peaks, re spec tively [6]. Since in ten sity of such
sat el lite is known to drop as the BE de creases [10], the
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sat el lites in the va lence XPS are ex pected to be the
least in tense. The Cs and Cl XPS struc ture, as well as
the sat el lite struc ture, com pli cate sig nif i cantly the in -
ter pre ta tion of Cs2UO2Cl4 XPS in the 0-1250 eV BE
range. 

The O1s XPS of Cs2UO2Cl4 was ob served as a
wid ened sin gle peak at Eb(O1s) = 531.6 eV and
FWHM G(O1s) = 1.6 eV (fig. 1). The U4f XPS from

Cs2UO2Cl4, 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 U4f photo emis -
sion (fig. 2). 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
U4f XPS con sists of the spin-or bit split dou blet with
DEsl(U4f) = 10.9 eV, and the shake-up sat el lites at the
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Table 1. Electron binding energies Eb [eV] and photoionization cross-sections sa at 1486.6 eV

Unlj
Onlj

Cs2UO2Cl4 UO2F2
b UO2

c
Ud UTheor

e
s

U5f – – 1.9 (1.5) 0.5 (2.0) 0.5 22.0

U6p3/2
15.4

19.8(3.1)f
15.6(3.5)
20.1(3.5) 18.0(3.1) 16.8 18.3 5.14

U6p1/2 30.9 28.5(3.5) 26.8 28.3 1.78

U6s 48.2(7.0) 49.3(6.0) 47.0(6.0) 43.9 49.3 2.28

U5d5/2 98.1(2.3) 99.2(2.2) 97.3(2.5) 94.2 96.3 47.0

U5d3/2 106.9(2.7) 107.9(2.7) 105.5(3.9) 102.8 107.6 32.1

U5p3/2
– 197.7

200.2
197.4(7.8) 194.8 205.9 30.2

U5p1/2 – 264.1(7.0) – 258.4 261.1 9.16

U5s – – – ~323.7 327.9 10.0

U4f7/2 382.1(1.6) 383.4(2.1) 380.9(2.1) 377.4 379.3 372

U4f5/2 393.0(1.6) 394.1(2.1) 391.8(2.1) 388.2 390.7 291

U4d5/2 740.6 741.5(4.7) 739.3(5.9) 736.2 741.9 233

U4d3/2 783.1(4.7) 784.0(4.7) 781.6 (6.0) 778.3 784.5 153

U4p3/2 1044.9(7.3) 1048.2(7.8) 1046.7(7.4) 1043.0 1050.6 106

O2p ~5.6(2.9) ~6.1(4.2) ~6.1(5.0) 0.27

O2s ~24.5 25.0(3.5) 23.3
24.8

1.91

O1s 531.6(1.6) 532.4(1.8) 530.5(1.6) 40.0

Cs6s 0.16

Cs5p3/2 10.4(1.4) [10.1(1.2)]g 4.52

Cs5p1/2 12.0 11.7 2.31

Cs5s 23.8(2.0) [23.4(1.4)] 2.50

Cl3p [4.4(1.4)] 2.35

Cl3s 16.0(2.3) [15.0(1.2)] 2.52

Cl2p3/2 198.7(1.2) [198.6(1.2)] 20.6

(a) Photo-ion iza tion cross-sec tions s (kilo barn (10–25 m2) per atom) from [42]; (b)Val ues for UO2F2 from [26]. Eb(F2s) = 29.9 eV and
Eb(F1s) = 685.3 eV; (c) Val ues for UO2 from [27]; (d) Val ues for me tal lic U from [39, 40]; (e) Cal cu la tion data from [41], Val ues given rel a tive
to the U5f peak from me tal lic U; (f) FWHM rel a tive to G(C1s) = 1.3 eV are given in pa ren the ses; (g) Val ues on CsCl are given in brack ets

Fig ure 1. O1s XPS from Cs2UO2Cl4 Fig ure 2. U4f XPS from Cs2UO2Cl4



higher BE side with DEsat = 3.8 eV. The sat el lite in ten -
sity (Isat = Is/Io) cal cu lated as the ra tio of the XPS sat el -
lite area (Is) to the ba sic peak area (Io) was 19 %. Such
struc ture pa ram e ters can de ter mine the ac ti nide ion
ox i da tion state as An(VI). The U4f XPS struc ture is
typ i cal for ac ti nide ox i da tion state An(VI): U(VI) [9,
14, 24, 26], Np(VI) and Pu(VI) [6]. The shake-up sat -
el lites are known to ap pear in the XPS of any core lev -
els of ura nium com pounds, and the sat el lite in ten sity
de creases as the level BE de creases [10]. Un for tu -
nately, such sat el lites are not well ob served in the U4d
XPS from Cs2UO2Cl4,which is ex pected to ex hibit a
spin-or bit split dou blet (DEsl(U4d) = 42.5 eV). It is due 
to the rel a tively high U4d3/2 FWHM (G(U4d3/2) =
=.4.7 eV) and the ex tra struc ture in all the U4d XPS BE  
range,  as  well  as  to  the  su per po si tion  with the
Cs3d3/2 XPS (fig. 3). It does not al low an ac cu rate de -
ter mi na tion of the U4d5/2 BE, FWHM and the
shake-up sat el lite po si tion. Since the spin-or bit split -
ting DEsl(U4d) = 42.5 eV for UO2F2 [26] and
DEsl(U4d)theor = 42.1 eV [41], the U4d5/2 peak is ex -
pected at Eb(U4d3/2) = 740.6 eV (fig. 3 and tab. 1). The
U4p3/2 peak was ob served at Eb(U4p3/2) = 1044.9 eV.
The U4p3/2 BE range XPS ex hib its the com plex struc -
ture that does not al low a cor rect de ter mi na tion of the
FWHM and the shake-up pa ram e ters.

The multiplet split ting caused by the pres ence of
the un cou pled Ln4f elec trons in lanthanide com -
pounds re sults in the Ln4d XPS struc ture [10]. There -
fore, the multiplet split ting was ex pected to show up
with the higher prob a bil ity in the U5d XPS [6, 9].
Since the U(VI) ion does not con tain the U5f elec trons, 
the U5d XPS is not ex pected to ex hibit the multiplet
split ting. How ever, the U5d spec trum in stead of a
spin-or bit split dou blet (DEsl(U5d)theor = 11.3 eV [41])
ex hib its a com pli cated struc ture with the U5d5/2 max i -
mum at 98.1 eV (fig. 4). The U5d struc ture is su per im -
posed with the Cs 4d sat el lite struc ture. The max ima of 
these sat el lites should be ob served at ~87, ~99, and
~122 eV BE. How ever, these sat el lites are wide and
con trib ute mostly to the spec tral back ground. The U5d 
XPS con sists of the two com po nents with the shake-up 

sat el lites at the higher BE side. Sim i lar struc ture was
ob served in the U5d XPS from UO2F2 and g-UO3 [6].
The cal cu lated DEsl(U5d)theor. = 11.3 eV is much
higher than the cor re spond ing val ues 8.8 and 8.7 eV
for Cs2UO2Cl4 and UO2F2 (tab. 1). For tho rium com -
pounds that do not con tain the Th 5f elec trons, the cal -
cu lated DEsl(Th5d)theor.= 7.08 eV [41] agrees sat is fac -
to rily with the ex per i men tal value 7.0 eV for ThO2 and
ThF4 [6]. Spe cial stud ies are re quired to un der stand
the dif fer ence be tween the cal cu lated and the ex per i -
men tal spin-or bit split ting DEsl(U5d).

De spite this, the Cs2UO2Cl4 U5d XPS 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. On mov ing from
UO2 to Cs2UO2Cl4 the U5d XPS struc ture changes
sig nif i cantly. The dis tance be tween the most ex plicit
peaks grows from 8.2 eV to 8.8 eV (tab. 1), and the
shake-up sat el lites are ob served at 3.8 eV in stead of
6.9 eV [6] (fig. 4). On the ba sis of the above men -
tioned, one can con clude that the multiplet split ting
does not com pli cate the va lence XPS struc ture. This
split ting must not show up in the U5s and the U6s XPS.

The dy namic ef fect re lated to the gi gan tic
Coster-Kronig tran si tions, shows up in e. g. the U5p
XPS of g-UO3 in the BE range ~190-270 eV [6]. The
low in ten sity U5p XPS of Cs2UO2Cl4 in this BE range
is su per im posed with the in tense Cl2p (~199 eV BE),
Cs4s (~230 eV BE) and Cl2s (~270 eV BE) peaks and
their sat el lites. It does not al low one to sep a rate the
U5p-re lated com po nents (tab. 1). With the data on the
U5p XPS struc ture of g-UO3 [6], UO2F4, the Ba4p
XPS [44], and the Ln 4p XPS of lanthanide ox ides [10] 
in mind, one can at trib ute the U 5p XPS struc ture of
Cs2UO2Cl4 to the dy namic ef fect. It re sults in the U ion 
com plex fi nal state con sist ing of the ground one-hole
state   U5p55d105f0   and   the   ex cited   two-hole   state
U5p65d85f1. This sug ges tion is based on the U5p and
the U5d BE ra tio Eb(U5p3/2) » 200 eV and
Eb(PU5d5/2).= =.98.1 eV, which sat is fies the con di -
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Fig ure 3. U4d XPS from Cs2UO2Cl4

Fig ure 4. U5d XPS from Cs2UO2Cl4; DEsl is a the o ret i cal
value (tab. 1)



tion: Eb(U5p3/2) » 2 × Eb(U5d5/2). As a re sult, the prob -
a bil ity of an ex tra-ex cited two-hole fi nal state
U5p65d85f1 af ter the U5p photo emis sion, grows.

The U5s XPS of Cs2UO2Cl4 is ex pected around
Eb(U5s) ~323.7 eV [39,45]. How ever, the com plex
struc ture does not al low a re li able mea sure ment of this
spec trum. This struc ture can be at trib uted to the dy -
namic ef fect. The U6s XPS shows a wid ened (G(U6s)
= 7.0 eV) struc tured line at 48.2 eV BE. One of the rea -
sons for this U6s XPS struc ture can be sug gested as the 
dy namic ef fect with the in ter ac tion of the con fig u ra -
tions of the fi nal states like U6s16p6d05f0 and
U6s26p4d15f0. In deed, for the Eb(U6s) = 48.2 eV,
Eb(U6p3/2) = 19.8 eV and Eb(U6p1/2) = 30.9 eV, the
con di tion Eb(U6s) »Eb(U6p3/2) + Eb(U6p1/2) 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 multiplet split ting- and
the shake-up sat el lite-re lated struc tures are also pos si -
ble in these spec tra. This com pli cates the con clu sion
on the U6s elec trons par tic i pa tion in the MO for ma -
tion on the ba sis of the U6s XPS pa ram e ters.

As it was noted, multiplet split ting does not con -
trib ute much to the va lence (0 - ~35 eV BE) XPS struc -
ture. The dy namic ef fect- re lated ex tra struc ture in this
BE range is also low prob a ble, since the atomic elec -
tronic states are ab sent in the va lence BE range. As a
re sult, the va lence XPS struc ture can be as so ci ated
with the MO for ma tion, ex cept for the spin-or bit split
dou blet  at  Eb(Cs5p3/2) = 10.4 eV with DEsl(Cs5p) =
=.1.6 eV; and the Cs5s peak at Eb(Cs5s) = 23.8 eV (fig.
5). As it was noted, the ex tra struc ture in this BE range
can also take place due to the elec tron en ergy loss ap -
peared at the higher BE side from the Cs5p and Cs5s
XPS peaks. There fore, fig. 5(b), un der the low BE
Cs2UO2Cl4 XPS gives the cor re spond ing CsCl XPS
nor mal ized by the Cs5p in ten sity in or der to show the
Cs5p,5s con tri bu tion to the Cs2UO2Cl4 XPS.

Electronic structure of the UO2Cl4
2– cluster

Elec tronic con fig u ra tion of ura nium ground
state 5L6 can be pre sented as [Rn]6s26p65f 36d17s27p0,
where [Rn] 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 MO for ma tion with the O2s22p6 and
Cl3s23p5AOs in the UO2Cl4

2– clus ter. Re sults of the
RDV elec tronic struc ture cal cu la tion of the UO2Cl4

2–

(D4h) clus ter re flect ing U close en vi ron ment struc ture
in Cs2UO2Cl4 are given in tab. 2. This cal cu la tion tech -
nique em ployed the MO LCAO (mo lec u lar orbitals as
lin ear com bi na tions of atomic orbitals) method, which 
al lowed a dis cus sion of the chem i cal bond na ture in
terms of atomic and mo lec u lar orbitals.

The chem i cal bond for ma tion and the AO over -
lap ping, re sult in the OVMO and the IVMO for ma -
tion. Be side the U6s,6p,5f,6d,7s, O2s,2p, and Cl3s,3p
AO, these MO in clude the U7p states, which are ab -

sent in atomic ura nium. The RDV cal cu la tions show
that the U6s AO, as well as the U7s and U7p AO, par -
tic i pate in sig nif i cantly in the MO for ma tion (tab. 2).
While the U5f AO par tic i pate mostly in the OVMO
for ma tion, the U6p,6d AO par tic i pate in for ma tion of
both the OVMO and the IVMO. The larg est U6p3/2,1/2

and the O2s AO mix ing of the neigh bor ing ura nium
and ox y gen was ob served for the 21g6

– (4) and 19g6
–

(9) IVMO (tab. 2). The U6p1/2 – O2s AO mix ing in the
19g6

– (9) and the 18g6
– (10) IVMO is much higher than

that in UO2 be cause the in ter atomic dis tance RU-O in
the ura nyl group is lower than that in UO2. A sig nif i -
cant mix ing was ob served only for the U6p3/2 and the
Cl3s AO with for ma tion of the 15g7

– (5) and the 14g7
–

(7) IVMO. The ob tained re sults sug gest sub di vid ing
the va lence MO into the three groups. The first group:
25g6

+-21g6
+ OVMO. The sec ond group: 21g6

– (4),
19g6

+ (8), 19g6
– (9), 18g6

– (10) and 18g6
+ IVMO char -

ac ter iz ing the U-O bind ing in the ax ial di rec tion. The
third group: from 15g7

– (5), 20g6
–, 15g7

+, 20g6
+ (6),

14g7
– (7) IVMO char ac ter iz ing the U-Cl bind ing in the 

equa to rial plane (tab. 2). These re sults al low one to un -
der stand the va lence XPS struc ture of Cs2UO2Cl4.
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Fig ure 5. Va lence band XPS: (a) – XPS from Cs2UO2Cl4

with the sec ond arily scat tered elec trons back ground; the 
ver ti cal bars show the cal cu lated (RDV) spec trum; (b) –
XPS from CsCl with the sub tracted sec ond arily scat -
tered elec trons back ground; spectra nor mal ized by the
Cs5p in ten sity



Valence XPS structure of Cs2UO2Cl4

The ex per i men tal va lence band XPS of
Cs2UO2Cl4 ex hib its a com pli cated struc ture, fig. 5(a).
It can be sug gested to con sist of the XPS of the
UO2Cl4

2– ion and two Cs+ ions. The va lence XPS of
the UO2Cl4

2– clus ter is su per im posed with the
Cs5s25p66s0 XPS of two Cs+ ions. There fore, the CsCl
XPS is given un der the Cs2UO2Cl4 XPS, fig. 5(b) for
com par i son. For com par i son, the XPS spec tra were
nor mal ized by the Cs5p in ten sity. The low BE CsCl

XPS con tains ex tra peaks at the higher BE side from
the ba sic Cs5s and Cs5p peaks at trib uted to the
shake-up sat el lites and other en ergy loss spec tra.

These ex tra peaks com pli cate the in ter pre ta tion of
the Cs2UO2Cl4 XPS. The con tri bu tion of this ex tra struc -
ture was taken into ac count on the anal y sis of the
Cs2UO2Cl4 and CsCl sat el lite struc ture in the 0-1250 eV
BE range. It has to be taken into ac count that the XPS
from Cs+ ion in Cs2UO2Cl4 can change com pared to that
from Cs+ in CsCl. To eval u ate this con tri bu tion, the dif -
fer ence spec trum was drawn. It was ob tained by sub trac -
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Table 2. MO composition (parts) and energies E0
(a) [eV] for the UO2Cl4

2– cluster (RDV) and photo-ionization cross-sections si
(b)

MO –E0

[eV]

MO composition

Pu O Cl

6s 6p1/2 6p3/2 6d3/2 6d5/2 7s 5f5/2 5f7/2 7p1/2 7p3/2 2s 2p 3s 3p

si 1.14 0.89 1.29 0.61 0.55 0.12 3.67 3.48 0.07 0.10 0.96 0.07 1.26 0.47

O
M

V
O

                                                                          

28g6
+ –16.14 0.28 0.49 0.08 0.07 0.06 0.02

31g6
– –9.56 0.01 0.03 0.03 0.87 0.01 0.01 0.02 0.02

22g7
+ –9.18 0.06 0.72 0.04 0.02 0.15

30g6
– –8.91 0.01 0.01 0.95 0.01 0.02

21g7
+ –8.80 0.32 0.46 0.13 0.02 0.07

24g7
– –8.78 0.01 0.96 0.02 0.01

27g6
+ –8.66 0.42 0.32 0.03 0.18 0.06

26g6
+ –8.05 0.06 0.01 0.78 0.02 0.02 0.11

29g6
– –7.45 0.01 0.07 0.12 0.34 0.06 0.02 0.37 0.01

20g7
+ –5.72 0.41 0.42 0.17

23g7
– –4.29 0.10 0.64 0.01 0.22 0.03

28g6
– –3.95 0.43 0.28 0.21 0.08

27g6
– –3.03 0.03 0.84 0.01 0.02 0.10

22g7
– –2.77 0.06 0.85 0.09

21g7
– –2.22 0.76 0.09 0.15

20g7
– –1.95 0.79 0.17 0.01 0.03

25g6
+(c) 0.00 1.00

26g6
– 0.12 0.03 0.03 0.03 0.01 0.08 0.82

19g7
+ 0.26 0.01 0.07 0.92

24g6
+ 0.27 0.01 0.06 0.93

19g7
– 0.43 0.01 0.03 0.02 0.01 0.02 0.91

18g7
– 0.53 0.01 0.03 0.04 0.02 0.90

25g6
– 0.57 0.08 0.01 0.91

17g7
– 0.59 0.15 0.01 0.01 0.83

24g6
– 0.85 0.01 0.03 0.04 0.02 0.02 0.01 0.87

18g7
+ 1.24 0.07 0.10 0.83

23g6
+ 1.60 0.01 0.01 0.01 0.05 0.11 0.02 0.79

17g7
+ 1.65 0.07 0.09 0.03 0.81

23g6
– 2.06 0.01 0.07 0.11 0.27 0.01 0.02 0.34 0.17

16g7
– 3.24 0.02 0.08 0.17 0.71 0.02

22g6
+ 3.28 0.01 0.01 0.04 0.03 0.06 0.78 0.01 0.06

22g6
– 3.49 0.01 0.19 0.06 0.74

16g7
+ 3.74 0.05 0.16 0.76 0.03

21g6
+ 3.84 0.05 0.07 0.75 0.03

O
M

VI
               

21g6
– 10.72 0.01 0.33 0.01 0.01 0.01 0.45 0.10 0.08

15g7
– 11.83 0.12 0.01 0.01 0.86

20g6
– 12.46 0.02 0.01 0.01 0.01 0.06 0.89

15g7
+ 12.55 0.02 0.03 0.94 0.01

20g6
+ 12.64 0.01 0.01 0.03 0.94 0.01

14g7
– 16.02 0.83 0.02 0.13 0.02

19g6
+ 17.95 0.02 0.05 0.06 0.85 0.02

19g6
– 20.50 0.25 0.41 0.01 0.01 0.27 0.03 0.01 0.01

18g6
– 26.55 0.69 0.06 0.01 0.19 0.05

18g6
+ 42.67 0.96 0.02 0.02

(a) Lev els shifted by 7.08 eV to ward the pos i tive val ues (up ward); (b) photoionization cross-sec tion si  – kilo barn  (10–25 m2) per elec tron,
    for O and Cl from [42] and U from [43]; (c) HOMO (high est oc cu pied MO) (two elec trons), oc cu pa tion num ber for all the orbitals is 2



tion of the Cs+ XPS, con sist ing of the Cs5s,5p peaks with
sat el lites, from the Cs2UO2Cl4 XPS, with out tak ing into
ac count the back scat ter ing-re lated back ground (fig. 6).
De spite the ap prox i ma tion in ac cu racy, the re sult ing
spec trum agrees qual i ta tively with the cal cu lated spec -
trum for the UO2Cl4

2– clus ter.
To draw the dif fer ence spec trum, the XPS

Cs2UO2Cl4 and CsCl in ten si ties were nor mal ized to
the Cs 5p in ten sity. It has to be noted, that on mov ing
from CsCl to Cs2UO2Cl4, the Cs5s and the Cs5p peaks
shift to the higher BE re gion by 0.4 eV and 0.3 eV, re -
spec tively, and the Cl3s peak – shifts by 1.0 eV (tab. 1). 
The dif fer ence spec trum was drawn for the two cases:
(a) with out sec ond ary scat tered elec trons-re lated
back ground sub trac tion from the ini tial spec tra; (b)
with sec ond ary scat tered elec trons-re lated back -
ground sub trac tion from the ini tial spec tra (fig. 6). De -
spite the com pli cated struc ture, the dif fer ence spec tra
are in a sat is fac tory qual i ta tive agree ment. 

The dif fer ence XPS char ac ter izes the elec tronic
struc ture of the UO2Cl4

2– clus ter and re flects its va lence 
elec trons struc ture (fig. 6). In the 0 -~35 eV BE range it
can be con di tion ally sub di vided into the two ranges.
The first range 0 eV-~15 eV ex hib its the OVMO-re -
lated struc ture. These OVMO are formed mostly from
the U5f, 6d, 7s, 7p, the O2p and the Cl3p 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 U6p and O2s,Cl3s AO. 

The OVMO XPS struc ture of the UO2Cl4
2– clus -

ter has its typ i cal fea tures and can be sub-di vided into
the three com po nents (1-3) at 4.9, 6.1, and 7.2 eV BE,
re spec tively (fig. 6, tab. 3). The peak at 4.9 eV BE is
mostly due to the quasi-atomic U5f elec trons of the
25g6

+-24g6
– OVMO par tic i pat ing in the chem i cal

bind ing. The U5f elec trons con trib ute sig nif i cantly to
the in ten si ties of the bands at 6.1 eV and 7.2 eV. The
fact that the cal cu lated XPS OVMO (53.4 %) in ten sity
is com pa ra ble with the cor re spond ing ex per i men tal

in ten sity (58.6 %),can be ex plained by the fact that the
U5f elec trons do not lose their f-na ture par tic i pat ing in
the chem i cal bond. It re sults in the wid ened XPS band
in the OVMO BE range of Cs2UO2Cl4, which agrees
qual i ta tively with the cal cu la tion data (fig. 6, tab. 2).

The IVMO BE range ex hib its ex plicit peaks and
one can qual i ta tively pick out seven com po nents
(4-10; fig. 6). 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 UO2Cl4

2– (D4h) clus ter.
Re sults of these cal cu la tions are given in tab. 2.

Since photo emis sion re sults are given for an ex cited
state of an atom with a hole in a cer tain shell, for a
stricter com par i son of the the o ret i cal and ex per i men -
tal BE, the cal cu la tions must be done for tran si tion
states [46]. How ever, the va lence elec trons BE, cal cu -
lated for tran si tion states, are known 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 4.17 eV (tab. 3). Tak ing into ac count the MO com -
po si tions (tab. 2) and the photo-ion iza tion cross-sec -
tions [42, 43], 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 Cs2UO2Cl4 XPS 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). 

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
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).
As pre vi ous noted, for the more ac cu rate de ter mi na -
tion of the po si tion of the 21g6

– OVMO (char ac ter iz -
ing U-O bond) rel a tive to the quasi-atomic
20g6

–,15g7
+, 20g6

+ (6) IVMO of chlo rine, the cal cu la -
tions of UO2Cl4

2– elec tronic struc ture at three in ter -
atomic dis tances around the equi lib rium value: (a)
RU-O = 0.171 nm and RU-Cl = 0.262 nm; (b) RU-O =
=.0.174  nm,  and RU-Cl  =  0.264 nm;  (c)  RU-O  =
=.0.1772 nm and RU-Cl = 0.2671 nm, were done. On
mov ing from (a) to (b) and (c), as it was ex pected, the
outer and the in ner va lence bands nar row by 0.56 eV
and 1.07 eV, re spec tively. The BE dif fer ence be tween
the  15g7

– (5) and the 21g6
– (4) IVMO de creases by

0.29 eV, and the mean BE of the quasi-atomic chlo -
rine-re lated IVMO 15g7

+, 20g6
–, 20g6

+ (6) de creases
by 0.12 eV. The al ter ations in the in ter atomic dis tances 
do not re sult in any sig nif i cant changes of the XPS
struc ture and po si tion of the 21g6

– IVMO rel a tive the
quasi-atomic (6) IVMO of chlo rine. 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 Cs2UO2Cl4.
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Fig ure 6. The dif fer ence of the va lence XPS of Cs2UO2Cl4

and 2 Cs+ ions with the sub tracted sec ond arily scat tered
elec trons back ground (see fig. 5)



Thus, the outer va lence band in ten sity is formed
mostly  from the outer va lence U5f,6d,7s,7p and
O2p,Cl3p AO, and to a lesser ex tent from the in ner va -
lence U6p and O2s, Cl3s AO. The U5f elec trons con -
trib ute sig nif i cantly to the OVMO in ten sity (tabs. 2
and 3). Be cause the U5f photo-emis sion cross-sec tion
is high (tab. 2), the U5f 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 U5f elec trons can be pro moted
to e. g. the U6d level first, and then to par tic i pate in the
chem i cal bond for ma tion los ing the f-na ture. The cal -
cu la tion shows that the U5f elec trons par tic i pate di -
rectly in the for ma tion of the chem i cal bond (tab. 2).
The cal cu lated OVMO/IVMO in ten sity ra tio for the
UO2Cl4

2– XPS was found to be 1.15, which dif fers
from the ex per i men tal value 1.43 (tab. 3) due to the er -

ror in the XPS dif fer ence spec trum. This in ten sity ra tio 
is an im por tant quan ti ta tive char ac ter is tic of the
UO2Cl4

2– elec tronic struc ture. These re sults yield a
con clu sion that the U5f elec trons can par tic i pate di -
rectly in the chem i cal bond for ma tion in UO2Cl4

2– par -
tially los ing the f-na ture. These elec tronic states are
dis trib uted within the outer va lence band (tab. 2). It
agrees with the OVMO XPS shape. The U6d elec -
tronic states are lo cated mostly at the bot tom of the
outer va lence band. The U6p3/2 AO take a sig nif i cant
part in the OVMO for ma tion. This agrees with the the -
o ret i cal and the ex per i men tal data for g-UO3 [14] and
UF2O2 [26].

In the IVMO XPS BE range a sat is fac tory agree -
ment was reached e. g. for the 21g6

– (4) and 18g6
– (10)

MO re spon si ble for the width DE of this XPS band. The
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Table 3. Valence XPS parameters for Cs2UO2Cl4 and for the UO2Cl4
2– cluster (RDV), and the orbital forces(a) fO and fCl,

U6p and U5f electronic state densities  ri(e
–)

MO –E (b), [eV] fO, 10–8 N fCl, 10–8 N 

XPS
Am6p, 5f DOS ri, e

– (electrons)
Energy (c) [eV] Intensity [%]

Experiment Theory Experiment 5f5/2 5f7/2 6p1/2 6p3/2

O
M

V
O

25g6
+(d) 4.17 –0.18 0.07 2.2 0.06 0.06 0.06

26g6
– 4.29 –0.18 0.03 3.0

19g7
+ 4.43 –0.13  0.08 2.1

24g6
+ 4.44 –0.14 0.08 2.1

19g7
– 4.60 –0.18 0.08 4.7 0.06 0.04 0.02

18g7
– 4.70 –0.18 0.07 4.9(1.5) 2.7 30.3 0.06 0.08 0.02

25g6
– 4.74 –0.18 0.11 3.3 0.16

17g7
– 4.76 –0.19 0.10 4.5 0.30 0.02

24g6
– 5.02 –0.19 0.07 3.2 0.06 0.08 0.02

18g7
+ 5.41 –0.17 0.16 2.3

23g6
+ 05.77 –0.19 0.09 2.0

17g7
+ 5.82 –0.17 0.13 2.4

 23g6
– 6.23 0.14 0.00 6.1(1.5) 7.2 17.7 0.22 0.54 0.02 0.14

16g7
– 7.41 0.56 –0.03 4.5 0.16 0.34 0.04

22g6
+ 7.45 0.35 –0.02 0.9

22g6
– 7.66 0.62 –0.04 7.2(1.5) 4.5 10.9 0.38 0.12 0.02

16g7
+ 7.91 0.60 –0.02 0.9

21g6
+ 8.01 0.61 –0.01 0.9

Sfi
 (e) 0.80 0.95 53.4 58.9 1.30 1.44 0.04 0.30

(64.5 %) (82.6 %)

O
M

VI

21g6
– 14.89 –0.44 –0.05 ~14.9 4.8 0.02 0.02 0.02 0.66

15g7
– 16.00 –0.12 0.01 16.0(2.3) 5.7 23.6 0.24

20g6
– 16.63 –0.22 0.10 5.7 0.02 0.04 0.02

15g7
+ 16.72 –0.19 0.13 ~16.7 5.6

20g6
+ 16.81 –0.18 0.14 5.6

14g7
– 20.19 –0.10 0.08 20.9(2.5) 5.7 10.2 1.66

19g6
+ 22.12 0.51 –0.05 22.0(2.5) 4.2

19g6
– 24.67 0.38 –0.02 26.3(2.2) 5.1 4.2 0.02 0.02 0.50 0.82

18g6
– 30.72 0.78 –0.06 31.1(2.3) 4.2 3.1 0.02 1.38 0.12

Sri
 (f) 46.6 41.1 0.06 0.06 1.94 3.52

18g6
+ 46.67 0.02 –0.07 48.2(7.0) ~4.9

Sf2
 (g) 0.44 0.20

(35.5 %) (17.4 %)

Sf (h) 1.24 1.15

(a) Or bital force, newtons (N) per one ligand: fO for U-O bond and fCl for Pu-Cl bondos; positive forces mean at trac tion, neg a tive – re pul sion
(b).Cal cu lated en er gies (tab. 2) shifted by 4.17 eV to ward the neg a tive val ues (down ward) so that the 15 g7

–
  MO en ergy is 16.0 eV

(c) FWHM in eV given in pa ren the ses
(d) HOMO (high est oc cu pied MO) (2 elec trons), oc cu pa tion num ber for all the orbitals is 2
(e) The sum of the OVMO or bital forces peak in ten si ties and the U6p,5f DOS
(f) the sum of peak in ten si ties and the U6p,5f DOS
(g) the sum of the IVMO or bital forces
(h) the sum of the OVMO and IVMO or bital forces



cal cu lated DEtheor = 15.83 eV agrees with the ex per i -
men tal DEexp = 16.2 eV with out tak ing into ac count the
FWHM (tab. 3). It has to be noted that the the o ret i cal
(1.15) and ex per i men tal (1.4) OVMO/IVMO in ten sity
ra tios are com pa ra ble. It con firms cor rect ness of the ap -
prox i ma tions used in the cal cu la tion (tab. 3). 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 14g7

– (7), 19g6
+

(8) ones, are in a qual i ta tive agree ment.
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 the

UO2Cl4
2– clus ter and me tal lic U [39, 40], as well as the 

rel a tiv is tic MO LCAO cal cu la tion data for the
UO2Cl4

2– (D4h) clus ter, a quan ti ta tive MO scheme for
this clus ter was built (fig. 7). This scheme al lows one
to un der stand the real XPS struc ture and the chem i cal
bond na ture in the UO2Cl4

2– clus ter. In this ap prox i -
ma tion, one can pick out the anti  bond ing 21g6

– (4)
and 15g7

– (5) and the cor re spond ing bond ing 19g6
– (9)

and 14g7
– (7) IVMO, as well as the quasi-atomic 20g6

–, 
15g7

+, 20g6
+ (6) ones at trib uted mostly to the Cl3s and

the 19g6
+ (8) at trib uted mostly to the O2s elec trons and 
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Fig ure 7. MO scheme for the UO2Cl4
2– (D4h) clus ter built tak ing into ac count the o ret i cal and ex per i men tal data; chemical

shifts are not in di cated; arrows show some mea sur able lev els BE dif fer ences; experimental BE [eV] are given to the left;
the en ergy scale is not kept



the 18g6
+ one.The ex per i men tal data show that the

Cl3s- re lated quasi-atomic IVMO BE have to be close
by an or der of mag ni tude.

In deed, the Cl3s XPS peak of CsCl (Eb(Cl3s) =
=.15.0 eV) is 1.2 eV wide. In Cs2UO2Cl4 XPS this
peak is ob served at Eb(Cl3s) = 16.0 eV and is 2.3 eV
wide (tab. 1). The BE shift and wid en ing is as so ci ated
with the Cl3s AO par tic i pa tion in the IVMO for ma tion 
(fig. 7).

The  Cs5p XPS was ob served as a spin-or bit split  
dou blet  in  the  band-gap be tween the OVMO and 
IVMO  at  Eb(Cs5p3/2)  =  10.4  eV  and DEsl(Cs5p) =
=.1.6 eV, fig. 5(a).

The Cs 5s peak in the Cs2UO2Cl4 XPS was ob -
served  sin gle  at Eb(Cs5s) = 23.8 eV and G(Cs5s) =
=.2.0 eV. It was su per im posed with the O2s peak at -
trib uted to the ura nyl group UO2

2+. It has to be noted
that ce sium peaks were ob served in tense in the whole
BE range 10-1250 eV. The Cs XPS of CsCl ex hib its an
ex tra struc ture at the higher BE side from the ba sic
peaks DEsat1 = 9.4 eV and DEsat2 = 23.4 eV. It can be at -
trib uted to the elec tron en ergy loss pro cesses dur ing
photo emis sion. Such a struc ture was ob served in the
core chlo rine XPS of CsCl at DEsat3 = 19.3 eV, see e. g.
fig. 5(b). This struc ture com pli cates the in ter pre ta tion
of the va lence Cs2UO2Cl4 XPS.

The O1s peak was ob served sym met ric and 1.6 eV
wide (fig. 1), while the BE of the quasi-atomic 19g6

+ (8)
IVMO should be about 23.6 eV since DEO = 508.0 eV
and  the  O1s  BE  in  Cs2UO2Cl4  XPS  is Eb(O1s) =
=.531.6 eV (tab. 1).

The ex per i men tal DEU = 360.6 eV [39, 40] is
com pa ra ble with the cal cu lated value 361.0 eV [41],
and  the  dif fer ence DE1 = 367.2 eV,  one can find that
D1 = DE1– DEU is 6.6 eV (fig. 7). Since the BE dif fer -
ence be tween the 21g6

– (4) and 18g6
– (10) IVMO is

16.2 eV, and the U6p spin-or bit split ting, ac cord ing to
the cal cu la tion data [41], is DEt

sl(U6p) = 10.0 eV and
that ac cord ing to the ex per i men tal data – 10.0 eV [39,
40], one can eval u ate that the per tur ba tion D1 = 6.2 eV
agrees sat is fac to rily with the cor re spond ing value of
6.6 eV, found from the BE dif fer ence be tween the core
and the va lence MO. The ob served dif fer ence (0.4 eV)
must be at trib uted to the IVMO for ma tion pe cu liar i ties 
and such a com par i son may not be quite cor rect. How -
ever, these data show that the 21g6

– (4) IVMO has a
sig nif i cant anti bond ing na ture.The IVMO FWHM
can not yield a con clu sion on the IVMO na ture (bond -
ing or anti bond ing), how ever, one can sug gest that the
ad mix ture of 10 % of the O2p and 2 % of the U5f AO in 
the 21g6

– (4) IVMO leads this or bital to loosing of
itsanti-bond ing na ture (tab. 2, fig. 7, see also [6]).
Thus, the quan ti ta tive MO scheme for UO2Cl4

2–, 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 Cs2UO2Cl4 and to in ter -
pret the struc tures of other X-ray spec tra as it was
shown for g-UO3 [14] and UO2F2 [26].

Chemical bond in the UO2Cl4
2– cluster

As it was noted, the cal cu la tion data show that
the MO sys tem of the UO2Cl4

2– clus ter can be sub di -
vided into sev eral groups (tab. 2, fig. 7). One group as -
so ci ated with the UO2

2+ ion in cludes the 18g6
+, 18g6

–

(10), 19g6
– (9), 19g6

+ (8), and 21g6 (4) IVMO char ac -
ter iz ing the U-O bond in the ax ial di rec tion. An other
group from the 14g7

– (7) to the 15g7
– (5) IVMO con -

sists of the Cl3s and U6p AO. Another one – from the
21g6

+ to the 25g6
+ OVMO rep re sents the va lence band. 

In the lower part of this band there are the O 2p-type
bond ing MO with the ad mix tures of U va lence states,
the mid dle and the up per parts – con sist of the Cl3p
MO with ad mix tures of metal MO (tab. 2). 

By the pres ent time there is no method to eval u -
ate quan ti ta tively a con tri bu tion of cer tain sep a rate
MO into the chem i cal bond even for di atomic mol e -
cules. 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 [5] con sid ers three meth ods of
eval u a tion of the MO na ture (bond ing, non-bond ing,
anti bond ing) 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.

The or bital forces fi (10–8 N) are equal ap prox i -
mately to the de riv a tives of the MO en er gies Ei' (10–8 N) 
upon the in ter atomic dis tances [5]. There fore, this work 
pres ents the de pend ence of the MO en er gies for the
UO2Cl4

2– clus ter on the in ter atomic dis tance in the ax ial 
di rec tion RU-O (Z-axis) and in the equa to rial plane RU-Cl. 
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 (RU-O =
=/0.1772 nm, RU-Cl = 0.2671 nm), two more cal cu la -
tions were also done. One for RU-O =.0.1792 nm and the
in vari able po si tions of chlo rine ions, and an other one –
with equal po si tions of ox y gen ions but with in creased
U-Cl dis tance to the four chlo rine ions RU-Cl = 0.2691
nm. 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 RU-O and RU-Cl) (tab. 3). 

As it fol lows from tab. 3 and the MO scheme
(fig. 7), the 18g6

+,18g6
– (10), 19g6

– (9), 19g6
+ (8)

IVMO from this group, bring a sig nif i cant bond ing
con tri bu tion (1.69×10–8 N) to the U-O bind ing and a
slight anti-bond ing con tri bu tion (–0.20×10–8 N) to the
U-Cl in ter ac tion. On the other hand, the IVMO of the
other group from the 14g7

– (7) to the 15g7
– (5) con tain -

ing the Cl3s states, bring a sig nif i cant bond ing con tri -
bu tion (0.46×10–8 N) to the U-Cl in ter ac tion and an
anti-bond ing con tri bu tion (–0.81×10–8 N) to the U-O
bind ing. As it was ex pected, the bond ing OVMO
around the va lence band bot tom (21g6

+-23g6
–) con trib -

ute sig nif i cantly (2.88×10–8 N) to the U-O bind ing,
even de spite the anti-bond ing na ture (–2.08×10–8 N) of
the other OVMO of this group. The to tal OVMO con -

Yu. A. Teterin, et al.: Va lence XPS Struc ture and Chem i cal Bond in Cs2UO2Cl4

Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 37-50 47



tri bu tion to the U-O bond is 0.80×10–8 N. The to tal
OVMO con tri bu tion to the U-Cl bind ing per one bond
is 0.95×10–8 N, which is com pa ra ble to that for the U-O
bond. On the ba sis of these data the rel a tive IVMO
con tri bu tion to the U-O bind ing per one bond in the
UO2Cl4

2– clus ter was eval u ated as 33.5 %, and that of
the OVMO con tri bu tion – 64.5%. The rel a tive IVMO
con tri bu tion to the U-Cl bind ing is 17.4 %, that of the
OVMO – 82.6% (tab. 3). 

The struc tures of ir re duc ible rep re sen ta tions of
the dou ble D4h group al lows com par i sons of the U6d
and the U5f AO par tic i pa tion in the chem i cal bond
since the g6

+ and g7
+  orbitals con tain the 6d states and

do not con tain the 5f states, while the g6
– and the g7

–

MO – vice versa, con tain the 5f states and do not con -
tain the 6d states. Ta ble 3 shows that among the six
bond ing MO in the lower part of the OVMO band
there are three orbitals of each type. The frac tions of
the 6d AO in the 21g6

+ , 16 g7
+  and 22 g6

+  MO are 0.22, 
0.21, and 0.05, re spec tively, while the frac tions of the
5f AO in the 22g6

–, 16g7
– and 23 g6

– MO are 0.25, 0.25,
and 0.38, re spec tively (tab. 2). De spite the fact that the
frac tion of the 5f AO is greater than that of the 6d AO,
their con tri bu tions are com pa ra ble, and the last 23g6

–

or bital shows the least or bital force (0.14×10–8 N)
among the six con sid ered bond ing MO. Among the
U-Cl bond-re lated OVMO, the up per MO start ing
with the 17g7

+  show the high est or bital forces. The
bond ing role of the 6d states in the U-Cl bind ing is also 
slightly higher than that of the 5f states. These re sults
agree with the val ues of the over lap ping pop u la tions
for the cor re spond ing orbitals, found in the pres ent
work. These re sults also agree with the data on the co -
va lent con tri bu tion of the ura nyl group UO2

2+ with
RU-O = 0.173 nm to the IVMO. For the ura nyl group the 
method of the full en ergy sep a ra tion and Xa-DV de -
ter mi na tion of the res o nance en ergy Ea

R(eV) showed
that the IVMO elec trons con tri bu tion to the co va lent
com po nent of the chem i cal bond is 37 % of the to tal
con tri bu tion of all the MO [5]. It agrees with the fact
that the IVMO elec trons play a sig nif i cant role in the
chem i cal bond in Cs2UO2Cl4. The ob tained data agree
qual i ta tively with those for Cs2PuO2Cl4 [47].

CONCLUSIONS

With the core elec tron XPS struc ture, BE dif fer -
ences be tween the core and the 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 UO2Cl4

2– (D4h) clus ter in mind,
a quan ti ta tive in ter pre ta tion of the va lence XPS struc -
ture in the BE range 0 eV to ~35 eV for Cs2UO2Cl4,
was done. The cor re la tion of the XPS struc ture pa ram -
e ters with the mech a nisms of its for ma tion was es tab -
lished.

The U5f (2.86 U5f 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 Cs2UO2Cl4
par tially los ing their f-na ture. 

The U6p 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 par tic i pate no tice ably 
(0.34 U6p e–) in the filled OVMO for ma tion. 

The larg est part in the IVMO for ma tion in
Cs2UO2Cl4 was es tab lished to be taken by the
U6p1/2,3/2 and the O2s AO, and to a lesser ex tent – by
the U6p3/2 and the Cl3s AO, of the neigh bor ing ura -
nium ox y gen and chlo rine ions.

The MO se quent or der in the BE range of 0 eV to
~35 eV for the UO2Cl4

2– clus ter was de fined and the
cor re spond ing MO com po si tion was ob tained. 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 UO2Cl4

2– and for the in ter pre ta -
tion of other X-ray spec tra of Cs2UO2Cl4.

The OVMO and IVMO con tri bu tions to the
chem i cal bond were eval u ated for the UO2Cl4

2– clus -
ter. The rel a tive OVMO con tri bu tion to the chem i cal
bind ing was shown to be 76 %, and that of the IVMO –
24 %. De spite the ap prox i ma tions used for the eval u a -
tion of the IVMO and OVMO con tri bu tions were not
per fect, one can con clude that the the o ret i cal and ex -
per i men tal stud ies of chem i cal bond can not ne glect
the IVMO for ma tion ef fect in ac ti nide com pounds.

ACKOWLEDGEMENTS

The work was sup ported by the RFBR grant no.
13-03-00214-a.

AUTHORS' CONTRIBUTIONS

The idea for the study was put for ward by Yu. A.
Teterin, the mea sure ments were car ried out by K. I.
Maslakov, the the o ret i cal cal cu la tions were car ried out
by M. V. Ryzhkov, the com pounds were pro duced by D.
N. Suglobov, the sam ples were pre pared by V. G. Petrov,
ex per i men tal data were pro cessed and in ter preted by A.
Yu. Teterin, K. E. Ivanov, and S. N. Kalmykov.

REFERENCES

[1] Veal, B. W., et al., X-Ray Pho to elec tron Spectroscopy
Study of Hex ava lent Ura nium Com pounds, Phys. Rev.
B., 12 (1975),  pp. 5651-5663

[2] Verbist, J., et al., X-Ray Pho to elec tron Spec tra of
Ura nium and Ura nium Ox ides, Cor re la tion with the
Half-Life of 235Um, J. Electr. Spectr. Relat. Phenom., 5
(1974), pp. 193-205

[3] Teterin, Yu. A., et al., The XPS Struc ture of the
Low-En ergy Elec trons of Ox ides UO2 and g-UO3, (in
Rus sian), Doklady Akademii Nauk SSSR, (Re ports of 
the Acad emy of Sci ences of USSR), 256 (1981), 2, pp.
381-384

[4] Thibaut, E., et al., Elec tronic Struc ture of Ura nium
Halides and Oxyhalides in the Solid State, an X-Ray

Yu. A. Teterin, et al.: Va lence XPS Struc ture and Chem i cal Bond in Cs2UO2Cl4

48 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 37-50



Pho to elec tron Spec tros copy Study of Bond ing
Iconicity, J. Am. Chem. Soc., 104 (1982), pp.
266-5273

[5] Teterin, Yu. A., Gagarin, S. G., In ner Va lence Mo lec u -
lar Orbitals and the Struc ture of X-Ray Pho to elec tron
Spec tra,  Rus sian Chem i cal Re views, 65 (1996), 10,
pp. 825-847

[6] Teterin, Yu. A., Teterin, A. Yu., Struc ture of X-Ray
Pho to elec tron Spec tra of Light Actinide Com pounds,
Rus sian Chem i cal Re views, 73 (2004), 6, pp. 541-580

[7] Veal, B.W., Lam, D. J., Di a mond, H., X-Ray Pho to -
elec tron Spec tros copy of 5f Elec trons in Di ox ides of
Nep tu nium and Plu to nium, Physica B, 86-88 (1977),
pp. 1193-1194

[8] Tobin, J. G., Yu, S.-W., Or bital Spec i fic ity in the Un -
oc cu pied States of UO2 from Res o nant In verse Pho to -
elec tron Spec tros copy, Phys. Rev. Let ters., 107
(2011), 167406

[9] Beatham, N., Or chard, A. F., Thorn ton, G., On the
Pho to elec tron Spec tra of UO2, J. Elec tron Spectrosc.
Relat. Phenom., 19 (1980), pp. 205-211

[10] Teterin, Yu. A., Teterin, A. Yu., Struc ture of X-Ray
Pho to elec tron Spec tra of Lanthanide Com pounds,
Rus sian Chem i cal Re views, 71 (2002), 5, pp. 347-381

[11] Ellis, D. E., Rosen, A., Walch, P. F., Ap pli ca tions of
the Dirac-Slat er Model to Mol e cules, In tern. J.
Quant. Chem ist. Symp., 9 (1975), pp. 351-358

[12] Walch, P. F., Ellis, D. E., Ef fects of Sec ond ary Lig -
ands on the Elec tronic Struc ture of Uranyls, J. Chem.
Phys., 65 (1976), 6, pp. 2387-2392

[13] Hirata, M., et al., Va lence Elec tronic Struc ture of Ura -
nyl Ni trate UO2(NO3)2×2H2O, J. Electr. Spectr. Relat.
Phenom., 83 (1997), pp. 59-64

[14] Teterin, Yu. A., et al., The Na ture of Chem i cal Bond
in Tri ox ide g-UO3, Nucl Technol Radiat, 17 (2002),
1-2, pp. 3-12

[15] Bor ing, M., Wood, J. H., Miscowitz, J. M., Self-Con -
sis tent Field Cal cu la tion of the Elec tronic Struc ture of 
the Ura nyl Ion (UO2

++), J. Chem. Phys., 63 (1975), 2,
pp. 638-642

[16] Den ning, R. G., Elec tronic Struc ture and Bond ing in
Actinyl Ions., Struc ture and Bond ing, 79 (1992), pp.
215-276

[17] Den ning, R. G., Elec tronic Struc ture and Bond ing in
Actinyl Ions and their Analogs, J. Chem. Phys., A 111
(2007), pp.  4125-4143

[18] Atuchin, V. V., Zhang, Z., Chem i cal Bond ing Be -
tween Ura nium and Ox y gen in U6+-Con tain ing Com -
pounds, J. Nucl. Ma ter., 420 (2012), pp. 222-225

[19] Wadt, W. R., Why UO2
2+ is Lin ear and Iso Electronic

ThO2 is Bent, J. Am. Chem. Soc., 103 (1981), pp.
6053-6057

[20] Tatsumi, K., Hoffmann, R., Bent cis d0 MoO2
2+ vs Lin -

ear Trans d0f0 UO2
2+: A Sig nif i cant Role for Non Va -

lence 6p Or bital in Ura nyl, Inorg. Chem., 19 (1980),
pp. 2656-2658

[21] Teterin, Yu. A., et al., The Role of the Low-En ergy
Filled Sub-Shells Elec trons in the Chem i cal Bond of
Ura nium Com pounds (in Rus sian), Doklady
Akademii Nauk SSSR (Re ports of the Acad emy of Sci -
ences of USSR) 284 (1985) 4, pp. 915-920 

[22] de Jong, W. A., Visscher, L., Nieupoort, W. C., On the
Bond ing and the Elec tric Field Gra di ent of the Ura nyl
Ion, J. Mo lec u lar Struc ture (Theochem), 458 (1999),
pp. 41-52

[23] Ilton, E. S., Bagus, P. S., XPS De ter mi na tion of Ura -
nium Ox i da tion States, Surf. In ter face Anal., 43
(2011), pp. 1549-1560

[24] Pireaux, J. J., et al., The Po ten tial Use of Ura nium Ox -
ides and Ura nium-Bis muth Mixed Ox ides in Ca tal y -
sis, Chem. Phys., 22 (1977), pp. 113-120

[25] Teterin, Yu. A., Teterin, A. Yu., Mod ern X-Ray Spec -
tral Meth ods in the Study of the Elec tronic Struc ture
of Ac ti nide Com pounds: Ura nium Ox ide UO2 as an
Ex am ple, Nucl Technol Radiat, 19 (2004), 2, pp. 3-14

[26] Utkin, I. O., et al., X-Ray Spec tral Stud ies of the Elec -
tronic Struc ture of Ura nyl Flu o rite UO2F2, Nucl
Technol Radiat, 19 (2004), 2, pp. 15-23

[27] Teterin, Yu. A., et al., Na ture of the Chem i cal Bond in
Ura nium Di ox ide UO2, Radiochemistry, 47 (2005), 3,
pp. 215-224

[28] Hall, D., Rae, A. D., Wa ters, T. N., The Crys tal Struc -
ture of Dicasiumtetrachlorodioxourannium (VI),
Acta Cryst., 2 (1966), pp. 160-162

[29] Shir ley, D. A., High-Res o lu tion X-Ray Photoemission
Spec trum of the Va lence Band of Gold, Phys. Rev. B., 5
(1972), pp. 4709-4714

[30] Teterin, Yu. A., et al., Cor re la tion of the XPS Struc -
ture of Plu to nium and Ura nium in Cs2AnO2Cl4 (An =
Pu,U) Sin gle Crys tals with Their Ox i da tion States,
Struc ture and Chem i cal Bond Na ture, (in Rus sian),
Doklady Akademii Nauk SSSR (Re ports of the Acad -
emy of Sci ences of USSR), 277 (1984), 1, pp. 131-136 

[31] Gouder, T., Havela, L., Ex am ples of Quan ti fi ca tion in
XPS on 5f Ma te ri als, Mikrochim. Acta., 138 (2002),
pp. 207-215

[32] Watkin, D. J., Den ning, R. G., Prout, K., Struc ture of
dicaesiumtetrachlorodioxouranium (VI), Acta
Crystallogr., C47 (1991), pp. 2517-2519

[33] Wilkerson, M. P., Scott, B. L., Dicaesiumtetrac-
hloridodioxidoplutonat (VI), Acta Cryst., E64 (2008), 
i5, sup-1- sup-6

[34] Rosen, A., Ellis, D. E., Rel a tiv is tic Mo lec u lar Cal cu -
la tions in the Dirac-Slat er Model, J. Chem. Phys., 62
(1975), 8, pp. 3039-3049

[35] Adachi, H., Rel a tiv is tic Mo lec u lar Or bital The ory in
the Dirac-Slat er Model, Tech ni cal Re port Osaka Uni -
ver sity, 1392 (1977), 27, pp. 569-576

[36] Gunnarsson, O., Lundqvist, B. I., Ex change and Cor -
re la tion in At oms, Mol e cules, and Sol ids by the
Spin-Den sity-Func tional For mal ism, Phys. Rev. B.,
13 (1976), 10, pp. 4274-4298

[37] Pyykko, P., Toivonen, H., Ta bles of Rep re sen ta tion
and Ro ta tion Ma tri ces for the Rel a tiv is tic Ir re duc ible
Rep re sen ta tions of 38 Point Groups, Acta Acad.
Aboensis, Ser. B, 43 (1983), pp. 1-50

[38] Varshalovish, D. A., Moskalev, A. N., Khersonskii, V.
K., Quan tum The ory of An gu lar Momentum World
Sci en tific, Sin ga pore 1988, p. 439

[39] Fuggle, J. C., et al., X-Ray Pho to elec tron Stud ies of
Tho rium and Ura nium, J. Phys. F: Metal Phys., 4
(1974), pp. 335-342

[40] Fuggle, J. C., Martensson, N., Core-Level Bind ing
En er gies in Met als, J. Elec tron Spectrosc. Relat.
Phenom., 21 (1980), pp.  275-281

[41] Huang, K. N., et al., Neu tral-Atom Elec tron Bind ing
En ergy from Re laxed-Or bital Rel a tiv is tic
Hartree-Fock-Slat er Cal cu la tions, At. Data Nucl.
Data Ta bles, 18 (1976), pp. 243-291

[42] Band, M., Kharitonov, Y. I., Trzhaskovskaya, M. B.,
Photoionization Cross Sec tions and Pho to elec tron
An gu lar Dis tri bu tion for X-Ray Line En er gies in the
range 0.132-4.509 keV (Tar gets: 100 ³ Z ³ 1), At.
Data Nucl. Data Ta bles, 23 (1979), pp. 443-505

[43] Yarzhemsky, V. G., et al., Photoionization Cross-Sec -
tions of Ground and Ex cited Va lence Lev els of
actinides, Nucl Technol Radiat, 27 (2012), 2, pp.
103-106

[44] Yarzhemsky, V. G., Teterin, Y. A., Sosulnikov, M. I.,
Dy namic Dipolar Re lax ation in X-Ray Pho to elec tron
Spec tra of Ba4p Subshell in Bar ium Com pounds, J.
Elec tron Spectrosc. Relat. Phenom., 59 (1992), pp.
211-222

Yu. A. Teterin, et al.: Va lence XPS Struc ture and Chem i cal Bond in Cs2UO2Cl4

Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 37-50 49



[45] Sevier, K. D., Atomic Elec tron Bind ing En ergy,
Atomic Data and Nu clear Data Ta bles, 24 (1979), pp.
323-371

[46] Slat er, J. C., John son, K. H., Self-Con sist Field Xa
Clus ter Method for Poly Atomic  Mol e cules and Sol -
ids, Phys. Rev. B, 5 (1972), pp. 844-853

[47] Teterin, Yu. A., et al., Elec tronic Struc ture and Chem -
i cal Bond Na ture in Cs2PuO2Cl4, Nucl Technol
Radiat, 30 (2015), 2, pp. 99-112

Re ceived on Feb ru ary 25, 2016
Ac cepted on March 7, 2016

Yu. A. Teterin, et al.: Va lence XPS Struc ture and Chem i cal Bond in Cs2UO2Cl4

50 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 1, pp. 37-50

Jurij A. TETERIN, Konstantin I. MASLAKOV, Mihail V. RI[KOV,
Anton J. TETERIN, Kiril E. IVANOV, Stepan N. KALMIKOV,

Vladi mir G. PETROV, Dmitrij N. SUGLOBOV

VALENTNA  STRUKTURA  RENDGENSKIH  FOTOELEKTRONSKIH
SPEKTARA  I  HEMIJSKA  VEZA  U  Cs2UO2Cl4

Obavqena je kvantitativna analiza strukture rendgenskih fotoelektronskih spektara
valentnih elektrona u oblasti energija veze od 0 eV do ~35 eV u kristalnom dicezijum
tetrahloridoksouranijumu (Cs2UO2Cl4), jediwewu koje sadr`i uranil grupu UO2

2+. Pri tome su
ura~unate energije veze i strukture elektronskih quski jezgra (~35 eV-1250 eV), kao i rezultati
relativisti~kog diskretnog varijacionog prora~una UO2Cl4

2–(D4h) klastera koji odra`ava blisku
okolinu uranijuma u Cs2UO2Cl4. Eksperimentalni podaci pokazuju da efekti vi{e tela usled
prisustva cezijuma i hlora doprinose spoqa{woj valentnoj spektralnoj strukturi (energije veze
0-~15 eV) mnogo mawe nego unutra{woj (energije veze ~15-~35 eV BE). Teoretski je prora~unato i
eksperimentalno potvr|eno da su uneta U5f elektronska stawa prisutna u valentnoj zoni
Cs2UO2Cl4. To potkrepquje pretpostavku o neposrednom udelu U5f elektrona u hemijskoj vezi.
Elektroni U6p atomskih orbita u~estvuju u nastanku i unutra{wih i spoqa{wih valentnih
molekulskih orbita (zona). Ustanovqeno je da U6p, O2s i Cl3s elektronske quske najvi{e doprinose 
nastanku unutra{wih valentnih molekulskih orbita. Odre|eni su kompozicija i sekvencijalni
poredak molekulskih orbita u oblasti energija veze od 0 eV do ~35 eV za UO2Cl4

2– klaster.
Eksperimentalni i teoretski podaci dopu{taju da se kvantifikuje {ema molekulskih orbita za
UO2Cl42 klaster u oblasti energija veze od 0 eV do ~35 eV, {to je bitno i za razumevawe prirode
hemijske veze i tuma~ewu drugih rendgenskih spektara Cs2UO2Cl4. Proceweno je da doprinos
spoqa{wih valentnih molekulskih orbita hemijskom vezivawu UO2Cl4

2– klastera iznosi 76 %, dok
je doprinos unutra{wih orbita 24 %.

Kqu~ne re~i: aktinid, uranijum, elektronska struktura, rendgenska fotoelektronska
..........................spektroskopija, relativisti~ki prora~un


