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This work in ter preted the fine X-ray pho to elec tron spec tral struc ture of the low bind ing
en ergy elec trons (0-40 eV) and X-ray O4,5(U) emis sion spec tral struc ture from UO2F2

tak ing into ac count the rel a tiv is tic Xa dis crete vari a tion (RXa-DV) cal cu la tion for the
[(UO2)F6]4–(D6h) clus ter re flect ing an ura nium close en vi ron ment in UO2F2. The U5f
elec trons were shown to par tic i pate di rectly in the chem i cal bond for ma tion. The U6p
elec trons were shown to par tic i pate not only in for ma tion of the in ner va lence mo lec u lar 
orbitals, but also in for ma tion of the outer va lence mo lec u lar orbitals. The in ner va lence
mo lec u lar orbitals se quence or der in the bind ing en ergy range 12-40 eV was es tab -
lished. It is im por tant for de vel op ment of the tech nique of in ter atomic dis tance de ter mi -
na tion in the ax ial di rec tion and equa to rial plane of ura nyl com pounds on the X-ray pho -
to elec tron spec tral ba sis.
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INTRODUCTION

The low bind ing en ergy (0-50 eV) X-ray pho -
to elec tron spec tros copy (XPS) from ura nyl flu o rite
(UO2F2) ex hib its a com plex fine struc ture at trib -
uted to the outer va lence mo lec u lar orbitals
(OVMO) and in ner va lence mo lec u lar orbitals
(IVMO) elec trons [1-3]. This spec trum re flects the
band struc ture and is ob served as sev eral [eV] wide
bands. In UO2F2  these IVMOs are built from the
U6p and O(F)2s shells. A strong U6p-O(F)2s
atomic or bital (AO) over lap for the
[(UO2)F6]6–(D6h) clus ter in the non-rel a tiv is tic ap -
prox i ma tion was the o ret i cally shown in [4, 5] and
for the first time ex per i men tally con firmed on the
ba sis of the outer-core shells bind ing en ergy dif fer -

ences for ura nyl flu o rite in [1, 6]. It al lowed a qual i -
ta tive iden ti fi ca tion of the high res o lu tion X-ray
O4,5(U) emis sion spec tral struc ture from UO2F2 [4, 
7], which ap peared to be an ex tra ex per i men tal cor -
rob o ra tion for the IVMO for ma tion in UO2F2.

Ac cord ing to ear lier sug ges tions, the An5f- elec -
trons are sup posed to get pro moted to, for ex am ple, the 
An6d atomic orbitals be fore the chem i cal bond for ma -
tion. How ever, the the o ret i cal cal cu la tions show that
the An5f atomic shells can par tic i pate di rectly in the
for ma tion of mo lec u lar orbitals (MO) in ac ti nide com -
pounds [1]. This prin ci pally novel fact needs an ex per i -
men tal con fir ma tion so in this work we mea sured high
res o lu tion X-ray O4,5(U) emis sion spec tral struc tures.
How ever, in the ab sence of rel a tiv is tic cal cu la tions of
the UO2F2 elec tronic struc ture a cor rect in ter pre ta tion
of the XPS can not be achieved. In this work we in ter -
preted the fine low bind ing en ergy XPS and X-ray emis -
sion spec tral (XES) struc tures from UO2F2 tak ing into
ac count the rel a tiv is tic Xa dis crete vari a tion method
(RXa-DVM) cal cu la tion of the elec tronic struc ture for
the [(UO2)F6]

4–(D6h) clus ter re flect ing an ura nium
close en vi ron ment in UO2F2.

EX PER I MEN TAL

The XPS method is based on the photoeffect phe -
nom e non in which XPS spec trum shows a de pend ence
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of the num ber of photoelectrons on the bind ing en ergy.
XPS spec tra of UO2F2 were mea sured with an elec tro -
static spec trom e ter HP 5950A Hewlett-Packard us ing
mono chro matic AlKa1,2 (hn = 1486.6 eV) ra di a tion in
a vac uum of 1.3×10–7 Pa at room tem per a ture. The de -
vice res o lu tion mea sured as full width on the half-max i -
mum (FWHM) of the Au4f7/2 line on the stan dard rect -
an gu lar golden plate was 0.8 eV.  The bind ing en er gies
Eb [eV] were mea sured rel a tive to the bind ing en ergy of
the C1s elec trons from hy dro car bons ab sorbed on the
sam ple sur face ac cepted to be equal to 285.0 eV. The
FWHM were mea sured rel a tive to the width of the C1s
line of hy dro car bons ac cepted to be equal to 1.3 eV. The
er ror in de ter mi na tion of elec tron bind ing en er gies and
the line widths did not ex ceed 0.1 eV and that of the rel a -
tive line in ten si ties was less than 10%.

UO2F2 sam ple was pre pared from the fine-dis -
persed pow der ground in the ag ate mor tar as a thick
dense layer with a flat sur face pressed in in dium on the
me tal lic sub strate. Elas tic scat ter ing re lated back ground 
in the XPS was sub tracted as de scribed by Shir ley [8].

X-ray O4,5(U) emis sion spec tra (XES) of
UO2F2 re flect ing the U6p and U5f states in the va -
lence band were mea sured by a pri mary method with
a spec trom e ter RSM-500 with an en ergy res o lu tion of 
0.3 eV. The spec tra were re corded dur ing 60 min utes
[4]. The change of en ergy of in ci dent elec trons al -
lowed vary ing an ef fec tive depth of anal y sis from 15
up to 50 nm. The area of an ex ited elec tronic beam
was 5 ́  5 mm2. The sam ples were ground in the ag ate
mor tar and then as a pow der were pressed in a sil ver
plate, which was fas tened on the an ode of the X-ray
tube with the spe cial clamps. For the spec tra reg is tra -
tion the sec ond ary elec tronic mul ti plier of an open
type was used. As the photocathode a CsI film was ap -
plied. The spec tra were re corded three times to avoid
the in flu ence of the sam ple com po si tion changes. For
cal i bra tion of en ergy po si tion of spec trum pe cu liar i -
ties Zr (75.55 eV) and Nb (85.85 eV) lines were
taken in the sec ond or der of re flec tion Mx.

The [(UO2)F6]
6–(D6h) clus ter [9] re flect ing ura -

nium close en vi ron ment in UO2F2 is a UO2
2+ ion sur -

rounded in the equa to rial plane by the six flourines (lig -
ands). The in ter atomic dis tances used in the cal cu la tions
were RU-O = 1.74×10–10 m and RU-L(F) = 2.43× 10–10 m.
The cal cu la tions for this clus ter were done in rel a tiv is tic
Xa Dis crete Vari a tion (RXa-DV) ap prox i ma tion [10]
based on the Dirac-Slat er equa tion for the 4 com po nent
spinors be ing a lin ear com bi na tion of atomic orbitals
from the so lu tion of the rel a tiv is tic task for the iso lated
at oms. The ex tended ba sis of nu mer i cal atomic orbitals
from the so lu tion of Dirac-Slat er equa tion for the iso -
lated atoms be side the filled in cluded the va cant U7p
states. The di rect AO de com po si tion ba sis were
symmetrized lin ear AO com bi na tions con vert ing by the
ir re duc ible rep re sen ta tions of the bi nary groups D6h.
The nu mer i cal in te gra tion dur ing the cal cu la tion of sec -
u lar equa tion ma trix el e ments was done by the num ber

of 4500 points spread in the clus ter space. It pro vided
the con ver gence of MO en er gies of not worse than 0.1
eV. The lo cal ex change-cor re la tion po ten tial was taken as
Xa with a equal to the mean atomic val ues. Since the
clus ters were the frag ments of the crys tal, the ligand AO
pop u la tion renormalization dur ing the self-con sist ing
was done. It al lowed an ef fec tive ac count of the
stoichiometry and charge re dis tri bu tion be tween the lig -
ands and sur round ing crys tal [10]. For the cor rect eval u -
a tion of the rel a tiv is tic ef fects in UO2F2 the non-rel a tiv is -
tic Xa-DV cal cu la tions (NRXa-DV) for the same
crys tal line pa ram e ters were done [4, 10].

RE SULTS AND DIS CUS SION

The low bind ing en ergy (0-40 eV) XPS from
UO2F2 can be con di tion ally sub di vided into the
two ranges (fig. 1). The first one 0-12 eV shows the
struc ture at trib uted to the OVMOs built mostly
from the in com pletely filled outer U5f,6d,7s and
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Fig ure 1. XPS from UO2F2 (a). The cor re spond ing the o -
ret i cal spec trum is given bel low as ver ti cal bars. The same 
spec trum with sub tracted back ground (b). Ver ti cal bars
show the spec trum on the ba sis of the the o ret i cal and ex -
per i men tal data (see tab. 2). The dashed line shows the
shape of the sub tracted back ground (a) and sub di vi sion
into the sep a rate com po nents. Spec tral in ten sity is in ar -
bi trary units nor mal ized by 100%



O(F)2p AOs (tab. 1). The sec ond one 12-40 eV

shows the IVMO re lated fine struc ture. These

IVMOs are built mostly from the com pletely filled

in ner va lence U6p and O(F)2s AOs. The fact that

the IVMO XPS pa ram e ters cor re late with ura nium

close en vi ron ment struc ture in com pounds en cour -

aged this sub di vi sion [11]. The OVMO XPS struc -

ture has three typ i cal fea tures and can be sub di vided

into the three com po nents. Since the low bind ing

en ergy com po nent at Eb » 1.5 eV is ap par ently due

to the ad mix ture of the U4+ ions, it will not be con -

sid ered here. The IVMO spec tral range ex hib its
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Ta ble 1. Rel a tiv is tic Xa-DV cal cu la tion re sults of the elec tronic struc ture for the UO2F6
4–(D6h) clus ter re flect ing

ura nium close en vi ron ment in UO2F2 at RU-O = 1.74×10–10 m and RU-L = 2.43×10–10 m

MO
–E

[eV]

MO composition

6s
si

(a)1.14
6p1/2

0.89
6p3/2

1.29
6d3/2

0.61
6d5/2

0.55
7s

0.12
5f5/2

3.67
5f7/2

3.48
7p1/2

0.07
7p3/2

0.10
O2s
0.96
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1.44
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0.13

O
M

V
O
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+
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–
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+
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–
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–
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+
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–
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–
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–
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–
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–
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  1.4
  2.1
  2.2

0.33

0.33

0.33
0.56

0.77

1.66

0.52
0.39

1.00

0.18
0.96

3.05

0.14
0.04

1.00

1.18

0.16

0.10
0.54
0.04

0.91
0.80

2.55

0.43

0.72
0.30
0.94
0.98
0.05
0.14

3.56

1.00

1.00

1.00

1.00

0.05

2.05

0.08

0.13
0.15

0.01

0.37

0.05
0.04

0.02
0.02
0.04
0.05

0.22
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+
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+
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10g9
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9g9
+ 

17g7
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17g7
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SIi
(a)

2.9
3.1
3.3
3.5
3.7
3.7
3.9
3.9
3.9
3.9
4.1
4.3
4.3
4.4
4.8
5.0
5.8
5.8
5.9
7.0
7.0
7.3
7.4
7.4

0.03

0.07

0.10

0.01

0.03

0.04

0.04

0.08

0.17

0.06

0.35

0.02

0.02

0.18
0.19

0.04

0.07

0.07

0.55

0.02

0.02

0.01

0.02

0.12

0.07

0.18

0.40

0.03
0.05
0.06

0.07

0.26

0.13

0.03

0.63

0.05

0.05

0.01

0.04

0.04
0.08

0.03

0.26
0.78
0.71
0.90
0.75
0.87

4.47

1.00
0.95
1.00
1.00
0.97
0.95
0.81
1.00
0.96
0.92
1.00
1.00
0.93
0.97
0.91
0.98
0.82
0.81
0.19
0.04
0.02
0.03
0.01
0.06

17.3

O
M
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–

  9g9
–
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+
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–

  5g8
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+

   5g8
+
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+

  8g9
–
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–
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–

 14g7
+

SIi
(a)

14.4
18.2
21.7
22.0
22.0
22.1
22.2
22.8
22.8
24.4
30.5
46.4

0.10

0.80

1.00

0.03

0.12

0.26
0.56

0.97

0.47
0.87

0.04

0.07
0.24
0.04

1.73

0.01

0.01

0.01

0.01

0.30

0.85
0.07

0.03

0.24
0.29
0.15

1.93

0.20
0.05

0.04
0.10
0.04

0.44

0.06
0.03
0.76
1.00
1.00
1.00
0.96
0.93
0.22
0.01

5.97

0.01

0.01

(a) To tal elec tronic den si ties per one elec tron
(b) Upper filled mo lec u lar or bital



pro nounced peaks and can be sub di vided into the
seven com po nents (fig. 1). De spite a cer tain for mal -
ism, this sub di vi sion al lows qual i ta tive and quan ti -
ta tive com par i sons be tween the XPS, XES, and
RXa-DV cal cu la tion re sults for the [(UO2)F6]6–

(D6h) clus ter.
The rel a tiv is tic cal cu la tion re sults for the ground

state of this clus ter is given in tab. 1. Since af ter the
elec tron photoemission the mol e cule tran sits into an
ex cited state with a hole on a cer tain level, the bind ing
en er gies for the tran si tion states have to be used [12]
for a more strict com par i son be tween the the o ret i cal
and ex per i men tal data. How ever, in a rough ap prox i -
ma tion one can sug gest that for the va lence re gion the
bind ing en er gies for the tran si tion state dif fer from
those for the ground state by a con stant shift to ward
the higher ab so lute en ergy. There fore, the pres ent
work used the the o ret i cal bind ing en er gies in creased
by 1.2 eV for com par i son with the cor re spond ing ex -
per i men tal val ues (tab. 2). Tak ing into ac count the
MO com po si tions (tab. 1) and photoionization
cross-sec tions [13], the the o ret i cal spec tral in ten si ties
for some en ergy ranges were de ter mined (tab. 2, fig.
1). Com par ing the ex per i men tal XPS and the o ret i cal
data one has to take into ac count that the XPS from
UO2F2 re flects the band struc ture and con sists of
bands wid ened due to the solid-state ef fects. De spite
the ap prox i ma tion im per fec tions, one can see a good
qual i ta tive agree ment be tween the the o ret i cal and ex -
per i men tal data. In deed, the cor re spond ing the o ret i -
cal and ex per i men tal FWHMs (Gtheor = 4.5 eV and
Gexp = 4.2 eV) and rel a tive in ten si ties of the outer and
in ner va lence bands (IOVMO

theor = 42.0%, IIVMO
theor = 

= 58.0% and IOVMO
exp = 40.6%, IIVMO

exp =
=j59.4%) are com pa ra ble. A sat is fac tory agree ment
be tween the the o ret i cal and ex per i men tal bind ing en -
er gies for some elec tronic orbitals, in par tic u lar the
16g7

–, 9g9
–, and 16g7

+ IVMO, was reached (tab. 2).
The worst agree ment was reached for the mid dle
(15g7

–-14g7
–) IVMO re gion. Previosly the IVMO

XPS struc ture has been in ter preted on the ba sis of the
non-rel a tiv is tic Xa cal cu la tions [4, 5]. It al lowed a
qual i ta tive iden ti fi ca tion of the fine spec tral struc ture
in the bind ing en ergy range 0-23 eV. It was pos si ble
be cause in clu sion of rel a tiv is tic ef fects in gen eral gives
a strong sep a ra tion of the U6p1/2 com po nent, but the
main fea tures in the bind ing en ergy range 0-23 eV re -
mained in vari able. The rel a tiv is tic cal cu la tion al lowed
a qual i ta tive and quan ti ta tive in ter pre ta tion of the
XPS fine struc ture in the whole range 0-40 eV.

De spite the fact that the outer va lence band in -
ten sity for ura nium com pounds is mostly due to the
U5f,6d and O(F)2p AOs, for ura nium ox ides UO2,
UO3, and flu o rite UF4 it has been shown on the ba -
sis of the con ver sion elec tron spec tra that the in ner
va lence U6p elec trons par tic i pate ef fec tively in the
OVMO for ma tion [14-16]. Us ing this and the data
of tab. 2 in mind one can sug gest that the U6p elec -

trons par tic i pate in the OVMO for ma tion in
UO2F2. Also, ex per i men tal ev i dence for the fact
that the U5f elec trons can par tic i pate in the chem i -
cal bond with out loosing their f-na ture was prac ti -
cally es tab lished. In deed, the ex per i men tal in ten sity
ra tio OVMO/IVMO is 0.68, which is com pa ra ble
with the cor re spond ing the o ret i cal value 0.72 (tab.
2). Since the U5f AO prac ti cally does not par tic i -
pate in the IVMO for ma tion, the dif fer ence can be
ex plained by the de crease of the photoionization
cross-sec tion of the U5f elec trons par tic i pat ing in
the chem i cal bond. It con tra dicts the tra di tional in
chem is try by sug gest ing the ex ci ta tion of the U5f
elec trons to the U6d shell be fore the chem i cal bond
for ma tion. There fore, one can sug gest that the rel a -
tiv is tic cal cu la tion re sults re flect the par tial U5f elec -
tronic den sity rather well (tab. 2). These data show
that more than two U5f elec trons par tic i pate in the
chem i cal bond for ma tion, and the va cant U5f states
are lo cated within 6 eV near the ab sorp tion edge
(tab. 1).

In the IVMO XPS range the good agree ment
was reached only for the 16g7

–, 9g9
–, 16g7

+, and
13g7

– orbitals char ac ter iz ing the spec tral width.
Tak ing into ac count the com pa ra bil ity of the the o -
ret i cal data and ex per i men tal to tal rel a tive in ten sity,
one can sug gest that the cal cu lated en er gies of the
15g7

–-14g7
– IVMO dif fer sig nif i cantly from the cor -

re spond ing ex per i men tal data (tab. 2).
Tak ing into ac count the non-rel a tiv is tic cal cu la -

tions for the [(UO2)F6]
4–(D6h) clus ter [7] and ex per i -

men tal data on the core-va lence lev els bind ing en ergy
dif fer ences for ura nium [17] and UO2F2 [1-4], in the
mo lec u lar orbitals as lin ear com bi na tions of atomic
orbitals approximative MO sche matic di a gram can be
built (fig. 2). This di a gram en ables the un der stand ing of
the real XPS struc ture of UO2F2. In this ap prox i ma tion
one can sep a rate for mally the 16g7

–(3), 14g7
–(6), and

13g7
–(9) IVMO group char ac ter iz ing the in ter atomic

dis tance U-O in ura nyl group UO2
2+, 9g9

–(4), 15g7
–(7), 

and 8g9
–(8) IVMO char ac ter iz ing the in ter atomic dis -

tance U-L in the equa to rial plane, as well as the
quasiatomic 16g7

+(5), 5g8
–(8), 8g9

+(8), 5g8
+(8), and

15g7
+(8) IVMOs at trib uted gen er ally to the

O(F)2s-U6p1/2 elec trons. It has to be noted that this
IVMO sub di vi sion is well grounded [1, 6]. The ex per i -
men tal data show that the bind ing en er gies of
quasiatomic 5g8

–(8)-15g7
+(8) IVMOs have to be close

to 29.9 eV, which dif fers sig nif i cantly from re sults of the -
o ret i cal cal cu la tion. In deed, the F1s and F2s bind ing en -
er gies for UO2F2 are 685.3 and 29.9 eV re spec tively and 
DEi(F1s-F2s) = 655.4 eV [1, 6]. In sup port of this one
can note the sim i lar DEi val ues of 655.4 and 655.2 eV for 
MnF2 and MnF3 re spec tively [18] where the F2s AOs
par tic i pate weakly in the MO for ma tion. It al lowed a
more ex act de ter mi na tion of the IVMO se quence or der
(com pare tab. 1 and tab. 2, fig. 2). Since the bind ing en -
er gies of the quasiatomic F2s re lated orbitals in crease by
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about 6 eV, the F2s con tri bu tion to, for ex am ple, the
9g9

–(4) IVMO must de crease, and to the 13g7
–(9)

IVMO must in crease. The con tri bu tion of the U6p3/2

AO to the 8g9
–(8) IVMO must de crease, which agrees

with the ex per i men tal data. In this case the sep a ra tion of
the 8g9

–(8) IVMO from the gen eral band of
quasiatomic orbitals (8) is not pos si ble (tab. 2). Tak ing
into ac count that DEU  =  360.6 eV, DE1 = 363.6 eV, 
one  can find D2 = 3.0 eV and D1 = 4.2 eV [1, 6]. The
per tur ba tion is D3 = 2.6 eV. The peak width of the
quasiatomic orbitals 16g7

+(5) and 5g8
– (8)- (8) is com -

pa ra ble to the widths of other IVMOs. The ob served
nar row ing of the 15g7

–(7) IVMO can be ex plained by
the par tial loss of the antibonding na ture due to the mix -
ture of the (7%) of O2s AO (tab. 2, see also [11]).

For com par a tive quan ti ta tive anal y sis of the ex -
per i men tal and the o ret i cal in ten si ties the considered

spec tra were de com posed hav ing in mind data in fig. 2.

The di a gram of fig. 2 was built on the ba sis of the ex -

per i men tal bind ing en er gies and the o ret i cal in ten si ties.

The iden ti fi ca tion of the XPS struc ture is shown in tab.

2 and fig. 2. These data show that the ex per i men tal and

the o ret i cal binding en er gies prac ti cally co in cide. How -

ever, the ex per i men tal IVMO in ten si ties of ten dif fer

significantly from the cor re spond ing the o ret i cal val ues.

The best agree ment was reached for the 16g7
–(3),

16g7
+(5), and 13g7

–(9) IVMOs. The the o ret i cal data

show that 0.78 U6p e– elec trons par tic i pate in the

OVMO for ma tion (tab. 2), where the U6p3/2 elec trons 

take the main part. The U6p dis tri bu tion in OVMO

and IVMO re flects the dis tri bu tion of the U6p par tial

elec tronic den sity in the va lence band of UO2F2. Ta ble

2 also shows that more than two U5f elec trons par tic i -
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Ta ble 2. XPS pa ram e ters of the UO2F2 and UO2F6
4– (D6h) clus ter at RU-O = 1.74×10–10 m and RU-O = 2.43×10–10 m

(R Xa-DVM) and the U6p and U5f elec tronic state den si ties ri(e–)

MO
–E(c)

[eV]

X-ray photoelectron spectra

U6p and U5f electronic state densities ri (e–)Energy(d)

[eV]
Intensity [%]

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

O
M

V
O

    21g7
+(a)

13g9
–

21g7
–

   8g8
+

  8g8
–

12g9
–

20g7
–

   7g8
+

 12g9
+

 20g7
+

 11g9
+

11g9
–

  7g8
–

19g7
–

 19g7
+

  6g8
–

   6g8
+

 10g9
+

18g7
–

 18g7
+

10g9
–

   9g9
+

17g7
–

 17g7
+

SIi
(b)

4.1
4.3
4.5
4.7
4.9
4.9
5.1
5.1
5.1
5.1
5.3
5.5
5.5
5.6
6.0
6.2
7.0
7.0
7.1
8.2
8.2
8.5
8.6
8.6

5.6 (3.1)

8.3 (3.2)

0.3
0.7
0.3
0.3
1.1
1.6
2.6
0.3
0.3
0.3
0.3
0.3
2.1
0.6
0.6
0.8
1.0
1.0

12.0  
1.6
6.2
0.7
6.3
0.7

42.0

29.3

11.3

40.6

0.02

0.04

0.24

0.14

0.36

0.80

0.06
0.10
0.12

0.14

0.52

0.26

0.06

1.26

0.02

0.06

0.08

0.08

0.16

0.34

0.12

0.70

O
M

VI

16g7
–

  9g9
–

 16g7
+

15g7
–

  5g8
–

   8g9
+

   5g8
+

 15g7
+

  8g9
–

14g7
–

13g7
–

SIi
(b)

 14g7
+

15.6
19.4
22.9
23.2
23.2
23.3
23.4
24.0
24.0
30.6
31.7

47.6

15.6(3.5)
19.8(3.5)
23.0(3.5)
26.5(2.5)

29.9(3.5)

25.0(3.5)
32.1(3.5)

49.3(6.0)

7.1
8.7
6.5
4.4
3.6
3.6
3.6
3.7
4.0
6.6
6.2

58.0

~8.0

7.3
10.4
6.3
4.3

14.7

10.4
6.0

59.4

0.06

0.24

0.52
1.12

1.94

0.94
1.74

0.08

0.14
0.48
0.08

3.46

(a) Up per filled MO (2 elec trons), fill ing num ber for all orbitals is 2
(b) To tal U6p elec tronic state den si ties and peak in ten si ties
(c)  Bind ing en er gies shifted by 1.2 eV to ward the higher val ues
(d) FWHMs are given in parentheses



pate in the OVMO for ma tion, while in the IVMO for -

ma tion these elec trons do not par tic i pate.
Since quan tum me chan ics can pre dict qual i ta -

tively the al ter ations of con sid ered spec tral intensities

de pend ing on the bind ing en ergy, one can vary the ini -

tial data for the ini tial clus ters for a better agree ment be -

tween the the o ret i cal and ex per i men tal data. As it has

been shown [6, 11], the wider an MO is, the more of its

elec trons par tic i pate (bond ing, antibonding) in the

chem i cal bond. The narrowes peaks are those at trib -

uted to antibonding and quasiatomic orbitals. There -

fore, the fact that the 15g7
– (7) IVMO line is rel a tively

nar row can be ex plained by an ad mix ture of the U6p3/2

and O2s AOs. De spite the fact that it is dif fi cult to es -

tab lish re li ably the 15g7
–(7) and 13g7

–(9) IVMO line

widths, the ob tained data al lows the con clu sion that the 

antibonding na ture of the 15g7
–(7)  IVMO is lower

than the bond ing nature of the 13g7
–(9) IVMO. In

other words, elec trons from this IVMO cou ple must

bring a pos i tive con tri bu tion to the co va lent com po -

nent of the chem i cal bond in UO2F2.
The most am big u ous for in ter pre ta tion is the

15g7
–(7)-8g9

–(8) IVMO XPS re gion. Comparison of

the XPS data for UO2F2 and UF4 [6] shows that the

quasiatomic F2s AO related peak has to be lo cated at

29.9 eV. Ap par ently, the cal cu la tion was not able to give 
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Fig ure 2. MO sche matic di a gram 
for the [(UO2)F6]4–(D6h) clus ter
built on the ba sis of the the o ret i -
cal and ex per i men tal data.
Chem i cal shift is not shown. Ar -
rows in di cate some ex per i men -
tally mea sur able bind ing en ergy
dif fer ences. Ex per i men tal bind -
ing en er gies in eV are given to
the right. En ergy scale is not
kept.



the cor rect bind ing energies for these MOs. With this in 
mind this work car ried out the de com po si tion of this
spec tral region. The knowl edge of the cor rect IVMO
se quence is crit i cal for the un der stand ing of the IVMO
con tri bu tions to the co va lent com po nent of the chem i -
cal bond in UO2F2. The ob served peaks (10) in the
spec tra can be par tially at trib uted to the shake up pro -
cess dur ing the photoemission.

One of the ex per i men tal con fir ma tions for the
IVMO for ma tion in UO2F2 is the high resolution
X-ray O4,5(U) emis sion spec tral struc ture. This spec -
trum re flect ing the U5d5/2,3/2¬U6p3/2,1/2,np,5f
[(O4,5(U)¬P2,3,O6(U)] elec tronic tran si tions was ob -
served in the pho ton energy range 60 < hn < 130 eV
and in the higher en ergy part in ter fered with the
absorp tion spec trum, which dis torted its struc ture (fig.
3). Dur ing the in ter pre ta tion of the low res o lu tion
X-ray O4,5(U) emis sion spec tral struc ture [19] it has
been sug gested that the low en ergy struc ture is as so ci -
ated with the ter nary elec tronic tran si tions in volv ing
the core ura nium shells U5d5/2,3/2¬U6p3/2,1/2. How -
ever, fig. 3 shows that ig nor ing the participation of the
U6p3/2,1/2 elec trons in the IVMO for ma tion one can
not iden tify the X-ray O4,5(U) emis sion fine spec tral

struc ture. There fore, the fact that the U6p shell is not
core and par tic i pates ef fec tively (ex per i men tally ob -
served) in the IVMO for ma tion was taken into ac count 
for a cor rect in ter pre ta tion of this structure [11].

The low en ergy band in the O4,5(U) XES from
UO2F2 is wide and poorly re solved despite a rel a tively
high de vice res o lu tion (fig. 3). As well as for tho rium
and ura nium ox ides [20] it can be par tially ex plained by
an ex tra elec tronic tran si tions not in di cated in the di a -
gram (fig. 4) re flect ing the U6p1/2,6s-O(F)2p,2s re -
lated IVMOs.

The con sid ered O4,5(U) XES from UO2F2 in the
pho ton en ergy range 65-110 eV ex hib its 14 (not 6 as
ex pected for atomic U) ex plicit peaks that can be iden ti -
fied us ing the XPS data and the U6p and O(F)2s re -
lated OVMO and IVMO con cept (tab. 3). The peaks
re flect ing the tran si tions from the OVMO and 16g7

–

and 9g9
– IVMO can be most re li ably (prac ti cally un am -

big u ously) iden ti fied since these peaks are nar row in
both XPS and XES. These peaks are: 5d5/2¬16g7

–(9),
5d3/2¬16g7

–(11), 5d5/2¬9g9
–(6), 5d3/2¬9g9

–(10),
5d5/2¬OVMO(12), and 5d3/2¬OVMO(14) (tab. 3). 
Iden ti fi ca tion of the peaks re flect ing the tran si tions
from the bond ing 14g7

– and 8g9
– IVMOs is more com -
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Fig ure 3. X-ray O4,5(U)
emis sion spec tra from
UO2F2 mea sured at 3 kV
(mA) re flect ing the
U5d¬U6p,np,5f elec tronic 
tran si tions. Peak num bers
cor re spond to the
tran si tion num bers on the
di a gram (tab. 3, fig. 4). 

Fig ure 4. Sche matic
di a gram of the en ergy
lev els for atomic ura nium
(a) and the [(UO2)F6]4–

(D6h) clus ter re flect ing
ura nium close en vi ron -
ment in UO2F2 (b).
Num bers (1) through
(11) show the tran si tions
from the IVMO to the
core lev els. The
tran si tions:
5d5/2¬OVMO (12),
5d5/2¬5f7/2(13) and
5d3/2¬OVMO(14) are
not shown (see tab. 3)



pli cated since the peaks are not that nar row (fig. 3). De -
spite this some qual i ta tive con clu sions can be made.
Thus, even the qual i ta tive con sid er ation shows that the
low en ergy re gion (65-78 eV) of the O4,5(U) XES ex -
hib its the struc ture, which has to be ab sent in the case of 
tran si tions from only atomic U6p3/2,1/2 shells. The
peaks in this re gion can be at trib uted only to the tran si -
tions from the IVMOs of the va lence band bot tom.
Thus, the fine O4,5(U) XES struc ture is due to the outer 
and in ner va lence mo lec u lar orbitals built mostly from
the U6p and O(F)2s atomic shells.

We would like to note that de spite the ap prox i ma -
tion im per fec tions, the cal cu la tion re sults for the
[(UO2)F6]

4–(D6h) clus ter re flect ing ura nium close en vi -
ron ment in UO2F2 are in good qual i ta tive agree ment
with the ex per i men tal data, which al lowed for the first
time a re li able in ter pre ta tion of the peaks of at least the
IVMO ceil ing and bot tom. These re sults also can be
used for de ter mi na tion of the struc ture and in ter atomic
dis tances in ura nyl com pounds as well as for the in ter -
pre ta tion of other X-ray spec tra (Au ger-, con ver sion elec -
tron, emis sion, ab sorp tion) of ura nium com pounds.

CON CLU SIONS

Low bind ing en ergy X-ray pho to elec tron and
X-ray O4,5(U) emis sion spec tra from UO2F2 were
mea sured and in ter preted in the rel a tiv is tic Xa Dis -
crete Vari a tion ap prox i ma tion for the [(UO2)F6]4–

(D6h) clus ter re flect ing ura nium close en vi ron ment
in UO2F2. It yielded a sat is fac tory qual i ta tive and in
some cases quan ti ta tive agree ment be tween the the -
o ret i cal and ex per i men tal data.

De spite the tra di tional opin ion that be fore the 
chem i cal bond for ma tion the An5f elec trons get
pro moted to, for ex am ple, the An6d atomic
orbitals, the the o ret i cal cal cu la tions show and ex -
per i men tal data con firm that the An5f atomic shells
(more than U5f elec trons) can par tic i pate di rectly in 
the chem i cal bond for ma tion in ura nyl flu o rite. The
filled U5f states are lo cal ized in the OVMO bind ing
en ergy range from –4 to –9 eV, and the va cant U5f
elec tronic states are gen er ally lo cal ized in the low
pos i tive en ergy range (0–6 eV).

The U6p-elec trons (about 1 U6p-elec tron) were
ex per i men tally shown to par tic i pate significantly in the
filled OVMO for ma tion be side the IVMO for ma tion.

The rel a tiv is tic cal cu la tions con firm the fact that
the IVMO sys tem as so ci ated mostly with the U6p and
O(F)2s AOs of ura nium and lig ands can be sub di vided
into the two MO groups, one of which (16g7

–, 14g7
–,

13g7
–) char ac ter izes the bond in the ax ial di rec tion, and

the other one (9g9
–, 8g9

–) in the equa to rial plane. It is
im por tant in con nec tion with the de vel op ment of the
ex per i men tal technique of de ter mi na tion of the in ter -
atomic dis tances U-L in the ax ial di rec tion and the
equa to rial planes of ura nyl com pounds on the ba sis of
the IVMO XPS pa ram e ters.
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Ta ble 3. X-ray O4,5(U) emis sion (U5d¬U6p,np,5f) tran si tion in U and UO2F2 on the ba sis of the
XPS and XES data.

U UO2F2

Transitions Theory XPS Transitions(a) XPS XES

(1) 5d5/2¬8g9
– 69.3 70.0

(2) 5d5/2¬15g7
– 72.7 72.0

5d3/2¬6p1/2 78.02 76.0 (3) 5d5/2¬14g7
– 74.2 74.0

(4) 5d3/2¬13g7
– 75.8 76.0

5d3/2¬6p3/2 87.28 86.0 (5) 5d3/2¬8g9
– 78.0 78.0

(6) 5d5/2¬9g9
– 79.4 79.0

(7) 5d3/2¬15g7
– 81.4 82.3

5d5/2¬6p3/2 79.11 77.4 (8) 5d3/2¬14g7
– 82.9 83.0

5d5/2¬5f5/2 97.90 95.4 (9) 5d5/2¬16g7
– 83.6 85.4

(10) 5d3/2¬9g9
– 88.1 87.0

5d5/2¬5f7/2 98.64 104.0 (11) 5d3/2¬16g7
– 92.3 91.0

(12) 5d5/2¬OVMO 92.5 96.0

(13) 5d5/2¬5f7/2 98.3

5d3/2¬5f5/2 106.07 104.0 (14) 5d3/2¬OVMO 101.2 102.0

(a) X-ray O4,5(U) emis sion peak max ima num bers are given in pa ren the ses (fig. 3)
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PROU^AVAWE  ELEKTRONSKE  STRUKTURE  URANIJUMFLUORITA  UO2F2

RENDGENSKOM FOTOELEKTRONSKOM SPEKTROSKOPIJOM

U radu se razmatra fina struktura rendgenskog fotoelektronskog spektra slabo vezanih
elektrona (0-40 eV)  i struktura rendgenskog O4,5(U) emisionog spektra iz UO2F2. Kori{}en je
relativisti~ki Xa diskretni varijacioni postupak za prora~un [(UO2)F6]4– (D6h) klastera koji
odra`ava neposrednu okolinu uranijuma u UO2F2. Pokazano je da U5f elektroni neposredno
u~estvuju u obrazovawu hemijske veze. Tako|e je pokazano da U6p elektroni u~estvuju u obrazovawu
ne samo unutra{wih, ve} i spoqa{wih valentnih molekulskih orbitala. Utvr|en je sekvencijalni
poredak unutra{wih valentnih molekulskih orbitala u podru~ju energija veze od 12-40 eV. Ovo je
od zna~aja za razvoj postupka odre|ivawa me|uatomskih rastojawa uranijumskih jediwewa u
aksijalnom pravcu i ekvatorijalnoj ravni, zasnovanog na rendgenskoj fotoelektronskoj
spektroskopiji.


