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The struc ture of the X-ray pho to elec tron, X-ray O(F)Ka-emis sion spec tra from ThO2 and
ThF4 as well as the Au ger OKLL spec tra from ThO2 was stud ied. The spec tral struc ture was
an a lyzed by us ing fully rel a tiv is tic clus ter dis crete variational cal cu la tions of the elec tronic
struc ture of the ThO8

12–(D4h) and ThF8
4–(C2) clus ters re flect ing tho rium close en vi ron ment

in solid ThO2 and ThF4. As a re sult it was the o ret i cally found and ex per i men tally con firmed
that dur ing the chem i cal bond for ma tion the filled O(F)2p elec tronic states are dis trib uted
mainly in the bind ing en ergy range of the outer va lence mo lec u lar orbitals from 0-13 eV, while 
the filled O(F)2s elec tronic states – in the bind ing en ergy range of the in ner va lence mo lec u lar
orbitals from 13-35 eV. It was shown that the Au ger OKLL spec tral struc ture from ThO2

char ac ter izes not only the O2p elec tronic state den sity dis tri bu tion, but also the O2s elec -
tronic state den sity dis tri bu tion. It agrees with the sug ges tion that O2s elec trons par tic i pate
in for ma tion of the in ner va lence mo lec u lar orbitals, in the bind ing en ergy range of 13-35 eV.
The rel a tive Au ger OKL2-3L2-3 peak in ten sity was shown to re flect quan ti ta tively the O2p
elec tronic state den sity of the ox y gen ion in ThO2.

Key words: X-ray pho to elec tron spectra, tho rium ox ide, thorium tetrafluoride, outer and in ner va lence
mo lec u lar orbitals

IN TRO DUC TION

While study ing the X-ray pho to elec tron spec tra
(XPS) from solid ThO2 and ThF4, the spec tral struc ture
in the bind ing en ergy range of 0-35 eV was found to
form due to the elec trons of the outer va lence (OVMO,
of 0-13 eV bind ing en ergy) and the in ner va lence
(IVMO, of 13-35 eV bind ing en ergy) mo lec u lar
orbitals with ef fec tive par tic i pa tion of the Th6p and
O(F)2s filled atomic shells [1]. Prac ti cally, these spec tra 
re flect the va lence band struc ture (0-35 eV), and they
are ob served as sev eral eV wide bands. Fur ther more, it
was shown that un der cer tain con di tions the IVMO can
form in com pounds of any el e ments of the pe ri odic ta -
ble [2]. This fact stim u lated in tense the o ret i cal and ex -
per i men tal stud ies of the chem i cal bond na ture in
actinides, in par tic u lar – tho rium com pounds [3].

This work anal y ses the fine XPS, high-res o lu -
tion O(F)Ka X-ray emis sion (XES) of ThO2 and ThF4

and the Au ger OKLL spec tral struc ture of ThO2, tak -
ing into ac count the fully rel a tiv is tic clus ter dis crete
variational (RDV) elec tronic struc ture cal cu la tions for 
the ThO8

12– (D4h) and ThF8
4– (C2) clus ters re flect ing

tho rium close en vi ron ment in solid ThO2 and ThF4 in
or der to study the O(F)2s,2p elec tronic state den sity.

EX PER I MEN TAL

XPS spec tra of ThO2 and ThF4 were mea sured
with an elec tro static spec trom e ter HP5950A us ing
monochromatized AlKa1,2 (hn = 1486.6 eV) radiation
under1.3×10–7 Pa at the room tem per a ture [1]. The de -
vice res o lu tion, mea sured as the full width at the
half-max i mum (FWHM), of the Au4f7/2 peak on the
stan dard rect an gu lar gold 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 sat u rated hy -
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dro car bons ab sorbed on the sam ple sur face, ac cepted
to be equal to 285.0 eV. For the gold stan dard the cal i -
bra tion bind ing en er gies of Eb(C1s) = 284.7 eV and
Eb(Au4f7/2) = 83.8 eV were used. The C1s XPS peak
from hy dro car bons on the sam ple sur face was ob -
served to be 1.3 eV wide. The er ror in the de ter mi na -
tion of the bind ing en ergy and the peak widths did not
ex ceed 0.1 eV (10% of the rel a tive peak in ten sity).

The ThO2 and ThF4 sam ples for the XPS study
were pre pared from the finely dis persed pow der
ground in an ag ate mor tar as a dense, thick layer with a
flat sur face pressed in indium on a metal sub strate. The 
elas tic scat ter ing re lated spec tral back ground was sub -
tracted by Shir ley [4].

The O(F)Ka XES of ThO2 and ThF4 were mea -
sured by the pri mary pro ce dure with the X-ray
microanalyser JCXA-733 with the fo cus ing by Johann 
(R = 280 mm) us ing the TAP (2d = 25.76 Å*) an a lyzer
crys tal with the en ergy res o lu tion of 1.8 eV and 0.5 eV
at V = 5 kV and I = 100 nA. The sam ples were ground
in the ag ate mor tar and as a pow der pressed into a
grooved sil ver plate at tached to the X-ray an ode. Dur -
ing the spec tra reg is tra tion the sam ple po si tion ing was
con tin u ously scanned in or der to avoid the sam ple de -
com po si tion un der the beam.

The OKLL Au ger and the O1s XPS spec tra from
ThO2 were mea sured “si mul ta neously” un der the
same con di tions with an elec tro static spec trom e ter
MK II VG Sci en tific us ing AlKa ra di a tion un der
1.3×10–7 Pa at the room tem per a ture. The de vice res o -
lu tion mea sured as the FWHM, of the Au4f7/2 line on
the stan dard rect an gu lar gold plate was 1.2 eV. The ki -
netic en er gies of the Au ger elec trons as well as the
bind ing en er gies Eb(eV) were mea sured rel a tively 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 er ror in the de ter mi na tion of the
bind ing en ergy and the peak widths did not ex ceed 0.1
eV (10% of the rel a tive peak in ten sity). The peak
widths G(eV) are given rel a tive to G(C1s) = 1.3 eV for
com par i son with other re search data [5]. For the XPS
and Au ger study the ThO2 sam ple was pre pared as a
sur face ox ide layer on the me tal lic thorium plate like
that in [6].

The elec tronic struc ture cal cu la tions for the
ThO8

12–(D4h) and ThF8
4–(C2) clus ters were done by

the fully rel a tiv is tic dis crete variational clus ter method 
(RDV) with lo cal ex change-cor re la tion po ten tial. 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 ir re duc ible rep re sen -
ta tions of the dou ble point groups. The ex tended bases
of 4-com po nent nu mer i cal atomic orbitals (AO) ob -
tained as the so lu tion of the Dirac-Slat er equa tion for
the iso lated neu tral at oms also in cluded Th5f,7p1/2 and 
7p3/2 func tions in ad di tion to oc cu pied AOs [7, 8].

RE SULTS AND DIS CUS SION

Va lence elec trons XPS from ThO2 and ThF4 in the
bind ing en ergy range 0-35 eV can be con di tion ally sub di -
vided into two sub-ranges. The first one 0-13 eV ex hib its
the OVMO re lated struc ture formed from the incom -
pletely filled va lence Th6d,7s,5f,7p and O(F)2p AOs (fig.
1). The sec ond one 13-35 eV shows the IVMO re lated
struc ture formed due to the strong in ter ac tion of the com -
pletely filled in ner Th6p and O(F)2s AOs. The va lence
XPS of the stud ied com pounds ex hibit a two-hump struc -
ture and re flect the elec tronic state den sity of the outer and
in ner orbitals tak ing into ac count the photoionization
cross-sec tions (fig. 1).

The IVMO XPS from ThO2 and ThF4 are ob -
served struc tured in the Th6p-O(F)2s bind ing en ergy
range. This struc ture was stud ied in de tails for ThO2

[7] and ThF4 [8] tak ing into ac count the rel a tiv is tic cal -
cu la tion re sults. The cal cu la tion re sults of the O(F)2p
elec tronic state den sity in the bind ing en ergy ranges
0-13 eV and 13-35 eV (fig. 1). The rel a tive O(F)2p and 
O(F)2s elec tronic state den si ties are nor mal ized by
100% and are not cor re lated.
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Fig ure 1. XPS from: (a) ThO2, (b) ThF4; the cal cu lated
O2p and O2s elec tronic state den si ties for the
ThO8

12-(D4h) and ThF8
4 -(C2) clus ters nor mal ized by

100% are shown un der the spec tra* 1 Å = 1×10–10 m



As it was shown in [7, 8], since dur ing the
photoemission the mol e cule tran sits to an ex cited state
with a hole on a cer tain level, for the more pre cise
com par i son of the ex per i men tal and the the o ret i cal
bind ing en er gies the cal cu lated val ues for the tran si -
tion state were used [9]. How ever, it is well known that 
the bind ing en er gies for the tran si tion states dif fer
from the cor re spond ing ones for the ba sic state by a
con stant shift to ward the higher en er gies. There fore,
for com par i son of the the o ret i cal and ex per i men tal re -
sults, in the pres ent work the cal cu lated bind ing en er -
gies were nor mal ized rel a tive to the ones cor re spond -
ing to the more in tense and sharp peaks (fig. 1).

The en ergy nor mal iza tion was done so that the more 
in tense peaks of 17 6g

- , 13 7g
-  IVMO for ThO2 and 

11 123 4 3 4g g, ,,  IVMO for ThF4 formed mostly from the
Th6p3/2 elec trons were lo cated at 16.5 eV and 18.4 eV, re -
spec tively (fig. 1, [7, 8]), while the O1s and F1s bind ing
en er gies should be 530.2 eV and 685.5 eV for ThO2 and
ThF4, re spec tively. In this case, the cal cu lated O2p elec -
tronic state den sity range for ThO2 was shifted to ward the
higher bind ing en ergy by sev eral eV, while the O2s-re -
lated cal cu lated range ap prox i mately co in cided with the
ex per i men tal one  – fig. 1(a). The ob served dis crep ancy
be tween the ex per i men tal and cal cu lated O2p bind ing en -
er gies arose mostly from the cal cu la tion in ac cu racy. For
ThF4 one can see a qual i ta tive agree ment for the F2p, and
to a lesser de gree – for the F2s elec trons – fig. 1(b). The
cal cu lated data show that the atomic O(F)2p orbitals par -
tic i pate mostly in the OVMO for ma tion, while the O(F)2s
ones – in the IVMO for ma tion (see fig.1, [7, 8]).

O(F)Ka XES from ThO2 and ThF4 are as so ci -
ated with the O(F)2p®1s elec tronic  tran si tion in the
en ergy  range of  520 eV <  hn  <  535 eV for ThO2 and of 
670 eV <  hn  <  690 eV for ThF4 (fig. 2). Ac cord ing to
the di pole se lec tion rules they re flect the par tial den sity
of the oc cu pied O(F)2p elec tronic states in the con sid -
ered tho rium com pounds.

The OKa XES from ThO2 was ob served as an
asym met ric 3.1 eV wide peak with  a  max i mum at
525.7 eV – fig. 2(a). The OVMO XPS from ThO2 is
given above the XES. Its en ergy scale was de ter mined
as a bind ing en ergy dif fer ence O1s (530.2 eV) –
OVMO. This scale cor re sponds to the pho ton en ergy in
fig. 2(a). In the same en ergy scale the the o ret i cal cal cu -
la tion re sults of the O2p elec tronic state den sity are
given, see figs. 1(a) and 2(a). The en er gies of  the  cal cu -
lated  filled  O2p elec tronic  states lie in the range of 
2.82 eV. Tak ing into ac count the ex per i men tal wid en -
ing, one can see  a s atisfactory agree ment of the value
(G  =  2.82 eV)  with  the  width of  the  OKa XES  peak
(G = 3.1 eV) for ThO2 – fig. 2(a). De spite the in cor rect -
ness of the com par i son of the en er gies cal cu lated for the 
ground O1s and O2p elec tronic states with the XES
OKa, one can con clude that the sev eral eV en ergy shift
of the cal cu lated O2p band in ThO2 from the cor re -
spond ing ex per i men tal data can be ex plained by the cal -
cu la tion in ac cu racy.

Com par i son of the OVMO XPS and OKa XES
from ThO2 shows that the filled O2p elec tronic states are
mostly lo cated at the roof of the outer va lence band – fig.
2(a). At the bot tom of this band tho rium va lence elec -
tronic states are mostly lo cated. It agrees with the cal cu -
la tion re sults that show that the Th6d elec trons are lo -
cated at the bot tom of the outer va lence band, while the
Th5f elec tronic states – in the mid dle [7]. The wide in -
tense shoul der from the higher en ergy side (530 eV to
535 eV) of the OKa XES, ap par ently, can be at trib uted to
the elec tronic tran si tions from the ex cited states. In deed,
in this en ergy range empty elec tronic states are ob served.
These states can be filled dur ing ex ci ta tion [7].

The sim i lar con sid er ations can be ap plied to the
FKa XES from ThF4  – fig. 2(b). This spec trum was ob -
served as 3.2 eV wide line at 675.5 eV. A less in tense
max i mum was ob served at the higher en ergy side at
678.6 eV, as well as a low in tense shoul der in the pho ton 
en ergy range of 682-690 eV. The OVMO XPS from
ThF4 is given above the XES. Its en ergy scale was de -
ter mined as a bind ing en ergy dif fer ence F1s (685.5 eV)
– OVMO. This scale cor re sponds to the pho ton en ergy
in fig. 2(b). In the same en ergy scale the the o ret i cal cal -
cu la tion re sults of the F2p elec tronic state den sity are
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Fig ure 2. XPS (dashed), O(F)KaXES (solid) and the rel a -
tive O(F)2p elec tronic state den si ties (ver ti cal bars) for
the ThO8

12-(D4h) and ThF8
4 -(C2) clus ter for: (a) ox y gen

in ThO2; (b) flu o rine in ThF4; spectral in ten si ties are not
nor mal ized



given, see figs. 1(b) and 2(b). These states are ob served
in the en ergy range of 2.30 eV and agree sat is fac to rily
with the ThF4 XPS.

The ThF4 FKa XES’s shape cor re sponds to a
lesser de gree with the XPS and the cal cu la tion re sults
un like that of the ThO2 OKa XES – fig. 2(b). The wide
shoul der from a higher pho ton en ergy side in the range
of 682-690 eV can be at trib uted to the elec tronic tran si -
tions from the ex cited states. In deed, as it was noted for
ThO2, in this cal cu lated en ergy range for ThF4 the un oc -
cu pied elec tronic states were ob served. These states can 
be filled dur ing the ex ci ta tion [8]. The to tal FWHM of
the two lines at 675.5 eV and 678.6 eV ex ceeds the
OVMO XPS one. The in ten sity ra tio of these two lines
does not agree with the cal cu lated re sults which show
that the Th6d elec tronic states should lie at the bot tom
of the outer va lence band and de ter mine to a cer tain de -
gree the XPS in ten sity in this en ergy range. It al lows a
sug ges tion that de spite all the mea sures taken for the
sam ple sta bi li za tion, ThF4 par tially de com posed un der
the beam dur ing the spec tra reg is tra tion. Ap par ently,
this ma te rial must be stud ied at lower ex ci ta tion en er -
gies or at syn chro tron ra di a tion sources. De spite this,
we think the main task on the de ter mi na tion of the dis -
tri bu tion range of the filled F2p elec tronic states in ThF4

was ac com plished. In deed, the filled F2p elec tronic
states in ThF4 are ob served only in the OVMO en ergy
range and are not ob served in the IVMO en ergy range.
It agrees with the cor re spond ing re sults for ThO2.

The OKLL Au ger spec trum from ThO2 con sists
of three struc tured lines re flect ing the OKL2-3L2-3

(O1s¬O2p), OKL1L2-3 (O1s¬O2s,2p), and OKL1L1

(O1s¬O2s) elec tronic tran si tions (fig. 3). The
OKL2-3L2-3 width, in par tic u lar, re flects the width of
the filled O2p elec tronic states re lated band (G = 3.1
eV) and that of the O1s (G = 1.4 eV) – figs. 1(a) and
2(a). The width of the more struc tured OKL1L2-3 line
re flects the widths of the filled O2s, O2p bands, and
the O1s peak, while the OKL1L1 width – the O2s and
O1s peak widths. There fore, the OKL1L2-3 and
OKL1L1 lines were ex pected to be more com pli cated
for the ox ides where the IVMO form more ef fec tively.
For ex am ple, for ThO2 the O2s en ergy range wid ens
due to the IVMO for ma tion from 1 eV to 9.1 eV – fig.
1(a). In this case the Au ger peaks in volv ing the O2s
elec trons widen sig nif i cantly com par ing to that for, for 
in stance, Al2O3 where the par tic i pa tion of the O2s
AOs in the IVMO for ma tion is less ex pressed. In deed,
the OKL1L1 Au ger spec trum from ThO2 man i fests a
struc ture in stead of a sin gle line like that from Al2O3

(fig. 3). This is an other ev i dence for the ef fec tive
IVMO for ma tion in ThO2.

In pre vi ous stud ies a quan ti ta tive cor re la tion be -
tween the rel a tive OKL2-3L2-3 and OKL1L2-3 Au ger in -
ten si ties cal cu lated as (Au ger OKLL)/(O1s XPS) ar -
eas ra tios and the O1s bind ing en er gies for Bi2O3,
Al2O3, SiO2, and UO2 was drawn [5]. This rel a tive in -
ten sity char ac ter izes quan ti ta tively the par tial den sity

of the va lence elec tronic states in ox y gen ions, while
the O1s in ten sity char ac ter izes the to tal den sity of the
core elec tronic states in ox y gen ions. It has to be es pe -
cially noted that these novel and im por tant val ues al -
low a quan ti ta tive com par i son of the ox y gen par tial
elec tronic state den si ties for dif fer ent ox ides (tab. 1).
Prac ti cally, the method of de ter mi na tion of the par tial
O2p elec tronic state den sity of ox y gen ions in ox ides
was founded.

It has to be noted that the con sid ered re sults have
un der lay the novel per spec tive method of the quan ti ta -
tive de ter mi na tion of the rel a tive va lence state den sity
on ox y gen ions in metal ox ides and other com pounds
on the ba sis of the X-ray spec tral data. 

CON CLU SIONS

On the ba sis of the X-ray spec tral (XPS, XES,
Au ger) data and the RDV cal cu la tion re sults of the
elec tronic struc ture of ThO2 and ThF4 it was es tab -
lished that the filled O(F)2p elec tronic states are dis -
trib uted mainly in the bind ing en ergy range of the
outer va lence mo lec u lar orbitals (0-13 eV), while the
filled O(F)2s elec tronic states – in the range of the in -
ner va lence mo lec u lar orbitals (13-35 eV).
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Ta ble 1. Bind ing en er gies Eb(eV) of the O1s elec trons and 
rel a tive in ten si ties I(a) (rel. units) of the OKL2-3L2-3 and
OKL1L2-3 Au ger peaks in: Bi2O3, Al2O3, SiO2, UO2 [5]
and ThO2

Compound Eb (eV) I1 (rel. units) I2 (rel. units)

Bi2O3

Al2O3

SiO2

ThO2

UO2

529.4±0.2
531.4±0.3
532.4±0.1

530.2
530.5

1.27±0.07
0.99±0.08
0.68±0.08

0.85
0.81

0.38±0.05
0.29±0.02
0.23±0.03

0.24
0.23

(a) Rel a tive in ten si ties are the ra tion of the ar eas (Au ger
OKLL)/(O1s XPS) peaks mea sured si mul ta neously dur ing the 
same ex per i ment

Fig ure 3. OKLL Au ger spec tra from UO2, Al2O3 [5], and
ThO2, the peak struc tures are shown by ar rows



An other ex per i men tal con fir ma tion for the
IVMO for ma tion in ThO2 on the ba sis of the Au ger
OKLL spec tral struc ture was ob tained. The rel a tive
O2p elec tronic state den sity in ThO2 was de ter mined
and com pared to the cor re spond ing val ues for other
metal ox ides.
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PROU^AVAWE  TORIJUMDIOKSIDA I  TORIJUMTETRAFLUORIDA 
RENDGEN-INDUKOVANOM  SPEKTROSKOPIJOM

Prou~avana je struktura rendgen-indukovanih fotoelektronskih i rendgen-indukovanih 
O(F)Ka – emisionih spektara ThO2 i ThF4, kao i Au ger OKLL spektara ThO2. Spektralna struktura
je analizirana pomo}u potpuno relativisti~ki klaster diskretnih varijacionih prora~una
elektronske strukture ThO8

12– (D4h) i ThF8
4–(C2) klastera koja odr`ava blisku okolinu torijuma u

~vrstom ThO2 i ThF4. Kao rezultat, teorijski je prona|eno i eksperimentalno potvr|eno da su, u
toku formirawa hemijskih veza, popuwena O(F)2p elektronska stawa raspore|ena uglavnom u
oblasti energije veze spoqnih valentnih molekulskih orbitala od 0 do 13 eV, dok su popuwena
O(F)2s elektronska stawa – u oblasti energije veze unutra{wih valentnih molekulskih orbitala
od 13 eV do 35 eV. Pokazano je da struktura Au ger OKLL spektara ThO2 karakteri{e ne samo
raspodelu gustine O2p elektronskih stawa, ve} tako|e i raspodelu gustine O2s elektronskih
stawa. Ovo se sla`e sa pretpostavkom da O2s elektroni u~estvuju u formirawu unutra{wih
valentnih molekulskih orbitala u oblasti energije veze od 13 eV do 35 eV. Pokazano je da relativni
intenzitet Au ger OKL2-3L2-3 pika kvantitativno odra`ava gustinu O2p elektronskih stawa
kiseonikovog jona u ThO2.

Kqu~ne re~i: rendgen-indukovani fotoelektronski spektar, torijumoksid, torijum-        
jjjjjjjjjjjjjjjjjjjjjjjtetrafluorid, spoqa{we i unutra{we valentne molekulske or bit ale


