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Ligand-field effects for the 3p photoelectron spectra of CpO4
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A major reason for the departure of core level X-ray photoelectron spet®@ of transition metal cations
in oxides from the predictions of atomic models is shown to arise from ligand field splittings in the initial state
of photoemission. This splitting often leads to a change in the spatial degeneracy of the initial state but the
consequences of this for XPS have not been explicitly identified in prior work. Further changes arise from
ligand field splittings in the core-hole final states. Results are reported for non-empirical, cluster model many
body wavefunctions for the 8 XPS of CpO;. The agreement of the theoretical cluster model XPS with
experiment is considerably improved over the pure atomic model. Furthermore, the treatment allows screening
of the core hole through changes in the covalent character of the cluster orbitals. This is quite different from the
usual description of screening in oxides within the framework of charge transfer configurations and it offers
new insights into the role of charge transfer for satellite structure.
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l. INTRODUCTION earlier study of atomic many-body effects for €F, we
showed that the spatial degeneracy of the initial state yielded
The relative importance of intra- and inter-atomic effectsy complex and rich B XPS spectrum that had significant
continue to pose problems for interpreting X-Ray Photoemisgjeyiations from the XPS observed farCr,0;. In this pa-
sion SpectrdXPS) of transition metal, TM, ionic crystals.® per, we present results for a stricéy initio treatment of an

These problems need to be resolved in order to use XPS {9ypedded Crpcluster model ofa-Cr,0; that reduces this
interpret materials properti2including the effective oxida- complexity, especially for the low binding energy, BE, region

tion §tat(_a of the metal catiohThe many-electro? atomic of the spectra and improves agreement of the theory with
contributions for the P, 3p, and % XPS of 3d TM's have experiment. In particular, we show that thé, ligand field
been studied extensively; see, e.g., Refs. 1, 5, 8, and 9. I P - p ’ 2119

particular, the Gupta and Sbealculations for the @ XPS of split initial state is a major, perhaps the dominant, condensed

several TM cations have been used to model the TM oxidaphase effect on the XPS of CipJor a-Cr,Os.
tion state in various complex&%:*2 However, inter-atomic A second novel feature of the present work relates to the

effects also contribute to the XP43-21In this paper, we role of charge transfer, CT, especially as it contributes to the

identify and establish the importance of condensed phas§PS satellite structure. This CT from ligands to the TV
physical mechanisms that have not been explicitly related t§hell is a key inter-atomic effect for the core—hole final
XPS spectra in previous work based eitheratminitio*'3or  states. It is often described in terms of configurations where
on parametrized, model Hamiltoni4r” 182 cluster model there is no CTd", or where there is full CTd"**L, where
studies. These mechanisms involve the ligand field splittings. indicates a ligand hol&*’~?! The final, core—hole, state
of the TM d shell and the covalent, bonding and anti- WF's are written as mixtures ofd" and d"*lL
bonding, mixing of TMd and ligandp orbitals. configurations:>~1517182131though, in extreme cases, the fi-
Of particular importance is the change in the spatial denal states are considered to be entirdlyor d"*L.1%%n
generacy of the initial state of the opénshell compound this theoretical formulation, thd orbital is considered as a
from that of the isolated TM cation due to the presence of thg@ure metal orbital and the is considered as a pure ligand
crystal field. We have examined this effect by studying thehole. In fact, the dominantlyl and the dominantly ligand
Cr 3p XPS in Cp0O5 using a CrQ cluster model. While the orbitals are not pure but are mixtures with a bonding and
Cr** 3d°® cation has a*F initial state wih a 7 fold spatial ~anti-bonding characté??3 For our ab initio 3p-hole state
degeneracy, this spatial degeneracy is removed in the pre€&rQOy cluster WF's, we find that this mixing is considerably
ence of the crystal field and the initial state of Gri® the  different for the initial and final state WF's. Although we do
spatially nondegeneratth,. The crystal field splitting of the find a large O(®) to Cr(3d) CT for the core—hole states,
d-levels is well knowrf? Semi-empirical cluster model stud- the increase in the number of CBelectrons arises largely
ies of the XPS of TM complexes have included parameters tbecause of changes in the composition of closed shell, domi-
represent this crystal field splittirif*”*®?1 one of these nantly O(2p), orbitals. Thus, this CT may not contribute to
studieé! was for the Cr p and 3 XPS of CrO;. However, low lying satellites as it does in the usual model based'dn
to our knowledge, the direct connection of the lowering ofandd"* L configurations.
the spatial degeneracy of the TM cation to the character of Key computational, methodological, and theoretical as-
the XPS spectra has not been addressed previously. In gects of our work are discussed in the following section, Sec.
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II. The theoretical and experimental results for the Gr 3
XPS are compared and discussed in Sec. lll and our conclu
sions are summarized in Sec. V.

4000

3000

II. THEORETICAL AND COMPUTATIONAL
CONSIDERATIONS

Our materials model for GOz is an embedded CrO 8 200
cluster with —2 (anion and +3 (cation point charges
(PC'9 placed at 429 lattice sites within a 10 A radius of the
central Cr atom. The atoms and PC’s have the corundurr 1000
crystal structuré? Although, due to covalent bonding, the
Madelung potential is less for the real crystal than for the
cluster model, the use of formal charges is not expected tc 0 po po
introduce artifacts. The charge on the cluster-i8, consis- Binding Energy [cV]
tent with the nominal ionicities. The symmetry of the embed-
ded cluster is gand it is distorted from cubic, Q@ symme-

40

FIG. 1. A comparison of XPS from theorfgsmooth lines for

trv. Si h distorti lativel - th free CP* with experiment for CJO,. Lifetime and instrumental
ry. >Ince these distortions are relatively minor, we use roadening are included in the theoretical XPS spectra. The broad-

simpler nomenclature for Owhen we describe the cluster gneq contributions for individual final states or for closely spaced

WF's. . ) . groups of final states are shown and the full theoretical envelope
The CrQ orbitals were obtained by solution of Hartree— rgpresents the sum of the individual contributions.

Fock (HF) equations for the average of configurations
for initial, 3p®3d3, and F-hole final, 3°3d3, config-
urations}® the cluster 8 orbitals are split intot,, and e,
and they are anti-bonding combinations of Gif3and
0O(2p).%>?* With these orbitals, configuration interaction
(Cl) WF's were determined for all distributions of the open
shell electrons within the open shell spaéésfor the
3p-hole WF’s, only configurations with 5 electrons in thg 3
orbitals were included in the ClI WF's. For the Gy@itial
Ziitjﬁg\f‘i\jlswzltt)igmlzrehdetg\?e(r)lg);;tzzylfs IL?; t:ﬁ \|;|V||:: Vv\ci';hotfh;heembedded Crp XPS are very different, where the cluster

. . . . model is more consistent with experiment for,Of, espe-
Cl WF for the average of configuration orbitals is 0.993 cially in the region near the leading edge of the @r 8PS,

showing that the approximation of using averaged orbitals ISt is clear from Fig. 1 that the free €F ion does not yield a

highly accurate. These complete open shell Cl WF’s include Lo h ; | in thi .
the many body effects arising from angular momentum cou—goOd approximation to the experimental XPS in this region.

pling and recoupling within the open sheli&? The selec- The f_ul] theoretical envelope has. a pronounce_&d _doublet with
. . . a splitting of ~ 1.5 eV at the leading edge. This is not at all
tion rule is that XPS transitions are allowed only tp-Bole : ith . s ol lian thi
configurations where the opahshell ist3,(*A,) as in the consistent with experiment and itis not possible to align t is
S 5 5 291 "2 doublet in a unique way with the leading edge of the experi-
initial state. The °, or t7,, couples t0o“T,; and the XPS

allowed 3-hole final states are eithéf, or 3T, multiplets.
Within the p®d® manifold, there are £T, and 19°T, con- 4000 ]
figurations but only one of each spin is allowed. However,
the allowed configurations can mix into all of the’#, or all

of the 19 T, final state CI WF's. The relative intensities, 3000 |
I/, are obtained from the initial state and final state Cl WF’s
with the Sudden ApproximatiofSA) modified by the final

state multiplicities, 3 or 8:%° | -

show the broadened contributions from individual final ionic
states or, when the states are close together, from closely
spaced groups of final ionic states. In addition, a full theo-
retical curve that shows the sum of these individual contri-
butions is also given.

The nonrelativistic and fully relativistic results for free
Cr* are very similar relativistic effects should also be mi-
nor for the 3 XPS of CrQ. However, the free Gi and the

Ill. DISCUSSION

Figures 1 and 2 compare nonrelativistic theoreticpl 3 1090 i

XPS for free C#* and the Cr@ cluster with experiment for
a-Cr,03; see lltonet al® for experimental details. In order
to compare theory with experiment, the $4 are broadened 65 60
with a mixed 50% Gaussian—50% Lorentzian to yield a net

1.1 eV full width at half maximum and the positions of the  FIG. 2. A comparison of XPS from theorfsmooth lines

peaks are rigidly shifted by a constant energy to obtain théor embedded CrQwith experiment for CjO,; see the caption
best match with the experimental XPS. In the figures, weo Fig. 1.

55 50
Binding Energy [eV]
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TABLE I. Theoretical relative energieg, in eV, for high spin, TABLE Il. Energies,E, in eV, and intensitiesl,., for the 3p
quartet, multiplets of free & and embedded CrO XPS of CP* and CrQ; E,=0 andl =1 for the lowest p-hole
state.
crt CrOq
Erel Erela crt CrGs

4F 0 4A2 0 EreI IreI EreIa IreI

4p 2.16 T, 1.83 D, 0 1 5T,(a) 0-0.07 1
T, 2.85-2.86 SF 0.81 2.42 5T,(b) 2.54-2.56 0.04
4T, 4.54—4.55 5G 2.33 311 5Ty(c) 2.57-2.59 0.06

D, 643 073 S5T,(d)  6.58-6.62  0.04

@The energy ranges for th& multiplets indicate the small devia-
tions from Q, symmetry. aSee the footnote to Table I.

. — . There are three XPS forbiddetT, multiplets that arise
mental spectrum. The major contribution to this doublet . 5.2 S0 3 1,20 .4
. . . from the coupling of $>(“Ty,) with t5,(°T1)e;(°E); Ty,

comes from different orbital angular momentum couplings oft2 3T el(2E)-4T dil (2T.)e2 3A9 47 ql’h f
thed-shell 3d3(*F) with the core—hole B5(2P); the signifi- 5219_( 1)‘?_9( )t" 2, an tzgf( Z)Sﬁ( '%)’I 1, These four
cance of this angular momentum coupling for the atom will STZ(E;)q;gg{a('g)nivg:eé O;le € S;eog?ven ir? T:QIZ TI

H 2 2 rel rel .
be considered below. On the other hand, the {@bedded The XPS allowed configuration is the dominant contribution

cluster model of GO, yields a theoretical @ XPS that is to the first final state and only 12% of the intensity is lost to

more consistent with experiment. For both theory and experi-: ' . .
ment, there is a dominant main peak and a lower intensitthe other final states. It is clear that reducing the symmetry of

satellite at~2 eV relative to the main peak; although the){he initial state from the spatially degenerdig for free

: ; r* to the spatially nondegenerafé, for CrQy dramati-
agreement of theory_ and experiment is not perfect, the use (é‘a”y reduces the complexity of the high spin coupled XPS

the physical reasons that the ligand field splitting leads tﬁ%asks and, for Crg) a single final state dominates the 3
these large changes in the XPS. : .

In Table I, we illustrate the ligand and crystal field effects For the_lovy spsmzcoupled p}hole_statsesi the xp? alloyved
on energies and degeneracies by showing the calcuiated configuration; $°(°Ty) coupled withtay("Az) t0 “T,, is
for the high spin, initial state multiplets of both Trand  exchange split from the_alloweBITz configuration by 4K
CrQs. The crystal field of GiO; splits *F into “A,, *T,, (3p,tyg)=10 eV, whereK is an average exchange integral
and *T, multiplets while *P goes t0*T;.?* The combination  between the B andt,, orbitals?**’ However, in contrast to
of crystal and ligand field effects that lift the degeneracy ofthe high spin final states where the intensity goes dominantly
the “F multiplet are comparable to the atomic angular mo-to a single multiplet, for the low spin states, it is distributed
mentum coupling® that split the “F and P multiplets?®® into several’T, states over a range of 20 eV. The larg&E}

The quartet multiplets shown in Table | are the only initial | ¢ is to multiplets atE,=2.2 and 19.9 eV, wherg, =0 is
state couplings that can lead to high spin coupled, quintethe lowest>T, state. The XPS allowedT, configuration has
3p-hole final configuration$3® We examine these quintet a weight of~25% in each of these two states; the remaining
states in detail to understand how the ligand field splitting50% of the weight is distributed over several oti@;, mul-
dramatically changes the XPS. tiplets and its weight for any individual multiplet is less than

For free CF*, the 3o XPS allowed high spin final state 10%. Thus, the allowed low spin configuration is not the
multiplets are°G, °F, and °D arising from the angular dominant term in any final state. For th@ XPS of several
momentum coupling of B°(?P) and H3(*F).>?" In addi- free TM cations?® it has also been found that the allowed
tion, there is an XPS forbiddeRD multiplet arising from  low spin 3p-hole configurations were distributed over sev-
3p%(?P)3d3(*P); the allowed and forbiddeRD configura- eral multiplets; however, the mixing was not as extreme as
tions mix to form the final state WF'SD, and°D,, and the that found for CrQ. Furthermore, the low spin contributions
XPS intensity to the allowedD multiplet is shared between to the XPS are quite different between free’*Crand the
these two final states. In Table II, we give thg, and XPS CrOz model of CkO3; see Figs. 1 and 2, and Table Il to
| for these four high spin 3-hole multiplets. Thd . for ~ separate the high and low spin contributions. These differ-
the allowed®G, °F, and °D multiplets are, to a good ap- ences arise(1) From the different XPS selection rules for the
proximation, proportional to the statistical weights of the spatially degenerated3(*F) initial state of free Ct" and
multiplets, (25+1)x(2L+1).2>* Thus, see Table I, for the spatially nondegeneratd,(*A,,) initial state of
l1el(°G):1el(PF) 1 el(PD1) + 11i(°Dy) is 9:7:5 with the °G  CrQg, and(2) from the ligand field splittings of the@hole
multiplet carrying the largest intensity. In sharp contrast, forconfigurations.

CrQg, there is only one allowed high spin final state multip-  Overall, Fig. 2 shows that there is reasonable agreement
let, 5T,, arising from the coupling of B°(*T,,) with  between the theoretical XPS for Gy@nd experiment. The
tg’g(“Az).23 This multiplet® is the linear combination of the general problem is that the higher theoretical peaks are at too
XPS allowed®G, °F, and °D multiplets that carries all the high E by ~1-3eV. Thus, instead of the experimental
intensity when the initial 8% state is coupled to*A,. shoulder atE,~1.3eV, theory gives a satellite d g

205112-3



PAUL S. BAGUS, EUGENE S. ILTON, AND JAMES R. RUSTAD PHYSICAL REVIEW 89, 205112 (2004

TABLE IIl. Projected number of Cr 8 electronsNy(Proj), in by similar amounts for all the states included in our many-

the initial and lowest B-hole final state WF’s of Cr@ body CI treatment. The intensity lost from these states ap-
pears in shake-up and shake-off stafésthat we have not
N Lowest Jo- included in our model. Many of these states have very large
Initial hole E,e ;3 others may be more low-lyin& Our treatment of the
Open Shelt,, ande, 284 275 core-hole screening is quite different from the semi-

empirical approach taken in Ref. 21 for cluster models of
Cr,O3 where this final state screening is modeled by the ClI
mixing of non-CT,d®, and CT,d*L, configurations. From

_ _ Table Ill, it is clear that the covalent mixing of Crd3with
~2.5eV; the theoretical peaks Bl ~7.5 and 15 eV can be |igang orbitals for the p-hole states leads to a large CT

assigned to observed peaksEy~5 and~12 eV, respec-  goreaning of the Crg-hole. It is worth stressing that screen-
tively. However, it is difficult to reconcile the theoretical ing by d"*L configurations introduces different physics
peak atE.~20 eV with any of the observed features. In yan \when the screening arises because the covalency of the
Ref. 21, anad hocepergy dependent Ilfetlme.parameter for orhitals is changed. The open shell structure and, hence, the
the 3p-hole peaks is used to broaden the intensity of theg,in and angular momentum couplings of the dominantly
calculated peak aE~20 eV. The physical basis for this §_ghe|ls are not changed dramatically when the degree of
approach needs to be tested by extending our nonempiricgl, aiency is changed. This is especially true when the
Cl model to include additional many-body effects and anchanges ‘in the character of the open shell orbitals are rela-
improved treatment of the condensed phase. tively modest; in this case the main changes are for the
At this point, we consider the nature of the final statey ghe|| Coulomb and exchange integrals that will have some-
cor(?-hole_ screening as s_hown by_the character of the; CrQynat different values. On the other hand, the change in the
WF's. This screening is included in our treatment of €O mper ofd electrons when the screening is due to CT with
through covalent mixing, primarily, of the Ilg_and Ofzand  he configuratiord"* 1L must lead to substantially different
the Crt,4 ande, 3d orbitals. The fully occupiedhq andey,  gnin and orbital angular momentum coupling of theshell
dominantly ligand, orbitals have bonding character while the,jectrons. We point out in the Concluding Remarks, where
partially occupied orbitals are dominantly Cd3&nd have e review prior results for thesSXPS of NiO, that these two

anti-bonding charactéf. “The number of Cr 8 electrons in -y neq of final state screening may both be present in a given
the cluster WF’'s Ny4(Proj), is obtained as the expectation system.

value of a projection operatét. In Table I, we give
Ny4(Proj) for the initial, *A,, and for the lowest B-hole
final state of Cr@; the contribution toN4(Proj) from the

open shell, dominantly Cr& tp4 andey, orbitals is also  The present study provides substantial insight into the
given. For the initial state, the decreaseNyf( Proj) for the physical origins of the GO; 3p XPS. In particular, the re-
tgg orbitals from the nominal value of 3 indicates a modestmoval of the spatial degeneracy of tRE initial state of the
~5%, ligand character in these orbitals. The total courtt of jsolated Ct* 3d° cation to a nondegeneratd,, initial state
electronsNy(Proj)=3.46 arises because of the bonding char-in the crystalline environment leads to major changes in the
acter of the filled, dominantly ligand, orbitals of bdly and  Cr 3p XPS. We note that the ligand field splitting of tie
ey Symmetry. For the lowestBhole state, the hole on Cris |evels will not cause a change in the degeneracy in the case
screened by a substantial increase in the bonding character f Mn?* where the isolated ion is a nondegener&$emul-
the ligand orbitals. This leads to a total number of 4.2 @r 3 tiplet and the ligand field splitting changes this%lg, also
electrons, an increase of 0.7 from the ground state whergondegenerate. This may explain, at least in part, why the
there is no d hole. Although there is a large CT to the effect of the crystalline environment is not especially large
Cr(3d) that screens thegBcore-hole and although the occu- for the Mn 2p and 3 XPS in MnO[2(a)] Also, when the
pation of the Cr @ orbital in the WF's for the final, core- core hole is in ars-shell, changes in the spatial angular cou-
hole states is~4 electrons, it is misleading to describe the pling of the opend shell caused by the ligand field are not
WF's with this CT as dominated bydfL configuration. The important because the core-hole is totally symmetric. How-
CT in our CI WF'’s arises from covalent mixings of tdeand  ever for 3-holes in other TM’s, the change of tll8 degen-
ligand orbitals to form orbitals with bonding and anti- eracy in the initial state, induced by the ligand field splitting
bonding character. As expected from the orientations of thgs likely to lead to important changes in the XPS.
t,q andey d orbitals?3 the covalent mixings are larger fey Furthermore, our work shows that ligand screening of the
than fort,y symmetries. Thus the dominantly Cd 3, have  core hole on the Cr cation due to changes in the covalent
a larger anti-bonding character and hence a smélleount  mixing between the Cr @ and the ligand § is quite signifi-
than the &l t,4 orbitals. The lowest B-hole state is domi- cant. The reasonable agreement of our theoreticalpCkBS
nantlytgg while the higher energy states have megechar-  for the embedded Crgxluster with experiment suggests that
acter. Hence thély value is somewhat, but not dramatically, the shake satellites due to this screening may be at higher
lower for these states. energies than normally examined in the XPS experiments.
The overall effect of this screening by increasing the co-However, a calculation where configurations to represent
valent character of the cluster orbitals is to reduce thd §A these shake states are included is required in order to fully

Total 3.46 4.18

IV. CONCLUDING REMARKS
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support this supposition. It is appropriate to ask about théimited comparison of the final state screening fos@y and
generality of the importance of the screening of core-holeiiO indicates that the character of the screening and, possi-
by the covalent mixing of TMd and ligand 2 orbitals.  bly, the consequences of this screening for the XPS may
Because there is only very limited theoretical informationdepend strongly on the specific system. A systematic study
available, a detailed comparison of the character of the coresomparing the screening in a range of TM ionic systems
hole screening among different TM oxides cannot be madevould permit the relative importance of screening through
However, a partial and limited comparison of the screeningchanges in the covalent character and through mixing"of

for Cr,0,, described in this paper, with the screening forand d"**L configurations to be established; it would also
NiO, described in previous papéts* on embedded Ni clarify the extent of the differences as \_NeII as the compli-
cluster models, is possible. Although our,Og results are mentary character of these two mechanisms _
for the screening of the TM [#hole and the earlier NiO Thus, the results Fhat we have presented based on the first,
results are for the screening of the Thé-Bole, the compari-  Strictly fully nonempirical cluster study of TM@XPS in an

son is meaningful since both the Cp2nd Ni 3s are core  onic solid have allowed us to draw new and important con-
orbitals. For NiO, the total number af electrons, as given clusions for the interpretation of XPS experiments. These
by projectio}* on HF WF’s for the initial state and the low- considerations need to be taken into account in Qrder to cor-
est 3-hole states, idy4(Proj)=8.13 and 8.32 for the initial rectly_relate fe_atures of thep3XPS to the chemistry and
and 3-hole states, respectively. Recall that for?Nj in ~ chemical bonding of TM complexes.

ionic materials, the nominal number dfelectrons is 8 and

the d configuration is 88. Thus, the values oNg4(Proj) ACKNOWLEDGMENTS
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