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Ab initio studies of the x-ray absorption edge in copper complexes.

I. Atomic Cu'+ and Cu(n)cl2

Raymond A. Hair and William A. Goddard III
Arthur At~&os Moves Laboratoiv of'Chetsti(. 'al Phvsics, Califontia II&stitute of'Te'ehl&ologv,

Pasadeiia, C'aliforitia 91125

(Received 22 January 1980)
'\

As a first step in the study of the structure at x-ray absorption edges, we have examined the

discrete transitions corresponding to the atomic 1s 3d, 4s, 4p, Ss, and Sp transitions and the

corresponding shakeup processes for Cu atom and for a Cu(tt) model system, CuC12. For

CuC12 the lowest strong transitions have the character 1s 4p {f'=0.00133). About 7.5 e&

lower is a group of transitions involving ls 4p simultaneous with ligand-to-metal shakedown.

About 18.7 eV below the main peak is a weak (65 times weaker) quadrupole-allowed transition

corresponding to 1s 3d (i.e., ls 3d ls'3d' ). These results are in agreement with typical

assignments of x-ray absorption spectra of Cu(tt) systems except that the middle transition is

usually assigned as 1s 4s, whereas we find this transition to be 1s —4p plus shakedown.

(Transitions of the character ls 4s are calculated but have intensities far too low to have been

observed. )

I. INTRODUCTION

With the availability of synchrotron radiation

sources, the analysis of extended x-ray-absorption

fine structure (EXAFS) has' developed into a power-

ful tool for the study of the local environment of
transition metals in enzyme systems,

' ' on surfaces,

in solution, " and in crystalline complexes. ' EXAFS

spectroscopy allows the study of the coordination of a

specific element. The modulation of the characteris-

tic absorption provides specific information about the

chemical environment, including the species, num-

ber, and distances of neighboring atoms. However,

current methods of analysis of the fine structure do

not provide information about bond angles.

Recently, EXAFS techniques have been used in

studies of copper coordination spheres in several bio-

logically important metalloproteins (cytochrome-c oxi-

dase, ' azurin, 4 superoxide dismutase, ' and others)

not generally amenable to x-ray crystallographic tech-

niques. In addition, the analysis of the structure in

the x-ray absorption edge (x-ray absorption-edge

spectroscopy, XAES) provides information about the

oxidation state of the metal and about the electronic

structure of the ligands bound to the metal. ' A

more detailed theoretical understanding of these

absorption-edge phenomena would provide the exper-

imentalist with another useful tool in the analysis of
molecular structure. The absorption edge often

shows shoulders (Fig. 1) which correspond to

1s valence and 1s empty bound-state transitions

x-ray Absorption-Edge Spectro
of CuCI& 2H~O
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FIG. 1. EXAFS spectrum of crystalline CuCl& 2H&O,

courtesy of Chan et al. (Ref. 2). Here each copper atom

tCu(tt)] is octahedrally coordinated to four chlorines and

two water molecules. This spectrum shows the three edge

features typical of Cu(tt) complexes.

on the metal. Previously, the analysis of these partic-

ular features has been based on state splittings of
atomic spectroscopy, although significant changes are

expected in these states upon molecule formation.
In this paper we have carried out ab initio calcula-

tions on a model copper complex in order to eluci-
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date the nature of the transitions involved in the ab-

sorption edge for a molecular system. %e report cal-

culations on excited states of the CuC12 molecule and

Cu atom involving excitations from the 1s orbital of
Cu, into the bound valence and virtual orbitals.

CuC12 is a simple model that adequately demonstrates

many of the features of the x-ray absorption edge to
be found in other Cu(n) complexes. It has been ob-

served in the gas phase" (although no EXAFS spec-
tra have been reported). Details about the calcula-

tional methods used are in Sec. V. .

+3 ion

(5d)

(5p)'

(Od )
I

(5s)'

(6s)

II. DISCUSSION

A. Copper atom

%e performed ab initio calculations involving exci-
tations from the Cu 1s orbital as a benchmark with

two purposes in mind. First, it has been proposed
that the splittings of the 1s hole states of copper
should be very similar to the splittings of the corre-
sponding valence states of Zn atom (with the Is dou-

bly occupied). We wished to test this hypothesis; and

second, knowledge of the ab initio atomic splittings
will be useful when considering the CuC12 complex in

Sec. III.
Since Cu(tt) complexes may often be considered as

having (3d) occupation on the metal, we calculated
the 1s excitations of the corresponding Cu2+ ion.
The ground state of Cu + is 'D with a single 3d hole
and no 4s electrons. The 1s excitations of Cu'+ are
compared with the corresponding valence and Ryd-

berg states of Zn2+ in Fig. 2. Here we have chosen
the (Is)'(3d)' state of Cu2+ and the (Is)'(3d)'
ground state of Zn'+ as the zero in energy (the
remaining n =2 and n =3 orbitals are filled). (To
have consistent valence exchange interactions, we

have compared the quartet excited states of Cu'+

with the triplet states of Zn +.) The self-consistent-
field (SCF) calculations are in good agreement with

the five experimentally known Zn~+ states. Consider-
ing the large excitation energies involved (10 to 40
eV above the ground state), the errors in our calcula-
tion (0.2 to 0.8 eV) are of minor importance.

Table I lists the results of calculations of the al-

lowed Cu2+ excitations from the 1s orbital to doublet
excited states, along with the calculated oscillator
strengths. Only the allowed electric dipole and elec-
tric quadrupole transitions are listed (there are no al-

lowed magnetic dipole transitions from the 1s orbi-
tal). From these data we see that the lowest allowed

electric dipole transition (Is 4p) is 87 times
stronger than the allowed quadrupole transition
(Is -3d).

The splittings of the atomic Cu + (Is) excitations
are indeed quite similar to the splittings of the

tP

U

K

(4p)

0- (&d)

Cu'+ calc.

(Is) (3d)

Zn" calc. Zn
'

expt.

(Is) (3d) (Is) (3d)

valence electronic states of Zn2+. In this sense the
previous efforts' to analyze the absorption-edge
features based on those Z = N +1 atomic spectra
cannot be faulted. However, in Sec. I, we will exam-
ine the differences in these states in a sample Cu(tt)
complex. There it will be shown that the ligands
have a significant influence and introduce additional
satellite transitions, not possible for the atomic ion.
Also, in complexes, the charge on the Cu will tend to
be closer to neutral, compressing the spectrum of
Rydberg states into a smaller energy range.

FIG. 2. K-shell quartet excited states calculated for Cu2+

as compared with the calculated and experimental (Ref. 12)
triplet valence excited states of Zn +. In each case the

remaining n =2 and n =3 levels are filled. The SCF calcula-

tions are described in Sec. V. The energies are the average
of the five 3d hole states. Likewise, the experimental atom-
ic states were averaged within each electronic configuration.
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TABLE I. Low-lying electric dipole and quadrupole K-shell transitions of Cu2+ from SCF calcu-

)ations.

Term

symbol

Electron

configuration' Transition

Excitation

energy (eV)

Oscillator

strength ( f')

2O

2$

2g
o

(1s) (3d)
(1s)'(3d) '0

(1s) '(3d) 9(4s) '
1s 3d

1s 4s

-8894.14

0.0b

10.43

10.83

ground state

1.93 x10 5

00'
0.0'

2p

F
2F

2p

(1s) (3d) (4p)' 1s 4p 16.85

17.18

17.38

17.86

1s 4p Total

0.003 55

0.005 83

0.005 94

0.001 49

0.016 81

2p

2F

2F

2p

(1s)'(3d) (Sp) ls Sp 28.18

28.29

28.34

28.48

1s Sp Total

0.001 30

0.002 22

0.002 02

0.000 52

0.00606

2p

2F

F
2p

{1s)'(3d) (6p) 1 s 6p 32.39

32.45

32.46

32.54

1s 76p Total

0.000 77

0.001 65

0.000 76

0.000 27

0.003 45

'The remaining orbitals of the n =2 and n =3 shells are filled.
b%e choose the d' excited state as the zero of energy.
'The transition to the 4s excited state is included as a reference; it is forbidden.

8. CuC12

In this section we will describe the 1s excitations in

the CuC12 system. Although this is a small complex

with only two ligands, many of the ideas developed

from the CuC12 calculations have direct application to

larger transition-metal complexes with more ligands

and different metal centers. The ground state of
CuC12 is Xg+ and may be qualitatively considered as

two chloride ions (Cl ') along the z axis bound to a
d9 Cut+ atom (with the d z orbital singly occupied).

In this discussion we will be concerned with the occu-

pation of the Cu 1s and 3d 2 orbitals as well as the

highest occupied Cl ligand orbital of each symmetry.

%e will also be exciting into some of the unoccupied

diffuse CuClz orbitals (e.g. , the 4s- and 4p-like

molecular orbitals). Hence, for the benefit of the

reader we have constructed Tab1e II which gives the

occupation of these important orbitals in the ground

state of CuC12 and in the various classes of excited

states of interest.
Our calculated excitation energies for the lowest

K-shell excitations of CuC12 are listed in Table III.
The calculated oscillator strengths of the allowed

transitions are also shown in this table. As expected,
the lowest energy transition corresponds to exciting

the 1s electron into the:31 hole in the Cu. This tran-

sition is electric dipole forbidden but quadrupole al-

lowed. The oscillator strength'3 is small ( f =1.92
&& 10 '), and almost identical to the value for the

atomic ion. Experimentally, high-resolution x-ray

absorption-edge spectra of Mn, Fe, Co, Ni, and Cu

complexes all show a small feature on the low-energy

side of the main absorption edge (e.g. , see Fig.

1).z 9 '~ This has been previously identified as the

ls 3d(-hole) transition. In fact, for KFeF3 and

K2NaF6 crystals, the EXAFS spectra of Shulman and

co-workers show both the 1s 3d, , and 1s 3d, ab-

sorption features. The transition energies differ by

approximately the value of ten Dq for these com-

plexes, as expected. It has been proposed that vi-

bronic coupling serves to increase the intensity of
these (Is)zd" (ls)'d"+' transitions by mixing p
character into the upper states. This should introduce

an electric dipole component into the transition and

increase its intensity. However, we find that the

electric quadrupole transition moment calculated for

CuC12 leads to an intensity comparable to the ob-
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TABLE II. Occupation of the CuCl2 orbitals in selected states. The remaining» =2 and n =3
orbitals on Cu are doubly occupied, as are the» =1 and» =2 orbitals on Cl. There are two dou-

blet states arising from each three open-shell configuration.

State Description Rydberg

Orbitals localized

on Cu

1s 3d 2Z

Highest Cl 3p orbitals

~u 77g 77
Q

2g+
g

2g+
g

Shakedown

excitation

Direct

excitation

ground state

1s 3d 2Z

1s Rydberg

plus o-g+~3d
2

1s Rydberg

served values without vibrational enhancement (of
course, such enhancement may also be present). We

will often use this transition (the lowest-energy peak)

as the relative zero of energy.
In the range of 8 to 12 eV (Table III) above the

first Xg+ excited state, there are four sets of states

that can be termed shakedown transitions. To ex-

plain, we will first consider the ionization of CuC12

from the Cu 1s level. Our calculations show that

when the 1s electron is removed and the wave func-

tion permitted to relax, the ground state changes
from d in CuC12 to 1'0 in CuC12+. The electron that

fills the d 2 hole can come from any one of the

highest occupied ligand orbitals. Table IV lists the

energies of the states formed by ionization directly

from the Cu 1s and also the shakedown ionizations

from the highest ligand orbitals of each symmetry.

Note that all four of the shakedown d' ions are 6 to

8 eV lower than the d ion. This shakedown process

is similar to a ligand-to-metal charge transfer, though

the net charge on the Cu does not change appreciably

(since the other valence orbitals polarize to neutralize

any charge separation). These CuC12+ results suggest

that a Cu 1s-to-Rydberg transition plus a simultane-

TABLE III. Low-lying A-shell excited states of CuCI2 from configuration interaction calculations.

State Description'

Excitation

energy (eV}

Oscillator

strength (,f }

2$+
2$+

g

2$+

2II„

2g+

2IIu

2g+
M

ground state

Cu1s 3d 2Z

Cu 1s 4s +shakedown

Cu 1s 4p„+shakedown

Cu 1s 4p +shakedown

Cu 1s 4s

CU 1s 4p

CU 1s 4p

-8891.31

o.ob

7 95c

10.09'

9.88

10.59

12.15

12.20

13,32'

14.70'

16.42

16.50

20.70

21.07

1.92 x 10 5

0.0

0.0
0.000 204

0.000 071

1.37 x 10~
7;70x10 7

0.0

0.0
0.000 595

0.000 721

9.64 x 10~
8.80 x 10

'By 4p and 4p„we mean the low-lying Rydberg-like molecular orbitals of erg+ and m„symmetry

that resemble the Cu 4p functions,

We choose the d' excited state as the zero of energy.
'The excitation energies into the 4s-like molecular orbital are from SCF calculations.
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TABLE IV. Calculated K-shell ionization potentials of
C uCl2.

State Ligand hole'
Ionization

potential (eV)

Relative

energy (eV)

3g+
g

3@+

3 $+
3II„
3IIg

Cu3d 2Z
+

~+
Q

rr g

7T g

8914.8

8908.3

&907.9

8907.2

8906.9

—6.5
—6.9
—7.6
—7.9

'In each case the ligand hole is the highest occupied molecu-

lar orbital of the indicated symmetry.

ous shakedown in the form of a ligand-to-metal

charge transfer should produce states lower in energy

than the direct Cu ls-to-Rydberg transition, without

the shakedown. Our results (in Table III) confirm

this analysis. There is a 5 to 9 eV separation between

the corresponding direct and shakedown states in

CuClq. This separation corresponds closely to the

splitting (6 to 8 eV) of the ds and d'a ions of Table IV.

To illustrate, we will explicitly consider one se't of
the shakedown excitations —those where the highest

o-g ligand orbital is singly occupied. This o-g ligand

orbital has the same symmetry as the Cu d 2 orbital,

so in this case we can consider that the d 2 hole,

which was localized on the Cu in the ground state has

readjusted to become localized on the chlorines in the

excited state. The lowest such shakedown state in-

volves the Cu ls excitation to a Cu 4s-like orbital.

This 4s orbital is plotted in Fig. 3 along with the

atomic 4s orbital for Cu'+. We can see that the

molecular orbital (of at+ symmetry) is more diffuse

than the atomic orbital and has a significant amount

of ligand character. This transition leads to two Xg+

states, differing in the spin coupling of the three

open-shell electrons. (These are separated by ap-

proximately twice the Cu 3d 2-4s exchange interac-
Z

tion. ) Both components are symmetry-forbidden, so

that this ls-to-4s shakedown transition is not to be

observed.

The next higher shakedown state (with ag+ ligand

hole) involves the Is-to-4p transition (4p„or 4p~).

In this case, the 4p„orbitals are slightly larger than

the atomic 4p orbitals (see Fig. 3). This transition to

the II„excited state is symmetry allowed, though we

find that it is not very strong (f=2.7 x 10 ', Table,

III). The reason it has a small oscillator strength lies

in the nature of the shakedown process. Qualitative-

ly, the transition moment for a11 these shakedown

transitions varies as the transition moment from the

Is to the virtual orbital (4p„ in this case) times the

overlap of the d 2 orbital of the ground-state wave

0.5-

CU" ORBITALS
(a)

O, I—

0)
"D

a -0l-
E

-03—

-0.5

I
I
I

'1]

,
' J
I
I
I
I
I
I

I

0.5-I

CuC1& ORBLTALS

0,3—

O. I—
0)o

E
-O, l—

4p x5

(b)

-0.3—

-0.5
2 5 4 5

Distance {E)

FIG. 3. Orbital amplitudes as a function of distance from

the Cu for the excited state 4s, 4p, and Sp orbitals of Cu2+

(a) and the 45, 4p„, and 4p orbitals of CuCl2 (b). For

CuC12, the 4s and 4p~ amplitudes are shown along the

molecular axis, while the 4p„amplitude is perpendicular to

this axis.

function with the singly occupied ligand orbital in the

excited state'5 (highest ag+ in this case). For this rea-

son the transition moments for the shakedown transi-

tions are smaller than the direct transitions by a fac-

tor of this overlap. Also, only shakedown transitions

involving the o.g+ ligand orbitals will have any intensi-

ty since only those ligand orbitals can overlap with

the Cu d 2 orbital. Note that the ground-state 3d 2

orbital can overlap the excited state erg+ orbital since

the excited-state wave function is allowed to relax

(self-consistently). The orbitals change shape in the

excited state, leading to an overlap of -0.37 in this

case (the total many-electron wave functions do not,

of course, overlap). The amplitudes of these two or-

bitals are plotted in Fig. 4 (a is d 2, b is ligand ag).
The next shakedown state in this series is to a Cu

Ss-like orbital. It is also forbidden. At 1.9 e& above

the excitation to the 4p„states we find the transition

to the 4p, . f'his 4p, orbital, i plotted in Fig. 3 togeth-

er with the Cu'+ atomic orbital, is strongly affected

by the proximity of the occupied Cl orbitals and has

been pushed higher in energy. This leads to the 1.9
eV splitting, which has implications for four- and
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b

~ci
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FIG. 4. Orbital amplitudes as a function of distance along

the CuCI2 molecular axis. The solid line (a) is the ampli-

tude of the singly occupied 3d 2 orbital in the ground state,z
The dashed line (b) is the amplitude of the singly occupied

ligand o.g+ orbital in the shakedown excited states. Note the

overlap of these two orbitals.

six-coordinated complexes, as discussed later. Also,

the more diffuse nature of the 4p, orbital reduces the

strength of this transition, relative to the correspond-

ing 4p„state.
We assign these (1s 4p) shakedown transitions

(both 4p„and 4p ) to the absorption peak commonly

identified as the ls "4s" direct transition (see Fig.
1). There are two factors to consider in reassigning

this absorption-edge feature. The first is intensity.

We find that the 1s-to-4p shakedown is 80% weaker

than the 1s-to-4p direct transition, whereas the 1s-to-

4s direct transition is symmetry forbidden. Even in

complexes with low symmetry, considerable p charac-

ter would have to be built into the lowest unoccupied

molecular orbital (about 14%) for the intensity to

rival that of our ls 4p shakedown transition. The

second factor is energy position. We find that

although the 1s-4s transition is -6.6 eV below

1s 4p in Cu'+ ions, it is displaced in CuC12 to be

only 2.2 eV below ls 4p (due to interactions of the

excited orbital with the ligands). We find the 1s 4p

shakedown transition at -7.5 eV below the ls 4p

direct; about the same location as observed experi-

mentally. Empirical evidence in favor of our reas-

signment can be obtained from studies of the first-

row transition-metal fluorides. Shulman et aI. find

that the difference in energy between the 1s-to-"4s"

(ls-to-4p plus shakedown in our assignment) and 1s-

to-4p is nearly constant for the divalent elements

Mn(tt) through Ni(tt). This result is consistent with

either assignment. However, the 1s-to-4s assignment

predicts a large (10 eV) "4s"-4p splitting for the corre-

sponding Fe(tt) complex in the next higher oxidation

state. Here our assignment would predict a smaller

increase in the splitting of the 1s-to-4p plus shakeup,

versus the 1s-to-4p direct states. This-splitting is just
the difference in energy between the L,"d" configura-

tion (where L, is the highest ligand e level) and the

L,'d" +' configuration resulting from the shakedown

process, which is expected to be approximately con-

stant with changes in oxidation state of the metal.

Thus the '7-eV splitting observed9 for K2NaFeF6 is

more consistent with our assignment. Similar argu- .

ments apply to the analysis of the higher states in this

series. The transitions to s- or d-like unoccupied or-

bitals are forbidden and those to p-like orbitals are al-

lo~ed.
Shakedowns from the other three high ligand orbi-

tais (see Table II) give the same ordering of states in

the same energy range (Table V) and will not be dis-

cussed separately. However, these transitions are

symmetry-forbidden from the ground state.

Finally, at 13 eV above the lowest excited state
(2Xs+) we calculate the first direct transition from the

Cu 1s to the 4s-like unoccupied molecular orbital.
This transition is forbidden. The next state, a transi-

tion to the 4p„ is allowed and occurs 6.2 eV above
the corresponding shakedown state. The 4p (4p, )
level occurs 4.4 eV above the 4p„ level. This split-

ting is caused by the axial ligands, and would be

much smaller in tetrahedrally or octahedrally coordi-

nated Cu(rt) complexes. The 5p„states occur 3.1 eV

above the n =4 levels and are expected to be much

weaker, since the intensity of this transition falls off

TABLE V. Calculated K-shell excited states involving shakedown for CuCl2.

Rydberg orbital

occupied in

excited state

Excited state energy (eV) for each ligand hole'
+

~u erg

4s

4p

4p

7.95, 10,09
9.88, 10.59

12.15, 12.20

7.12, 9.69
9.62, 9.73

11.60, 11.67

6.62, 6.80

8.26 —9.56

10.68, 10.74

6.90, 7.15

8.52 —9.74

10.98, 11.04

'Using the (1s) (3d)' state as the zero of energy.
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rapidly as the size of the np orbital increases. Simi-

larly, the 5p state is 1 eV above the 4p state,

though the Sp -like orbital is so diffuse that our

description of this particular state is less accurate than

the others.
'%e find that the oscillator strength of the atomic

1s-to-4p transitions is decreased by a factor of 12 in

CuC12 (Tables I and III). The molecular 4p orbitals

are more diffuse than atomic 4p orbitals and indeed

are comparable in size to atomic 5p orbitals. Since

the 1s-to-5p atomic transition is a factor of 2.8 weak-

er than ls-to-4p, this size difference could account

for a major part of the decrease in intensity in the

molecular transition. In addition, the CuC12 excited

4p orbital has character on the ligands, further de-

creasing the intensity (for the transition from Cu ls).
On the other hand, the direct transitions are 4.8

times as strong as the shakedown transitions. From

the overlap of the ground-state 3d ~ orbital and the

shakedown excited-state open-shell ligand X orbital

(S =0.37), we would expect a factor of 7.1. Thus,

qualitatively, the transition moment from the 1s to

the 4p is similiar, and the difference in intensity arises

primarily from the overlap term introduced by the

shakedown.

In conclusion, our CuC12 calculations allow us to

make assignments of the common three absorption-

edge features of Cu(n) EXAFS spectra. The lowest

energy transition is a weak quadrupole-allowed Cu

1s 3d transition. The next absorption corresponds
to the dipole-allowed 1s-to-4p plus ligand-to-metal

shakedown, and the most intense peak is the direct
1s-to-4p transition. It is important to note that in

each case the spectral feature has been assigned to an

allowed transition. This differentiates our assignment
of the middle peak from previous work and has im-

plications about the x-ray absorption-edge spectros-

copy of the transition metals, as illustrated in Sec. III.

III. APPLICATIONS TO OTHER SYSTEMS

In this section we will consider the application of
our ideas about Cu(tt) systems to the other transition

metals in the Cu row. Also, we will briefly discuss

the effects of mixed ligands and low symmetry. First

we examine the divalent transition-metal fluorides,

KMF3, ~here the metal occupies an octahedral site. '

The EXAFS spectra are available for Mn(tt)

through Zn(tt), with the exception of Cu. Of these,
Mn(tt) through Cu(tt) all have an unfilled eg-type

metal d orbital. Thus we expect to observe at least

three transitions on the absorption edge. At low en-

ergy there is an electric quadrupole-allowed 1s 3d
transition with low intensity. In the metals with an

unoccupied t2-type d orbital [as in V(tt) through

Co(tt)], the Is ~3d transition may be split into

1s 3d, and 1s 3d& components. The energy

separation is approximately ten Dq for the corre-

sponding complex containing the metal of the next

higher atomic number. " Then, about 5 —'7 eV higher

there is a shoulder, representing a 1s 4p plus

shakedown transition of intermediate intensity. Fi-

nally, at the apex of the edge, there is a strong

1s 4p transition.

For Zn(n), there are no d holes so we do not ex-

pect either 1s 3d or shakedown transitions. It
would then be consistent to assign the lowest energy

feature to the 1s 4p. However, two peaks are ob-

served at the top of the absorption edge. Even as-

suming strong vibrational coupling, the lower energy

peak appears much stronger than would be reason-

able for a 1s 4s transition, Therefore we tentative-

ly reassign the to~er energy peak to the 1s 4p,

which should be a strong transition. There are

several possibilities for the origin of the higher-

energy transitions, including (i) a Is 4p plus

shakeup state (where this shakeup would involve a

transition from a 3d orbital to a virtual orbital of the

same symmetry) or (ii) the ls Sp transition.

Now, considering the first part of the row [Ti(tt)
through Cr(tt)], we expect the trifluoride crystals to

have qualitatively the same absorption-edge features

as for Mn(tt) through Cu(tt), with one notable excep-

tion. This exception is Cr'(tt), which is formally d .
For this metal the ligand-to-metal shakedown has two

nondegenerate components. Since the Cr(n) 3d e~

level has only one electron, the electron that comes

from the ligand eg orbital into the 3d eg level may be

either singlet or triplet coupled to the single 3d elec-

tron already there. Both of these 3d spin configura-

tions may be coupled to the remaining 1s and 4p

singly occupied orbitals to produce an overall quintet

excited state. This splitting should be about twice the

3d exchange integral (for the excited state), around

1.2 to 1.9 eV. Thus, in the Cr(n) trihalide crystal,

the EXAFS experiment is predicted to show two

shakedown transitions. This experiment, if per-

formed, may serve. to differentiate our assignment of
the second peak from the 1s 4s assignment made

previously. The 1s 4s transition is also split into

two components; however, the energy difference is

only twice the 3d-4s exchange interaction, which is

smaller, about 0.4 to 0.6 eV.

Now we consider the qualitative features of the

edge spectra of mixed ligand complexes for the first

transition series. Here, each chemically different

ligand may give rise to a shakedown transition of a

different energy. This transition can be described as

a metal 1s 4p plus a ligand-to-metal charge transfer.

involving the ligand lone-pair X bonding to the metal

and the metal-d orbital(s) oriented X to this ligand

orbital. If there are several ligands of the same type,

a particular shakedown transition may be enhanced.

Of course this analysis applies best to ionic bonds.
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Covalently bound ligands may have such satellite

transitions that are actually higher in energy than the

corresponding direct transition. In addition, the 4p
virtual orbitals are not degenerate in complexes with

low symmetry. In fact, our CuC12 calculations show a

2 —4-eV splitting, probably an extreme. Because of
this splitting, it may be possible to observe the com-

ponents of both the 1s 4p shakedown and the

1s 4p direct transitions. This would provide some

supportive information about bond angles and molec-

ular symmetry. Along this vein, we have initiated

calculations to compare square planar and tetrahedral

conformations of a model Cu complex.

tions, we used an effective potential' to replace the

Ne core of Cl. This potential reduces the Cl basis set

to those functions describing the valence orbitals.

This double ( CI basis was contracted20 to a mini-

mum basis set by explicit optimization of the contrac-

tion for CuC12. Thus, our final CI basis consisted of
four functions, with the contraction optimized for

CuC12. The CuC1 bond distance of 2.17 A was taken

from SCF calculations" (double f basis) on CuClt.
(The experimental bond distance is not known. )

8. Wave functions

IV. SUMMARY

%e have carried out ab inito self-consistent-field

(SCF) and configuration interaction calculations on

the CuC12 system and related our results to the E-
edge x-ray absorption spectra of transition-metal

complexes. The three common features on the E
edge were described by our calculations. The assign-

ment of the 1s 3d and 1s 4p transitions agrees

with previous assignments. %e have reassigned the

1s "4s" transition as an allowed 1s-to-4p transition

with a concurrent ligand-to-metal shakedown. This
shakedown involves the ligand orbital sigma to the

metal and a d-hole sigma to the ligand.

V. DETAILS OF THE CALCULATIONS

A. Basis set

All of the calculations used the Cu ('S) Gaussian

basis set of %achters" with the first six s functions,

the first five p functions, and the first four d func-

tions contracted to form a single final s-, p-, and d-

basis function, respectively, The remaining functions

were left uncontracted. This contraction system al-

lows more flexibility in the Cu core functions than

the usual double g contraction of Wachters functions.

%e felt that this extra flexibility was necessary to

adequately describe the core electronic relaxation

after 1s excitation. In addition, we replaced the two

4s functions of the %achters basis with four Gaus-

sians having exponents of 0.3324, 0.1108, 0.03166,
and 0.008442 in order to also describe both 4s and

Ss-like orbitals. Similarly, we replaced the outer two

4p functions with four Gaussians (0.2099, 0.05998,
0.01714, and 0.004570) in order to describe both 4p-

and 5p-like orbitals. %e also added two diffuse d

functions with Gaussian exponents of 0.1168 and

0.0329. All together, this gives a basis size of 62 fi-

nal functions on the metal and more than double $

quality (only the innermost Is, 2p, and 3d functions

contracted). For the CI atoms in the CuCI2 calcula-

To calculate the atomic excitation energies, we car-

ried out SCF calculations using the fully-optimized

open-shell Hartree-Fock wave functions. For the

atomic wave functions with (3d) occupation, we

solve for an average d state in the same manner as

reported previously, Here the variational Hamil-

tonian (Fock operator) was derived from the average

energy of the five possible d holes. Some of the

excited-state atomic wave functions were constructed

using the improved virtual orbital (IVO) method. '
In general, all the Rydberg states could be obtained

from a single SCF calculation for the lowest Rydberg

state and a set of IVO's providing an orthogonal set
of Rydberg orbitals. %e checked these IVO results

by performing additional SCF calculations on the

Cu + ion. The largest error for any state in Fig. 2

was 0.06 eV. The Rydberg states were calculated as

high-spin (quartets) and we performed a small

configuration interaction (CI) calculation to obtain

the energies for the low-spin (doublet) states.
Indeed, the manifold of states arising from the quar-

tet SCF and IVO calculations is energetically almost
the same (0.03 eV difference) as the average of the

corresponding doublet states from the CI, thus justi-
fying this straightforward approach. (This result is

exp=cted since the exchange interactions between the
ls and open-shell valence orbitals are small. ) The
atomic oscillator strengths were determined by calcu-

lating the (length-form) transition moments between

the ground- and excited-state SCF wave functions, al-

lowing electronic relaxation, "and including the

correct excited-state spin coupling as optimized in the
CI. Again, since the excited doublet and quartet
states are so close in energy, we could use the SCF
orbitals from the quartet state to describe the doublet

states.

For the CuC12 complex, the same kind of open-

shell SCF calculations were carried out, but without

averaging the 3d hole. Here we found an accurate,
simple method for obtaining the spectrum of excited
states for the direct and shakedown transitions. For
those states with an occupied Rydberg orbital, we re-

moved the Rydberg electron and calculated the corre-

sponding positive ion wave function by SCF methods.
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TABLE VI. Comparison of excitation energies and oscillator strengths of CuCI2 transitions cal-

culated by SCF and CI methods.

State

SCF
excitation

energy {eV)

SCF
oscillator

strength ( f )

CI

excitation

energy (eV)

CI

oscillator

strength ( f')

2 $+8

Hu

2g+
N

0.0

10.03

11.04

12.47

12.55

15.74

15.88

18.91

18.95

1.92 x10 5

1,28 x10 4

3,67 x10 ~

2.10 x 10

1.09 x10 9

5.35 x10 4

2.79 x10 4

1.85 x10 5

2.05 x10 '

0.0

9.88

10.59

12.15

12.20

16.42

16.50

20.70

21.07

1.92 x10 5

2.04 x 10 4

7.13 x 10 ~

1.37 x 10 6

2.70 x10 7

5.95 x 10 "

7.21 x10 4

9.64 x 10

8,80 x 10

'This is the Cu(ls)'(3d)' excited state.

Then we froze the occupied orbitals, replaced the

Rydberg electron, and calculated the spectrum of
orthogonal Rydberg orbitals. These results agreed

within 0.007 eV of the fully relaxed SCF results for

the several cases we tested. Again, as for the atom,

we obtained the Rydberg states as quartets, and per-

forrned a small CI to get the doublet energies. The

oscillator strengths were calculated by two different

methods. First we calculated the moments between

the ground- and excited-state SCF wave functions, al-

lowing electronic relaxation and including the correct

excited-state spin coupling for the three open-shell

electrons (as we did for Cu'+). The second method

used the entire set of occupied orbitals from the

ground and excited state in a larger CI. This orbital

set included the 22 orbitals of the ground-state SCF
wave functions, the 23 orbitals of the (ls)'(4p„)'
plus shakedown excited state, and the 4p, virtual or-

bital (all orthogonalized). The CI configuration list

included the ground-state configuration, the four

excited-state configurations (shakedown and direct to

4p„and 4p, ), and all single excitations from these

four configurations requiring that the 1s orbital be

singly occupied. This configuration list was adequate

to describe the ground state, the 1s 3d transition,

and the Is 4p transitions (both shakedown and

direct). The oscillator strengths were then calculated

for these states of the CI. The results for both

methods are presented in Table VI. This table shows

that both approaches produce similar oscillator

strengths. The agreement for the lower energy excit-

ed states is much better than for the higher ones.

However, our aim was to determine the relative

strength of these transitions, which we accomplished

with a set of simple and consistent wave functions.

Certainly this purpose was achieved, although in an

absolute sense, oscillator strengths often vary (sys-

tematically) from the true value by a factor of 2 to 3

for such wave functions.
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