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The electronic structure of the CrFi- cluster has been analyzed by solving the Hartree-Fock equations 
on several electronic states, at five values of R, the metal-ligand distance in the al8 vibration. The 
methodo1ogyofJ.W. RICHARDSON,T.F.SOULES,D.M.VAUGTH,ANDR.R.POWELL(P~~~. Rev.B 
4,172l (1971)) has been used. The computed R, is in close agreement with the observed value in alkali 
hexalluorochromates(IV). The nuclear potentials of the d* triplets are almost parallel to the ground 
state potential, giving rise to a weak R-dependence of the spin-allowed transitions and a negligible 
contribution of the alg progression to the vibrational structure of the broad bands. The absorption 
spectrum has been discussed in terms of the results of different SCF calculations. A new assignment is 
proposed that avoids most of the earlier difficulties of the spectral interpretation. The best calculated 
spectrum agrees with the one observed in Rb,CrF6 within 1.5 kK. o MU Academic press, IIIC. 

I. Introduction 

The absorption spectrum of the CrFi- 
cluster in RbzCrFs has been reported by Al- 
len and El-Sharkawy (I). At 77°K the broad 
bands do not show vibrational structure. 
This is a rather interesting feature, since 
such fine structure appears in other quadri- 
valent hexafluorocomplexes: NiFz- (2), 
MnF$- (3), CoFi- (4). This negative evi- 
dence has been related to the low value of 
the nephelauxetic ratio in CrFg- (I). An- 
other problem in this spectrum is the as- 
signment of the second spin-allowed transi- 
tion, only tentatively made by Allen and 
El-Sharkawy, because it is superimposed 
upon a more intense ligand-to-metal charge 
transfer. Moreover, the third spin-allowed 
transition has not been assigned and the rel- 
ative positions of the lowest excited states 
0022-4596/84 $3.00 30 
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‘T2g, ‘Eg (which are degenerate at first-or- 
der) remain unknown (1). These and other 
features of this spectrum have been ana- 
lyzed in this work in the framework of the 
open-shell Hat-tree-Fock methodology de- 
veloped by Richardson et al. (5). Since Al- 
len and El-Sharkawy gave only the spec- 
trum of Rb2CrF6 and reported that the 
spectra of the K, Rb, and Cs hexafluoro- 
chromates(IV) are very similar (Z), we have 
limited our study to the calculation of the 
CrFz- unit in vucuo. We have solved the 
SCF equations at different values of the 
metal-ligand distance on several electronic 
states, including the ground state. At this 
level of approximation, our prediction on 
the equilibrium conformation along the alg 
vibration, R, = 1.69 A, is in very good 
agreement with the value reported by Bode 
and Voss (6) for the alkali hexafluoro- 
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chromates(IV), 1.72 A. Other interesting 
result of our calculation is the almost negli- 
gible horizontal displacement of the excited 
states along the utg coordinate. This result 
gives rise to theoretical transition energies 
only weakly dependent on R (the spin-al- 
lowed ones) or practically R-independent 
(the spin-forbidden). For that reason, the 
particular choice of R in the vertical calcu- 
lation of the spectrum seems to be a rela- 
tively unimportant question in this case. Of 
course, there is the problem of explaining 
the different values of R, in different alka- 
line-earth hexafluorochromates(IV) (7) but 
this theoretical work cannot be done with- 
out extensive calculations of the respective 
cluster-lattice interactions (8, 9), and it is 
beyond the limits of this paper. 

We have analyzed the spectrum of 
RbzCrFe at different levels of approxima- 
tion, including configuration interaction 
limited to the d2 configuration. At each 
level we compare our SCF results with the 
crystal-field analysis that can be done 
within the simplest, three-parameter the- 
ory. From these comparisons we illustrate 
how the SCF results, although approxi- 
mate, give important information which 
could not be deduced at all from the semi- 
empirical approach. In this way we have 
proposed an assignment (different from that 
in Ref. (I)) which is compatible with a sim- 
ple crystal-field analysis, resolves the rela- 
tive positions of the lowest singlets and 
gives a reasonable description of the com- 
plete d-d spectrum within 1.5 kK. Further- 
more, our study includes the SCF predic- 
tion on the R-dependence of all the d-d 
transitions. The spectral parameters and 
their R-dependence have also been com- 
puted. Finally, the lack of vibrational struc- 
ture in the absorption spectrum is under- 
stood as a consequence of the very small 
values of the horizontal displacements of 
the excited states. 

In Section II we give the main details of 
the SCF calculation. The cluster geometry 

TABLE I 

ST0 ORBITAL EWONENTS (IN PARENTHESES) AND 
A0 EXPANSION COEFFICIENTS FOR W+ AND F- 

IONSa 

ST0 

A0 ls(23.29) 2s(8.9) 3s(4.06) 

hd 
2SM 
3w 

2PM 
3PM 

1.0 
-0.36240564 1.06364368 

0.14156036 -0.47925202 1.09703726 
2p(9.70) 3p(3.74) 

1 .o 
-0.30745939 1.04619852 

3aX2.40) 34(4.95) 
{3d,,(2.20)} 

0.53658679 0.56818601 
IO.58216579) {0.545%792} 

34 1.0 
Fluoride basis ls~(8.7) 2s~(2.425) 

1SF 1.0 
2SF -0.21754530 1.02338944 

2p~(2.425) 

2PF 1.0 

Note. 34, orbital exponent and 3dM coefficients for W+ 
appear in braces. 

* Ref. (IO). 

is discussed in Section III and the last two 
Sections are dedicated to the spectral cal- 
culation at the theoretical equilibrium ge- 
ometry and the R-dependence of the spec- 
trum, respectively. 

II. SCF-MO Calculations on CrF$:- 

We follow in this work the Hartree-Fock 
methodology described by Richardson and 
collaborators (5) and we use the same 
multicenter Slater-type basis (10) and nu- 
merical procedures which gave good results 
for similar systems (11-23). The ST0 expo- 
nents and the A0 coefficients are presented 
in Table I. Note that the difference be- 
tween the Cr’+ and Cr3+ basis lies only in 
the outer 3d STO. Independent SCF calcu- 
lations at five values of the metal-fluoride 
distance R, ranging from 3.05 (1.61 A) to 
3.59 a.u. (1.90 A), were performed on the 
cluster ground state, t&3Tlg, and the tz,e,- 
3Tav. The latter state is defined in terms of 
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TABLE II 
OPEN-SHELL REPULSION ENERGIES OF C14+ AND 

CEC COEFFICIENTS 

Observed Calculated CEC 
Electronic transition” kKb kKc kKd 

3F+‘D=5B+2C 12.529 15.879 -3.350 
+jP= 15B 15.200 18.!390 -3.790 
+‘G= 128+2C 21.361 24.741 -3.380 
+lS=22B+7C 50.488 61.272 - 10.784 

Be = 1.266 kK Cc = 4.775 kK 

(iSL&eY, - jsIJ coefficients (x + y = 2) 

3T,* 68 be8 ’ Tzg 6, *be8 

?P (115)‘” (4/S)‘” ‘D (4/7)“2 
3F (4/s)“* -(l/5)‘” ‘G 

my; 
(3/7)“” 

‘4 6, 2 
eg ‘Al, 2, 4 

‘D (3/7)‘fl (4/7)‘fl ‘S (2/5)“2 
‘G (4/7)‘fl -(3/7)“z ‘G g:;::: -(3/5y 

a Formulas taken from Ref. (20), p. 86. 
b Ref. (24). 
c Computed with the basis of Cti+ in Table I, Ref. (IO). 
d CEC(iSL) = AE(obs) - A&alc). 

its energy E(3Ta,> = [E(f~~e~-~Ti~) + 
E(f2ge83Trg)]/2. The MO solutions of the 
ground state calculations were used for the 
theoretical determination of the cluster ge- 
ometry. On the other hand, the spectral cal- 
culations were done with the solutions of 
the 3Tay. We worked within the core-va- 
lence partition called SPDD (II), in which 
the valence shell is formed by the 3s, 3p, 
3&, and 34 orbitals of the metal ion and 
the 2s and 2p of the six fluoride ions. The 
3dM is the regular 2-5 3d metal function (10) 
and 3dI its inner STO. 

In the calculations on the cluster geome- 
try we have considered the SCF energies, 
the frozen-orbital energies deduced from 
the solution of the excited state, and the 
energies obtained when configuration inter- 
action (CI) limited to the d2 configuration is 
included. In the spectral calculation we 
have studied the 11 multiplets coming from 
the d2 configuration under the octahedral 
field. Spectral results will be given at our 
theoretical equilibrium configuration al- 

though the variation of the transition ener- 
gies and the spectral parameters with R will 
also be discussed. The multiplets have been 
analyzed at three different levels of approx- 
imation: first-order, CI limited to the d2 
configuration, and CI + CEC. CEC is the 
empirical correlation energy correction in- 
troduced by Pueyo and Richardson (14). 
First-order and CI calculations require the 
multielectron MO wave functions and the 
electron repulsion matrix elements for the 
d2 case. All this information has been given 
by Richardson et al. (5). In the CEC calcu- 
lations the metal-ion CEC and the appropri- 
ate (iSLlt&&j8r) coefficients (X + y = 2) 
are needed. These coupling coefficients 
have been calculated as in Ref. (14) and are 
collected in Table II with the Ct’+ CEC 
computed with the present basis. 

III. Equilibrium Geometry of the &-3TQ 
and f2Beg-3T,, 

In Table III we present the electronic en- 
ergy of the ground state computed in three 

TABLE III 

ELECTRONIC ENERGY (a.u.) OF THE GROUND AND 

THE t2,e,3T2, STATES OF CrFz- AS FUNCTION OF 

R(Cr-F) 

R (a.u.) 

3.05 3.15 3.26 3.425 3.59 

A. Cl”’ basis 

EWF) -4.65863 -4.69721 -4.69506 -4.63325 -4.52991 

EC 1)” -4.65724 -4.69560 -4.69308 -4.63025 -4.52469 

E(CI)* -4.66270 -4.70129 -4.69918 -4.63745 -4.53416 

ER= W) 0.31 0.35 0.43 0.66 1.15 

B. Cr3+ basis 
E(SCF) -4.72139 -4.76033 -4.75931 -4.70035 -4.6OC64 

E(1)” -4.71997 -4.75871 -4.75739 -4.69767 -4.59642 
E(CIjb -4.72550 -4.76432 -4.76324 -4.70425 -4.60447 

ER= W) 0.31 0.36 0.42 0.59 0.93 

C. Energy of the 12~e,-‘T~~ 
Cl’+ basis -4.56645 -4.60610 -4.60701 -4.55081 -4.45236 
Cr3+ basis -4.64679 -4.68261 -4.68140 -4.62466 -4.52747 

Nore. The origin has ken taken at E(m), the energy of the sepamtc 
ions. 

n Computed with the SCF solution of the excited state. 
b Lowest eigenvalue of the d2-)TI, matrix. 
c Relaxation energy ER = E( & ) - E(SCF). 
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different ways. First, we see that the SCF 
solution of this state gives a nuclear poten- 
tial with a minimum at 3.20 a.u. (1.69 A). 
The totally symmetric vibration frequency 
ti(ai,) turns out to be 0.736 kK according to 
these calculations. It is remarkable that the 
SCF calculations performed with the Cr3+ 
basis give an electronic energy 0.06 a.u. 
lower than the @‘+-basis energy. This 
result clearly shows that in a LCAO molecu- 
lar calculation the approximate Hartree- 
Fock atomic orbitals are not necessarily the 
most efficient basis functions, from a varia- 
tional point of view. In the system studied 
in this work both basis give essentially the 
same geometric information since the nu- 
clear potentials are parallel. In the Cr3+-ba- 
sis calculation we find R, = 3.20 a.u. and 
ti(a,,) = 0.729 kK. 

With the SCF solutions of the ground 
state we can compute and diagonalize the 2 
x 2 3Ti, matrix of the d2 configuration. This 
limited CI lowers the diagonal energy by 
about 1 kK (0.004 a.u.). The effect is rather 
uniform in the range of R studied here and 
again we find R, = 3.20 a.u. from the CI 
nuclear potential. 

We have estimated the ground state en- 
ergy with the solution of the excited t2ge,- 
3Tav because we will compute the spectro- 
scopic transitions with these MO’s and 
want to know the amount of reorganization 
energy associated with the change in con- 
figuration. These frozen-orbital energies, 
E( j, ) are collected in Table III. The relaxa- 
tion energy is an increasing function of R, 
as in CrFi- (13), and its value at R, is 
smaller than 0.40 kK. This figure tells that 
we are in fairly well conditions to proceed 
with the spectral calculation from the 3 T,, . 
Furthermore, the relaxation energy in the 
equilibrium region is the same in both ba- 
ses. 

The electronic energy of the 10 Dq state, 
t2ge,-3T2g, is also presented in Table III. 
This energy has been computed from the 
SCF solution of the intraconfigurational 

3Tav with a very small relaxation energy. 
The nuclear potential of this excited state is 
really parallel to the ground state potential. 
The horizontal displacement with respect 
to the ground state minimum, 6 = R,(3T2g) 
- R,(3TLg), turns out to be 0.006 a.u. in the 
CI4+ basis and -0.001 a.u. in the Cr3+ basis. 
These very small values of 6 will have conse- 
quences in the R-dependence of 10 Dq (15). 
Also, they constitute an interesting expla- 
nation for the lack of vibrational structure 
in the absorption spectrum of RbzCrFe (1) 
(see below). 

As far as we know, there is no experi- 
mental information on *(al,). Our com- 
puted ~(a~,) has the order of magnitude of 
those in CrF%- (13) and CrFz- (16). On the 
other hand, our R, agrees well with the 1.72 
A reported by Bode and Voss for the alkali 
hexafluorochromates(IV) (6). Siebert and 
Hoppe (7) gave values from 1.79 to 1.90 A 
for the M(II)CrFG compounds, deduced 
from the analysis of powder diagrams. 
These differences can surely be analyzed in 
terms of a careful representation of the cor- 
responding cluster-lattice interaction but, 
as we state in the Introduction, we have not 
attempted it in this work. 

IV. The Optical Spectrum of CrFi- 

The low-temperature, diffuse reflectance 
spectrum of Rb2CrFs measured by Allen 
and El-Sharkawy (2) shows two very weak 
features at 11.4 and 14.8 kK, a clearly re- 
solved broad band at 20.2 kK and a very 
broad band at 29.6 kK. The second broad 
band has two prominent shoulders on its 
high-energy side at about 32 and 37 kK, re- 
spectively, and a further one, rather slight, 
on the other side, at about 27.5 kK (I). The 
assignment of Allen and El-Sharkawy was 
3T,, + ‘T2g, ‘Eg at 11.4, 3Tlg+ 3T2g at 20.2, 
and 7r + tzg charge transfer excitations at 
29.6 and 37 kK. The weak peak at 14.8 kK 
was interpreted as due to analytically insig- 
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TABLE IV 

CRYSTAL-FIELD AND SCFMO FIRST-ORDER DESCRIPTIONS OFTHE SPECTRUM OF RbzCrFB 

CF(lst assignment)b CF(Znd assignment)c 
Electronic transition0 (B = 0.61, C = 3.88, A = 22.0) (B = 0.88, C = 3.08, A = 22.8) 

t&3 T,# + 
‘2-a = A - 38 20.2 20.2 
‘Tl, = A + 9B 21.5 30.7 
3AAt = 2A - 3B 42.2 43.0 
‘T,g = A + 9B + 2C 35.3 36.9 

a’T2, = 6B + 2c 11.4 11.4 
b’T, = A + SB + 2C 32.8 33.4 
a’Ep = 6B + 2c 11.4 11.4 
b’E, = 28 + 5B + 2C 54.8 56.2 

dA ,g = 15B + 5C 28.6 28.5 
b’Al, = 2A + 13B + 4C 67.5 69.3 

Note. Numbers in kK. 
a Strong-field energies taken from Ref. (20), p. 410. 
b Crystal-field calculation with B and C obtained from the assignment 3T,, + 3T,, = 27.5 kK. 
c Calculation from the assignment 3T,, -+ 3T,, = 30.7 kK. 

SCF-MO 

19.3 
31.1 
41.5 
38.1 
12.9 
33.7 
12.9 
56.7 
32.2 
72.1 

nificant amounts of CrFz- (4Azg + 4T~g), the 
shoulder at 27.5 kK was tentatively associ- 
ated with the 3T1g + 3T1, transition and the 
feature at 32 kK remained unassigned. 
From this assignment Allen and El- 
Sharkawy reported A = 21.7 kK, B = 0.68 
+ 0.08 kK and a nephelauxetic ratio /3 = 
0.67 +- 0.07. Let us see now the results of 
our crystal-field and SCF-MO calculations. 

A. First-order description. First of all, we 
note that from Table II the best free-ion re- 
pulsion parameters turn out to be B = 
1.041, C = 3.956 kK, with C/B = 3.80. Our 
theoretical parameters (see Table II) are 
22% larger but conserve the C/B ratio 
(3.77). Different “best” values could be de- 
duced from the observed spectrum if more 
terms were considered in the free-ion Ham- 
iltonian. For instance, Stewart (27) obtains 
B = 1.072, C = 3.891 (C/B = 3.63), 4 = 
0.321, and (Y = 0.092 kK, from the spectrum 
in Moore’s compilation (18), when the 
spin-orbit and the Racah-Trees (19) inter- 
actions are taken into account. Since we 
neglect here these two refinements we will 
use B = 1.041, C = 3.956 as free-ion values. 

In Table IV we collect our first-order 
results on CrFz-. The first column contains 
the first-order strong-field transition energy 
equations taken from Griffith (20). In the 
next two columns we present two different 
crystal-field, CF, calculations and the last 
column contains our nonempirical SCF 
results. The first CF calculation follows the 
assignment of Allen and El-Sharkawy (2). 
From 3TIg+ 3T2g = 20.2 kK and 3TI,+ 3T~, 
= 27.5 kK (1, 22) we find A = 22.0 and B = 
0.61 kK. Using this B in the 3TIs + l TQ, ‘& 
(11.4 kK) transition, we have C = 3.88 kK. 
With these A, B, C, and the formulas in the 
first column we obtain the remaining transi- 
tions. This calculation gives C/B = 6.36, an 
unusually high value. The observed C/B ra- 
tios for d2 systems vary in the range 3.5 to 
4.5 (22). It is rather difficult to understand 
such a large separation from the free-ion 
value. Furthermore, in this calculation a 
spin-allowed transition is associated with a 
slight shoulder at 2 kK from the band peak 
whereas a spin-forbidden transition (3 TI, + 
b1T2g) becomes associated with a promi- 
nent shoulder at the same distance of the 
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TABLE V 

CRYSTAL-FIELD CI , SCF-MO-CI, AND SCF-MO-C1 + CEC DESCRIPTIONS OF THE SPECTRUM OF Rb2CrF6 

Electronic 
transition 

CF(lst assignment)0 CF(Znd assignment)‘? 

(II = 0.57, C = 3.86, A = 21.5) (E = 0.81, C = 3.06, A = 21.8) SCF + CI SCF + CI + CEC 

20.2 
27.5 
41.7 
34.8 
11.4 
32.7 
11.5 
54.1 
24.7 
69.9 

20.2 
30.7 
41.9 
36.0 
11.4 
33.1 
11.6 
54.7 
25.1 
70.3 

20.2 21.8 
33.1 31.2 
42.4 43.8 
39.1 40.5 
13.4 11.4 
35.1 33.2 
10.6 8.7 
61.0 59.1 
29.7 24.7 
77.2 70.3 

Note. Numbers in kK. 
n Same meaning as in Table IV. 

peak, from the other side. Both difficulties 
are essentially eliminated if the prominent 
shoulder at 32 kK is associated with the 3Tig 
+ 3Tlg transition. The analysis of the more 
elaborate results (CI and CI + CEC, see 
below) suggests the assignment 3Tig + 3Tls 
= 30.7 kK. With this value we prepared the 
second CF calculation in Table IV, having 
B = 0.88 kK, C = 3.08 kK, and CIB = 3.51. 
The shoulder at 27.5 could now be associ- 
ated with the first ‘A,,. 

The SCF results in Table IV give a good 
representation of the first band, which is 
predicted within 1 kK from the observed 
value. The degenerate singlets ‘Tzg, lEg are 
also computed in good agreement with the 
experiment. The ‘T1, + 3Tl, transition, at 
31.1 kK, suggests the alternate assignment 
just commented. The rms deviation be- 
tween columns 2 and 4 of Table IV is 2.6 
kK. Between columns 3 and 4 it results to 
be 1.81 kK. 

B. CI and CZ + CEC descriptions. In Ta- 
ble V we present the results of these more 
complete calculations. As in Table IV we 
give two CF calculations and our SCF-CI 
and SCF-CI + CEC results. Let us con- 
sider, first, the CF results. In both CF cal- 
culations we have assigned the peak at 11.4 
kK to the 3 T1, --, * TQ transition. This choice 

has been adopted in view of the best SCF 
results (last column in Table V). On the 
other hand, we have observed that assign- 
ing this peak to the 3T~g + *Eg transition 
produces very minor effects on the best val- 
ues of B and C. Again, the first CF calcula- 
tion follows the original assignment (I, 21). 
Then, B = 0.57 kK, C = 3.86 kK, and CIB 
= 6.77. This C/B ratio is still more sepa- 
rated from the usual range of values than 
that obtained in the first-order calculation. 
The alternate assignment gives B = 0.81 
kK, C = 3.06 kK, and C/B = 3.78. From a 
pure CF calculation it can be seen that if the 
3T~g lies at 20.2 kK and the a1T2, at 11.4 kK, 
the position of ~~ = 3Tlg + 3Tlg determines 
the C/B ratio in such a way that the ratio 
decreases when c2 increases. If c2 5 30.0 
kK, C/B 2 4.3 and if G2 2 31.0, C/B I 3.6. 
These are the limits of the usual range for 
the C/B ratio and they really should con- 
strain the position of the b3Tlg. Thus, we 
can say that the simpler CF theory suggests 
the alternate assignment. On the other 
hand, the best SCF calculation of c2, 31.2 
kK, gives further support to this assign- 
ment. We propose the particular choice v2 
= 30.7 kK because it gives a CIB ratio very 
close to the experimental and theoretical 
free-ion values and it is in very good agree- 
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bT’g \ 
3T2g \ 
aLlo - ‘T 0 

.g” - ‘E ” 0 

I 1 1 I I I I 

3.0 31 32 33 3.4 35 3.6 

R (a.u.) 

FIG. 1. Variation of the transition energies with the 
metal-fluoride distance R, as predicted by the SCF- 
CI + CEC calculation. 

ment with our best SCF calculation. It is 
clear that any 30 5 V2 s 31 could be consid- 
ered. Then, the best CF parameters are 
those producing the third column in Table 
V, namely: A = 21.8, B = 0.81, C = 3.06 
kK. They give CIB = 3.78 and pB = 0.78, PC 
= 0.77. Now we comment on the SCF 
results. CI rises the values of the first and 
second spin-allowed transitions, the first 
one only by 1 kK, because the 3T2g does not 
suffer CI, but the second one by twice this 
amount, because it has CI effects in both 
ground and excited states. The CEC repre- 
sents a general improvement over the CI 
image. This empirical correction increases 
the value of the first band due to the lower- 
ing of the ground state (the 3T2g is not af- 
fected by the CEC); the theoretical transi- 
tion deviates now from the experimental 
value by only 1.6 kK. The CEC reduces the 
positions of the dT2, and alE, states be- 
cause their CEC is larger than that of the 

ground state. As already commented, the 
CEC calculation suggest that the peak at 
11.4 kK should be assigned to the a* T2g. 
The prediction of the a’E, at 8.7 kK is not 
incompatible with the observed spectrum, 
recorded from 9 to 40 kK (I). It is also in- 
teresting to note that the relative position of 
the lower singlets is the opposite to that 
obtained without CEC. 

The third spin-allowed transition, 3Tlg + 
3A2, is calculated at 43.8 kK, out of the 
measured spectral range. The positions of 
the singlets predicted within this range are 
not incompatible with the observed spec- 
trum. We can conclude that our CI + CEC 
calculation agrees with the experimental 
data within 1.5 kK. Moreover, no peak is 
predicted around 14-15 kK. This result 
confirms that the weak feature at 14.8 kK is 
due to the CrFz- (I). 

V. R-Dependence of the Transition 
Energies and Spectral Parameters 

All the results described above have been 
obtained at our theoretical equilibrium dis- 
tance. It is convenient to show how this 
prediction could vary by changes in R, not 
only because of this dependence but also to 
have an indication of the sensitivity of the 
vertical calculation with respect to the pa- 
rameter R. 

In Fig. 1 we show the evolution of the 
transition energies with R, up to 40 kK, pre- 
dicted by the SCF-CI + CEC calculation. 
We note that in spite of the CI effects, the 
lower singlets are practically independent 
of R, as if they were pure metallic states. 
The lowest *Al, is fairly independent of R 
although it shows a slightly larger variation 
than the i T2g, ‘Eg, due to the somewhat 
larger off-diagonal element in the ‘Al, ma- 
trix (20) and a more effective contamina- 
tion with A. The positions of these three 
singlets presented in Section IV is, there- 
fore, quite independent of the particular 
election of R. The triplets show a reduction 
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1: I *(‘I \ 

‘\ 
15 - ‘m 

I 1 I I I I 
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FIG. 2. Different representations of the quantity A = 
10 Dq and their variations with R. Solid lines: CI4+ 
basis. Broken lines: Cr3+ basis. 

when R increases (about 12 kK . A-i) less 
intense than expected. Their respective nu- 
clear potentials are quite parallel to that of 
the ground state and show rather small hor- 
izontal displacements. This calculated be- 
havior of the excited nuclear potentials 
should be the reason for the relatively small 
variation of the triplet-triplet transitions 
with R (15). For the same reason, the ulg 
vibrational states of the excited triplets 
should give negligible contribution to the 
(unseen, Ref. (I)) vibrational structure of 
the absorption broad bands. 

It is interesting to relate the R-depen- 
dence of the electronic transitions to that of 
the spectral parameters. Such dependence 
has been discussed recently for the orbital 
splitting parameter A (15). In CrFi- we will 
associate A with the difference E(37’2g) - 
E(a3Ti,), where E is the total electronic en- 
ergy. In the present methodology A con- 
tains both one-electron and two-electron 
contributions (5) and its value varies with 

the method of calculation. We have com- 
puted A in a variety of ways to show the 
importance of different contributions to it. 
First, we have A(SCF), the value obtained 
as difference in total energies of indepen- 
dent SCF calculations on the ground and 
the t2geg-3T2g states. Then we compute 
A( t ), using the frozen-orbital approxima- 
tion, with the MO solutions of the ground 
state. Analogously, A( J, ) is computed from 
the solution of the excited state. Finally, we 
have A(CI), deduced from the CI eigen- 
value of the 3T1, matrix. The A(C1 + CEC) 
coincides with the position of the 3T2g state 
in Fig. 1 and will not be discussed further. 
In order to see the influence of the basis set 
on different properties of the cluster we 
have obtained these numbers with the regu- 
lar Cr“+ basis and also with Cr3+ basis. All 
this information is depicted in Fig. 2. 

In agreement with the discussion in Ref. 
(15), A( J ) always shows the steepest varia- 
tion with R. The high value of A( t ) can be 
related to the electron-repulsion contribu- 
tion in CF theory and indeed A( t ) is com- 
parable with the CF value in Table IV. 
A(C1) is larger than A(SCF) because the 
ground state is stabilized by CI. All these 
quantities decrease when R increases but if 
a function of the type A = CR-” is assumed, 
it becomes 0.48, 1.09, 1.39, and 1.29 for 
A( t ), A(SCF), A(J), and A(CI), respec- 
tively. This particularly small values of n 
(about 1.5 in CrFi-, 3.2 in CrFi-, 5 in CF 
theory (15)) are still reduced in the Cr3+ 
basis. This basis effect can be due to the 
very small horizontal displacement of the 
3T~g state with respect to the ground state: 
0.006 and -0.001 a.u. in the Cr“+ and Cr3+ 
basis, respectively. The negative value ob- 
tained in Cr3+ explains the near indepen- 
dence of A with R in this basis (A( t ) even 
increases with R, see Fig. 2). The Cr3+ basis 
implies a reduction in A of about 3 kK, due 
to a different variational efficiency of this 
basis in these two electronic states. Finally, 
the quoted results indicate an interesting re- 
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TABLE VI 

BEST OREIITAL SPLITTING (A) AND. NEPHELAUXETIC 
(A) PARAMETERS AS FUNCTIONS OF R(Cr-F) 

R (a.u.) 

3.05 3.15 3.16 3.425 3.59 

A(First-order) 23.3 22.8 21.8 20.1 18.4 
WI) 23.8 23.3 22.4 20.7 19.2 
A(CI + CEC) 24.4 23.9 23.0 21.3 19.7 
h(First-order) 0.76 0.76 0.76 0.75 0.75 
WI) 0.74 0.74 0.74 0.73 0.71 
h(C1 + CEC) 0.62 0.62 0.61 0.60 0.60 

Note. Different SCF solutions have been used to 
compute these parameters through systematic linear- 
ization. 

lationship between the ionization state of 
the central atom and the exponent n: this 
number seems to decrease when the ioniza- 
tion increases. 

Finally, the R-dependence of the electron 
repulsion parameters can be deduced from 
a systematic linearization of the electro- 
static matrices (23) in the form 

Vi = aiA + Bih 

where Vi is the ith electronic transition, A 
the CF orbital splitting parameter, A the 
scaling factor of the 3d radial wavefunction, 
R&) + R&r), and ai, pi numerical coeffi- 
cients to be found. The A is a measure of the 
nephelauxetic effect because one can show 
(23) that B(CrFz-) = AB(Cf’+). Given a 
known set {fii}, we can obtain the A, A, oi, Bi 
that best fit the CF matrices to it (23). We 
use as {Vi} the theoretical SCF transition 
energies and then we can perform the lin- 
earization with the first-order, the SCF-CI 
and the SCF-CI + CEC solutions. Results 
can be seen in Table VI. The evolution of A 
with R is entirely analogous to that shown 
by the direct SCF calculation. The A shows 
a very slight variation with R, in agreement 
with the negligible R-dependence of the sin- 
glets in Fig. 1. From Table VI we note a 
weak effect of CI on A and a further reduc- 

tion induced by the CEC, as it should be. 
From these values of A we obtain our theo- 
retical B(CrFg-) = AB(Cr’+) and C(CrFz-) 
= AC(Cr“+). At first-order A = 0.76 and B = 
0.96, C = 3.63 kK. After CI, A = 0.74 and B 
= 0.94, C = 3.53 kK. These nonempirical 
parameters are higher than the CF values 
deduced in Section IV (B = 0.88, C = 3.08 
kK at first-order; B = 0.81, C = 3.06 kK 
after CI) due to the electron correlation er- 
ror in the SCF wavefunction. After the 
CEC, A = 0.62 and B = 0.79, C = 2.96 kK. 
These numbers should be compared with 
the CF values after CI (the best CF calcula- 
tion) and, indeed, the agreement is good. 
Small quantitative differences are due to 
the fact that in Section IV the parameters 
have been estimated from three observed 
transition. Numbers in Table VI, however, 
are the best fitting parameters deduced 
from a calculation which includes all the 
electronic transitions of the d2 configura- 
tion. 

Finally, the nephelauxetic effect in the 
SCF-CI + CEC calculation should be ob- 
tained by means of the ratio B(SCF)/B(ob- 
served, free-ion), in accordance with the 
meaning of the CEC (14). Then, we have a 
nephelauxetic ratio of 0.75 in agreement 
with the CF prediction after CI, i.e., 0.78. 
This is our best estimate of the nephelaux- 
etic effect. It is somewhat larger than the 
value reported in Ref. (I), 0.67 ? 0.007, as 
a consequence of a new assignment. 

References 

1. G. C. ALLEN AND G. A. M. EL-SHARKAWY, Zn- 
org. Nucl. Chem. Lett. 6, 493 (1970). 

2. G. C. ALLEN AND K. D. WARREN, Znorg. Chem. 
8, 753 (1969). 

3. G. C. ALLEN, G. A. M. EL-SHARKAWY, AND K. 
D. WARREN, Znorg. Nucl. Chem. Lett. 5, 725 
(1969). 

4. G. C. ALLEN AND K. D. WARREN, Znorg. Chem. 
8, 1902 (1969). 

5. J. W. RICHARDSON, T. F. SOULES, D. M. 
VAUGTH, AND R. R. POWELL, Phys. Rev. B 4, 
1721 (1971). 



ELECTRONIC SPECTRUM OF CrF:- 39 

6. H. BODE AND E. Voss, 2. Anorg. Chem. 286,136 IS. M. BERMEJO AND L. PUEYO, J. Chem. Phys. 78, 
(1956). 854 (1983). 

7. G. SIEBERT AND R. HOPPE, Naturwissenschaften 
58, 95 (1971). 

8. Z. BARANDIA~~N, L. F%JEYO, AND F. G~MEZ 
BELTRAN, J. Chem. Phys. 78,4612 (1983). 

9. ~.BARANDIA~~N AND L.PUEYO, J.Chem.Phys. 
79, 1926 (1983). 

16. .L. SELJO, L. PUEYO, AND F. G~WEZ BELTRAN, J. 
Solid State Chem. 42, 28 (1982). 

17. J. J. P. STEWART, J. Chem. Sot. Faraday II 70, 
1882 (1974). 

10. J. W. RICHARDSON, W. C. NIEIJWPOORT, R. R. 
POWELL, AND W. EDGELL, J. Chem. Phys. 36, 
1057 (1%2); J. W. RICHARDSON, R. R. POWELL 
AND W. C. NIEUWPOORT, J. Chem. Phys. 38,796 
(1963). 

18. C. E. MOORE, “Atomic Energy Levels,” Vol. II, 
NBS, Circular No. 467 (1952). 

19. R. E. TREES AND C. K. JBRGENSEN, Phys. Rev. 
W, 1278 (1961). 

20. J. S. GRIFFITH, “The Theory of Transition-Metal 
Ions,” Cambridge Univ. Press, London/New 
York (1971). 

Il. T. F. SOULES, J. W. RICHARDSON, AND D. M. 
VAUGHT, Phys. Rev. B 3, 2186 (1971). 

12. B. L. KALMAN AND J. W. RICHARDSON, J. Chem. 
Phys. 55, 4443 (1971). 

21. G. C. ALLEN AND K. D. WARREN, Struct. Bond- 
ing (Berlin) 9, 49 (1971). 

13. L. PUEYO AND J. W. RICHARDSON, J. Chem. 
Phys. 67, 3583 (1977). 

22. P. O’D. OFFENHARTZ, “Atomic and Molecular 
Orbital Theory,” p. 244, McGraw-Hill, New 
York (1970). 

14. L. PUEYO AND J. W. RICHARDSON, J. Chem. 
Phys. 67, 3577 (1977). 

23. L. PIJEYO, M. BERMEJO, AND J. W. RICHARDSON, 
J. Solid State Chem. 31, 217 (1980). 

24. J. 0. EKBERG, Phys. Ser. 7, 59 (1973). 


