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The electron paramagnetic resonance, absorption, and magnetic circular dichroism spectra of Cr3+:Cs2NaYCls have been 
measured, the latter two down to 6 K. Transitions to three doublets (2E,, 2T1,, and 2T2,) and all three quartets (4T2g, 
4Tlg (I and 11)) were observed. The ground-state gvalue was 1.984 f 0.001 and the optical spectra were fit with the parameters 
F2 = 1050, F4 = 90 ( B  = 600, C = 3150), Dq = 1280, and a = 78.2, all in cm-l. The value of c, the spin-orbit coupling 
constant, was found to vary with the electronic term. This is ascribed to varying degrees of covalency. At 6 K magnetic 
dipole allowed origins were observed for numerous transitions. A rich vibrational structure was also seen in many transitions 
at  this temperature. This has been assigned effectively with the site group approximation considering only the CrC163- 
moiety. A progression in an eg vibrational mode was found in three terms but no evidence of any other Jahn-Teller effect 
was observed. 

Introduction 
As part of a continuing study of the electronic structure of 

metal ions at sites of undistorted Oh symmetry’ the optical 
absorption, magnetic circular dichroism (MCD), and electron 
paramagnetic resonance (EPR) spectra of Cr3+:Cs2NaYC16 
have been measured and are reported herein. The use of Oh 
symmetry simplifies theoretical considerations for d-electron 
systems as only one crystal field parameter, Dq, need be 
considered. In addition the full power of group theoretical 
calculations can be applied to the MCD with the least possible 
ambiguity. Experimentally this geometry has a simplifying 
effect as the fewest possible states are found; Le., the maximum 
possible degeneracies still exist. The use of chloride as a ligand 
also aids in simplifying the observed spectrum as no strictly 
ligand vibrations are possible and only metal-ligand vibrations 
are observed. In addition this particular host lattice has the 
advantage that all observed transitions are well separated. 
Thus the problem of overlap which made any detailed in- 
terpretation of the spectrum of Cr3f:K2NaGaF62 extremely 
difficult is eliminated. 

MCD has recently been used with some success in in- 
terpreting the spectra of first-row transition metal i o n ~ . ~  In 
particular two studies have appeared concerning the spectrum 
of Cr3+ in octahedral (Mg04) and near-octahedral (potassium 
alum5) environments. The latter paper presents many general 
theoretical results and significant use has been made of these 
in the present study. A number of studies have appeared on 
the EPR6 and optical spectra7 of Cr3+ in octahedral or 
near-octahedral environments. At least one study8 gave a 
detailed interpretation of the vibronic structure observed in 

the 2Eg - 4A2g phosphorescence of Cr(NH3)b3+. In this case 
the v2(eg) vibration was found to be an important progres- 
sion-forming mode. This also seems to be the case in the 
present study. The isoelectronic divalent vanadium ion has 
also been studied as the octahedral VF64- ~ p e c i e s . ~  In this 
species a large reduction in the splitting between spin-orbit 
components of the lowest vibronic level of the 4T2g term was 
found. This manifestation of the Ham effectlo might also be 
observed in the present case but (see below) the results are 
not as clearly defined. 
Experimental Section 

Most spectra were recorded at  the University of Virginia using 
equipment and technique previously described.la,b Spectral slit widths 
(shown on each spectrum) were narrow enough to eliminate any 
machine broadening. The samples used were checked for depo- 
larization and strain (zero-field CD) and neither of these proved to 
be a problem. Temperature dependence of the MCD showed the 
spectrum to be composed mostly of co terms.” In the spin-forbidden 
transitions (the expected sign) a1 terms were in many cases resolved 
upon heating. Some temperature- and field-dependence data for the 
spin-allowed transitions were recorded using an Oxford Instruments 
Spectro-Mag I1 system and a Jasco 520 spectrometer which has had 
an absorption mode added. Absolute temperatures on this latter system 
should be good to f0.3 K with temperature differences good to fO.l 
K. Cs2NaYC16 was prepared by method E of Morss, et a1.I2 Crystals 
were grown as previously described.la3b Cr3+ was added as 
CSzNaCrCl6 prepared in the same way. As the actual Cr3+ con- 
centration of the samples was not known, all MCD and absorption 
values are in arbitrary units. However as the quantity of most interest, 
MCDID, is independent of concentration, this proves to be no problem. 
These ratios should be good to f20% except on the weakest transitions 
where errors as large as f50% are possible. Peak energies are good 
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Figure 1. Visible absorption and MCD spectra of Cr’+:Cs,NaYCl, at 6 K. Also shown are the term energies calculated with the parameters 
given in the text. The maximum slit width is given at the left on the spectra. All spectra have been digitized by hand. 
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Figure 2. Room-temperature EPR spectrum of a single-crystal 
sample of Cr3+:Cs,NaYC1, taken at an arbitrary orientation. The 
arrows show shoulders possibly due to the two outermost nuclear 
hyperfine transitions. u = 9144 MHz. 

to f 1 0  cm-I with energy differences good to f5 cm-1 for resolved 
transitions. In some cases large line widths and overlap in the spectrum 
will cause larger errors. 

Results 
The absorption and MCD spectra a t  -6 K of Cr3+: 

Cs2NaYC16 for the entire region of interest are shown in 
Figure 1. The energy level diagram for this ion is well known 
and need not be repeated here. Also shown in Figure 1 are 
the calculated energies of the observed crystal field terms. 
Parameters used in this calculation are F2 = 1050, F4 = 90, 
Dq = 1280, and a = 78.2, all in cm-’. This calculation utilized 
computer programs written by Dr. J. A. Spencer of Southern 
Illinois University, Edwardsville, Ill., which diagonalize the 
coinbined matrices far the electrostatic and crystal field 
interactions as well as the Trees (a) correction. The spin-orbit 
coupling matrix was also included in these calculations, but 
because no single value of {satisfies all terms (vide infra), these 
results are not included at  this point. With the exception of 
the 2T2, term at -20000 cm-l the fit between the measured 
and calculated energies is satisfactory. 

Ground-State Properties. EPR spectra were recorded at 
room temperature using both powders and a single-crystal 
sample. The single-crystal resonance is shown in Figure 2. 
The g value was found to be 1.984 f 0.001 and no fine 
structure was observed. This indicates the zero-field splitting 
(20)  is very small. The site symmetry appears to be Oh as 
expected.12 It has been shown13 that Cs2NaYC16 does not 
undergo the low-temperature crystalline phase change that 
occurs in some compounds with this composition and it is 
expected that the Cr3+ ion still has o h  symmetry at liquid 
helium temperature where the optical results were recorded. 

This is supported by the optical results themselves which show 
no splitting due to a lower symmetry crystal field component. 

Also indicated in Figure 2 are some weak shoulders on the 
resonance which occur at about the right place (-32 G)6 to 
be the two outermost nuclear hyperfine transitions due to the 
53Cr isotope with I = 3 / 2  and an abundance of -9.5%. 

Another possibility is that strain effects have given rise to 
different local distortions at the Cr3+ sites.7 This would cause 
a range of values for the zero-field splitting, 20.  The spectrum 
would show an average over these sites and the observed 
shoulders would be the outermost transitions for the largest 
value of 2D.8 This would be -32 G. 

The ground state of Cr3+ in an Oh crystal field is 4A2g. This 
term has no orbital angular momentum and to first order 
should give a g value equal to that of the free electron. In 
double-group notation this state is U’,16 and second-order, and 
higher, spin-orbit coupling effects will addmix some U’ 
character from the excited 4T2g term. (This mixing is also 
responsible for all nonzero co MCD.) The second-order 
correction to the g value17 is 

g = 2.0023 - 8{/3A 

Using the experimental g value and a range of A from 12 500 
to 13 100 cm-l, j-1, the one-electron spin-orbit coupling 
parameter, is found to be 88 f 7 cm-’. The results of the 
complete diagonalization give a value of 74 f 6 cm-’. This 
is somewhat lower and it appears that care must be exercised 
in using the results of the perturbation treatment. 

2Eg(U’) + 2T1,(U’ + E’) Terms. Figure 3 shows the 6-K 
absorption and MCD spectra for transitions to these two terms. 
Energies, calculated and experimental co values, and as- 
signments for the various lines are reported in Tables I and 
11. The MCD results generally support the assignments given. 
Reasons for any major discrepancies are given below. 

A normal-coordinate analysis of the molecule A2BMX6 has 
been carried out.lS Of the ten vibrations found, five are of 
ungerade symmetry, four are t lu and one is t2,,. In the 
compounds Cs2NaLnCl6 (Ln = Pr and the spectra 
show all of these ungerade vibrations along with transitions 
due to absorption of light at places other than the center of 
the Brillouin zone. In these systems the splittings between the 
longitudinal and transverse modes of some of the ungerade 
vibrations were also clearly resolved. In the present case the 
vibrational assignments are given primarily for the CrC1fj3- 
moiety. Some additional gerade vibrations are possibly 
observed in this spectrum, but all five of the ungerade vi- 
brations seen in the lanthanide compounds are not seen. Also, 
there is no evidence in the Cr3+ spectrum for transitions due 
to k # 0 absorption nor a splitting of TO and LO modes of 
the tl, vibrations. 

In addition to the magnetic dipole allowed origin at 14435 
cm-l the two major absorptions in the 2Eg(U’) term are the 

(A = 1ODq) 
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Figure 3. Absorption and MCD spectra of the 4A,g(U') -+ 'Eg(U') and 'T,,(E' t U') transitions at 6 K. The origins and many of the vibra- 
tions are marked (see Tables I and 11). 

Table I. Analysis of the 4A,g(U') + 'E,(U') Transition in 
Cr3+:Cs,NaYCl6 at 6 K 

Ener- 
CO gy,a aE,a,b 

Line cm-' cm-' ExptlC Calcdd Assignmente 
14 430 0 
14480e 50 

1 14548 118 
2 14617 187 

14660 230 
3 14715 235 

4 14740 310 
5 14 775 227 

14800 320 

6 14 845 228 

14860 312 

-1.3 
If 
+0.44 
-0.60 
? 
- 1 Sg 
-1.3g 
( + I h  

(-9 

-0.43j 

(+) 

-1.25 
-1.25 

-0.63 
-1.25 
-1.25 

-1.25 

+0.63 

+0.63 

-1.25 

-0.63 

+0.63 
S,(a,g) 

14888 458 ? -1.25 +2S,(eg)? 
7 14928 311 -l.Oi -0.63 (+s,(t,,)) t 

14940 460 ? - 
Szialg) 

1.25 (+&(lattice)) t 
2fze,ce 1 

8 14960 300 -0.85 -1.25 (+s,(e,k) + 
S,(a,;) 

2S, (e,) 
9 15 057 627 (-) -1.25 +2S1(alg) 

2S,(eg)? 

15 000 452 ? +0.63 (+sio(tzJ) + 

15 070 453 (-1 -0.63 (+S,(t,,)) + 

a Energy c 10 cm-' ; AE e5 cm-' . AE from appropriate origin. 
Error c20% unless otherwise noted; measured using peak heights. 
From Table VI11 of ref 5. e Vibrations given in the notation of 

ref 18. f ?  =no t  definitely observed. g Error +33%. MCD 
and/or D not reso!ved enough to determine quantitatively; sign of 
MCD measured. Error r50%. 

t2,, vibration at 117.5 cm-l and the tl,,(l) vibration at 187 
cm-'. These energies are reasonable for metal-halide vi- 
brations of this sort.19 The different signs of the MCD clearly 
establish the different symmetries of the active vibrations. Two 
much weaker vibrational lines are seen at 284 and 310 cm-l 
from the origin. On the basis of their energies and co values 
they are assigned respectively as a combination band (Table 
I) and the alg vibration of the CrC163- moiety. All vibrations 
also show a repeat in the alg mode and there are indications 
that a third member of this progression is also present (see 
Figure 3). In the combination bands the t2, vibration shows 
up in the MCD as a minimum in an otherwise negative region. 
No additional tl, vibrations are clearly observed although a 
second mode of this symmetry could be present very weakly 
at -285 cm-l. A large difference in intensities between the 
two tl, vibrations has been noted in other systems20 and 

Table 11. Analysis of the 4A2g(U') -+ 'T, g(E' + U') Transition in 
Cr3+:Cs,NaYC16 at 6 K 

Ener- 
CO gy,n & , a s b  

Line cm-' cm-' ExptlC Calcdd Assignmente 
15010 0 -0.90 -1.5 0-0 'Tlg(E') 

l a  15 130 120 +1.32 +1.05 r +Slo(t,U) 
0.29 

0.29 
2a 15 196 186 -0.91 -1.05 t +S6(tlU) 

3a 15 293 233 -co/+aIf -1.5 (+&(lattice)) + 
4a 
5a 

6a 

15 326 
15 355 

15 420 

316 
225 

224 

-1.5 
+1.05 c 
0.29 

0.29 
-1.05 f 

721 15535 525 (-) -1.5 +S;(ei) + 
S,(a;g) 

15 083 73g -0.61 -0.71 0-0 'Tlg(U') 
l b  15 203 120 +0.78 -1-0.64 r +SlO(tzU) 

0.35 
2b 15 271 188 -0.96 -0.64 ?: +S6(tlu) 

0.35 
3b 15 370 237 (-) -0.71 (+S,(lattice)) + 

3, (eg) 
4b 15 405 322 -0.66 -0.71 +S1(alg) 
5b 15 425 222 ?h +0.64 r (+Slo(tzu)) + 

0.35 S,(eg) 

0.35 S,(eg) 

28, (eg) 

6b 15 492 221 (-) -0.64 f (+S6(tlu)) + 
7b 15 590 220 ? -0.71 (+S (lattice)) + 
8b 15 620 537 -0.66 -0.71 +S,(eg) + 

a Energy r10 cm-' ; AE r5 cm-'. 
Error c20%; measured using peak heights. 

Sl (a, g) 

AI? from appropriate origin. 
From Table VI11 of 

MCD and/or D not re- ref 5. e Vibrations in notation of ref 18. 
solved enough to determine quantitatively; sign of MCD given. 
g AE from E' origin. Not definitely observed. 

indicates that in this case the lower energy vibration gives rise 
to a better electron-lattice coupling in this term. Beginning 
at 14 728 cm-I the spectrum is again seen to repeat itself with 
an energy difference of -230 cm-I between the members of 
the progression. This energy is similar to what has been 
observed for eg vibrations, and as the co's show no change in 
sign or magnitude (indicating activation by a gerade vibration), 
it is so assigned. The positive MCD for the t2, line again shows 
up as a minimum in the otherwise negative MCD in this 
region. This type of progression involving an eg vibration has 
been observed previously in Cr(NH3)63+.8 A third member 
of this progresSion can be seen very weakly in absorption at 
-15000cm-' (t2,+ 2e,) and -155085 cm-' (tlu(l) + 2 eg). 
The MCD associated with these absorptions, also extremely 
weak, shows the correct sign in each case, the t2" line again 
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Figure 4. Absorption and MCD spectra of the 4A,g(U‘) --t 4T,g(E” + U‘) transitions at 6 K. For the absorption spectrum only a sharply in- 
creasing background has been subtracted. Note that this transition was recorded on  a 0.1 OD scale. 

corresponding to a minimum in an otherwise negative MCD. 
Several other weak vibrational lines might also be present. 

The absorption spectrum shows evidence for one, or more, of 
these in the 25-100-cm-l range above ths origin. It is this 
vibration + eg that is seen at 24 728 cm-’. Evidence from the 
4T2, term (vide infra) indicates a gerade vibration at - 11 5 
cm-l. Such a vibration, if present in the 2E, term, would 
explain the low cg measured for the line due to the t2, vibration. 
Any gerade vibration will have an MCD of the same sign as 
the origin which is negative in this case. As this is opposite 
in sign to the MCD from the t2, vibration, the MCD at this 
energy will be reduced while the absorption will be increased. 
Thus cg, which is MCDID, will decrease. Finally the line 
shape of the tl,(l) vibration in absorption shows an asymmetry 
to the high-energy side. This could be caused by an absorption 
in the 200-253-cm-l region and might be the repeat of the 
origin in the eg vibration. 

The two magnetic dipole origins of the 2Tig term are 
observed at 15 009 (E’) and 15 083 cm-’ (U’). The relative 
magnitudes of co for these lines5 and the results of the 
“complete” crystal field calculations were used to determine 
the order of these two spin-orbit states. This calculation and 
the observed 74-cm-’ separation of these state gives a value 
of 230 cm-l for the spin-orbit coupling constant (in this term. 
The vibronic assignments (see Table 11) are essentially the 
same as in the 2Eg transition. There are some small differences 
in energy for the various vibrations and a difference in relative 
intensities. This difference could indicate a difference in 
coupling strength to the lattice or a slightly different degree 
of distortion in the excited states.21 The experimental co’s are 
also given in Table 11. Any discrepancies between the 
experimental and theoretical values are unexplained as of now. 

Some a1 character is also visible on some of the lines in this 
transition. This is due to the relative sharpness of these lines. 
The size of an a1 term goes as the square of the line width and 
so any such character in the other lines could easily be too 
broad to see. 

2T2g(U’ + E”) Term. The absorption and MCD spectra 
at 6 K for this term are shown in Figure 4. This region 
presents several difficulties in interpretation and at present 
very little can be said in the way of a detailed assignment. The 
first problem is the negative MCD of the lowest energy lines. 
A magnetic dipole origin for E” and any tl, or gerade vi- 
brations built on that origin must have a positive MCD.5 This 
is because all allowedness evolves from mixing some E” 
character from a 4T2 term, and as has been shown5 this 
spin-orbit component has a positive MCD. The same is true 
for U’ in that, to first order in perturbation theory, only the 
U’3/2 component of 4T2g can mix with this term and this 
component also has a positive MCD in its origin and t lu and 
gerade vibrations.s u’5/2 could possibly mix in a higher order 

approximation and this component has a negative MCD. 
However this mixing should be very small and the MCD 
should still be dominated by the u’3/2. Cross terms between 
the two U’ terms should also be small and not greatly affect 
the sign of the MCD. 

One possible source of negative MCD in both of these 
spin-orbit states is coupling to a t2, vibration. This however 
is not the solution. First of all there can only be two t2, 
vibrations and at least three negative terms are observed. Also 
unless vibrational energies are drastically different, an 
unexpected effect, each t2, vibration (negative MCD) should 
have a tl, vibration (positive MCD) about 70 cm-I higher in 
energy as well as a magnetic dipole origin (positive, MCD) 
about 117 cm-’ lower in energy. Neither of these is observed. 
Another possibility for this negative MCD is its being due to 
a Cr3+-Cr3+ pair. A variation in concentration showed no 
change in relative intensities between these lines and the rest 
of the spectrum so that too is elminated. This problem has 
been observed previously but not commented on. In particular 
Figures 1 and 3 of ref 5 show a minimum in an otherwise 
positive MCD that is quite obviously caused by a transition 
at that energy having a negative MCD. 

Even ignoring the negative MCD this transition presents 
difficulties in interpretation. No obvious origins are present 
and no vibrational patterns similar to those in the 2Eg, 2T1g, 
or 4T2g (vide infra) terms can be seen. The absence of origins 
is understandable as they are expected to be very weak.5 One 
interesting feature is the apparent progression beginning at 
-20250 cm-l and showing four members (six in a more 
concentrated sample), each member being composed of three 
or four components. This is reminescent of the 2T2g transition 
in Cr3+:alum.5 In that case the separation was -300 cm-l 
and was assigned as a progression in alg built on a t lu false 
origin. An additional splitting of 50-80 cm-’ was assigned 
as the separation of the two spin-orbit components. 

In the present case the separation between members of the 
progression would be 165-195 cm-l. This is much too small 
to be the alg mode although it is a t  the correct energy to be 
a tzg ~ i b r a t i 0 n . l ~  Another possibility is that this region is 
showing two different progressions originating on the two 
spin-orbit components of 2Tzg. This however would require 
a value of { between 275 and 325 cm-I to account for the 
splitting and leave an energy of 330-390 cm-’ for the ac- 
tivating vibration. Neither of these latter two conditions seems 
probable. It is possible that the spectrum is caused by a 
dynamic Jahn-Teller e f f e ~ t , ~  but a solution of this type of 
problem is beyond the scope of the present publication. 

2A1g(E’), Pair Spectra (?), and Higher Energy Doublets. 
The energy region about 24 800 cm-l shows four to six ex- 
tremely weak lines in the MCD spectrum (Figure 1). Neither 
undoped Cs2NaYCkj nor Cs2NaYC16 doped with Fe3+, Co2+, 
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aE, cm-l Re1 MCD 
Term origins Energy,a cm-’ Calcdb Exptlcid Calcde Exptlf 

E” 11 809 1-1.25 +2.00 
U’, /Z 11 845 33 36 +1.00 +1.00 
U’, /Z 11 892 43 41 -1.50 -1.00 
E’ 11 908 20 16 -0.75 -4.00 

a Error * 10 cm-’. Using the “complete” crystal field calculation with f = 150 cm-’ and other parameters as given in the text. Error k5 
cm-‘. 
inFigure 5 wasgenerated wingsg  = 115 cm-’,S,,(t,,)= 130 crn-’,S,(t,,) = 195 cm-’,Sz(eg)=240 cm-’,andS,(alg) = 300 cm-’. 

Measured from preceding line. e Tables I1 and III of ref 5. Error *SO%; measured as relative heights only. The stick spectrum 

or Ni2+ shows any MCD in this region. The relative intensity 
of these lines compared to that of the rest of the spectrum does 
not increase in a more heavily concentrated sample. It is thus 
concluded that they are due to transitions in the Cr3+ ion. The 
2Alg(E’) term is expected to fall at about this energy (Figure 
1) and these lines are tentatively assigned as being transitions 
to that term. No origin is expected for this transition and the 
signs of the MCD5 and the energy separation of the first three 
lines are consistent with their being a t2,, vibration and two 
tl, vibrations, respectively. This three-line pattern is then 
repeated with an interval of about 300 cm-l, the correct range 
for the alg vibration. 

In the less concentrated sample these lines are superimposed 
on a barely discernible broad positive MCD. In the more 
concentrated sample this MCD is increased dramatically in 
relative intensity. The peak of this broad MCD is at about 
24 600 cm-l. This is roughly twice the energy of the 4T2g term. 
Doubly excited pair spectra have been observed22 at about 
twice the energy of the equivalent single ion transition and 
Cr3+-Cr3+ pairs could be the cause of this broad MCD. 
Further work on Cr3+--Cr3+ interactions in this material is 
planned. 

The crystal field calculation predicts four transitions to 
doublet terms between 27 375 and 27 530 cm-’. As Figure 
1 shows there is a good deal of fine structure in the MCD in 
this energy region superimposed on the broader, more intense 
absorption that probably belongs to the 4T1g(II) term (vide 
infra). No detailed assignments have been made in this region 
of the spectrum. At energies just above those shown in Figure 
1 the intense charge-transfer bands begin and no further d-d 
spectra can be recorded. 

4T2g Term. The MCD for this transition is shown in Figure 
5 .  Also shown are the calculated positions and relative MCD 
values of all lines assuming the same vibrational analysis as 
for the 2Eg and 2T1g terms and the vibrational energies given 
in Table 111. No account is taken of Franck-Condon factors. 
For the most part the signs calculated5 for the MCD agree 
with those observed, particularly in the early part of the 
spectrum, below 12 200 cm-’, where any other effects should 
be their smallest. The overall positive nature of the MCD in 
this term and the other quartets is due to the mixing of some 
U’(4T2g) character into the ground state. This effect has not 
been accounted for in the calculations of the MCD of 
transitions to individual spin-orbit components. The ab- 
sorption spectrum in this region shows none of the detail 
observed in the MCD (Figure 1). This phenomenon has been 
observed previously in many other  system^.^^^ 

In an oh crystal field the 4T2g term is split by spin-orbit 
coupling into four levels. The “complete” crystal field 
calculation gives their energies as E” C U13/2 < U’5/2 < E‘, 
the highest two levels being split only by second-order, and 
higher, effects.16 The first three absorptions are assigned as 
the four magnetic dipole allowed no-phonon transitions. The 
third line is actually a composite of the U’5/2 and E’ terms, 
their separation (-20 cm-l) not being great enough to allow 
them to be resolved. Vibrational assignments here are es- 
sentially the same as in the doublets. The energies of most 
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Figure 5 .  MCD spectrum for the 4Azg  -f 4T2g transitions at 6 K. 
The four origins are shown. The stick spectrum was generated us- 
ing the vibrational energies given in Table 111. Relative intensities 
were calculated using Tables I1 and 111 of ref 5. No account has 
been taken of Franck-Condon factors or ground-state mixing. 

vibrations are slightly larger but the same progressions in eg 
and alg vibrations are clearly observed. The eg. progression 
is most easily seen for the U15/2 + E’ line. The origin for these 
two terms appears as a negative MCD at - 11 908 cm-’. A 
repeat of this line is seen, also with a negative MCD, at 
-12 145 cm-’, the difference being 237 cm-’. The second 
member of the progression is seen -235 cm-l higher in energy 
at N 12380 cm-l. In this case it is observed as a minimum 
in an otherwise positive MCD as are a number of other 
vibrations. The other terms are not as obvious, due to 
overlapping transitions, but still can be seen. Figure 5 shows, 
for each spin-orbit component, a 0-0 line, a gerade vibration, 
and the Slo(t2,) and &(tlu) modes. There is also shown a 
repeat of each of these in &(eg), Sl(alg), 2S2(eg), Sl(a1,) + 
S2(eg), 2Si(aig), 3S2(eg), and 2&(eg) + Sl(a1g). Note in the 
figure how as the energy increases and more lines are expected, 
the observed spectrum broadens into being practically fea- 
tureless, due to the severe amount of overlap. 

The temperature dependence of the absorption intensity was 
measured at 6,77, and 300 K. Using the hyperbolic cotangent 
law23 an energy of - 150 f 30 cm-’ was found for the ac- 
tivating vibration. This is in only fair agreement with the - 195 cm-I found for the tlu( 1) vibration. 

Absorption by this term in VF& showed a pronounced 
quenching of the spin-orbit splitting in the first vibronic term.9 
In the present case the observed spectrum can be assigned 
using a value of { o 150 cm-l. This decrease from the free-ion 
value of 270 cm-l is more indicative of covalency than a Ham 
effect24 and so this latter effect was not considered here. 

4T1g(I and 11) Terms. The absorption to the 4T1g(I) term 
shows a maximum at - 18 200 cm-l (Figure 1). The MCD 
clearly shows a positive maximum at -17600 cm-’, a 
minimum (negative MCD superimposed on a larger positive 
MCD) at - 18 500 cm-’, and an additional weaker positive 
MCD at - 19 100 cm-l. This pattern, similar to that observed 
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in C I - ( H ~ O ) ~ ~ + , ’  is readily explained by the results of a crystal 
field calculation and the MCD calculations given in Table I1 
of ref 5. The crystal field calculations show the lowest two 
spin-orbit components are separated by only 1C-25 cm-’. The 
lowest level is the E” which should show a negative MCD. The 
next level, U’512, shows a more intense positive MCD which 
will dominate the spectrum in this region. At somewhat higher 
energies, 50-90 cm-l above U’5/2, the u’3/2 with its negative 
MCD is observed. The final term, E’, shows a positive MCD 
and this is seen as the final, much weaker, positive peak. 

The absorption spectrum at 6 K shows no vibrational 
structure. The MCD does show some indications of structure 
but in general it is too broad to be assigned. The temperature 
dependence of the absorption was measured and the energy 
of the activating vibration found to be 325 f 65 cm-I. This 
indicates that for this term the higher energy tiu vibration may 
be the activating mode. Activation of the 4T1g and 4T2g 
transitions by different vibrations has been observed in other 
Cr3+ systems.25 The difference in resolution of vibronic lines 
has also been ~ e e n . ~ , ~  

The 4T1,(II) level is observed at -28 400 cm-’ as a shoulder 
on an extremely intense (charge-transfer?) transition (Figure 
1).  This is the expected energy based on the crystal field 
calculation. Very little structure is seen in the absorption. The 
MCD shows some additional structure, but because of the 
possibility of there being some doublets absorbing at the same 
energies and the overlap with the intense band, nothing 
quantitative can be said at this time. 
Discussion 

The value of lODq found in the present study is 820 cm-’ 
smaller than that in CrC137 and appears to be the smallest yet 
reported, This could be strictly a crystal field effect. In the 
present case the chlorides will be much further away from the 
Cr3+ than in CrCl3. The Y-C1 distance in Cs2NaYC16 is 
-2.68 A1* while the Cr-C1 distance in CrC13 is only 2.34-2.37 

The Cr-Cl distance in Cs2NaYC16 will be somewhat 
smaller than the Y-C1 distance, but it is likely to be larger 
than the distance in CrC13.27 

A more interesting point to note is the large variation in { 
with how it is determined. The value found for the ground 
state from the EPR g value is -74 cm-’. The value found 
in the 4Tzg term is - 150 cm-’ while that in the 2Tlg term is 
-230 cm-l. The actual number determined in all of these 
measurements is k{ where k is the orbital reduction factor, 
a measure of covalent bonding.26 If the entire change in k{ 
is ascribed to changes in k, then values of k for the three terms 
are k(4A2,) = 0.27, k(4T2g) = 0.56, and l~(~T1,) = 0.85, where 
covalency increases as k decreases. While the numerical values 
of k given above may not have any great significance, their 
relative values probably do. Thus there is an obvious trend 
toward a larger quenching of the orbital angular momentum 
with decreasing energy of the terms with k(2T1,) = 3k(4A2g) 
and k(4T2,) = 2k(4A2,). This is the opposite direction 
expected if this quenching were due to mixing with excited 
terms. For an explanation of this trend one must go back to 
the strong-field configurations giving rise to these terms and 
consider their character. 

The t2, orbitals on Cr3+ are, to a first approximation, 
nonbonding. They will, however, overlap with P orbitals on 
the chlorides thus gaining some bonding character. The eg 
metal orbitals are strictly CT antibonding. Thus a term arising 
from a strong-field configuration involving primarily tzg 
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orbitals should show the effects of bonding more than one with 
some eg character. The major effect of bonding will be to 
delocalize the electrons and cause a reduction in factors such 
as {. 

The 4A2 term in Cr3+ arises strictly from the t2g3 con- 
figuration.R The 4T2g term comes only from the t2g2eg 
configuration while the 2Tlg term contains t2g3, tzg2eg, and 
tzgeg2. Thus the term with the most tzg character, Le., most 
ligand-bonding character, shows the largest reduction in { while 
that with the most eg character shows the smallest reduction. 
Additional support for this interpretation is found by 
comparing the vibrational energies in the 4T2g and 2T1g terms. 
Both the tl,(l) and the t2,, vibrational energies are larger in 
the 4T2g term than in the 2T1g term, while the eg vibrational 
energy is practically unchanged. Observing the deformations 
caused by these vibrations19 shows both tu vibrations will affect 
the t2g orbitals while the eg vibration will not. Thus the term 
with the larger reduction in {, the 4T2g, also shows the higher 
vibrational energies, both effects being indicative of increased 
bonding. 
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