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Emission from the Cr3+ ion in an Oh ligand field and in lower 
symmetry ligand fields typically is fairly sharp, has well-defined 
vibronic structure, and derives from the spin-forbidden (or 
phosphorescent) 4A2g —

 2Eg transition.1'2 Octahedrally coor
dinated Cr3+ ions in a very weak ligand field, however, also 
can exhibit a broad, unstructured 4A2g —

 4T2g fluorescence, an 
example of which is seen in the solid (NILOa[CrFg]. In fact, 
there are many chromium complexes, such as [Cr(H20)6]3+ and 
[Cr(urea)6]3+, that exhibit emission from both states; i.e., they 
both phosphoresce and fluoresce.2-4 Although the fluorescence-
to-phosphorescence ratios in these dual emitting systems vary 
dramatically with temperature,5 the variations are due primarily 
to Boltzmann factors, which describe the relative thermal 
populations between the two excited states. 

We report here the pressure-induced change of the emitting 
state of (NILtMCrFe] from a 4T2g fluorescent state to a mixed 
state by means of the pseudo-Jahn-Teller effect, and then finally 
to a 2Eg phosphorescent state over the pressure range 0—12.3 
GPa. We believe that this is the first time an emitting state's 
spin character has been changed completely by the application 
of pressure. Figure 1 shows the change in the emission spectrum 
of (NrLtb [CrFe] with increasing pressure at 22 K. A pressure 
increase from 0 to 2.1 GPa blue-shifts the 4T2g state 0-0 from 
14 319 to 14 554 cm-1 (112 cm_1/GPa), while the change from 
2.1 to 7.1 GPa shifts this state to only 14 855 cm-1 (60 cm-1/ 
GPa). The structure that appears on the 2.1 GPa spectrum 
evidently is due to defect sites induced by loading and unloading 
since it depended on sample history and was not reproducible.6 

Corresponding changes for the centroid of this quartet emission 
are 12 984 cm"1 (0 GPa), 13 312 cm"1 (2.1 GPa), and 13 605 
cm-1 (7.1 GPa) (see Figure 2). Note the emergence of a 
shoulder on the high-energy side of the quartet centroid in the 
7.1 GPa spectrum in Figure 1. Although the shift of quartet 
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GPa reference spectra on (NHU)3[CrF6]. In a select few samples that had 
never been pressurized, some non-reproducible structure was observed on 
the band envelope of the 0 GPa fluorescence spectra. Pressurization and 
release of these samples totally removed this structure. The resulting broad 
structureless emissions were identical to the 0 GPa spectrum shown in Figure 
1. We ascribe this phenomenon to defect site removal via pressure annealing 
of the crystals. 
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Figure 1. Pressure-dependent luminescence spectra of (NFLt)J[CrF6] 
measured at 22 K in a diamond anvil cell (DAC) with 632.8 nm He/Ne 
laser excitation. Pressures represented with the symbol ~ are approximated 
as described in text. Hatched peaks are due either to the 1332 cm"1 diamond 
Raman line or to the ruby phosphorescence used to measure pressure. 
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Figure 2. Plot of the energies of the quartet (x), mixed state (*), and 
doublet (+) emissions as a function of pressure. The shift vs pressure 
undoubtedly varies in a continuous manner below 7.1 GPa, but we have 
approximated it by two straight lines. 

emission from Cr3+ never has been reported as a function of 
pressure, the pressure-induced shift of quartet absorption has 
been reported7 for 4A2 —

 4T2 of Al203:Cr3+ (ruby) and is 91 
cm_I/GPa over a similar pressure range. Increasing pressure 
to ~7.8 GPa8 results in a further blue shift of the quartet 
emission band, but mote significantly, there is an onset of 
vibronic structure on the normally structureless quartet emission 
(see Figure 1). The 0—0 for this new emission appears at 14 722 
cm-1, which is 133 cm-1 to lower energy than the 0—0 for the 
quartet emission at 7.1 GPa. Moreover, the vibronic structure 
for this new emission extends beyond any structure normally 
present for 2Eg emission in high-symmetry Cr3+. This new 
emission seems to derive from a strong coupling of the vibronic 
structure reminiscent of reported vibrational structure9 for the 
4B ig — 2Eg emission from rra/u-[Cr(en)2F2]I (en = ethylene-
diamine), which extends some 1300 cm-1 from its origin at 
13 044 cm-'. 

Further increasing pressure to ~8.8 GPa10 diminishes the 4T2g 
fluorescence band, and a well-defined 2Eg phosphorescence 
appears with a 0—0 at 14 896 cm-1, now some 184 cm-1 blue-
shifted from the 0—0 of the mixed-state emission. At the final 
pressure shown, 12.3 GPa, this 2Eg phosphorescence then red-
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Figure 3. Relative ordering of the doublet and quartet emitting states for 
the various pressures. 

shifts to 14 624 cm"'. A report of the low-temperature emission 
of Ks[CrFe] has shown112Eg emission below 16 K with structure 
similar to ours, but with an origin at 13 553 cm"1. This doublet 
emission gave way to an unstructured quartet at higher 
temperatures, with a 0—0 close to 14 000 cm-1, and so 
represents a corresponding case of tuning between the quartet 
and doublet states with temperature.12 

Our results have straightforward interpretation outside of the 
pressure regime of the "mixed" state. The F - ligand, a weak 
field ligand under ambient pressure conditions, effectively 
becomes a strong field ligand with the application of pressure. 
Pressure increases the crystal field splitting energy Ao and blue 
shifts the 4T2g state (Figure 3), just as shown in d3 Tanabe— 
Sugano diagrams.13 The 2Eg state slightly red-shifts with 
increasing pressure, as this spin-flip state depends on factors 
besides Ao.14,15 Since the 4T2g state starts out at a lower energy 
than the 2Eg and blue-shifts with increasing pressure, it eventu
ally will cross the 2Eg state, which is red-shifting with increasing 
pressure, and the 2Eg state then will become the lowest state 
(Figure 3). Since these two electronic states belong to different 
irreducible representations,16 they simply could cross without 
interaction with increasing pressure. For our system we predict 
this crossing to occur at 14 900 cm-1. However, there is a 
narrow pressure range over which these two states display a 
great deal of mixing, as shown by the spectrum for ~7.8 GPa 
in Figure 1. 

An explanation for this mixing lies with the pseudo-Jahn— 
Teller effect (PJTE),17 where an accidental degeneracy (or near 
degeneracy) of electronic states can result in a spontaneous 
distortion of a molecule to remove that "degeneracy." For this 
effect, it is important to recognize that the distorted excited state 
emission will have the same frequencies in its progression as 
those from the doublet state, since they both decay to the same 
ground state, but different relative intensities among the 
components because of different Franck—Condon factors. Our 
case corresponds to a strong PJTE limit, since the molecule 
undergoes an asymmetric distortion. Therefore, we consider 
only linear terms of the interaction for the PJTE, A < F2ZK, 
where 2A is the energy difference between the states, K is the 
force constant for the mode involved in the distortion, and F is 
the nondiagonal vibronic interaction matrix element. Thus, it 
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mixing could, in principle, occur. However, the primary effect of the pressure 
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is clear that if we can adjust 2A to an arbitrarily small value by 
adjusting the pressure, even a very small interaction term F can 
lead to a significant excited state distortion. The analogy to 
j*rans-[Cr(en)2F2]I is clear; this complex already is distorted by 
the asymmetry of the coordination sphere. We assume that this 
is also the source of the highly structured defect emission 
observed in K3 [CrFe], and the defect must involve a distorted 
Cr3+ site.11'12 

The main components of the progression for the mixed state 
at ~7.8 GPa are 245 (v5, t2g), 446 (v2, eg), 547 (v,, aig), 762 
(^3, tiu) cm-1, 2v2, Vi + V2, and 2v\ while those for the doublet 
emission at 12.3 GPa are 106 (v6, t2u), 238 (v5, t2g), 298 (v4, 
tiu), and 525 (vi, aig) cm-1. These bands are assigned according 
to the analogous [AlFe]3- and [CrCIe]3- ions.18 The similarities 
of the frequencies of these bands between the two emissions 
coupled with the completely different intensity distributions 
among the various features strongly suggest that both emissions 
are to the same ground state (i.e., are not due to different sites) 
and that the "mixed" excited state has a very different geometry 
from either the quartet or the doublet states. Furthermore, the 
notable enhancement of the 446 (vi, eg) and 547 (vi, aig) cm-1 

fundamental, overtone, and combination bands for the mixed 
state suggests that these modes are the coordinates along which 
the ion distorts, although a more detailed analysis will be 
required to verify this. Note that for the PJTE, unlike the normal 
Jahn—Teller effect, there are no symmetry restrictions on the 
vibrational modes (or combinations thereof) that can be 
involved. Even an ungerade mode is possible. The V2 mode 
is a Dt,h distortion, which is consistent with the symmetry of 
the i*ran,s-[Cr(en)2F2]I mentioned above. This molecule also 
exhibits extended vibronic structure in its emission. 

The luminescence spectra at 22 K of (NH4)S[CrF6] were 
obtained at various pressures using a Merrill-Bassett diamond 
anvil cell (DAC).19 The samples were compressed using 
cyclohexane as a hydrostatic fluid and excited with the 632.8 
nm line of a 25 mW Aerotech He/Ne laser. This line falls near 
the 4A2g —

 4T28 absorption maximum of (NH4)S[CrF6] at 0 GPa.3 

Pressure calibration in the DAC was achieved by measuring 
the Ri line shift of ruby phosphorescence at 22 K.20 Lumines
cence was detected by a Spex 1680 0.22 m double monochro-
mator equipped with a Hamamatsu R928 PMT operating in the 
photon-counting mode. The DAC was cooled to 22 K in an 
Air Products Displex cryogenic refrigerator. Elemental analysis 
of (NH4)S[CrF6], prepared by the method of Schlafer et al.,3 

was performed by Galbraith Laboratories. All of the pressure 
effects reported here are reversible and reproducible on the same 
or different samples. With the exceptions6 noted, luminescence 
spectra from depressurized samples are virtually identical to 
spectra from samples of (NH4)S[CrF6] that never were subjected 
to high pressures. 
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