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In vanadium-doped CsCl crystals grown from aqueous solutions anisotropic EPR spectra due 
to V02+ are observed and analyzed at room temperature. Evidence is presented that isotropic 
spectra of this ion observed in this and other compounds are due to inclusions of growth solution 
and not to rapid rotation of the vanadyl ion in the solid as normally assumed. At 77 K a well 
resolved vibrational progression of about 820 cm - 1 is observed in the first ligand field band of 
this ion. The optical absorption spectra indicate the presence of a second valence state of 
vanadium, most likely V3+, in varying proportions depending on the crystal growth temperature. 

Introduction 

EPR studies of V 0 2 + in doped single crystals have 
been reported for a large number of systems [1 -15 ] . 
The observed anisotropy led to conclusions about 
the location and geometry of this ion in the lattice 
in question. In part icular the strong anisotropy of 
the 51V hyperf ine coupling as a consequence of the 
short V = 0 bond distance, aided in these assign-
ments. In a large number of compounds , however, 
including N H 4 N 0 3 , N a N 0 3 and B a ( N 0 3 ) 2 [10], 
K N 0 3 and C s N 0 3 [11], KBr and KI [12], NH 4 C1 
[14], BaCl2 • 2 H 2 0 [ 15, 16], BaBr2 • 2 H 2 0 [16], NaCl , 
RbCl [17] and CsCl [17 a] no preferent ial or ientat ion 
could be detected. At room tempera tu re isotropic 
spectra were observed in these systems and the line-
widths of the eight hyperfine components varied 
with the quan tum number m} according to 

= n ]/3 (A, + a2 MI + A3 mj) [18] (1 ) 

in agreement with the theoretical predict ions [19]. 
At low temperatures spectra typical of r a n d o m 
orientat ion of anisotropic species as usually ob-
served in powdered crystals or glasses were found. 
These results were interpreted in terms of rapid 
rotat ions of the vanadyl species at room tempera-
ture and static r andom orientations at low tempera-
tures. 

We have also observed such isotropic spectra in a 
n u m b e r of addi t ional compounds. Closer inspection 
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strongly suppor ts a completely di f ferent explana-
tion, namely the presence of l iquid inclusions of the 
growth solutions in these crystals. Finally, in CsCl 
single crystal spectra were observed at room tem-
pera ture lending addi t ional support to our inter-
pretat ion of the isotropic spectra. 

Experimental 

EPR measurements were carried out on commer-
cial X- and Q - b a n d spectrometers, B - E R 4 1 4 s and 
B-ER 420 Q, respectively, of Bruker Analytische 
Meßtechnik G m b H . , Karlsruhe. Low tempera ture 
spectra were obta ined at X-band using a CSA-202 
Cryogenic Refr igera t ion System of Air Products and 
Chemicals , Inc., Allentown. UV-VIS spectra were 
measured on a Perkin-Elmer spect rophotometer 
model 330 at room tempera tu re and 77 K using a 
cryostat filled with l iquid nitrogen. Infrared spectra 
were recorded on a Beckmann Acculab 8. 

Results and Discussion 

EPR 

Isotropic EPR spectra due to V 0 2 + were ob-
served in Cs 3 Sb 2 Cl 9 , C s G a C l 4 , CsGaBr 4 and 
( C H 3 N H 3 ) 3 S b C l 6 grown f rom acidif ied aqueous 
solutions containing 1 mole% of vanad ium per tri-
valent cation added as V 2 0 5 and reduced by addi-
tion of small amoun t s of ethanol. At 20 K aniso-
tropic spectra of randomly oriented V 0 2 + were 
found in CsGaBr 4 . The results are listed in Table 1 
together with data for solutions f rom the literature. 
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Table 1. EPR parameters of V0 2 + in fluid inclusions and solutions. 

System 298 K 20 K System 

9 A/ 10~4cm-' 9 9L A A± 

CsGaBr4 
CsGaCl4 
Cs3SbnCl9 
(CH3NH3)2SbCl6 

1.967 
1.964 
1.966 
1.965 

108 ± 1 
107+ 1 
106 ± 1 
107 ± 1 

1.929 1.984 182 71 

77 K 
HCl pH ^ 2 [20] 1.963 108 1.933 1.978 182.6 70.7 
3 n HCl [21] 

• 
1.965 106.4 1.932 1.981 182.6 71.8 

Table 2. EPR parameters of oriented V0 2 + in single crystals. 

Compound 9x 9y 9: Ax* Ay A- Ref. 

(NH4)2Zn(S04)2 • 6 H 2 0 I 1.9813 1.9801 1.9331 71.4 72.6 182.2 [1] 
II 1.9808 1.9797 1.9316 71.0 72.6 182.8 

[1] 

Cs2C->04 • H-,0 1.977 1.978 1.9344 68.5 67.1 175.2 [4] 
Mg(H20)6H2EDTA 1 1.977 1.991 1.939 60.0 67.3 175.4 [5] 

II 1.979 1.985 1.936 62.0 65.6 173.5 
(NH4)3H(S04)2 1.976 1.973 1.917 67.6 69.7 182.7 [7] 
Ba 2 Zn(HC00) 6 -4H 2 0 1.974 1.979 1.943 60.7 59.7 166.5 [6] 
(NH4)2InCl5 1.9847 1.9450 63.8 173 [3] 
(NH4)3A1F6 1.977 1.937 64.5 178.5 [8] 
(NH4)2SbCl5 1.9793 1.9478 62.8 168.8 [13] 
CsCl 1.980 1.979 1.9342 67 ± 2 7 1 + 2 180 ± 1 this 

+ 0.001 ± 0.001 ± 0.0005 work 

* all Aj in units of 10 4 cm 

Clearly the results for the crystals are very similar to 
those of the solutions suggesting that in the crystals 
inclusions of the growth solutions may be present. 
This conclusion is in fact suppor ted by fu r the r 
evidence, namely 

(i) All crystals exhibit ing isotropic spectra were 
grown f rom solutions. 

(ii) In crystals of C s G a C l 4 : V 0 2 + , grown f rom 
D 2 0 . the l inewidths are smaller than in the same 
crystals grown f rom H 2 0 solutions, suggesting coor-
dinat ion of the V 0 2 + species by water molecules. 

(iii) For rapidly rotating V 0 2 + species identical 
spectra should result in single crystals and powders. 
This is not t rue for the compounds in Table 1. Af ter 
crushing to a fine powder and drying in vacuum 
these crystals showed only slightly s tructured signals 
near g = 2. We interpret this as evidence for crystal-
lization of highly concentrated V 0 2 + species due to 
evaporat ion of the solvent water. 

(iv) It is unlikely that the proposed rotation of 
V 0 2 + in . significantly different compounds could 
always be quenched to a completely r andom orien-
tation. Instead, at most , a few preferential orienta-
tions should be strongly favored energetically and 
thus the spectra should change with orientat ion of 
the crystal. 

(v) The parameters ah describing the dependence 
of l inewidths on mx in (1), vary in solution with 
V 0 2 + concentrat ion [20] in an analogous manner to 
that reported for d i f fe ren t host compounds . Differ-
ent V 0 2 + concentrat ions in the liquid inclusions, on 
the other hand, can be d u e to different doping levels 
as well as variable solubilities of the host com-
pounds. 

(vi) There is no reason why the dynamical prop-
erties of the vanadyl species should vary drastically 
in systems with very s imilar chemical and structural 
propert ies like the alkali halides. While in all alkali 



513 G. Elbers and G. Lehmann • EPR and Optical Spectra of V02 + in CsCl 

1.20 1.25 
Fig. 1. EPR spectrum of V 0 2 + in a CsCl single crystal at 
Q-band (33.77 GHz) and 298 K for B0 parallel to one of 
the fourfold crystal axes. 

halides (including CsCl) s tudied so far isotropic 
spectra were observed at room tempera tu re we 
found anisotropic, single crystal spectra for CsCl 
crystals grown from aqueous solutions doped with 
1 mole% of vanadium as is also observed for the 
hal ide systems (NH 4 ) 2 InCl 5 [3], (NH 4 ) 3A1F 6 [8] and 
(NH 4 ) 2 SbCl 5 [13]. Two examples of these spectra 
are shown in Figs. 1 and 2, while Fig. 3 shows the 
angular variation for rotat ion around a fourfold 
crystal axis. The numerical results obta ined f rom 
these measurements are listed in Table 2 together 
with those for other compounds with anisotropic 
single crystal spectra f rom the literature. Fo r CsCl a 
very slight rhombic distort ion in addi t ion to a large 
axial one was obtained. Most likely the V 0 2 + is 
aligned along the fourfold crystal axes with the 
vanadium between two empty Cs sites with an 
addit ional water molecule near the empty Cs site 
opposite to the vanadyl oxygen. Fo r such a 
[VO(OH 2 )Cl 4 ] 2 _ unit a C 4 v point symmetry would 
be expected. Thus the origin of the small rhombic 
distortion remains an open question. In our view 
hydrogen bonding of the water molecule to two Cl~ 
is the most likely cause. T h e dashed lines in Fig. 3 
are of low intensity and may be caused by a second 
center with very similar hyperf ine coupl ing con-
stants. This may be the complex [V0C1 4 ] 2 - having 
slightly di f ferent ^-factors. 

Optical Absorption 

CsCl crystals used for these optical absorpt ion 
measurements were grown f rom solutions with 
5 mole% of vanadium. Spectra were recorded at both 

0.30 035 040 BJT 

Fig. 2. EPR powder spectrum of CsCl:V02 + at X-band 
(9.55 GHz) and 298 K. 

0 2 0 U 0 6 0 8 0 

angle from [100]-axis 
Fig. 3. Angular variation of the EPR line positions at 
Q-band and room temperature for V0 2 + in CsCl. The 
dashed lines are of lower intensity and may be due to a 
second center. 
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Q. [cm"1] 

V [10 cm ] 

Fig. 4. Optical absorption spectra of a vanadium-doped 
CsCl single crystal at 298 ( ) and 77 K ( ). 

Table 3. Absorption maxima (in cm ') and assignments 
for CsCl :V and Cs2VOCl4 

CsCl Cs2VOCl4 

298 K 77 K 

12930 
13640 13740 
14460 14570 

15400 
16200 
17010 
17890 

. 2 B 2 —• 2E 13900 2 B 2 - 2 E 

22000 21800 24000 - 2 A , 

27500 26800 
28700 ( V 3 + ? ) 29000 

32800 
36700 

33600 
37300 

charge 
transfer 

32400 
37800 
41600 
45500 

charge 
transfer 

room tempera tu re and 77 K. Results for an orange-
colored crystal grown at room tempera ture are 
shown in Figure 4. As shown in Table 3, six distinct 
bands are resolved at room temperature . Part icular-
ly the ones at lowest energy split up into still more 
components . These bands do not, however, all 
originate f rom the same center since at higher 
growth tempera tures in the range of 50 to 60 ° C 
green crystals result in which the lowest energy 
bands are about five times as intense whereas the 
next three bands at higher energies are lower and 
the two bands at highest energies could not be 
measured due to too high absorpt ion in this range. 

The band system starting at about 13 000 cm"1 

undoubtedly arises from the V 0 2 + ion and can be 
assigned to the 2B2

 2E ligand field transition nor-
mally observed in this region. Higher ligand field 
transitions (to the 2B] and 2A, states) are expected 
near 16000 and 30000 c m - 1 respectively. The latter 
may be obscured by the much more intense first 
charge transfer band expected at or below 41 000 cm"1 

depending on the electronegativity of the ligands. 
The band system starting at 13 000"1 shows a well 
resolved vibrational progression of about 820 cm" 1 

at 77 K. the two most intense components are 
already resolved at room temperature . A vibrat ion 
at 990 cm" 1 in this crystal can be interpreted as the 
V = 0 stretching mode which occurs at practically 
the same position in Cs2VOCl4 • H 2 0 [22] and 

VOCl2 • x H 2 0 [23], Occupat ion of the e* orbital in 
the excited state leads to a weakening of this bond 
and thus at least quali tatively explains the distinctly 
lower wavenumber of the progression. The positions 
of all bands in CsCl are compared to those in 
Cs2VOCl4 f rom the l i terature [24], The band posi-
tions in the d i f fuse reflectance spectrum of this 
compound are very similar to those of Cs2VOCl4 

• H 2 0 [22, 24], T h e two highest energy bands near 
33000 and 3 7 0 0 0 c m " 1 in CsCl most are likely 
charge transfer transit ions whereas the bands in the 
range of 22000 to 2 9 0 0 0 c m " 1 must be due to 
another species. Thei r most likely cause is V 3 + 

which cannot be detected by EPR at room tempera-
ture, a t tempts to detect it at 20 K were also un-
successful. Three ligand field transitions are expect-
ed for this ion in cubic symmetry. The first two 
occur at 17 800 and 25 700 c m " 1 in NH 4 V(S0 4 ) 2 

• 12 H 2 0 [25, 26]. The somewhat different positions 
in CsCl may be due to the di f ferent coordination 
a n d / o r lower site symmetry. The results for 
Cs2VOCl4 listed in Table 3 suggest that an addi-
tional band of the V 0 2 + ion may also be present 
near 29000 c m " 1 , but most likely strongly over-
lapped by an absorpt ion band of the V3+ species. 
Incorporat ion of another trivalent transition metal 
ion, namely C r 3 + , in CsCl has been demonstrated by 
both EPR and optical absorpt ion measurements 
[27]. 
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