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The magnetic, electron paramagentic resonance (EPR), infrared Or), and optical properties of p’- 
Cu,V20s have been measured and interpreted. Magentic susceptibility studies indicate that /3’-Cu,VsOs 
undergoes a semiconductor + metal transition near x = 0.60. For x s 0.40, the magnetic data interpreted 
in terms of a ligand-field model in which the octahedral 2Ts, term of V4+ is split by the combined 
perturbations of axial distortion and spin-oribt coupling, with the result that the ‘T2s term is split into a 
magnetic ground level, a weakly magentic intermediate level, and a magnetic highest level. The results of 
the magnetic analysis further support the transition to metallic behavior with increasing x. The EPR 
spectra are motionally narrowed by electronic hopping at low temperatures, and the g-tensor and 
linewidth data are in good agreement with the magnetic results. The ir spectra are independent of x and 
exhibit narrow bands at 1020 and 995 cm-‘, which are attributed to the stretching vibration of multiple 
V-O bonds. The optical spectra consist of two main bands whose peak positions shift to higher frequencies 
with increasing x, implying that the fl’-0 bond distances decrease with increasing x. The results of this 
study are in excellent agreement with Goodenough’s interpretation of fl-ikf,V20s. 

Introduction 

The vanadium bronzes, -/3-MXVz05, are 
nonstoichiometric compounds having uni- 
valent metals M substituted into a distorted 
V205 framework (1). The structure of the /3 
phase is depicted in Fig. 1 (2). The electrical 
and magnetic properties of these materials 
indicate that the ionization of h4 produces 
V4+ (3d-‘) and that electrical transport 
occurs via thermally activated hopping of the 
vanadium d electron among the vanadium 
sites (3,4). On the basis of structural evi- 
dence, Goodenough has suggested that this d 
electron occupies a d,, orbital at site Vi and 
that the hopping mechanism involves trans- 
port from V1 to Vs or VI to Vi’ within a 

* This research was supported in part by grant DMR 
75-09215 from the National Science Foundation. 

t To whom to address inquiries. 

tunnel (5). Although Goodenough’s model is 
consistent with a variety of experimental 
results, direct microscopic evidence for a Vi 
site preference and transport via the V3 
subarray is lacking. 

/3’-Cu,V205 is particularly interesting to 
study because it has the largest composi- 
tional range among the bronzes (0.26 c x < 
0.64) (6). As illustrated in Fig. 2 and Table I, 
this system has a more complex structure 
than p-MXV205, because Cuf can occupy 
two possible positions within its tetrahedral 
site (7). These two positions correspond to 
displacement of Cu+ from the center of a 
tetrahedron toward its triangular face either 
above or below the mirror plane. Although 
the reduced symmetry results in six different 
vanadium sites instead of three, the principal 
physical arguments of Goodenough should 
still be applicable. Moreover, it has been 
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FIG. 1. Structure of P-Ma0.33V205 projected onto the (010) plane (2). The Ml, M;, MI*, and M;f sites 
are randomly occupied by Na’ ions, with the restriction that two neighboring sites in the same tunnel and 

n-c plane cannot be occupied simultaneously. 

reported that the physical properties of /3’- 
Cu,VzOS are a continuous function of x and 
that this system exhibits a continuous 
semiconductor + metal transition as x 
increases (6). In this research we have stu- 
died the magnetic, electron paramagnetic 
resonance (EPR), infrared (ir), and optical 
properties of /3’-Cu,V205 in an attempt to 
test Goodenough’s microscopic model for 

p-A4,V205 and to investigate further the 
small polaron -9 collective-electron tran- 
sition in this unique system. 

Experimental 

Samples were prepared as described in the 
preceding paper (I). The starting materials 
were Johnson-Matthey specpure Cu and 

\ OVhy=O 
\ 

\ 
l Viny=i/2 

“’ \ Cu, in y=OJO6 

FIG. 2. Structure of ~‘-CLI~.~~V~O~ projected onto the (010) plane (7). 
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TABLE I 

BOND DISTANCES IN CU~.~~V~O~~ 

Bond 
Distance 

(A) Bond 
Distance 

6) 

VI-v2 

v2-v3 

v3-VI 

VI-V,’ 

v,-V2’ 

V2-V,) 
v3-v3, 

3.49 
3.38 
3.38 

vi-02 

VI-03 

VI-04 

VI--05 

vl-oz~, 013 

2.25 v5-015 2.23 
2.28 v5-014 1.90 
1.51 v5-011 1.64 
2.06 v5-012 1.83 
1.92 v5-02 1.91 

vz-01 1.89 
v2-02 2.40 
vz-a 2.31 
vz-06 1.55 
V2-03’7 014 1.88 

v3-05 

v3-07 

v3-08 

v3-07’. 09 

v3-06 

1.52 v4-012 1.91 
2.12 v4-09 1.84 
1.60 v4-010 1.65 
1.96 v4-07 1.87 
3.12 v4-013 2.69 

v5-v6 3.53 
v4-v6 3.11 
v4-v5 3.45 
VI-vs 3.34 
v1-v6 3.21 
vz-v5 3.19 
v3-v4 3.08 

v6-o,’ 1.69 
v6-015 2.35 
v6-012 2.12 
v6-013 1.51 
v6-03 1.87 

a Taken from Ref. (7). 

V205, which contained negligible paramag- 
netic impurity concentrations. 

Sample compositions were established by 
electron microprobe analysis, and the struc- 
ture was checked by X-ray diffraction. Using 
these techniques we have found that p’- 
Cu,VzOs is stable in the range 0.26 s x G 
0.67. 

The magnetic susceptibility and EPR were 
measured as a function of temperature as 
described in I. All susceptibilities were 
extrapolated to infinite field and corrected 
for the temperature-independent paramag- 
netism of V205 (using the value 104x 
lop6 emu/mole found in I) and the diamag- 
netism of the ion cores. 

Infrared spectra were recorded at ambient 
temperature using a Beckman IR 12 spec- 
trometer. Samples were pellets consisting of 

p’-Cu,V205 dispersed in CsI. Optical spec- 
tra were determined at ambient and liquid- 
nitrogen temperatures by both KBr-pellet 
and diffuse-reflectance techniques using a 
Cary 14 spectrophotometer. In the former 
method a KBr pellet was placed in the 
reference beam to compensate for light scat- 
tering in the sample, and in the latter the 
samples were diluted optically by mixing 
them with MgO. The results obtained by 
both techniques were in good agreement, 

We were not successful in preparing single 
crystals large enough for these studies. 
However, one partially oriented sample was 
prepared for EPR investigation by cement- 
ing 1’7 crystals together parallel to the needle 
(b) axis, with each having x = 0.40 f 0.02. 

Results and Discussion 

Magnetic Susceptibility 

Figures 3 and 4 show the reciprocal 
susceptibility per mole of p’-Cu,V205 as a 
function of temperature. The high-tempera- 
ture data can be fitted to the Curie-Weiss 
law, x= C/(T - 0) where C and 0 are the 
Curie and Weiss constants, respectively. The 
magnetic moment per atom of Cu is given by 
k = 2.828(C/x)“*. The magnetic parameters 
for p’-Cu,V205 are summarized in Table II. 
These parameters are not in very good 
agreement with those found in two previous 
studies of /3’-Cu,V205 above 77°K (6,8). A 
possible source of this discrepancy is that the 
Curie-Weiss law was fitted in a different 
temperature range. However, the repro- 
ducibility, accurate sample compositions, 
and complete determination of the field 
dependence of the susceptibility lead us to 
have confidence in our data. 

For x < 0.50 the magnetic moment per Cu 
atom is close to the spin-only value of 1.73 p, 
which confirms that the oxidation state of 
copper is +l. If Cu*+ were formed, then @ 
would be considerably larger than 1.73 8 
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FIG. 3. Temperature dependence of the reciprocal molar susceptibility in p’-CuxV205 for x = 0.30 
(0),0.35 (O), and 0.40 (A,). 

10 

(-5 /? for the spin-only case). The EPR rule out this possibility. Hence the sharp 
results discussed in the next section show that apparent increase in p and jtil and disap- 
the oxidation of the paramagnetic vanadium pearance of the temperature dependence of 
ion is +4. The rapid increase in calculated the susceptibility above about 100°K for x = 
moment at n = 0.60 could be associated with 0.60 signal a transition, or the onset of a 
the formation of Cu+*, but the EPR studies transition, to the metallic state. This finding 
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FIG. 4. Temperature dependence of the reciprocal molar susceptibility in B’-Cu,V205 for x = 0.50 
(O), 0.60 (O), and 0.67 (A). 
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TABLE 11 

c 
k (emu 1 erg mele”) pi) (4 (at:m Qi)) 

0.30 0,111 -78 1.72 
0.35 0.111 -62 1.59 
0.40 0.138 -108 1.66 
0.50 0.182 -188 1.71 
0.60 1.43 -3544 4.36 
0.67 0.250 -258 1.73 

is in good agreement with a recen.t single- 
crystal electrical conductivity study of p’- 
Cu,VzOS along the b axis, which indicated 
that these solids are metallic conductors for 
x >0.55 (9). Further support for such a 
transition in P’-CU,VZO~ is provided by 
plotting the susceptibility per mole of v”’ as 
a function of x at various temperatures, as 
shown in Fig. 5. In agreement with a previous 
electrical, magnetic, and thermal study of 
p’-Cu,V205 (6) the resulting straight lines 
all extrapolate to the common value of 
480 emu/mole at x =0.67, which is the 
theoretical insertion limit for Cu. This 

ouggats that eu&(j7V@s 8heuld exhibit 
tempef~ltufe=lndependent p8r~magmdsm 
and kenae be metallie, and the large 
extrapolated 8ureeptibilfty implies a high 
denrity of utatea, which isr eonsietent with a 
narrow Va (or V,) c* band running parallel 
to the tunnels proposed by Goodenough (5). 
Unfortunately, at x = 0.67 Ct.?+ EPR has 
been observed, and attributing the tempera- 
ture dependence of the high-temperature 
susceptibility to Cu’+, we have estimated 
that about 8% of the Cu in CUO.~,VZO~ is 
present as Cu’+. This suggests that Cu2+ 
should appear at x = 0.62; however, we have 
not detected any structural changes accom- 
panying its presence. In any case no 
conclusions can be drawn from the interes- 
ting composition x = 0.67, since this 
composition is contaminated with Cu2+. 

Although the high-temperature suscep- 
tibility is nearly temperature independent 
for x = 0.60, below about 50°K x begins 
to increase and at lower temperatures 
resembles the susceptibility trend at lower 
compositions. This behavior suggests that 
CU~.~~V~O~ is barely on the metallic side of 

2000 

0 1 I 
025 040 0.55 2/3 0'0 

X 

FIG. 5. Susceptibility per mole of 9’ as a function of composition at several temperatures in 
p’-cu,v205. 
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the semiconductor + metal transition at high 
temperatures, and below 50°K the inter- 
electronic repulsions in the conduction band 
become sufficiently large to result in a semi- 
conducting ground state. 

Since there is no evidence for magnetic 
ordering down to 2”K, 8 is not significant as 
an interaction constant, and it is useful to 
interpret the magnetic behavior in terms of 
an effective magnetic moment: peff = 2.828 
(XT)“” . Theoretical expressions from which 
pefr can be calculated for a d’ ion in an 
octahedral ligand field under the combined 
perturbations of axial distortion and spin- 
orbit coupling have been given in I. In semi- 
conducting p’-MXV205 the axial distortion 
occurs along the shortest v”‘-0 bonds (Vi- 
OS or Vs-Ori in Goodenough’s model (5)), 
which are directed across the tunnels for all 
the vanadium sites, and relative to this direc- 
tion the oxygen symmetry is approximately 
Cd”. Table III summarizes the ligand-field 
parameters for /3’-Cu,Vz05 obtained by a 
least-squares fit of the theoretical moments 
to the experimental ones. The agreement 
between the theoretical and experimental 
moments and the resulting energy-level 
diagram for CU,,.X,V~O~ are illustrated in 
Figs. 6 and 7, respectively. The fit is consi- 

TABLE III 

LIGAND-FIELD~ARAMETERSFOR p’-CuzV205 

x k” (e”vj @“VI 

0.30 0.8 0.018 0.002 
0.35 0.7 0.020 0.004 
0.40 0.6 0.026 0.009 

a The uncertainties in k, A, and A are 0.1, 0.002 eV, 
and 0.002 eV, respectively. 

dered to be good in view of the approxima- 
tions involved, i.e., indpendent, identical v”’ 
sites having C,, symmetry. In all compounds 
the ordering of the energy levels was r7(B) < 
Z-‘&Z) <T,(E), so that v”’ has a magnetic 
ground level, a neakly magnetic inter- 
mediate level, and a magnetic highest level. 
As illustrated in Fig. 8, x obeys the Curie- 
Weiss law at low temperatures, and the low- 
temperature moment determined from the 
slope of the x-l vs T plot is in good 
agreement with calculated moment of the 
r(B) level. For x < 0.40, the low-tempera- 
ture moments are within 8% of the r@) 
moment and l19[< 6”K, which explains why 
magnetic ordering in these bronzes has not 
been observed down to 2°K. In I we 

16- 
___--- 

___--- 

1.2 - 
+- 
-i=. 
& 
-L 
2 

- experiment 

0.8 - __-- theory 

FIG. 6. Comparisons of the experimental (-) and theoretical (---) effective magnetic moments for 
CU~.~~V~O~. The theoretical curve is calculated using the parameters k = 0.8, A = 0.018 eV, and A = 
0.002 eV. 
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FIG. 7. Schematic energy level diagram for 

c~0.30v205. 

reanalyzed the magnetic data for p-LiXVz05 
(10) and found the same level sequence, 
which suggest that this sequence is a general 
one for the vanadium bronzes. This ordering 
of levels is consistent with the experimental 
data and removes Goodenough’s objection 
to previous magnetic analyses, which incor- 
rectly predicted a nonmagnetic ground state. 
Importantly, given a Vr (or V,) site pref- 
erence, the r7(B) orbital is equivalent to 
Goodenough’s d,, orbital of a Vi (or V,) site. 

For x >0.40, it was not possible to obtain 
agreement between theory and experiment, 
which is probably due to the appreciable 
delocalization of the paramagnetic electron 
(k < 0.6 for /~‘-CU~.~~V~O~). 

The parameters in Table III, although 
subject to considerable error, do exhibit a 
systematic variation with composition. The 
small values of k indicate appreciable delo- 
calization of the V4+ 3d’ electron onto the 
surrounding ligands, and the decrease in k 
with x reflects an increasing delocalization if 
the d electron as the V4+ concentration is 
increased. Such small k’s are expected on the 
basis of Goodenough’s model (5), since 
electronic transfer from Vi (or V,) to the V3 
(or V4) subarray occurs via Vi(d)-O,(pr)- 
V&i) (or V&CO&~l--V4(dN overlap, 
and the nearly equal Vs-012 and V4-O12 
distances in p’-CuV205 (Table I) facilitates 
electronic transfer for the Vs sites. Electronic 
transfer from the Vi sites to the V3 subarray 
is not favorable due to the difference in Vi- 
O5 and V3-05 distances (Table I) and 
requires a vibrational displacement of an O5 
ion toward Vi. Since such a displacement 
should become easier with increasing x due 
to the decrease in Vs-O bonding upon 
formation of multiple V3-center orbitals, k 
should increase with x as observed. 

The spin-orbit coupling constants are 
lower then the free-ion value (0.031 eV) and 

600, 

FIG. 8. Temperature dependence of the reciprocal susceptibility for CU~,~~V~O~ at low temperatures. 
The low-temperature magnetic moment and Weiss constant are 0.83 f 0.98 0 and - 3.8”K. respectively. 
The calculated moment of the ground r~(J3) level is (0.79 f 0.08). 
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increase with X. The reduced A ‘s follow from 
the lower effective nuclear charge of 
vanadium caused by covalent V4+-0 bond- 
ing. A for CUO.SOVZOS is nearly equal to that 
for VO(HzO):‘, where the low value of A has 
been attributed to vanadyl(IV)-0 r bonding 
(II). The increase in A with x indicates an 
increase in the effective nuclear charge of 
vanadium, which could result from the 
removal of oxide electron density by Cu’. 

The very small axial distortion can be 
understood in terms of the V-O distances 
given in Table I. In particular, the axial 
compression due to the short vanadyl(IV)-0 
bond is nearly compensated for by the axial 
expansion resulting from the opposite, long 
vanadyl(IV)-0 bond. The net result is a 
slightly compressed C4” symmetry, as 
indicated by the small positive d. The 
suggestion of an increase in A with x is inter- 
esting and, if real, could reflect changes in the 
axial or equatorial V4’-0 distances with 
increasing x. 

Although the ligand-field model used 
above accounts for the main features of the 
magnetic behavior of p’-Cu,VzOS for x G 
0.40, it does not explain the anomalies at 30 
and 150°K for x = 0.30 and 0.40, respec- 
tively. Differential thermal analysis 
measurements have failed to detect any heat 
effects above 100°K for x = 0.40. The origin 
of these anomalies, as well as the failure to 
observe them at all compositions, is not 
understood at the present time. 

Electron Paramagnetic Resonance 

Figures 9 and 10 show typical EPR spectra 
of CUO.~~V~OS and Cuo.a,VzOS. For x d 0.60, 
the spectra consisted of a single Lorentzian 
line having g = 1.97, which is characteristic 
of V4+. For x = 0.67, below about 120°K a 
second signal appears superimposed on a 
broad v’ signal. The second signal has a 
g-value of 2.13, which is typical of Cu*+ in a 
tetrahedral site (12). The susceptibility data 

%.abY* OS 
T* 330 K 

vt9.0130GHz 

FIG. 9. EPR spectrum of CU~,~,,V~O~. Solid circles are values computed from Lorentzian lineshape 
function. 
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Tag.3 K 

= 9.0180 GHz 

500 G 

FIG. 10. EPR spectrum of CU~.~~VZOS 

in the last section for x = 0.67 also indicate 
the presence of Cu2’. 

The EPR parameters for /3’-Cu,V~os are 
summarized in Table IV. Also shown in 
Table IV are the calculated dipolar widths 

TABLE IV 
EPR PARAMETERSFOR B’-CuXV20J 

AH.,,b A&' AHAd 
X g" 63) ('3) ('3 

0.30 1.970 265 775 265 
0.35 1.980 290 835 286 
0.40 1.970 34s 895 306 
0.50 1.970 SlO 1000 342 
0.60 - -1200 1095 374 

a The uncertainty in g is *O.OOZ. The signal at x = 
0.60 was too broad for a precise determination of g. 

’ Experimental peak-to-peak linewidths are given at 
298°K. 

’ Calculated dipolar peak-to-peak linewidth. 
d Calculated peak-to-peak linewidth normalized to 

the experimental width of Cua.pOVzOs at 298°K. 

using Eq. (6) of I with x replaced by x*‘* and 
assuming a VI-V5 site preference. The broad 
signals in CUJ.~~V~OS were difficult to detect. 
The abrupt increase in linewidth at x = 0.60 
reinforces the susceptibility finding of a 
semiconductor + metal transition near this 
composition, since the resonance from a 
narrow d-band metal should be quite broad 
(13). 

The temperature dependence of the peak- 
to-peak linewidth for Cu0.~~Vz05 is shown in 
Fig. 11. The linewidth decreases with 
temperature up to about 50°K exhibits a 
broad minimum in the range 50-200”K, and 
then increases with temperature above 
200°K. The linewidth at low temperatures 
approaches the calculated dipolar value 
(775 G), but rhe sharp decrease in linewidth 
between 7 and 50°K is reminescent of 
motional narrowing, in this case by thermally 
activated electronic hopping between 
vanadium sites (14). Within the range of 
motional narrowing the lineshape should be 
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0 Km 200 300 400 500 
T(K) 

FIG. 11. Temperature dependence of the peak-to-peak linewidth in CUO.~SV@S. 

Lorentzian, as observed. Using Eq. (7) of I, 
the activation energy E, for electronic hop- 
ping can be estimated from the slope of 
semilogarithmic plot of linewidth vs recip- 
rocal temperature. The resulting E,‘s for x = 
0.30, 0.35, and 0.40 are all about 10v3eV, 
which is far below the experimental value of 
about 0.09 eV (6). Hence another process in 
addition to electronic hopping must be caus- 
ing the line narrowing at low temperatures. 
Significantly, the temperature dependence of 
the linewidth over the entire temperature 
range can be understood qualitatively on the 
basis of the energy-level diagram for v”’ 
derived from the susceptibility studies dis- 
cussed in the last section. The magnetic 
analysis of CU~.~~V~O~ indicated that the 
energy difference between the magnetic, 
ground f,(B) level and the weakly magnetic, 
intermediate f&E) level corresponds to 
about 40°K so that in the range 7-50°K the 
linewidth should decrease considerably due 
to the reduction of the v”’ moment resulting 
from the occupancy of the f&Z) level. As the 
temperature is increased above 40”K, the 
r,(B) and f&Z) levels become nearly 
equally populated, and the linewidth should 
become independent of temperature. Since 
the energy separation between the f&5) 

level and the magnetic, highest f7(E) level 
corresponds to about 350”K, as the 
temperature is increased above about 200°K 
the linewidth should begin to increase as a 
result of the increase in V4+ moment due to 
occupancy of the f7(E) level. Hence, as in I 
the sharp decrease in linewidth at low 
temperatures probably reflects both elec- 
tronic hopping and occupation of the f@) 
level, the broad minimum at intermediate 
temperatures is associated with the nearly 
equal population of the f7(E) and f&3) 
levels, and the increase in linewidth at high 
temperatures results from occupation of the 
f,(E) level. The linewidth vs temperature 
plots for CU~.~~V~O~ and CUO.~~V~O~ exhibit 
the same qualitative features as CU~.~~V~O~ 
and can also be understood qualitatively on 
the basis of the energy-level diagram derived 
from the susceptibility studies. The excellent 
agreement between the susceptibility and 
EPR studies for x ~0.40 lends strong 
support to the magnetic analysis of the last 
section. The very weak signals at higher 
compositions prevented a precise deter- 
mination of the temperature dependence of 
the linewidth. 

A partially oriented single-crystal study of 
CU~.~~V~O~ was conducted at 35°K by 
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mounting 17 crystals along their b axes to 
obtain an acceptable signal-to-noise ratio. 
The g-values parallel and perpendicular to 
the b axis are gb = 1.978*0.001 and g,,, = 
1.963 f 0.001, respectively. Assuming that 
V4+ has axial symmetry, using the fact that 
g = 1.970 for powdered CuO.sOVzOs (Table 
IV), and noting that the unique magnetic 
axis, which corresponds to the shortest V-O 
bond, lies in the u-c plane, we calculate 
gt = 1.948 and g, = 1.978, where gt and g, 
are the g-values parallel and perpendicular 
to the shortest V-O bond. In terms of the 
Ballhausen-Gray molecular-orbital treat- 
ment for vanadyl complexes (11), these g- 
values are consistent with a Vi (or V,) d,, 
ground level, as also found by the magnetic 
analysis of the last section. 

Infrared Spectra 

The infrared spectrum of CuO.~=,VzOs at 
298°K is shown in Fig. 12. The narrow, high- 
frequency bands at 1020 and 995 cm-* are 
characteristic of the stretching vibration of 
multiple V-O bonds (15), and the lowest- 

frequency band probably arises from the 
longest V-O bonds. The peaks at inter- 
mediate frequencies are possibly due to 
vibrations of polymeric V-G chains (16). 
According to Goodenough (5), the V-O 
bond distances for triple and double bonds in 
vanadium bronzes are s 1.58 A and 
between 1.58 and 1.89 A, respectively. In 
this case, reference to Table I indicates that 
the four V-O bonds having lengths < 1.55 A 
probably result in the band at 1020 cm-‘, 
and the four V-O bonds lying in the range 
1.60-l .69 A probably produce the 995-cm-’ 
band. Unfortunately, the peak positions do 
not change with composition, so that we did 
not observe the expected low-frequency shift 
in peak positions with increasing X. Such 
insensitivity to the environment of the metal 
ion is commonly observed in other vanadyl 
complexes (15). 

Optical Spectra 

The fact that optical spectra of vanadyl 
complexes are more sensitive to ligand-field 
environment than ir spectra (15) and are 

I I 
iooo 800 

5 hn-‘) 
600 400 

FIG. 12. Infrared spectrum of CU~.~~V~O~. 



rpeciflc for V4* motivated UI to lnvertigate 
the optical spectra of /iv=cu,v~os, The 
opticd rpectrrr for x - 035, 0840, 030, rind 
O,QO are dinplayed in Fig. 13, rrnd the brnd 
maxima at 298°K are given in Table V, Two 
bands are clearly resolved in all compounds 
at 298°K and for convenience we shall refer 
to these as bands I (between 8000 and 
10 000 cm-‘) and II (between 13 000 and 
16 000 cm-‘). In addition, there is a broad, 
intense charge-transfer band centered at 
29 000 cm-‘. 

The optical spectra in Fig. 12 resemble 
those obtained for a variety of vanadyl (IV) 
complexes (15), which are commonly inter- 
preted in terms of the molecular-orbital 
scheme of Ballhausen and Gray (11) depic- 
ted in Fig. 14. In analogy to vanadyl(IV) 
complexes, it is tempting to assign bands I 
and II to the & -, err* and b2 + bl* tran- 
sitions, respectively. The third, broad, high- 
frequency band is assumed to originate from 
the charge-transfer transitions err + b2 and 
e, + e,,*. In this model the ligand-field 
splitting 10 Dq is equal to the b2 3 bl* tran- 
sition energy. 

x-o.35 x-o.35 

% % 
s s 

f f 

Y Y 
I 1 ’ 1 ’ 1 ’ ’ ’ ’ I 

500 1000 

Almp) 

FIG. 13. Optical absorption spectra of @‘-Cu,V205 

TABLEI V 

X ““Y (cm= ) 

0.30 8 200 
13 800 

0.35 8 450 
14 300 

0.40 8 900 
14 700 

0.50 9 500 
15 400 

0.60 9 800 
16 100 

The magnetic and EPR data for p’- 
CU,VZOS show that the ground b2 level is 
equivalent to r,(B) and the e,,* level is split 
into the f&Z) and f,(E) levels. However, 
the splitting of the *T2, term by the axial field 
and spin-orbit coupling is so small that in a 
first approximation the *T2, levels can be 
considered to be degenerate. In this case we 
tentatively assign bands I and II to the 
*T*, + bl* and *Tzs + lu* transitions, with 
10 Dq being approximately equal to the 
transition energy of band I. In any event, the 
high-frequency shift in the peak positions of 
bands I and II with increasing x indicates a 
significant increase in octahedral ligand-field 
splitting as x is increased, which in turn 
implies that the V4+ - 0 bond distances 
decrease with increasing x. In particular, a 
decrease in the Vi-O5 separation as x is 
increased would facilitate electronic transfer 
to the V3 subarray, which, according to 
Goodenough’s model (5), should cause a 
decrease in the activation energy for 
conductivity, as observed experimentally 
(6). As pointed out by Goodenough (5), the 
energy required for an OS ion displacement 
toward a V1 ion is lowered by the formation 
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vanadtum 
orbitok 

h4 0 levels 

FIG. 14. Energy-level diagram for VO(H20):', 
which has compressed Cd0 symmetry (I1 ). Vanadium 
orbitals are on the left, oxygen orbitals are on the right, 
and the molecular orbitals are in the center. The 
unpaired electron is in the b2 level. 

of multiple V3-center orbitals and concomi- 
tant decrease in individual V3-0 bonding. 

In the optical spectra at 298°K in Fig. 12 
there is a suggestion that band I may be 
composed of other bands. The spectrum of 
Cuo.ssV205 recorded at 77°K in Fig. 13 
clearly shows that both bands I and II are 
split into a number of components. Although 
all of the components are not resolved at 
77”K, the splittings are usually in the range 
1000-1300 cm-‘. Since the splitting occurs 
in both bands and has a value in the range of 
the vanadyl(IV)-0 stretching vibration, the 
origin of the observed splittings is probably 
vibronic. However, the possibility that the 
splittings are electronic in origin cannot be 
ruled out. In fact, the question of whether the 
observed band splittings in vanadyl(IV) 
complexes in general are vibrational or elec- 
tronic in origin is unresolved (17). 

Concludsnr 

The mulfe of fhir erfucly ~upporf the view 
that P’-CU,VZO~ undergser a ~emieon- 
duefer + metal franaifion near x - 0.60 and 
are in complete accord with CIoodenough’s 
model of /34WxV~Os (5). The magnetic and 
optical data indicate that small atomic dis- 
placements do occur with increasing x, and 
detailed single-crystal X-ray studies as a 
function of x are required to determine their 
direction and magnitude. Such measure- 
ments are now in progress in this laboratory. 
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