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The results concerning the complex dielectric permittivity and frequency-dependent conductivity in a
broad frequency range, 10°~10" Hz, of monoclinic bronze 8-Na, 1;V,Os synthesized by the sol-gel
process between 240 and 300 K are presented. The dielectric and conductivity spectra were performed
along the direction parallel to the c¢-axis of the bronze structure. Two relaxations are observed and
assigned to the Na* cation and electron hopping. Relaxation times and electronic conductivity mecha-

nisms are discussed. © 1991 Academic Press, inc.

Introduction

B-Na, ;;V,0s bronze (Fig. 1) has been syn-
thesized by the sol-gel process by a heat
treatment of the vanadium oxide xerogel
Na, 1,V,05-1.6H,0 (/). Compared with the
classical synthesis of a mixture of oxides,
this type of synthesis offers specific advan-
tages for the formation of fibers or films,
particularly in the case of low-dimensional
solids built from stacking of sheets or juxta-
position of fibers. In this latter case, the
sol-gel process increases the anisotropy of
the initial material (/). In this way, the so-
dium vanadium bronze is obtained as a thin
layer or a film. It has been shown that the
electrochemical properties of this material
were much improved and that it could be
considered as a very good material for sec-
ondary lithium batteries (2).

This bronze obtained by the sol-gel pro-
cess (hereafter referred to as SGP bronze)

has the same monoclinic structure (¢ =
10.10A, b6 =3.63A,¢c = 15.15A, 8 = 110°
as the usual bronze obtained through solid
state reaction at 650°C (hereafter referred to
as SSR bronze). X-ray diffraction patterns
of SGP bronze have shown a preferred ori-
entation of the film parallel to the ab-plane,
i.e., perpendicular to the c-axis. The bronze
contains V** and V** ions localized on the
V, and V, octahedral sites and bipyramidal
V, sites (Fig. 1). Sodium ions are equally
distributed on the sites M, and M| in the
tunnels of the network made of VO bipyra-
mids linear chains (3-5). Galy et al. (5) have
shown that this bronze structure presents
two other available tunnel sites: M; tetrahe-
dra and eight-coordinated M, sites.

In the case of SSR bronze, previous stud-
ies made on single crystals (6, 7) have shown
that the vanadium ions are found in both
V** and V** states with the formation of
V4*_V4* pairs along zig-zag chains of V,
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FIG. L. Projection in the ac-plane of the atomic posi-
tions in the monoclinic Nag;;V.O;s bronze.

sites parallel to the b-axis. In the bipolaron
model of Chakraverty et al. (8), the
V4*_V4*+ pair has a spin singlet ground
state, the first excited state of the bipolaron
being a triplet state. Since the ‘‘dissociation
energy’’ 2A (A/k = 170 K) of the bipolaron
is smaller than the singlet—triplet exchange
energy 2J (5), the triplet state is not ac-
cessible thermally. The bronze is a ‘‘quasi-
ID” conductor, since the conductivity
along the b-axis is somewhere between [0
and 100 S - cm ! at room temperature and
exceeds the conductivity in the ac-plane by
about two orders of magnitude (9, /0). The
conductivity is of the semiconducting type
with an activation energy of 0.05-0.08 eV.
In relation to the structure and EPR mea-
surements (//), the high conductivity was
explained in terms of collective motion of
bipolarons along the zig-zag chains parallel
to the b-axis between V| sites. In the direc-
tion perpendicular to the b-axis, i.e., parallel
to the ac-plane, electron hopping occurs
along V,-V,-V,,—V,, sequences.

In the case of SGP bronze powders and

orientated films (/2), we have shown pre-
viously that the electronic properties are not
modified by the synthesis method and are
similar to those of SSR bronze single crys-
tals. Magnetic susceptibility and EPR mea-
surements have evidenced that the bipo-
laron model of Chakraverty can be applied.
Several parameters have the same value for
both SSR and SGP bronzes: this is the case
for the unpaired electron occupancy of the
V, (84%) and V. (16%) sites and 2A (A/k =
170 K).

The observed conductivity of SGP bronze
films is also strongly anisotropic (anisotropy
degree =~ 200-300); the dc conductivities
parallel oy(parallel to the ab-plane) and per-
pendicular o, (along the c¢-axis) to the film
are 8 S -cm'and 4 X 1072 S - cm !,
respectively, at room temperature with acti-
vation energy W = 0.07 eV. In a previous
paper (/2) we have shown that the conduc-
tivity oy parallel to the film surface is the
combination of the conductivities along the
b (o,) and «a (o,) directions. These “‘ab™
planes being oriented at random around the
c-axis, the oy value can be approximated by
the average value of o, and o, i.€. 0y = (o,
+ 0,)/2. As o, < 0, (12), o) = (0,,/2), the
conductivity parallel oy to the film surface
corresponds essentially to the conductivity
along the b-axis, i.e., o, = 16 S - cm~' at
room temperature. This result (/2) means a
collective motion of bipolarons, in the same
way as in the SSR bronze single crystal (/7).

In order to understand dynamic and trans-
port properties of the SGP bronze, we have
measured the complex conductivity and di-
electric permittivity in a broad frequency
range (1 MHz-10 GHz). The results are dis-
cussed and compared with those obtained
on SSR bronze by EPR and NMR tech-
niques (//, 13).

Experimental

The synthesis of 8-Na,, 1;V,0; bronze via
the sol-gel process, i.e., from dehydration
of vanadium oxide xerogel Na,;;V,0.-1.6
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H,0, has been previously described (/). The
sample is an oriented compacted pellet (di-
ameter 2a = 3 mm and thickness d = 0.5 to
I mm) constituted by the superposition of
several pieces of films; it is sintered at
600°C. The c-axis is perpendicular to the
pellet plane. The X-ray diffraction diagram
of the pellet is identical to the diagram ob-
tained with a thin film of bronze (/), showing
the preferential orientation of this material.

Complex permittivity ¢*(w) and/or con-
ductivity o*(w) measurements have been
performed, in the temperature range
240-300 K, under N, flux, between 1 MHz
and 10 GHz using an RF impedance ana-
lyzer (Model HP4191A) and a network ana-
lyzer (Model HP8410).

The cell is a circular coaxial line whose
inner conductor is interrupted by the cylin-
drical sample; it is loaded with a short-cir-
cuit. The electric field in the sample is paral-
lel to the c-axis, which is common with the
axis of the inner conductor (/4-16). The
knowledge of the sample impedance Z,
allows the determination of the complex di-
electric permittivity e*(w) (/4-17) according
to

ZS = (Gs + l‘CS(U)AI = -iw[[.L(,d.]()('y(l)]/

[27 ya J\(ya)], (1)

— i, puy=4w 10" H -
m™!; e*(w) = &' — ig” is the complex per-
mittivity of the sample. J, and J, are respec-
tively zero- and first-order Bessel functions.
G, and C, respectively are the conductance
and the capacitance of the sample.

All the dielectric spectra have been ob-
tained from around 100 measurement
points, the frequency steps being 0.2, 10,
100, and 200 MHz, respectively, in fre-
quency ranges 1-10 MHz, 10-100 MHz,
100-1000 MHz, and 2000-10,000 MHz. The
average statistical errors on £’ and £” mea-
surements are 3% approximately in the
whole frequency range.

Electrodes are gold-covered brass plugs,
the pellets being covered with a Pt paint
deposited after compaction and sintering.

where y = k(&'
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FiG. 2. Frequency dependence of (a) imaginary part
£"(w) (*‘log-log’’ representation) and (b) real part £'(w)
(**semi-log™" representation) of the SGP bronze com-
plex permittivity e¥*(w) at 300 K.

Results and Discussion

Evidence of the Dielectric Relaxations

Figure 2 shows the frequency dependence
between 10® and 10" Hz of the imaginary
part £"(w) (“‘log-log’ representation, Fig.
2a) and of the real part ¢'(w) (‘‘semi-log”’
representation, Fig. 2b) of the complex per-
mittivity £*(w).

In the low frequency part of the dielectric
spectra (10° < w/27 < 10’Hz), the frequency
dependence of the loss factor £'(w) is a
straight line whose slope is — 1. Such behav-
jor corresponds to dielectric losses gy, due
to dc conductivity oy, i.€., g5 %(0y - @™ ):
for example at room temperature, oy = 4
x 1072 S - cm~ . The corresponding real
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FiG. 3. Cole—Cole plots of imaginary part £"(w) vs real part £’'(w) of the complex dielectric permittivity
£*(w) for SGP bronze at 240 and 300 K. The contribution of the dc-conductivity (domain 1) has been

subtracted for convenience of scale.

part &'(w) is almost constant and equal to
the static permittivity g, of the compound:
for example at room temperature, g, = 420.

In the high frequency part of the dielectric
spectra (107 = w/27w = 10'°Hz), Fig. 2b
shows two kinks corresponding to two di-
electric relaxations: one is strong between
107 and 10® Hz and the other is smaller above
10° Hz. The corresponding loss factor &"(w)
presents one departure of the linear depen-
dence and two kinks smoothed by dc-con-
ductivity losses ¢, (Fig. 2a).

As the hypothetic relaxation domains are
not well defined in direct representation (cf.
Fig. 2), it is more convenient to study the
evolution of the permittivity by the
Cole-Cole plots method, i.e., imaginary
part &” versus real part ¢’ of the dielectric
permittivity e*(w) (cf. Fig. 3). The decompo-
sition of these plots shows three kinds of
behaviors: one is represented by a straight
line (domain 1) and the others by circular
arcs (domains 2 and 3). The contribution of

the dc conductivity o (cf. Fig. 3) has been
subtracted for scale conveniences owing to
the strong values of dielectric losses &" in
comparison to those of the real part &’ for
the low frequency part of the spectra (cf.
Fig. 2). The decomposition procedure of the
Cole—Cole plots has been already described
in Ref. (/4). The decomposition of the
Cole-Cole plots into two circles is unambig-
uous and constitutes the best fit within the
accuracy of the measurements. However, it
is not possible to observe small dielectric
relaxations, whose intensities are negligible
compared with those of the domains 2 and
3 and lower than the apparatus resolution.

Description of the Relaxation Domains

Domain I. This domain occurs in the low-
frequency part of the spectra and is repre-
sented by a straight line perpendicular to ¢'-
axis. This domain corresponds to dielectric
losses &” due to dc conductivity along the -
axis with ¢’ = ¢, (cf. Fig. 2). The results o,
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FI1G. 4. Inverse temperature dependence of dielectric
relaxation times 7 corresponding to domains 2 (H) and
3 (cs).

= 4.10"2S + cm™'at 300 K with activation
energy W, = 0.07 eV are the same as those
determined on SGP bronze thin films (/0).

Domains 2 and 3. These domains are rep-
resented by circular arcs characterizing
non-Debye dielectric relaxations in RF and
microwave frequencies. These behaviors
(/8) can be expressed by

eJ/1 + (wrf], @

where €, and g, are limit values of e™(w),
in each domain, as w approaches « and 0,
respectively. The value 7 is known as the
(Debye) relaxation time deduced from the
loss-peak frequency f, = (2m7)~".

The relaxation time 7 is a measure of the
characteristic time scale associated with

e*(w) = &, + [g, —

charge carriers hopping or molecular reori-
entation. The temperature dependence of
the dielectric relaxation times 7 correspond-
ing to domains 2 and 3 follows an Arrhenius
law (cf. Fig. 4), i.e., 7 = 7,exp(W/kT). The
experimental values are 7, = 5.10 "2 sec, W
= 0.12 eV for domain2 and 7, = 10~ "' sec,
W = 0.05 eV for domain 3.

B is an empirical parameter which mea-
sures the ‘‘degree of departure” from the
Debye model (0 < 8 = 1), the Debye model
corresponding to 8 = 1. Figure 5 shows the
temperature dependence of the 8 parameter
corresponding to relaxation domains 2 and
3. The B parameter of domain 2 is almost
constant, i.e., 0.7 = 8 = (.75, between 240
and 300 K. However, there is a strong tem-
perature dependence for the 8 parameter of
domain 3; it decreases with the temperature,
i.e., 8 = 0.6 at 300 K and 0.85 at 240 K (cf.
Fig. 5).

The quantity Ae = g, — &, represents the
orientational electric susceptibility of each
relaxation domain. Figure 6 shows that the
temperature dependence of the inverse sus-
ceptibility (Ae)~'of the relaxation domains
2 and 3 is a straight line which passes
through the origin. Consequently, Ae fol-
lows the classical law, Ae = C/T: C = 10° K
and C = 3.10* K for the relaxation domains
2 and 3, respectively.

The &, value, i.e., e, = 10 (cf. Fig. 3),

1 v
08p 4
0.6F 4
B
0.4p 9
0.2p 4
0 l ' A A A L
200 300
T(K)

FiG. 5. Temperature dependence of 8 parameters
corresponding to domains 2 () and 3 (@).
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Fi1G. 6. Temperature dependence of inverse dielectric susceptibility (Ae)~! for each relaxation domain

(W, domain 2; @, domain 3).

determined by extrapolation of the circular
arc of domain 3 at high frequency agrees
closely with the permittivity value of the
pure vanadium oxide V,0s, ¢’ = [0 (/6).
This high value perhaps suggests the pres-
ence of other absorption bands at higher
frequencies and/or relevant contributions in
the far-infrared region.

Assignment of the Relaxations

The first problem to solve is the assign-
ment of each relaxation in relation to its
characteristic time, 7, activation energy, W,
and dielectric susceptibility, Ae (Ae = ¢, —
€,). One criterion is to enumerate the spe-
cies which can move in the material, i.e.,
polar molecules and/or charge carriers. An-
other criterion is the comparison of our ex-
perimental values with those obtained by
other spectroscopic techniques (e.g., NMR,
EPR, . . .) on the same and/or equivalent
materials.

Since the B-Na, ;V,0; bronze does not
contain polar molecules, only Na™* cations
in tunnels and electrons between vanadium
sites can move and could eventually involve
dielectric relaxations in RF and microwave
regions.

In the case of SSR bronze single crystals,
EPR spectroscopy (/1) has shown that the
correlation time for electron hopping 7, =
10~ " sec, determined from linewidth mea-
surements, is assumed to be temperature
independent. The value 7, has been consid-
ered as the hopping time between V, sites
along the b-axis and between V, and V, sites
in the ac-plane (cf. Figs. 1 and 7).

In the same material, *Na NMR studies
(13)have evidenced Na* hoppingin the tun-

;

vi

o

(a,c)

Vi 03 Vg

FiG. 7. Schematic representation of the electron hop-
ping process perpendicular to the b-axis (r, corre-
sponds to the characteristic time of electron hopping
between V, and V, sites).
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nels. This motion is defined by a hopping
time, r = 7, exp(W/kT), with activation en-
ergy W = 0.15eV and 7, =~ 2.107 " sec.

When we compare the characteristic time
7o = 5.10~ 12 sec and activation energy W =
0.12 eV of domain 2 with those obtained by
the NMR technique, it seems reasonable to
assign relaxation domain 2 to Na* hopping
in the tunnels along the c-axis.

In comparison with the EPR study, relax-
ation domain 3 is due to electron hopping
along the ¢ direction, i.e., projection of the
V,-V;-V,;,-V,, sequence on the c-axis (cf.
Fig. 7). Actually, the characteristic time 7,
~ 107" sec (preexponential factor of the
dielectric  relaxation time 7+ = 7,
exp(W/kT)), which we have measured, cor-
responds to the correlation time 7, between
V, and V; sites determined by EPR study.
According to previous papers (6, /1), the
activation energy W = 0.05 eV would corre-
spond to the barrier between V; and Vj,:
this value is in good agreement with those
obtained from dc-conductivity measure-
ments on SSR bronze single crystals (6, 9,
10). However, the discrepancy between ac-
tivation energies of dc-conductivity (*‘long-
range’’ conductivity) W = 0.07 eV and of
electron hopping (along the V,—-V;-V;,-V,,
sequence) W = 0.05 eV would be due to
“‘grain’’ boundaries (more exactly oxide fi-
ber boundaries) in the SGP sample (/2).

Moreover, the knowledge of the electric
susceptibility (Ag); = C,/T allows the deter-
mination of the hopping distance (along the
c-axis) I; of the charge carriers, i.e. Na*
(i = 2) and electrons (i = 3), through the
equation

C, = Nile DH(gek) (i =2,3), ()

where [; is the hopping distance, N, the num-
ber of moving charges, g, the vacuum per-
mittivity, and & the Boltzmann constant.
(a) In the case of electrons (i = 3), the
concentration N, of single electrons (//,
12) diffusing along the sequence

V\-V;-V,;-V,, in the ac-plane is ex-
pressed as

N; = Ny/6 {0.84 exp(—A/kT)/
[1 + exp(—A/kT)] + 0.16}, 4)

where N, is the number of vanadium ions.

Assuming that Ny = 2.27 x 10® m~3,
Alk = 170 K (12), and C; = 3 x 10* K (cf.
Fig. 6), it is found from Eqs. (3) and (4) that
the hopping distance I, = 3.1 A. This latter
value corresponds exactly to the projection
of the length of the sequence
V,-V:—V,,—-V,, onthe c-axis (cf. Figs. | and
7). The dielectric relaxation time 7~ 5.10 !
sec at room temperature (cf. Fig. 4) mea-
sures the electron hopping time between V,
and V| sites via V; and V, sites.

(b) In the case of Na* cations (i = 2),
since N, = Ny/6 and C, = 10° K (cf. Fig.
6), it is found from Eq. (3) that the hopping
distance is , = 4 A. This value would corre-
spond to the projection on the c-axis of the
distance (M,,~M;,) between two M, sites
(5). Consequently, the relaxation domain 2
would describe Na* cation local hopping
in the ac-plane between available M, sites
around equilibrium M, sites of the tunnels
inside the oxide framework. Thus the ob-
viousness of a local hopping for the Na™
motions leads to a confinement of these ions
into the cages formed by the VO, and VOyq
coordination polyhedra around V;, V,, Vi,
and Vj in the diagonal direction (/1) of the
ac-plane (cf. Fig. 1). These results are in
good agreement with electrochemical stud-
ies (2), which have shown that the oxidation
of Na* cations in SGP bronze was not possi-
ble; it involves the nonexistence of Na*
long-range diffusion.

The dielectric relaxations assigned to
Na* and electron hopping are ‘‘non-De-
bye’’ relaxations (cf. Fig. 3). This type of
relaxation which always occurs in disor-
dered systems (gels, glasses, . . .) is not
well understood from the theoretical point
of view; eventually several models and ap-
proaches have been proposed (/9, 20). Ac-
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tually, the system cannot be characterized
by a well-defined single relaxation time and
the ‘‘non-Debye’’ relaxation most often is
explained by assuming a distribution of re-
laxation times (2/).

In the case of SGP bronze, Fig. 5 shows
that the electron hopping relaxation (domain
3) tends toward Debye relaxation (8 — 1)
below 240 K. Since the dielectric losses &”
and the microwave conductivity (see next
part) increase with lowering temperatures,
there is a ‘*skin effect’” in the whole micro-
wave range affecting the relaxation domain
3 below 240 K and consequently it is not
possible to make measurements at lower
temperatures in order to determine the 8
parameter. However, if we extrapolate the
curve of Fig. 5 (8 parameter of domain 3 =
J(1)) toward lower temperatures the elec-
tron hopping relaxation would be of the De-
bye type below 220 K. This temperature
value is of the same order of magnitude as
that corresponding to the appearing X-ray
satellite reflections (7 = 200 K) in SSR sin-
gle crystal bronze, which has been ex-
plained as bipolaron ordering. Assuming
that the electronic properties are similar for
a SSR single crystal bronze and a SGP
bronze orientated film (/2), it would be pos-
sible to correlate the non-Debye behavior
(8 # 1) with disorder below 200 K in the
SGP bronze.

Frequency-Dependent Conductivity

The frequency-dependent conductivity
o(w) corresponds to the real part of the com-
plex conductivity o*(w) = iw g, e*(w), i.€.,
o(w) = w g, £"(w). Figure 8 shows the plots
of log o(w) versus the frequency w/2w for
the SGP bronze in the temperature range
240-300 K.

In the low-frequency region (<20 MHz)
the conductivity o(w) is almost constant and
corresponds to dc or ‘‘long-range’’ conduc-
tivity oy. = 4.1072S - em™' at 300 K (cf.
Fig. 8).

log 7 (S-cm™)

243 K

6 7 9 10

8
log (w/2m) (Hz)

FiG. 8. Frequency-dependent conductivity o(w) of
the SGP bronze along the c-axis, i.e., log o(w) vs
log(w/21r).

In the high frequency region, i.e., 20 MHz
< w/2m < 6 GHz, Fig. 8 shows a strongly
frequency-dependent conductivity due to
dielectric relaxations (cf. Figs. 2 and 3) cor-
responding to Na* cation hopping (several
hundred MHz) and electron hopping (sev-
eral GHz). In a small frequency range be-
tween 2 and 6 GHz, within the accuracy of
the measurements, the conductivity be-
comes nearly constant. However, above 6
GHz, it was not possible to measure o(w)
owing to the arising ‘‘skin effect,”” the pene-
tration depth of the wave being lower than
the dimensions of the sample.

Figure 9 compares the temperature de-
pendence (log oT = f(10°/T)) of SGP bronze
conductivity along the c-axis at low fre-
quency (/2) (= continued regime o) and at
microwave frequency S GHz (o). Con-
trary to oy, which follows an Arrhenius law
with activation energy W. = 0.07 eV, the
microwave conductivity o, is not an acti-
vated process: o, T is almost constant (o,
=~ 45/T) between 240 and 300 K. That may
be explained if we consider the conductivity
along the c-axis as being the result of elec-
tron hopping in the sequence
V=V;-V;,—V,, (cf. Fig. 7 and Ref. (8)). We
can deduce from these results the hopping
distance corresponding to o, in the same
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FIG. 9. Temperature dependence of the dc conductiv-
ity oy (A) and of the microwave conductivity o, at 5
GHz (W) for the SGP bronze.

way as that corresponding to oy, (/1, 12)
according to

U'mWT = N3 [(e * lg)z/k] ‘ 'T(;], (5)

where /5 corresponds to the hopping dis-
tance with W = 0 (exp(W/kT) = 1) and
N, is the concentration of single electrons
expressed by Eq. (4). Assuming that 7, =
10~ ' sec and A’k = 170 K, it is found that
the hopping distance /; = 1.2 A. This calcu-
lated value has the same order of magnitude
as the projection of the distance V-V, (I =
1 A) on the c-axis, within the accuracy of
the measurements.

Consequently, the microwave conductiv-
ity o, of SGP bronze in the ax-plane would
be due to electron local hopping between V,
and V, sites (cf. Fig. 7) whose characteristic
time 7, = 10~ ' sec is not temperature depen-
dent, in agreement with EPR study (/1) of
SSR bronze.

Conclusion

Experimental results obtained by dielec-
tric absorption spectroscopy in the broad
frequency range 1 MHz-10 GHz have
shown that it is possible to observe dielec-
tric relaxations due to Na* cation and elec-
tron hopping in the B-Na,i;V.Os bronze

synthesized by the sol-gel process. The re-
laxation times and the activation energies
corresponding to the hopping diffusion of
charge carriers are in good agreement with
those obtained by NMR and EPR tech-
niques on a bronze single crystal synthe-
sized by solid state reaction.

We have shown that the knowledge of the
frequency-dependent conductivity o{w) of
the sol-gel bronze along the c-axis in RF
and microwave frequencies gives direct in-
formation about the charge transfer mecha-
nisms in the time scale 107%to 10 '/10~ "
sec. Accordingly it is possible to discrimi-
nate between

(i) ‘‘long-range’” dynamics correlated to
electron hopping over several vanadium
sites and corresponding to ‘‘low-fre-
quency’” or “‘dc”’ conductivity gy, and

(ii) “‘local’” dynamics correlated to elec-
tron hopping between neighboring vana-
dium sites with a correlation time 7, =~ 10!
sec and/or Na* cation diffusion in the tunnel
sites of the oxide framework (correlation
time 7, = 5.107" sec). The Na® motion
takes place in the ac-plane and to the hop-
ping between available M, sites via equilib-
rium M, sites.

A complete description of the dynamical
properties of the bronze would necessitate
a similar study parallel to the film plane, i.e.,
essentially along the b-axis of the bronze,
which so far could not be realized owing to
a skin effect appearing in the microwave
domain (f > 300 MHz). This study could be
made with a new coaxial cell in which the
sample dimensions would be lower than the
penetration depth of the electromagnetic
wave.
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