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Vanadium bronzes §-Li,Na,V,05 (0.23 = x + y < 0.37) have
been synthesized by the sol-gel process. These compounds exhibit
the monoclinic structure of compounds of the same composition
prepared by solid state reaction, but they are obtained as thin
layers with a highly preferred orientation. Studies of these com-
paunds by magnctic susceptibility, clectron paramagnetic reso-
nance, and electrical conductivity measurements are presented. 1t
is demonstrated from magnetic susceptibility and EPR linewidth
that the bipolaron model describes accurately the electronic prop-
erties of the lithium and mixed lithium/sodium bronzes synthe-
sized by the sol-gel process. Dc-conductivity measurements be-
tween 15 and 300 K show that the bronze conductivities are
anisotropic and depend on the nature of the exchanged ion. More
complete study on Li, »;V,0s, including ac-conductivity and im-
pedance measurements from 10 Hz to 10 GHz, gives a good corre-
lation between all the experimental techniques described in this
paper. © 1995 Academic Press, Inc.

INTRODUCTION

Monoclinic sodium vanadium bronzes (8-phase} have
been recently oblained by the sol-gel process (1). This
original route allows one to prepare materials with new
morphologies, such as fibers or films with enhanced an-
isotropy and chemical reactivity (2). The consequence
is an easier electrochemical diffusion of lithium in
Nay 33 V,0;5 bronze'obtained by the sol-gel process, indi-
cating that this compound is a promising rechargeable
cathodic matcrial (3). It was thus interesting to investi-
gate the clectronic properties of the sol—gel compound in
order to determine if the difference between the electro-
chemical behaviors of the sol-gel and classical bronzes
could be due to different electronic properties. We have
thus studied the electronic properties of the sol-gel
Nay 33V, 05 compound, which were compared with those
of the same material obtained by solid state reaction (4).

The structure of B-Nay3V,0s synthesized by solid
state reaction has been first resolved by Wadsley (5). The
compounds 8-Nay 13 V,0s synthesized by solid state reac-
tion and by the sol-gel process have the same g-mono-
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clinic structure, which is shown in Fig. i. Three vana-
dium sites exist in this tunnel structure: octahedral V,
and V; sites and the trigonal bipyramid V; site. Each
tunne] contains two interstitial equivalent sites labeled
M, and Mj, in which the alkaline ions are equally distrib-
uted. The structure of the 8-Li,V,05 with x = 0.30 has
been studied by Galy er al. (6), who showed that this
structure is isotypical with the structure of 8-Na,V,0s
(x = 0.33), in which the majority of the donated 0.33
electrons occupy the vanadium position at V, sites and
the other fraction at V; sites (8). However, Hirshinger ef
al. (9) recently reported a study of 8-Li, V;O; by 6Li and
"Li NMR, which showed that the unpaired electrons
would be localized equally in V,, V3, and V, sites, Vana-
dium ions are found in both V** and V3* states and the
structure is composed of V#*-V*#* dimers (4, 10, i1j,
which have a spin singlet ground state S = 0 and a triplet
state § = 1 for the first excited state, as described by the
hipolaron model of Chakraverty et al. (11). The triple
state is not thermally accessible because the bipolaron
dissociates into two polarons (5§ = 1/2) with a dissocia-
tion energy 2A which is smaller than the single—triplet
exchange energy 2J (Fig. 2). Magnetic susceptibility mea-
surements allow one to determine the unpaired electron
population and the dissociation energy 2A. The same in-
formation, in addition to the interaction between electron
spins and the hyperfine interaction with 'V nuclei, can
also be obtained by EPR measurements.

EPR and magnetic susceptibility measurements have
shown that the bipolaron model describes accurately the
electronic properties of the sol-gel 8-Nagi3V,0s com-
pound with parameters of the same order as for the clas-
sical compound (4). The electronic properties are thus
independent of the synthesis procedure, and the differ-
ence between the electrochemical properties could be
due rather to different electronic behavior during the lith-
ium electrochemical insertion into the initial compound.
It would be necessary to study the efectronic properties
of Li,Nays;V,0; samples (0 < x < 1.66) where Li is
electrochemically inserted. However, the determination
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FIG. 1. Projection in the (a, c) plane of the atomic positions in the
monoclinic Nay 33 V,0s bronze, after Refs. (5-7).

of the electronic behavior of mixed Li,Na,V,05 (0.23 =<
x + y = (.37) compounds with 8-monoclinic structure is
fundamental for understanding the influence of the initial
presence of Li ions in My and M| tunnel sites on the
electronic properties.

The existence domain of monoclinic M,V,0; phase is
02=x=04and 022 = x=0.62for M = Naand M =
Li (12), respectively. In the case of Li,V,0s, Galy ef al.
(8) have shown that the monoclinic domain can be de-
composed in two domains which can be attributed, re-
spectively, to g-phase (0.22 = x = 0.37) and B'-phase
(0.44 = x = 0.49), which has a structure very close to 8-
phase. It is possible to prepare mixed (Li, Na) vanadium
bronzes with a 8-monoclinic structure up to Li composi-
tion x equal to 0.23 per mole V:Os by the sol—gel process.
These particular materials have never been synthesized
by solid state reaction. The compounds Li, Na,V,0s have
always been synthesized at room temperature, either by
electrochemical insertion of Li in Na, V,0s (x = 0.25 and

BIPOLARON
1SOLATED POLARONS

S=1

§=1/2

2A 24

\ S5=0

FIG. 2. Schematic representation of the two lowest spin states of
bipolarons and of the isolated polaron state. 2J and 24 are, respectively,
the singlet—triplet exchange energy and the dissociated energy of the
bipolaron.

0.40) (13) or by chemical insertion of Li in Na, V,0; with
Lil (14). However, in neither case, have their electronic
properties been studied.

Our purpose is to describe the sol-ge! synthesis of 8-
monoclinic (Li,Na,)V,0;s bronzes with 0.23 = x + y =
0.37, and to deduce some of their electronic properties
from EPR, magnetic susceptibility, and electrical con-
ductivity measurements.

EXPERIMENTAL

Chemical analysis of compounds has been performed
by oxidation—reduction to determine the V**/Vy, con-
tent, and by atomic absorption measurements (Varian,
Model AA-275) to determine the amount of Li* and Na*
cations. X-ray diffraction experiments have been per-
formed using a reflection geometry diffractometer (A
CuKa wavelength = 1.5418 A). Magnetic susceptibility
measurements were performed with a Faraday electro-
balance in the temperature range 4 to 300 K. EPR spectra
were recorded between 4 and 300 K on a Bruker 220D
spectrometer operating at X-band and equipped with an
ESRY helivm flow cryostat (Oxford Instrumentj. The
magnetic field and the microwave frequency were mea-
sured, respectively, with a Gaussmeter and frequency
meter. Direct-current conductivity measurements were
performed at temperatures between 40 and 300 K on
bronze films parallei and perpendicular to their surfaces.
Silver electrodes were deposited on the film in order to
ensure contact resistance. The dc current passing
through the sample from a Keithley constant-current
source was kept at about 0.1 wA and the applied voltage
on the film was measured with a Keithiey voltmeter. Im-
pedance and dielectric relaxation measurements (15)
were performed only on Lig;V;0s in the temperature
range 240-300 K, under dry N, flux, in a broad frequency
range 10 Hz-10 GHz using HP 8751 and 8510 network
analyzers. The cell is an APC7 circular coaxial line
whose inner conductor is interrupted by a cylindrically
oriented sample pellet, which is made up of several su-
perposed pieces of film heat treated at about 560°C. The
applied electric field is parallel to the pellet axis, i.e.,
perpendicular to the constitutive films. The experimental
setup was described elsewhere (16),

SYNTHESIS OF Li,Na,V,0; BRONZES BY A
SOL~GEL PROCESS

The synthesis of bronzes by a sol-gel process includes
three steps:

(a) The first step is the synthesis of V,0s gels by acidifi-
cation of a sodium metavanadate solution by passing it
through an ion exchange resin (17). The resulting gel
exhibits an entangled fibrous structure, resembling fiat
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ribbons about 10 A thick (18). The ribbons have a struc-
ture close to that of orthorhombic V,05 (19). By spread-
ing the gel on a plane surface, the ribbons set nearly
parallel to it and X-ray reflection geometry diagrams
show a series of 00/ peaks of 1D order perpendicular to
the platelet: the d-spacing is about 1.6 A, corresponding
to one interfoliar water layer (2.8 A thick). The ribbons
are negatively charged, with about 0.4 charge per V,0s;
this charge is compensated for by 0.4 H;0" ions leading
thus to ionic exchange properties between the H;07 cat-
ions and other charged species, as for example, M** cat-
ions.

(b) The second step is the synthesis of Li;Na,V;0s -
nH, O xerogels by ionic exchange. The preparation pro-
cedure is carried out in such a way that the initial anisot-
ropy of the xerogel during the intercalation reaction is
preserved: the gel is spread as a thin layer over a glass
plate. Simultaneous mtercalation of Li* and Na* ions is
obtained by the direct immersion of the xerogel film in a
chloride solution containing either the Li* ion in the case
of 1.i,V;0s - nH,O or the two ions in the case of
Li,Na,V,0; nH,O. The intercalation reaction is
achieved after about 20 min, by using solutions corre-
sponding to the following salt concentrations: NaCl (0.04
MOY/LICI (0.06 M); NaCl (0.02 M)/LiCi (0.08 M); NaCl
(0.01 MYLiCl (0.09 M); and LiCl (0.1 M). The number of
intercalated cations depends on their hydration number
which is equal to 6 H,O for Li* and 4 H,O for Na* (20)
and on the duratioa of the exchange. In both compounds,
Li,V20s; and Na,V,0s, the exchange is completely
achieved after 30 min. As the hydrated ion is larger in the
case of Li* than in the case of Na*, the maximum amount
of cation that is possible to intercalate into the xerogel is
lower for Li* (0.23) than for Na* (0.33). The total amount
of water determined by thermal analysis is about 1.55
H,O moles/V:0s. The d-spacing between the xerogel
ribbons is dependent on the nature of the intercalated
jons: from 10.91 A for Na* ions to 11.24 A for Li* jons
(Table 1).

(c) The lJast step is the preparation of vanadium
bronzes Li,Na,V,0s. These compounds are prepared by

TABLE 2
Struciural Parameters of the Monoclinic Bronzes
Parameters a(A) BA) c(A} B
Nag.s; V05 10.10 £ 0.04 3,62+ .02 1515+ 005 110.0 x 0.1
LigNag V05 10.00 = 0.04 3,60 = 0.02 1520 2 0.05  109.0 = 0.1
LiosNagsV>0s  10.04 * 004 360 =002 1522005 1099 =01
Linas Va0 1003 = 0.04 360002 1538 =005 1107 0.1

heat treatment of intercalated xerogels, which gives a
black sampte with a slight metallic reflection. From DTA
and GTA analysis, we may consider that the transforma-
tion of the intercalated xerogels into bronzes is achieved
at 550°C. It has already been shown (21) that the forma-
tion of these bronzes is due to an oxidation—reduction
reaction via the two systems V3*/V# and QH~/0,. The
compounds have been chemically analyzed by atomic ab-
sorption measurements to determine the (Na, Li) content
and by oxidation-reduction measurements to determine
the ratio V¥/V ., . X-ray diffraction performed on inter-
calated xerogel thin layers show that all the compounds
arc monoclinic. The parameters a, &, and 8 are nearly
constant, and the ¢ parameter increases with the lithinm
content (cf. Table 2). As in the case of Nag 33 V,05 bronze
(4), only the Bragg peaks 002, 004, 104, and 106 appear
with noticeable intensities on diffraction patterns in re-
fiection geometry (Fig. 3). This feature indicates that the
film plane P containing the » axis has a normal n whose
average direction deviates from the ¢ and a axes by ¢ =
4.6° and (B + ¢) = 114.6° respectively (Fig. 4}. This
preferred orientation is also confirmed by SEM experi-
ments performed on Lig 3 Nag 4 V105 sol—-gel bronze sur-
face, showing slabs of about 10 x 1 um elongated in the
film plane (Fig. 5).

RESULTS AND DISCUSSION

Magnetic Susceptibility Measurements

In the case of the bronze 3-Nag;;V,0s5, it was previ-
ously shown (4, 10) that it is possible to distinguish:

TABLE 1
Characteristic Data of Xerogels

Concentration of exchange solutions

NaCl 0.1 M NaCl 0.04 Af Na(ll 0.02 M NaCl 0.01 M —_
— LiCl 0.06 M LiCl 0.08 M LiCl 0.09 M LiCl 0.1 M
Xerogel formula Nay 33, V,0s Ligy Nagz Lig ;3 Nag, 4 Lig »Nag g7 Lip23 V20s
1.6 H,O V,0, V,04 V,0; 1.55 H,0
1.55 H,0 1.55 H,0 1.55 H,0
d-Spacing (A 10.91 10.95 11.03 11.21 11.24

(£0.05 A)
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FIG. 3. X-ray diffraction spectra (reflection geometry, Acug,) of
L 25Nag 4 V205 bronze (2) film and (b) powder,

(D) the polarons at V, sites of the g-monoclinic struc-
ture resulting from the thermal dissociation of singlet bi-
polarons whose susceptibility is given by the expression

x1 = (CVT) - exp(—A/KT)/[1 + exp(—A/kT)], [1]

where C,; is the Curie constant and 2A is the dissociation
energy of the bipolaron; and

FIG. 4. Schematic representation of the orientation of the film plane
P of the branze with respect to the crystallographic axes of the mono-
clinic structure; (a") orthogonal projection of a axis on the film plane P;
(1) normal to the film plane P.

(i) isolated polarons, whose number is independent of
temperature, so that their magnetic susceptibility x, fol-
lows a simple Curie~Weiss law

x2 = QT+ @), (2]
where C; and @, are, respectively, the Curie constant and
the Curie temperature.

Consequently, the total susceptibility associated to po-
larons can be expressed as:

X=Xt Xz {3]

At very low temperatures (I' = 4 K), all the bipolarons
are in the singlet state (§ = {) and are not dissociated.
The susceptibility x is thus due to isolated polarons, i.e.,
X ™= X2

Magnetic measurements have been performed on three
compounds: Lig»V,0s, Lig;nNag 4V,0s, and Lig,
Nag»V2Os. A typical temperature dependence of x is
shown in Fig. 6. The magnetic susceptibility follows a
Curie-Weiss behavior, due to isolated polarons, for T <
25 K. Consequently, the deviation from the Curie~Weiss
law at higher temperatures is due to the contribution of
the dissociated bipolarons. It is thus possible to deter-
mine the different parameters C;, Cz, ®,, and A by fitting
the experimental results to expressions [1] to [3]. The
results obtained for the three bronzes are summatrized in
Table 3. The proportions of isolated polarons (p,) and
pelarons resulting from the thermal dissociation of the
bipolarons {p() are expressed as: p; = C//(Cy + C3) and
p2 = Cy/(Cy + C3). The results are given in Table 4, Table
3 shows that the values of Cy, C;, ©,, and A are very
similar for all the compounds, except for the dissociation
energy of Lig V205, which is larger than that of sodium
and mixed compounds.

EPR Measurements

EPR spectroscopy allows the detection of isolated po-
larons (S = 1/2). The bipolaron ftriplet state {(§ = 1)
should give rise to a characteristic EPR spectrum, but

TABLE 3
Parameters Deduced from Magnetic
Susceptibility Measurements

C, G, &, A
Compounds (emuK/mole} (emuK/mole) (K) (eV)
Nag_33V205a 0.223 4.042 20 1.45 x 102
Liy ;1 Nag 2 V. 0s 0.121 0.060 33 1.18 x 102
Liy 3 Nag14 V205 0.128 0.045 19.5 095 x 192
Lig 21 V3,05 0.215 (.651 6 3 x 12

2 From Ref, (4).
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FIG. 5. SEM micrographs of the surface of Li, Na,V,0s bronze film.

this state is not thermally accessible since the dissocia-
tion energy 2A of the bipolaron is lower than the singlet—
triplet exchange energy 2J. Figure 7 shows the EPR spec-
trum of sol-gel bronze films of composition
Lip03Nag 4 V2 Os with the magnetic field perpendicular to
the film plane (8 = 0). This spectrum is accurately simu-
lated by the sum of two different components: a broad
isotropic line with a g factor equal to 1.950 and a narrow
anisotropic powder-like line with gy = 1.982 and g, =
1.934, All the other bronze compositions exhibit the same
EPR lineshape, and only the ratio of the ‘‘narrow’’ to the
“broad’’ components is composition dependent. The
contribution of the narrow spectrum increases with the
lithinm content; 0% in Nag 33 V205, up to 6% in Lij» V20s

SUSCEPTIBILITY (10°* emw/rpol)

T 1 T
0 50 100 150 200 250 300
TEMPERATURE (K)

FIG. 6. The experimental temperature dependence of the magnetic
susceptibility of Lig1yNag 14 V,0s bronze (crosses) is due to: (a) polarons
at the V, site resulting from the thermal dissociation of bipolarons; (b)
isolated polarons at V, and V; sites {dashed lines). The full line repre-
sents the sum of these two contributions.

ESR Intensity ( a.u }

—1

1

L 1 1 | -~
260 300 340 380 420
MA GNETIC FIELD ( mT)
FIG. 7. EPR spectrum at 110 K of Li;»Nag 14¥20;5 bronze film re-

corded with magnetic field B parailel to the film plane. Microwave
frequency 9434.26 MHz. This spectrum is simulaied by the sum of two
different components: a broad Lorentzian line at g = 1.950 and line-
width AR = 11.5 mT, and an anisotropic signal with powder-like
lineshape characterized by the following parameters gy = 1.982, g, =
1.934, AB; = 2 mT, AB, = 6 mT.

and about 4% for Li,Na,V;0s. As described in Ref. (4)
for the soi—gel bronze Nag:: V205, the broad line corre-
sponds to the beta-monoclinic phase (8-phase). There are
two possible origins for the narrow component: (i) the
gamma-orthorhombic phase of the lithium vanadium
bronze (y-phase), which gives a very similar EPR spec-
trum, as described in a forthcoming paper (22); or (ii} a
Liy+, V305 phase, which has, however, never been identi-
fied by EPR measurements and which is represented on
the XRD spectrum of Li.Na,V.0s (x # 0) by a weak
peak. From the phase diagram of Li,V;0s, the y-phase
appears during the cooling process for x = (.5, because
of small inhomogeneities in the lithium concentration. As
the proportion of this narrow line in the compound has
been evaluated to few percent (<6%), we considered
only the intense line corresponding to the 8-phase. The
EPR spectrum of sol-gel bronze films with composition
Lig2Nag 4V:0s, recorded with the magnetic field paral-
lel to the film plane (8 = «/2), has been simulated and the
g factor obtained for the 8-phase is 1.975, So, it is possi-
ble to estimate the g powder factor with the relation

(41

The values of different parameters gy, g., AB), AB, are
given in Table 5. If we consider the linewidths of ABjand
AR, at 110 K, it appears that they increase with increas-
ing Na content for the different compounds, except for
Lip23V20s.

Epowder = (2g, + 8“)/’3
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TABLE 4

15

Polarons Populations, p, and p,, and Bipolaron Dissociation Energy Obtained by EPR and Magnetic Susceptibility

4 P2 m P2
Dissociated Isolated Dissociated Isolated
bipolarons polarons bipolarons polarons
Compounds (%) (%) AleV) {95} (%0} AleV)
Nagu Va0 82 18 1.45 x 1072 84 6 1.45 x 1072
Lio‘“NaQAanOs 70 30 1,34 x 1072 67 33 1.18 x 1072
Lig2aNag 14 V.05 i 23 122 % 1072 74 26 0.95 x 107
Lig 33 V205 72 28 3% 102 80 20 3 x 102

7 From Ref. (4).

Figure 8 shows the variation of the peak-to-peak line-
width AB at 25 and 110 K for different orientations ¢ of
the bronze Liga3Nag, 14 V20s film surface with respect to
the magnetic field B (8 being the angle between B and the
normal to the film). This type of variation has roughly a
sinusoidal shape of period 7. The amplitude of this varia-
tion decreases with increasing temperature. Conse-
quently, the anisotropy of the dipolar spin—spin interac-
tions, which governs the linewidth, is higher at low
temperature. At high temperature, where the polaron
motion becomes important, these interactions are sub-
mitted to a motionally averaged dipolar interaction: the
resulting linewidth becomes nearly independent of the
angle @. In contrast, as the temperature decreases, the
polaren motion is slowed, which results in an increase in
dipolar spin-spin interactions.

Figure 9 shows an example of the temperature depen-
dence of the EPR linewidth AB, in which it is possible to
distinguish two regimes: (i) at low temperatore (T < 50
K}, the linewidth is nearly temperature independent; (ii)
at high temperature (T > 50 K}, the linewidth increases
with temperature. To a first approximation, the EPR line-
width is essentially due to dipolar interactions between
polarons. It is proportional to 1/{R7), where R is the dis-
tance between polarons. Consequently, the EPR line-
width can be considered as proportional to the polaron

where a and b are constants, 2A being the dissociation
energy of the bipolarons. Below 50 K, all the bipolarons
are in the singlet state and thus only the isolated polarons
contribute to the EPR spectrum. Since the concentration
of these polarons does not vary with temperature, the
average distance (R) between polarons and hence the
EPR linewidth are constant below 50 K, i.¢., AB = a. At
higher temperature, the increase in the polaron concen-
tration due to the dissociation of bipolarons gives rise to
an increase in the EPR linewidth AR, as described by
expression [5] in which b and A parameters are adjusted
to obtain the best fit to the experimental results {(cf. Table
6). From a and b values, it is possible to obtain the pro-
portions p; and p; of isolated and associated polarons,
respectively, p» = a/(a + b) and p, = b/(a + b). The
results are shown in Table 4. The values of the dissocia-
tion energies A and of the populations p; and p;, mea-
sured from EPR linewidths and magnetic susceptibility,
are in good agreement. The fact that these two indepen-
dent methods give very similar results is an important
argument in favor of the bipolaron model. The values of
p1 and p, do not significantly depend on the Li and Na
content of the bronze. The dissociation energy of the

—
=

concentration g . .
= . o+ L] M
o2k *
AB = a + b exp(—A/kTY/[1 + exp(—A/kT)], [5] 7’.;3 . . .
% Foe ) .
TABLE 5 We s v .,
. . - - +* »
Characteristic Parameters of EPR Spectra . . .
g |- . . 26,8
Compounds & AB(mT)* g AB,{mT)" | .- @
Nag V.05 1.940 15.8 1.976 17.1 5 R R S
Lig; Nag 5 V,0, 1.940 4.3 1975 15.4 0 50 100 150 200
Lig 23 Nag 14 V205 1.950 10.0 1.975 13.6 § (degree)
Lig 21 V205 1.940 11.5 1.975 14.5
FIG. 8. Variation of the EPR linewidth with the angle between the

a Measured at 110 K.

& From Ref. (4).

magnetic field and the direction perpendicular to the film plane for the
bronze Lig,sNag 4V.0s. Circles, T = 25 K; diamonds, T = 110 K,
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FIG. 9. Temperature dependence of the EPR linewidth of
Liy3Nay 15 V,05 bronze film when the magnetic film B is parallel to the
film plane. The solid line represents the variation calculated using ex-
pression [4] with ¢ = 6.7 mT and & = 21.9 mT.

bipolarons, determined either by EPR linewidth or by
magnetic susceptibility, increases with the sodium con-
tent, except for the case of the bronze 1.i; »3V;0;5.

The population g, of isolated polarons ranges between
16 and 33%. Hirschinger ef af. (9) showed by NMR that
the unpaired electrons in 8-phase are equally distributed
among the three sites Vi, V3, and V3. Thus, a population
D2 of 16 to 33% of V** ions which do not form dimers at
low temperature could correspond to the trigonal bipyra-
mid V; site, while the bipolarons could be due to V4* ions
in edge-sharing octahedral V, and V; sites.

Conductivity Measurements

As described in previous papers (4, 23, 24), the con-
ductivity of the monoclinic bronzes contains two contri-
butions: (i) a compoenent o, due t¢ electron hopping (bi-
polaron and polaron motion) along zigzag chains of
vanadium ions (V) sites) parallel to the & direction and (ii)
a component o, due to electron hopping (polaron mo-
tion) along the sequence V,V,V3. V.V, ... parallel to the
a direction (Fig. 1).

TABLE &
Parameters Deduced from EPR Measurements

Coempounds a(G) b(G3) A(eV)
Nag ;3 V205 90 406 1.45 x 102
film|| to B
Lip tNay V304 99 229 1.34 x 1072
film|| to B
Lig23Nag.14 V205 &7 219 1.22 x 1072
filml| to B
Lig V305 107 272 3 x 1072
powder

s From Ref. (4).

The conductivity of the bronzes can be described by

the expression (24, 25)

Tap = Ny pelll ) /(kTr.) - exp(— W, o/kT), [6]

where o, , is the conductivity parallel to a or b wigh
corresponding hopping distance {, ,(f, = 10 Al =3.6A4)
and activation energy W, ,, where 7. is the correlation
time of electron hopping from V; to V; or V, to V; sites
(23, 24) (Fig. 1). N, ; is the number of clectrons per unit
volume involved in the conductivity parallel to a or b. N,
is expressed as

Nz = No(x + y)i2 (71
‘(P2 + p1 exp(—=AKTY (1 + exp(—~A/ET))],

where N is the number of vanadium ions. The parame-
ters py, p2, and A are those determined by EPR and sus-
ceptibility measurements. Conductivitics of the sol-gel
bronzes Lig; V05 and Li,Na,V,05 have been measured
parallel (oy) and perpendicular (o) to the film plane (P).
Consequently, o) is an average value of the conductivi-
ties o, and o, , parallel, respectively, to b and o' axes
(the @' axis being the orthogonal projection of the a axis
on the film plane (Fig. 4)), i.e., oy = {o» + @4)/2. The
hopping distance along this direction is [,» = [, - Isin(8 +
¢)|. It results from expression [6] that o, = o, - sin?(8 +
o) and o) = [0, + 0, - sin?(8 + ¢))/2. Moreover, as the
hopping distance I, parallel to the direction # (normal to
the film} corresponds to the orthogonal projection of the
hopping distance I, on n, i.e., I, = I, * [cos(B + )|, thus
o, = o, cosi(f + ¢). Since the angle (8 + ¢) is equal to
114.6°, it follows that:

oy = [op, + 0.83 0,)/2 and o, = 0.17 0. (8]

However, as shown in SEM experiments (Fig. 5), the
bronze films are porous and composed of crystalline
siabs. Consequently, the conductivity values (hereafter
referred to as oy and oy, measured by direct-current
technique are undervalued with respect to their exact
values, since they are limited by contact resistances and
capacitances between the slabs. In this way, alternating
current techniques at frequencies lower than 50 MHz ap-
pear more suitable to demonstrate the slab boundaries
phenomena and determine the actual bronze (or slab)
conductivities oy and o, in order to calculate o, and o,
from Eq. [8]. Nevertheless, the dc technique has the ad-
vantage of giving measurements in a broad temperature
range, contrary to the ac-technique, which involves a
coaxial cell accurately calibrated only for temperatures
between 200 and 300 K. Moreover, the conductivity mea-
sured by the dc technique has the same temperature de-
pendence as the conductivity obtained by the ac tech-
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nique since they are proportional, as specified further in
this paper.

(@) Direct-current conductivity measurements. The
temperature dependence, given by log oT = f(1/T), of
the conductivities oy and o1, of the films are shown in
Fig. 10 (see also Table 7). It can be observed that the
latter exhibit an anisotropic conductivity described by
the ratio R = oy/o¢., which is maximum for the mixed
bronzes (R = 1000 at room temperature) and minimum
for Lig23V,0s (R = 20 at room temperature). The evolu-
tion of oy and o, versus T shows three different regimes:

(i) the “‘high temperature’” domain I above 100 K,
where oy and gy, follow the Arrhenius law with activa-
tion energies varying from 0.11 to 0.07 eV with the so-
dium content (Table 7);

(ii) the “‘intermediate temperature’’ domain II (40 <
T < 100 K), where the activation energies decrease while
cooling; and

(iit) the “‘low temperature’’ domain II1, where the con-
ductivity increases sharply near 40 K when the tempera-
ture decreases in the case of mixed and lithium bronzes.
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F1G. 10. Inverse temperature dependence of the dc-electrical con-

ductivity, log{osT) = f(103/T) for: (a) Lip,;Nag,V,0s and (b)
Liy 23V, 0;5. oy (solid circles) and oy, (open circles) represent, respec-
tively, the conductivities parallel and perpendicular to the film plane.

TABLE 7
Conductivities and Activation Energies Obtained by dc
Conductivity Measurements on Bronze Films

Compounds  og(S - em™) WyeV} (S - em™) WileV) ogfor
Nag 3, V20, 8 0.07 4% 100 0.07 200
LignNap V.05 598 x 1072 0.08 548 x 10°° 0.07 1091
LigznNap V.05 0.138 0.09 1.08 x10* 008 1278
Lig2: V205 8.6 x 102 011 43 x 107 0.1 20

o From Ref. (4).

Below 30 K, the conductivity decreases with tempera-
ture.

In the high temperature domain I, all phonon spectra
take place in an activated hopping of the electrons above
Op/2, where Bp/2 = 200 K is the Debye temperature for
the mixed and lithium bronzes. The anisotropy factors R
are constant in this temperature domain.

Below &p/2, the phonon spectra freezes progressively,
which gives rise to a progressive decrease in activation
energy. In the low temperature domain (T = 40 K), the
anomaly of the conductivity behavior could be explained
by the existence of a structural phase transition at 40 K,
The anisotropy factor R decreases from 1000 to 100 for
mixed bronzes and from 20 to 1 for lithium bronze below-
100 K.

The three different conductivity regimes correspond to
the magnetic properties (susceptibility and EPR line-
widths) of the material. In particular, the low tempera-
ture regime 111, below 40 K, corresponds to the existence
of undissociated bipolarons coexisting with isolated po-
larons at V; sites. The high temperature regimes 1 and 11
correspond to the rapid thermal dissociation of bipo-
larons into polarons.

(b) Alternating-current conductivity measurements.
Ac-conductivity and permittivity measurements between
10 Hz and 10 GHz, which will be fully described in a
forthcoming paper (15) for Liy 53 V.05 bronze allow one to
obtain the slab conductivity ¢, and to demonstrate a di-
electric relaxation due to electron hopping along the se-
quence V,V;V3 V¥V (Fig. 1), whose characteristic correfa-
tion time is .. The measured correlation time 7. = 3.3 X
10712 sec (15) is on the same order of magnitude as that
found in sodium (5-Nagi;3V:(0s) (16) and silver (8-
Agy1V205) (25) monoclinic bronzes, i.e., 7. = 107! sec.

The slab conductivity of Lig 23 V>0s5 has been obtained
by the complex impedance method in the low-frequency
domain. Figure 11 shows a typical complex resistivity
diagram, p" = f(p"), at room temperature. The resistivity
p s proportional to the impedance Z by the expression
Z = p/S, where | and § are, respectively, sample thick-
ness and area. The deconvolution of this plot reveals two
circular arcs corresponding to a series combination of
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FIG. 11, Complex resistivity plots {p” vs p’) for Lig »V,0s at 296 K

perpendicular to the the film plane.

two impedance (resistivity) relaxations, which are each
associated with a parallel combination of a resistance and
capacitance (Fig. 11): the first is due to contact resistance
and capacitance between the crystaliine slab and the sec-
ond to the resistance and capacitance of the slabs. The
common intersection of the two circles with the real p’
axis allows one to obtain the slab dc-resistivity p, . It
follows that the slab conductivity o, = 1/p, is higher
than the film conductivity oy, measured by the d¢ tech-
nique, i.e., o, =2.1 X 1072S - em~'and oy, = 4 x 103
S » em™! at room temperature. These two parameters
have approximatively the same activation energy, i.ec.,
W = 0.1 eV. However, the conductivity ¢, is that of an
effective medium (hereafter denoted o | ) since the films
contain pores, with volume fraction g, = 0.3. The pores
are equivalent to tunnels, whose axes are perpendicular
to the film plane. Since the applied electric field is parallel
to the pore axis, the relation between the effective (o o)
and the exact (o) conductivity values is given by the
expression:

(91

From expressions [7], (8], and [9] and assuming the
parameters 7. ~ 3.3 x 1072 gec, W, =0.11 eV, and A =
0.03 eV, it is found that the porous film conductivity o .«
would be equal to 2.7 x 102 S - ¢m™! at room tempera-
ture. This calculated value is in good agreement with the
value o5, = 2.2 x 1072 S - cm~! measured on the bronze
film at room temperature, within the accuracy of the mea-
surements.

T Leff = O'J.(] - QV)

CONCLUSION

We have shown that it is possible to synthesize by sol-
gel method mixed Lit/Na* vanadium bronzes by double
ionic exchange H;O™ — (Nat, Li*) from V,0s xerogel.
These compounds exhibit the same preferential orienta-

tion than monoinserted bronzes M, V,0;5 with the tunnels
of the monoclinic structure parallel to the substrate.
The electronic propertics of these compounds can be
explained in terms of thermally dissociated bipolarons.
This model explains the temperature dependences of the
magnetic susceptibility and the EPR linewidth of V4,
Magnetic and EPR measurements give values of the same
order of magnitude for the dissociation energy 2A of the
bipolarons and for the proportions of isolated polarons
and dissociated bipolarons, i.e., 25 and 75% respectively.
We have shown that all these values are very close for all
the bronzes, i.e., they are almost independent of the na-
ture of the ion in the tunnel sites of the S-monoclinic
structure. Thus it seems that the initial presence of Li
ions in M, and M tunnel sites does not induce notable
variation of the electronic properties. However, the dis-
sociation energy of the bipolaron is higher in the case of
the compound Liy 53 V205, which contains no sodium ion,
This would be probably due to a stronger electron-
phonon interaction in the case of Lip2:V,0s.
Dc-conductivity measurements have shown that the
conductivity of the bronze films obtained by the sol-gel
process is strongly anisotropic. The conductivity activa-
tion cnergy depends on lithium content since it ranges
from 0.07 to 0.11 ¢V as the sodium content increases. In
the case of the lithium bronze Lij 23 V,0s, it is shown that

“the film conductivity is highly dependent on the micro-

structure. [t is thus possible to determine an exact con-
ductivity for the bronze that agrees well with those calcu-
lated from the values of A and the concentration of
polarons obtained by magnetic susceptibility and EPR
measurements. Thus ac-conductivity measurements are
under investigation for the other bronzes.
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