Transport properties of nonconventional lead cuprate glass
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The dc electrical transport properties of the nonconventional lead cuprate glasses of compositions
(CuO),(PbO);gg_x for x=15-50 mol % are reported in the temperature range 150-500 K. The
experimental results have been analyzed in the light of existing theoretical models. It has been
observed that the high-temperature conductivity data are consistent with Mott's nearest-neighbor
hopping model, while at low temperatures Mott’s variable-range-hopping model fits the data very
well. The polaron hopping models of Schnakenberg and Emin can predict the conductivity data in
the entire temperature range of measurement. The percolation model of Triberis and Friedman is not
consistent with the experimental results. 195 American Institute of Physics.

I. INTRODUCTION these chemicals in 20 g batch were melted in alumina cru-
cibles in an electrical furnace at temperatures in the range

metal oxide glasses formed with conventional glass former&loo_1250 °C depc_andlng on compositions for 1 h Glas§y
samples were obtained by quenching the melts in a twin

like P,Os, TeO,, etc. have been studied extensivehyt is ler. A N ;  th I irmed b
generally accepted that the electrical conduction in thes 0€r. AMOrpnous nature ot tne€ samples was contirmed by
glasses occurs by the hopping of electrons or polarons b lifferential thermal analysis, scanning electron microscopy,

tween two different valence states of transition metal ionér}f;?red spelctroscopy and X'C;"Ly 2ﬁrﬁ_ctlog St,Ud'.eS'. IIDens_lty
(e.g., Cu and C&" in cuprate glasse<? It has been alter-  © te samples was mt_easnlj_re ” ¥|’hrct I'Enle €s’principle using
natively suggestédthat dc electrical transport in these acetone as an immersion fiquid. The total Copper lon concen-

glasses could be due to multiphonon tunneling of Iocalizecg:rt%%rl]gs EJ\/Ser\g(?jliat:rsmif:::g bi/h?hn(;l;in:i((): ”;%"si':"ms i;; the
electrons with weak electron—phonon coupling. The vana- . X 'Cm{.' '
P piing odel AA 1745, while the concentrations of &u ions,

date glasses have been observed to have lower activati . .
9 #*] were determined by magnetic measuremeparc,

energy compared to the other transition metal oxid del 155. Th intersit tion bet
glasse<:2 However, little attention has been paid to the study'"°%€ 3. The average intersite separation between copper
ons was obtained from estimated glass compositions and

of the electrical properties of the binary cuprate glarsseé(,j v Th X hvsical " fthe al
formed with nonconventional glass formers. Recently, non- ensily. The various physical parameters of thé giass compo-

conventional binary bismuth cuprate gIas%e'ﬂn which sitions are shown in Table I. Electrical measurements were

Bi,O3 acts as a glass former, have been characterized. The%%med out in the temperature range 150-500 K by a Ker-

glasses exhibit adiabatic small polaron hopping betweeh Cu ey electrometefmodel 617. For electrical measurements,

and Cd" states, in contrast with the nonadiabatic small po-gOId electrodes were deposited on both surfaces of the

laron hopping observed in the multicomponent bismuth Cu_samplgs by vacuum evaporation technlq_ue and th_e absence
f barrier layers at the contacts was confirmed by linear I-V

prate glassesMulticomponent glasses based on PbO are of teristics bef ts. For low-t t
great interest because they can be used to produce glass gg_arac Enslcs ‘belore measurements. For jow-temperature

ramics, layer for optical and optoelectronic devices, therma‘neasurements, the _sample cell was inserted in a I_|qU|d nitro-
and mechanical sensors, reflecting windows, ®efdt has gen cryostat. The time independence of the resistance ob-

been pointed ofitthat the PB' ions are highly polarizable served after application of the dc voltage suggests that the

and the asymmetry of their polyhedra inhibits crystalIizationeleCtron'C transport is dominant in these glass compositions.
process in the melts in which they participate. Recently,

glasses in which PbO acts as a main glassy network formg[; ResULTS AND DISCUSSION

have been synthesized and their structure has been

studied®1° The purpose of the present work is to study the ~ Logarithmic conductivity as a function of inverse tem-
temperature dependence of the dc electrical conductivity operature for different lead cuprate glass compositions is plot-
the binary lead cuprate glasses for a wide composition rangéed in Fig. 1, which shows nonlinearity below the tempera-
The experimental results are analyzed with the help of existture range 250-350 K, depending on glass compositions,

Electrical properties of the semiconducting transition

ing theoretical models. indicating temperature dependent activation energy. It is evi-
dent from Fig. 1 that above this temperature range the acti-
II. EXPERIMENTAL PROCEDURE vation energy is nearly constant. This activation energy and

. the conductivity at 400 K are plotted as a function of glass
Glassy samples of compositiofSuO),(PbO100-x Were  composition in Fig. 2. The conductivity increases and the

prepared(Table ) from the reagent grade chemicals CUO etivation energy decreases with the increase of CuO content
and PbO, fox=15-50 mol %. The appropriate mixtures of j, he glass compositions, consistent with other cuprate
glasses in which the electrical conduction has been observed
dCorresponding author. to arise from the hopping of electrons or polarons between
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TABLE I. Physical parameters of the lead cuprate glasses.

0.95
Analyzed glass é
composition(mol %) . S
"~ Density N [Cu'T? R 3
PbO Cuo  (gem® (1cem® Acmd b (A 5 0.75
84.93 15.07 9.39 4.22 310 074 6.18 'e z
78.87 21.13 8.90 5.87 4.37 0.74 554 ,U ;
7047 2953 8.28 8.15 575 070 4.97 ! 0.55
64.24 35.76 7.76 9.73 7.13 0.73 4.68 ~
49.45 50.55 6.67 13.44 9.88 0.73 4.21 bo
o
TCu"]=N-[Cr"]. L 0.35

bC=[Cu']/N. 10 20 30 40 50
mol % Cu0

Cu' and C@" states-? In the following, the conductivity FiG. 2. Conductivity at 400 KO) and activation energy®) at high tem-
data have been analyzed with reference to different theoretperature as a function of CuO content in the lead cuprate glasses.
cal model$'~*°in order to extract dominant transport mecha-
nism.

The semiconducting behavior of the transition metal ox-
ide glasses has been described by #att terms of phonon-
assisted hopping of small polarons between localized states.  =Wb for T<6p/4, 2

At high temperaturesT> 6p/2), the following expression \herew,, is the polaron hopping energy is the disorder

for the electrical conductivity has been proposed for theenergy resulting from the variation of local environments of
nearest-neighbor hopping in the nonadiabatic regime: ions, andép, is the Debye temperature.

o=1o[€2C(1— C)/KTR]exp — 2aR)exp — W/KT), In Fig. 1, experimental data above 250-350 K depend-
(1) ing on glass compositions is fitted consistently to BEg.by
where vn is the ontical bhonon frequencw is the inverse the least-square fitting procedure. The values of the param-
0 P b q ¥ etersW and a obtained from the best fits, utilizing values of

localization length of thes-like wave function assumed to : )
, : - -~ g estimated from infrared spectfdandC from Table I, are
describe the localized states at the transition metal ion sites

R is the average intersite separati@nis the fraction of sites shown in Table II. The values decrease with the in-
: 9 b l : : Frease of CuO content in the glass compositions similar to
occupied by an electron or polaron and is thus a fraction o

reduced transition metal ion, aMl is the activation ener other conventional cuprate glassésThe values ofa ob-
for hopoing conduction ASSL,Jmin a strong electron— h%ﬁort]ained are reasonable for localized states and indicate strong
: ppIng : ' 9 9 P localization in the lead cuprate glas$édhe value ofa in-
interaction, Austin and Motf have shown that ) . ;

creases with the increase of CuO content in the glass com-
positions similar to the other cuprate glasses.

Bogomolov and co-workefé have derived an expres-

W:WH+WD/2 fOI‘ ™ 0D/2

A sion for the polaron radius, for a nondispersive system and
is given by
el ro=(1/2)(m/6N)3. ®)
- The values ofr,, obtained by using the values df from
e Table |, in Eq.(3), are shown in Table Il. The small values of
- -8 r, also suggest strong localization in the lead cuprate
‘q glasses.
— At low temperatures, where the polaron binding energy
bo—10— is small, Mott® has proposed that optimization is achieved
o
L
[ ]
12 TABLE II. Parameters obtained by fitting the high-temperature conductivity
data to Mott's model.
-14 L l | l Glass composition W a Mo
1.5 2.5 35 45 _1 5.5 6.5 (mol % CuQ (eV) AY A)
1000/T (K") 15.07 0.90 0.52 2.49
21.13 0.82 0.60 2.23
FIG. 1. Logarithmic conductivity as a function of inverse temperature for 29.53 0.69 0.70 2.00
lead cuprate glasse®, 15.07 mol % CuOfd, 21.13 mol % CuOA, 29.53 35.76 0.63 0.75 1.89
mol % CuO;V, 35.76 mol % CuO®, 50.55 mol % CuO. The solid lines 50.55 0.42 0.95 1.69

are the best fits to Eq1).
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FIG. 4. Logarithmic conductivity as a function of activation energy at 400 K
14 | f | for lead cuprate glasses. The solid straight line is the least square fit to the
0.205 0.225 0.245 0.265 0.285 data yielding a temperature of 430 K.
T—1/4( K—1/4)

FIG. 3. Logarithmic conductivity as a function @f Y for the same lead stategl and increase in consistence with the increase of cop-
cuprate glass compositions as in Fig. 1. The solid straight lines are the fits tBel’ ion content in the glass compositions It may be noted
Eqg. (4). . ’
a4 that the values oN(Eg) for the binary lead cuprate glasses
are of the same order for the binary bismuth cuprate gldsses,

. but these values are less by two orders of magnitude than
R Win Eqg. (1 hat h fer- i .
betweenR andWiin Eq. (1) so that hops may occur prefer those for the multicomponent cuprate glasseigh compa-

entially beyond nearest neighbors. The variable-range-

hopping conductivity is then given by rable CuO content. . . .
The nature of the hopping mechanism at high tempera-

o=o0q exd — (To/T)¥4, (4)  tures might be ascertained from the semilogarithmic plot of
the conductivity versus activation energy at an experimental
temperature for all glass compositichi.the slope of such a

To=19.442°/kN(Eg), (5)  plot yields a temperature which is of the order of experimen-

whereN(Eg) is the density of states at the Fermi level. ontal temperature, then the hopping will be adiabatic, other-

the other hand, variables-range-hopping conductivity derived/iS€; hopping will be nonadiabatic. Such a plot for the lead
by Efros and Shklovskii® taking correlation effects between CUPrate glasses is shown in Fig. 4 at an experimental tem-

whereoy and T, are constants, and, is given by

the carriers into account, is given by perature. of.400 K and the straight line obtained by Iea;t—
u square fit yields a temperature of the order of 430 K. It is
o=aq exp[ —(To/T)*?]. (6)  difficult to reach a conclusion on the basis of this value. The

A semilogarithmic plot of the conductivity versus nature of hopping mechanism is determined from the other
T~ 14 is shown in Fig. 3 for the lead cuprate glasses, intheory described in the next paragraph.
which Eq.(4) is fitted to the experimental data for tempera- A polaron hopping model proposed by Holstein and
tures below~325 K. The data were also separately fitted toCO-Workers® can be employed independently to check the
Eq. (6). Considering the quality of the fits, it is concluded hature of the hopping mechanism. The criterion for the na-
that Mott's variable-range-hopping model is operative inture of hopping is
these glasses for a considerablg temperature range below J=(2KTWy /7)Y hwg /) Y2 @)
~325 K. The values oN(Eg) obtained from the fits using
the values ofx from Table Il in Eq.(5), are shown in Table WwhereJ is the transfer integral between adjacent sites and the
lll. These values ofN(Eg) are reasonable for localized signs> and < indicate adiabatic and nonadiabatic hopping,
respectively. The condition for the formation of small po-
laron is also given by<W_/3. The values of the right-hand
TABLE Ill. Parameters obtained by fitting the data to variable range hop-Side of Eq.(7) at 400 K, using the values of, and Wy,
ping and percolation models. ~W from Table IlI, are in the range 0.04—0.05 eV. On the
other hand, an upper limit af can be deduced by assuming
that the entire concentration dependence of the activation
energy is due to the variation ih In the present glass sys-
15.07 8.70¢ 10" 7.97x10"7 tem, this corresponds to a changaAtfrom 0.42 to 0.90 eV,
;gég i-i; ﬁ: égﬁ ig: a possible variation i) being ~0.48 eV. However, since
35.76 6.0% 10 5.56¢ 10t W is likely to change with compositions, the true value is
50.55 3.0% 10" 2 76x 101 probably smaller than this. The valuesbtan also be esti-
mated from the formufd

Glass composition N(Eg) No
(mol % CuQ (evtem™d) (eVtem™d)
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of vy from infrared datd® The value of hopping energy
Wy increases with the decrease of CuO content in the glass
compositions consistent with the activation energy. The dis-
order energy\V, varies slightly with compositions consistent
with the fact that the structural units in the binary glasses do
not change significantly with compositiofét may be noted
that the values of the disorder energy obtained from this
model are comparable with those for other cuprate glasses.

Emin and co-worker'*® have discussed phonon-
assisted hopping models in which electrons could couple
with either optical or acoustical phonons, or both. Consider-
ing interaction of electrons with both acoustical and optical
phonons, the dc conductivity for the nonadiabatic mul-
tiphonon hopping of small polaron has been calculatéfl as

(i) . 62 2 - 2 1/2

7535 if 85 s 7= g I 2(EP+ EﬁﬁkT}

-1
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FIG. 5. Plots of logy(oT) as a function of inverse temperature for the same o ac
lead cuprate glass compositions as in Fig. 1. The solid curves are the best fits ;{ EgP EA

to Eq. (9). xXex ) (10

whereJ is, as before, the transfer integral between adjacent

3~ [N(Ep)/ 312 () sites andi=h/2m. E, EZ°, ER", andE}’ are defined as
The value ofJ obtained from Eq(8) by using the value of w121 2E" hogo| ,
) EP=—vc — cosec ®
€p estimated from ac measurem&randN(Eg) from Table 4KT N, hogo 2kT | 9@
1, is of the order of 0.02 eV. Thus, the nonadiabatic hopping ) ac
theory is likely to describe the polaronic conduction in lead E2o= ﬁ_ i 2Ey cosec hoga) ,
cuprate glasses at high temperatures. 4kT N, hoga 2KT | Yo
A polaron hopping model has been considered by
PP . ; op (1D
Schnakenberd in which an optical multiphonon process el 2E0 2E, a hwg
determines the conductivity at high temperatures, while an fwg wq ami 2xT)

acoustical one-phonon-assisted hopping process is operative ac
at low temperatures. According to this model the temperature kT—E ( 2E, ) %ﬁwq,a)

dependence of the conductivity is given by 0g.a 2kT
~T Y sinh(hvg/kT)]Y? exd — (4Wy /hvg) where wo=27v, is the mean optical-phonon frequency,
X tanh(hvg/4k T) Jexp — Wi /KT). ) wqandwg , are the optical and acoustical phonon frequen-

cies, respectively, at wave vectgy N, is the number of
It may be noted that Eq(9) predicts a temperature- phonon modesEg® andE;° are the polaron binding energies
dependent hopping energy which decreases with decreasimglated to optical and acoustical phonons, respectively.
temperature consistent with the experimental d&ig. 1. The dc conductivity given by Eq$10) and (11) is cal-
The experimental points fitted to Eq49) by the best fit culated, assuming that the acoustic phonon density of states
method are shown in Fig. 5. The values of parametgrs is approximately given byg(w)xw? and that the mean op-
Wy, andWp, obtained from the best fits are shown in Tabletical phonon frequency is constant. The best fits to the ex-
IV. It is noted that the values ofy are close to the estimates perimental data are shown in Fig. 6. The values of the pa-
rameter€Ep?, ESC, Wp, J, andy, are shown in Table V. It
may be noted that the values of these parameters obtained
TABLE IV. Parameters obtained from the fits of Schnakenberg’s migetlpl ~ from the fits are reasonable.

(9] to the experimental data. Triberis and Friedma have applied percolation theory
Glass composition " W, We to the small polaron hopping regime. ConS|de_r|ng correlation
(mol % Cu0 (s (ev) (ev) due to energy of a common site in a percolation cluster, they
have obtained
15.07 0.8% 10% 0.86 0.16
21.13 1.0%10° 0.79 0.20 o=a} exd — (TH/T)¥4, (12
29.53 1.3x 10" 0.66 0.24 , , L
35.76 1.6K 108 0.60 0.26 whereo | andT; are constantsl is given by
50.55 1.18 10" 0.39 0.21

To=Ca®/kNg, (13
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value of Ny can be obtained from Eq13), considering the

4 straight line fits at low temperatures. The valuedlgfshown
in Table 11l are very close to the values N E;) estimated
- from Mott’s variable-range-hopping model.

IV. CONCLUSIONS

The temperature dependence of the dc electrical conduc-
tivity of the binary nonconventional lead cuprate glasses is
presented for a wide glass composition range. Analysis of the
experimental data shows that Mott's models of nearest-
neighbor hopping and variable-range hopping can explain
. the experimental data at high and low temperatures, respec-

log,, O ( Sem )
I
>
I

-2 tively. The polaron hopping models of Schnakenberg and
Emin can fit the conductivity data in the entire temperature

14 { ! | 1 range of measurement. These models yield reasonable values
1.5 2.5 3.5 4.5 5.5 6.5 of various physical parameters consistent with glass compo-

1000/T (K" . sitions. The percolation model applied to hopping regime is
not consistent with the data.
FIG. 6. The fits of the measured dc conductivity to the prediction of Emin’s
model[Egs. (10) and (11)]. The solid curves represent the best fits for the ACKNOWLEDGMENT
same sample compositions as in Fig. 1.
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