Transport mechanism in nonconventional bismuth cuprate glass
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Temperature and compositional dependence of the electrical transport properties of the
nonconventional binary bismuth cuprate glasses are reported for the first time. It has been observed
that the phonon assisted small polaron hopping model in the nonadiabatic regime is consistent with
the data only at high temperatures. The variable range hopping model can fit the low temperature
data qualitatively. The polaron hopping models proposed by Schnakejitigyg. Status Solid28,
623(1968] and Emin[Phys. Rev. Lett32, 303(1974] can predict quantitatively the conductivity

data in the entire temperature range of measurement for all glass compositions. The physical
parameters obtained from the best fits of these models are found reasonable and consistent with the
glass compositions. €1996 American Institute of Physid$$0021-9606)51223-7

I. INTRODUCTION and magnetic measurements, respectively. Density of the
Ssamples was measured by Archimedes’ principle using ac-

The cuprate glasses formed with conventional glas ton n immersion liquid. The aver intersit ]
formers as KOs, TeO,, etc., have been reportéd The elec- clone as a ersion fiquid. 'he average Intersite separa-
t*on between Cu ions was obtained from estimated glass

trical conduction in these glasses arises from the hopping o mpositions. The different phvsical parameters of the d
electrons or polarons between two different valence states gPmpositions. The ditierent physical parameters of the giass

the copper ions, e.g., &l and Cu'. The multicomponent samples are shown in Table I. For electrical measurements,
glasses based on nonconventional network formers PbO ar%)ld electrodes were deposited on both surfaces of the

Bi,O3, are of considerable interest because they can be usggmples by vacuum evaporation. Electrical measurements

to produce glass ceramics, layers for optical and optoelecv—vere carried out in a Keithley electrometéfodel 613. The

tronic devices, thermal and mechanical sensors, reﬂectin?:sence of barrier qugrs at the contacts was conﬂrmeq by
windows, et@~’ Although these multicomponent cuprate ear | -V characteristics. After application of the electric

glasses have been studied extensivefythe binary cuprate I!eld, _':_r%e rezl_stincetsr] otft;he Isaznplgs twere mtd gpgndt_ent (t)f
glasses based on PbO and,®j, have been paid little ime. This indicates that the electronic transport is dominan

attention'®~22The electrical properties of the binary lead cu- " these glasses. For low temperature measurements, the

prate glasses show that the electrical conduction in thes%argplg th]” \;vas mse;rted n a c;;goostz;'[boMEasurements were

glasses occurs by the small polaron hopping in the nonadigrac€ N the temperature range h '

batic regime’? The studies of the binary bismuth cuprate

glasses are interesting because of its glass forming ability, inl. RESULTS AND DISCUSSION

which Bi,O; acts as a nonconventional unique network , - .

former in a wide composition randé.The glass formation Tr_‘e electnc_al cpnductlvny for several 9"”‘33 <l:omp05|—

domain of the binary system is also found to be much widefS 1 shown in Figs. 1 and 2 as a function bf " and

than that of the multicomponent systeff The structural | respectively. Figure 1 shows that the conductivity ex-

studies of these glaséésindicate that the copper ions oc- hibits nonlinear behavior below the temperature range of

cupy the network forming positions 285-320 K depending on glass compositions, indicating
In this paper, the temperature and compositional deper{_e_mperature _dependent activation energy, which decreases

dence of the electrical properties of the binary bismuth cuWith decreasing temperature, characteristic of small polaron

; . 13-18 ;
prate glasses is reported. The experimental data have beBRPPING conductioni”™* However, above this temperature
range, the variation of activation energy with temperature is

analyzed in terms of different theories of polaronic conduc- = X ,
tion. negligibly small so that the behavior may be treated as acti-
vated. The activation energy and pre-exponential factor were
obtained from the least square straight line fits of the data
above 320 K. The compositional dependence of the conduc-

Glasses of compositions(Bi,03)1004x(CUO),, with tivity at 400 K and the activation energy are shown in Fig. 3.
x=25-70 mol %(Table ) were prepared from the reagent A striking feature of the binary cuprate glasses is that the
grade chemicals, BD; and CuO. The appropriate mixtures conductivity is about an order of magnitude higher than that
of these chemicals were melted in alumina crucibles in arof the multicomponent cuprate glasses with the similar cop-
electrical furnace at 1000 °C for 1 h. The melts were therper ion contenf. Figure 2 shows linearity in the lggr vs
quenched by pouring onto a twin roller. Amorphous characT~*# plot below about 300 K, indicative of variable range
ter of the samples was confirmed by x-ray diffraction. Thehopping?® for a considerable temperature range. The above
final chemical compositions of samples and the concentraresults are analyzed below in the light of small polaron hop-
tion of CL#" ions were determined by the atomic absorptionping conductivity theorie$®~*°

Il. EXPERIMENTAL PROCEDURE
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TABLE |. Different physical parameters estimated from atomic absorption,

density and magnetic measurements for the bismuth cuprate glasses. -4
..
Analyzed glass %,
composition —gl :::"?'

~1
cm

-1

logyg O (0

L]
Bi,0O, CuO Density N [Cu'] C R y
(mol %) (gem®) (10 cem ¥ @AC*cm®) [Cu'IN  (A) — %) A%A
- P (¢}
72.85 27.15 8.29 3.70 2.72 0.74 6.47 8 oo:D
64.65 35.35 8.20 5.30 3.39 0.64 5.73 O
54.30 45.70 7.99 7.60 4.87 0.64 5.09
44,38 55.62 7.75 10.35 6.79 0.66 4.59 =10
32.40 67.60 7.54 14.98 10.94 0.73 4.06
=12

Mott!® has investigated theoretically the hopping con-
ductivity in oxide glasses containing transition metal ions.
The conductivity of the nearest neighbor hopping of small -14 ! | ! l 1 I
polaron in the nonadiabatic regime at high temperatures 0.20 0.22 0.24 0.26
(T>©p/2) is given by? Tk )

2 —
w exp(— 2aR)exp( — W/KT) (1) FIG. 2. Logarithmic conductivity shown as a function®f ¥ for the same
kTR ’ bismuth cuprate glass compositions as in Fig. 1. The solid straight lines are
the fits to Eq.(5).

o=V

where v, is the optical phonon frequency is the inverse
localization length of thes-like wave function assumed to

describe the localized stat&st the transition metal ion sitgs whereW,, is the polaron hopping energW, is the disorder

C is the fraction of sites occupied by an electron or polaronsnergy resulting from the variation of local environments of
and is thus the ratio of the concentrations of the reduceghns and Op, is the characteristic Debye temperature. It
states to that of the total transition metal ions, &dds the  ghouid be noted that the tunneling term, exi®aR) in ex-

activation energy for hopping conduction. Assuming a strong,ression(1) reduces to unity for the hopping in the adiabatic
electron—phonon interaction, Austin and Mbthave shown limit.

that A general trend observed in Fig. 1 is that the magnitude
W=Wy+Wp/2 for T>6p/2 of the conductivity at any temperature tends to be highest in
(2)  those compositions having smallest activation energy, which
is consistent with Eq(1). However, Eq.(1) cannot predict
temperature dependence of the activation energy observed
below about 300 K. As shown in Fig. 4, a semilogarithmic
" plot of the conductivity measured at an arbitrarily chosen
temperaturg400 K) versus the activation energy at 400 K
for all glass compositions is a straight line with a slope cor-
responding to a measurement temperature of 440 K. As sug-
gested earliet,it thus appears that the pre-exponential term

:WD f0r T<eD/4,
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FIG. 1. Temperature dependence of the dc conductivity for bismuth cuprate 2030 M)[ o CSOO 6070
glassesO, 27.15 mol % CuOf], 35.35 mol % CuOA, 45.70 mol % CuO; mot 7o tu

¥V, 55.62 mol % CuO®, 67.60 mol % CuO. The solid lines are the best fits
of the data above 300 K to E¢l). The dashed curves are drawn through the FIG. 3. Composition dependence of the conductivity at 40@¥ and high
data to guide the eye. temperature activation energ®) for the bismuth cuprate glasses.
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15® At lower temperatureqT< 6p/4), where the polaron
x binding energy is small, Mol has proposed that hops may
% Wl occur preferentially beyond nearest neighbors. The conduc-
° tivity for the variable range hopping is then given'dy
‘e i o o=0 exd —(To/T)¥], (5)
N a where the constants, and T, are given by
- 10° 00= 1€’ [BN(Ep)12makT]?
50 | | To=19.44%kN(Ey), ©)
0.5 0.6 0.7 0.8 whereN(Eg) is the density of states at the Fermi level. The
WieV) values ofo, and T, were obtained from the least squares

straight line fits of the data presented in Fig. 2 below 300 K.
FIG. 4. Plots of |0g04T vs W at 400 K for different Compositions of the Assum|ng a reasonable Value m‘:l A71 for |Ocal|zed
bismuth cuprate glasses. The solid straight line is the least square fit to th 2
data yielding a temperature of 440 K. States’? the values ofN(Ef) were calculated from bothr,
andT,. Although the values oN(Eg) (Table 1) calculated

from T, are reasonable for localized staféshose obtained

; 0 -1 -3

in Eq. (1), including expE 2aR), depends on the glass com- ffom op are unreasonably high-10% eV~ em™). The rea-
positions. The thermal activation energy, therefore, cannot®n for this discrepancy may be due to the assumption of the
determine the conductivity. In particular, the tunneling termconstant density of states. Thus the variable range hopping
exp(—2aR) needs vary rapidly with intersite separatign ~Model can predict the data below 300 K only qualitatively.
in order to account for the variation of the conductivity with A Polaron hopping model has been investigated by Hol-
CuO content. stein and co-workets considering zero disorder energy and

Austin and Mot have showed that the polaron hopping covering both the adiabatic and nonadiabatic hopping pro-

energyW,, can be estimated using the following expression:C€SSes- On the basis of molecular crystal model, Friedman

) and Holsteif® have derived an expression for the dc conduc-
Wy =e%/2e0€,1 @ tivity

where g, is the free space dielectric permittivitg, is an o= (3e?NRRIZ/2KT) (/K TWy) 2 exp( — Wy /kT), (7)
effective dielectric constant which was calculated from the

dielectric dat&’ and are shown in Table II, and, is the  for the case of nonadiabatic hopping, while Emin and
polaron radius which can be calculated from the foIIowingHOlSte'riL have shown that for the case of adiabatic hopping

expression suggested for a nondispersive system: o=(8meNR2yy/3kT)exd — (W — J)/KT), @)

rp=(m/6)"RI2). (4 whereN is the site concentration antlis a polaron band

The estimated values of, from Eq. (4), using the values of width related to electron wave function overlap on the adja-
R from Table I, are shown in Table Il. The small values of C€nt Sites. _

the polaron radius suggest strong localization in the glass 1Nhe present experimental results follow E) much
compositions. The values o/, were calculated from Eq. More closely, with a thermal activation enerty,, which

(3) and are shown in Table Il. Equatié®) was then used to Varies with the CuO content. This model also provides an
calculate the disorder energJable 1. It may be noted that ndependent way of ascertaining the nature of hopping
the hopping energy decreases with the increase of the cufyechanism _at high temperatures. The condition for the na-
content in the glass compositions consistent with the activaluré of hopping can be expressed by

tion energy. However, the values of the disorder energy for 3= (2kTW, /) ¥(hvy/m) Y2 9

the glasses with lower CuO content are comparable with the

hopping energy which is unlikely as evidenced from the subWhere the signs> and < indicate adiabatic and nonadiabatic
sequent discussion. hopping, respectively. The condition for the formation of

small polaron is, however, given hy<Wy/3. The limiting
value ofJ calculated from the right-hand side of expression

TABLE II. Parameters obtained from polaron hopping models. (9) at 400 K is of the order of 0.04-0.05 eV, depending on
compositions and therefore the condition for the existence of
Glass composition W Mp Wy Wp N(Ef) small polaron is satisfied. An unambiguous decision as to
mol%Cug V) (A) & (@) (V) (@V'iem®)  \hether the polaron is actually in the adiabatic or in the
27.15 0.84 261 31 056 056 5x30° nonadiabatic regime requires an estimate of the valug, of
35.35 079 231 36 054 050 6980° which can be obtained from
45.70 070 205 39 057 026 9360°
55.62 064 185 41 060 0.8 mmolz I~ [N(Ep)/(g0€p)®1V2 (10)
0760 060 164 51 054 012 28520 Using the values oN(Eg)~10' eV 1cm™3 (Ref. 22 and
3From Ref. 20. €, from Table II, Eq.(10) gives J=0.03 eV and thus the
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FIG. 5. Plots of logy(oT) vs 1G/T for the same bismuth cuprate glass 103/T (K")

compositions as in Fig. 1. The solid curves are the best fits tqHg.

FIG. 6. The fits of the measured dc conductivity to the prediction of Emin’s

) ] ) ] ) _ model[Egs.(12) and(13)]. The solid curves represent the best fits for the
nonadiabatic hopping theory is most appropriate to describeame sample compositions as in Fig. 1.

the polaronic conduction at high temperatures in bismuth

cuprate glasses in sharp contrast with the conventional cu-_ o )

prate glassek? with the fact th'at t.he structural units in thg binary glasses do
Schnakenber§ has considered a polaron hopping not change significantly with composﬂmﬁ’s.lt may be

model, in which optical multiphonon process determines thd'0téd that the values o/, for the bismuth cuprate glasses

dc conductivity at high temperatures, while at low tempera-2r€¢ comparable to those olfgthe lead cuprate glaSses.

tures charge transport is considered to be an acoustical one- EMin and co-workef@ have discussed a phonon as-

phonon-assisted hopping process. The temperature depetsteéd hopping model in which electroiigolarons could

dence of the conductivity in this model has the form couple with either optical or acoustical phonons or both.

1 1o Considering interaction of electrons with both acoustical and
o~T sinf(hvo /KT)]** exd — (4Wy /hw) optical phonons, the dc conductivity for the nonadiabatic

X tant ho/4kT) Jexp( — Wi /KT). (11) ;nuf!tiphonon hopping of small polarons has been calculated
It may be noted that Eq11) predicts a temperature depen- 5 ) 12
dent hopping energy which decreases with the decrease in o= Ne’R (J/h)g[ wh }
temperature in consistence with the experimental dGig. 6kT 2(EP+EIKT
1). In Fig. 5, experimental data are fitted to Ef1) by the 5
best fit method, and it is noted that the agreement between Xex;{ _ Wo ex;{ _ %
the theory and experiment is very good. The best fits yield 8(EP+EKT 2kT

the values of parameteig, W,;, andWp which are shown Eop g
in Table Il for different glass compositions. It is noted that Xex;{ __A_TA
the values ofi, are close to the estimates gf from infrared kKT kT
data!! The values of hopp_ing energyy increas_ej\s WiFh the ‘whereE%®, E, EP, andEX are defined as
decrease of CuO content in the glass compositions in consis-
tence with the activation energy. However, the disorder en-
ergyWp does not vary much with compositions in consistent

: (12

E%P=EQX( 1/Np)§ [hvog/2k T]coseckihvg ,/2kT),

TABLE lll. Parameters obtained from the fits of Schnakenberg’s model toTABLE IV. Parameters obtained from the fits of Emin’s model to the ex-

the experimental data of bismuth cuprate glasses. perimental data of bismuth cuprate glasses.
Glass composition vy Wy Wp Glass composition Vo EpP Ep° Wp J
(mol % CuQ (102 s (eV) (eVv) (mol % CuQ 1oBshH  ev)  (ev) (eV) (eVv)
27.15 1.03 0.82 0.18 27.15 1.50 0.94 0.75 0.20 0.040
35.35 117 0.76 0.18 35.35 1.67 0.89 0.68 0.20 0.035
45.70 1.30 0.71 0.18 45.70 1.84 0.84 0.63 0.20 0.034
55.62 1.46 0.65 0.19 55.62 2.10 0.74 0.60 0.20 0.028
67.60 1.73 0.57 0.20 67.60 2.40 0.69 0.56 0.20 0.025
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tatively consistent with the variable range hopping model.
E3=ESTLNy) X [hv, o/2kT]coseckhv, o/2kT), The temperature dependence of the conductivity is predicted
a (19 by the polaron hopping models of Schnakenberg and Emin in
op_ op 1 the entire temperature range of measurement. The physical
Ex=Ep (1/Np)zq [Nvog/2KT]™ " tanhthwo4/2kT), parameters obtained from the best fits of these models are
found reasonable and consistent with the glass compositions.

EX= Eﬁc(l/Np)é [hvy o/2kT]™ ! tank(h, o/2kT), ACKNOWLEDGMENT
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