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Physical and dielectric properties of
Bi;_xR,Sr;CazCu,0,¢ glasses
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The reflectivity spectra of semiconducting Bi;sSrz3CaszCu,049 glasses were measured over
the frequency range between 100 and 4000 cm~", and were analysed using Kramer-Kronig
routines. It is observed that the static and high frequency dielectric constant varies as the
bismuth is partially replaced by silver and nickel. The X-ray diffraction and the dc resisitivity
measurements shows a semiconducting behaviour for all the samples. The measured
values of the activation energy and other physical parameters based on infrared reflectance
measurements are consistent with published work on the similar materials, the activation
energy W, hopping energy Wy and other physical parameters vary with the nickel and
silver substitutions. It is shown that the hopping in these materials occurs in non-adiabatic
regime, unlike other transition metal oxide glasses. © 7999 Kluwer Academic Publishers

1. Introduction infrared or Raman spectra of glasses consist of exci-
Transition metal oxides, such as®;s, MoOs, CuO, tations very similar to those of crystals with similar
and TiQ,, when heated with glass forming substancessomposition, with the difference that the linewidth of
like P,Os, TeO,, and Ge@form semiconducting oxide glass spectra is large compared to that of the crystals.
glasses. One condition for semiconducting behavior ig his work offers the first systematic reflectance study
that the transition metal ions should be capable of existef BisSrCaCu,O1g glasses. A major portion of the pa-
ing in more than one valence state. Electrical conducper is related to the extraction of the values for hopping
tion in these glasses occurs by electron hopping fronenergy, activation energy, and other physical parame-
an ion of the low valence state*V transition metal to  ters based on infrared reflectance studies. Analysis of
an ion of the high valence stateV[1-3]. According these measurements provides the frequency-dependent
to [4] a strong electron-lattice interaction exists in thesedielectric response function, and the values of charac-
semiconducting oxide glasses which causes the formderistic phonon frequencies [13]. The effective dielec-
tion of small polarons and hence the conduction due tdric constant obtained from Kramer-Kronig is used with
hopping of small polarons between the transition metaMott and Austin and Mott theory [1-4] to obtain the ac-
ions of two different valence states. Soon after the distivation energy and other related physical parameters.
covery of the highT; superconducting phases of the
BiSrCaCuO system [6] it was shown that certain com-
positions readily form glasses [6—8]. These glasses with
transition metal ions are very useful precursor materi-
als for the processing of diverse geometry such as oxid2. Experimental
wires, tapes, or thin films. The existence of small po-2.1. Sample preparation
larons in these types of materials has been discussed I8toichiometric amounts of BD3, SrCG;, CaCQ,
various groups [9—11]. Photoinduced doping of insulat-AgO, NiO, and CuO were mixed in appropriate quan-
ing samples have indicated that the charge carriers prdities and calcined at 80@ for 10 h in air. The cal-
duced by this method are localized small polarons. Theined powders were ground several times in a mortar
appearance of these charge carriers is accompanied layd pestle during 10 h heat treatment and then melted
a shift of Raman or infrared active local phonon modesin an alumina crucible at 125 for abou 1 h in an
It is observed that the shift in phonon frequency for theelectric furnace. The melt was poured onto a stainless
photo-doped insulator and the chemically-doped metalsteel block and pressed quickly to a thickness of about
lic sample is identical thus indicating that the charge3 mm by placing a steel block on the melt. Three sam-
carriers in the metallic phase are small polaron. ples were made using the above method with the fol-
Infrared spectroscopy has been extensively emlowing compositions: Sample no. 1,48irsCazCuyO;o;
ployedtoinvestigate the vibrational and structural prop-sample no. 2, BisAgosSr3CaCw01p and sample
erties of glasses [12-16]. It is well known that the no. 3, BksNig5SCaCu,010. These samples were
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polished optically flat for the reflectance measurement8. Optical properties
in the different spectral range. The X-ray diffraction 3.1. Reflectance measurements
measurements performed with Kyradiation between The X-ray diffraction spectra are shown in Fig. 1. All
20 values of 20 and 60 do not show any structure, the three glass samples are featureless except for a
indicating that all three samples are in the amorphousmall hump at about 30The scattering wave vect&r
semiconducting state. The dc resistivity measurements obtained from the relatiok= 4z sin/ has a value
shows a semiconducting behaviour of these sampleaf 2.09/A , which is a representative value for an amor-
The resistivity of sample no. 1 is very high and re- phous material. Thus all three samples are amorphous
duces slightly on doping. These observations are corsemiconductors. The measured reflectance spectra for
sistant with the IR measurements. The reflectance meall the samples are shown in Fig. 2. From this figure we
surements were performed over a frequency region besbserved that the reflectance of the parent sample in the
tween 80 and 4000 cm using a Bruker IFS-113v fast far-infrared region reduces as the bismuth is partially
scanning Fourier transform spectrometer which cov-substitued, which indicates that the number of free car-
ers the far-infrared and mid-infrared region. The meariers reduces on the partial substitution at the bismuth
surements were performed at room temperature ussite; this could be due to the loss of oxygen on doping.
ing a highly sensitive liquid helium cooled bolometer. From Fig. 2 we also observe that the reflectance min-
ima for the three samples is not effected by the doping.
The mid-infrared response of sample 2 i.e., silver sub-
stituted at the bismuth site shows an increase in the
reflectance, where as nickel substitued sample shows a
drop in the mid-infrared reflectance.

The experimental reflectivity data were analyzed us-
ing Kramer-Kronig relations. From the measured re-
) WWWM flectance spectra we obtained the frequency dependent
dielectric functions, absorption coefficient, and optical
conductivity. Since this method requires the knowledge
of reflectivity as a function of frequency from zero
to infinity, extrapolations had to be used. At low fre-

WWMW%M quencies, the reflectance is assumed to be constant; at

Intensity(A.U)
N%

1 high frequencie® was continued smoothly until about
50,000 cnT! and then made to go as) . At first the
| [ L measured reflectand®(w) =r? is transformed to ob-
52 44 36 28 20 tain the phase angle differené@v) between reflected
2(0) degrees and incident wave i.e.,
Figure 1 X-ray diffraction pattern of Bj_xRyxSr3CaCuw,019 glasses ) / /
(h?erex =0, for)'/sample 1, arr]wl =05 anl?(zjl R:Ag,?\li&f?)r g;mpc))lgs 2 and Q(a)) — / In ng ) d/(za) ) (1)
3, respectively). 0 - —

0.5 ——r—rTTT T ————————

BISCO Glasses ]

0.4 -
__ & _ Sample#i
4+ . sample#2
_4____ sample#3

Reflectance

100 1100 2100 .. 3100
Frequency (cm™')

Figure 2 Infrared reflectance spectra ofBixRxSsCazCuyO19 glasses (herg =0, for Samplel ana = 0.5 and R=Ag, Ni for samples 2 and 3,
respectively).
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The real and imaginary parts of the dielectric functionand

€1(w) andey(w) are related to the reflectivityw) and .
0(w) through the complex refractive indeMd,=n + ik €2(w) = 2nk, ()
as The optical dielectric constants are then used to cal-

() = 1—r2
= 1512 -2 cosh
2r coso
Kew) = 1+r2—2rcosd 3)

and
Also, the real and imaginary parts of the dielectric func-
tion are related to(w) andk(w) as

wEeo
o1 = —
4

o = (4rvkd)

culate the real part of the optical conductivity and the
(2) frequency dependent absorption coefficient, as

(6)

(7)

The functionse;(w), a(w), and o1(w) are shown in

e1(w) = n*(w) — k¥(w), (4)  Figs 3-5, respectively. In infrared region the real part
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Figure 3 The real part¢1(w) of the dielectric function for samples 1, 2 and 3.
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Figure 4 The absoption coefficient(w), versus frequency for sample 1.
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Figure 5 Optical conductivity functiong;(w) for the samples 1, 2 and 3.

of dielectric response function is highly frequency de-been discussed in detail by Mott [4] and Austin and
pendent which indicates that the loss mechanism mug#lott [1]. Using the polaron hopping mechanism as de-
have a distribution of relaxation time rather then a sin-scribed by the above authors, the activation engy
gle relaxation time. This phenomen is similar to thosecan be expressed as

of other transition metal oxides studied at ambient tem- Wo

perature. As there is no strong absorption at high fre- W= Wh + —= 9)
quencies in this material, the value af(w) attains a

constant value, which leads to an estimate of the higlwvhere Wy andWp are the polaron hopping and dis-
frequency dielectric constaat,. For the calculation of  order energy arising from the energy difference of the
polaron binding energy, the effective dielectric constanheighbouring sites. The value W is calculated using
(¢p) can be approximated byg) = e, = N2, provided  the relation:

(eo) is very large as compared tg, if the value ofeg We €/1 1
is not large enough then one can use the relation: W=—F=—|-—-5 (10)
2 4ep\rp R
1 1 1 WhereWs, €, €, I'p and R are respectively the polaron
—=(=-= ®  hovni
€p € €0 opping energy, the charge of the electron, measured ef-

fective dielectric constant, the polaron radius and finally
The values okp, the effective dielectric constant ob- R which is the mean distance between transition metal
tained from Fig. 3, are listed in Table Il. The substitutionions. The polaron radiug used in Equation 9 has been
of silver and nickel at the bismuth site increases the valestimated by several authors [1, 17] as
ues of effective dielectric constantg, and hence is re-
sponsible for the change in the activation energy and the 17 - Y3
microstructure of these glasses. The value of the char- =75 [m] (11)
acteristic phonon frequency, estimated from absorption
spectra of Fig. 4, is slightly higher than those reportedvhereN is the concentration of Cu ions in the glass,
in literature and increases on doping. The optical conwhich is obtained from the derived formula and
ductivity is represented by Fig. 5; the conductivity of the measured values of density, calculated from
the pure sample reduces on doping. The details of viArchimede’s principle. In contrast, the value Bfin
brational features observed in conductivity spectra ar€quation 9 is determined from the composition found
discussed in Section 3.3. by chemical analysis and density measurements. The

disorder energ¥\p in Equation 8 is calculated from

Miller and Abraham'’s theory [18] using the equation,

Ke?
Wp = —
D eR

3.2. Discussion

In transition metal oxides glasses, strong interaction
between the unpaired electrons and lattice leads to the
polarization of the lattice and displacement of the oxy-
gen ions away from the low-valence transition metalHeree is the static dielectric constant obtained from
ions. This localization process is sufficient to produceKramer-Kronig analysis of the reflectance datajs

a small polaron. The theory of the small polaron haghe constant of the order of 0.3 ards the electronic

(12)
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TABLE | Some physical parameters of the BSCCO glasses For non-adiabatic hopping the polaron bandwidth is
J < H whereH is given by

Sample no. Dopant p (gcm3) N x 107 (cm?) R(A) rp (A)

1 — 5.98 3.47 6.65 2.63 KT 1/4
2 Ag 5.92 3.86 6.37 256 H= (ﬂ) (hvpr)Y/2 (16)
3 Ni 5.84 3.92 634 255 T

o and J, from Equation 15. We obtain the value bf
TA.BL.E Il M easured values of effective dielectric constant and theaS 37 meV which is much higher than that QL
activation energy i.e., 7.0 meV, calculated from Equation 15, because

Sample J <« H we conclude that the hopping phenomena in
no. Dopant ep Wh (€V) Wp (eV) We (eV) W (eV) yp these glasses occurs in the non-adiabatic regime.

1 — 3.00 0.274  0.0127 0546 028 85

2 Ag 3.81 0.12 0.020 024 013 45

3 Ni 321 0262 00118 0524 0268 81 3.3. Vibrational features

Fig. 4 represents the infrared conductivity of all the
three glasses. It is apparent that as the bismuth is sub-
TABLE Il Vibrational modes in BSCCO glasses measured in‘cm stituted by the silver and nickel the Conductivity of the

Sample no. 1 2 3 4 5 materialisreducedin th_e m_frared region, |nd|ca_t|ng that

the doped samples are inclined towards more disordered
1 303 505 858 1402 1452 state and hence have larger activation energy. All the
2 305 535 860 - 1470 three glasses have four to six major vibrational features
3 223/303 598 856 — 1476

in the measured frequency range. CrystallingBihas
absorption peaks around 510, 600 and 1400 these
peaks are also retained in some of the glasses. All the
ree samples show an absorption band around 860 and
470 cnt! which may be due to the presence of Sr

We and ) are listed in Tables | and Il, respectively. and CaC@in the samples. In the nickel doped sample

. . : ks appear at 217 and 404 -¢rand the
The observed values are in agreement with publlshea’v0 new pea . .
data [7] for such materials. The condition for small peaks at 303, 505 and 1450 chrshift towards higher

polaron is fr_equencies side. This shift c_ould be due to the large
difference between the atomic masses of bismuth and
J< % (13) the nickel. In contrast, the substitution of silver at the
= 3 bismuth site leads to a small shift in the vibrational fre-
guencies. These shifts could also be due to appearance
; . . of charge carriers which causes shifts in Raman and
energy. Oncd is shown to satisfy Equation 13 and so infrared phonon modes [10]. A common effect of both

is in accord with the formation of the small polaron, . : .
. . the dopants is to reduce the optical conductivity. We
then the other physical properties of glass can be calcu

lated. The polaron coupling constagtcan be calcu- did not observe any hydroxyl mode reported by [7] be-

lated from the relation between characteristic phonor%Ween 35003700 cnt in our spectra. It appears that

frequency and the polaron binding energy [1] as since the earlier samples were made by mulling tech-
q y P 9 9y ' nigue, where small portion of glass powder is dispersed
Wp

in a transparent matrix such as KBr. These procedures
- hvph may have certain undesirable effects such as Christian
effect, i.e., dispersion at high frequencies, loss of spec-
The measured value of the characteristic phonon fretra| intensity and band shape and residual water from

quencies for sample 1 obtained from the absorptiorimulling agent KBr, which is hygroscopic in nature.
spectrum in Fig. 4 is 520 cmd; this is in agreement

with the one reported in Ref. [7] measured by infrared

absorption, but is slightly higher than the values ob- .

tained from conductivity measurements. The couplingt: Conclusions

constant obtained after substituting the calculated vall he present studies of BSCCO glasses shows that the
ues ofWe and characteristic phonon frequency in Equa_gla_sses made are semiconducting in nature and thgt the
tion 14 is about 8.5. Austin and Mott have suggested®Ptical conductivity of these glasses reduced consider-
that a value foy, > 4 usually indicates strong electron ably on the substitution of.mc[(el and silver at the bis-
phonon interaction in solids. Our calculated values ofuth site, whereas the activation enewfyof the sam-

y, are greater than 4 which indicates a strong electroR!€s 2 and 3, increases as compared to sample 1. The
phonon interaction in BSCCO materials. The calculatedneasured larger values gf for our glasses indicate

values ofy, are listed in Table I1. We obtain the polaron that a strong electron-lattice interaction exist in these
bandwidtr?Jp from materials and hence confirms the formation of small

polarons as predicted by the theories. Finally, the con-
J ductionin BSCCO glasses is found to be due to hopping
b = 5= hvph €Xpyp) (15) of small polarons between the localized states and the

charge. Some physical parameters for pure and dopet
BiSrCaCuO glasses, such as N, rp, W, Wy, Wp,

whereJ is the polaron bandwidth andly is hopping

Yo (14)
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hopping process occurs in anon adiabatic regime unlikes. H. zHENGandJ. D. MACKENZIE, Phys. Re\38(1989) 7166.

the other transition metal oxides.
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