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Electrical and optical properties of PbO-TiO,-GeO,
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Glasses with the compositions Pby(1_x TioxGes012524 (X=0.5, 0.4, 0.3, 0.2, 0) were prepared
in order to study their electrical and optical properties. The density decreases with
increasing Ti content in the glasses, and the refractive index exhibits a maximum at x =0.4.
The Raman spectra show that Ge is tetrahedrally coordinated in glasses. At a given
temperature, the electrical conductivity increases with increasing Ti content while the
dielectric constant shows a mixing effect that exhibits a maximum at x=0.2. The
temperature dependence of dielectric constant was discussed by means of the Langevin
theory. © 1998 Kluwer Academic Publishers

1. Introduction was 2%. Dielectric measurements were performed in
“Amorphous ferroelectricity” was first proposed by Argas with a 1260 impedance gain-phase analyzer and
Lines [1] and experimentally demonstrated on quen-a Chelesea dielectric interface. During the impedance
ched LiINbGQ and LiTaQ glasses [2]. Other obser- measurementsthe variation oftemperature is controlled
vations of ferroelectric phase transition in amorphouswithin 1 K. The relative error of the impedance mea-
Pb(Zr Ti1_x)Os [3] and PbTiQ thin films [4, 5] have  surements was 18. The glass densities were deter-
been reported. Amorphous ferroelectric thin films havemined by an immersion method with the accuracy of
received increasing interest in recent years because 6fx 10~* (g/cn¥), and Raman scattering experiments
their high dielectric constants and because of device apvere carried out with a Perkin—Elmer spectrometer
plications. Crystalline PbTiQand PgGe; 0y, are fer-  (System 2000 NIR FT-Raman). The samples were ex-
roelectrics. Amorphous RBe;0;1 was obtained both  cited with the 1064 nm line of a Nd-YAG laser. The re-
by high pressure [6] and by quenching the melt to roonfractive indices were determined by ellipsometry with
temperature [7]. The evolution of ferroelectricity in a He-Ne laser at 632.8 nm.

ultrafinegrained PiGe;0;; was observed by crystal-

lization from the glass [7]. Because of unstable phase§_ Results

of amorphous ferroelectrics in both thin film and bulk . '
N Fig. 1 shows the Raman spectra of,by)TioxGes
state, however, it is difficult to study the temperature-012+2X glasses =0.5, 0.4, 0.3, 0.2, 0). With decreas-

dependent electrical and optical properties of sucl'fng Ti content, the main band near 429 chshifts to

glasses and the mixing effect of different COMPO-igher frequencies with a gradual loss of intensity. This
nents. PbO-Ti@-GeG is agood glass-forming system. ba?nd is cocr‘nparablewith tr?e Raman band 40 crr)rlll

Glasses with the compositions i ) Tiz G012« f vitreous Ge@[8, 9] and indicates that Ge is tetrahe-
(x= 05 0.4,0.3, 0.2, 0) were p_repared in the presen rally coordinated in these glasses. The Raman band in
work in fo rgerbto”ftuldy the ekz)lectrlcal ant;l gptllcal PrOP- e range from 786 to 810 cmhis comparable with the
erties of the bulk glasses by means of dielectric anci)eak at 784 cmi in Na,01.78 GeQ glass [8]. As dis-
Raman spectroscopy. cussed previously [8], this band arises from stretching-
motions of the non-bridging oxygens. Both frequency
2. Experimental and intensity of this band increase with decreasing
PbO (Aldrich, 99.9%), Ti@ (Aldrich, 99.99%), and Ti content, indicating that the non-bridging oxygen is
GeG (Heraeus, 99.999%) were used as starting maelosely correlated with the addition of Ti@n the glass.
terials. The powders were mixed and then melted irThis is because the number of oxygens in glasses s pro-
a Pt crucible in an electric furnace at 1623-1723 Kportional to the Ti content. A very broad fluorescence
for 1 h. The melt was then quenched in a Ni crucibleband between 1500 and 3500 this observed for the
and annealed at 623 K for 20 h. The prepared glassefasses with compositions &f= 0.5 andx = 0.3.
are transparent and yellowish in color and are homoge- The refractive indices and the densities of the glasses
nous when examined with a petrographic microscopedetermined by ellipsometry and immersion method are
For the impedance measurements the glass specimelisted in Table I. Both the refractive index and the den-
were cut into thin slices and diamond polished. Goldsity of the glass vary non-linearly with Ti content.
electrodes were sputtered onto the disclike samples in Fig. 2 illustrates the temperature-dependent real part
vacuum. The relative error of the thickness of sample®f electrical conductivity for PR1_)TioxGesO01242x
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Figure 1 Raman spectra of Bf_x) TioxGesO124.2¢ glasses.

glasses at the frequency of 0.1 Hz. A frequency-where oy is a pre-exponential constantg ks the
independent dc conductivity is observed in the fre-Boltzmann constang, denotes the activation energy,
quency range from 0.1 t6-1000 Hz for all glasses. andT isthe absolute temperature [10]. The dc electrical
Thus the electrical conductivity (i2~*m~1) shownin  conductivity of Pb—x) TioxGes01242« glasses can be
Fig. 2 represents the dc value of the glasses. Itincreasekescribed by means of Equation 1. Thefitting results are
with rising temperature, showing that the electrical con-also plotted in Fig. 2, and the evaluategand E, are
duction ofthe glassis athermally activated process. Atédisted in Table I. The activation energy increases with
given temperature, the electrical conductivity increaseslecreasing Ti content, and the pre-exponential factor
with increasing Ti content in glasses. op also shows the same tendency, except for the glass
For dielectric materials in which the electrical con- with x =0.4.
duction is produced through hopping of the charge car- The temperature-dependent real part of dielectric
riers, the temperature dependence of electrical conduconstants of the glasses at 13 110 Hz are plotted in
tivity o can be expressed by the form Fig. 3. In order to monitor the effect of electrode polari-
zation at low frequencies, the dielectric constants are
measured from 0.1 to £®z, and the selected dielectric
E, ) (1) constants shown in Fig. 3 are determined at 13 110 Hz.
kg T The contribution of electrode polarization to the

o0 =00 exp(—

TABLE | Physical parameters of BR_x) TiaxGesO124 2x glasses

X 0.5 0.4 0.3 0.2 0

Densityp (g/cn?) 4.428 4.853 5.065 5.265 5.582

Refractive indexn 1.842 1.928 1.918 1.913 1.892
(632 nm)

Activation energyE,, 1.104+0.01 1.14+0.01 1.24+0.01 1.314-0.01 1.36+0.01
(eV)

Pre-exponential constasg 559+5 332+ 3 731+7 1483+ 15 2232+21
(2/(2 x m))

s (cnm) 2465423 2617417 3276+ 13 3875+ 20 3147+ 37

i/10° (K x cm®) —26+0.1 -22401 -28401 —4.040.1 -3.6+0.2
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Figure 2 Electrical conductivityo (£2 x m)~! of Phy1_x) TixGes01212¢ glasses at different temperatures. Electrical conductivity is determined
at 0.1 Hz. The solid circles are experimental results, and the solid lines represent the fitting results by Equation 1. The fitting parametens are listed
Table I.
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Figure 3 Temperature dependence of the real part of dielectric constrit3 110 Hz for PRy _x) TioxGesO1242x glasses.
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dielectric constant can be neglected at this frequencydipole moment. According to the Langevin theory, the
As can be seen, the dielectric constant increases wittemperature-dependent dielectric constant can be des-
increasing temperature for all glasses. At a given temeribed by the following equation [14, 15]:

perature, amixing effect can be observed. The dielectric
constant exhibits a maximum at=0.2.

Na p w?

_1=_AF ’ 2
¢ o M (“ T 3T @
4. Discussion . . o
The mixing effect can be observed in both optical andvv_herea is deformat_lon polarizabilityy is the average
electrical properties of B, TiGesO1z,2¢ glasses.  diPole moment, N is the Avogadro numbeiM and
The refractive index, Raman band frequencies, and &€ the molecular weight and density of the glass,

pre-exponential constanto all exhibit an anomaly '€SPectively. _
at x=0.4. A mixing effect may be induced by the If we neglect the thermal expansion of glasses and

variation of glass structure. As for other polar glassed®t the density in Equation 2 be equal to its value at
[11], no ferroelectricity is observed in the temperature-"00M temperature, the temperature-dependent dielec-
dependent dielectric constant data, such as the ph&iC constants shown in Fig. 3 can be described by
nomena reported in RB&;O11, LINDOs, and LiTaQ Equatlo_n 2._ The experimental and fitting results are
glasses. This observation indicates that no spontaneog§oWn in Fig. 4. In the plot of¢(—1)MT/p versus
ferroelectric grain exists is the presently investigated! - Eguation 2 is demonstrated to be a straight line,

bulk glasses. The high dielectric constants and refracth® slope of whichs, is equgl to the term of Nx/eo,
tive indices of the glasses are due to the high polariz&d the interceptgives N ../(3kg<o). The evaluated
abilities of PB+ and T ions. values are listed in Table I. Note that the slope also ex-

The dielectric constants, as the results show if1iPits @ maximum ak = 0.2. Unexpectedly, the eval-
Fig. 3, are related with two polarization processesYatéd intercepts for all glasses are found to be nega-

One is the deformation polarization, which resultstVé- An explanation of such results appears to be the
from deformation of the charge distribution of the {€mperature-dependent deformation polarizabitity,

molecule, and another is the orientation of polariza-Vhich is described by the equation of
tion, which is due to the dipole movement [11-13]. For
Pp—x) TiaxGes012, 2« glasses, we can assume that the @ =ag— c 3)

bonds PB*—0O?~ and T —0?~ produce a permanent T

f=13110Hz
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Figure 4 (¢ — 1)MT/p versus temperature. The values of the dielectric constant are from Fig. 3, and the densities of glasses are listed in Table I. The
solid circles are experimental results, and the solid lines are the fitting results by Equation 3. The fitting parameters are listed in Table I.

5692



whereap and ¢ are the two constants. In this caseof
the slopes is expressed by the relation 8= Naog/
€0, and the intercept is given byi = Nau?/(3kseo)
—C.

The deformation polarization can respond to the ap
plied electric field even at optical frequencies, whereas
the orientation of dipoles possesses the distribution of

1

relaxation times and thus disappears at high frequen-=.

cies [13]. Therefore, the evaluated intercegtmainly
related with the constant c at 13 110 Hz.

5. Conclusions

> . i 6
Glasses with the compositions 2.x) Tiox G 01242«

(x=0.5, 0.4, 0.3, 0.2, 0) were prepared to study elec-7.

trical and optical properties. The Raman spectra show

that Ge is tetrahedrally coordinated in glasses. The re--

fractive index, dielectric constant, deformation polar-

a mixing effect. The electrical conductivity increases

with increasing Ti content. No ferroelectricity is ob- 11.

served in the temperature-dependent dielectric constant
data. The deformation polarizabilities of all glasses are}
found to depend on temperature.

15.
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