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Photoacoustic and ESR studies of iron-doped soda-lime glasses: Thermal diffusivity
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The photoacoustic technique is used to measure the thermal diffusivity of iron-doped soda-lime
glasses. To explain the thermal diffusivity behavior as a function of the iron content in the samples,
electron-spin-resonance data were used. It is concluded that the main reason for the observed
changes in the thermal diffusivity is the ferric ion entering substitutionally at the Si** sites.

1. INTRODUCTION

The photoacoustic (PA) technique has been proved
over the last ten years to be a valuable technique for
measuring the thermal diffusivity a of solid samples. For
a review on the subject we refer to Refs. 1-3. The impor-
tance of the thermal diffusivity as a physical parameter to
be monitored is based on the fact that it is unique for
each material. This can be appreciated by the tabulated
values of o presented by Touloukian et al.* The PA
measurement of the thermal diffusivity has been carried
out using different techniques.’> ™' In particular, in the
case of glasses the PA technique has been applied to the
investigation of the influence of dopants on both the
thermal diffusivity'"'? and the optical-absorption spec-
trum. 314

In this paper we report on the role of ferric ions in the
changes of the thermal diffusivity of soda-lime glasses.
The thermal diffusivity was measured using the PA
phase-lag method as reported in Ref. 11. To understand
the observed changes of the thermal diffusivity as a func-
tion of the iron concentration we have also studied the
electron-spin-resonance (ESR) spectra of our samples. In
this way we could assign the atomic surroundings of iron
in the glass matrix and correlate them to the observed
changes in the thermal diffusivity. We concluded that
the main reason for the observed changes of the doped-
glass thermal diffusivity are the ferric ions substituting
silicon in the glass structure.

II. EXPERIMENTAL

The soda-lime glass samples were prepared from
standard-grade chemicals. The basic composition was
identical and equal to 72 wt. % SiO,, 18 wt. % Na,0, and
10 wt. % CaO. The doped samples were prepared by
melting the basic glass with varying concentrations
(wt. %) of Fe,0,. The samples were melted in a platinum
crucible in an electric furnace at 900 °C followed by an in-
termediate annealing at 525°C.

The PA measurements were carried out using the two-
beam experimental arrangement as described in Refs. 9

40

and 11. The light from a 120-W tungsten lamp, after be-
ing chopped, is divided by a beam splitter and the result-
ing beams are directed to opposite sides of the PA cell as
shown in Fig. 1. The PA cell is a conventional brass cell
in which a quarter-inch condenser microphone (Bruel &
Kjaer) is mounted in one of its walls. The samples, in the
shape of 8-mm-diam disks, were flush against the back
wall of the cell, which has a 4-mm-diam hole through
which the rear beam passes. According to Refs, 9, 11,
and 12 the thermal diffusivity, for an optically opaque
sample, is obtained by measuring the relative phase lag
Ap=¢r—d¢p, at a single modulation frequency, between
the rear surface illumination (R) and the front (F) sur-
face illuminations. This phase lag obeys the equation

tan{A¢ )= tanh(la) tan(la) , (1

where [ is the sample thicknesses, @ =(wf/a)!/? is the
sample thermal diffusion coefficient, f is the modulation
frequency, and a is the sample thermal diffusivity. It fol-
lows from Eq. (1} that the procedure to determine a is to
substitute the experimental value of A¢ into Eq. (1) and
solve it for z=Ila. Knowing z, the thermal diffusivity is
readily given by a=mfI?/z% The above method re-
quires, however, the sample to be optically opaque. To
ensure the optical opaqueness condition a thin circular Al
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FIG. 1. Experimental arrangement for the two-beam pho-
toacoustic measurement of the thermal diffusivity.

7912 ©1989 The American Physical Society



40 PHOTOACOUSTIC AND ESR STUDIES OF IRON-DOFPED . ..

foil 20 pm thick and 2 mm in diameter was attached to
each side of the samples using a thin layer of diffusion
pump oil.

The ESR measurements were performed on a Varian
E-12 spectrometer operating at the X band at room tem-
perature. The ESR data were determined from the
fittings of the experimental data to the first derivative of a
Lorentzian curve. The intensity of the ESR signal was
assumed to be proportional to the product of the peak-
to-peak height and the square of the linewidth.

1II. RESULTS AND DISCUSSION

In Fig. 2 we show the dependence of o on the Fe,0;
concentration. This plot shows that starting from
a=0.0046 cm?/s, the thermal diffusivity exhibits a satu-
ration around a=0.0054 cm?/s for doping concentra-
tions above roughly 4%. To understand the mechanism
responsible for this saturation we have carried the ESR
measurements of the ferric ions. In Fig. 3 we show the
ESR spectra for two samples having doping concentra-
tions of (a) 1% and (b) 8%. For the 1% Fe,0;-doped
sample, the ESR spectrum exhibits resonances at g =1.9,
4.3, and 7.6. As the Fe,O; concentration is increased to
8% the resonance at g =2.0 gets greatly enhanced. The
above spectra are similar to the ones previously reported
in the literature!*~2° for Fe** ions in borate and silicate
glasses. The ESR of Fe*" in glasses is discussed in terms
of the possible atomic surroundings it can have. The fer-
ric ion can occupy basically three different sites. It can
be a network former, occupying sites similar to a silicon
ion. In this case it is tetrahedrally surrounded by oxygen
ions. It can also be in a network-modifying position, in
which case it occupies the interstices of the glass struc-
ture rather than the center of an oxygen tetrahedron. Fi-
nally Fe?" can be positioned in aggregates such as Fe,0;
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FIG. 2. Dependence of the thermal diffusivity, as obtained
from the photoacoustic phase-lag method, as a function of the
iron oxide doping concentration.
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FIG. 3. ESR spectra recorded at room temperature and at
9.514 GHz for the glass samples having (a) 195 and (b) 8% iron
oxide doping concentrations.

due to the excess oxide which did not interact with the
glass structure. Hereafter, we denote these three sites as
sites 4, B, and C, respectively. In site C, the g value is
that of the free ion, namely, g =2.0, since it is due to
Fe’" in the oxide. In an interstitial position (i.e., site B),
the ferric ion is expected to exhibit also a broad reso-
nance around g =2.0, as discussed by Castner et al.?* In
other words, sites B and C give rise to isotropic superim-
posed broad lines at g ==2.0. For samples with 4% and
8% Fe,0,, the linewidths of the g =2.0 lines, due to sites
B and C, vary from 300 to 400 G and from 900 to 1100
G, respectively. Site A, in contrast, is responsible for the
large g resonances. For a detailed discussion on the large
resonances of Fe’t in glasses we refer to Refs. 15 and 18.
Castner et al.!® have explained the large g resonances as
being due to the presence of terms in the fine-structure
part of the spin Hamiltonian representing low-symmetry
distortions due to the local electric field. The ground
state of the free ferric ion is %S and so the high-spin ferric
ion has § =3 and no first-order spin-orbit interaction.
Thus, when there is a large splitting of the ground mani-
foid it is reasonable to describe the crystal-field Hamil-
tonian Hy as'®!8720

Hy=D[S}—1S(S+1)]+E (S-S} @

so that the complete Hamiltonian for the ESR experi-
ment is

H=gBH-S+H, , (3)

where the first term in Eq. (3) is the usual Zeeman term
with B the Bohr magneton and H, given by Eq. (2).
Rewriting the H in units of E, Hy=Eh,, and defining
the parameter A=D /E we get

ho=A[S?—1S(S +1)]+S2-S} . 4

Diagonalizing hy, in the § =3 manifold we find three dou-
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blets, whose eigenvalues are functions of A. In Fig. 4 we
show the variation with A of the effective g factors for the
three crystal-field doublets. The above calculations fol-
lowed closely the one reported by Wickman et al.'* Fig-
ure 4 shows that for A=1.3 the upper doublet gives us
the same resonances as the ones observed in Fig. 3, name-
ly, at g =1.9, 4.3, and 7.6. Another possibility for ex-
plaining the g =4.3 line would be the A near zero situa-
tion. In this case, it follows from Fig. 4 that these lines
would be accompanied by two lines with g values close to
unity (roughly, g equal to 0.6 and 0.8) and another one
near g = 10. We have tried to find these two lines close to
unity by carrying out data storage of up to 100 experi-
mental runs. Despite this we could not observe these
lines.

Summarizing, we may say that the ESR spectra indi-
cate that the Fe*" ion occupies three different sites such
that only site A contributes to the g =7.6 and 4.3 reso-
nances, whereas the g =2.0 line receives the contribution
of all three of these sites. We have next carried out nu-
merically the deconvolution of the spectra to calculate
the peak-to-peak heights and linewidths of each line.
Knowing the peak-to-peak heights and linewidths we
could then calculate the line intensities and consequently
the number of Fe’* ions at the three different sites. In
Fig. 5 we show the variation of the line intensities as a
function of the iron concentration. Due to the superposi-
tion of the g =2 lines from sites B and C with the g =1.9
line from site 4, we have characterized site 4 only by the
line at g =4.3. Furthermore, the g =2.0 lines from sites
B and C become relevant only for Fe,O; concentrations
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FIG. 4. Effective g values for the three crystal-field doublets
for the spin Hamiltonian given by Eqg. (4) of the text, as a func-
tion of the parameter A.
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above 4%. Figure 5 tells us that after an initial rise, the
substitutional iron (g =4.3) line intensity exhibits a satu-
ration for Fe,0; concentrations above 4%. In contrast,
the g =2.0 line intensities of the interstitial (site B) and
free (site C) Fe>* jons always rise with increasing Fe,0;
concentration above 4%. In other words, at low oxide
concentrations, the ferric ions enter the glass structure
substitutionally. At these network-forming sites the Fe'™
ions should have a strong probability of attracting a sin-
gle positive charge, probably Na*, to make them
equivalent to the Si** ions. The number of these substi-
tutional Fe'* ions saturates for oxide concentrations
around 4%. On increasing the oxide concentration above
4%, the incorporated Fe'" ions locate themselves at in-
terstitial positions and at excess iron oxide aggregates not
interacting with the glass structure. At the interstitial
sites, the ferric ion plays the role of a charge balancer,
necessary to stabilize the substitutional Fe’* ions which
may become unstable due to changes in the number of
Na™ charge balancers. However, the fact that, above 4%
oxide concentration, the g =2.0 line intensity due to site
C is much greater than the one due to site B indicates
that, above 4%, the Fe'" ions are preferably located at
excess oxide aggregates.

Comparing the ESR line intensities’ behavior as a fune-
tion of the oxide concentration with that of the thermal
diffusivity shown in Fig. 2, we conclude that the main
responsibility for the observed changes of the thermal
diffusivity with the iron doping may be ascribed to the
Fe'* ions entering the network-forming sites. Figures 2
and 5 show that the g =4.3 line intensity and the thermal
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FIG. 5. Variation of the normalized line intensities for the
g =4.3 (squares) line and the g =2.00 lines corresponding to
site B (crosses) and site C (diamonds), as a function of the iron
oxide doping concentration. The horizontal arrows indicate the
scales to which the curves refer. The vertical lines at each ex-
perimental represent the corresponding error bars.
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diffusivity curves not only exhibit the same behavior but
also that on increasing the number of Fe** ions in sites B
and C no further changes in a are observed. Further-
more, the excursions towards saturation for the g =4.3
line intensity and thermal diffusivity curves are within
the same order of magnitude. The change in a to reach
saturation corresponds to 15% of the saturation value,
whereas the corresponding change of the g =4.3 line in-
tensity is roughly 25% of the saturation value,
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