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Abstract

We report a study on the relaxation behavior of
the real part of the permittivity. We also discuss
the loss tangent of a class of materials in the mi-
crowave to millimeter band of frequencies. For
relaxation response we show that the permittivity
is a monotonic decreasing function of frequency.
Also, for many low-loss ceramics, glasses, crystals,
and solid polymers we found that the loss tangent
increases nearly linearly with frequency. This lin-
earity is explained in terms of the pulse-response
function and the Sparks-King-Mills model. We
show that the linearity may be used to extrapolate
the loss tangent beyond the measurement band.

Permittivity in Relaxation

The permittivity is related to the pulse-response
function f(t)[1] by

{o0]
€(w) = €00 + [es — eoo]/ e T f(r)dr. (1)
0 :
We can expand the exponential when wr < 1 to

express the permittivity e(w) = eg(€'(w) — je"(w))
in terms of moments of the pulse-response function

€(w) = €oo + [€s — €oo) i ()" <z > "

n=0,2..
o
—i[€s — €oo) z (~1)V/2 < g > W,
n=1,3,...

(2)
where < 20 >= 1, ¢, is the static permittivity, e
is the optical permittivity, €p is the permittivity of
vacuum, and

<= [ pr)an (3)
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The real part of the permittivity is an expan-
sion in terms of even moments and the odd part
of the permittivity is an expansion in terms of odd
moments. We see that at low frequencies, ¢'(w) is
approximated by < z° > and < 22 > . In this
approximation, the permittivity will decrease.
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Figure 1: €. of fused silica measured by various
fixtures at different frequencies.

Additional evidence to support this behavior
is obtained by considering de'(w)/dw[2]. The dis-
tribution of relaxation times (DRT) model[l] has
been used extensively to model dielectric relax-
ation in terms of the positive definite distribution
function y(t), where [;° y(r)dr =1, and

) = b e o) [ I B

T+w?r2
so that
' Ty(r)
de' (w)/dw = —2(es — ex)w/o T+w2r2e’”

(5)
This shows that de'(w)/dw < 0, with a maximum
at w = 0. The DRT model reduces to eq.(2) when
< g™ >= [y(r)r™dr. Therefore DRT is a low-
frequency approximation to eq.(2). One example
for a material with low loss is plotted in Fig. 1,
where we see a slow decrease in permittivity as a
function of frequency. To summarize, linear, ho-
mogeneous materials that exhibit only relaxation
behavior in the the radio frequency (RF) through

millimeter bands, the real part of the permittivity .

decreases as the frequency increases. This infor-
mation is useful when interpreting measurement
results. The permittivity increases only near ma-
terial resonances and these occur only at higher
frequencies.

The Loss Tangent of Some Low-Loss Materials
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Measurements show that the loss tangent in
the microwave and millimeter bands of many low-
loss ceramics, fused silica, and many solid poly-
mers and glasses, increases nearly linearly as fre-
quency increases[3, 4]. The origin of loss in this
regime can be modeled by the two-phonon differ-
ence model of Sparks-King-Mills[4]. Typical ex-
amples of this behavior are shown in Figs. 2 and
3.

This linear behavior can be used to estimate

tan d at frequencies beyond the measurement band.

This was also noted by Zuccaro et al. [4] for lan-
thanum aluminate, where they extrapolated two
orders of magnitude of frequency out of band. As

an example, our specimen of fused silica was mea--

sured at 60 GHz with a Fabry-Perot resonator to
obtain tané = 5.75 x 10~4, and an extrapolation
of the data in Fig.2 predicts 5.80 x 10™4.

‘We can obtain a linear frequency increase for
tan ¢ by use of the first term in the moment ex-
pansion in eq.(2): tand ~ w(l — =) <z > . We
see that, in a linear expansion, the coeflicient of w
is a constant.

Jonscher [5] argued that the susceptibility x,
defined through e(w) = e + X(w) yields x"/x’ =
C that is constant with frequency and is a univer-
sal behavior in disordered solids. Because in mate-
rials with low loss ¥’ decreases monotonically with
increasing frequency, the Jonscher model would
predict that tand = €”/¢’ = C/(eo/x +1), would
be nearly constant or would decrease with increas-
ing frequency. Although the Jonscher model ap-
plies to disordered high-loss materials at lower fre-
quencies, it does not apply to the class of low-loss
materials studied in this paper.
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Figure 2: The loss tangent of fused silica measured
by various fixtures at different frequencies.

Discussion

¢ (w) in the RF through millimeter bands must
decrease as frequency increases. Measurements
of many ceramics, glasses, and polymers exhibit
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Figure 3: The loss tangent of a ceramic measured
by various fixtures at different frequencies.

a loss tangent that increases approximately lin-
early with frequency, as shown in Fig.2. For many
dielectric low-loss materials, Gurevich[6] showed
that a universal frequency and temperature re-
sponse is of the form tand o« wT?. The Sparks-
King-Mills model also predicts this linear increase.
However, the Jonscher model predicts that x'(w) o
¥ (w) o wm™!, which implies x”/x’ is indepen-
dent of frequency. Therefore, the Jonscher model
does not apply to many low-loss materials.
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