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This paper reports the measured complex permittivity of gadolinium gallium garnet from 8.2 - 12.4 GHz using a transmis-
sion / reflection method in a rectangular waveguide. A modification of the Nicolson-Ross-Weir method, valid for non-magnetic
materials, yields an average relative dielectric constant of 11.99 and loss tangent of 5.2× 10−3 across the band. The measured
relative dielectric constant agrees well with near-DC and THz measurements. A statistical error analysis quantifying systematic
and non-systematic errors indicates a standard deviation of 0.77% and 17% for the relative dielectric constant and loss tangent,
respectively. The measured loss tangent of GGG indicates that microwave spin-wave transducers operating in the magnetostatic
regime (wavelength larger than 100µm at 1 GHz and larger than 10µm at 10 GHz) will need to consider dielectric losses in addition
to ohmic losses, while transducers operating near and in the exchange regime will be dominated by ohmic loss. If on-chip matching
networks are required, it is recommended to use a low-order network and as thin a GGG substrate as possible to reduce the power
dissipated in the network.

Index Terms—Microwave Magnetics, Microwave materials, Spin electronics, Magnetic and spintronic materials

I. INTRODUCTION

GADOLINIUM gallium garnet (GGG) is the ideal sub-
strate for growing high-quality yttrium iron garnet (YIG)

films, the magnetic material of choice for microwave magnetic
circuits, due to the near-identical lattice match between GGG
and YIG [1]. GGG facilitates the growth of very low loss YIG
films [2], even at nanometer thicknesses, which are necessary
for applications in Boolean spintronics [3], wave-based com-
puting [4], [5], and on-chip microwave spin-wave components
[6], [7]. These applications require efficient transducers to
convert electromagnetic waves to spin waves [8], [9], and as
a consequence, low-loss substrates at microwave frequencies.

Some uncertainty exists regarding GGG’s permittivity due
to conflicting reports between vendor specifications and pub-
lished literature. Most GGG vendors of 〈111〉 GGG grown by
the Czochralsky method specify a relative dielectric constant,
εr, of 30 and a loss tangent, tan δ, of either 0.15 or 0.3×10−3

at 10 GHz [10]–[14], sometimes also specified at 77 K. How-
ever, one vendor [15] and several published measurements
report that the relative dielectric constant is actually very
close to 12. In [16], a substitution capacitive method (SCM)
yielded εr = 12.11 at 1 KHz. In [17], εr = 12.08 and
tan δ ≈ 0.02× 10−3 were reported with a capacitive method
(CM) at 10 MHz. Time-domain spectroscopy (TDS) from 0.3 -
1 THz [18] resulted in a similar dielectric constant of 11.97
but a much higher loss tangent of 36× 10−3.

The real part of GGG’s permittivity is expected to be
nearly constant at microwave frequencies since optical phonon
modes begin above 2.5 THz [19], [20]. Moreover, the pre-
dicted DC permittivity is ε0 = 13.17 as calculated with
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the Lydanne–Sachs–Teller relation using experimentally-fitted
values for the permittivity at infinity, ε∞, and measured optical
phonon modes [20]. Therefore, a dielectric constant of 12 at
microwave frequencies is likely closer to the true value instead
of a value of 30, referenced above. On the other hand, the
loss tangent of GGG near room temperature and microwave
frequencies is uncertain, yet it is clearly not constant between
10 MHz to 1 THz. In fact, the loss tangent is quite poor from
0.3 to 1 THz, most likely heavily influenced by optical phonon
resonances starting above 2.5 THz.

Therefore, the goal of this investigation is to measure the
complex permittivity of 〈111〉 oriented GGG in the microwave
band to determine the suitability of GGG as a microwave sub-
strate and, if found acceptable, to enable more complete mod-
eling and design of efficient, integrated microwave-magnetic
circuits. Here, we report measurements of the complex permit-
tivity of GGG, measured from 8.2 to 12.4 GHz (X-band) using
a transmission / reflection (TR) method [21]–[23] of a sample
placed in a rectangular waveguide. Section II outlines the
measurement method and setup, section III presents the results
and error analysis, and section IV concludes with practical
recommendations.

II. MEASUREMENT METHOD AND SETUP

A TR method using rectangular waveguides, based on
Nicolson-Ross-Weir (NRW) [21], [22], is employed here to
characterize the complex permittivity of GGG: a sample is
inserted into a section of a waveguide and characterized
using scattering parameters. Waveguide TR methods are often
desirable because they provide material properties across a
broad range of frequencies, in contrast to resonant methods,
which provide information only at discrete frequencies [24].
However, resonant methods typically have a higher sensitivity
to loss for the same amount of sample material, so they are
preferred when characterizing low-loss materials. To increase
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Fig. 1. TR measurement setup. Coax-to-waveguide adapters connect the shim
and samples to a VNA through phase-stable cables. The calibrated reference
plane is indicated by the black dashed lines at the adapter-shim interface.

sensitivity to loss while obtaining a broadband response of
GGG’s permittivity, we utilize a more precise NRW method,
cascade multiple samples, and pay special attention to phase
and mechanical repeatability, as discussed below. The specific
NRW method utilized here [23], referred to as Precision
NRW, is suitable for dielectrics only since it enforces that
the permeability be 1 + j0, which is a valid assumption for
GGG given that no static magnetic field is utilized here to
induce paramagnetic behavior [18]. Thus, any measurement
error will appear only in the extracted dielectric properties,
not as any extracted magnetic properties. This method greatly
diminishes the solution divergence of low-loss samples at
frequencies when the sample thickness is an integer-multiple
of a half-wavelength. Furthermore, this method also removes
the need to know precisely the placement of the sample in the
waveguide, thereby reducing error due to improper translation
of the calibration reference planes to the sample plane.

A commercially available, single-side polished, 0.5 mm
thick, 〈111〉 oriented GGG wafer, grown by the Czochralsky
method, is obtained from MTI Corporation and diced into
pieces that fit inside a WR-90 waveguide (10.16×22.86 mm2).
Additionally, a double-side polished, 0.5 mm thick, 99.9%
purity alumina with a density of 3.92 g/cm3 is obtained
from the same vendor to serve as a reference material since
alumina is a well-characterized material. Since alumina has a
similar relative dielectric constant as reported in the literature
for GGG, so we expect similar challenges in phase stability
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Fig. 2. Measured complex permittivity of alumina and GGG. (a) Dielectric
constant and loss tangent of 99.9% alumina. The average dielectric constant
and loss tangent over frequency is 9.72 and 0.27 × 10−3, respectively. (b)
Average and standard deviation of the dielectric constant and loss tangent of
GGG computed across twenty-one measurements at each frequency.

and calibration. Lastly, characterizing alumina’s very low loss
tangent ensures we have sufficient signal-to-noise ratio (SNR)
to measure GGG’s loss tangent, which is expected to be
significantly higher. The vendor-supplied permittivity for the
alumina sample is εr = 9.8 and tan δ < 0.1 × 10−3 at
1 MHz. Eight alumina pieces and four GGG pieces are stacked
and inserted into the waveguide shim for measurement; more
alumina samples were utilized to increase the measurement’s
SNR to extract alumina’s lower loss tangent.

Scattering parameters from 8.2 to 12.4 GHz in 1 MHz
steps are measured using a vector network analyzer (VNA)
(Keysight PNA N5225A). A thru-reflect-line (TRL) calibra-
tion [25] is performed to remove systematic errors in the
measurement setup, bringing the calibration reference plane
to the flange/shim interface (Fig. 1). A 50 Hz IF bandwidth
is chosen for calibration to maintain very low thermal noise
at each frequency. The port power was 10 dBm, the highest
power capable by the PNA across X-band, to obtain a high
SNR.

Because phase errors can contribute significantly to loss tan-
gent errors [26], phase-stable cables (Gore 0Z) are connected
between the VNA and the coax-to-waveguide adapters and
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maintained in a nearly-fixed position throughout calibration
and measurement. A seen in Fig. 1, the adapter connected to
port 1 of the VNA remains secured in a vice, while the adapter
connected to port 2 is moved just enough to perform the
calibration steps and load samples. Any accrued phase errors
due to this movement is quantified by a statistical error study
explained further in section III. Alignment pins are utilized
during connections of the waveguide flanges to each other, the
shim, and the short in order to increase mating repeatability
and minimize reflections incurred from mating mismatches.

Since multiple samples were loaded in the waveguide shim,
it was important to minimize air-gaps between samples and
maintain planarity. First, each sample was carefully diced to
< 1 mil smaller than the waveguide cross-section. The corners
of the first sample were polished to ensure a tight fit and the
sample was loaded into the shim and pressed down to the
surface of a temporary standoff. The corners of subsequent
samples were polished to ensure a slip fit and were gently
tapped onto the first sample. Finally the standoff was removed
from the bottom of the shim. We note that the Precision NRW
method is robust to air gaps along the axis of the waveguide
and able to deembed measured air gaps in the cross-section.

III. RESULTS AND ERROR ANALYSIS

The measured relative dielectric constant and loss tangent of
alumina are shown in Fig. 2(a). The real part of the permittivity
averaged over frequency is 9.72, which is a 0.85 % deviation
from the vendor specification of 9.8. When compared to a
comprehensive study of alumina samples with various purities
and densities [27] (summarized in Table I), a permittivity of
9.8 is a reasonable value given the density of this sample
(3.92 g/cm3). For high purity alumina, the density, not minor
variations in purity, determines εr.

To extract alumina’s loss tangent, a flat line was fit to
the upper frequency portion (11.2 to 12.4 GHz, excluding the
resonances at 11.25 and 12 GHz) of the measured band, since
dielectric loss is proportional to frequency and will result in
a higher SNR, which is clearly observed in Fig. 2(a). The
extracted loss tangent from this fit is (0.201× 10−3), but this
value cannot be compared in a meaningful way to the vendor’s
1 MHz specification since impurities are expected to result in
non-monotonic loss from 1 MHz to 10 GHz [27]. Instead, a
comparison is made again to alumina samples reported in [27]
at 15 GHz. The percent error of the loss tangent in [27] is less
than 10% down to 1× 10−5. The loss tangent presented here
agrees quite well and is of the same order of magnitude as
the 99.9% purity grades in [27]. Given this close agreement
for alumina, one can have a high degree of confidence in the
measurement of GGG, which has a much higher loss tangent
than alumina. It should be noted that, in general, similarity in
purity grades, especially for lower grades, is not sufficient to
determine alumina losses; instead, the type of purity plays a
significant role [27].

A resonance corresponding to the frequency at which the
sample length is equal to half a wavelength can be seen
in Fig. 2(a); while Precision NRW decreases this numerical
artifact, it does not entirely remove it. Another resonance,

which appears small in εr but noticeable in the loss tangent,
is attributed to remaining errors in measurement, not due to
any material properties of alumina.

The same measurement setup, after validation with a known
alumina sample, was used to characterize GGG. The measured
relative dielectric constant and loss tangent of GGG are shown
in Fig. 2(b). Twenty-one measurements were taken across
three calibrations, where the flanges were disconnected and
reconnected from the shim for each measurement, to quantify
remaining systematic errors and random errors. The results
were averaged across the twenty-one measurements at each
frequency, and the standard deviation was computed for each
frequency, as shown in Fig. 2(b). Then, the average across
all frequencies of the mean εr and mean loss tangent was
computed to be 11.99 and 5.2×10−3, respectively. The average
standard deviation across all frequencies was found to be 0.093
and 0.89×10−3 for εr and loss tangent, respectively, resulting
in a percent error of 0.77 % and 17 %, respectively. The results
are summarized in Table II and compared with prior work near
DC and at 1 THz. The dielectric constant agrees well with
the published literature, and the loss tangent is between the
10 MHz and 0.3 THz reported values, as expected.

TABLE I
COMPLEX PERMITTIVITY OF ALUMINA

Frequency Density Purity εr tan δ
GHz g/cm3 % 10−3

15a 3.99 99.9 10.07 0.28
15 3.97 99.9 9.99 0.81
15 3.93 99.9 9.84 0.30

8.2 - 12.4 [This work] 3.92 99.9 9.72 0.20
15 3.90 99.99 9.79 0.03
15 3.84 99.5 9.63 0.16
15 3.84 99.7 9.6 3.4
15 3.82 99.5 9.56 0.97

aAll values at 15 GHz are taken from [27]

TABLE II
COMPLEX PERMITTIVITY OF GGG

Method Freq. εr Dev. tan δ Dev. ts
% 10−3 % mm

SCM [16] 1 kHz 12.11 0.17 - - 0.4-0.8
CM [17] 10 MHz 12.08 1 0.02 2 0.5
TDS [18] 0.3 - 1 THz 11.97 - 36 - 0.5

NRW [This work] 8.2-12.4 GHz 11.99 0.77 5.2 17 2.08

There appears to be a slight frequency dependence in both
the relative dielectric constant and loss tangent of GGG. Since
the real part of permittivity reported at 10 MHz and 300
GHz indicates a nearly constant relative dielectric constant,
we do not ascribe the relative dielectric constant’s frequency
dependence to the material. One possible source for this
frequency dependence is additional reflections, not modeled
correctly by NRW, arising from tiny air gaps between the
stacked samples. Despite every effort to stack samples so as
to achieve a uniform overall thickness, these air gaps may
arise due to sample thickness variations (on the order of a
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few micrometers), thereby preventing samples from stacking
perfectly flat on top of each other. A slight frequency depen-
dence of the loss tangent might be expected given the drastic
change from 10 MHz to 0.3 THz, but without knowledge of the
impurities and being far from any optical-phonon resonances,
it is difficult to analyze with certainty. Thus, the authors
recommend the loss tangent also be taken as nearly constant
over this measured band and that future measurements be
done over a wider band to further characterize the frequency
response.

IV. CONCLUSION

The loss tangent of GGG at X-band, while not as high as
at 300 GHz, is about four times worse than state-of-the-art RF
PCB laminates such as Rogers substrates (tan δ = 1.4×10−3).
Dielectric losses for a microstrip on GGG will start being
comparable to ohmic losses when the microstrip width is larger
than 100µm at 1 GHz and larger than 10µm at 10 GHz [28].
This means that microwave spin-wave transducers operating
in the magnetostatic regime will need to consider dielectric
losses in GGG, while transducers operating near and in the
exchange regime will be dominated by ohmic loss.

The dielectric loss of GGG plays a more crucial role
when integrating matching networks on the same substrate
as spin-wave transducers. Since volume-spin-wave transducers
typically have much smaller impedances than the RF system
(50 Ω), requiring an aggressive impedance transformation ratio
(ITR), a significant amount of power will be dissipated in
the network instead of being delivered to the transducer [29].
Under these load conditions, the network’s efficiency becomes
increasingly sensitive to the network’s ohmic or dielectric
losses, which would otherwise be acceptable at a lower
ITR. Therefore, it is recommended to use lower order (less
complex) matching networks and the thinnest GGG substrate
possible to help reduce matching network losses.
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