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Copper Cobalt Magnetic Ceramic Materials
Characterization at Terahertz Frequencies

Alan Fernando Ney Boss', Antonio Carlos da Cunha Migliano™2, Ingrid Wilke3

ABSTRACT: This study presents the complex index of refraction
and the complex permittivity of a magnetic ceramic material
made of copper, cobalt, and iron oxides. The index of refraction
and the extinction coefficient of the CuCo-ferrite exhibit an
almost frequency independent behavior and were averaged
to n=3.62 + 0.05 and k= 0.06 + 0.02, respectively, over
the frequency range from 0.2 to 1 THz. The corresponding
complex permittivity was € = 13.12 + 0.35 for the real part
and &" = 0.46 += 0.15 for the imaginary one. The absorption
coefficient and the transmittance of the CuCo-ferrite were
also determined. The absorption coefficient exhibits a dip
at ~0.35 THz, which corresponds to a peak in transmittance at
this frequency. The impact of the observations on the potential
realization of novel THz electronic devices is discussed.

KEYWORDS: Ferrites, Refractivity, Permittivity,
Transmission, Terahertz.

INTRODUCTION

During the last decades, an unexplored gap in the
electromagnetic spectrum has been massively studied. This
gap is described nowadays as terahertz (THz) frequency range
and it is located between microwave and infrared frequencies.
Usually, the THz frequency range is defined between 0.1
and 10 THz (Lee 2009), although it is also possible to find
definitions between 0.3 and 3 THz (Phillips 2011).

Several methods to achieve these frequencies have been
developed and studied. Some sources that generate THz waves
are the photomixer (McIntosh ef al. 1995), the quantum cascade
laser (Williams 2007), the microwave frequency multiplier (Li
and Yao 2010), the backward wave oscillator (Mineo and Paoloni
2010), the free electron laser (Williams 2002), synchrotron
light sources (Roy et al. 2006), and so on. Among all these
methods, a commonly one used is the THz Time-Domain
Spectroscopy (THz-TDS) system, which has the advantage
to measure the amplitude and phase of THz electromagnetic
radiation in the time domain, allowing a large frequency
range to be evaluated in a single run. THz-TDS systems
usually utilize photo-conductive antennas or electro-optic
crystals excited by femtosecond near-infrared laser pulses as
THz radiation sources and detectors, combined with lock-in
detection and a time delay stage (Briindermann et al. 2012).

THz frequencies may find use in medicine (Siegel 2004),
as an alternative to X-rays in certain imaging applications (Hu
and Nuss 1995), in security for detecting explosives (Shen
et al. 2005), in narcotics identification systems (Lu ef al. 2006),
in bio-defense (Woolard et al. 2003; Kemp 2011), in chemistry
and biology for materials identification (Fischer et al. 2005;
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Kiwa et al. 2007), and other areas such as astronomy (Kulesa
2011; Smirnov et al. 2012), space science (Siegel 2007), plasma
physics (Tauk et al. 2006), and aerospace applications (Petkie
et al. 2009; Chen 2007).

In aerospace applications, THz radiation can be used
to investigate the Radar Cross Section (RCS) of miniature
models of airplanes (Iwaszczuk et al. 2010; Li et al. 2013),
which reduces the expenses with real airplanes in anechoic
chambers. Also, it is possible to perform nondestructive
evaluations of materials used in airplanes, such as foams,
paints, and fiberglass composites (Quast et al. 2010).

Another type of material that has been studied at THz
frequencies and may be applied to aerospace technology are
metamaterials, i.e., artificial materials that present negative
permittivity or permeability (Capolino 2009). An example of
THz metamaterials is presented by Takano et al. (2013), where
TiO, ceramic balls placed in a metallic grid were used to create
a material with negative permittivity and permeability.

Although common ceramics have been previously used
for THz applications, we could not find major studies at THz
frequencies about magnetic ceramic materials, also known
as ferrites. The lack of information about the properties of
these materials, such as index of refraction and complex
permittivity, prevents the design and development of novel
THz devices. This has motivated us to characterize ferrites
at THz frequencies.

The solid state reaction route is a state-of-the-art method
for the fabrication of magnetic ceramics (Brito et al. 2009) and
achieves the desired composition of a ceramic by weighting
powders previously calculated with stoichiometric formula of
the ceramic. This process is reproducible if well controlled. Some
parameters such as powder granulation, material mixing, and
sintering temperature have influence on the material formation
and grain size. In this paper, we describe the CuCo-ferrite
fabrication process, the THz-TDS system characteristics as well
as optical and dielectric properties of a CuCo-ferrite sample

measured with a THz-TDS system.

MATERIALS AND METHODS
SAMPLE CHARACTERISTICS

The sample explored in this study is a CuCo ferrite with the
stoichiometry Cu  .Co .Fe,O,. This ferrite was made following
the steps described in Fig. 1. Conditions such as weighting the

powders and sintering temperature have influence on
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Figure 1. Steps of sample preparation.

the sample characteristics, i.e., a temperature higher than the
Curie temperature will melt and fuse the material. Samples were
pressed in a cylindrical shape, with a diameter close to 6.4 mm.
Sample thickness and flatness were adjusted in the final steps,
when the samples were submitted to sandpapering and polishing.
After machining the samples, they were submitted to a thermal
attack to release internal mechanical stress.

Sample thickness has a direct influence on the THz
transmission signal, which requires some precautions during
sample preparation. If a sample is too thin it may present
multiple reflections and create an etalon effect after a Fourier
transformation of the transmitted signal. If the sample is too
thick, it may strongly attenuate the transmission signal, which
affects the peak to peak time delay analysis.

Sample diameter should also be considered since it will
drive the sample holder size and may affect the detection
of low frequencies. Also, the sample should be as flat and
plane-parallel as possible in order to avoid imprecise
measurements of the sample thickness and peak to peak
time delay analysis.

Inhomogeneous samples may present regions with
different concentrations of materials. This may affect the
transmitted signal, which will affect the index of refraction
calculation. Scanning Electron Microscope (SEM) and
Energy-Dispersive X-ray Spectroscopy (EDS) are useful to
visualize the surface and make a semi-quantitative prediction

of material distribution.

THZ TIME-DOMAIN SPECTROSCOPY SYSTEM
A THz-TDS transmission system (Perenzoni and Paul 2014)
was used in these experiments, but, instead of using parabolic
mirrors to guide the THz waves, 50-mm tsurupica lenses were
employed. A scheme and a picture of the assembled system is

presented in Fig. 2.
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Figure 2. THz-TDS transmission setup using two 50-mm
tsurupica THz lenses. (a) Scheme; (b) Picture.

Here, the beam splitter divides the laser beam into pump
and probe beams. The pump beam hits the iPCA-21-05-1000-
800-h emitter (Batop Electronics 2016b), which has an active
antenna area of 1 mm? The probe beam is focused on the
5 pm antenna gap of the PCA-40-05-10-800 detector (Batop
Electronics 2016a). In order to attenuate an echo spot caused
by the beam splitter an iris was placed right before the optical
lens that focuses the probe beam on the detector. This reduces
the echo spot and avoids an etalon effect in the analysis.
Since the active area of the emitter is bigger than the gap in the
detector, the delay stage is placed in the pump beam. This reduces
errors caused by laser drift when the delay stage is scanning.

The laser beam was modulated with a mechanical
chopper right before the emitter. The modulation frequency
is transmitted to the lock-in amplifier, which used this
reference frequency to filter the signal from noise through
phase-sensitive detection.

Since the sample diameter is about 6.4 mm, the sample
holder aperture is about 5 mm. This ensures that there is no
THz signal being transmitted directly to the detector. We can
estimate the frequencies that will be affected by the sample
holder aperture using the Gaussian intensity distribution across
the THz radiation beam:

f=cxz/mx w? (1

where: fis the THz radiation frequency in Hz; ¢ is the speed
of light; z is the focal lengths of the THz lens; w is the THz
radiation beam waist.

If we consider that the maximum beam waist will have
the size of the aperture, we can estimate that the minimum
frequency that will not be affected is approximately ~191 GHz
using the 50-mm THz lenses. Frequencies below 191 GHz may
be compromised since the focal spot diameter formed by
this wavelength (A = ¢/f) will be bigger than the aperture.
The maximum frequency is determined by the noise floor of
the signal after a Fourier transformation.

The peak to peak time delay is the difference in time of the
same peak in the reference signal and in the sample signal. This
can be better understood in Fig. 3, where the sample signal has
a At time difference from the reference signal.

It is possible to perform a rough estimate of the index of
refraction of the material under investigation using the time

delay At considering:

At=(n-1)d/c )

where: n is the index of refraction; d is the thickness.

—— Reference
—— Sample

Electric field
>

Time

Figure 3. Peak to peak time delay illustration.

RESULTS AND DISCUSSION

Our investigation of the CuCo ferrite starts with an
EDS analysis of the sample (Fig. 4). From this semi-
quantitative analysis, we confirm that the CuCo ferrite is
an inhomogeneous material. Some regions between grains

present a concentration of copper and a lack of iron, while
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Figure 4. SEM image of the CuCo sample (a), Iron (b), Copper (c), and Cobalt (d) in the same region analyzed with EDS.

cobalt seems equally distributed throughout the sample.
Since our THz analysis has a minimum frequency stablished
at ~0.2 THz, we can estimate that an area with the size
close to the respective wavelength (~1.5 mm) should not
be an issue, since the measurement would predict the average
composition of the sample. Higher frequencies although may
present differences due the material distribution characteristic.
In order to ensure a proper characterization, measurements
were performed on both sides of the sample and then compared.

THz analysis requires a reference measurement, which is a
measurement of the THz radiation pulse passing through the
empty sample holder. After the reference measurement,
the sample is placed on the sample holder to be first measured
and then it is flipped to be measured again. The voltage measured
by the lock-in amplifier, which is proportional to the THz
electric field (E-field) is sent to a computer with the respective
information of the delay stage position. The position is then
converted to time and the final data is provided in time (ps)
by voltage (V). The reference signal measured with a time
resolution of 20 fs as well as the front and back measurements
of the sample are visualized in Fig. 5.

We notice a very slight difference between both
sample measurements. The time delay of the front and
back measurements are 22.173 and 22.162 ps, respectively.
Since our sample has 2.54 mm thickness, we estimated a
index of refraction of 3.619 for the front side and 3.618 for
the back side.

The Fourier transforms of the measured signals are
presented in Fig. 6. Here, we estimate the high frequency
limit of the measurement for our analysis. The reference

signal approaches the noise floor around 1.2 THz, while the

sample measurements approach the noise floor at 1 THz.

Therefore, we limit our analysis up to 1 THz.

0.3 7
— Reference
0.2 — CuCo 0.5 (front)
— CuCo 0.5 (back)
Z 01
=
2
o 0.0 L
.E
2 0.1
=
-0.2
03 T T T T T T 1
0 10 20 30 40 50 60 70 75
Times [ps]

Figure 5. Reference and sample measurements in the time
domain.

— Reference
— CuCo 0.5 (front)
— CuCo 0.5 (back)

1E-4 -

Amplitude [arbitrary units]
&
T

1E-6 T T T T T T T T T l
00 02 04 06 08 10 12 14 16 18 20
Frequency [THz]

Figure 6. Reference and sample measurements in the
frequency domain. From this analysis it was determined that
the investigation ranged from 0.2 to 1 THz.
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After the Fourier transformation of the signals we
calculated the ratio of the Fourier transforms. This provide
us the complex transmission coefficient, which is used to
calculate the complex index of refraction (Peiponen et al.
2013). Figure 7 presents the complex index of refraction for
both sample measurements, i.e., the index of refraction and
the extinction coefficient for both sides of the CuCo ferrite.

We notice a small difference of the measured index of refrac-
tion for the front and back side of the sample, above 0.85 THz.
This is attributed to differences in the surface roughness of
the front and back side. In our analysis, the index of refraction
is considered to be frequency independent within the 0.2 to
1.0 THz frequency band. The extinction coefficient assumes
values between k = 0.05 to k = 0.10.

To validate the assembled system, as well as the THz
measurement made with it, we compared the index of refraction
in Fig. 7 with the index of refraction calculated from time-domain
THz transmission measurements performed with a different
THz-TDS system (Fig. 8). This system is a commercial THz-TDS
spectrometer that uses two lasers and an optical trigger (Klatt
et al. 2009) instead of a single laser and a mechanical delay stage.
The advantage is a faster measurement with higher resolution. The
disadvantage is the high cost of the system, inability to change
the system setup and energy per THz-radiation pulse.

Since the index of refraction in Figs. 7 and 8 are close,
our further analysis will be only with data provided from the
THz-TDS assembled system. This is because the assembled
system has a lower resolution over the frequency, which
provides a smooth curve over the frequency range.

The complex index of refraction of Fig. 7 is converted to

complex permittivity by using the relations real permittivity

—— nof CuCo 0.5 (front)
—— nof CuCo 0.5 (back)

4.0 - 0.50
3.8 L 0.45
364 T
3.4 - 0.35
32 L 0.30
3.0 4 L 0.25

""" k of CuCo 0.5 (front)

Refraction index [arbitrary units]

Extinction coefficient [arbitrary units]

284 e k of CuCo 0.5 (back) [ 020
2.6 - L0.15
24 - e - 0.10
22 o T “F0.05
2.0 — T 0.00
02 03 04 05 06 07 08 09 10
Frequency [THz]

Figure 7. Index of refraction and extinction coefficient of the
CuCo sample.

€ = n*- k* and imaginary permittivity £” = 2nk for the real
and imaginary parts, respectively. Table 1 presents averaged
values over the frequency of the index of refraction, extinction
coefficient, real permittivity and imaginary permittivity for

both measurements of the CuCo ferrite.

w
©
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»
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»
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|
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w
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»
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T T T T T T T 1
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Frequency [THz]
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Figure 8. Index of refraction of the CuCo sample measured
with THz-TDS spectrometer using optical trigger.

Table 1. Averaged index of refraction, extinction coefficient,
real and imaginary permittivity of the CuCo O.5 ferrite over
the frequency from 0.2 to 1 THz.

CuCo 0.5 CuCo 0.5
Parameters
front back

Index of refraction 3.62 £ 0.05 3.62 £ 0.04
Extinction coeflicient 0.06 + 0.02 0.06 + 0.02
Real permittivity (¢) 13.12+0.35 13.12+0.31

Imaginary permittivity (£”) 0.46 £ 0.15 0.42 £0.11

From the extinction coefficient, the power absorption
coefficient is calculated using a(f) = (4nf)k(f)/c (Perenzoni
and Paul 2014) — Fig. 9. Since the absorption coefficient
is calculated considering the frequency dependence of the
extinction coefficient, characteristics of the data previously
seen in Fig. 7, such as the spike in k for the front measurement
above 0.85 THz are observed again in Fig. 9. However, there is
a small disturbance at ~0.35 THz on both measurements that
was not noticed before.

Using the absorption coefficient and the sample thickness,
we can estimate the transmittance using t(f) » exp(-a(f)d)
(Wilke et al. 2014). The transmittance of both measurements
is plotted in Fig. 10, where we notice that the disturbance at
~0.35 THz becomes more evident. Since this disturbance
happens on both measurements, we believe that this may

be a characteristic of the sample, which may be explored
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with others stoichiometries of this ferrite. This may indicate
a potential use of this material for THz frequency devices,

such as filter.

10?2 —— aof CuCo 0.5 (front)
—— aof CuCo 0.5 (back)

10"

100 T T T
02 03 04

Absorption coefficient [cm™]

T T
05 0.6 0.7 08 09 1.0
Frequency [THz]

Figure 9. Absorption coefficient in the frequency domain.
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0.40
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0.10
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0.00
-0.05 T T T T T T T T 1

0.2 0.3 0.4 0.5 0.6 0.7 08 09 1.0
Frequency [THz]

Transmittance

Figure 10. Transmittance in the frequency domain of the
sample measurements.

CONCLUSION

In this study, we described the fabrication of copper
cobalt ferrite Cu ,Co Fe,O, and the characterization
of the dielectric properties of this material in the THz fre-
quency range. The sample was prepared using a state-of-the-art
solid state reaction route, and the THz frequency
characterization was performed with a THz-TDS transmission
system.

Our sample was submitted to EDS analysis to evaluate
spatial homogeneity. The EDS measurements revealed
sample regions with an excess of copper and lack of iron.

The spatial inhomogeneity of the sample composition is not

considered to be relevant for the analysis of measurements
in the 0.2 to 1 THz frequency band but may become an
issue at higher frequencies, where 2 different sites on the
sample may present different materials concentrations in
the focal spot of the THz radiation beam.

We validate the THz system assembled, as well as the
sample’s characteristic, by comparing the index of refraction
calculated with another THz-TDS system. We also presented
the average values for the complex index of refraction
and complex permittivity. The index of refraction was around
n = 3.62 and the extinction coefficient, around k = 0.06. The
real permittivity was € = 13.12 and the imaginary one, below
e = 0.46.

Also, the power absorption coefficient and transmittance
were calculated and discussed. A small discontinuity in the
power absorption coefficient and transmittance close to
~0.35 THz was observed. This may be an indication that
other sample stoichiometries may present transmission
and absorption characteristics that can be useful for the

development of novel THz devices, such as filters.
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