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1 Introduction

ABSTRACT

The Cag45Li0325Ndg 305Ti1_xSn, O3 (x = 0-0.12) ceramics were prepared by the
traditional solid-state reaction method. The effects of Sn** substitution for Ti*"
on the phase composition, microstructure, and microwave dielectric properties
of Cag 245110 325N dp 3095Ti1 SN, O3 (CLNTSx) were investigated in this work. The
X-ray diffraction results showed that the ceramics had a single orthorhombic
perovskite structure when x = 0-0.09. However, a secondary phase SnO, was
observed with x > 0.09. The SEM micrographs indicated that the proper Sn**
substitution for Ti*' promoted the grain growth and homogenization. The
analysis results of Raman spectroscopy revealed the correlation between
vibration modes and microwave dielectric properties of CLNTSx ceramics with
different Sn** contents. The degree of cation order was related to the full width
at half maximum (FWHM) of the Raman spectrum, and a lower FWHM value
indicates higher cationic order and Q x fy value. The excellent microwave
dielectric properties with & =98, Q x fo = 3320 GHz, and 1 = 2.6 ppm/°C
were obtained in the ceramics with x = 0.09 sintered at 1350 °C for 4 h.

properties of microwave dielectric ceramics, such as
high permittivity (e;), high-quality factor (Q x fp),

With the gradual commercialization of 5G commu-
nication technology and the continuous improvement
of satellite communication systems, microwave
dielectric ceramics as the basic materials for the
preparation of the dielectric substrate, microwave
antenna, resonator, filter, etc., play an important role
in the field of wireless communication. Therefore, in
order to meet the requirements of high frequency,
high propagation speed, high reliability, and minia-
turization, there is an urgent need to improve the

and near-zero resonant frequency temperature coef-
ficient (t¢) [1-5].

CaTiO; is an ABOj perovskite-typed ceramic and
the basic forms of a wide range of dielectric ceramics,
with a high permittivity of 170 and a medium Q x f,
value of 3600 GHz. The high permittivity of CaTiO3
ceramic means that it is a potential candidate to meet
the miniaturization requirements of microwave
devices [6]. However, the large positive temperature
coefficient of resonant frequency (z¢ = 800 ppm/°C)
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limits its development in practical application. In
order to improve the microwave dielectric properties
of CaTiO;, especially to tune ¢ to near zero, many
researchers had carried out a large number of
experimental studies. Zhang and Xu [7, 8] used
machine learning to predict the effect of ion substi-
tution on oxygen ion conductivity and lattice con-
stant of perovskite ceramics. Yoon et al. [9] had
investigated the effect of A-site ions Ca", Li*, Sm>"
on the dielectric properties of (1 — x)Cag ¢Smg ¢, 1103~
xLipsSmg 5sTiO5; ceramics, and found that the com-
position with x = 0.3 exhibited the best microwave
dielectric properties of & =98, Q x f, = 5100 GHz,
7¢ = 10 ppm/°C. Kim et al. [10, 11] pointed out that
the Cag,Ndg,TiO; (CNT) ceramics could be com-
pounded with LipsNdg5TiO3 (LNT) ceramics to fur-
ther improve the temperature stability. By adjusting
the ratio between two raw ceramics, the dielectric
materials with & =130, Q x fo =2000 GHz, 1
> 15 ppm/°C were produced at CNT:LNT = 1:1.
Xiong et al. [12] studied the effect of (AlpsNbys)* on
the microwave dielectric properties of Cage1Ndg26-
Tiy_(AlpsNbg5),O3 ceramics, founding that the
introduction of (AlysNbgs)*" improved the rigidity
of oxygen octahedrons in the crystal structure.
Moreover, the reduction reaction of Ti*T at high
temperature was suppressed, which helped to opti-
mize its 1; value and reduce the conductive loss. Xu
et al. [13] revealed the relationship between the
crystal structure and microwave properties of
Cag 661N 34Tip 66Alp 3403 ceramics by Raman scatter-
ing analysis. The ceramics sintered at 1500 °C had the
best dielectric properties with & =449, Q x f,.
= 41,922 GHz. Xiong et al. [14] investigated the effect
of Mn**, Sn**, and Cr®* ions on the structure of
Cag1Ndgo6TiO3 ceramics and found that different
ionic substitutions led to oxygen octahedral distor-
tion and changed the degree of cation order in the
ceramic structure, thus improving the dielectric
properties of the materials. Specifically, the quality
factor of Cage1Ndgo6Ti1_xSn,O3 ceramics increased
from 11,207 GHz at x = 0 to 14,369 GHz at x = 0.01. It
can be seen from the above that the substitution of
ions into the A/B-sites of CaTiOj; can be a simple and
effective way to improve the dielectric properties of
microwave dielectric ceramics.

Therefore, attempts have been made to improve
the dielectric properties of the Cag24sLip325Nd305-
TiO; ceramics by substituting Ti** with Sn**, so that
it can maintain a high dielectric constant while
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having near-zero ¢ and low dielectric loss. These
have been rare in reported dielectric ceramics with &,
about 100. In this work, the effects of Sn substitution
on the phase composition, microstructure, and
microwave dielectric properties were investigated of
Ca0,245LiO,325Nd0,395Ti1,xSnxO3 (x = 0-0.12) ceramics,
and the relationship between the lattice vibration
modes and the microwave dielectric properties was
also discussed.

2 Experimental procedure

The Cag 24510 325Nd 305Ti1 SN, O3 (CLNTSx)
(x = 0-0.12) ceramics were prepared by the conven-
tional solid-state reaction method. CaCOs; (> 99.9%,
Macklin Industrial Co.), Li,CO;3 (= 99.0%, Aladdin
Industrial Co.), Nd,O3 (> 99.99%, Aladdin Industrial
Co.), TiO, (= 99.0%, Aladdin Industrial Co.), and
SnO, (= 99.9%, Aladdin Industrial Co.) were used as
raw materials. These materials were weighed
according to the chemical formula Caga45Lio325-
Ndp395Ti1-xSn, O3 (x = 0-0.12). Then, the powders
were poured into a zirconia ball milling tank and
milled for 4 h with anhydrous ethanol as the ball
milling medium. After being dried and screened, the
mixed raw material powders were placed in an alu-
mina crucible calcined at 1100 °C for 3 h. After that,
these calcined powders were milled again for 4 h.
Subsequently, the powders were mixed with 5 wt%
polyvinyl alcohol (PVA) to assist in pressing, then
pressed into a cylindrical disk with a diameter of
13 mm and a thickness of 6-7 mm under 20 MPa. At
last, these pellets were initially calcined at 450 °C for
1 h to burn out the organic binder, and then sintered
at 1300-1375 °C for 4 h in air.

The bulk densities of samples were measured at
room temperature by the Archimedes method. The
crystalline phases were analyzed by an X-ray
diffractometer (XRD, Rigaku, Smart Lab, Japan) with
Cu Ko radiation generated under 45 kV and 200 mA.
The microscopic morphology of the sample was
observed by scanning electron microscope (SEM,
MIRA4 LMH, TESCAN, Czech). The Raman spec-
trum of the sample was conducted on a Raman
spectroscope (Raman, Renishaw InVia, UK) at room
temperature with an Ar ion laser (532 nm) and col-
lected in the range of 1001000 cm ™. The microwave
dielectric properties of ceramics were measured by
the parallel-plate dielectric resonator method using a
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vector network analyzer (N5230C, Agilent, USA) in
TEO11 mode. The temperature coefficient of resonant
frequency was calculated by the following formula:

_ _fr—f - .
rf—]ﬁxlo ¢ (ppm/°C),

where fr1, fr» are the resonant frequencies at T,
(20 °C) and T, (80 °C), respectively.

3 Results and discussion

Figure 1a demonstrates the X-ray diffraction patterns
of CLNTSx (x = 0-0.12) ceramics sintered at 1350 °C
for 4 h. For compositions with x = 0-0.09, all reflec-
tion peaks were well indexed with orthorhombic
perovskite structure (space group Pbnm(62), PDF#82-
0228), which indicated that Sn** ions diffused into
the lattice and formed a solid solution. However, a
certain amount of diffraction peak belonging to SnO,
(PDF#72-1147) was found when x > 0.09, which
indicates that Sn*" cannot be infinitely dissolved in
the lattice. This result was consistent with results
reported by Yan et al. [15] With the increasing Sn
substitution, the (121) diffraction peaks at the posi-
tion of 20 = 33° are slightly shifted towards the low
angle, as shown in Fig. 1b. According to Shannon’s
ionic radii table [16], the ionic radius of Sn** (0.69 A,
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CN = 6) is larger than the ionic radius of Ti*"
(0.609 A, CN = 6). Therefore, when Sn*' diffused
into the lattice, it was bound to increase the cell
volume and the distance between crystal planes and
made the diffraction peak shift to a low angle. To
further analyze the effect of Sn** on the lattice con-
stant and cell volume of the ceramic phase, the XRD
data of the CLNTSx (x = 0-0.09) ceramics sintered at
1350 °C were refined by Rietveld refinement software
(GSAS-EXPGUD. Figure 2 illustrates the Rietveld
refinement diagram of the ceramic XRD (as an
example), and Table 1 lists the relevant parameters
obtained from the refinement. The reliability factor of
the weighted pattern (R,,) and reliability factor
pattern (R,) values are lower than 7%, and the
goodness of fit indicator (5?) values are between 1.5
and 2.5. These results implied that a valid structural
model and reliable Rietveld refinement results were
obtained. As shown in Table 1, as the x value
increased, the lattice parameters (1, b, ¢) of
CLNTSx ceramics continued to increase, resulting in
an increase in cell volume (V) from 224.3669 to
225.2898 A>. These indicate that the Sn was diffused
into the crystal lattices, and a solid solution is com-
pletely formed when x < 0.09.

Figure 3  exhibits the  microstructures of
CLNTSx ceramics with various x values sintered at
1350 °C for 4 h. It was observed that all the samples
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Fig. 1 XRD patterns of Cag45Li325Ndg305Ti;_Sn, O3 (x = 0-0.12) ceramics sintered at 1350 °C for 4 h
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Fig. 2 Rietveld refinement patterns for CLNTSx (x = 0, 0.07, 0.9, 0.12)

Table 1 Lattice parameters and reliability factors of Cag 45Li0325Ndo305Ti;1_xSn, O3 (0 < x < 0.09) ceramics

x a (A) b (A) c(A) Vean (A%) Ryp (%) R, (%) 7

0 5.3897 (1) 5.4395 (4) 7.6529 (9) 224.3667 (0) 4.97 3.40 2.06
0.05 5.3909 (3) 5.4429 (3) 7.6649 (1) 224.9084 (0) 6.84 4.76 2.41
0.07 5.3918 (5) 5.4450 (2) 7.6648 (3) 225.0290 (3) 4.92 3.75 1.62
0.08 5.3929 (4) 5.4452 (7) 7.6653 (5) 225.1010 (3) 4.60 3.55 1.53
0.09 5.3950 (5) 5.4463 (6) 7.6672 (5) 225.2904 (4) 475 3.20 1.84

have a clear microstructure and obvious grain
boundaries. Moreover, with the increase of the
x value, the grain size becomes uniform and the
porosity at the grain boundaries decreases gradually,
which indicated that a certain of Sn*" was beneficial
to the formation of uniform and dense microstruc-
ture. The energy dispersive X-ray spectroscopy (EDS)
was utilized to further reveal the microscopic infor-
mation of CLNTSx (x = 0, 0.1), as shown in Fig. 3h, i.

@ Springer

According to the EDS spectra of grains A and B, the
ratios of Ca: Nd: (Ti 4+ Sn) were close to 1:1.6:4.1. This
also proved that the Sn*' jon has successfully
replaced the Ti*" ion at the B-site. The bulk density
and relative density are shown in Fig. 4. The bulk
density had an obvious upward trend when 0 < x
< 0.09, mainly because the relative atomic mass of Sn
was slightly larger than that of Ti. Therefore, the
density of CLNTSx ceramics substituted with a small
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Fig. 3 The SEM images of CLNTSx (x = 0-0.12) ceramics sintered at 1350 °C for 4 h with different x content: a x = 0, b x = 0.05,
cx=0.07,d x=0.08, e x =0.09, f x =0.1, g x = 0.12; and the EDS results of surface scanning: h: grain A, and i grain B

amount of Sn changes considerably compared with
that of unsubstituted ceramics. But when x > 0.09,
the density of CLNTSx ceramics decreased slightly
due to the increase in surface porosity. The inset in
Fig. 4 shows the relative densities of all samples
sintered at 1350 °C. The relative densities of all
samples are higher than 96%, which is consistent
with the dense micro-structure of the ceramics shown
in the SEM images.

In order to explore the relationship between the
crystal structure and microwave dielectric properties
of the ceramics, the mechanism of the substitution of
Sn** for Ti*" on the crystal structure of CLNTSx ce-
ramics was further analyzed by Raman spectroscopy.
According to the crystal space group theory, there are
24 different Raman-activity modes (/" = 7A; 4 5B,

+ 7Byg + 5Bsg) in ceramics with orthorhombic per-
ovskite structure [17, 18]. However, because some
bands overlapped with other stronger bands, only
parts of these Raman modes can be observed in the
practical spectra. The room temperature Raman
spectra of CLNTSx (x =0-0.12) in the range of
100-900 cm ™" are shown in Fig. 5, and the spectrum
was similar to those results of many reported CaTiOs-
base materials in previous investigations [14, 19, 20].
There were seven different bands in the spectrum at
153, 238, 362, 467, 539, 675, and 748 cm™'. Compared

with previous studies, the band at 153 cm™' was
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Fig. 4 The bulk density of CLNTSx (x = 0-0.12) ceramics
sintered at different temperatures with different x content, and the
relative density of the samples sintered at 1350 °C (illustration)

associated with the motion of A-site ions, and the
bands in the region of 238-362 cm ™' were assigned to
the rotational vibration of oxygen octahedrons. The
bands at 467 cm ™' and 539 cm™' were caused by the
vibration of ions in the oxygen octahedron. The
bands at 675 cm ™' and 748 cm ™' could be attributed
to the stretching vibration of the Ti-O bond, which
generally appears in the complex perovskite [20, 21].
In the range of x from 0 to 0.09, the band at 362 cm ™"
became wider and weaker with increasing x values,
which indicated that the vibration modes related to

@ Springer
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the rotation of oxygen octahedron in ceramics
weaken and the rigidity of oxygen octahedron net-
work structure increased. The band at 539 cm™'
gradually became narrower and weaker due to the
increase of oxygen octahedron distortion, resulting in
the limitation of ion displacement vibration and the
weakening of peak intensity. According to previous
reports, the peak width was related to the order of
ion occupation, and the narrower peak width meant a
higher cation order [22, 23]. When x > 0.09, the bands
at362 cm ™' and 539 cm ™' became sharp again, which
may be related to the appearance of the second phase
of SnO,. It is generally believed that the full width at
half maximum (FWHM) of the band is closely asso-
ciated with microwave dielectric properties. The
FWHM of the band at 539 cm™' decreased from
6632 cm™" at x =0 to 59.19 em™' at x = 0.09, and
increased to 62.09 cm™! at x = 0.12. This suggested
that CLNTSx ceramics had a higher degree of cation
order at x = 0.09. To a certain extent, the increase of
the order degree of cations is beneficial to reduce the
dielectric loss of ceramics.

Figure 6 shows the dielectric constants of CLNTSx
(x = 0-0.12) ceramics sintered at different tempera-
tures as a function of the x value. The dielectric
constants of the ceramics decreased gradually with
the increase of the x value. This trend in the change of
dielectric constant with substituted ions has been
reported similarly in previous investigations [24, 25].
Generally, the dielectric constant is usually affected
by various factors such the relative density, phase
composition, pore, and ionic polarizability [26-28]. In
this work, the relative densities of the samples were

539

675 748
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_%\ tA d/\/ﬁ/\ﬁwd\?xﬂw
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Intensity (a.u.)

100 200 300 400 500 600 700 800 900
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Fig. 5 Raman spectra of CLNTSx (x = 0-0.12) ceramics sintered
at 1350 °C
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all above 97% and tended to be stable. Therefore, the
effect of density on dielectric properties can be
ignored, and the variation of & of CLNTSx (x = 0-
0.09) ceramics was mainly dependent on ionic
polarizability and phase composition. According to
the Clausius-Mosotti equation (Eq. 1), the dielectric
constant was closely related to the ionic polarizability
and molecular molar volume:

T
& = M. (1)
3V — 4moy,
If b=4n/3, the equation can be simplified as
follows:

14 2bafy/Viy

b= (2)
1—bol/ Vi

where &, Vi, of) are the theoretical dielectric constant,
the molecular molar volume per unit cell, and the
ionic polarizability, respectively. Where o) can be
obtained via the following Shannon’s summation

rule:

o, = 0.2450(Ca”") + 0.395¢(Nd*")
+0.325a(Li") + x2(Sn*") (3)
+ (1 — x)a(Ti*") +32(0%7).

According to the ionic polarizability data given by
Shannon [25]. This causes the teo (A% to decrease
linearly with the increase of the x value (as shown in
the illustration in Fig. 6). And the ionic radius of Sn**
(0.69 A, CN = 6) is larger than the ionic radius of Ti**t
(0.609 Ao, CN = 6). This will inevitably lead to an
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Fig. 6 The ¢, of the CLNTSx (x = 0-0.12) ceramics sintered at
different temperatures; dielectric polarizabilities ogeo (A) for
CLNTSx ceramics (illustration)
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increase in cell volume (V,,), as shown in Table 1.
Therefore, as the value of x increased, the oc]g of the
samples decreased and the V,, increased, as can be
seen from Eq. 2, which eventually lead to a decrease
in the dielectric constant. On the other hand, as the
analysis of Raman spectra above, the oxygen octa-
hedral aberration rate increased due to the substitu-
tion of Sn*" for Ti*', then the coordination
environment of the B-site changed. The polarizability
of the ions in the crystal may be affected by the
coordination environment [29], which leads to a
decrease in the effective ion polarizability. This may
also be the reason for the decrease in the dielectric
constant.

Figure 7 exhibits the quality factors of CLNTSx
(x = 0-0.12) ceramics sintered at different tempera-
tures. It can be noted that an appropriate amount of
Sn** substitution for Ti*" was beneficial to improve
the Q x fy value of the ceramics. After the ceramics
were sintered at 1350 °C, the quality factors increased
from 2210 GHz for the unsubstituted sample (x = 0)
to 3320 GHz at the composition x = 0.09, and then
gradually decreased with further increase in x values.
In the microwave frequency band, the dielectric loss
of dielectric materials can be divided into intrinsic
factors and extrinsic factors. The intrinsic factors
were mainly caused by the anharmonic vibration in
the crystal structure and even existed in an ideal
crystal, which cannot be completely avoided. The
extrinsic factors were mainly related to the lattice
defects of the material, such as porosity, impurity,
grain size, and second phase [30, 31]. From the
microstructure in Fig. 3, with the increase of x value,
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Fig. 7 The Q X f; value of the CLNTSx (x = 0-0.12) ceramics
sintered at different temperatures
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the porosity of ceramics decreased and the surface
morphology tended to be densified, which indicated
that an appropriate amount of Sn** substitution for
Ti** helps to improve the quality factor of the
ceramics. In addition, the trend of the Q x f; value
was opposite to that of the FWHM of Raman, which
indicated that the quality factor of the ceramics was
closely related to the FWHM of the Raman peaks. As
previously analyzed, the improved quality factor was
related to the improvement of the cationic order of
the CLNTSx ceramics. In this work, the sintering
temperatures of these ceramics were higher than
1300 °C. At high temperatures, a small amount of
oxygen breaks away from the bondage of the lattice
to produce oxygen vacancies and weakly bound
electrons, which may lead to a partial reduction of
Ti*" to Ti°" ions and reduce the quality factor of
ceramics. With the substitution of Sn** for Ti**, the
quality factor of the CLNTSx ceramics was optimized
due to the following reaction that helped to suppress
the reduction of Ti** [32, 33].

1
Of — Vg +2¢' + iOz,
Ti4+ + e/ N Ti3+,

Sn*t + Ti*t = sn®t + Ti*t.

However, upon a further increase in Sn** content
(x > 0.09), the excessive substitution leads to a
decrease in the density and an increase in the
porosity of the ceramic, accompanied by the
appearance of the second phase of SnO,. These phe-
nomena may be the reasons for the decrease in the
Q x fo value of the CLNTSx ceramics.

Figure 8 shows the variation of the temperature
coefficient of resonant frequency (tp) with x of
CLNTSx (x = 0-0.12) ceramics after sintering at the
optimum temperature for 4 h. With increasing x
value, the 7; decreased from 21.1 to 2.6 ppm/°C.
Through the study of the dielectric properties of a
large number of binary/multicomponent
pounds, the empirical formulas of 7; value, the tem-
perature coefficients of dielectric constants (), and
the thermal expansion coefficients (x;) were sum-
marized, as follows:

T = — (OCL + %)7 4)

com-

@ Springer
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where the o, does not deviate from 8 to 10 ppm/°C
for perovskite structure [4], which means that the ¢
value of ceramics is mainly affected by t.. Further-
more, researchers had revealed that the dielectric
properties of perovskite ceramics, especially 7;, are
mainly affected by oxygen octahedrons. Reaney [4]
proposed a hypothesis that the structural tolerance
factor (t) affects the 7 of microwave dielectric
ceramics with perovskite structure by controlling the
phase transition temperature. Lower t values favor
distorted structures that have undergone phase
transition involving the rotation of oxygen octahe-
drons at lower temperatures. Moreover, Colla et al.
[34] proved that the variation of 7. of complex per-
ovskites was directly related to the tilt of the oxygen
octahedron, and the tolerance factor can affect the tilt
of the oxygen octahedron. Therefore, the 7 value of
CLNTSx ceramics can be considered to be mainly
affected by the tolerance factor (¢). The t is defined as
follows:

t = ﬁ, (5)
V2(Rg + Ro)

where Ra, R, and Rp were the average ionic radii of
A-site ions, B-site ions, and oxygen ions, respectively.
The trend of tolerance factors was shown in Fig. 8. It
can be seen that the 7; value of CLNTSx ceramics was
related to the tolerance factor when x < 0.09, but
upon a further increase in Sn content (x > 0.09), the
increase of 1 may be related to the appearance of
second phase SnO..

55| J0.893
20 F : 40.892 =)
o . s
g 15} ~. 10.801 S
£ \ . W
= * 5]
210} =
= n 10.890 £
l-’\ \ [ ] E
5| / s
"~ 0.889 =

\.

||

0 -
1{0.888

0.00 0.02 0.04 0.06 0.08 0.10 0.12
X (value)

Fig. 8 The <ty value and tolerance factor of the
CLNTSx (x = 0-0.12) ceramics sintered at different temperatures
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In this contribution, we have demonstrated that the
use of a small amount of Sn (x < 0.09) instead of Ti
can effectively tune the t¢ of CagzasLip325Ndo395-
Ti;_,S5n,O3 ceramics to near zero without signifi-
cantly deteriorating the dielectric constant. Although
the Q x fy value of 3320 GHz for Sn-substituted
sample is not as high as many microwave dielectric
ceramics, it has been quite rare in reported dielectric
ceramics with ¢, of ~ 100 and 7 close to zero. One of
the ways to improve the quality factor of perovskite
ceramics is to reduce the oxygen vacancies (V)
during high-temperature sintering. Our recent
research found that sintering or annealing in oxygen-
rich atmospheres can effectively reduce the V, con-
centration in ceramics due to the oxygen compensa-
tion effect. This method can double the quality factor
of the material without affecting the dielectric con-
stant. Therefore, the mechanism of how atmosphere
sintering improves the microwave dielectric proper-
ties of perovskite ceramics will be the subject of fur-
ther study.

4 Conclusion

The effect of Sn** substitution on the phase compo-
sition, microstructure, and microwave dielectric
properties of Ca0,245LiO,325Nd0.395Ti1,xSnxO3
(x = 0-0.12) ceramics was investigated. With a small
amount of Sn substitution (x < 0.09), the ceramics
exhibited a single phase with an orthorhombic per-
ovskite structure, and too much substitution
(x = 0.1-0.12) resulted in the appearance of a sec-
ondary phase SnO,. The degree of oxygen octahedral
distortion and the order degree of cations in
CLNTSx varied with Sn** contents. For compositions
where x < 0.09, the ¢, value gradually decreased with
increasing Sn substitution, which was related to the
smaller ionic polarizability of Sn*" compared to Ti*".
The Q x fy value greatly depended on the order
degree of cations and the secondary phase SnO,.
Moreover, the inhibition of Ti*" reduction by Sn** at
high temperatures will also affect the Q x f value of
the ceramics. The 1; was greatly affected by the
variation of tolerance factor and the appearance of
secondary phase. At the composition x = 0.09, the
CLNTSx ceramics achieved the best microwave
dielectric properties at the sintering temperature of
1350 °C with a permittivity of 98, a Q x f, value of
3320 GHz, and a near-zero t; of 2.6 ppm/°C.
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