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Abstract: High-entropy effect is a novel design strategy to optimize properties and explore novel
materials. In this work, (La;;sNd;sSmy;sHoy5Y1,5)NbO4 (SRNO) high-entropy microwave dielectric ceramics
were successfully prepared in the sintering temperature (S.T.) range of 1210-1290 C via a solid-
phase reaction route, and medium-entropy (La;;Nd;;3Sm;;)NbO, and (La;;sNd;sSm;,sHoy4)NbO,4
(B3RNO and 4RNO) ceramics were compared. The effects of the entropy (S) on crystal structure, phase
transition, and dielectric performance were evaluated. The entropy increase yields a significant
increase in a phase transition temperature (from monoclinic fergusonite to tetragonal scheelite
structure). Optimal microwave dielectric properties were achieved in the high-entropy ceramics
(5RNO) at the sintering temperature of 1270 ‘C for 4 h with a relative density of 98.2% and
microwave dielectric properties of dielectric permittirity (g;) = 19.48, quality factor (Oxf) = 47,770
GHz, and resonant frequency temperature coefficient (z7) = —13.50 ppm/°C. This work opens an
avenue for the exploration of novel microwave dielectric material and property optimization via
entropy engineering.

Keywords: high-entropy ceramics; microwave dielectric property; ion disorder; far-infrared

positioning, and navigation systems [1,2]. With the
advent of the fifth-generation (5G)/sixth-generation
(6G) communication era, higher requirements are put
forward for microwave dielectric materials. There are
three main parameters used to measure the properties
of the microwave dielectric ceramics, i.e., dielectric
permittirity (&, mainly contributed by ion displacement
* Corresponding author. polarization and electron displacement polarization),
E-mail: lichunchun2003@126.com quality factor (Qx%f, used to measure energy loss of

1 Introduction

Microwave dielectric ceramics are indispensable
materials in the field of communication, which are
widely used in mobile communication, radar, satellite
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ceramics in polarization states (Q = 1/tand), where tano
is the dielectric loss), and resonant frequency temperature
coefficient (r;, resonance frequency shift in different
temperatures (7) of ceramics). Electronic equipment
with microwave resonators requires high Oxf
(= 10,000 GHz) and near-zero |z (< 10 ppm/C)
[3,4]. High & (> 50) are conducive to the
miniaturization of microwave components, while low
& (< 20) enable fast signal propagation [5]. However,
because of the trade-off among three parameters, the
exploration of materials with excellent microwave
dielectric properties is still in progress.

“High entropy” refers to the solution of five or more
atoms at one Wyckoff site [6]. The configuration entropy
(S.) of the system can be calculated by Eq. (1) [7]:

S. = —RY xInx, (1)
i=l1

where x; is the concentration of the ith component, and
R is the gas constant in the ideal state. According to the
magnitude of the S. value, the system is generally
divided into low entropy (S. < 1.0R), medium
entropy (1.0R < S, < 1.5R), and high entropy (S. > 1.5R)
[8,9]. Gibbs free energy (AG = AH — TAS, where H is
the enthalpy, and § is the entropy) of the system
decreases with the increase in the entropy, which
improves structural stability. In addition, H is
conducive to an orderly arrangement of ions, and the
entropy promotes the disorder of the ions. In 2015,
inspired by high-entropy alloys, Rost et al. [10] first
proposed the concept of high-entropy oxides and
successfully prepared (Mg,Co,Ni,Cu,Zn)O with a rock
salt structure. Subsequently, the high-entropy ceramics
have been extended to carbides, borides, and silicates,
and are still being enriched [11-13]. The outstanding
performance  of high-entropy compounds in
thermodynamic and electrical properties is ascribed to
the high-entropy effect [14].

At present, the high-entropy effect has been introduced
into the dielectric materials to adjust the properties. For
example, good stability in & was reported in high-
entropy perovskite Ba(Zr,Tig2Sng,Hfy2Mep2)0; (Me =
Nb™, Ta5+) ceramics over a wide temperature range
(30-200 °C) along with low tand [15]. Xie et al. [16]
reported a giant & (~320,000 at 642 C and 100 Hz) in
(Lag2ProoNdg,Smg,Eug;),Ce,07 high-entropy ceramics
with a defect fluorite structure. Xiang et al. [17]
prepared Li(Gdy,Hog,Ery,Ybg,Lug,)GeOs microwave
dielectric ceramics via high-entropy solid solubility
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and optimized the microwave dielectric properties
(& = 7.6, Oxf'= 11,700 GHz, and 7z = —7.4 ppm/C).
Liu et al. [18] prepared structured
(Mg, Nig2Zny,Cop2Mny,),Si04 high-entropy ceramics

olivine

with the optimal microwave dielectric properties (& =
8.02, tand = 5.1x10* at 145 GHz, and 7 =
—38.2 ppm/C). Recently, Ding et al. [19] successfully
prepared (Hfy 25Z1025Sn0.25Tig25)O; high-entropy ceramics
(with the microwave dielectric properties of & = 25.6,
Oxf = 74,600 GHz, and 7z = —47 ppm/C). They
believe that the (Hfy 2571 ,255n0,5Tig25)O, ceramics are
like (Zr,Sn)TiO4 ceramics [20,21], and O%f increases
with ion disorder. It is improved compared with that of
Hfy 5Tip 50, (~53,600 GHz) [22].

Rare-earth niobates, with a general formula of
RENbLO,4, have been intensely studied because of
their unique tetrahedral coordination with oxygen for
Nb”" and the reversible ferroelastic phase transitions from
low-temperature fergusonite (monoclinic, C2/c) to high-
temperature scheelite structure (tetragonal, /4,/a) [23,24].
RENDbO, has been explored to promote their prospects
in microwave or millimeter wave communications
their
properties. For example, Kim et al. [25] reported the

owing to qualifying microwave dielectric
microwave dielectric properties of RENbO, (RE = La,
Nd, Sm, Dy, Er, and Lu) with low & (= 16.6-19.6) and
high Oxf (= 33,000-56,600 GHz). Of particular
interest is the jumping in the z¢ values from positive
(~9 ppm/ C in LaNbO,) to largely negative
(~64 ppm/C for LuNbO,) with the decreasing ionic
radius in rare-earth elements, which was explained by
the lattice distortion caused by phase transformation.
Because of their high Oxf, they have stable frequency
selection characteristics in microwave. Therefore,
RENbLO,4 microwave dielectric ceramics have become
ideal materials for preparing high-performance
substrates, filters, and dielectric antennas.

In this paper, the entropy, as a regulation variable,
was introduced into the preparation and property
exploration of the RENbO,4 ceramics. Based on S.,
medium-entropy (with three or four rare-earth elements
in the RE-site) and high-entropy (with five rare-earth
elements in the RE-site) microwave dielectric ceramics
were designed. In comparison with the low-entropy
RENDbLO, ceramics (with solely one RE element), the
effects of the entropy on crystal structure, microstructure,
phase transition, and microwave dielectric properties
were systematically studied. This work provides a
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paradigm for the adjustment of the microwave . 1 fgs Jfas @)
. . . . . . f =
dielectric properties via entropy engineering. f25 85-25
where fgs and f)5 correspond to the resonant

2 Experimental

Chemical formulae were recorded as (La;3Nd;3Sm;;)NbO,
(3RNO, Sc = 110R), (La1/4Nd1/4Sm1/4H01/4)Nb04 (4RNO,
Sc = 1.39R), and (La1/5Nd1/5Sm1/5H01/5Y1/5)NbO4 (SRNO,
S. = 1.61R), with the rare-earth elements in equal
molar ratios. A solid-state reaction route was adopted
to fabricate the ceramics from high-purity oxides
(LaQO3, Nd203, Sm203, H0203, Y203, and Nb205;
purity = 99.9%, Aladdin). Firstly, raw materials were
weighed and ball-milled for 6 h using alcohol as a
milling medium. The fully mixed powders were
calcined at 1250 C for 8 h, followed by a second
ball-milling for 6 h to obtain fine powders. An
appropriate amount of 5 wt% polyvinyl alcohol (PVA)
aqueous solution as a binder was added. The powders
were pressed into cylindrical samples (10 mm in
diameter and 5-6 mm in height) with a pressure of
70 MPa. To remove the PVA, the ceramic samples
were kept at 550 ‘C for 6 h. Finally, the ceramics
were sintered at 1210-1290 C for 4 h.

Phase purity and crystal structure were analyzed by
an X-ray diffractometer (Empyrean, PANalytical, the
Netherlands). Microstructures and element distribution
were observed by a scanning electron microscope
(SEM; S-4800, Hitachi High-Technologies, Japan). In
addition, a high-resolution transmission electron
microscope (HRTEM; JEM-2100F, JEOL, Japan) and
selected-area electron diffraction (SAED) pattern
provide rich lattice information. Local structural
features and intrinsic dielectric properties
analyzed by a Raman spectrometer (Fisher DXR,
Thermo Electron, USA) and a far-infrared reflectivity
(FIR) spectrometer (IFS 66v FT-IR, Bruker, Germany).
Bulk densities of the ceramics were measured by
method. Identification of the phase
transformation at different temperatures was characterized
by variable-temperature X-ray diffraction (XRD), thermal
expansion tester (PCY, Xiangtan Xiangyi Instrument,
China), and -electrochemical workstation (VSP,
Bio-Logic, France). Finally, the microwave dielectric
properties were tested by a vector network analyzer
(Keysight E5071C, Keysight Technologies, USA) in
TEy;; mode using Hakki—Coleman dielectric resonator
method [26]. The ¢ is calculated by Eq. (2) [27]:

Wwere

Archimedes

frequencies at 85 and 25 °C, respectively.

3 Results and discussion

3.1 Preparation of 5RNO high-entropy ceramics

An XRD pattern of the mixed powders is shown in
Fig. 1(a). By comparing, all the raw oxides including
La203, Nd203, Sl’n203, H0203, Y203, and Nb205 can be
detected, which indicates the uniform mixing of
precursors. After being fired at 1270 C for 4 h,
single-phase (La,Nd,Sm,Ho,Y)NbO,4 was achieved by
indexing with the standard PDF cards, as shown in
Fig. 1(b). One point should be noted that the XRD
pattern of (La,Nd,Sm,Ho,Y)NbOQ, is similar to those of
RENDbO, (RE = La, Nd, Sm, Ho, and Y); however, a
slight deviation in the position of XRD peaks is
evident. This is because the average ionic radius in the
RE-site for (La,Nd,Sm,Ho,Y)NbO; (~1.076 A,
coordination number (CN) = 8) is different from that of
each of RENbO4 (RE = La, Nd, Sm, Ho, and Y)
individually [28]. These results manifest solid solution
of the five rare-earth elements (La, Nd, Sm, Ho, and Y)
into the RE-site and formation of the high-entropy
ceramics. Rietveld refinement provides evidence for
the phase purity and cation occupation in the targeted
SRNO. As shown in Fig. 1(c), the observed and
calculated patterns match well, and the Rietveld
reliability factor (Ry,) value and the goodness of fit
(GOF) are lower than 10% (Ryp = 5.62%, GOF = 3.13),
indicating that the result is reliable [29]. The
high-entropy RENbO, ceramics exhibit a single-phase
fergusonite structure with the monoclinic space group
(C2/c). The crystal structure of the title SRNO is
shown in Fig. 1(d), with La3+, Nd3+, Sm3+, Ho3+, and
Y*" occupying the RE-site equally and randomly [30].
It consists of [NbOy] tetrahedra and [ReOg] decahedra.
The adjacent [ReOg] decahedra units form chains by
sharing edges, while [NbO,] and [ReOg] are corner-
connected by sharing oxygen ions.

Microscopic morphology and element distribution
of a grain surface further confirm the formation of
high-entropy solid solution. As shown in Fig. 2, the
SEM image revealed a dense microstructure, characterized
by closely packed grains with clear grain boundaries
and no visible pores. The grain size is in the range of
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Fig. 1 (a) XRD pattern of mixed powders (XRD peaks are the superposition of six raw materials); (b) XRD pattern of SRNO
high-entropy ceramics sintered at 1270 C (XRD peak assignment was performed); (¢) Rietveld refinement of powder XRD
patterns of SRNO high-entropy ceramics sintered at 1270 ‘C (R, = 5.62%, GOF = 3.13) wherein Yobs, Ycal, and Ydiff
represent the observe, calculate, and difference intensity respectively; (d) crystal structure of SRNO high-entropy ceramics,

which consists of [NbOy] tetrahedra and [ReOg] decahedra.

Fig. 2 SEM-EDS mappings of SRNO high-entropy ceramics; points of different colors represent uniformly distributed La, Nd,

Sm, Ho, Y, Nb, and O.

1-4 pum. All rare-earth elements were distributed
uniformly. Figure 3(a) shows an SAED pattern along
the [021] zone axis, which can be indexed as the
monoclinic fergusonite with (200), (2—12), and (0—12)
fundamental reflections. The HRTEM micrograph of
SRNO (Fig. 3(b)) displays an interplanar spacing in the
particle projected along [020]. They matched well with
the monoclinic fergusonite model (space group: C2/c).
By TEM-energy dispersive spectroscopy (EDS)

(B 447w | Sci@pen
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(Fig. 3(c)), the element distributions on the nanoscale
are also uniform, which correspond to the SEM—EDS.
All the results show that the monoclinic SRNO was
successfully synthesized.

3.2 Effects of entropy (3RNO, 4RNO, and 5RNO) on
structure and microstructure

To reveal the effects of the entropy on the structure of
RENDbO,, two medium-entropy ceramics, (La,Nd,Sm)NbO,
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Fig. 3 (a) SAED pattern of monoclinic SRNO taken
along [021] zone axis; (b) HRTEM micrograph of SRNO
projected along [020]; (¢) TEM-EDS mappings of SRNO
(the points of different colors represent uniformly
distributed La, Nd, Sm, Ho, Y, Nb, and O).

(abbreviated as 3RNO and 4RNO, respectively), were
designed and fabricated at 1270 ‘C and 4 h for
comparison. Similar to the title SRNO counterpart,
both medium-entropy ceramics crystallized in a single
fergusonite structure (Figs. 4(a) and 4(b)), which
uncovers the entropy-dominated phase stabilization.
Figure 4(c) compares the XRD profiles of the 3RNO
(S; = 1.10R), 4RNO (S, = 1.39R), and 5RNO (S, =
1.61R) ceramics. The enlarged diffraction peaks at
around 20 = 28° exhibit a distinct peak shift to high
angles with the increasing configurational entropy. The
average RE-site radii of the 3RNO, 4RNO, and SRNO
compounds is 1.116, 1.091, and 1.076 A, respectively,
which are responsible for the high-angle peak shift.
These results indicate that it is feasible to regulate
the structure by the entropy. The Ry, values (GOF)
and parts of refinement crystal structure data of
3RNO, 4RNO, and 5RNO are shown in Table 1. The
structural characterizations by Rietveld refinement
are shown in Table 2.
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Fig. 4 (a) XRD pattern of 3RNO medium-entropy ceramics sintered at 1270 ‘C; (b) XRD pattern of 4RNO medium-entropy
ceramics sintered at 1270 C; (c) XRD patterns of RENbO, samples sintered at 1270 ‘C and enlarged diffraction patterns in
region of 20 = 27°-29°; (d) room-temperature Raman spectra of 3RNO, 4RNO, and 5RNO (the dashed lines indicate
Gaussian—Lorentzian mode fit); (¢) amplified Raman spectra at 310 and 790 cm ' and their full widths at half maximum

(FWHMs).
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Table 1 Crystallographic information of 3RNO, 4RNO, and SRNO ceramics sintered at 1270 C

Composition a(A) b(A) c(A) Veen (A%) Ryp (%) GOF P (g/em®)
3RNO 5.4788(0) 11.3135(7) 5.1513(1) 318.3573(1) 10.1(0) 5.8(9) 6.26
4RNO 5.4387(3) 11.2370(3) 5.1385(8) 313.1136(3) 4.5(1) 2.5(6) 6.51
SRNO 5.4125(3) 11.1855(7) 5.1283(3) 309.5589(2) 5.6(2) 3.1(3) 6.32

Note: a, b, and c represent the lattice parameters, V. represents the volume of the unit, and py, is the theoretical density.
Table 2 Structural characterizations of 3RNO, 4RNO, and SRNO ceramics
Composition Element Wyckoff site X y z Biso.

RE 4e 0.00000 0.62930 0.25000 0.8351
Nb 4e 0.00000 0.10390 0.25000 1.6853

3RNO
0Ol 8f 0.23980 0.03230 0.04460 0.3764
02 8f 0.15150 0.20680 0.49060 0.9527
RE 4e 0.25000 0.12078 0.00000 0.6845
Nb 4e 0.25000 0.64619 0.00000 1.8592

4RNO
Ol 8f 0.00760 0.71551 0.20290 0.4369
02 8f 0.90390 0.45567 0.24630 0.8142
RE 4e 0.25000 0.12078 0.00000 0.7642
Nb 4e 0.25000 0.64619 0.00000 1.7631

SRNO
o1 8f 0.00760 0.71551 0.20290 0.4527
02 8f 0.90390 0.45567 0.24630 0.8147

Note: Biso. is the isotropic temperature factor.

Similar to the XRD pattern, Raman scattering
spectrum is the “fingerprint” of the phase but is more
sensitive to the local structural evolution [31]. The
effective radii of different rare-earth ions affect the
distortion of the [ReOg] oxygen decahedral, and the
slight change of the [ReOg] oxygen decahedral will
make the [NbO4] oxygen tetrahedra be implicated,
resulting in the corresponding change of vibration of a
chemical bond, which is reflected in the subtle change
of Raman vibration peak. Figure 4(d) shows Raman
scattering spectra of 3RNO, 4RNO, and 5RNO
samples. According to lattice point group predication,
there are 18 Raman active modes in a RENDbO;,
monoclinic structure, and the I" point of Brillouin zone
can be expressed by Eq. (3) [29,32]:

I'=8A, +10B, (3)

Raman modes near 310 and 790 cm ' represent
symmetric stretching vibration of the Nb—O bond in
the [NbO4] oxygen tetrahedron [33,34]. As shown in
Fig. 4(d), 18 peaks matched well with Raman mode of
RENDbO,, and the phase can be distinguished by these
Raman modes. Raman peaks at 310 and 790 cm ' shift
to the high frequency side with an increase in the
entropy, which is due to the contraction of the [ReOgs]
oxygen decahedral and the enhancement of bond
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strength because of a decrease in the effective rare-
earth ion radius [35,36]. The amplified Raman peaks
near 310 and 790 cm ' and their FWHMs by peak
fitting are shown in Fig. 4(e); the FWHMs of Raman
peak near 310 and 790 cm™ ' enlarged with an increase
in S., which was attributed to an increase in disorder
degree [37-39]. Through the above verification, the
single-phase RENbO, ceramics can be entropy stabilized,
and the local structure strongly correlates with the
radius of rare-earth cations.

Microscopic SEM images of the 3RNO, 4RNO,
and 5RNO ceramics sintered at 1270 ‘C are shown
in Figs. 5(a)-5(c). It can be intuitively observed that
the grains of all ceramics are well-developed, and grain
boundaries are clear, showing a dense microstructure.
The average grain sizes of the 3RNO, 4RNO, and
SRNO ceramics are 3.6, 3.0, and 3.2 um, respectively.
Figure 5(d) shows a variation trend of the density of
each ceramic sample at different sintering temperatures.
Strong dependence on the sintering temperature (S.T.)
of the density is observed for the three samples.
Similarly, increasing the sintering temperature improves
the density of the ceramics, which is due to the high
sintering temperature promoting the grain growth and
uniform grain distribution. All three components can
be densified at 1270 ‘C with the highest density. The
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Fig. 5 SEM images of (a) 3RNO, (b) 4RNO, and (c) 5RNO ceramics by being fired at 1270 C for 4 h (grain size
distributions have been shown in them, normal distribution is used as a function to fit grain size distribution, and fitting is good);
(d) bulk densities at different sintering temperatures (the highest densities have been marked).

relative density of each component has been
highlighted (Fig. 5(d)), all of which are larger than
95%. In addition, the bulk density of the 4RNO
ceramics is higher than those of the 3RNO and SRNO
ceramics owing to the difference in their py. The py
could be defined by Eq. (4) [40]:

_ MN
NAVell

Ci

Pth “)
where M is the atom weight, N is the number of atoms
in the unit, and N, is the Avogadro’s number. As shown
in Table 1, py, of 4RNO is calculated as 6.51 g/em’,
which is much higher than those of the 3RNO
(6.26 g/cm3) and 5RNO ceramics (6.32 g/cm3). The
maximum experimental density of the 4RNO ceramics
is 6.32 g/cm’ with a relative density of 97.1%.

3.3 High-entropy effect on phase transition of LaNbO,

LaNbO,4 has been reported to undergo a reversible
phase transition at around 540 ‘C  from high-
temperature scheelite (tetragonal, /4,/a) to fergusonite-
type (monoclinic, C2/c) structure [23,41]. Of particular
importance is the effect of high entropy on the phase
transition behavior of LaNbO, to understand the stable
operating temperature range.

The in-situ XRD measurements were carried out for
SRNO at variable temperatures (100-720 C) to
determine the phase transition temperature. As shown
in Fig. 6(a), low-temperature XRD patterns match well
with monoclinic fergusonite-type LaNbO, (PDF Card
No. 152-5402), as characterized by the split (021) and
(—221) peaks. With the increasing temperature, the split
peaks gradually approached and merged into one (112)
peak at around 700 ‘C, as a characteristic diffraction
peak for the tetragonal scheelite phase (PDF Card No.
153-6267). This result indicates that the phase transition
from fergusonite to scheelite occurred at 700 °C. The a,
b, and c calculated by the least squares method [42] are
shown in Fig. 6(b). Obviously, before the phase
transition, a decreases with the increasing temperature,
while both b and ¢ increase. When reaching the phase
transition temperature, the crystal changes from
monoclinic to tetragonal, and a = c¢ is a typical feature
of tetragonal [43,44]. Compared with that of the pure
LaNbO,4 phase, the phase transition temperature is
increased by 30% (~160 °C). Such large difference is
ascribed to be due to the size effect of the rare-earth
elements on the phase transition temperature. It has
been established that the larger the RE element, the lower
the phase transition temperature of RENbO, is [45,46].

(B 4 fus | Sci@pen

Tsinghua University Press



1074

J Adv Ceram 2023, 12(5): 1067-1080

(a) PIF# 153-6267 LaNhil,
n ("2”\_ | AP o 720 °C
D T e TWC
___/‘\,_1_,___ o P PO HR0 “C
- B B0 °C
:: A . 640 °C | AN
— I.'. i A B0 ¢ /
g IS | 7 500 °C
A
-3 | VOV 1 | B\
= dbge —_smwe_|LAAC
i) A
I | e | I AL
(021)] (-221)
| v AV T | BN
| PDF# 152-5402 LaNbO), l
= T o e T
20 30 40 50 60 T0 28 30
26 (°)
Temperature (°C)
838 T80 727 679 636 597 560 527
C
1E-5
4 0.000
-
1E-6 {-0.005 L
& {-0.010 2
e 1E-7 =
&, of SRNO 4-0.015 E_
o dod(1000/T) <€
1E-8 Linear Niting of SRNO .
5 Linear fitting of da/d(1000/T) 1-0.020
. A L

105 11 L5

1000/ T (K™Y)

0.95 1

b 5.7
( ) G/wmo 4114
56F /0/0,_,-'
D,zfo’ 1113
55 0/ Monoclinic Tetragonal
< . i '?_,
gi 54 o] S 411.2 =
o 0—a 0,
‘ =——rc &%
5._\ - _o_b IOD
o 1111
9 -""'O/
5.2 " o— o
o—0
' i L ' ' L I L 1 1.[}
100 200 300 400 500 600 700 800 9S00
Temperature (°C)
d) 20 ,
( ) & ALILy : 14
d(AL/Lo)idT : -
oo, : 1, E’
L o - s
& it =
= k 30 5
< : : =
: £ : §
< 10} : 5 =
i = g il - ﬂ
i g -
; : -]
q-4
05 A . : : ;
200 300 400 500 600 700 800
Temperature (°C)

Fig. 6 (a) XRD patterns of 5SRNO at 100-720 C (the change of XRD peak indicates that monoclinic—tetragonal phase
transition occurs); (b) @, b, and ¢ of 5RNO at 100-720 ‘C; (c) conductivity (o) and its variation coefficients (do7dT) of SRNO
at 550-800 C; (d) thermal expansion change rates (AL/Ly) and thermal expansion coefficients (d(AL/Ly)/dT) of 5SRNO at

200-800 C.

The alternating current (AC) conductivity and
thermal expansion measurements provide robust
evidence for the observed phase transition. If a solid
electrolyte is stable in the temperature range, its o
shows a uniform and regular linear change [47—49].
Figure 6(c) shows a o curve and do/dT change of
5RNO at 550-800 °C. Discontinuous changes in
do/dT can be observed with a breakpoint at 700 C.
Similarly, it can be found in Fig. 6(d) that AL/L, and
d(AL/Ly)/dT have a discontinuous trend at 700 C,
which was due to the change of the structure caused by
the phase transformation, resulting in the difference of
a expansion rate [50].

3.4 High-entropy effect on microwave dielectric
properties

Figure 7(a) shows a change in the dielectric
permittivity (e;) of three RNO ceramics as a function of
the sintering temperature. The &, of all ceramic samples
is between 18 and 20, and first increases with the

(8) 4% % wse | Sci@pen

sintering temperature, and then decreases when the
sintering temperature is higher than 1270 °‘C. The
dielectric permittivity and bulk density experience the
same variation trend, which verifies that the density is
an important factor affecting . The variation in the
Oxf'values (Fig. 7(b)) of the 3RNO, 4RNO, and SRNO
ceramics exhibits a similar tendency and reaches their
respectively optimal values at 1270 °C, indicating that
rising the density is beneficial to improving the O*fvalues.
The optimal microwave dielectric properties of each
composition are summarized in Table 3. By comparison,
& increases from 19.13 for 3RNO to 19.22 for 4RNO,
and to 19.48 for SRNO. As established by Clausius—
Mosotti (C—M) equation, ¢, is closely related to the
molar volume (V},;) and the molecular polarizability (),
and the theoretical dielectric permittivity (ey) can be

expressed by Eq. (5) [51]:
3V, +8

TV, v

Sth,
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Fig. 7 (a) & and (b) O%f of 3RNO, 4RNO, and SRNO ceramics by sintering at different temperatures. Error data have been

added to dielectric properties.

Table 3 Microwave dielectric properties, polarizability of unit volume, packing fractions (PFs), and bond valences of

RNO ceramics

Composition S.T.(C) & 0%f(GHz) 1 (ppm/C) a (A% AV PF (%) Vab-o
3RNO 1270 19.13 16,190 1.753) 17.2833 0.2102 60.85 42714
4RNO 1270 19.22 44,920 -5.87(7) 16.9575 0.2166 61.38 4.3248
SRNO 1270 19.48 47,770 ~13.50(2) 16.7300 0.2233 61.81 4.4058

Note: Vyp_o is the valence of the Nb—O bond.

Additionally, taking the variable (a/Vy,) as a whole,
a directly proportional correlation can be established
between the permittivity and the o/V;, term [52]. As
listed in Table 3, the increasing o/V, from 3RNO
(0.2102) to SRNO (0.2233) is responsible for the rising
permittivity. Similarly, a steady increase in QXf is
observed from 16,190 GHz for 3RNO to 44,920 and
47,770 GHz for 4RNO and SRNO, respectively.

Kim et al. [53] found that Oxf was strongly
correlated with the PF in ABO,4 ceramics, and Oxf
increased with the PF. This is because the decrease of
the lattice vibration space resulting from the
increasing PF leads to a decrease in tand [54].
Subsequently, the PF rule has been verified in some
microwave dielectric ceramics [55-57]. The PF could
be obtained by Eq. (6) [58]:

Volume of packed ions

PF (%) =
) Volume of primitive unit cell

_ Volume of packed ions <7

. (6)
Volume of unit cell

where Z is the number of formula units per unit cell.
As listed in Table 3, the increase in O%f from the
3RNO (16,190 GHz) to the SRNO (47,770 GHz)
ceramics with the increasing PF verifies the primary
influence of the PF.

Bond valence theory is an important method to
predict the 7y value of the microwave dielectric
ceramics [53]. The bond valence of atom i (V) can be

defined as the sum of all the valences (v;) from a given
atom i, and the bond valence can be calculated by Eqgs.

(7) and (8) [59]:
V=D (7)

R. —d.
Vi = exp[ Ub UJ 3)

where R;; is the bond valence parameter [60], dj; is the
bond length of atoms i and j, and b is the universal
constant equal to 0.37 A. As Kim et al. [53] found that
with the increase in the bond strength, recovery force
of polyhedron tilt increases, and 7r would decrease. The
7rand Vapo of 3RNO, 4RNO, and 5SRNO are shown in
Table 3. When S, of the system increases, Vo increases
from 4.2714 to 4.4058, and the 7 value decreases from
a positive value of 1.75 ppm/°C for 3RNO to —5.87 ppm/C
for 4RNO and —13.50 ppm/°C for 5SRNO.

The FIR spectroscopy analyzes the intrinsic dielectric
properties by correlating the lattice vibration [61]. To
further study the intrinsic microwave dielectric properties
of the 3RNO, 4RNO, and 5SRNO ceramics, the intrinsic
dielectric permittivity and loss were fitted by Kramers—
Kronig (K-K) equation. It can be expressed by Egs. (9)
and (10) [62]:

2
. n a)pj B n 9
E=6n+ ) — = E,F D8 )
Jj=1 Wy Jj=1

(8) 77wt | Sci@pen
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" n .V
tan (@)= =0y i (10)
€ Jj=l 2
Wy goo+zgj
j=1

where ¢' and ¢ are the real and imaginary parts of
the dielectric permittivity, respectively, w is the test
frequency, w.;, wy;, and y; are the transverse frequency,
the plasma frequency, and the damping coefficient of
the j-th FIR mode, respectively, and ., and Ag; are the
dielectric permittivity contribution of the electronic
polarization and the j-th FIR mode to the dielectric
permittivity, respectively. Therefore, the fitted
theoretical dielectric permittivity is & = €, + XAg;.

All far-infrared spectra can be fitted by Eqgs. (9) and
(10), and the fitting results are good, as shown in
Figs. 8(a)-8(d). The related phonon parameters of the
3RNO, 4RNO, and 5RNO ceramics are shown in
Table 4, indicating that the ceramics have 14 far-
infrared modes. The static dielectric permittivity (XAs;)
is very close to those of the TEy;; measured values, and
&, 1s small (from 1.72 to 2.61). The results show that
the dielectric response mainly comes from the
oscillation absorption of phonons at microwave

M

200 400 600 800 1000
Wavenumber (cm™)
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frequencies. In addition, there is a large difference
between the measured and theoretical values of ¢”. The
measured value of ¢" is lower than the theoretical one,
and it is unreasonable. This may be explained by that
the predicted tand at microwave frequencies from
infrared reflection spectra is lack accuracy (Table 5).
This is because there are still some differences in
ceramic performance in optical and microwave
frequency regions.

Figure 9 compares the microwave dielectric
properties of the present entropy-stabilized RNO
ceramics with the RENbO, counterparts with merely
one rare-earth element in the RE-site. No distinct
difference in &, is shown, and the &, values for RENbO,
are around 20 except for YNbO,. On the contrary,
Oxf of 3RNO is much lower than those of discrete
RENDLO, (e.g., 54,400 GHz for LaNbO4, 33,000 GHz
for NdNbOy4, and 56,300 GHz for SmNbO,),
whereas the 4RNO and SRNO counterparts exhibit a
slightly lower but comparable Oxf. The discrepancy
in Oxf is believed to stem from competitive effects
of cation disorder induced by increasing the
entropy and PF. Of particular significance is the
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Fig. 8 (a) Experimental and fitted infrared reflection spectra (the solid lines for fitted and the dotted lines for experimental) of
3RNO, 4RNO, and 5RNO ceramics. Fitted complex dielectric spectra of (b) 3RNO, (c) 4RNO, and (d) SRNO ceramics

(the squares represent the measured values in TEq;; mode).
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Table 4 Phonon parameters obtained by fitting FIR of 3RNO, 4RNO, and SRNO ceramics

3RNO 4RNO 5RNO
Mode

Doj Dpj Vi Ag Doj Dpj Vi Ag Doj Dpj Vi Asg;
1 163.11 44.65 11.28 0.5916 149.93 134.17 24.16 1.4865 109.87 30.99 12.24 1.1222
2 166.34 310.22 127.72 6.5758 152.93 642.54 114.05 6.8876 139.36 135.76 43.49 3.1542
3 219.48 157.46 28.54 1.1131 210.28 201.7 20.51 0.9002 166.48 314.49 41.33 2.5072
4 240.86 74.881 19.558 0.6953 276.08 129.88 29.605 0.9879  220.38 360.03 34.97 1.6074
5 279.08 170.27 57.02 1.7467 331.51 106.86 15.94 0.4441 285.7 217.42 53.93 1.9107
6 338.98 202.77 74.92 1.8923 332.61 319.48 65.572 1.8189 33845 164.62 23.08 0.6895
7 386.3 235.72 59.13 1.3100 372.56 279.66 45.1 1.1172 377.27 369.4 55.06 1.4760
8 452.9 210.86 47.75 0.8990 396.11 55.42 10.09 0.2354 401.93 74.1 13.07 0.3286
9 516.39 102.21 21.96 0.3639 44576  280.53 48.51 1.0064  458.01 259.03 40.36 0.8907
10 586.87 110.29 21.05 0.3074 516.41 22423 39.85 0.7128  526.66 137.41 18.94 0.3639
11 647.76 556.73 62.68 0.8288 581.46  441.66 68.2 1.0802  589.78 236.9 31.187 0.5348
12 699.82 410.07 75.74 0.9247 636.08  564.35 61.09 0.8863 641.42 662.25 52.38 0.8260
13 771.04 152.55 45.55 0.5060 698.91 223.85 102.62 1.3572 698.14 456.09 141.98 2.0523
14 809.5 166.98 30.75 0.3254 803.66 169.16 37.34 0.4293 805.17 194.16 43.098 0.5409

&0 =12.61 TAg=18.08 £,=1.72 ZAg =19.35 £,=1.96 ZAg; = 18.00

Table 5 Measured and calculated values of ¢’ and &"’
at 8.40 GHz of 3RNO, 4RNO, and 5RNO ceramics

Measured Calculated
SyStem r " ’ "
€ € & &
3RNO 19.13 0.0113 20.69 0.0263
4RNO 19.22 0.0035 21.07 0.0260
5RNO 19.48 0.0033 19.96 0.0040

Note: ¢’ and &" represent the real and imaginary numbers of complex
dielectric permittivity.
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|

YNbO, 3RNO

B
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ARNO

SRNO

Composition

Fig. 9 Comparison of microwave dielectric properties of
RENDLO,.

near-zero 7 value of entropy stabilized RNO ceramics,
especially for the 3RNO and 4RNO samples, which is
different from that of LaNbO, (~9 ppm/°C), NdNbO,
(~24 ppm/°C), SmNbO, (~—40 ppm/°C), and YNbO,
(~—=53 ppm/°C) [24,25]. However, when they are solid
solution in an equal proportion, they are more likely to
get a large negative 7¢ value. It can be inferred that
near-zero temperature coefficient of the resonant

frequency of the microwave dielectric ceramics might
be related to the multi-ion synergy generated by the
entropy effect, which opens an avenue for material
exploration and property optimization via entropy
engineering. Thus, the high-entropy microwave dielectric
ceramics are expected to become potential materials
for practical applications.

4 Conclusions

In this study, RENbO4 medium-entropy (3RNO and
4RNO) and high-entropy (SRNO) microwave dielectric
ceramics were prepared via the solid-phase method.
All ceramics were monoclinic fergusonite structured
with the space group of C2/c. The crystal structures,
phase transitions, microscopic morphologies, vibration
characteristics, and bond valences of the RENbO;,
ceramics were analyzed by the XRD, SEM-EDS,
Raman spectra, and far-infrared spectra, and the
dielectric properties were explained by the C-M
equation, PF, and bond valence theory. It was found
that the ceramics sintered at 1270 C had the best
performance. The 3RNO sample has the most stable z¢
(= 1.75 ppm/C), and the SRNO sample obtains the
highest Oxf (= 47,770 GHz), while the 4RNO sample
exhibits the optimal overall performance with g =
19.22, Oxf'= 44,920 GHz, and zr= —5.87 ppm/°C. This
work opens an avenue for novel material exploration

@ ¥z ue | Sci®@pen
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and

property optimization via entropy engineering.

From a viewpoint of material design, the entropy
engineering may result in synergetic optimization of
the dielectric properties in the microwave materials.
This may help guide future material design to meet the
requirements of different dielectric applications.
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