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Abstract: The  application  of  NiCuZn  ferrites  (NCZFs)  in  high-power  communication  systems  is  constrained  by  their
nonlinear excitation. To reduce nonlinear effects, it  is essential for ferrite materials to possess a relatively high spin-wave
linewidth  (ΔHk).  Doping  with  ions  such  as  cobalt  and  rare-earth  (RE)  ions  with  fast  relaxation  has  proven  effective  in
increasing ΔHk of ferrites. However, the regulatory mechanism of doping NCZFs with RE ions with larger ionic radii remains
unclear. In this study, Ho3+-substituted NCZFs were synthesized via a solid-state reaction route. The spatial distribution and
substitution amount of the Ho3+ ions were carefully investigated via elemental and phase composition analysis, revealing the
limited solid solubility of  the Ho3+ ions in NCZFs. Some of the Ho3+ ions enter the lattice and occupy the octahedral  sites,
accelerating relaxation and increasing ΔHk to a maximum value of 2.63 kA·m−1. Insoluble Ho3+ ions combine with Fe3+ ions to
form a HoFeO3 heterogeneous phase with Fe3+ ions at the grain boundaries, leading to iron deficiency within NCZF crystals
and significantly reducing the dielectric loss tangent at microwave frequencies. These results reveal the great potential of
Ho3+-substituted NCZFs for high-power, low-loss microwave applications.
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1    Introduction
NiCuZn  ferrites  (NCZFs)  are  extensively  utilized  as  the  core
material  in  microwave  circulators  for  high-frequency  (X–Ka
band)  communication  systems  because  of  their  high  saturation
magnetization (4πMs, up to 400 kA·m−1), resistivity (ρ > 1 MΩ·m),
and  exceptional  gyromagnetic  properties  [1−3].  As  one  of  the
most  significant  components  in  microwave  communication
systems,  circulators  are  extensively  applied  in  satellite
communication,  phased  array  radar,  and  electronic
countermeasures.  They  play  crucial  roles  in  isolating  high-power
signals,  protecting  circuit  systems,  segregating  signals,  and
reducing  interference  due  to  their  unidirectional  transmission
characteristics. The free space path loss of a signal is proportional
to the square of the product of the transmission distance and the
carrier  frequency  (f).  As  communication  technology  progresses
toward higher frequencies and longer distances, signal attenuation
during  transmission  inevitably  worsens  [4,5].  Enhancing  the
power of the signal source is an effective method to counteract the
attenuation  of  high-frequency  signals  during  transmission.
However, high-power electromagnetic pulses (EMPs) with intense
microwave  fields  (h)  can  excite  nonlinear  effects  in  microwave
ferrite devices, potentially leading to device failure [6,7].

The  maximum  carrying  power  (Pmax)  of  a  microwave  ferrite
device is proportional to the square of the threshold magnetic field
(hc)  of  the  ferrite  material.  To  counter  the  threat  posed  by  high-
power  EMPs  to  communication  systems,  enhancing hc is  an

effective  solution.  The  relationship  between hc and  the  material
properties can be expressed as Eq. (1):

hc =
f · ΔHk

γ · 4πMs
(1)

where  ΔHk and γ represent  the  spin-wave  linewidth  and
gyromagnetic  ratio,  respectively.  Therefore,  microwave  ferrites
with  a  high  ΔHk are  crucial  to  ensure  that  circulators  have
sufficient power-carrying capacity [8,9]. Long et al. [10] measured
the  critical  distortion  of  the  output  waveforms  of  different
gyromagnetic  ferrites  via  a  microwave  pulse  signal  source  with
adjustable f and h values to determine ΔHk values of the samples.
The results revealed a positive correlation between ΔHk and Pmax,
and the sample with a ΔHk of 1.91 kA·m−1 achieved a Pmax of up to
66.7  kW.  Cui et  al.  [11]  assembled  NiZn  ferrite  cores  with
different gyromagnetic parameters into a gyromagnetic nonlinear
transmission  line,  which  typically  operates  at  10–1000  MW,  and
investigated  the  impact  of  these  parameters  on  the  output
microwave signal. They reported that Pmax could reach 155 MW at
a  ΔHk of  3.57  kA·m−1.  Vehkalahti  [12]  compared  two  different
ferrite materials and reported that a circulator made with a higher
ΔHk material  has  a  stronger  power  handling  capability,  rated  at
35  kW,  which  is  3.5  times  the  average  power  requirement.
Additionally,  NCZFs  should  possess  a  narrow  ferromagnetic
resonance  linewidth  (ΔH)  and  low  microwave  dielectric  loss
(tanδε),  which  are  beneficial  for  minimizing  the  forward
transmission loss of the signal in circulators [13,14].

The grain size miniaturization and doping of fast-relaxing ions
are  effective  strategies  for  increasing  the  ΔHk of  polycrystalline
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ferrites  [15−18],  whereas  the  appropriate  cation  species,  ion
occupancy,  and  densification  are  crucial  for  optimizing  ΔH and
tanδε [19−23].  These  considerations  necessitate  careful
microstructure  and  formulation  design.  From  a  microstructural
perspective,  lowering  the  sintering  temperature  during  the  solid-
phase  reaction  can  effectively  decrease  the  grain  size.  However,
this  may  result  in  insufficient  densification  of  polycrystalline
ferrite,  leading  to  increased  pores  and  consequently  exacerbating
ΔH and  tanδε.  Therefore,  some  researchers  [9]  have  utilized  the
uniaxial  hot-pressing  technique  to  ensure  the  densification  of
sintered  samples  with  limited  grain  sizes.  Although  this  method
successfully reduces ΔH and maintains ΔHk at a certain level, the
limited grain uniformity and complexity of the process hinder its
large-scale  applicability.  Additionally,  the  combination  of
appropriate flux agents (e.g.,  Bi2O3,  V2O5,  and glass) [24−27] and
crystallization inhibitors (e.g., BaTiO3, Al2O3, ZrO2, and other high
melting  point  substances)  [28−30]  as  additives  can  effectively
regulate  the  grain  growth process,  leading  to  the  attainment  of  a
compact  microstructure  with uniform grains,  thereby optimizing
the microwave characteristics.

As  spinel-structured  ferrites,  there  are  two  types  of
crystallographic  cation  sites  in  the  unit  cell  of  NCZFs,  i.e.,  8
fourfold  tetrahedral  (A)  sites  and  16  sixfold  octahedral  (B)  sites
[2].  In recent  decades,  extensive research has  been conducted on
improving  the  microwave  properties  of  NCZFs  via  cation
substitution.  The  substitution  of  nonmagnetic  ions,  which  lack
magnetic  crystalline  anisotropy,  for  some  magnetic  ions  can
effectively diminish the absolute value of the crystalline anisotropy
constant  (|K1|).  This  substitution  helps  mitigate  the  negative
impact  of  the  crystalline  anisotropy-induced  linewidth  (ΔHa)  on
ΔH [21,31,32].  The  iron-deficient  formulations  can  efficiently
suppress Fe2+ generation,  consequently reducing the possibility  of
electron transitions between Fe2+ and Fe3+ and reducing tanδε [23].
The strong spin‒orbit coupling of Co2+ and RE ions enables rapid
energy transfer from spin waves to the lattice, thus shortening the
relaxation  time  (τk).  These  ions  are  referred  to  as  fast-relaxing
ions.  In the field  of  microwave gyromagnetic  ferrites,  researchers
typically  employ  Co2+ ions,  which  have  smaller  ionic  radii,  to
adjust  the  ΔHk of  spinel  ferrites  [33−36],  whereas  RE  ions  are
utilized for yttrium iron garnet (YIG) microwave ferrites because
of  their  larger  lattice  spaces  [8,17].  Unlike  Co2+,  which  is  a  3d
magnetic  ion,  4f  shell  layer  of  RE  ions  is  embedded  within  the
5s25p6 full-electron  shell  layer.  Consequently,  4f  electrons  of  RE
ions have a larger effective solid charge and experience a stronger
central field than 3d electrons of Co2+, which results in the average
radius of the 4f shell layer being approximately half that of the 3d
shell  layer  of  Co2+.  Since  spin−orbit  coupling  is  inversely
proportional  to  the  cube  of  the  electron  orbital  radius,  RE  ions
exhibit  stronger  spin‒orbit  coupling,  which  effectively  enhances
the  power-carrying  capacity  of  microwave  ferrites.  Furthermore,
the  substitution  of  fast-relaxing  ions  inevitably  increases  the
contribution of ΔHa to ΔH, which contradicts the requirement for
a  narrow  ΔH and  high  ΔHk.  Therefore,  it  is  crucial  to  precisely
control  the  substitution  amount  to  avoid  excessive  insertion  loss
in circulators.

Schlömann et  al.  [37]  summarized  the  impact  of  various  RE
ions,  including  Ho3+,  Dy3+,  and  Sm3+,  on  the  microwave  power
characteristics  of  YIG and reported that  Ho3+ has a superior gain
effect  and  that  each  substitution  of  0.1  increases  ΔHk by
4.80 kA·m−1. Additionally, Ho3+ has a high ionic magnetic moment
(10.61 μB, μB is the Bohr magneton, indicating the smallest unit of
the  orbital  magnetic  moment)  and a  relatively  small  ionic  radius
(0.901 Å) [38], making it an excellent candidate for substitution in

spinel  ferrites.  To  further  elucidate  the  mechanism  of  Ho3+ in
NCZFs,  Ho3+-substituted  NCZFs  with  a  composition  of
Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 (x = 0.00–0.04) were prepared
via  a  solid-state  reaction  method  and  comprehensively
investigated  in  this  study.  Remarkably,  the  restricted  solid
solubility  of  Ho3+ in  NCZFs  results  in  the  predominant  phase
remaining  iron  deficient  and  an  optimized  microstructure.  ΔHk
increases  while  tanδε decreases.  The  separation  of  ΔH revealed
that the optimization of the microstructure partially mitigated the
negative  effect  of  the  increased  |K1|.  The  results  provide  an
important basis and guidance for the development of high-power,
low-loss  microwave  gyromagnetic  ferrites  by  substituting  spinel
ferrite with RE ions.

2    Experimental

2.1    Specimen fabrication
NCZF  samples  with  a  composition  of  Ni0.505Cu0.1Zn0.4Co0.015
Fe1.98−xHoxO4 (x =  0.00–0.04)  were  prepared  via  a  solid-state
reaction  method.  First,  highly  purified  powders  of  NiO  (98.1%),
ZnO  (99.7%),  CuO  (99%),  Co2O3 (99%),  Fe2O3 (99.3%),  and
Ho2O3 (99.99%) with deionized water were milled into a slurry in
a planetary mill (QM-3SP4, Chishun Tech, China) for 3 h, and the
slurry  was  transferred  into  an  oven  (KW-101,  Kewei,  China)  to
dry at 80 °C. Second, the samples were calcined at 900 °C for 3 h.
Then, 0.15 wt% Bi2O3, 0.12 wt% CaO, and 0.10 wt% BaTiO3 were
added to  the  powders  as  additives,  and the  powders  were  milled
into a  slurry again for  6  h.  Afterward,  the slurry was dried again
and granulated with 12 wt% polyvinyl alcohol (PVA). Eventually,
NCZF  particles  were  separately  pressed  into  discs  (12  mm  in
diameter) and sintered at 1030–1070 °C for 3 h for densification.

2.2    Material characterization
Bulk density  (Dbulk)  was  obtained using the Archimedes  method.
The theoretical density of polycrystalline ferrite (DPF) is calculated
as Eq. (2):

DPF =
Dxrd-NCZF + Dxrd-HFO · wt%HFO

1+ wt%HFO
(2)

where Dxrd-NCZF and Dxrd-HFO are  X-ray  densities  of  NCZFs  and
HoFeO3, respectively,  and  the  weight  percentage  of  HoFeO3
(wt%HFO)  represents  the  weight  percentage  of  HoFeO3
corresponding to one NCZF. In the case of polycrystalline ferrites,
porosity (P) can be derived from Dbulk and DPF via Eq. (3):

P =
Dbulk − DPF

Dbulk
× 100% (3)

The  crystal  structure  was  determined  via  an  X-ray
diffractometer  (XRD;  Aeris  Benchtop,  PANalytical,  the
Netherlands)  with  Cu  Kα  radiation  over  a  2θ range  from  20°  to
80°  at  steps  of  0.02°.  The  microstructures  were  observed  via  a
backscattered  electron  (BSE;  Phenom  Pharos,  Thermo  Scientific,
USA)  scanning  microscope,  and  the  element  composition  and
distributions  were  characterized  via  an  energy  dispersive
spectrometer  (EDS;  Phenom  Pharos,  Thermo  Scientific,  USA).
The  magnetic  hysteresis  loops  were  measured  by  a  vibrating
sample magnetometer (VSM; Lake Shore 8604, Lake Shore, USA)
with  a  maximum  magnetic  field  of  796  kA·m−1 at  room
temperature. ΔH of spherical samples (diameter of approximately
0.8 mm) was measured via TE106 perturbation cavity resonator via
a  vector  network  analyzer  (Agilent  N5227A,  Agilent,  USA)  at
~9.3  GHz.  ΔHk was  measured  via  the  spin-wave  linewidth  test
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system  (эм6-27,  Southwest  Institute  of  Applied  Magnetism,
China). Cole–cole plots were measured by an impedance analyzer
(E4991B, Keysight, USA) at frequencies of 1 MHz–1 GHz at room
temperature. ρ values of samples were measured with a insulation
resistance meter (TH2683A, Tonghui, China). Dielectric constant
(ε')  and  tanδε were  measured  by  a  cylindrical  TM010 resonant
cavity (DH406B, Dahua Electronic, China) at ~9.3 GHz.

3    Results and discussion

3.1    Crystal structure and phase composition
Figure 1 shows XRD patterns of Ho3+-substituted NCZFs. All the
diffraction  pattern  samples  confirmed  that  the  main  crystalline
phase was the spinel structure (PDF#08-0234), with a space group
of Fd3m [36,39].  For the samples with x = 0.01–0.04,  the second
phase of the orthorhombic perovskite structure (HoFeO3, PDF#74-
1479)  with  a  space  group  of Pbnm [36,40]  is  observed.  The
characteristic  peaks  of  HoFeO3 gradually  become  evident  with
increasing x,  as  shown  in Fig.  1(f).  The  reason  for  this

phenomenon is that the radius of the Ho3+ ions (0.901 Å) is larger
than  that  of  the  Fe3+ ions  (0.645  Å)  [38],  which  restricts  their
accommodation in the B sites of  the spinel  lattice.  Consequently,
the  unaccommodated  Ho3+ ions  diffuse  to  the  grain  boundaries
and  combine  with  Fe3+ ions  from  the  spinel  lattice,  forming  the
second  phase  HoFeO3,  as  evidenced  by  the  subsequent  EDS
mapping  and  spot  scanning  results.  This  observation  aligns  with
results reported by various authors [21,36,41].

To  further  verify  and  determine  the  crystal  structure,  ion
occupancy,  and  crystalline  phase  ratio  of  NCZFs,  XRD  patterns
were refined via Rietveld refinement via GSAS-II software version
4776 [42], and the results are presented in Tables 1 and 2. Rietveld
refined  XRD  patterns  were  related  to  reliability  factors.  Namely,
weighted profile coefficient (Rwp) and goodness factor (χ2), are given in
Fig.  1,  and all  of  them are  within reliable  limits. Table  1 lists  the
cation distributions extracted from the Rietveld refinement of the
measured XRD patterns: Zn2+ and Fe3+ ions predominantly occupy
A sites, whereas Ni2+, Cu2+, Co2+, Ho3+, Fe3+, and very small amounts
of Zn2+ ions occupy B sites. The reason for this is that the height of
the potential barrier that determines the difficulty of moving ions

 

Fig. 1    XRD patterns and Rietveld-refined profiles of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 spinel ferrite samples sintered at 1030 °C: (a) x = 0.00, (b) x = 0.01, (c) x = 0.02,
(d) x = 0.03, (e) x = 0.04, and (f) signature peaks of HoFeO3.

 

Table 1    Occupancy distribution of cations on A and B lattice sites of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrites extracted via Rietveld refinement

x A site B site
0.00 (Zn0.3886Fe0.6114) [Ni0.2525Cu0.05Zn0.0057Co0.0075Ho0.0000Fe0.6843]

0.01 (Zn0.3842Fe0.6104) [Ni0.2525Cu0.05Zn0.0079Co0.0075Ho0.0012Fe0.6760]

0.02 (Zn0.3789Fe0.6078) [Ni0.2525Cu0.05Zn0.0106Co0.0075Ho0.0024Fe0.6685]

0.03 (Zn0.3677Fe0.6044) [Ni0.2525Cu0.05Zn0.0161Co0.0075Ho0.0032Fe0.6615]

0.04 (Zn0.3588Fe0.5967) [Ni0.2525Cu0.05Zn0.0206Co0.0075Ho0.0042Fe0.6558]
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such  as  Ni2+,  Cu2+,  Co2+,  and  Ho3+ to  the  A-site  is  significantly
greater than that of Zn2+ [43]. Fe3+ ions occupy the A and B sites at
an  ionic  ratio  of  ~1:2,  which  is  consistent  with  previous  reports
[44].  As  the  amount  of  Ho3+ substitution  increases,  the  total
number  of  cations  on  the  A  and  B  sites  decreases,  indicating  an
increase in the number of vacancies on this sublattice.

The solid solution limit of ions at lattice sites is determined by
the  oxidation  state  and  ionic  radius.  Ho3+ ions  clearly  exhibit
limited solid solubility in the octahedral sublattice of spinel ferrite
because of their relatively large ionic radius. As depicted in Fig. 1(b),
when x =  0.01,  the  sintered  body  contains  a  heterophase  of
HoFeO3,  with  an  increasing  content  of  HoFeO3 observed  as x
increases.  The  content  of  Ho3+ ions  in  NCZF  does  not  remain
constant  with  increasing  substitution  amount.  Instead,  it
continues  to  increase  while  maintaining a  ratio  of  approximately
5:1 between the substitution amount and the content of Ho3+. This
phenomenon  can  be  attributed  to  excess  Ho3+ ions  combining
with  Fe3+ ions  within  the  main  lattice,  forming  another  phase,
HoFeO3, which  competes  for  additional  capacity  space  for
incorporating Ho3+ ions into the main lattice.

Lattice  constant  (a)  of  NCZFs Dxrd-NCZF, Dxrd-HFO,  and  wt%HFO
were  obtained  by  refining  XRD  peaks  of  polycrystalline  ferrites.
DPF and P of  polycrystalline  ferrites  can  be  calculated  from  the
above data as well as Eqs. (2) and (3). All the above parameters of
polycrystalline  ferrites  are  listed  in Table  2.  For  the  sample  with
Ho3+ substitution, the refinement results revealed the existence of a
small amount of HoFeO3 phase with a perovskite structure mixed
with  the  spinel  phase,  whereas  the  samples  without  Ho3+

substitution  exhibited  a  pure-phase  composition.  HoFeO3 is
antiferromagnetic  and  weakly  ferrimagnetic  in  an  external
magnetic  field  at  room  temperature  [40].  According  to  the
refinement  results,  the  weight  percentage  of  HoFeO3 in  the
samples  increased  from  0.4  to  1.8  wt%  as x increased,  which  is
expected to have a negligible effect on the magnetic properties of
the samples.

As x increased, the lattice constant of NCZF initially tended to
increase  but  then decreased,  which  indicated  that  Ho3+ ions  with
larger ionic radii could replace Fe3+ ions in the lattice to occupy the
B sites, leading to lattice expansion. However, owing to the limited
holding capacity of B sites for Ho3+ ions, those unable to enter the
lattice  combine  with  Fe3+ ions  in  NCZFs,  resulting  in  the
formation of HoFeO3. As indicated in Table 1, the substitution of
Ho3+ ions leads to cation deletion at both the A and B sites, leading
to  an  increase  in  the  number  of  vacancies  on  the  sublattice  and
causing  lattice  collapse  [23].  The  variation  in  the  lattice  constant
values  is  a  consequence  of  Ho3+ ions  entering  the  lattice  in
collaboration with the vacancies on the sublattice.

3.2    Microstructure and elemental distribution
Figure  2 shows  BSE  microscopy  images,  average  grain  size  (D)
distribution  analysis,  and P of  NCZFs.  BSE  images  were  taken
from  the  natural  cross-section  of  the  sintered  body  sintered  at

1030  °C.  The  images  were  statistically  analyzed  for  grain  size
distribution  via  ImageJ  software  (version  1.54d)  [45]  with  the
linear intercept method, revealing a normal distribution in all the
cases.  The grain size  distribution curves  exhibited narrower peak
shapes,  and  the  standard  deviation  of  the  grain  size  distribution
decreased with increasing Ho3+ substitution, as shown in Fig. 2(f).
This  suggests  that  the  substitution of  Ho3+ ions  results  in  a  more
homogeneous  microstructure  of  the  sintered  sample  and  an
optimized microstructure of NCZFs.

The  impact  of  ionic  substitution  on  sintering  characteristics  is
profound  [24,46]  and  can  promote  or  inhibit  the  grain  growth
and densification process of polycrystalline ferrite during sintering
to a certain extent.  Since the binding energy of Ho3+–O2− bond is
greater than that of Fe3+–O2− bond, the introduction of Ho3+ alters
the  kinetic  process  of  the  solid-state  reaction  and  hinders  the
reaction  [47].  Additionally,  the  heterogeneous  phase  HoFeO3
generated  during  the  substitution  process  is  pinned  at  the  grain
boundaries,  which  inhibits  the  diffusion  and  migration  of  the
grain  boundaries  and  impedes  grain  growth,  contributing  to  the
establishment of a more homogeneous microstructure [22,28,29].
Consequently,  the  grains  of  polycrystalline  ferrites  were
miniaturized  with  increasing x at  each  sintering  temperature,  as
shown in Fig.  2(g). P is  an essential  parameter  for  characterizing
the  degree  of  densification  in  sintered  bodies.  Obviously,  the
introduction  of  Ho3+ alleviates  the  abnormal  grain  growth  in
polycrystalline  ferrite  and  promotes  the  evacuation  of  pores.
However, excessive substitution weakens the densification during
sintering,  polycrystalline  ferrites  are  insufficiently  densified,  and
the  pores  are  incompletely  evacuated.  Consequently, P has  a
minimum value when x increases, as shown in Fig. 2(h).

Furthermore, an increase in sintering temperature can promote
the  generation  of  a  liquid  phase  and  the  mass  transfer  of  ions,
thereby  driving  the  occurrence  of  grain  boundary  diffusion  and
migration  during  the  sintering  process  [48,49].  Excessively  low
sintering  temperatures  cause  insufficient  densification of  sintered
bodies,  many  unclosed  pores  at  the  grain  boundaries,  and  loose
grain  arrangements.  Appropriate  sintering  temperatures  result  in
the  formation  of  liquid  phases  that  uniformly  fill  the  pores  and
promote  ionic  mass  transfer  for  grain  boundary  diffusion,
resulting  in  optimal  densification  of  the  sintered  bodies  and
minimization  of P.  However,  excessively  high  sintering
temperatures  can  cause  rapid  diffusion  at  grain  boundaries  and
even ion volatilization, leading to premature closure of pores that
cannot  be  filled,  subsequently  deteriorating  the  microstructure,
resulting  in  abnormal  grain  growth,  and  ultimately  increasing P
[25].  Accordingly, D is  positively  correlated  with  the  sintering
temperature, and the position of the lowest P value also increases
as the sintering temperature increases.

The elemental distribution in NCZFs was investigated via EDS
mapping  and  spot  scanning,  as  shown  in Fig.  3.  Fe3+,  Zn2+,  and
Co2+ ions  were  uniformly  distributed  in  NCZF  sintered  bodies.
Trace  amounts  of  Ni  and  Cu  are  enriched.  During  the

 

Table 2    a, Dxrd-NCZF, Dxrd-HFO, wt%HFO, DPF, and P

x
NCZF HoFeO3 Polycrystalline ferrite

a (Å) Dxrd-NCZF (g·cm−3) Dxrd-HFO (g·cm−3) wt%HFO DPF (g·cm−3) P (%)
0.00 8.38578 5.353 — — 5.353 0.88
0.01 8.38871 5.345 7.851 0.4 5.355 0.51
0.02 8.38638 5.355 7.950 0.9 5.378 0.62
0.03 8.38562 5.374 7.954 1.3 5.408 0.71
0.04 8.38671 5.385 7.957 1.8 5.431 0.69
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densification  and  grain  growth  stages  of  the  sintering  process  of
NCZFs,  nickel  and copper  oxides  precipitate,  which is  caused by
the oxygen-deficient environment during the solid-phase reaction
process  [50,51].  This  issue  can  be  addressed  by  prolonging  the
holding  time  or  introducing  an  oxygen  atmosphere  during  the
sintering  process.  In  addition,  Ho3+ substitution  resulted  in  iron
deficiency  in  NCZFs,  which  exacerbated  the  segregation  of  the
ZnO  phase  [52],  and  the  volatilization  of  Zn2+ [53]  during
sintering  resulted  in  the  enrichment  of  Ni  and  Cu.  The
segregation of the ZnO phase also inhibited the crystallization and
growth  of  spinel  ferrite  to  a  certain  extent,  which  contributed  to
the miniaturization of NCZF grains. Bi3+ ions (1.03 Å) [38] with a
large ionic radius were added into NCZF as fluxes and enriched at
the  grain  boundaries  between  grains.  With  increasing x,  bright
spots representing elemental Ho gradually appeared in the image,
and  the  number  of  bright  spots  gradually  increased,  indicating
that the solid solubility of RE ion Ho3+ in NCZF was limited.

In BSE microscopy, when the incident electron beam strikes the

surface  of  the  observed  sample,  the  escaping  electrons  undergo
elastic and inelastic collisions in irregular directions. The number
of emitted electrons is influenced by the angle of incidence and the
atomic number of the substance [54,55]. The number of scattered
incident  electrons  is  proportional  to  the  atomic  number,  and
elements with a higher atomic number have greater brightness in
the image. EDS spot scanning and elemental content analysis were
performed  on  the  bright  spot  regions  and  gray  regions  in  the
image, respectively, and the results are shown in Fig. 3. When x =
0.00,  the  bright  spot  regions  in  the  image  exist  at  the  grain
boundary  of  NCZF,  and  the  main  component  is  Bi2O3 as  flux.
When x = 0.04, bright spots exist outside the NCZF grains in the
form  of  crystalline  grains.  Analyses  revealed  that  the  primary
composition  of  these  bright  spots  was  HoFeO3 crystals,
confirming  that  part  of  Ho3+,  which  is  unable  to  enter  NCZF
lattice,  combines  with  Fe3+ to  form  the  HoFeO3 subcrystalline
phase. EDS point-scan analysis results of the darker regions in the
image are consistent with XRD refinement results.

 

Fig. 2    BSE images and grain size distributions of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98–xHoxO4 ferrite samples sintered at 1030 °C: (a) x = 0.00, (b) x = 0.01, (c) x = 0.02, (d) x =
0.03, and (e) x = 0.04. (f) Statistical analysis of grains. (g) D and (h) P of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrite samples sintered at different temperatures.
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3.3    Magnetic properties
4πMs was obtained by measuring a series of hysteresis loops of the
Ho3+-substituted  NCZF  samples  with  different  sintering
temperatures  at  room  temperature,  as  shown  in Fig.  4(a).  4πMs
monotonically  decreases  with  increasing  Ho3+ substitution.  The
cations  in  spinel  ferrite  occupy  two  crystallographically  distinct
interstitial  sites,  A  and  B  sites.  The  strong  superexchange
interactions  between the  cations  in  the  8a  and 16d sites  result  in
an  antiparallel  arrangement  of  magnetic  moments  in  these
sublattices.  Consequently,  the molecular magnetic moment is the
difference between the magnetic moments of  the tetrahedral  and
octahedral  sublattices  [56].  In  Ho3+-substituted  spinel  ferrites,
although Ho3+ ions, with larger ionic magnetic moments, prefer to
occupy  B  sites  and  replace  Fe3+ ions,  their  solid  solubility  in
NCZFs  is  limited.  Instead,  they  combine  with  Fe3+ ions  in  the
main  crystalline  phase  to  form  the  heterogeneous  phase  of
HoFeO3,  inducing  iron  deficiency  in  the  main  crystalline  phase.
This  results  in  a  decrease  in  the  molecular  magnetic  moment  in
the ferrite, leading to a gradual reduction in the number of 4πMs.

D and P are  two  significant  factors  influencing  the  4πMs of
sintered  bodies.  As  shown  in Fig.  2,  an  increase  in  sintering
temperature leads to a larger D,  changes in P,  and, consequently,
fluctuations  in  4πMs [20].  Larger  grains  in  polycrystalline  ferrites
indicate  more  complete  crystallization,  resulting  in  fewer  grain
boundaries and defects. This facilitates the movement of magnetic
domain walls,  thereby enhancing the number of 4πMs.  However,
excessively  large  grains  may  introduce  defects  such  as  pores,
which  can  adversely  affect  the  number  of  4πMs.  Therefore,  it  is
crucial  to  control D within  an  optimal  range.  Additionally,  the
presence  of  pores  reduces  the  effective  volume  of  the  magnetic
material, decreasing the number of magnetic ions participating in
the magnetization process. As nonmagnetic regions, pores disrupt

the  arrangement  of  magnetic  domain  structures  and  hinder  the
displacement of domain walls, ultimately lowering the number of
4πMs.  Consequently,  under  the  same  magnetic  field,  materials
with higher P achieve lower 4πMs.

For  the  samples  with x =  0.00  and  0.01,  as  the  sintering
temperature increases, abnormal grain growth occurs, introducing
more pore defects, which are detrimental to maintaining magnetic
properties.  Consequently,  4πMs decreases  with  increasing
sintering temperature.  In contrast,  for the samples with x = 0.02,
0.03,  and 0.04,  the  increase  in  sintering  temperature  led  to  more
thorough grain growth and reduced P,  contributing to improved
4πMs.

H ≫

The  convergence  saturation  theorem  expresses  the  law  of
change  in  the  magnetization  strength  (M)  of  the  magnet  in  the
convergence  saturation  stage  of  magnetization  with  increasing
applied  magnetic  field  (H)  in  the  process  of  technological
magnetization (  Hc). M can be described as Eq. (4) [57]:

M(H) = Ms

[
1− 8

105(μ0Ms)
2

(
K1

H

)2]
+ χpH (4)

where μ0 refers  to  the  vacuum  permeability, χpH represents  the
applied  magnetization  due  to  spontaneous  magnetization  at  a
high  field,  and χp is  the  high-field  sensitivity  coefficient.  |K1|  of
NCZFs  was  obtained  by  fitting  the  magnetization  curve  to  the
converging  saturation  region,  as  shown  in Fig.  4(b).  Sintering
temperature  had  an  insignificant  influence  on  the  value  of K1 of
the  ferrites,  and  |K1|  increased  from  ~6.37  to  ~11.70  kJ·m−3 with
increasing  Ho3+ substitution.  This  increase  in  |K1|  is  attributed  to
the  partial  entry  of  Ho3+ into  the  lattice,  causing  an  increase  in
spin‒orbit coupling of RE ions Ho3+,  as indicated by the previous
analysis  of  the  crystalline  phase  structure,  ionic  occupancy,  and
microscopic morphology of Ho3+-substituted NCZFs.

 

Fig. 3    Elemental distribution of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrite samples sintered at 1030 °C, as investigated via EDS mapping and spot scanning: (a) x = 0.00,
(b) x = 0.01, (c) x = 0.02, (d) x = 0.03, and (e) x = 0.04.
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3.4    Microwave properties
In the research of microwave gyromagnetic ferrites, ΔH serves as a
crucial  parameter  for  describing  magnetic  losses,  which  result
from the combined effects of various physical mechanisms within
the  material.  The  mechanism  of  ΔH is  investigated  by  the  spin-
wave narrowing theory, and ΔH of polycrystalline ferrite is a linear
superposition of four components (Eq. (5)) [58−61]:

ΔH = ΔHi + ΔHs + ΔHa + ΔHp (5)

where  ΔHi denotes  the  single-crystal  intrinsic  linewidth,  ΔHs
expresses  the  surface  roughness-induced  linewidth,  ΔHa
represents  the  crystalline  anisotropy-induced linewidth,  and ΔHp
indicates the porosity-induced linewidth.

ΔHi usually  has  small  values  of  approximately  100  A·m−1 [62],
which  can  be  ignored.  ΔHs is  the  inhomogeneous  linewidth
broadening induced by surface roughness, which is related to the
polishing  step  in  the  preparation  process  of  the  measurement
sample  [61,63].  Therefore,  ΔHs is  related  to  the  radius  of  the
spherical  measurement  sample  (R),  the  radius  of  the  pits  on  the
surface of the measurement sample (r),  and the number of 4πMs
with  a  positive  dependence  on  4πMs (r/R),  typically  ranging
within a few 100 A·m−1.  In this work, the sum of ΔHi and ΔHs is
obtained by subtracting ΔHa and ΔHp from ΔH.

Therefore,  ΔH is  influenced  mainly  by  ΔHa and  ΔHp.  ΔHa is
derived  from  the  anisotropy  field  fluctuations  caused  by  the
irregular  distribution  of  the  directions  of  the  magnetocrystalline
anisotropy  field Ha of  each  grain,  and  ΔHa can  be  described  by
Eq. (6) [61]:

ΔHa =
2.07(K1)

2

πM3
s

G(ω,ωi) (6)

where G(ω, ωi) is a frequency-dependent shape factor with a value
tending  to  1  at  high  frequencies  [61].  ΔHp is  the  broadening
caused by the demagnetization of pores or the surroundings of the
other  nonmagnetic  phases,  which  can  be  described  by
semiclassical theory Eq. (7) [64]:

ΔHp =
8π
45

4πMsP
cosθ0

(7)

where θ0 is  the  angle  between  the  internal  static  resonance  field
(Hinternal) and the spin-wave vector (k) = 0, and P is the porosity of
polycrystalline  ferrite  [65].  For  a  spherical  sample  in  a  spherical
resonance  cavity,  cosθ0 can  be  calculated  from  the  applied
magnetization field (Happly) and 4πMs (Eq. (8)) [64]:

cos2θ0 =
3Happly − 8πMs

3Happly − 4πMs
(8)

On  the  basis  of  the  above  characterization  of  ΔH,  combined

with  the  parameters  of  the  Ho3+-substituted  NCZFs  sintered  at
different  temperatures,  the  results  of  the  calculated  separation  of
ΔH are  shown in Fig.  5(a).  The trend of  ΔH with x was  affected
mainly  by  ΔHa,  which  originated  from  the  contribution  of  the
strong spin−orbit coupling effect of RE ions to |K1|.  As shown in
Fig.  5(a),  ΔH and  ΔHa gradually  increased  as x increased  from
0.00 to 0.04, and this trend did not vary with increasing sintering
temperature. Moreover, the substitution of Ho3+ ions changed the
sintering  characteristics  of  each  component  of  NCZFs,  and P
values  of  sinter  bodies  are  shown  in Fig.  2(h).  The  sintering
process plays an important role in the optimization of ΔH, as both
undersintering  and  oversintering  lead  to  an  increase  in  the
number of  pores,  which in turn increases  ΔHp and worsens ΔH.
For  ferrites  without  Ho3+ substitution,  ΔH primarily  originates
from  porosity,  and P of  sinter  bodies  increases  with  increasing
sintering temperature, consequently increasing ΔH. In the case of
ferrites  with x =  0.01  and  0.02,  the  densification  of  the  sintered
body is the highest, P is the lowest, and ΔH is at a minimum when
the sintering temperature is 1050 °C. For the ferrites with x = 0.03
and  0.04,  the  microstructure  becomes  progressively  denser  with
increasing  sintering  temperature,  and  the  number  of  pores
decreases, which in turn leads to a lower ΔHp and, consequently, a
lower ΔH.

ΔHk of  polycrystalline  ferrite  can  be  explained  via  the  transit
time model, where the excited spin-wave propagating to the grain
boundary  is  strongly  scattered  and  has  a  low  probability  of
propagating  across  the  grain  boundary.  If  the  mean  free  path  of
the  spin  wave  has  the  same  order  of  magnitude  as D,  then  the
mean  lifetime  of  the  spin  wave  (τk-grain)  is  determined  by  the
transition time (relaxation time) across the grain as Eq. (9) [15,16]:

τk-grain ≈
D

vg(k)
(9)

where vg is the spin-wave group velocity. In addition, pore factors
can be introduced into the transit time model, and the pores can
strongly  scatter  the  spin  wave  as  scattering  centers.  For  the
propagation of the spin wave, the pores are more obstructed than
the  grain  boundaries,  and the  relaxation  time (τk-pore)  is  given  by
Eq. (10) [66]:

τk-pore =
4Rp

3Pvg (k)
(10)

where P is  the  porosity  and Rp is  the  radius  of  the  pores.  ΔHk is
given by Eq. (11) [15]

ΔHk =
1
γτk

(11)

Therefore, reducing τk and decreasing D are effective strategies
for  increasing  ΔHk,  but  considering P of  polycrystalline  ferrite  is
crucial.

 

Fig. 4    (a) 4πMs and (b) |K1| of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrite samples.
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Figure  5(b)  depicts  ΔHk of  Ho3+-substituted  NCZF  samples.
The increase in Ho3+ substitution leads to a consistent increase in
ΔHk,  with a maximum value of 2.63 kA·m−1 achieved at x = 0.04.
Ho3+ ions,  which  are  RE  ions,  exhibit  robust  electron  spin−orbit
coupling owing to their distinctive electron shell layer structure [57].
Consequently, this leads to a reduction in the τk of the spin wave
from  establishment  to  annihilation,  thereby  transforming  it  into
fast-relaxing  ions  [17,18].  Furthermore,  combined  with  previous
studies  on  the  crystalline  phase  structure  and  microscopic
morphology  of  sintered  bodies,  the  grain  size  of  polycrystalline
ferrite  has  been shown to  decrease  with  the  substitution of  Ho3+,
which  contributes  to  the  increase  of  ΔHk.  Combined  with  the
results  of D and P shown  in Fig.  2,  the  effect  of  the  sintering
temperature on ∆Hk is complex and is the result of a combination
of several factors, such as D, P, and the radius of the pores [16,66],
which  results  in  ∆Hk not  decreasing  exactly  with  increasing
sintering temperature.

3.5    Electric properties
To  study  the  mechanism  of  charge  transitions  into  Ho3+-
substituted  NCZFs,  cole‒cole  plots  were  used,  which  are  plots  of
real  impedance  against  the  imaginary  impedance  of  materials
obtained from impedance spectroscopy, as shown in Fig. 6(a). The
distribution  curve  of Z''–Z' assumes  a  semicircular  shape.
However,  since  the  different  types  of  dipoles  present  in  the
material  possess  individual  relaxation  times,  the  curve  deviates
from a perfect semicircle, exhibiting varying degrees of distortion
[67],  which  is  indicative  of  nonideal  Debye-type  dielectric
relaxation.  As x increases,  the  shape  of  the  curve  tends  to  be
composed  of  two  semicircles,  with  the  diameters  of  these
semicircles gradually enlarging. Nevertheless, for samples sintered
at  1030  and  1050  °C,  a  slight  reduction  in  curve  diameter  is

observed  at x =  0.04.  In  the  case  of  polycrystalline  ferrites,  in
addition to the arc associated with dielectric relaxation within the
grain  interior  (bulk  relaxation),  another  arc  forms  because  of
partial  or  complete  blocking  of  charge  carriers  at  the  grain
boundaries.  Typically,  the  arc  in  the  low-frequency  region  is
attributed to the grain boundary response, whereas the arc in the
high-frequency region corresponds to the grain response [68,69].

Grain resistance (Rg) and grain boundary resistance (Rgb) can be
obtained through equivalent circuit fitting [67,70], and the results
are  shown  in Figs.  6(b)  and  6(c).  Obviously, Rgb is  overall  much
larger than Rg,  and the conductivity process is mainly dominated
by  the  grains.  The  patterns  of ρ variation  in Fig.  6(d)  is  highly
consistent with the impedance, which is mainly dominated by Rgb
as x increases  and Rg as  the  sintering  temperature  changes.  The
fitting results reveal that Rg first increases but then decreases as x
increases.  The  intrinsic  conduction  mechanism  in  ferrites  is  the
interconversion  of  Fe2+ and  Fe3+ ions  at  B  sites,  accompanied  by
electron  hopping  between  them.  The  iron-deficient  state  of  the
main crystalline phase restricts electron hopping between Fe2+ and
Fe3+,  which improves Rg and ρ [71].  However,  as x increases,  the
refinement of the grain size mitigates the abnormal grain growth,
as shown in Fig. 2, allowing the pores entrapped within the grains
due  to  abnormal  growth  to  be  released.  This  reduces  scattering
during  electron  transport  within  the  grains,  facilitating  smoother
electron  transmission  and  hence,  a  decrease  in Rg.  Nevertheless,
increasing  the  sintering  temperature  triggers  abnormal  grain
growth,  and  new  scattering  centers  are  formed  during  the  rapid
grain boundary diffusion process, which leads to an increase in Rg.
Moreover, Rgb and ρ are  directly  proportional  to x.  Combined
with Table  2,  Ho3+ ions  substituted  Fe3+ ions  at  the  B  site  and
combined with Fe3+ ions from the main crystalline phase to form
the heterogeneous phase  HoFeO3 at  the  grain boundaries,  which

 

Fig. 5    (a) Calculated separation results of ΔH and (b) ΔHk of Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrite samples sintered at different temperatures.
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is insulated and promotes an improvement in Rgb and ρ [72]. Rgb
is  less  affected  by  the  sintering  temperature.  However,  when
x = 0.04, Rgb and ρ decrease for the samples sintered at 1030 and
1050 °C. When x = 0.04,  the solid phase reactions of the NCZFs
are most hindered, and the crystallinity of the HoFeO3 at the grain
boundaries  is  lower  at  sintering  temperatures  of  1030  and
1050 °C. Combined with Fig. 6(a), the distribution curve of Z''–Z'
with x = 0.04 gradually  changes from a single  semicircular  curve
to  a  double  semicircular  curve  with  increasing  sintering
temperature,  and  the  contribution  of  HoFeO3 in  the  grain
boundaries to Rgb becomes increasingly obvious.

ε' and  tanδɛ of  the  sintered  bodies  at  ~9.3  GHz  are  shown  in
Fig.  6.  On  the  basis  of  Maxwell–Wagner  interfacial  polarization
and  Koops’ theory  [73−75],  spinel  ferrite  with  a  heterogeneous
structure  consists  of  two  parts:  semiconductor  grains  and  high-
resistance insulating grain boundaries. The interfacial polarization
of polycrystalline ferrites is related to the heterogeneous structure
of  the  grains  and  grain  boundaries.  Interfacial  polarization  is
caused  by  localized  aggregation  of  charges  in  the  presence  of  an

applied electric field, and the high-resistivity grain boundaries lead
to hopping of electrons between the boundaries and accumulation
on  the  grain  boundaries  through  the  hopping  mechanism. ε' is
proportional  to x,  which  is  due  to  the  distortion  of  the  NCZF
lattice upon the addition of Ho3+. The increased length of the Fe3+

(Ho3+)–O2− bond  at  the  B  site  leads  to  an  increase  in  the  atomic
polarizability  and,  subsequently  [76],  an  increase  in ε'.
Furthermore,  the  formation of  the  heterogeneous  phase  HoFeO3
at the grain boundaries results in charge accumulation, generating
interface polarization, which also contributes to a further increase
in ε'.  tanδɛ is  inversely  proportional  to x.  As  the  substitution
increases,  the  content  of  the  insulating  heterogeneous  phase
HoFeO3 at the grain boundaries increases, which improves the Rgb
and consequently optimizes tanδɛ.

4    Conclusions
In summary, Ho3+-substituted NCZFs were synthesized via a solid-
state  reaction,  and  their  crystalline  phase  formation,

 

Fig. 6    Electric  properties  of  Ni0.505Cu0.1Zn0.4Co0.015Fe1.98−xHoxO4 ferrite  samples  sintered  at  different  temperatures:  (a)  cole–cole  plots,  (b) Rg,  (c) Rgb,  (d) ρ,  (e) ε',
and (f) tanδɛ.                                   
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microstructure,  and electromagnetic properties were investigated.
Fe-deficient state of the spinel crystal structure is attributed to the
limited  solid  solubility  of  the  Ho3+ ions  in  the  spinel  crystals.
Excess Ho3+ combines with Fe3+ in the main lattice, leading to the
formation of HoFeO3. This phenomenon was confirmed through
Rietveld  refinement  analysis  of  the  measured  XRD  profiles  and
EDS  elemental  analysis.  The  magnetic  moment  of  a  unit  cell
decreased with increasing Ho3+ substitution, leading to a reduction
of  the  4πMs.  With  the  partial  entry  of  Ho3+ into  the  lattice,  the
magneto-crystalline  anisotropy constant  |K1|  increased from ~6.4
to  ~11.7  kJ·m−3 under  the  spin‒orbit  coupling  of  Ho3+.  The
increase  in  |K1|  led  to  an  increase  in  anisotropic  broadening,
which  primarily  contributed  to  the  deterioration  of  ΔH.  The
presence  and  concentration  of  fast-relaxing  ions  increased  with
Ho3+ substitution,  resulting  in  a  shortened τk and  grain
miniaturization.  This  contributed  to  the  optimization  of  ΔHk.  A
limited  number  of  Ho3+ ions  replaced  Fe3+ ions  at  B  sites,
suppressing Fe2+ production and reducing the chances of electron
hopping  between  Fe2+ and  Fe3+.  Combined  with  the  impedance
analysis,  the  formation  of  the  insulating  heterogeneous  phase
HoFeO3 at  the  grain  boundaries  promoted  an  improvement  in
Rgb. This led to an increase in ρ, a decrease in tanδɛ, and a stable ε'.
These  findings  underscore  that  Ho3+ substitution  is  an  effective
method  for  tailoring  the  electromagnetic  properties  of  NCZFs,
highlighting  the  significant  potential  of  Ho3+-substituted  NCZFs
for high-power, low-loss microwave communication systems.
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