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Abstract

Gallium substituted Z-type EBaC0.«F€4041 (X = 0.0 - 2.0 in steps of 0.4) hexaferrites
were synthesised by the sol-gel auto-combustiortge®y and sintered at 1150 °C. The
structural, morphology, magnetic, Méssbauer, dtaleand microwave absorption properties
were examined. XRD results &f= 0.0, 0.4, 0.8, and 1.2 samples show the formatioa
single Z-type hexagonal phase. The samplesl.6 and 2.0 show the formation of Z and M
phases. Hysteresis loops suggest that samptes.6 possess a soft magnetic nature, while
the samplex = 1.6 and 2.0 show a hard ferrite characteris#dssamples possess multi-
domain microstructures. The compositior 0.4 [maximumMs = 97.94 Anfkg™] was fitted
with seven sextets (F@ and a paramagnetic doublet-A {He while beyondx > 0.8 two
more doublets (F& were observed along with seven sextets in Mossbapectra. The
maximum values of F& ions (1.26%) and relative area of paramagneticlétsi (1.91%)
were observed for x = 1.6 composition, which i®atssponsible for the lowest value Mg
(69.99 Anfkg™) for this composition. The average hyperfine nignfield was found to
decrease, whereas average quadrupole splittingfauasl to increase, with Ga-substitution.
The substitution of Ga ions enhanced permeabitliglectric constant, magnetic loss and
dielectric loss, in a non-linear fashion. The refilen loss was maximum at lower frequencies
for samplesx = 0.0 and 0.8, and decreases with frequency. Saxpl 0.8 has maximum
reflection loss of -12.44 dB at 8 GHz, a measuhéckhess of 3 mm, and a bandwidth of -10




dB at 1.18 GHz. The observed absorption has bestused with the help of the input
impedance matching mechanism and quarter wavelemggichanism. The observed
coercivity in different samples also influenced roigave absorption which demonstrated
potenial in microwave absorber applications.

Keywords Z-type hexagonal ferrites, Ga-substitution, M@asdy spectroscopy,
Complex microwave properties



1. Introduction
Recently, the enormous development in wireless ni@olgy has created severe

electromagnetic pollution from electronic devicgeiating at high frequency ranges. Due to
this pollution, electromagnetic interference (ENHfliationaffectsbiological systems anithe
performance of electronic/electrical devices. Mwave absorbers are used to suppress GHz
signalsfor military aircraft radain stealth applications [1§ndthere has been a great deal of
research in this area since World War I, partidylan the X-band, which covers around 8.2
to 12.4 GHz. Such materials are characterisethe absorption aflectromagnetic waves in
the GHz regime, which is determined by their suitet magnetic and dielectric properties
[2]. Depending upon the application, these absorbingemadg require low reflection loss

over the wide/narrow bandwidth [2, 3].

Numerous studies of hexaferrites have been repéotatie development of microwave
absorbing materials [4] and in this respect; they superior tacubic spinel ferrites which
typically operate in the vicinity of 1 GHz frequendiexaferrites are a family of complex
ferrites discovered in the late 1950 [@jhen they were of interest as microwave materials.
The best known hexaferritere the M-type ferrites (e.g., Bak®:q), but owe complex
phases too such as the Z-type hexaferrites These have the chemical composition
AsMeFe 4O Where Arepresents strontium (Sr), I€&d) or barium (Bajnd Me represents
a small divalent metal ion (typically a transitiovetal), a common example being?Cwhich
typically forms a soft ferrite with high permeabjli[7]. Z-type Barium ferrites are known to
show excellent microwave absorption propertiehalow GHz region due to ferromagnetic
resonance (FMR|B-13]. However, this range dfequency can be increased by tailoring the
Fe’* substitution with different dopants to have FMBdfuencies between 3.5-13.4 GHz [14-
18]. The microstructure of the ferrites affect thpioperties, and flaky Cu and Zn Z-type
ferrites containing variable grains showed a gaftection loss of <-10 dB from 2.0 to 9.6
GHz with a minimal of -17 dB reflection loss ~2.5 GHz [14].

The Ba ion can be substituted wilin to form SrZ-type (3€oFe4041) hexaferrite,
first reported by Pullar and Bhattacharya [19] mroebl using thesol-gel processThe
formation of monophase Z-type ®exaferrite (SrZ)took place over a very narrow
temperature range of 1180 to 1220 °C, beyond whidecomposes to forrBrCqoFeO,,
(SrW-phase) [20].

There are hardly any reporgscessiblen the literature on microwave properties of

SrZ-typehexaferritesHigh frequency magnetoelectric measurements wereedaut on SrZ



[21], looking at the effects of applied voltage @mplex permeability at up to 4 GHz with a
weak FMR peak between 2.5-3.5 GHRecently,SrCo,ZnFe,0,; was reported to have a
reflection loss between -10 to -35 dB over the &X2Hz range [22], the best samples being
2.6 mm thick A stable method with precise chemical composit®reguired for synthesising
Z-type hexaferrites, typical techniques includsad-gel,sol-gel auto-combustion, solid-state
reactionsand chemical co-precipitatid8, 21,23, 24-30]. A sol-gel auto-combustion process
is considered to be one of the best methods, as thal no@s chelation eliminatethe
elemental homogeneities present in the gels plat a significant part in producing the

desired single phase [31, 32].

Ga*substitution in M-type hexaferritesan enhance the absorption of electromagnetic
energy which is appropriat®r protective antiradar or EMI shielding from noevave
radiation [33].Trukhanovet al. have published several papers on the enhancingt effésa
substitution on FMR frequencies in barium M fesit@aFe,Ga01g) [33-38], and lhsan
Ali et al reported that the series obtained by substituingsain BaM hexaferrites are
excellent materials for high-frequency applicatif3@]. Researchers have studied microwave
absorption considering the simulated thicknes$iefmaterialFor real-world applications as
absorbers, EM absorption should be investigatedragion of measured/actual thickness of
the absorber. However, most of the reported worstitutes absorption investigation as a

function of simulated thickness [22, 40, 41].

In the current study, the sol-gel auto-combustfmocess is used to synthesise
SrGaCo«Fe 4041 hexaferritewherex = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0), which werenthe
sintered at 1150 °C. This is lower than the usealperatureequired toforming the SrzZ
phase. The main purposéthe currentvork is to investigate the structural, morphological,
magnetic, electrical, impedance and microwave dsgrproperties of these &aCo,.
«F&4041 (x = 0.0 to 2.0)hexaferrites whemeated at 1150 °C, significantly lower than the
usualtemperatures required (1180 to 1220 &) their suitability for applications likeMI
and radar absorbing materials (RAM). This work atsasiders microwave absorption as a
function of the measured thickness.



2.  Experimental details
2.1 Synthesis of samples

Fig. 1 represents a flowchart for the synthe$iSrGaCo,Fe4041 Z-type hexaferrite
powder samples. High purity analytical gradentium nitrate (Sr(Ng)., 99.0% pure, Loba
Chemie), gallium nitrate (Ga(N@)s-HO, 99.9% pure, Sigma Aldrich)¢obalt nitrate
(Co(NGy),- 6H,0, 99.99 % pure, Merck), ferriutrate (Fe(NQ)s-9H0O, 99 % pure, HPLC)
and citric acid (6HsO7- H,O, 99% pure, HPLC) were used as starting materiAlscording
to the stoichiometry of $€0,GaFe 4041 hexaferritesthese materials were weighedd
dissolved in distilled water to form an aqueousisoh. Then, citricacid was added to the
solution in a 1:1 molar ratio. Citric acid actsaashelating agent during the process.

Thereatfter, the pH value was adjusted to 7 toraksge the mixed solution by the
dropwise addition of ammonia solution (Merck sphiga Private Limited, 25% wi/v). The
solution was continuously stirred to promote thérerchelation of nitrates with citric acid
and the temperature was maintained at 80 °C. Subs#y, the solution got transformed into
a viscous brown gel. As the temperature is raidbhd, gel started to igniten a self-
propagating manner, forming fine powders of a bidak brown colour. Thereafter, the as-
synthesised powders were kept for preheating af656 air, and then heated at 1150 °C for
5 h in a muffle furnace to obtain Z-type Sr hexaferpowder.

2.2 Characterisation
Fourier transform infra-red (FT-IR) spectra oftenedsamples were measuratiroom

temperature using a Perkin-Elmer LS-55 spectrometar the wavenumber range of 400 —
4000 cn,

The phase purityand crystal structureof gallium substituted Srhexaferrite powder
samples were investigatesing X-ray diffraction (XRD) with Cu-Kradiation of 1.5406 A
(Rigaku Geigerflex instrumentquations 1 and 2 were used to calculate unitve@ilime

and the crystallite size, respectively, of the prep Z-type hexaferrites:
Veen = (0.866) &c 1)

The average crystallite size of eaamplewas measurelly Scherer’s equation:

Dyrd = — (2)

whered = Bragg angle in degrep,= FWHM of the diffraction peak in degree ahd X-ray

wavelength (1.5408).



X-ray density () was determined using the following formula:

d, = 3)

NaVcen

whereM is the molecular mass of &80, «F&4041, Z is the number of molecules per unit
cell (Zis 2 here because 1 unit cell contains Zemdes in Z-type hexaferriteahd N, is

Avogadro’s number

Bulk density () was determined using the following formula:

dB = - (4)

nr2h

where'r’ is the radius, ‘h’ is the thickneaad ‘m’ is the massf the pellet.

Porosity P) wasmeasuredising the following expression:
P (%) = (1—2) x 100% (5)

The surface morphology was examirtgdCarl Zesis-Auriga field emission scanning
electron microscope (FE-SEM).

Magnetic hysteresis loops were measured fgG&Co, Fe4 O hexaferrites at room
temperature using a SQUID magnetometer,QuantungBeBIPMS5 withan applied field of
4T.

A conventional spectrometer operating in constacekeration mode in transmission
geometry with Ct’source in Rh matrix of 50 mCi was used to recordssb@uer spectra.
These spectra were fitted using the WinNormos ftiferogram. An enriched->’ Fe metal
foil was used to calibrate the velocity scale. Tdwmmer shift values are relative to Fe metal
foil (& = 0.0 mm/s).The dependence of quadrupole splitikigwith Ga-substitution in
SrGaCo«Fe4041 hexaferrites provides information on the changéhatype of magnetic
anisotropy, namely c-axianisotropy (if €> positive) and c-plane anisotropy (ifAx
negative)]. The relation of quadrupole splittingttwthe angled between the direction of
hyperfine fields (internal magnetic field) and tphencipal axis of Electric Field Gradient
(EFG) is given by[42]:

A= %qu(ScosZO -1) (6)

where, g is the z component of the EFG along tlwcipal axis and Q is the nuclear

guadrupole moment.



The dielectric measurements of all samples werdeimented in thérequency rangef
100 Hz to 2 MHzt room temperatuiigy using a Precision LCR metekgilent E4980 A.

The dielectric constant' of the samples was measuteing the following relation:

Cpt

(7)

&=
ENY:

where,gyis the permittivity of the free space, A is thesgaectional area of the electrode, t

is the thickness of pellets a@g= capacitance

The ratio betweerz" (the imaginary dielectric constardnd &' (the real dielectric
constantyepicts thalielectric loss tangent (ta):

"

tané = % (8)

The AC conductivity of all sampleswasmeasuredugiegormula:

__ 2mftCptand
B A

(9)

o-ac

The electrical modulug\) in terms of resistive (real i.81") and reactive (imaginary

i.e.M") partscan be expressed as:
M=M+M" (10)

e'(w)
[€'(@)]?+[£"(@)]?

£'(w)
[€'(@)]?+[£"(@)]?

where M’ = and M'" =

The maxima irM” occur when the following condition is satisfied:
or=1 (11)
where,o (angular frequency) =i2naxandt = relaxation time

High-frequency complex permeabilignd permittivity measurements were performed
over the microwave frequency regioof 8-12.5 GHz usingan Agilent N5231 PNA-L
Microwave Network Analyser witta coaxial termination andn APC-7 connector as a

sample holder.

The reflection loss (RL) of a single layer absorermeasured with the aid of

transmission line theory using the following redati

RL = 20log % (12)

where,Z,= input impedance of a metal backed absorberZged377Q is the characteristic

impedance of free space



Zin is written as:

Zun = 7, [ tanh [jCL%), G )| (13)

where, # is thickness, f is frequency, is complex permittivityp is complex permeability
and c denotes velocity of light

Complex permittivity, complepermeabilitycan be expressed by:

W=y jun (14)

where u'= the reapermeability "= the imaginary permeability, and j#—1.

€ =¢'-je&" (15)

where,g' =the real dielectric constaahde"=the imaginary dielectric constant.

Both real and imaginary dielectric constants andymefic permeabilities contribute to

dielectric and magnetic losses and absorbing bebain the material.

Mathematically, matching thicknessg)@an be expressed as:

nv
e = A (10)

where, nis an integer 1, 3, 5....... andenotes velocity of light

3. Results and Discussion
3.1.FTIR Analysis

FT-IR spectra of heated samples sinewnin Fig. 2(a) x= 0.0 and 0.4 samples depict
two characteristic peaks around 600 and 415,cwhile x > 0.4 shows three characteristic
vibration peaks in the ranges of 400-430%¢B30-550 crt and 590-620 cih respectively,
ascribedto octahedral and tetrahedral clusters, which cmgfi the presence of Fe-O
stretching bands. The characteristic peaks preget10-430 cit wavenumberindicate the
vibrations of octahedral clusters, while the ottveo peaks depict the tetrahedral bonds [1,
43, 44]. The vibrations ofoctahedral ;) and tetrahedralv() metal-oxygen bondsvith
respect tox arepresented in Fig. 2 (b). The difference betweentébr@hedral and octahedral
band positions is expected, as vibrational modestadhedral clusters are higher than those
of octahedral clusters, because tetrahedral chidteave shorter bond lengths [49]he
characteristic bands were observed to be shifted liwer wavenumber as Ga substitution

increases. This is becauGaions (69.723 amu) have a greater atomic weight anons



(58.933 amu)and the wavenumber is inversely proportional toatwenic weight [46]. There
were no other characteristic bands present, wtactiirms that all the organic compounds

were completely eliminated.

3.2.XRD Analysis
The X-ray diffraction patterns of all samples drgplayedn Fig. 3(a) and Fig. 3

(b). Bragg peaks were identified using WINPLOBBftware, and the obtained peaks were
analysedwith standard dat@JCPDS file no. 19-009%a =b = 5.88 A,c = 52.31 A andv =
1566.28 R, space group Rénmc)of the Z-type hexaferrite crystal structure.

The highly intenseX-ray diffraction peak corresponding to (h k I) value 116)is
viewedat D ~ 32°in samplex= 0.0, 0.8 and 1.2 (Fig. 3(a)), providinlgar evidence for the
formation of single Z-phase, which matches wellwilie standard parameters (JCPDS #19-
0097). However, after substituting Ga in fingial x = 0.4 samplgFig. 3(a)), thehighest
intensity peak was observeda# 2 34° indexed with &h k |) value of (1110). Nevertheless,
the peak positions all matched that for Z ferritee shifting of the highest intensity peak in
the x = 0.4 sample, could be attributed to a texturifigod through the alignment of
hexagonal grains in this sample [47]. With furtkabstitution forx = 0.8 and 1.2, the high
intensity peak was indexed to single Z-phasedat 32°, suggesting any texture effects were
only present with the lowest level of Ga substitnti Thereafter, in samples= 1.6 and 2.0
samples (Fig. 3(b)), the SrM-phase (SePgs, standard JCPDS carb. 72-0739a = b =
5.78 A andc = 22.98 A) was found to co-exist with the Z phasewn by the strong peak at
~34° with (h k I) value of (1 1 4).

SrZ hexaferrites has a very narrow range of foiwnatnormally forming at around
1180 °C, and it easily decomposes to W-type hesitfeabove 1200 °C. The M phase, SrM
in the case of SrZ, always forms as a precursothéo Z phase between 800-1000 °C,
depending on the preparation method used If7the currentwork, all the samples were
heated at 1150 °C in order to attempt to obtainra H-phase, and to avoid the evolutioh
the W- phase. This unusually low temperature agpéarhave been successful for the
formation of a pure Z phase for the unsubstituddrdtes and with Ga levels af= 0.4-1.2,
using the sol-gel auto-combustion process. At higstitution levelsx(= 1.6-2.0), the co-
existence of the SrM phase suggests that full asiove to the Z phase had not been
achieved, and it seems that some higher temperastuegjuired with this amount of added
Ga.



Table 1 represents the unit cell volurhdl, width at half maximum (FWHM)g¢/aratio,
average crystallite sizand lattice constantsvith gallium substitution X). The variation of
unit cell volume Y), lattice parametersd’, ‘c’) and aspect ratio (c/a) with respect to gallium
substitutionn SrZhexaferrites is shown in Fig 3(c). All three paréeng exhibit a decreasing
tendencywith increasing substitution of Ga, and this isdiese the ionic radius of &40.62
A in 6-coordination) is lesthan that of C& (0.75 A) [47]. Table 1 and Fig (c) clearly
indicate that the decrease af is lowerthan that of ¢ and typically hexaferrites shomore
variation in the basal-plane hexagor@alaxis [48]. The values of c/a ratio as observed in Fig.
3 (c) falls in the usual range of 8.86-8[a%], and slowly increased (from 8.866 to 8.881)
with Ga-substitution, meaning that the crystal sytmn is not greatly altered by Ga
substitution.The crystallite size of samplas= 0.0 to 1.6 increasieom 22.56 nm to 30.08
nm, and furthedecrease to 23.83 nior x = 2.0 sample.

3.3. Physical Properties
Density and porositare considered to be crucial aspects in regulatiegphysical

properties of polycrystalline ferriteS.he roleof Ga substitution orbulk density, X-ray

densityandporosity is representad Fig. 4 and Table 2.

As Ga substitution increasdbge X-ray density of all samples increases fronb4®
5.03 g/cni. Equation 3 clearly depicts that the X-ray dendigpends on molecular weight, as
it is directly proportional to thec* parameter, while it is inversely dependent on zelume.
The decrease irc* parameter with risingGa content and the largetemdar weight of Ga
(69.723 au) compared to Co (58.933 au) are maedpansible for the increase in values of
X-ray density [49].However, the bulk density shows a decreasing taamdi porosity was
found to increase, which is at least partly becafsthe low density of Ga (5.9 g/éjin
comparison with its host Co (8.86 g/fnfi50]. This decreasing trend of bulk density isaal
ascribed to the increase in intra-granular porosiiigt results from discontinuous grain
growth [51]. The values of bulk density are lowcasnpared to X-ray density. This is due to
cracks and pores present on the microscopic andoswapic scale, and also due to the
existenceof vacancies in the lattice on the atsuale [50].As would be expected, tinend
in porosity is observed to be opposite to that wk ldensity. The unsubstituted sample
0.0 has the lowest porosiindthe highest bulk density; however, the changesiarexactly

linear andk = 0.8 haghe maximum porosity and minimum bulk density.



3.4. Surface Morphology
Fig. 5 represents tHeE-SEM micrographs of CoFe4041, SECo sGa Fe:4041, and

SrGaFe 4041 hexaferrite powders heated at 1150 °C for BHeir shape shows platelet type
morphology, typical of hexaferrites. The unsubstitusamplex = 0.0) shows a different size
distribution of the particles and sample= 1.2shows the increase in the agglomeration of
grains. Sample = 2.0 shows the evolutionof well-crystallized hganal plates along with
the big cluster of agglomerated grains. Evidenlgglomeration of grains creates empty
space in the form of porosity in all Ga substitutsinples. This variation depicted in
micrographs is consistent with porosity and dengitiyation of the samples as listed in Table
2.

3.5. Magnetic Properties
3.5.1.  Hysterisis loops
Fig. 6(a) representhie magnetic hysteresis loops 0kGm, GaFe404; (X = 0.0, 0.4,
0.8, 1.2, 1.6 and 2.0) hexaferritd$ie individual hysteresis loop of tlke= 0.8 sample is also
presented ifrig. 6 (b).The values of remanant magnetisatibh)( coercivity Hc), saturation
magnetisationNls), and squareness ratibl{Ms) are obtained from the hysteresis loops and

are tabulated in Table 3, and their variation witk depicted in Fig. 6(c).

For the unsubstitutex= 0.0, the values akmanant andaturation magnetization were
found to bed.1 A m*kg® and 80.27A kg™, respectively. ThidVis is much higher than that
usually reported for SrZ, which typically hik; of around 50 A rkg?[7, 19, 20]. The XRD
data, along with the extremely soft, narrow loog dow Hc demonstrate that this sample
contains no M phase. There was also no trace ohetig (FgO,) in the XRD pattern - this
is a soft spinel ferrite with a higfis of around 90 A rhkg?, but it would not be expected to
be present in large quantities after heating to019G in air, as the B&is oxidised. It is
possible that there could be some SrW (SFéO,7) phase present [52, 53], and studies of
SrW-type hexaferrites show highkls values around 67-73 A%kg™ [54], although it was
not identified in XRD analysis. SfW normally appeas a decomposition product of SrZ
above 1200 °C [8], and does not usually form atpenatures as low as 1150 °C [54],
although the samples prepared here have formedZthghase at a lower than usual
temperature. HigiMsvalues of around 80 Afkg’ were reported for Sth substituted BaZ
[55]. For now the anomalously higils value of this seemingly single phase SrZ ferrste i
unexplained, and the product of this synthesiseroequires further study in the future.



The values oMs for samples after Ga substitution are in the ranfg@9-98 Anfkg™
with the highesMs value of 97.94 A rfkg™ being observed for sample with= 0.4. Only
sample = 0.8 and 1.kaveMs values below 80 A kg™ The variation inVisand itshigher
values forx = 0.4, 1.2 and 2.0 compositions and lower valuetMegfor x = 0.8 and 1.6

compositions have been explained in details imthe section by Méssbauer spectroscopy.

For values of substitution between 0.0-1.2, all of the samples are softtésriwith
extremely lowHc and M, values, although these do increase slightly wittraasing Ga
substitution. Samplg = 1.2 has significantly (although still very lowalues ofHc = 18.47
kA m? (~300 Oe) andV, = 12.3 A nf kg™*. The individual loop of thex = 0.8 sample is
presentedn Fig. 6 (b), where it can be observbat it is anextremelysoft ferrite He ~4 kKA
mY). The irregular change in magnetisation at an apgiedd of around 0.5 T is typical for
SrZ ferrites, and was first studiegt Pullaret al.[19, 56]. This is not due to an impure phase,
but is due to a change in the magnetic phases,saadsociated with the magnetic non-
collinear spin structures which give rise to meltibicity / magnetoelectricity in these
ferrites [7, 57].The existencef this behavioum the Ga substituted SrZ attributes that this is
also probably multiferroic ferrite at room temperat and italso confirms that the samples

are SrZ ferrite, despite their unusually higbvalues.

Forx = 1.6 and 2.@amples, the existence of the precursor SrM phaseolserved by
XRD. It is alsosupported by the hysteresis loops, which becoménmider as a hard ferrite
is formed — a mixture of the soft Z and hard M @sallc increases to 94.53 and 186.87 kA
m™ (1185 and 2342.55 Oe), and, k 24.76 and 36.38 A Tikg™, respectivelyThe aspect
ratio (c/a) of prepared Z-type hexaferrites incesawith an increase in &acontent as seen
in Fig. 3(c).This increase in c/a is responsible for the comtirsurisein theHc because the
magnetic moments in these {Gaubstitutechexaferrites X = 0.8) are in the c-axis, due to
which magnetic anisotropy increases as the easyadxnagnetisation shifts from thec-plane
to the c-axis [58]. Thus, the high valuekdf for x = 1.6 and 2.0 clearly depicts that the
prepared hexaferrites are hard magnetic materatercivity primarily depends upon
anisotropy field ;) and microstructure: it varies in direct propontiwith H, and inversely
with porosity. The anisotropy field has been caltedl from hysteresis loops by the law of

saturation [59].

Fig. 6 (c) displays an increase Hy from 917 kA m' to 1807 kA m' with the

substitution of Ga fromx = 0.4 to 2.0, andHc also follows the same trend from 0& m™to



186.87kA m™ in the same sampleslowever, the trend ofic andH, is not the same for
samplesx = 0.0 to 0.4 at lower substitution levelc and H, increases and decreases
respectively from sampbe= 0.0 to 0.4. The substantial increase in porogitybatesto the
rise inHc among the sam@ample. The very low, value forx = 0.4 would also be typical of
a textured sample with the alignment of platy hexed grains, as possibly observed in the
XRD data for this sample. Such texturing can aésuit in an enhancement in magnetisation

values.

The anisotropy fieldH,) depends on the occupancy of Fens in 4, (spin down) and
2b sites (spin up) [60]:f4sites are more numerous than 2b sites, and thlyelowrvalue of
Ha implies that F& ions can be replaced by Gaons in a greater number of4ites. Since
the mechanism of magnetisation depends upon differeagnetic moments in spin up and
spin down sitesNls = M (spin up)- M (spin down)]Ms should increase ir = 0.4 due to
greater occupancy of spin down sites by the suitistit of poorly magnetic Gaions. The

highestMs in x = 0.4 as shown in Fig. 6 (c) is consistent with ¢éixplanation oH,.

The squareness ratib{Ms) also increases as the ferrites become hardeis linatiow

0.5 for all samples, and confirms the formatiomuifitidomain structures [61].

3.5.2. Mdssbauer analysis
Mdossbauer spectroscopy is an outstanding expetantol to interpret the magnetic

properties of ferrites. It provides information e ionic states (Béor F€*) and spin states
(high spin, low spin) of Fe-ions in octahedral dettahedral intersticesation distributions,
variations from stoichiometry and types of orderiddnus, this technique is becoming a

general tool in ferrite technology [62, 63].

Fig. 7 shows the Mdssbauer spectra of all sampla$the results of analysis are given
in Table 4. Mossbauer spectra of the un-substitséaalple X = 0.0) were fitted well with six
sextets (Zeeman splitting patterns) and a parantiagoeublet-A, while thex = 0.4
composition was fitted with seven sextets and armpagnetic doublet-A. Aftek > 0.8
compositions, two more doublets were also obserladztlled as doublet-B and doublet-C,
along with seven sextets. Fig. 8 (a-h) shows the&tran of different parameters with Ga-
substitution X), such as isomer shifd), average isomer shift &), hyperfine magnetic field,

average hyperfine magnetic field Hs>), quadrupole splitting4), average quadrupole



splitting (<A>), relative area of B&and Fé" (%), and relative area of sextets (ferrimagneic)
and doublets (paramagnetic). The values of isomilr iepresent the chemical state of the
Fe-ions in the Ga-substituted Z-type hexaferritd$iere are ten crystallographic sites [six-
octahedral sites {1&, (1), 4fvi(]), devi(}), 4tvi*(1), 12wi*(1), and 2y (1)}, three tetrahedral
sites {4av(!), 4 w(l) and 4 v*(|)}, and a five-fold site of @] in Z-type hexaferrites,
having space group63/mmc The Fe, Co and Ga ions were found to be locatdideae ten
sites [64]. The total numbers of cations {Hee**, Cd**, and G&") are 26 in the present SrZ
hexaferrites. Five types of site have spin up (&8CB-ions) and five types of site have spin
down (10 Fe/Co-ions) directions of magnetic mometfere, magnetic properties depend on

occupancy and ionic states of these ions.

The sextet F doc= 0.357mm/s,Hys = 39.5 Tesla), which maybe belongs thy, 4
Octahedral site (spin down) along with other sites] a relative area of nearly 39.7%. In the
samplex = 0.4; this sextet F further converted into twoteex (F and G) with relative areas
of 23% and 14%, respectively. So, there is a drastiuction in the relative area of sextet F
(spin down) and a sudden increase in (spin updhettral sites in the form of sextet-&.€
0.166 mm/sHy: = 41.1 Tesla), which may lead to an increase inMgevalue forx = 0.4.
Samplex = 0.8 is the less dense and most porous sampiehwill affect Ms, andx = 1.6 is
a mixture of M and Z phases so the resultsginay alter here. This is also well known that
the Z-type hexaferrites are ferrimagnetic mater(adFe-ions have spin up and 10Fe-ions
spin down directions). The higher valuesMd in the other three samples= 0.4, 1.2 and
2.0, are also due to the occupancy of Ga-ionsiatdgwn sites, and the low percentage of
paramagnetic ions confirmed from the Mdssbauer tepedhe variation in the relative
percentage of sextets (ferrimagnetic components) paramagnetic doublets with Ga-
substitution are shown in Fig. 8h. The total pargmedic components are found to increase
with Ga-substitution, which effects and reduce thkie ofMs. The percentage of Feions
decreases, whereas’Fimns increase with increasing Ga-substitution, amdaximum (F&
ions of doublets = 1.26%) for= 1.6 composition (Fig. 8g). This composition isahaving
a maximum relative area of paramagnetic double@50h), and one of the sextet-D has a
higher isomer shift value (0.73 mm/s) due to*{FeF€") ions (Fig. 8a). This means some of
the F€* ions are converted into Feions in this sextet, and we know that the magnetic
moment of F& ions > Fé"ions. These two factors (maximum relative arepasBmagnetic
doublets and maximum Feions in paramagnetic and magnetic state) are nsitgle for the

lowest value oMs of this compositionX = 1.6). The value oMs will be reducing when the



percentage of ferrimagnetic components reduce dmd pgercentage of paramagnetic
components increase, as shown in Fig. 8h. Theti@rian Ms is exactly following this rule
for x> 0.8 samples.

Fig. 8(b) shows the relation between the averagewcher shifts with Ga-substitution.
The isomer shift values of sextets for all samplese found to be in the range of 0.134 —
0.575mm/s (except sextet D »f 1.6 composition) (Table 4 and Fig. 8a). Theseaeslare
the typical values of Bé&with high spin state [65-68]. TRwalue of sextet D for composition
x= 1.6 is found to be 0.73 mm/s, that confirms tteerFé* ions along with F& ions at this
site [67, 68]. When the relative percentage of md F&" ions are equal at a site for the
sextet, as in R©, spinel ferrite, for the octahedral site then thé&ue ofd..:is between 0.5-
0.65 mm/s [69-71]. However, in the present case vidue of d is higher, meaning that this
site has more Eé&than Fé&* ions. The isomer shift for the octahedral s&gy) is greater than
that of the tetrahedral sité), which helps to identify the different Fe-sité®{74]. The
isomer shift values of doublet-A for all samples &und to be between 0.136 to 0.33 mm/s,
which is also indicating a Eehigh spin state [65-68, 75, 76]. The values é6r doublet-B
in samplesx = 0.8 are found to be between 1.41-1.89 mm/$*(figh spin). These values
belong to F& ions in high spin state at octahedral sites [65-6Be values for doublet-C in
samplesx > 0.8 are between 0.39-0.605 mmi&d = 4.78-4.92 mm/s, Eé&low spin state)
[77]. The variation in the relative area of’Feand F&" ions with increasing the Ga-
substitutions is shown in Fig. 8 (g). There is mesence of Fé ions inx < 0.4 compositions.
As x increasesxz 0.8), there is a small amount of’Fens & = 0.8, 0.4% F& ions) present
in these compositions and the percentage 6f s increases with Ga-substitution. This
suggests that beyond: 0.8 compositions the Gabegins to substitute not only for €pbut
also at some Bésites and trying to balance the charge in theegyshe substituted Eewill
in turn reduce to Fé and reside in the Gbsites. The existence of these¢Fens increases
greatly up tox = 1.6 composition (1.26%), and then slightly deseshforx = 2.0 (1.1%),
with the decrease between these two possibly leindputable to the existence of more of
the SrM phase witk = 2.0.

Fig. 8(e) shows the decreasing nature of the geehgperfine field (-dn>) with Ga-
substitution. The decrease il is attributed to the decrease in the exchangeaaotions,
and also to the weak interaction between the nogretic ions (Ga) and magnetic ions
(Fe/Co) in sub-lattices [78]. The SrM phase is gdsgsent inx = 1.6 and 2.0 compositions,
reducing the overall contribution of the Ga-Co rat#ions. The relative area of doublets also



increases with Ga-substitution. These aspects adsount for the decrease s and Hys
with Ga-substitution

Fig. 8(f) shows the compositional dependence efayed quadrupole splitting 4x)
which gives information on the variation in magoe#nisotropy i.e c-axis and in-plane
anisotropy. The value ofx%> was found to be increased with the Ga-substitutiae to
structural and magnetic distortion, which also acoméd the decreasing trend in the magnetic
anisotropy. The magnetic moment of Fmns are either in the c plane or along the c,axis
<A> will have significantly different sign and magmdie due to differerl value in Equation
6. The increasingly positive value ofAx (Fig. 8f) of SgCo,GakFe 4041 hexaferrites
indicates that the magnetic anisotropy is progngstwards the c-axis with Ga-substitution
[42, 64, 75], meaning that the angle of the conemafynetisation to the c-axis found in
unsubstituted SrZ hexaferrite will probably becoghsmaller, and as a resiit will also
increase for Ga-substituted samples [79]. The nmagm@misotropy of SC0,GaFe4O041
hexaferrites is modified from the c plane to c atientation ak = 0.4 - 0.8. We have also
observed similar types of trend for Hg>, <A>, and relative area of Feions with
increasing the Ga-substitution in our previous igsidon Z type hexaferrites s&0,.
«GaFe 4041 synthesized at 1200 °C [79].

3.6. Dielectric measurement at low frequency (100Hz-2MHz
The dependence of dielectric constahtdnd loss tangentan o) are presented in Fig.

9 (a and b). The values of dielectric constanthagd ' > 20) in the lowfrequency range
(Fig. 9 (@), and it decreases as frequency ineseis 2 MHz. The high dielectric constant
observed at low frequency is attributed to theadigtions, voids and defects existing in the
crystal structure. The varying dielectric constaith frequency is ascribed to the space
charge polarisation, which depicts the inhomogeseatalectric structure, as described by
Maxwell-Wagner in correspondenaéth Koop’s phenomenological theory [80].

When the frequency further rises beyond a cenpaimt, the polarisation decreases
because the movementdipoles cannot follow the alternating field. It &ds out to more-
or-less constant values above ~500 kHz. In theflequency regime, there is a non-linear
fall in &' with the substitution of G&he substitution renders (i) increase in grain sasing
the flow of charge carriers (ii) increases porosihd reduces bulk density impeding the
flow of charge carriers (iii) decreases®*Feeducing the hopping between charge carriers

Fe’* and Fé" ions. These factors altogether cause non-lisear the samplesThe main



mechanism of electrical conduction in ferrites abm temperature is electron hopping
between F& and Fé%ions, unlike in polarisation, which will typicalljncrease with
frequency [81]. Abovex = 0.4,the increase i leads to an increase in ¥dons and an
increase in conduction will lead to increased ditele lossestan d) as well.

As observed in Fig. 9(b), the trend direlectric losses is quite similar between all
samples, but those witk > 0.4 tend to show slightly greater loss&be dielectric loss
tangent is based on types and number of chargdersarrstructural homogeneity,
stoichiometry, F& content, heating temperature and composition [82, e high values
of loss tangent are high in the ldrequency regiomshigherenergy isequired for electron
exchange between £eand F&" ions that is induced by the high resistance of grain
boundariesAs frequency increases, less energy isneeded dotreh exchangedue to the
low resistivity of conductive grains anitherefore, the observed valuetah ¢ is low [84]
Thelosspeakappears when the frequency of the applied ac figdtthes with the jumping
frequency of electrons betweenfFand F&" [85]. SECoFe4041 (x = 0.0) show a loss peak
at ~1.2 kHz, and most of the other samples ardaingxcept for SICo Gay 4F€4041 (X =
0.4) with a higher loss peak at ~13.3 kHz. The incregsednittivity in this sample is
between 1-10 kHz and this higher loss peakld be due to microstructure differen@ss
discussed earlier. We suspect that sample mayharéeixand this sample also has the

highestMs value.

Generally, the electrical conductivity in ferrites due tothe hopping of electrons
betweentheions of the same element that existsidre than one valence state, and is
assigned arbitarilyover crystallographically identicalites[86], e.g. when Eeand Fé'
coexists in the same sitEhe variation of AC conductivityet,) with frequency is represented
in Fig. 9(c). The AC conductivity is found to imase with an increase in frequency, and
samples show relatively large dispersion at lovgdency regimesAccording to Maxwell-
Wagner’s theorythe grain boundaries are more effective in low diestcy region, which
impedeghe electron hopping among¥and Fé* ions. The conductive grains become more
active with the increasing frequenayd encourage the hopping of the electron betwe&n F
and Fé" ions.The sample withx = 0.4 showsa significantly higher conductivity above 10

kHz, where it also had@eak intano.



3.7. Frequency-dependent impedance (100 Hz-2 MHz)
Studying the nature of a material’'s response toapplied a.c. field alongwith the

impedance behavior helge understand the grain and grain boundary relamaprocess.
Fig.10 (a) representshe real part of impedanc&’ with the applied frequency arkig. 10

(b). shows the complex part of impedan@®)( with the applied frequencef SrCo,.

GaFe4044 (x= 0.0, 0.4, 0.8, 1.2, 1.6, 2.0) hexaferrites.

The impedance decreases as frequency increasktheaourves of all samples merge
at frequencies above 1 kHz, and approach near to which, indicates a frequency-
independent phenomena. This minimum level is aatetiwith the possibility of space
charge generation and a decrease in energy bf87ie88]. The relaxation time decreases as
frequency increases, resulting in the rapid recoation of space charge. This decrease in
space charge polarisation with increasing frequésags to the intermixing of curves [89].

The relaxation peak present in samples with 0.4 and 2.0, as seen in Fig. (1),
depicts the hopping of electrons at lower frequem¢inset of Fig. 1®). These relaxation
peaks observedt lower frequencies suggest the possible generatiooxygen vacancies
during the hopping of electrons.

3.8. Complex modulus analysis (100 Hz-2 MHz)
Electric modulus analysis is applicable to underdtthe electric characteristics of

materials like ion hopping rates, conductivity xglfion time, etc. The study of relaxation
behaviour and grain-grain boundary contributionat@l conductivity of a material is carried

out using the complex electric modulus.

Fig.11 (a) represents theal part of dielectric modulusM() with frequency and
substitution of Ga causes a non-linear increasil'inThe M’ values are very small in the
lower frequency region as observed in Fig(d)landV'’ increases witfrequency, attaining a
maximum value at 2 MHZl'he induced electric field reduc#ee restoring force controlling
the mobility of charge carriers, which are respblesfor the risan M'. The small value of
restoring force supports the conduction mechanismhexaferritesand it increases the
conductivity withthe increasing frequencwhich is in agreement with conductivity graphs
[Fig. 9 (c)] [90]. It can be seen thadl” is significantly greater at higher frequencies1(®
kHz) forx = 1.6 and 2.0, the samples with SrM as a secoadgdhis evident from the plots



that samples have nearly zero valuévbfin the low-frequency regime, which signifies the

negligible electrode polarisation in the samples B2].

Fig.11 (b) represents the variation of an imagirgart of dielectric modulug ") with
frequency. The distinct peaks found in all sampége associated with thdielectric
relaxation as well athe mobility of charge carriethat leads to the hopping of electrons
from one site to another. The frequency region agnéhemaximumpeak represents the
mobility of charge carriers over long range. Thegfrency region over the maximum peak
depictsthe mobility of charge carriers over shastahces as charge carriers are constrained

to potential wells [93].

It can be seen that far= 0.4 the long-range charge mobility continuestech higher
frequencies, perhaps suggesting that inter-grain conduction emx@sims are more favoured
in a textured sample, with aligned planar crysaakek incontact. This could also explain why

it lacks the lower frequency peak at ~1 kHz observed in the other samples.

3.9.Cole-Cole plot
The Cole-Cole plot depicts the interfacial polatign effect, separating the grain and

grain boundary contribution§.he Cole-Cole plot using reaM() and imaginary modulus
(M™) is shown in Fig. 1ZTwo semicircular arcs are observed intlad samplesThe left-hand
semicircle at the low-frequency partdepicts thergbmundary contributions [94], whereasthe
right-hand semicirclas associated witlthe grain resistance for high frequency [95].The

centreof semi-circular arcs lies above'fdxis implying Debye relaxation in the samples.

3.10. Complex permittivity and permeability at high frequency (X-band, 8GHz-12.5
GHz)
Fig. 13(a, b, ¢ and dpresentshe dielectric constant] and imaginary dielectric

constante"), realpermeability(n’) and imaginary permeability() of the S§Co,GaFe4041
ferrites between 8 GHz-13 GHz. There is an obsemvaif a non-monotonic increase dh

", 1 andu" with the substitution of Ga ions. The resonaoicdielectric relaxation is seen in
samplesx = 0.4, 1.2 and 1.6 after 10 GHz. The dielectric lmssamplesx = 0.0, 0.8, 2.0
depictsnearly frequency independemdture. It can be seen from the plots that samplé&.6
has a negative peak jri and it is 18®out of phase with respect to thepeak. Therefore,
total loss does not oscillate with frequency, amg tariation is attributed to measurement

uncertainty. Similar variations were observed bynétzko et al. in Co-Zn doped Barium



hexagonal ferrite, whem" and ¢" were in anti-phase with each other [96]he large
dispersion is seen in" for samplesx = 0.0, 0.4 and 0.8, and it decreases with frequency.
There is not any significant change to be discugsatiandp” with substitution in the rest of
the samples.

3.11. Reflection Loss (Microwave Absorption)
The reflection loss (RL) determinethe absorbing properties of materials with

electromagnetic waves. The wave transmissivity atemals has an enormous effect on
absorbingoropertieslt suggests that when electromagnetic waves aréenton the surface
of a material and it enters to its deepest pagn) the attenuation of the electromagnetic wave
takes place and a waisabsorbed by absorber efficiently. Hence, theelothie value of RL,

the better will be the capability for the absorptaf those frequencies by the materials [97].

The variation of reflection loss (RL)as a function of frequency for
experimental/measured thickness of 3 mm, is showrFig 14. A reflection loss, or
reflectivity, of -10 dB corresponds to 90% of thewer incident on the absorber being
absorbed or attenuated and is considered the mmiwalue for an effective EM absorber. It
is clear from the plots that reflectivity or reftem loss is minimum in sample= 0.8, with a
value of -12.44 dB at 8 GHz and with a -10 dB beidth of 1.18 GHzx = 0.0 has RL
around -11.83 dB at 8 GHz, and a dB®bandwidth of 1.13 GHz.

An interesting point to note is that a useful RLnmma is not seen in sampte= 0.4,
which has a minimum RL of only -4.3 dBlong with the highest dielectric loss and magnetic
loss. Poor input impedance matching is the reésiothis abnormal behavior. According to
this criterion, equality between characteristic @dance and absorber impedaattews the
majority of the microwave signal to enter the absor On the contrary, the amount of
reflected microwave signal from the absorber depeodon the extent of impedance
mismatch between the absorber and characterispedance. An ideal matching condition
has the real impedance Z Z, (Z, is the characteristic impedance of free spacej, an
imaginary impedance ;£=0. The detailed analysis of this mechanism has lbscussed

elsewhere [98].

To elucidate this, Fig.14 displays plots of reaj) (@nd imaginary impedance X
associated with the reflection loss fo= 0.0, 0.4, and 0.8ompositions. It is evident that for
x = 0.4, Z and %, are quite far from ¢= 37K and zero ohm, respectively, with values of

92Q and -3%2) at 8 GHz. Therefore, the majority of the microwaignal is reflected back



due to the impedance mismatch, and only a smatigmoof the signal can enter into the
absorber, thereby causing lower absorption or sRialin x = 0.4. The same mechanism of
impedance mismatch is found in samples1.2, 1.6 and 2.0. However, for samples: 0.0
and 0.8, which had useful reflection losglues at around 8 GHz, ¥vas much higher at
2250 and 230Q, respectively, and £ was smaller, at -28 and -11Q, respectively.
Therefore, these had much better impedance matcamdymore of the signal was able to

enter the sample and be absorbed or attenuated.

Fig.15represents plots of RLwith frequency for measuhéckhess (f) of 3 mm and
calculated matching thickness’) (derived from quarter wavelength mechanism[98]s th
mechanism is associated with maximum absorptioriat thickness of composition which

is proportional to multiple of quarter wavelenght4) of the microwave signal.

The calculated thickness is 2.85 mm (8.01 GHz)3 Inin (8.0 GHz)and 2.77 mm
(8.01) in sampleg = 0.0, 0.4 and 0.8, respectively, analogous to themim RL of -11.83
dB, -4.3 dB and -12.44 dB, respectively, at 3 mnasoeed thickness. Thusjs more near to
tm iIn Xx=0.0 and 0.8 thar= 0.4, which is also the attributing factor to thegaabsorption or
low reflection loss in the same samples. The plotsghe rest of the compositions are not
displayed as they exhibited a large difference betwt and t,. Porosity also can play an
important role for the attenuation of the microwaignal from multiple reflections inside the
material. Samplex = 0.8 has the highest porosity of 31.56%, andIsb deatures the

maximum reflection loss among the samples.

The nature of a hard ferrite discourages microwahaorption [100], since hard ferrites
have a large coercivity and remanent magnetizatlars they are not able to magnetize and
demagnetize in accordance with the changing peséind negative cycles of the microwave
signal. Therefore, the signal tends to pass thrabglsample with low absorption. Sampkes
= 1.6 and 2.0 have the largest coercivities, amt&¢he large hysteresis losses of 95.7 kAm
1 (1199.6 Oe) and 183.4 kA 12299.60e) respectively and, therefore, a low RL o
microwave absorption is observed in these samplieish also suffered impedance mismatch

and the non-existence of quarter wavelength caiteri

4. Conclusions
Ga substituted €0, xGaFe4041 (X = 0.0, 0.4, 0.8, 1.2, 1.6, 2.@)type hexaferrites

have beemprepared by the sol-gel auto combustion proces® Xtdiesofx = 0.0, 0.4, 0.8



and 1.2 samples reveals the formation of a singddase, whilex = 1.6 and 2.0 shows the Z-
phase along with some M-phase. Magnetic analysiallaiamples depict a soft magnetic
behavior, except for samples= 1.6 and 2.0, which contained some M phase amdehe
showed hard ferrite characteristiddossbauer spectroscopy confirmed the presencelgf on
Fe** ions belowx < 0.4 compositions. Beyond = 0.8 composition, Fé ions were also
present (0.4 - 1.3%) in the paramagnetic siatdow frequencies, the dielectric constant of
the samples decreases w@h substitutiorexcept forx = 1.2. Thex = 0.0 sample and fully
substituted samplex(= 2.0), both show loss peaks at ~1.18 kHz and 29B63.kHz,
respectively.The substitutionof gallium caused the enhancement of dielectriqrioes
more than magnetic properties over the investigatdzthnd. More than 90% microwave
absorption (over -10 dB) was noted in samptes 0.0 and 0.8 at GHz, attributing to
impedance matching, quarter wavelength mechanisthl@an coercivity, rendering their
potential use for microwave absorbers as suppmesdielectromagnetic interference.
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at 1150 °C for 5 h.
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List of tables

Table 1. Lattice parameters, c/a ratio, FWHM, unit cellwoke and average crystallite size of
SrCoxGaFe404 (X = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) hexaferritergher samples, heated at
1150 °C for 5 h.

_ Average
Ga _ Unit cell _
Lattice parameters cla FWHM crystallite
content volume .
ad) c(A ratio ) slze
(x) A Vv (A3
Dxrd(nm)

0.0 5.921 52.493 8.8656 0.3832  1593.71 22.56
0.4 5.919 52.483 8.8669 0.3538  1592.33 24.60
0.8 5.913 52.472 8.8740 0.3776  1588.77 22.89

1.2 5.909 52.462 8.8783 0.2950 1586.32 29.30



1.6 5.907 52.456 8.8803 0.2888  1585.06 30.08

2.0 5.905 52.441 8.8808 0.3644  1583.54 23.83

Table 2. The X-ray density, bulk density and porosity 0§@».GaFe4041 (X = 0.0, 0.4,
0.8, 1.2, 1.6, 2.0) hexaferrite powder samplesdteat 1150 °C for 5 h.

X-ray density Bulk density Porosity
Ga content
dy ds P
() , ,

(g/cn) (9/cn) (%)
0.0 4.95 3.83 16.70
0.4 4.96 3.80 23.49
0.8 4.99 3.41 31.56
1.2 5.00 3.59 28.08
1.6 5.01 3.63 27.59
2.0 5.03 3.49 30.67

Table 3. Magnetic parametef®r SCo,GaFe 041 (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0)
hexaferrites

Saturation Remanant . ~ Anisotropy
Ga o o Coercivity Coercivity .
Magnetisation Magnetisation field
content Me M, M;/Ms Hc Hc H,
(x) kKAm™ Oe
(A m%kg™) (Am?kg™) ( ) (0e) (KA m™?
0.0 80.27 0.10 0.001 0.14 1.79 1237.47
0.4 97.94 0.37 0.003 0.46 5.74 917.56
0.8 75.56 3.55 0.046 3.99 50.0 1147.19
1.2 88.74 12.27 0.138 18.47 231.6 1353.96

1.6 69.99 24.76 0.353 94.53 1185.0 1750.44




2.0 84.01

36.38

0.432

186.87

2342.55 1807.13

Table 4. The values of hyperfine fieldH(s), isomer shift §), quadrupole splittings), line

width () and relative area (B of tetrahedral (tetra), octahedral (octa) andjotmnial
bypiramidal (tbp) sites of Béions for Ga-substituted $20,xGaFesOs (x = 0.0, 0.4, 0.8,

1.2, 1.6, and 2.0) hexaferrites, derived from Mass spectra recorded at room temperature.

*Isomer shift values are with respectitd-e metal foll

Quadrupole Outer
_ _ Isomer o .
lonic  Relative splitting (4) ] line -
Ga- Hyperfine _ Fitting
- Iron state  area @ mm/s feld (Hu) width i
conten _ ie he quality
- high R r
(X) sites ( _g) ((O/A)) mm/s Tesla +0.1 ( )/ (%)
spin () mm/s
P 1001 +0.02
+0.05
Sextet-A Fé" 9.43 0.368 -0.08 51.97 0.343
Sextet-B F& 16.88 0.435 0.039 49.475 0.565
Sextet-C F 16.98 0.204 -0.083 48.91 0.481
0.0 Sextet-D F& 9.42 0.389 -0.075 45.74 0.648 1.57
Sextet-E F& 6.67 0.266 -0.797 41.227 0.749
Sextet-F F& 39.68 0.357 -0.174 39.464 0.663
Doublet-A  Fe* 0.94 0.228 0.521 - 0.547
Sextet-A Fé' 10.69 0.391 -0.079 52.215 0.301
Sextet-B F& 8.69 0.476 0.049 50.017 0.274
Sextet-C F& 22.66 0.219 -0.084 49.299 0.492
0.4 Sextet-D F& 4.65 0.467 0.242 47.435 0.589 1.84
Sextet-E F& 15.17 0.394 -0.357 40.045 0.478
Sextet-F F& 23.10 0.377 -0.094 39.483 0.312
Doublet-A  Fe* 1.09 0.231 0.571 - 0.389



Sextet-G ~ F& 13.95  0.166 -0.659 41.074 1.832
Sextet-A  F& 5.04 0.401 -0.033 51.996 0.287
Sextet-B  F& 19.58  0.451 0.105 49.522 0.545
Sextet-C ~ F& 17.65  0.185 -0.036 48.924 0.443
Sextet-D  F& 9.99 0.431 -0.059 45.311 0.895
*%  owbletB F& 027 1887 4.228 - 0.23
Sextet-E = F& 2599  0.359 -0.149 39.785  0.5967 HA0
Doublet-A  Fe* 0.86 0.33 0.443 - 0.565
Sextet-F F& 13.01  0.354 0.408 40.95 0.455
Sextet-G ~ F& 7.47 0.435 0.161 36.284 0.674
Doublet-C ~ Fé&* 0.14 0.601 4.78 - 0.23
Sextet-A  F& 9.17 0.449 0.271 50.613 0.396
Sextet-B  F& 21.75  0.409 0.141 48.69 0.591
Sextet-C  F& 13.19  0.134 -0.066 48.812 0.385
Sextet-D  F& 5.56 0.462 -0.036 44.612 0.5
Doublet-B  F&" 0.21 1.518 2.764 -- 0.23
1.2 1.46
Sextet-E  F& 9.32 0.384 -0.054 39.159 0.472
Doublet-A  Fe** 0.63 0.136 0.489 - 0.516
Sextet-F  F& 28.65  0.352 0.383 41.154 0.456
Sextet-G ~ F& 11.19  0.392 0.341 35.964 0.571
Doublet-C  F&* 0.33 0.605 4.81 - 0.23
Sextet-A  F& 10.04  0.295 0.267 51.284 0.257
Sextet-B  F& 12.49  0.371 0.21 48.939 0.564
Sextet-C ~ F& 21.43 0.14 0.117 48.536 0.454
1.6 1.33
Sextet-D  F& 1.94 0.73 -0.049 44.214 0.199
Doublet-B  Fé&* 0.71 1.512 2.803 - 0.319
Sextet-F  F& 26.46  0.287 0.399 40.907 0.369



Doublet-A  Fe* 0.65 0.219 0.882 -- 0.851
Sextet-E = F& 7.81 0.288 0.469 41.949 0.506
Sextet-G =~ F& 17.91  0.325 0.423 36.15 0.702

Doublet-C  Fé" 0.55 0.393 4.729 - 0.407
Sextet-A  F& 12.10  0.348 0.28 51.364 0.263
Sextet-B  F& 11.26  0.423 0.193 49.177 0.482
Sextet-C  F& 19.73  0.203 0.125 48.694 0.397
Sextet-D  F& 1.39 0.203 0.626 46.057 0.16

20 Doublet-B Fé&* 0.62 1.4 2.92 - 0.327
Sextet-E  F& 4.37 0.575 1.148 39.325 0.448 Ho

Doublet-A  Fe* 0.29 0.265 0.13 - 0.23
Sextet-F  F& 3526  0.335 0.399 41.095 0.379
Sextet-G ~ F& 14.49  0.356 0.439 36.02 0.553

Doublet-C  Fé" 0.49 0.498 4.924 - 0.23
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