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Zn nanoferrites
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~Structural, mechanical, dielectric properties and
magnetic interactions in Dy**-substituted Co—Cu—

EP® RovAL soCIETY
< OF CHEMISTRY

b M, L. Mane,° D. R. Mane,? K. M. Batoo®

“Sol-gel-synthesized Co-Cu=2n ferrite nancparticles diluted with Dy** ions were investigated in terms of
-their structural, morphological, elastic, magretic and dielectric PFroperties. X-ray diffraction patterns
showed the formaticn of a single-phase cubic spinel structure. As the concentration of Dy iens was
- Increased, the lattice length gradually iricreased from 8.540 to 8545 A, obeying Vegard's law. The
Williamsorn—Hall IW—H) method was employed to observe the change In the lattice strain, Crystallite size
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~Introduction
: - Nanocrystalline spinel oxides such as ferrites display integral
- properties of magnetization and electrical insulation simulta-
neously and thus' have attracted enormous attention of
researchers and have prompted them to intensively investigate,
‘these systems. Ferrites offer numerous technological épplica-
“tions including telecommumications and electronic. engi-
neering, mic;rowavc-'abs‘orbing devices, trarisformer cores,
.magnetic recording - media, ‘magnetic tesonance imaging,

$ensors, computer memory chips, ferro-fluids, radio frequency:

leoil fabrication, catalysis, [Photocatalysis, magnetically guided
- drug -delivery, hyperthermia, efe,1 Nanodimension spinel
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obtained from W-H plot's"foilov'ved a pattern similar to that observed
. Gatien distribution suggested  strong préference,of Dy** ions for the ectahedral B site while Cu?* and
' Fésfr ions were distributed over Both A and B sites. The rhicrostructures of the samples were visualized
using transmrission electron microscopy. Mechanical pbroperties such as stiffness constant, longitudinai
and transverse wave velocities, Young's medulus, bulk modulus, rigidity modulus, Poisson's ratio and
Debye temperature were investigated by acquiring infrared spectra recorded in the range of 300 to
800 cm. Replacement of Fe3* ions with the strongly magnetic Dy*" ions increased the saturation
magnetization and caercivity. Dielectric constant increased with Dy**

using the Scherrer equation, The

substitution but decreased with

ferrites constitute a primary class of nanomaterials having
advantageous ferromagnetic properties that have promoted’
their technological applicability.”™ Among the ferrimagnetic
spinel ferrites, QoFe;0, with an MgAl,Q, inverse spinel-like
crystal structure displays particularly excellent mdgnetic Prop-
erties such as excellent saturation magnetization {M; ~ 80 emu
g, coetcivity (H, ~ 3—5 kOe), first-order magnetocrystalline
anisotropy constant (&, ~ 10 x 10° erg em™) and Curie
temperature (7, ~ 870 K).** Structural, elastic, magnetic and

¢lectrical properties of CoFe;0, have been reportedly enhanced

by the substitution of Cu and/or Zn ions 213 .

Apparently, properties of spinel ferrite have been shown to
be modified by substitutions of rare earth (RE™) ions at the
octahedral B site." These medifications have beén attributed to
the RE®" ions having large magnetic moments, very large
magnetostriction and large magnetocrystalline anisotropy as
a result of their strong spin-orbit coupling of the angular
momentum and unpaired 4f electrons. _

Furthetmore, the 4f shell of RE*" jons is covered by 5s%5p°
electrons and is not influenced by the potential field of the neigh-
bouring metal fons. The substitution of RE™ into. ferrites can
establish the ' 4f-3d couplings that govern magnetocrystalline

"anisotropy and hence improve the magnetic properties of the

ferrites.**** Also, RE* oxides have good electrical resistivity of >10°
£ em at room temperatare.”'* Among the RE** jons, substitution of
Dy* ions have yielded particularly marked improvements in the
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properties of ferrites.”®® In the current work, the structural, elastic,
magnetic and dielectric properties of Cop,4Cuip 7 sDy.Fes_ 0,
(where, x = 0.0, 0.015, 0.03, 0.045) nanoparticles synthesized using
the sol-gel auito-combustion route were revealed, for the first time to
the best of vur knowledge.

The sol-gel auto-combustion method was used in- the
present work for the synthesis of Cop4Cttp1Zng Dy, Fe,_;04
materials since use of this method has beén shown to produce

nanoparticles, Importantly, relative to other available processes

such as co-precipitation and hydrothermal methods, the sol-gel
auto-combustion method displays advantages such as the
ability to form a desired phase and composition, control aver

crystal size and aggregation state, short processing time, easy

process, and use of inexpensive raw materials.?

The main objective of the present work was to investigate the
effect of Dy* jons on the structural, optical and magnetic
properties of the Co~Cu-Zn ferrite. Regarding structural prop-
erties, the crystallite size and strain effect were investigated
systematically. Elastic behavior was investigated using infrared
spectroscopy. Magnetic properties such as saturation magneti-
zation and coercivity of the investigated samples were also
studied for their possible applications in technological devices.

Materials and methods

Pure, ultrafine nanopowders of 000_40119_1Zn5_5Dnye2_,,04
{x = 0.0, 0.015, .03, 0.045) were fabricated by applying the.sol-
+ gel autoeambustion method. Ultrapure ((>99%) metal nitrates
of Co(INO,),-6H,0, Cu(NO,);: 6H,Q, Zn(NO;), - 6H,0, Fe(NO,);-
 *9H,0, and Dy(NO,);:9H,0) were used in combination with

{CsH30, H,0) as a chelating agent in the molar ratio of 1: 3.
Liquid ammonia was slowly introduced into the solution in
order to adjust the pH to be =7. Until a viscous gel formed, the
whole mixture was continuously stirred at a constant tempera-
ture of 90 °C. After a self-ignition process was carried out, the
bumt powders wete sintered at 700 °C for 6 h and ground in
order to obtain the desired fine nanoparticles,

Powder samples were characterized by subjecting them to X-ray
diffraction analysis using a Rigaku (Miriflux I} diffractometer
spanning diffraction angles from 20—80° at 4 slow rate of 2° per
minute together with using Cu-K,, radiation (A = 1.5406 A) at 40 kv,
The microstructures and surface morphologies of the samples
were investigated using transmission electron microscopy (JEOL
JEM 2100). Elasticity parameters were computed from FTIR spectra
recorded in the range 300-800 em™", FTIR measurements were
performed on dige-shaped samples made by using ferrite-KBr with
a ratio of 1 : 10, Magnetic characterization was carried out using
a vibrating sample magnetometer and applying a magnetic field of
up to 5 kOe. The dielectric behavior of the samples was investi-
gated by first forming silver-pasted discs of them and then
analyzing the discs by using a Hioki HiTESTER 3532-50.

Results and discussion
Structural analysis

Bragg reflections from the (220), (311}, (222), (400}, (422.), (333),
(440}, and (533) planes (indexed by ICCD # 00-008-0234) were
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observed in the X-ray diffraction (XRD) patterns of Coo_‘;Cuo,l-‘
Zno Dy Fe,_0,4 (Fig. 1). These patterns clearly indicated the

formation of a single phase, in particular a4 cubic spinel struc-
ture belonging to the space group Fd3m.* Neither any impurity
nor a secondary phase was indicated from an analysis of the

XRD patterns. Addition of Dy*" jons shifted the peak positions

of C0p4Clig,1 7o sFe20; sllghtly towards the lower anglés, as
depicted in Fig. 1. The experimental lattice length ae was
computed by employing the‘Equa'tion'“ Gep = AVIE+ 12 + E,
where (7 & ) are the Miller indices and d is the interplanar
distance. As shown in Fig. 2a, the lattice length of Coy 4Cug -
Z0y.5Dy.Fe, O, increased from 8340 to 8.545 A with the
substitution of Dy** ions. This change if g, can be understood
in terms of the ionic radii of the constituent jons, where pe’?
ions of smaller jonic radii (0.67 A) were replaced with Dy** mns
of greater ionic radii (0.99 A). The observed increase in acxp

‘indicated the substitution of Dy** igng into Cop_4Cus. 1211 5Fep-
0, possibly inducing tensﬂe stram into the latt[ce by deiormlng '

it elastically.

The nanocrystalline nature of the samples obtained from the
Debye-Scherrer relationship and the microstrain induced in the
crystal lattice were studied by using the Williamsen-~Hall (W— ]
relationship®

: CA
s = S | |
Boos 0= 5 ©
where ¢ = 0.94 for the nanocrystals of uniform size, Dy i$ the
crystallite size, A is incident wavelength, and ¢ is the microstrain
induced in the crystal lattice. In comparison to’the Debye-

Scherrer relationship, W-H analysis gives better information

about erystallite size.* Values of & and Dy,_y; were obtained from

the slope and y-intercept of the fitted line drawn between 4 sin 8
and 8 cos ¢ as shown in Fig. 3. Strain values are given in the
inset of Fig, 3 and Dy, values for various Dy concentratmns are
shown in Fig. 2b. Dy,_y obtained from W-H plots were observed
to range from 31.76 to 34.40 nm for the tested concentrations,

and the strain values ranged from 3.133 x 1074 ¢ to 4.344 X 1074, ( )
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Fig. 1L X-ray powder dn’fractlon patterns of all of the mvestugated
samples of Cog Clig 12N, 5DyXFezw 04
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* Fig. 2 {a) Experimental lattice length (2.} and specific surface area
PIots Dy} of Cog 4Cup 1Zng sDy,Fea O, fer
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- Positive values of sllope here indicated that the. tensile type of

strain induced on the lattice increased with the Dy substitution.

' The increse in ‘tenisile strain with Dy substitution was also

consistent with the observéd change ‘in the lattice length

- described above.

The crystallite diameter ,Dxnﬁ of the powders was also ob-

tained by using the peak broadening (8) and. Bragg angle (6) of
‘the (311} peak from the well-known Bebye-Scherrer* equation

" Dyupy = (CMB cos §), where € = 0.94 and A = 1.5106 % 10~ m,

" Addition of by* +~ions,i;1to'C0—Cu-Zn ferrites increased the DXRD'

fromr 39.57 to 41.31 nm (Fig. 2b). The specific surface area 5)
was computed by using the relationship® ‘
S=
. dxDxro

Whe_r.e dx is K=ray q'ens'ity and 6 is the shape factor. As shown in .

@

Fig. 22, § decreased from 39.37 m® g ™" to 34.47 m? g as Dy was

g

relationship derived by Buerger, % namely
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substituted. This decrease was related to the increased Dy, of

the samples. with Dy substitution,

 Cation distribution

The-Bertaut method® was adopted to compute the cation distri-
bution in‘-005_4.0110,12110,5Dy3Fe2_x04. When using this method,
a few pairs of the most sensitive reflections were selected according
to the” expression (5% = (), where 1S9 and
denote the calculated and observed intensities, respectively.
Cation distribution was obtained by comparing the ratios of
caleulated -and experimental intensities for the (220), {400) and
{440) reflections. These reflections have been shown i) to. be not
dependent on oxygen, (i) to have similar intensities, (iii) to have
intensities varying inversely with cation occupangy. The corre-
sponding integrated intensity Iy was evaluated by using the
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Fi.g. 3 _Williamsoé‘ifHa.[l analysis plots of § cos 8 versus 4 sin i of CouACuD,iZno.sDnyezﬁ,,Of;. '
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“ Dyt = |Flu/ PLp, (3)

where Lp, P and F denote the Lorentz polarization, multiplicity
and structure factor, respectively. Ly was obtairied by using the
relationship™

1+ cos? 26

Lp = ‘ 4
* sin® cos ¢ ()

~ The cation distribution of Cou,40u0,1Z110,5Dy;Fe2_ 04 spinel
ferrite system obtained using the XRD technique is depicted in
Table 1. Cu® ions occupied tetrahedral A site and octahedral B
site. Zn®" ions showed a preference for the A site whereas Co**
ions oceupied the B site. Dy** occupied the octahedral B site by
replacing Fe*" from the octahedral sites, a result consistent with
. the high B-site energy of RE*' jons.

Cationt distribution data of 0040l 1 200 5Dy, Fe; 04 and
" ionic radii of constituent fons therein were used to determine
values for the ionic radius of the A site, abbreviated as r,, and
‘that of the B site, ie., s As shown in Fig. 4a, rs and g both
increased with the Dy** substitution, attributed to the larger
ionic radii of Dy ions compared to those of the Fe ions., The
oxygen parameter ¥ was obtained from the oxygen ion radius Re
(1.32 A) and r, using the equation:*

o= onrry g )

As shown in Fig. 4b, u decreased from 0.3882 A to 0.3877 &
with the Dy substitution. According to many researchers, u
would be expected to be 0.250 A for the origin at the octahedral
sites, and about 0.375 A for the origin at tetrahedral sites and
a centric crystal structure.*™* According to XRD studies of some
researchers, u > 0.375 A for substituted ferrites.”® In the
present study, ¥ was determined to be higher than its expected
“ideal” vatue of 0.375 A.

The theoretical lattice length, ay,, was determined using the
relationship®

ay = %[(rA+RD)+y/§(rn+Rn)]. - (6)

As shown in Fig. 4c, ay, increased from 8.543 to 8.563 A with
the Dy** substitution in Co,_4Cliy 170, sFe,0, ferrite.

e D T A AR R R G RS A

Table 1 Dustnbutlons of catuons at the tetrahedra[ A site and octahedral B 5|te and :ntensﬁy ratios for Coo 4Cu0 1an 5Dnye2 04

- Paper

Shared and unshared octahedral edges _(ngl;, and dpxey), the
tetrahedral edge (duxg) and tetrahedral and octahedral bond

lengths {dax and dpy) were obtained using relationships dis-

cussed clsewhere. As showry in Fig, 4d, deys, cZBmU_, ax, dux and
daxe increased with the Dy** substitution. Such a changé was

ascribed to the increase in the value of dee, of Coo Puli 4 B

Fe,0, with Dy** substitution.

Transmission electron microscopy

‘Fig. 5a and b depict the transmission electron microseopy

images of the x = 0.0 and x = 0.045 samples, respectively. TEM

images revealed the homogeneity of the sol-gel-synthesized

samples with uniform particle size distribution, Most of the

particles showed spherical shapes, in accordance with the”

tendency of cubic crystals to form spherical shapes in order to
minimize surface tension.’*3* The agglomerations observed in

- the particles may be related: to the interactions of magnetic

dipoles arising within the ferrite nanoparticles.®® The main
purpose of our acquiring the TEM images was to estimate the
particle size, which was measured hy empIdyingImage] softvare
{Version 1.52V). Fig, 5c and d show the histograms of the

particle size distribution for the ¥ = 0.0 and x = 0.45 samples,’

respectively. For the x = 0.0 sample, the particle sizes were
observed to be in the range 28.53 to 97.16 nm with an average
value of 62.632 nm, For the x == 0.045 sample, the particle sizes
were observed to be in-the range 41 97 to 114.215 nm with an
average value of 77.789 nm.

Elastic properties .

Infrared spectra spanning wavenumbers of 300-800 ¢cm™ were
obtained for the Coy.4Clly1Zng 5Dy, Fe,_0, samples (Fig. 6).
The vibration bands observed in the vicinity of v, ~ 585 cm™
and »; ~ 375 cm™" were related to the stretching vibrations of
metal ion and oxygen bond at the A and B sites, respectively,

- which confirmed that the. powders crystfilhzed in the cubic

spinel structure.®

For the present series, 7, and rp varied with the Dy** ions
substitution in Cop 4Clte,1 21t 5Fe,0, (Table 2}. The insertion of
Dy** fons was seen to shift », and »y slightly towards higher
frequencies. This shifting of absorption bands was ascribed to
the erystallite size™ and cation occupancy. The force constant of
the A site, denoted as Ky, and that of the B site, denoted as K,
were estimated by employing reIatlonslnps discussed else-
where.® Kr and Kg were computed by using the positions of the

— S R e e

Intensity ratios

Cation distribution (220/440) (a40/422)
Comp. x A site B site Obs. Cal, Obs. ' Cal.
0.0 C'L'la_osznu_aFquS CLID_(}ECO()AFEI_s; 0,692 0.701 3.957 4.094
0.015 CUlg 5700 5DV0.005F 0445 Cllo,05C00.4DV0 g1 Fey,54 0.709 0.714 4.056 - 4.073
} 0.03 CughusznnlspyqltiEu_44 QUOJOECOQ_q',DyD_nzFeLsg 0,708 {1729 4,069 4.043
0.045 Cip.05Z10.5DY0,015F 0,435 Cilp.05C00.41¥0.050€1, 52 0.716 0.736 A.056 4.024
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high— and low-frequency bands vy and vy and are presented in Force constants obtained from infrared spectra’ and the
Table 2. The average force constant was obtained using the crystallographic parameters were used to calculate the stiffness

expression Ky = (Ko + K1)/2, and the vahues are given in Table 2. constant and various - elastic parameters. Aceording to
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1 Average!62.632nm A
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) X200 (d) Parlicle size x = 0,045
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Flg .5 {a) TEM image of the x = 0.0 sample, {b) TEM image of the x = 0.045 sample, and {c) histogram of the particle size distribution forthex = -

O.C; sample and (d) histogram of the par_ticle size distribution for the x = 0,045 sample of the Cog.4CUg1Z110.5Dy,Fes 04 ferrites.l
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Fig. 6 Infrared spectra of all of the investigated samples of the
' Cop4Cug. ;,Zno 5Dnye2_xO¢ ferrites.

Table 2 Band positions (r4 and g}, force constants (K1, Ko and Ka),
elastic parameters such as stiffness constant (Cyy), longitudinal wave
velocity (V). transverse wave velocity (), bulk modutus {B), rigidity
_modulus (G}, Poisson's ratio {g). Young's modulus (£}, mean wave
velocity (V) and Debye temperatures {5) obtained using the Waldron
and Anderson methods for Cop 4Cly 1Zng.sDyxFes 0y

Comp. &’ ' 0.0

0.015 ¢.030 . 0.045
7a fcm™?) 564.19 56708 . 57576  577.69
vy (em™) 379.02  384.81 38770  393.49
Ky (%10° dynes per cm) 19549  198.81 20629  209.03
Ko [%10° dynes per cm) 12030 124.84  127.58  132.29
Ko (x10° dynes perem™) 15790  161.82  166.93  170.66
Gy (GPa} 189.32  192.30  196.32  199.72
Vifms™ 5889.60 599652 6133,93  6211.11
Ve (m ™Y 3400.36  3462.09 354137 3585.99
B (GPa) 189.32  192.30 19632  199.72
G (GPa) 63.11 £4.10 65.44 66.57
T 0.35 035 = 035 0.35
E (GPa) 170.3%  173.07 176,69  179.75
Vin (ms™) 3775.04  3843.58 393159 3981.13
@ (K) (Waldron) © 678,17 68441 69273 698.28

5397  544.05  550.72  554.97

Ip {K) (Anderson)

Waldron,* stiffness constant Gy; = €, for the materials pos-
sesging the cubic spinel erystal structure and is given by the
equation Gq; = Ka/a. Various elasticity parameters such as
rigidity modulus G, bulk medulus B, Young's modulus E,
lengitudinal wave velocity V;, transverse wave velocity V;, mean
waye velocity Vi, and Poisson's ratio ¢ were calculated by using
the relationships®

—

B = E(C“ + 2C12}= )
Vi = (Ciilp)'?, ' (8
Vi= Vi3, (©)

27916 | RSC Adlv, 2020, 10, 27911-27922
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G= V2, {10)
:%%%%' (11)
E= (14026, (12)
and
TR

The changes in the various elasticity parameters and
modulus with Dy®" being substituted into the Co-CGu-Zn ferrite

"systemn are presented in Table 2. Stiffness constant Gy, and all

elastic meduli (B, G, and E) increased with the addition of Dy**
ions into the Co-Cu-~2n ferrites. Poisson’s constarit was indeed
constant (¢ = 0.35) for all of the investigated compositions.
According to isotropic elasticity theory®®®®®® and literature
reports, Poisson's ratioc must be in the range —1 to 0.5 in order
to achieve good elastic behaviour. In general, elastic moduli
values are related to the interionic bonding. As suggested by A,
Bhaskar,* strong bonding between the iong wotld enhance the
values of the elastic moduli, In the present case, the increasing
values of the elastic moduli with the addition of Dy** ions could
ascribed to the increasing interatomic bonding between the
fons of the Dy*"-substituted Co-Cu-Zn ferrites.

- Debye temperatures (fp) values of alf of the invcstigated
compositions were estimated from the relationship suggested
by Anderson,* namely

fo = 5= 4 M

h [3rplNa 173
Ky '

where & and % are Boltzmann's and Planck's constants,
respectively, Ny is Avogadro’s number, # {s the number-of atoms
per unit cell (for eubic spinel, # = 8), ¢ denotes density, Vi, is the

mean wave velocity, and M is the molecular weight. The Debye -

temperature can also be obtained by using the relationship
suggested by Waldron,® namely

—Cvav = 1.438 x »yy,

A
@D n ]CB

(15)
where v,, is the average of the absorption barids (¥a, ¥s) and is
given by vay = (v4 + #5)/2. Both values of Debye temperatures
obtained from the relationships suggested by Anderson and
Waldron are given in Table 2. Addition of Dy3* fons increased 1y,

from 539.17 to 554.97 K and ®y, from 678.17 to 698.28 K. The

change in Debye temperature may be understood based on tlie
theory of specific heat.* Increasing P-type conduction in the
materials may have increased the Debye temperature, Also, the
increased rigidity of the Dy**-doped Co-Cu-Zn ferrites may have

“contributed to its increased Debye temperature.

The elastic moduli (B, G and E) are not reliable unless the
correction made to the zero porosity, which can be obtained by

the void fraction (P) using thc Hosselmann and Fultath

formula®®

This journal is © The Reoyal Society of Chemistry 2020
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Table 3 VcS:id I‘rée ccrreéted valdes of elastic pararﬁeters méludmg.

. Poisson's ratig (g, rigidity medulus [GD) Young's modulus [Eo) and
bulk modulus (Bu) for Cog.aCug1Zng. 5Dnyea_xO4

Comp. & . 0.0 0,015 0.030 0.043

“Ey{GPa) 19807 . 20355 210.27 216.48
"Go(GPa) - - (7254 . 7447 . 76.86 79,05
B, (GPa) '254.08 | 25420 265.30 275.95
: 0.365 U367 . 0.368 T.D.36%

i o G b ST O o g, < L S E e e s

B {E{l h 2(7——a;)"'"}] (15}-
L, 15e(1 ;'(,)‘_ -1 B
%= [-GH{IA_ WTS—E)_—H - F17? |
| B gm0 09
" and :
: “{Iu% %— %, . ‘. (19)

* Void-free corrected values of Poisson’s ratio (oy), rigidity
modulus (Gg), Young's modilus (¥5) and Bulk modulus (B,) are
‘presented in Table 3. All of these elastic moduli of €o~Cu-Zn
ferrites .tended to increase with the increasing amount of
- .substituted Dyz" ‘jons, consistent with. above-described corre-

sponding strengthening of the bondlng between the corre-

sponding ions. - % ¥

' Magnetic propesties

‘In general, three nlagnetic interactions such as A-A, A-B and .

" B-B take placé bétween the cations and neighboring anions

'in spinel ferrites through a super-exchange mechanism. The.
‘strengths of the energles of interaction between the magnetic.

ions {Me! and Me") are related to the cation-anion bond
lengths and the Me'-0-Me™ angle (0). Apparently, in general,

AR L e i A L e

Table 4 Expressmns for determifing the' nterlonlc drstances for the Catlon—Cathn {Me —Me (b c. d e and fl. cahon-—amon Me! —O {p q 7 and

5}, and bond angles {8y, 6o, 8z, 84, and 05)

RSC Advances

the length of the A-B bond is less than that of the A-A bond.

Thus, an A-B super-exchange interaction would be stronger
than A-A and B-B super-exchange interactions. The
maximum angle § of 180° connecting the cations wo_uld'result
in the highest interaction energy. The cation-anion (Me'-0)
(7, ¢, r, and s} and cation-cation (M¢"Me"} (&, ¢, d, e, and /)
interionic distances, and bond angles (¢4, #,, t5, 64, and ¢5)
for the cations and cation-anion, were determined by using
the equations listed in Table 4.% Fig. 7a-c show that the
cation distances, Me'-Me", increased with an increasing
amount of Dy substituted in the Co-Cu~Zn ferrite. In the case
of distances between the cation and anion, namely Me'~Q, P
and § increased whereas @ and R decreased with an
mcreasmg amount of Dy substituted. The substitution of
larger Dy** ions for Fe** jons at the BOg octahedral site
resulted in an mcreased bond length. As shown Fig. 7c, the
angles associated with the A-B interaction (¢, and #,)

inereaged, those associated with the B-B interaction (§; and -

9,) decreased, and that assoeiated with the A-A interaction
(#5) increased by small margin with an increasing amount of
Dy** substituted. The variation in'bond-angles revealed that
A-O-B interaction, which governs the magnetization in the
system, strengthened with an increasing amount of Dy ions

substituted. Such a change should increase the magnetiza- -

tion levels of the Co-Cu~zn ferrites. Thus magnetic proper-
ties were investigated by employing VSM with a peak field
strength of 5 kOe. Fig. 8a presents the magnetic hysteresis
loops-obtained from out system; these loops cleatly indicated

that the saturation’ magnetization (M;) increased with-

inereases in Dy** concentration. The RE-Dy** ions showed
a gn,ater magrietic moment (10.48 g} compared to that of
#* (5 pg). The increased content of Dy** ions at the B’ site's

' 1ncreased the magnetization of these sites, which resulted in

the increase in the M,

Coercivity (f) is generally governed by the magneto~ '

crystalline amsottopy constant (&), permeabﬂlty [;uo] and M;
» through the Brown relatlonshlp’"
2K,
He= ———.
e Mg

. (20)

T S WhL IR DARHPRRS

Me-O “ Bond angles
o N . 2 _.‘.2 '
b=va(3) p=aly-) n=cos (225
=TT (ﬁ) g=av3 (u’-""- - é) o ) = 'cos_-“ (]-7—1;125‘;,;12)
‘ o ‘ Lt
. de= ﬁ(g) - r=am(z43”‘ L %) . . R #; = cos™ —Pzpzbz)

: . ) X 2 422
:’=3\/§(§) N ‘ 5= ct\/g(u;‘" + %) g = cos™! (p +2i,-‘ fﬁ)

. : :_ 7
7=Vl - ()
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- The coercivity value is independent of M, and can be controlled
by heat treatment or structural deformation. Values of M,, H,,
remnant maghetization (%) and remanence ¥atio (R = MJ/M,),
. each as a function of the relative amount of Dy** substituted, are

shown in Fig. 9a—d. As shown in Fig, 8b and 9c, &, increased with

increasing amount Dy** substituted. An increased H, is in general
directly related to the higher &, of rare earth fons such as Dy.

In general, cation distribution, particle sizes and magnetic
moments of the cations are the major parameters affecting
magnetic properties. However, oxygen vacancies and variation
in the valence state of Fe, namely between Fe®" and Fe?*, can
also influgnce the magnetic properties,’” However, in the
present case, all of the materials were sintered in an air atmo-
sphere and thus the possibility of having oxygen vacancies can
be neglected. Secondly, the Dy and Fe ions in the miaterials used
had the same valence state of 3+ Considering these factors,
a change in the valence state between Fe®* and Fe®' can be
ignored in the present work, though it can be studied in the
future using XPS.

H (kOe)

B R BT L o X SAGR AR, | et e

Dielectrie measurements

The dielectric constant {¢') was obtained using a cyhndrlcal :

ferrite pellet sample and the relatmnshlp
. Cd o
£= e A [21)

where d is the pellet thickness, G, is the capacitance, 4 is the

‘area of pellet surface and ¢, is the permittivity of free space.

Fig. 10a and b show dielectric constant (¢/) and dielectrie logs
tangent (tan 8) values, each as a function of frequency. These
two values decreased with increasing frequency, confirming the

)

dispersion at lower frequency,®” The dispersion and higher

value' of ¢ at low frequency may be ascribed to the grain

heterogeneity of material # The chiange in dielectric dispersion |

can be understood vig the Maxwell-Wagner model®*® and

Koop's* phenomenological theory. The exchange of 3d orbital

electrons between Fe®* and Fe®* can be localized at the metal
ions, resulting in a local shift of electrons (e”) toward the
direction of the applied electric field and helping to determine

P

/s

(b)° =

4=

o

M (emuig)

00 04 08

H (kQe)

Fig. 8 Magnetization curves of CoD,4Cu0,12no_5Dy;Fe2_,(O4. {a) Magnetization (M) as & function of applied magnetic field (H} and {b) expanded

view of the M-H plots at tow applied magnetic field strengths.
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. contrast at the h1gher-frequency region, dispersion is related to
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‘the polarization strength. The variation in ¢ and tan 6 at low

fréquency may also be related to the ‘grain-boundary-induced
high 1esistivity Thus maore energy is ne‘eded at the low-

ions, . whlch gives hlgher values of & and tan §. In

gram-mduced lower resistivity'. Thus, Iess energy is needed for
inter-cation electron exchange. Furthermore, a higher tan § at
lower frequency, may be related to ciystal defects, impurities
and moisture. The conduction of Cu®", Co?*, Zn?" with Fe* ions

" atthe B site is possible th!:ough‘follomng mechamsms. .

RSOl o B 4 Ot L 2y

F&*" 4 702" o Fe” + Zn3* o (23)

Fe®* + Co?* « Fe?* + Co™* (o)

The value of tan & reflects the energy loss within a material
and it appears whenever polarization does not follow the
applied altémating field. A broad relaxation-related hump in
each of the tan § plots was obseived (Fig. 10b) and can be
understood based on the Rezlescu model® The condition for

a broad hump in the tan ¢ of a dielectric material is related to.

the equation
wr=1, - (25)

where ¢ is the relaxation time and w = 27 inax- The value of 7is
related to the jumpinhg probability according to the refationship

(3)3000 aa T v .: ~

2000+

10006}

Lopg f{Hz)

® T

31 4
v e eﬂ"""},.“ .
c
8 2 o,
" -
S g
:ﬁﬁ.u
. w@w@wh%

Log T (Hz)

F|g 10 Coy 4Clp1ZNg sDyxFez_xO4 dielecttlc paramaters, each as a function of logarithm of frequency (f). (a} Real part of diglectric constant {¢')

and {b} d|etectnc loss tangent (tan 6)
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or

fmax o ‘ [27}

Thus, a broad hunip or maximum can be obtained as a result
of frequency of charge hopping between cations perfectly
coinciding with the frequency of the electric field. The Co-Cu-
* Zn ferrite samples with x = 0.045 showed the highest ¢ and
lowest tan é.

The increase in & for Co-Cu-Zn ferrite with increasing
amount of Dy*" substituted could be mainly related to the
increase in grain size and decrease in conductivity. An increase
in grain size would increase the probability of hopping cecur-
ring between Fe, Go and Cu ions, resulting in an enhancement
in dielectric constant. On the other hand, an increase in grain
size would decrease the resistivity of the materials because of
the resulting fewer grain boundaries, and that would also be
beneficial for enhancing the dielectric constant and decreasing
the dielectric loss tangent.

Conclusions

Single-phase cubic spinel structured Cog 4Clp 2o sDYFes 404
nanoparticles were successfully prepared using the sol-gel
autocombustion route. The Dy substitution resulted in an
increase in tensile strain in the materials from 3.1 {x = 0.0) to
4.3 % 107* (x = 0.045), consistent with the lattice length having
increased from 8.340 to 8.545 A. The average crystallite size

increased from 39,5 to 41 nm with the Dy substitution. Zn®" ions *-

occupied the A site only; Co™ and Dy** occupied the B site
whereas Cu®" and Fe*" occupied both crystallographic sites.
Force constants, elastic parameters and Debye temperatures
increased with Dy substitution. Increases in grain size, mag-
netocrystalline anisotropy, and 4f-3d eouplings and strength-
ening of the A-B interaction with the Dy substitution resulted in
increases in all of the magnetic properties. Saturation magne-
tization increased from 21 to 38 emn g~* whereas coercivity
increased from 480 to 560 Oe with the increase in Dy substitu-
tion. The enhancement in saturation magnetization was also
related to the higher magnetic moment of Dy ions compared to
that of Fe ions, The dielectric constant increased from 355 to
2400, and dielectric loss also slightly decreased, when Dy was
included. This ability to modify the magnetic properties of the
prepared material makes it a suitable candidate for: magneuc
recording media.
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