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SrTmyFe;5 404 (0.00 < x < 0.10) hexaferrites (HFs) are produced successfully using a sol-gel approach. The
structural, optical, and magnetic properties are investigated. The hexagonal phase is confirmed for all the
products. The magnetization is measured with respect to the applied magnetic field, M(H). The magnetic
parameters including saturation magnetization M, remanence M,, squareness ratio (SQR = M,/Mj), coercivity
H,, and magnetic moment ny are deduced at room (300 K; RT) and low (10 K) temperatures. It is shown that the
ferrimagnetic nature and Tm>* substitutions lead to decreases in the magnetization and coercivity magnitudes.

The results on magnetic properties are investigated extensively with respect to the structural and microstructural
properties. The SQR values indicate the formation of a single magnetic domain for the x = 0.0 sample and a
multi-magnetic domain structure for the Tm®*-substituted Sr HFs (x = 0.02). The obtained H. values suggest
that the produced HFs are promising candidates for potential magnetic recording applications.

Introduction

Ferrites can be considered as excellent magnetic and dielectric
materials for electromagnetic wave absorbers. In comparison to spinel
ferrites, hexaferrites (HFs) (for example, BaFe,5,0,9 and SrFe;,0;9) with
hexagonal magneto-plumbite structure are promising absorbing mate-
rials because of their great magneto-crystalline anisotropy, high Mg and
H,, excellent chemical stability, and high-frequency application [1,2].

To date, several routes were used for M-type HF synthesis, such as
co-precipitation, sol-gel, hydrothermal, and high-energy ball milling
[3-6]. The sol-gel auto-combustion approach has the following ad-
vantages: simplicity, low cost, highest crystallinity and purity, good
chemical homogeneity, low processing time, and fine distribution of
particles size, etc. [7,8].

The studies on rare earth (RE) element-substituted M-type HF have
increasing significantly over the past several years. The substitution of
RE elements into M-type HFs improves both their magneto-crystalline
anisotropy and electromagnetic properties [9]. RE ions have strong
coupling of 4f-3d angular momentum, which enhances the
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electromagnetic properties. The 4f shell is practically unaffected by the
potential field of neighboring ions, which lead to enhanced coupling
[10-12]. The substitutions with ions of lanthanide series like Sm, Gd,
Er, Ce, Eu, Nd, Dy, etc in M-type hexaferrites have been studied and
revealed an improvement of magnetic and microwave absorption
properties [13-19]. L. Ali et al. [20] investigated the structural and
magnetic properties of Tb®>* substituted M-type hexaferrites prepared
through sol-gel auto-combustion method. They found an improvement
of H, values from 1825 to 4440 Oe with Tb®* substitutions, which is
mostly attribitued to greater magneto-crystalline anisotropy. In addi-
tion, it is confirmed that the obtsined H, and M, values make the pre-
pared Tb®* substituted M-type hexaferrites useful for high frequency
and magnetic recording media applications. M. Jamalian [21] in-
vestigated microwave, magnetic and structural properties of Tb-Sn co-
substituted Sr HFs synthesized by sol-gel technique. The magnetic
findings indicated that M; and M, are increased and the coercivity H, is
decreased with increasing Sn-Tb substitutions.

The preparation of single-phase RE-substituted HFs is still a chal-
lenge and the properties of such products are required to be explored
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Fig. 1. XRD powder patterns of SrTm,Fe;>_xO;9 (0.00 < x < 0.10) hex-
aferrites.

systematically. To the best of our knowledge, there is no study in-
vestigating up to date the influence of Tm>* substitutions on the
properties of Sr M-type hexaferrites. Accordingly, we report in this
study and for the first time the impact of Tm®* substitutions on
structural, morphological, spectral, optical and magnetic properties of
Sr HFs. Various samples of SrTm,Fe;5 ;04 (x = 0.00, 0.02, 0.04, 0.06,
0.08, 0.10) have been produced via a citrate sol-gel auto-combustion
approach.

Experimental
Chemicals and instrumentation

Sr(NO3)»4H50 (99%) and FeCl39H,0O (98%) were received from
Sigma Aldrich, and Tm;03; (99%) was obtained from US Research
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Fig. 2. Evolution of lattice parameters ‘a’ and ‘c’ versus Tm>* contents.

Nanomaterials, Inc. They were used without further purification. The
structural information was examined through X-ray diffraction (XRD;
Rigaku Miniflex) and Fourier transform infrared spectrometry (FTIR;
Bruker alpha II). Scanning and transmission electron microscopy (SEM,
TEM; FEI S/TEM Titan 300) with energy-dispersive X-ray spectroscopy
(EDX) and elemental mapping were used for morphological and mi-
crostructural observations. The optical measurements were performed
through UV-vis diffuse reflectance (%DR) spectrophotometry.
Mossbauer spectra were recorded using a standard Mossbauer spec-
trometer (Fast Com Tec PC-moss II) under constant acceleration mode
using *’Fe in Rh matrix with an approximate activity of 10m Gi. The
spectra were examined with the help of Win-Normos fitting software.
Hysteresis loops were performer by using vibrating sample magneto-
metry (VSM).

Synthesis

For the typical synthesis, a stock solution of Sr and Fe chemicals in
de-ionized water (DI) was prepared in a 100 ml beaker using stoichio-
metric amounts of the respective metal salts and stirred for 15min. A
stoichiometric amount of Tm,03; was also dissolved in 10ml conc.
HCI + 10 ml DI water under vigorous stirring. Then, these two solutions
were mixed in a 200 ml beaker and heated at 80 °C under constant
stirring. Citric acid was added to the metal solution (molar ratio 1:1.5).
To adjust the pH to 7.0, ammonia solution was added. The solution was
gradually evaporated at 80°C until a viscous gel is obtained. The
temperature was increased to approximately 250 °C to ignite the gel.
The resulting powders were heated at 1100 °C for 5h.

Table 1

Tm content, refined structural parameters for SrTmyFe;5 4019 (0.00 < x < 0.10) HFs with space group P63/mmc.
X a=b(A) c @) v (A c/a Dxgp (nm) * 0.05 21 (chi®) Rirags Rwp Rexp
0.00 5.878(2) 23.040(8) 689.46 3.9197 46.83 1.61 18.14 36.8 30.3
0.02 5.894(4) 23.059(7) 693.85 3.9121 42.89 2.16 10.89 43.8 27.9
0.04 5.895(9) 23.068(3) 694.47 3.9126 43.96 2.20 12.79 38.9 26.1
0.06 5.897(6) 23.069(1) 694.89 3.9116 27.50 1.98 9.06 41.5 25.4
0.08 5.900(9) 23.102(1) 697.84 3.9150 35.63 1.99 23.72 41.0 25.1
0.10 5.901(7) 23.165(4) 696.36 3.925 41.75 2.84 24.69 36.8 30.3
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Fig. 3. FT-IR spectra of SrTm,Fe;5 019 (0.00 < x < 0.10) hexaferrites.

Table 2
FTIR vibration bands and force constant at tetrahedral and octahedral positions
of SrTm,Fe;5.,010 (0.00 < x < 0.10) HFs.

Tm content (x)  (W)em™'  (W2)em™!  Fex 105(dynes/cm2) FcoXx 105(dynes/cm2)
0.00 587.84 422.92 2.52 1.30
0.02 594.16 413.13 2.58 1.25
0.04 585.74 424.46 2.51 1.35
0.06 587.38 428.21 2.52 1.34
0.08 585.90 421.82 251 1.30
0.10 584.44 422.13 2.50 1.31

Results and discussion
XRD examinations

XRD patterns of SrTm,Fe 5,04 (0.00 < x < 0.10) HFs are pre-
sented in Fig. 1. Different peaks are indexed according to the JCPDS
Card 00-043-0002 of Sr HF. Minor peaks related to Fe,O3 were found at
high concentrations of 0.08 and 0.10. The XRD results indicate that the
lattice parameters “a” and “c” increase. c increases faster (0.54%) than
a (0.39%), which means that the c-axis undergoes more expansion than
the a-axis owing to Tm substitution, and hence the volume of the cell
also increases as listied in (Table 1) [2,14,22]. This may be due to the
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ionic radius difference between rrpnsz. (1.02 A) and Irez+ (0.67 A)
(Fig. 2). The c/a ratio ranges between 3.91 and 3.92, which confirms
that the M-type hexagonal structure is formed [23,24].

FT-IR investigation

FT-IR spectra of SrTm,Fe;5_x04 (0.00 < x < 0.10) HFs are given in
Fig. 3. The spectra illustrate stretching vibration bands at 422.92 and
587.84cm™ ! corresponding to metal-oxygen stretching vibrations
corresponding to octahedral and tetrahedral sites [16,25]. The FT-IR
spectrum of sintered samples have identical absorption bands that
confirmed the formation of hexagonal structure with on-existence of
any absorption band to un reactant elements. Additionally, It is clear
that the vibration band at 587.84 cm ™! is shifted toward the higher at
x = 0.02 then to lower wave numbers for the rest of ratios, whereas the
422.92 cm ™! shifted toward higher wave number except x = 0.08 and
0.10. These results are due to change the length of Fe-O bands in tet-
rahedral (A-site) and octahedral (B-site) caused by the Tm substituting
[26,27]. Force constant of the characteristic vibration bands of FT-IR
spectra have been calculated and listed in Table 2 [28].

Microstructural analysis

SEM micrographs of Tm-substituted SrTm,Fe;s_zO19 (x = 0.00,
0.02, and 0.08) HFs are depicted in Fig. 4. These images reveal that the
grains have a hexagonal plate shape with a high rate of aggregation.
Clearly, the grain sizes are larger than crystallites, owing to the as-
semblage of small grains forming larger particles. EDX and elemental
mapping results of SrFe;5_,Tm,019 (x = 0.02 and 0.08) are presented
in Fig. 5. These show that the element weight is matched with the
prepared compositions, without any external elements. The x = 0.04
sample was characterized by TEM and high-resolution TEM (HRTEM),
which showed aggregates of single crystals. The HRTEM images ex-
hibited a hexagonal symmetry consistent the hexagonal SrFe;,0i9
crystal phases 114 and 307, as displayed in Fig. 6.

Optical measurements

A DR-UV-visible spectrophotometer was employed to explore the
optical characteristics of SrTmyFe;5_4O4 (0.00 < x < 0.10) HFs. The
obtained spectra are presented in Fig. 7. All the products absorbed light
in the visible range. The band gap energy (Eg) was estimated through
the Kubelka—-Munk model [29]. A Tauc plot, (ahv)? vs. (hv), was used to
calculate the E, values for SrTm,Fe;»_,O4 (0.00 < x =< 0.10) HFs
(Fig. 8). As shown, the band gap values for the x = 0.00, 0.02, 0.04,
0.06, 0.08, and 0.10 HFs are 1.75, 1.93, 1.77, 2.00, 2.18, and 2.08 eV,
respectively. It is obvious that when the Tm®* content increases, the E,
value also increases. The increased band gap energy may be due to the
development of interface defects or energy levels [30].

Mossbauer analysis

Mossbauer spectra of SrTm,Fe;,_ 04 (0.00 < x < 0.10) HFs are
presented in Fig. 9. The deduced parameters are given in Table 3. The
fitted MGssbauer spectra presented five sextets, which are related to five
different crystallographic sites, as shown in Table 2. These sextets are
correlated to the existence of Fe** ion in the octahedral (12k, 4f,, and
2a), tetrahedral (4f;), and trigonal (2b) sites of the hexagonal structure
[31,32]. This structure consists of three spins-up (2a, 2b, and 12k) and
two spins-down (4f;, 4f,) sublattices for Fe** ions [33]. In addition,
one superparamagnetic doublet was formed apart from the ferromag-
netic sextets for the doped samples. The existence of the doublet in the
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Fig. 4. SEM micrographs of SrTmyFe;5,019 (x = 0.00, 0.02 and 0.08) hexaferrites.

Mossbauer spectrum shows that some particles with paramagnetic
characteristics are present in the matrix. The relative area (Ry) of the
doublet increased with increasing doped ion concentration. The isomer
shift (IS) takes values between 0.262 and 0.391 mm/s. For magnetically
ordered phases, the IS of Fe** changes between 0.05 and 0.5mms ™!
[34]. Consequently, the obtained IS corresponds to the characteristic
Fe>* charge state. The IS of the 4f; site increases, whereas that of the 2a
site decreases with increasing doped ion concentration, which indicates
that the s electron density of the Fe>* ions at the 4f; and 2a sites is
affected by the Tm>®* substitution. With increasing x, the quadrupole
splitting (QS) of the 4f, and 2b sites is marginally increased, although
that of the 4f; site is slightly decreased. The hyperfine field By for the
five Fe sublattices was determined to be ordered as follows: By¢
(2b) < Bur (12 k) < Byt (4f1) < Bpr(2a) < By (4f2) The By of all the
sites decrease slightly with increasing Tm®* content. The observed
decrease could be ascribed to the nonmagnetic Tm®* ions replacing the
Fe>* ions. This replacement leads to a decrement in the super-exchange
interaction among the ions.

The distribution of the R, of all the sextet sites, which is directly
proportional to the number of Fe** ions, is given in Fig. 10. The R, of
the doublet increases and those of the 12k and 2b sites continuously
decreased with increasing doped ions. The R, of the 2a site increased as
x increased to 0.04, and then decreased. Generally, it is known that
doped ions with larger size go to octahedral sites, but smaller ones
occupy tetrahedral sites [35]. Accordingly, one can affirm that Tm®*
(1.03 A) ions occupy the 12k site up to x = 0.04 then occupy 12k and
2a sites.

Magnetization measurement

The measurements of the magnetization with respect to the applied
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magnetic field, M(H), were performed for all SrTm,Fe;5_,O4
(0.00 < x = 0.10) HFs using VSM with H= # 10kOe. The M(H)
curves and various deduced magnetic parameters for the all HFs ac-
quired at RT are illustrated in Fig. 11 and Table 4, respectively. It is
shown that the Tm substitution at Fe sites strongly affected the mag-
netic properties. The remanent magnetization (M,) is ranged from 6.88
to 41.78 emu/g. H. was in the range of 224.5-433.7 Oe. The My,ax
(magnetization at maximum field of 10 kOe) values were found to be
between 51.8 and 64.5emu/g. Clearly, 10 kOe was insufficient to sa-
turate the produced HFs. For that reason, the Stoner-Wohlfarth (S-W)
approximation is used to extract the saturation magnetization (M) [36-
38]. Fig. 11(b) shows the plots of M vs. 1/H for all the SrTmyFe;5_ 404
(0.00 = x < 0.10) HFs at RT. The extrapolation of these plots at high
magnetic fields (above 5kOe) in approaching 0 yields the M; values. It
is found that the M, values vary between 50.08 and 70.07 emu/g at RT.
According to the obtained results, the different produced
SrTmyFe;5_,04 HFs present a hard ferrimagnetic (FM) nature at RT.
The M(H) were also measured for all SrTmyFe;5_,O4
(0.00 < x < 0.10) HFs at 10K, as presented in Fig. 12. The deduced
magnetic parameters at 10K are tabulated in Table 3. H, varies be-
tween 2015 and 3366 Oe. M, is in the range 36.6-45.9 emu/g. The Mg
values are in a range of 78.6-88.2 emu/g. The externally applied field
of + 10kOe is almost insufficient to reach saturation magnetization
magnitudes for all samples at 10 K. Indeed, the Mg magnitudes were
determined using the S-W approximation as at RT and, and the esti-
mated values are listed in Table 3. M; varies from 80.8 to 96.7 emu/g.
The obtained results at 10K reveal the FM nature of all the HFs.
Compared to 300K, the magnetization magnitudes show a noticeable
increase at 10K. This increment is principally due to the reduced
thermal fluctuations of the magnetic moments [39,40]. However, for
the same x content level and with decreasing temperature from RT to
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Fig. 5. Elemental mapping results for SrTm,Fe;»;0:9 (x = 0.02 and 0.08)
hexaferrites.

10K, the coercivity H. reduces. This reduction with the decrease of
temperature is mainly correlated with the change in the M; values.
Actually, when Mg improves with decreasing the temperature from RT
to lower temperature, H. diminishes too [41,42]. In the present
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S
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Fig. 7. %DR spectra of SrTmyFe 2,019 (0.00 < x < 0.10) hexaferrites.

investigation, it is found that the M; values increase with decreasing the
temperature from RT to 10 K. Therefore, the reduction in H. values is
attributed to the increase in M when decreasing the temperature from
RT to 10K.

Fig. 13 shows the evolutions of the M, M,, and H, values as a
function of the Tm®* content at both RT and 10 K. The non-substituted
sample SrFe;,0;9 (x = 0.0) shows M; magnitudes equal to 70.07 and
97.86 emu/g at 300 and 10 K, respectively. The Mg magnitudes found in
this study are larger than those reported in Sr-Cr HFs produced through
a microwave hydrothermal method [43], Sr HFs synthesized via a hy-
drothermal method [44], K-Ta-substituted Sr HFs [45], and
SrTi,Co,FegO1g single crystal [46]. As the Tm3" substitution content
increases, the Mg magnitude decreased remarkably at both RT and 10 K.
The minimum M; values were observed for the SrFe;; oTmg ;0,9
(x = 0.1) product, with magnitudes of approximately 50.08 and
76.95emu/g at 300 and 10K, respectively. Similar trends have been
discerned in various RE-substituted Sr HFs (RE = Sm, Nd, La, Gd, Er,
Ce, Y) [47-49]. It is known that numerous factors can affect the mag-
netic properties of HFs including the variations of crystallites size/
grains size, variations in the magnetic moments (np), strains, super-
exchange interactions between different ions, variations in the nature
and concentration of different sites, and the preferred site occupancy of
different ions [19,39,40].

Generally, the magnetic moment of HFs is derived from the iron ions
and their distribution in the crystal sites. Indeed, the Fe®*-O-

Fig. 6. TEM images of SrTmg o4Fe;11.06010 hexaferrite.
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Fig. 8. Tauc plots of SrTmFe;5 4015 (0.00 < x < 0.10) hexaferrites.

Fe>* exchange interactions are the dominant compared to the other
Sr2*-0-Sr?* and Sr?*-O-Fe®* interactions. Therefore, any factors that
affect the strength of the Fe>*-O-Fe3* exchange interaction will modify
the magnetization. In addition, it is known that in the RE-substituted
HFs products, Fe>-O-RE3" interactions will occur via the 4f-3d cou-
plings [50]. These interactions are very weak because they are resulted
from the indirect 4f-5d-4f coupling [50]. In the present study, the

observed decrease in the M values at both RT and 10 K with increasing
Tm3* content is attributed to the weakening of the super-exchange
interactions in the Fe sites. Moreover, the magnetic moments in Sr HFs
resulted from iron ions that reside in the five different sublattices: the
12k, 4f,, 2a, 2b, and 4f; sites. It is reported that if the substitution
occurred in the spins-down, the magnetization increases [40]. If the
substitution occurred in the spins-up, the magnetization decreases [40].
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Fig. 9. Room Temperature Mossbauer spectra of SrTm,Fe;,,04 (0.00 < x < 0.10) hexaferrites.

Accordingly, it can be confirmed that the Tm>®* ions prefer to occupy
the spins-up iron sites, which is in accordance with Mossbauer results.
Furthermore, the substitution of Fe*>* ions having magnetic moment of
5 pp (where pp is the Bohr magneton) by Tm®" ions having lower
magnetic moment of 1.6 pp could explain the decrease in the M, values
at both RT and 10K. Additionally, the difference in ionic radii
(rp+ = 0.64 A and rp,3+ = 1.09 A) causes an enlargement of the dis-
tance between the magnetic ions. This leads to diminish the strength of
the super-exchange interaction. Moreover, the contrast in the ionic radii
(r g3+ = 0.64 A and rp,,3+ = 1.09 A) and magnetic moments of the sub-
stituted and host ions might engender a non-collinear ferromagnetic
arrangement and local strains that generate disorder and variations in
the electronic states of the HF systems [19,40]. The relation between ng
and M is given by [51]:

_— Molecular Weight x M;
"o 5585

Table 4 reports the estimated ng values of all prepared HFs at both
300 and 10K. Generally, the decrease in np is resulted from the
weakening of the super-exchange interactions among various sites. In
the present study, the x = 0.0 product displays the greatest ng and Mg
values at both RT and 10 K. These values decrease at both RT and 10K
with increasing Tm>* substitution content. The obtained findings in-
dicate a weakening of the super-exchange interactions at both RT and
10K.

It has been reported previously that the evolutions in M, depend
primarily on the evolutions in Mg and on the net alignment of the
magnetization grains derived from the super-exchange interactions
between magnetic particles [39]. For these reasons, a similar trend can
be observed in M, at both RT and 10K (Fig. 13.b). M, is extreme for
x = 0.0, with magnitudes of approximately 41.78 and 54.55 emu/g at
300 and 10K, respectively. M, decreases sharply at both RT and 10K
with increasing Tm®* content. The squareness ratios (SQR = M,/My)
were calculated for all the SrTm,Fe;>_,O4 (0.00 < x < 0.10) HFs at
300 and 10K and are listed in Table 3. An SQR below 0.5 indicates that
the nanoparticles were in the multi-magnetic domain; however, an SQR
greater than or equal to 0.5 reveals the development of a single mag-
netic domain structure [52]. The SQRs for the non-substituted product
were equal to 0.596 and 0.557 at 300 and 10K, respectively, which
indicates that this sample is in the single magnetic domain at both RT
and 10 K. However, the SQR values are below 0.5 at both RT and 10K
for x = 0.02 indicating the formation of multi-domain structures in all
the substituted products at both RT and 10 K.

H. decreases in a remarkable way at both RT and 10K with in-
creasing the Tm>* substitution content. The highest obtained values for
x = 0.0 are approximately 4333.7 and 2819.1 Oe at 300 and 10K, re-
spectively. The minimum H. magnitudes are observed for x = 0.1 with
values of 224.5 and 204.4 Oe at 300 and 10K, respectively. Various
parameters governed the coercivity, such as the morphology, grains
size, shape, magnetic anisotropy, and spin canting [39,40]. Numerous
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Table 3
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Mossbauer Spectra parameters of SrFe;, ,Tm, O;9 (0.00 < x < 0.10). B, Hyperfine Magnetic Field, L.S: Isomer Shift, Q.S: Quadrupole Splitting, W: Line Width, and

Ra: Relative Area.

Sample Site Byr (T) (£ 0.004) 1.S (mm/s)( = 0.003) Q.S (mm/s) ( = 0.005) Ra (%)
SrFe;5019 12k 41.485 0.357 0.398 48.381
4f1 49.716 0.262 0.176 17.771
4f2 52.735 0.379 0.292 13.924
2a 51.185 0.323 0.016 11.679
2b 41.237 0.318 2.282 8.2449
SrFe;;.9sTmo 02010 12k 41.412 0.36 0.412 46.961
4f1 49.643 0.265 0.182 18.084
4£2 52.553 0.381 0.291 12.654
2a 51.044 0.352 0.068 12.918
2b 41.194 0.309 2.284 5.4656
Db - 0.212 0.908 3.9172
SrFe;1.96TMg 04019 12k 41.446 0.36 0.413 46.823
4f1 49.655 0.264 0.188 15.377
4£2 52.568 0.38 0.302 12.571
2a 51.054 0.348 0.061 14.853
2b 41.143 0.312 2.291 5.0953
Db - 0.24 0.75 5.2806
SrFe;1.94Tmg 06019 12k 41.409 0.355 0.406 45.673
4f1 49.599 0.262 0.179 17.055
4£2 52.348 0.374 0.292 15.113
2a 51.087 0.355 0.029 10.729
2b 41.142 0.292 2.275 4.9994
Db - 0.229 0.822 6.4326
SrFe;1.92Tmg 08019 12k 41.24 0.36 0.41 45.338
4f1 49.462 0.268 0.175 17.186
4f2 52.341 0.381 0.307 12.716
2a 50.958 0.348 0.057 11.486
2b 40.983 0.310 2.279 5.5069
Db - 0.22 0.734 7.7673
SrFe;1.90Tmg 10019 12k 41.375 0.361 0.409 43.375
4f1 49.674 0.277 0.166 17.707
42 52.378 0.391 0.319 11.898
2a 51.505 0.32 0.013 10.346
2b 41.195 0.291 2.306 4.1082
Db - 0.239 1.23 12.566

A\
\¥

Fig. 10. Variation in relative area (R,) of different sites with Tm content.

studies have revealed that products exhibiting low H, are advantageous
for magnetic recording applications such as video tapes, floppy disks,
and hard disks [53]. From the current investigation, we note that H,.
ranges from 224.5 to 4333.7 Oe at RT and from 204.4 to 2819.1 Oe at

10K for various Tm® " -substituted Sr HFs (0.0 < x < 0.1), which sug-
gests that the prepared HF products may be beneficial for permanent
magnets and high-density recording media.

Conclusion

SrTm,Fe;5_x04 (0.00 < x < 0.10) was fabricated through citrate
sol-gel process. The Sr HF structure was confirmed by XRD, FT-IR, SEM,
and TEM studies. The average crystallite size was determined to range
from 27 to 46 nm. The lattice parameters increased with increasing
Tm>* content. %DR spectra showed that the optical band gap increased
with increasing substitution content. Mdssbauer spectra revealed that
one superparamagnetic doublet formed in addition to ferromagnetic
sextets in the doped samples. The distribution of the R, showed that the
Tm®* (1.03 A) ions occupy the 12k site up to x = 0.04 and then occupy
the 12k and 2a sites. The analyses of M(H) hysteresis loops showed a
ferrimagnetic behavior for various HFs at both 300 and 10K. The
magnetic parameters strongly depend on the temperature and the
Tm3* substitution contents. The deduced M,, M,, H., and np values
decrease with increasing the Tm®* content at both RT and 10 K. This
effect is due to the weakening of the super-exchange interactions, the
creation of local strains, the preferred site occupancy, the dissimilarity
of ionic radii, and the decrease in the magnetic moments (nz) with
substitutions. The calculated SQR values indicated a single magnetic
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Fig. 12. M (H) curves for all SrTmyFe;,,04 (x = 0.00, 0.02, 0.04, 0.06, 0.08,
0.1) hexaferrites performed at 10 K.

domain for the non-substituted product and the creation of multi-
domain structures in the Tm® " -substituted products. The obtained H,.
values suggest that the produced HFs could be promising candidates for
high-density recording media and permanent magnets.
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Table 4

Magnetic parameters of all SrFe;5 ,Tm,0;9 SrTmFe;5 04 (x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.1) hexaferrites at RT and 10 K.
T = 300K
X Mo (emu/g) M; (emu/g) M, (emu/g) SQR H_. (Oe) np(ug)
0.00 64.5 70.07 41.78 0.596 4333.7 13.32
0.02 59.2 64.08 23.41 0.365 897.7 12.21
0.04 58.1 62.79 13.41 0.214 511.5 11.99
0.06 56.7 61.40 12.80 0.208 504.0 11.75
0.08 56.5 60.34 9.58 0.159 271.3 11.57
0.10 51.8 50.08 6.88 0.137 224.5 9.62
T=10K
X Mpax (emu/g) M (emu/g) M, (emu/g) SQR H, (Oe) ng(pg)
0.00 89.5 97.86 54.55 0.557 2819.1 18.60
0.02 81.8 89.94 25.11 0.306 578.4 17.13
0.04 81.2 87.73 17.99 0.205 474.4 16.75
0.06 80.3 86.72 16.52 0.190 471.5 16.59
0.08 79.2 85.79 13.40 0.156 250.3 16.45
0.10 72.4 76.95 9.61 0.125 204.4 14.78
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